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Abstract 

 

Introduction 

Cerebral small vessel disease (SVD) is the cause of a quarter of all 

ischaemic strokes and is postulated to have a rolein up to half of all 

dementias. SVD pathophysiology remains unclear but cerebrovascular 

dysfunction may be important. If confirmed many licensed medications have 

mechanisms of action targeting vascular function, potentially enabling new 

treatments via drug repurposing. Knowledge is limited however, as most 

studies assessing cerebrovascular dysfunction are small, single centre, 

single imaging modality studies due to the complexities in measuring 

cerebrovascular dysfunctions in humans. This thesis describes the 

development and application of imaging techniques measuring several 

cerebrovascular dysfunctions to investigate SVD pathophysiology and trial 

medications that may improve small blood vessel function in SVD.  

 

Methods 

Participants with minor ischaemic strokes were recruited to a series of 

studies utilising advanced MRI techniques to measure cerebrovascular 

dysfunction. Specifically MRI scans measured the ability of different tissues 

in the brain to change blood flow in response to breathing carbon dioxide 

(cerebrovascular reactivity; CVR) and the flow and pulsatility through the 

cerebral arteries, venous sinuses and CSF spaces. A single centre 

observational study optimised and established feasibility of the techniques 

and tested associations of cerebrovascular dysfunctions with clinical and 

imaging phenotypes. Then a randomised pilot clinical trial tested two 

medications’ (cilostazol and isosorbide mononitrate) ability to improve CVR 

and pulsatility over a period of eight weeks. The techniques were then 

expanded to include imaging of blood brain barrier permeability and utilised 
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in multi-centre studies investigating cerebrovascular dysfunction in both 

sporadic and monogenetic SVDs.  

 

Results 

Imaging protocols were feasible, consistently being completed with usable 

data in over 85% of participants. After correcting for the effects of age, sex 

and systolic blood pressure, lower CVR was associated with higher white 

matter hyperintensity volume, Fazekas score and perivascular space counts. 

Lower CVR was associated with higher pulsatility of blood flow in the superior 

sagittal sinus and lower CSF flow stroke volume at the foramen magnum. 

Cilostazol and isosorbide mononitrate increased CVR in white matter. The 

CVR, intra-cranial flow and pulsatility techniques, alongside blood brain 

barrier permeability and microstructural integrity imaging were successfully 

employed in a multi-centre observational study. A clinical trial assessing the 

effects of drugs targeting blood pressure variability is nearing completion.  

 

Discussion 

Cerebrovascular dysfunction in SVD has been confirmed and may play a 

more direct role in disease pathogenesis than previously established risk 

factors. Advanced imaging measures assessing cerebrovascular dysfunction 

are feasible in multi-centre studies and trials. Identifying drugs that improve 

cerebrovascular dysfunction using these techniques may be useful in 

selecting candidates for definitive clinical trials which require large sample 

sizes and long follow up periods to show improvement against outcomes of 

stroke and dementia incidence and cognitive function.  
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Lay Summary 

 

Cerebral small vessel disease causes a quarter of all strokes and potentially 

contributes to half of all cases of dementia. Some signs of SVD are present 

in almost all people beyond the age of 60. Despite being so common and 

having such severe consequences, we have relatively poor understanding of 

what causes SVD and no specific treatment to prevent it, or reverse its 

effects after it develops 

A big factor in why SVD is not well understood is that samples of brain tissue 

show only the very late stages of SVD many years after it develops. Studying 

small blood vessels in animals is also limited as the brain tissue that SVD 

develops in exists in very different proportions to humans in animals like mice 

that are easy to study in a lab.  

MRI brain scan technology is now advancing to the point that we can study 

not just what the damage in the brain looks like in SVD, but also assess how 

the tiny blood vessels in the brain are working. This provides the opportunity 

to find out what is going wrong in these small blood vessels, in the earlier 

stages of the disease, directly in the people who are affected by it.  

Enhancing our understanding of why the blood vessels stop working normally 

and how this leads to brain damage will provide new targets for treatment, 

including trialling medications already in use for other diseases and therefore 

shortcutting decades of new drug development.  

I performed a series of studies to develop the use of these advance MRI 

techniques in people affected by strokes caused by SVD. These studies 

showed that the advanced MRI techniques worked and could be well 

tolerated by people with SVD. People with more severe SVD had blood 

vessels with impaired function: these blood vessels could not increase blood 

flow in response to increased metabolic demands, were stiff and could not 

smooth the blood flow to the brain, and there was reduction in the flow of the 

fluid around the brain that helps support the brain and remove waste was 
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reduced. Two medications that targeted these problems called Isosorbide 

Mononitrate and Cilostazol improved some of these problems in the small 

blood vessels. Finally the advanced MRI techniques were used in a larger 

study performed at several hospitals across different countries to prove these 

techniques can be used in the larger studies that will be required to confirm 

new SVD treatments work and can reduce strokes and dementia.  
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Chapter 1: Introduction 

 

This thesis examines cerebrovascular dysfunction in cerebral small vessel 

disease. This is achieved through a series of studies utilising advanced 

magnetic resonance imaging techniques to study cerebral and systemic 

vascular function in participants with cerebral small vessel diseases. This 

chapter introduces cerebral small vessel disease, magnetic resonance 

imaging techniques and the aims of the thesis.  

 

Cerebral small vessel disease 

Cerebral small vessel disease (SVD) is characterised by damage to deep 

grey and white matter structures of the brain and is thought to result from 

damage to perforating arterioles, capillaries and venules1-3. The majority of 

SVD is sporadic, however monogenetic variants sharing very similar clinical 

and imaging features have been identified including Cerebral Autosomal 

Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopthy 

(CADASIL)4. 

Sporadic SVD, traditionally thought to be due to age and hypertension, is the 

underlying cause of most lacunar ischaemic strokes, which make up a 

quarter of all ischaemic strokes, a large proportion of intracerebral 

haemorrhages, vascular cognitive impairment and vascular dementia1, 3. It is 

also associated with vascular Parkinsonism and gait and bladder 

dysfunctions. SVD incidence increases with age with some radiological 

features of SVD being present in around 10% of people in their 60’s rising to 

90% of people in their 80’s5. In the UK, SVD is responsible for about 35,000 

incident lacunar strokes per year 6. Whilst typically being the cause of lacunar 

stroke, patients with other ischaemic stroke subtypes also frequently have 

some radiological features of SVD7. SVD also plays a significant role in 

dementia, both in vascular dementia but also in lowering the threshold for 
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other types of dementia, including Alzheimer’s Disease, to become 

apparent8-10. The result is SVD potentially having a role in half of all cases of 

dementia1. 

In routine clinical practice SVD is most commonly identified  on CT scans due 

to their widespread use with SVD appearing as hypoattenuated areas in the 

periventricular and deep white matter (sometimes termed leukoaraiosis), 

‘lakes’ of CSF attenuation termed lacunes in the deep grey or white matter 

and brain atrophy (Figure 1a and 1b).  

Magnetic resonance imaging (MRI) is much more sensitive for imaging SVD 

and can identify a wider range of lesions (Figure 1a and 1b)11, 12. The most 

common MRI SVD lesions are termed white matter hyperintensities (WMH) 

and are most easily visible on T2 weighted images, particularly fluid 

attenuated inversion recovery (FLAIR) imaging where CSF signal is 

suppressed. These hyperintensities are the MR correlate of the 

hypoattenuated areas seen on CT but are much more obvious on MR 

sequences. Despite their name they occur not just in the deep and 

periventricular white matter but also in the deep grey matter structures such 

as the basal ganglia and thalamus.  

MRI can also distinguish acute infarcts from the more chronic WMH 

appearances using diffusion weighted imaging. Similarly, lacunes are again 

easily visualised on most MR sequences. MRI can show enlarged 

perivascular spaces (PVS, previously called Virchow-Robin spaces), which 

are seen in the centrum semiovale white matter and in the basal ganglia grey 

matter on T2 weighted images. MR can also show old small deep 

haemorrhages, microhaemorrhages and superficial siderosis on gradient 

recalled echo sequences, and the increased use of the more sensitive 

susceptibility weighted imaging is making these findings more apparent12. 

These lesions appear largely to develop asymptomatically, with the 

frequency of their presence as incidental findings on routine imaging implying 

very few cause acute symptoms. The reason why such damage can 

accumulate in the brain without discrete symptoms may relate mainly to 
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whether the lesions are sited in primary motor or sensory pathways, where a 

small lesion may be more likely to cause noticeable symptoms13, as well as 

to their gradual onset. 

 

Figure 1a: Radiological Features of SVD 
A: CT scan, DWI MRI scan and FLAIR MRI scan showing acute lacunar 

infarction in the left posterior lentiform nucleus 

B: DWI MRI scan, FLAIR MRI scan and further FLAIR MRI scan showing 

acute lacunar infarction in the right centrum semiovale and subsequent 

cavitation into a chronic lacune. 

  



28 
 

 

Figure 1b: Radiological Features of SVD 
C: CT scan and FLAIR MRI scan showing a chronic lacune in the right 
caudate head 
 
D: CT scan showing characteristic periventricular hypoattenuation and FLAIR 
MRI scan in same patient showing characteristic periventricular hyperintense 
lesions that are the radiological hallmarks of small vessel disease 
 
E: T2-Weighted MRI scan showing enlarged perivascular spaces in the 
centrum semivale and GRE MRI scan showing microbleeds (arrows) 
Images courtesy of the Brain Research Imaging Centre, University of 
Edinburgh and NHS Lothian and obtained during the Mild Stroke Study II and 
the CVR Lacunar Stroke Study 
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Histologically, SVD affects perforating arterioles measuring 40-200 

micrometres in size. Inflammatory cells and plasma components are thought 

to infiltrate the arteriole walls and pass into periarteriolar tissue, resulting in 

damage to these structures characterised as lipohyalinosis, arteriosclerosis 

and fibrinoid necrosis11. Understanding the pathological correlates of the 

radiological lesions is surprisingly limited14, but is explained by pathological 

specimens reflecting end stage changes, given SVD is not rapidly fatal and 

tissue sampling of the brain at early disease stages is impossible. Even when 

tissue is available it is also technically challenging to histologically examine 

the precise section of tissue that correlates to a radiological lesion. Work is 

ongoing in this area however15. 

 

Causes of SVD 

SVD remains a relatively poorly understood disorder despite being so 

common. It is clear that SVD is not just atherosclerosis of the small vessels 

but instead a process involving more intrinsic damage to these vessels and 

their function1, 3. 

Whilst there is some overlap in risk factors between people who experience a 

lacunar ischaemic stroke and those who suffer a large artery 

atherothromboembolic or cardio-embolic ischaemic stroke, such as 

hypertension, diabetes, raised cholesterol and smoking, there is little 

association of lacunar ischaemic stroke or SVD with other traditional stroke 

risk factors such as atrial fibrillation, ipsilateral carotid artery stenosis and 

ischaemic heart disease11. Vascular risk factors (hypertension, diabetes, 

hypercholesterolaemia, smoking) explain about 70% of the variation in large 

artery atheromatous disease burden, but explain less than 2% of the 

variation in WMH burden (Fazekas score and WMH volume) in community-

dwelling older subjects and 0.1% of the variation in WMH burden in patients 

with recent minor ischaemic stroke16. Patients with recent lacunar ischaemic 

stroke have been shown to have the same chance as having significant 

carotid stenosis on the contralateral (asymptomatic) side of the brain as on 
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their symptomatic (ipsilateral) side17, and WMH are typically symmetrically 

distributed in the two cerebral hemispheres even in the presence of a 

unilateral internal carotid artery stenosis17, 18. Cardio-embolic or large artery 

atheromatous embolic sources were found only around 3% of patients with 

recent centrum semiovale lacunar ischaemic stroke and only around 10% of 

patients with recent basal ganglia lacunar ischaemic stroke19. These findings 

imply a different underlying mechanism for lacunar ischaemic stroke and 

SVD compared to large artery vascular diseases. 

Whilst the exact cause of SVD remains unclear, certain factors appear to 

play a key role. Damage to the endothelial cells lining the arterioles appears 

important19. Blood brain barrier breakdown has been demonstrated in 

humans using both gadolinium-enhanced MRI scans and analysis of 

cerebrospinal fluid albumin levels20. Inflammatory pathways are activated 

with elevated levels of blood inflammatory markers and markers of 

endothelial activation21 and perivascular inflammation being a common 

pathological feature22. Additionally people with systemic inflammatory 

conditions including systemic lupus erythematosus and rheumatoid arthritis 

have increased risk of stroke and radiological markers of SVD23. Therefore it 

may be that endothelial dysfunction leads to inflammation and damage to 

small blood vessels which in turn results thickening of the arteriolar wall. This 

may impair the vessels ability to vasodilate and alter blood flow in response 

to changing conditions19. Inflammation causing increased interstitial fluid may 

have adverse effects on the function of multiple cells in the brain and the 

tissue supplied by these thickened and stiff vessels may then be at risk of 

ischaemia1, 19. 

Given this differing disease process, lacunar ischaemic strokes and other 

clinical SVD presentations are likely to require a different set of therapies to 

that used routinely in other stroke subtypes and large artery vascular 

diseases. 

 

Lacunar Ischaemic Stroke 
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Individuals presenting clinically with lacunar ischaemic stroke (LIS) are an 

ideal group for investigating SVD. Whilst SVD is typically a diffuse and often 

silent disease, this group have developed a clear clinical consequence of 

SVD. The sudden onset nature of LIS allows definition of a cohort with a 

precise disease onset, allowing some quantification of where investigation of 

their SVD has occurred in the disease course. LIS typically causes strokes 

with mild disability24 with LIS presentations having a lower National Institute 

of Health Stroke Scale score even in populations receiving thrombolysis25. 

This mean LIS survivors can participate in more complicated research tasks.  

Another benefit of investigating a LIS population is that stroke treatment is 

standardised meaning participants are typically on similar drugs, which may 

have vasoactive effects, compared to studying asymptomatic subjects with 

radiological evidence of SVD who are not routinely prescribed these drugs. 

Definitions of LIS vary by classification system. Two main classifications are 

in use: the Oxford Community Stroke Project24 classifications and the TOAST 

criteria26.  

The OCSP defines a lacunar syndrome (LACS) as involvement of at least 

two out of three of face, upper limb or lower limb hemiparesis, hemisensory 

disturbance or mixed hemiparesis and hemisensory disturbance. The two 

areas must be contiguous (e.g. face and upper limb but not face and lower 

limb without arm involvement). Alternatively an ataxic hemiparesis syndrome 

is included in the LACS definition24.  

The Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria26 

combines clinical, imaging and other investigations assessing for sources of 

embolism to determine stroke aetiology. The “small-artery occlusion (lacune)” 

indicates a LIS and is defined as a combination of lacunar syndrome with or 

without a subcortical or brain stem infarct of less than 1.5cm, however the 

clinical lacunar syndrome definition is based on the OSCP classification. 

Additionally cortical or cerebellar dysfunction should be absent, there should 

be no cortical infarct or infarct elsewhere >1.5cm on imaging and carotid 
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stenosis, cardiac or other abnormalities to explain stroke aetiology must be 

absent26.  

These classifications were first introduced due to the differing outcomes for 

different stroke subtypes. They have since found use in a broad range of 

stroke clinical trials. The classifications now have use for predicting clinical 

outcome and informing what investigations should be performed post-stroke 

to look for underlying causes.  

Lacunar stroke subtypes have some key differences to other stroke subtypes 

that give clues to their differing pathophysiology and therefore the 

pathophysiology of SVD. Cardio-embolism and extracranial carotid artery 

disease are rarely causative for lacunar stroke syndromes. Whilst they may 

be found during work up post-stroke their presence is likely incidental. The 

recurrence risk of lacunar stroke differs from other stroke types: instead of 

being highest in the immediate post-stroke period and then decreasing with 

time from the stroke event, lacunar strokes have a lower recurrence risk, but 

this is constant over time24. This implies a more chronic underlying disease 

process. 

 

CADASIL 

Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and 

Leukoencephalopathy (CADASIL) is a monogenetic small vessel disease. It 

is caused by mutations on the NOTCH3 gene4. Clinically it is characterised 

by LIS, with stroke typically occurring at a young age. Typically once more 

severe damage is established cognitive impairment and gait disturbance 

develop4, 27, although for some individuals initial presentation can be with 

cognitive deficits.  

Some key differences are seen between people with CADASIL and those 

with sporadic SVD. People with CADASIL are less likely to have 

hypertension and radiologically CADASIL often features involvement of the 

anterior temporal lobes which are usually spared in sporadic SVD4.  
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The Notch3 gene codes for a transmembrane receptor protein that is mainly 

expressed in vascular smooth muscle cells and pericytes28. Mutations can be 

varied but affect the epidermal growth factor-like protein repeats. How the 

mutations lead to disease continues to be investigated but may involve 

aberrant Notch3 protein causing development of granular osmiophilic 

material that impairs glymphatic flow or dysregulation of downstream 

pathways such as tissue inhibitor of metalloproteinases-3 (TIMP3)4, 27 which 

has a role in regulating vascular tone via regulating the expression of voltage 

gated potassium channels on vascular smooth muscle cells extracellular 

membrane28.  
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Treatment of SVD 

There continues to be no specific preventive or disease modifying treatment 

for SVD. Treatment strategies remain focussed on either generic treatment 

for the clinical manifestation29 (e.g. standard treatments used in all stroke 

patients regardless of stroke subtype) or treatment of risk factors in the hope 

this has some beneficial effect.  

 

Acute treatment of Lacunar Ischaemic Stroke 

Acute treatment of ischaemic stroke includes thrombolysis, aspirin, 

mechanical thrombectomy30, and hemicraniectomy31. Aspirin and 

thrombolysis are widely used in LIS but owing to the mechanism and the 

typically milder severity of LIS thrombectomy and hemicraniectomy do not 

have a role. 

Thrombolytic drugs have myriad effects which include effects on endothelial 

function and so the lack of a large thromboembolism in LIS does not mean 

the use of thrombolytics is illogical.  

Whilst widely used the effects of intravenous thrombolysis in LIS have always 

been and continue to be debated. This is mainly due to clinical trials of 

thrombolysis recruiting mixed aetiology stroke cohorts or even excluding LIS 

with no trial being powered for subgroup analysis by stroke type. 

Most evidence comes from the Neurological Disorders and Stroke (NINDS) 

trial and the third International Stroke Trial (IST-3). NINDS showed beneficial 

effect of alteplase on disability up to three hours after onset of ischaemic 

stroke. Of the 624 patients enrolled 51 had LIS with no evidence of an 

interaction of the alteplase effect with stroke subtype32. In IST-3 around 10% 

(300 out of 3032) of those included had LIS with alteplase administered up to 

six hours after stroke being associated with better functional outcome at six 

months with no evidence of a stroke sub-type interaction33, 34. There was no 

difference in rates of adverse effects by stroke subtype. The WAKE-up trial 

showed similar benefits in both LIS and other stroke types of using alteplase 
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in patients with unknown stroke onset time with DWI/FLAIR mismatch on MRI 

implying ischaemic but not yet infarcted tissue. Again this was an 

underpowered secondary analysis35. 

Observational data also suggests benefit of thrombolysis in LIS with 1630 

patients in the Canadian Stroke Register who were thrombolysed having a 

relative risk of good functional outcome of 1.84 (95%CI 1.59-2.13) compared 

to those not receiving thrombolysis with no effect of thrombolysis on 

mortality36. 

There are concerns that the presence of SVD can increase the risks of 

thrombolysis. A systematic review demonstrated the presence of 

leukoaraiosis was independently associated with an increased risk of ICH 

after alteplase administration (OR 2.45, 95% CI 1.64-3.66)37 and a  

retrospective observational study (n=311) found that patients with 

leukoaraiosis had an increased risk of both symptomatic ICH and 

haemorrhagic transformation post-thrombolysis38. The presence of cerebral 

microbleeds causes many clinicians concern about thrombolysis although 

evidence is limited with meta-analysis of observational data suggesting a 

non-statistically significant increase in the risk of ICH post-thrombolysis39, 40 

and that this risk may increase with the burden of microbleeds40, 41.  

Overall thrombolysis remains a part of acute LIS treatment and presence of 

SVD should not preclude its use.  
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Chronic Treatment of Lacunar Ischaemic Stroke and SVD 

Despite differing risk factors and outcomes, current management of LIS and 

SVD is largely dictated by clinical trials that included cohorts with all stroke 

subtypes.  

 

Antiplatelet treatments 

Antiplatelet drugs including aspirin, clopidogrel, dipyridamole and cilostazol, 

are commonly used following ischaemic stroke, though use and dosage 

varies geographically. Dipyridamole and cilostazol have weak antiplatelet 

effects, whilst aspirin and clopidogrel are more potent. In addition to 

antiplatelet effects dipyridamole and cilostazol also affect smooth muscle 

activity42 and blood brain barrier integrity and have anti-inflammatory effect43-

47. Again whilst strong evidence of antiplatelets reducing stroke recurrence in 

trials including patients with all stroke types, there is limited specific data on 

patients with LIS. 

Dual antiplatelets are now routinely used during the first month after stroke 

with evidence they reduce stroke recurrence albeit with a significant increase 

in major bleeding but overall beneficial effect48-51. In contrast longer term 

antiplatelets in SVD appear harmful with the Secondary Prevention of Small 

Subcortical Stroke (SPS3) trial of dual aspirin and clopidogrel versus aspirin 

alone in just over 3000 patients with MRI confirmed LIS being stopped early 

due to dual antiplatelets being associated with excess bleeding and death52. 

Data from mixed stroke type populations also suggest harm from longer term 

dual antiplatelets53, 54.  

There is also limited data that cilostazol may have beneficial effects on 

cognition55 however robust clinical trial data is lacking56.  

There is a lack of data on the effects of antiplatelet agents on WMH, lacunes 

and microbleeds or cognitive outcomes. 
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International guidelines recommend not using antiplatelets where SVD exists 

asymptomatically29.  

Blood pressure (BP) lowering 

Hypertension is the major risk factor for both stroke and SVD and is therefore 

an obvious therapeutic target57. Secondary prevention with anti-

hypertensives clearly reduces stroke incidence and recurrence but as 

hampers much of the research into SVD there is little data on stroke sub-type 

at recruitment or as outcome measures in most trials58. 

The SPS3 trial also assessed enhanced hypertension management in 

addition to the trialling of antiplatelet therapy described above. No difference 

in stroke recurrence was observed between participants randomised to 

lower-target (<130 mmHg) compared to higher-target (130-149 mmHg) BP 

groups59. The intensive BP arm also did not show any improvement in long-

term cognition60. The Prevention Of Decline in Cognition After Stroke Trial 

(PODCAST) also failed to demonstrate an effect of intensive blood pressure 

lowering on cognitive outcomes after stroke61. A secondary analysis of the 

large Systolic blood PRessure INtervention Trial (SPRINT) trial found that 

intensive BP control to <120mmHg systolic did not reduce the risk of 

probable dementia but did reduce the risk of mild cognitive impairment (HR 

0.81, 95% CI 0.69-0.95) and a combined outcome of MCI and probable 

dementia62.  

A meta-analysis of four trials including 1369 patients that assessed effects of 

antihypertensives on WMH progression showed less progression of WMH 

over 24 to 47 months in those on antihypertensives29, 63. The SPRINT-MIND 

trial also showed lower WMH progression with intensive (<120mmHg) BP 

control64.  

International guidelines strongly recommend blood pressure lowering in SVD, 

even when asymptomatic, though acknowledge the quality of evidence is 

low29.  
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Lipid Lowering 

Statins (HMG-CoA reductase inhibitors) are most associated with their effect 

on lowering low density lipoprotein cholesterol with consequent benefits on 

reducing cardiovascular events. However, they have pleiotropic actions 

which including mild antiplatelet, anti-inflammatory and endothelial stabilising 

effects65. 

Again there are no trials of statins specifically in LIS or SVD. The SPARCL 

trial of atorvastatin showed similar reductions in LIS and large artery 

atheromatous stroke66, 67. Studies assessing the impact of statins on 

cognitive function (Heart Protection Study68, PROSPER trial69, 70) and WMH 

(PROSPER trial69, 70 and ROCAS study71) have shown no beneficial effects. 

The PODCAST trial of 83 patients showed some benefit on secondary 

cognitive outcomes at 2 years but is obviously a small sample61. Atorvastatin 

did increase transcranial Doppler measured cerebrovascular reactivity and 

endothelial function in one small study72. 

International guidelines recommend statins can be considered in SVD, even 

when asymptomatic although the level of evidence is weak29.  

 

Anti-Dementia Drugs 

There are no licensed treatments for vascular cognitive impairment or 

dementia however many patients will be labelled with a mixed dementia 

diagnosis and will be treated with medications designed and trialled in 

Alzheimer’s disease. Currently there are five medications licensed to treat 

Alzheimer’s disease. Donepezil, galantamine, rivastigmine and tacrine are 

acetyl-cholinesterase inhibitors directed towards increasing acetylcholine 

levels73 whilst memantine is an NMDA receptor antagonist directed towards 

preventing excitotoxicity74. There is a high prevalence of SVD changes in 

neuropathology specimens of patients with Alzheimer’s disease75 and 

therefore there is some logic to looking for an effect of these drugs on SVD 

driven vascular cognitive impairments. 
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Some trials to date of donepezil76, 77, memantine78, 79 and galantamine80, 81 in 

vascular cognitive impairment and dementia have suggested small beneficial 

effects on cognitive function and activities of daily living although the effect 

sizes were lower than is generally considered clinically relevant and 

outcomes were assessed on scales more useful in Alzheimer’s disease than 

vascular cognitive impairment and the studies did not comment specifically 

on presence of SVD in the included patients73-75.  

 

Vitamins 

B12 deficiency has been associated with more severe WMH82. Only one 

small sub-study from the VITATOPS83 trial suggested that administration of B 

vitamins may slow WMH progression in those with severe WMH whilst other 

studies have failed to show efficacy in terms of reducing stroke recurrence 

from administration of B vitamins84, 85.  

 

Lifestyle Interventions 

Lifestyle changes could improve risk factor control with a consequent benefit 

on SVD development.  

Smoking is strongly associated with LIS in both sporadic SVD86 and 

CADASIL4 and smoking accelerates WMH progression in a dose dependent 

manner87. Smoking cessation therefore seems advisable even if specific 

clinical trial evidence is lacking.   

Observational studies have also suggested exercise may have preventive 

effects against SVD with greater physical activity being associated with 

higher grey matter and normal appearing white matter volumes and lower 

WMH volumes and atrophy88. Again no interventional studies have assessed 

the effect of exercise in SVD. 
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Other factors amenable to lifestyle changes include dietary salt intake and 

perceived life stress which have been associated with more severe WMH89 

and subclinical cerebral infarctions respectively90. 
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MRI 

MRI Scanners 

Magnetic resonance imaging uses a strong magnetic field and 

radiofrequency pulses to detect differences between tissues that can be 

processed into clinically useful images and data91. Hydrogen atoms, 

consisting of a single proton, absorb and emit radiofrequency energy when 

stimulated by the radiofrequency (RF) pulses in the strong magnetic field91. 

The response of each hydrogen atom is influenced by the number of 

hydrogen and other atoms in its immediate vicinity. The differing water and 

mineral content of different tissues return different amounts of energy and 

these differences produce contrast between the different tissues91. 

The main components of MRI scanners are the primary magnet, the 

radiofrequency coils, the shim magnets and the gradient magnets91, 92. For 

modern clinical use the primary magnet is a superconducting electromagnet, 

most commonly of a field strength of 1.5 Tesla (T), although 3T is now 

common in research and becoming commonplace clinically92, particularly in 

neuroimaging where some circumstances demand the higher resolution 

possible with higher field strengths (e.g. imaging in epilepsy)93. The main 

magnet creates a strong external magnetic field (termed B0).  

The radiofrequency coils send the radiofrequency pulses that stimulate the 

hydrogen atoms in the tissue being imaged and then receive the energy 

released by them91. The radiofrequency coil can be integrated in the scanner 

bore or be a dedicated coil designed to fit near the tissue of interest91, 92. 

Typically a head coil is required for neuroimaging which can be used both to 

send and receive the radiofrequency pulse, or only receive with the send 

pulse coming from the integrated coil93. Shim magnets adjust the 

homogeneity of the main field after a participant is placed in the main 

magnetic field. These adjust for distortions, which in neuroimaging are 

commonly caused by the sinuses within the skull creating distortion at the air-

tissue boundary91. Dental fillings are also a common cause of distortions. 

The gradient fields vary the magnetic field across the scanning area which 
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allows spatial encoding of the MR data. Higher strength gradients permit 

higher resolution or faster imaging91, 92.  

 

Basic MR Physics 

Subatomic particles have the property of spin. Hydrogen atoms consist of 

one proton and have a spin of ½. This means it takes two full rotations to 

return to its starting configuration and there exist two spin states (referred to 

as up and down)91. This generates a magnetic moment. Outside a strong 

external magnetic field the orientation of these magnetic moments is random. 

In a strong magnetic field they become aligned with the external field in one 

of two directions depending on either the spin-up or spin-down state94. These 

are referred to as parallel (aligned in the direction of the external magnetic 

field) or anti-parallel (aligned opposite to the direction of the external 

magnetic field). The anti-parallel is a higher energy state and so there is 

always a small excess of protons aligned in the parallel direction and this 

generates a net magnetisation vector in the direction of the external magnetic 

field91.  

As well as having a magnetic moment the spinning protons have angular 

momentum, the rotational equivalent of linear momentum (the product of 

velocity and mass of an object). The ratio of the magnetic moment to the 

angular momentum is referred to as the gyromagnetic ratio91, 94. 

Precession is the change in the orientation of the rotational axis of a rotating 

body. In the case of MRI the rotating body is the proton in a hydrogen atom. 

Larmor precession is the change in orientation of the magnetic moment of 

the hydrogen atom when placed in an external magnetic field. The Larmor 

frequency is the rate of this precession and is determined by the particle’s 

gyromagnetic ratio and the strength of the external magnetic field92, 94.  

By applying an RF pulse at the Larmor frequency (referred to as the B1 field) 

protons jump from the low energy parallel state to the high energy anti-

parallel state resulting in the net magnetisation vector of the protons moving 
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away from B0
92, 94. The NMV rotates a distance from B0 that is proportional to 

the length of time length of the RF pulse. Applied for long enough the NMV 

will reach 90 degrees to lie in the transverse plane, where it can be 

detected91. The angle that the net magnetisation vector rotates is commonly 

called the flip angle. Even when using flip angles greater or less than 90 

degrees there is a small component of the magnetisation that will lie in the 

transverse plane allowing its detection. 

 

Image generation and Pulse Sequences 

When the RF pulse is turned off the protons realign from this transverse 

alignment to become parallel to the external magnetic field again. There are 

two elements that can be measured with regard to this relaxation: spin-lattice 

relaxation and spin-spin relaxation91, 92.  

Spin-lattice relaxation is the longitudinal relaxation of the net magnetisation 

vector back to B0. The spin-lattice time constant is known as T192.  

Spin-spin relaxation is the exponential decay of the transverse component of 

magnetization towards its equilibrium value. The spin-spin relaxation time 

constant is known as T292.  

The pulse sequences used to generate images consist of several 

components. These include the RF pulse timings, the application of the 

gradient coils and the time at which the RF pulse echo is measured91. 

Common descriptions of sequences give their time to echo (TE) and time to 

repetition (TR) along with details of their flip angle and slice thickness.   

The diagram below (Figure 2) shows the timing of the various components of 

a pulse sequence. The x axis represent time. The rows represent the 

different components of the pulse sequence. Rf transmit is the RF pulse 

transmitted into the person being scanned. The next three rows represent the 

gradient coils in the three different planes. Gz (head to toe direction), Gy 

(anterior to posterior direction) and Gx (left to right direction). Often these are 

referred to as Gs for slice selection, Gp for phase selection and Gf for 
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frequency encode95. The receive line represents the signal detected in the 

receiver coil and sent to the analogue to digital converter.  

 

Figure 2: Example of a Pulse Sequence 
Pulse sequence diagram. Rf transmit shows the radiofrequency pulse 

transmission; Gz shows the application of the gradient coil in the head to toe 

direction; Gy shows the application of the gradient coil in the anterior to 

posterior direction ; Gx shows the application of the gradient coil in the left to 

right direction; receive shows the detection of signal in the receive coil; 

SS=slice selection; PE=phase encoding; FE=frequency encoding.  

Image source: 

https://commons.wikimedia.org/wiki/File:MRI 2DFT SE PulseSequence.png 

Image Licence: CC BY-SA 3.0 

 

The RF pulse is transmitted at the Larmor frequency of hydrogen. The slice 

selection gradient (Gz for axial slices, Gy for coronal slices and Gx for 

sagittal slices) creates a gradient magnetic field along the axis selected. The 
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gradient means the protons at different points along this gradient have subtly 

different Larmor frequencies. This ensures only a narrow slice gets excited 

by the RF pulse, with the follow-on effect of limiting the signal detected by the 

receiver coil to that slice of tissue. For localisation of the signal within the 

slice the phase of the protons is altered along one of the other gradients, and 

the frequency along the other91, 95.  

Phase encoding involves turning on the gradient in one direction briefly at 

some point in the middle of the pulse. Whilst this gradient is on the protons 

precess slightly faster. When the gradient pulse is turned off the protons 

return to the same precession frequency of the slice but the waveform 

remains in a different phase. Along the axis of this gradient coil the phases of 

the waveforms vary allowing the signal to be localised in that direction91, 95.  

Frequency encoding involves turning on one of the gradients when the signal 

is being detected by the receiver coil. This again has the effect of altering the 

precession frequencies along the gradient and therefore the frequency of 

protons in the slice will vary along the axis by slightly above or below the 

average for the slice by this gradient at the time of measuring their signal. 

Fourier transformation then allows the magnitude of signal for each 

frequency to be determined and thus the magnitude of signal at each point 

along the axis of the gradient that was applied91, 95. 

The result of this process is that only the slice of interest has been excited by 

the RF pulse and each voxel that will be measured within the slice has a 

different combination of phase and frequency. By this process spatial 

information is encoded.   

 

Clinical Imaging 

Clinical imaging aims to exploit differences in the MR signal from different 

tissues. Different tissues have differing densities of protons (often 

corresponding to differences in tissue water content) and the different tissue 

compositions create differences in the interactions these protons have with 
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their surroundings91. The result is differences in relaxation times between 

different tissues. Of relevance to brain imaging contrast can also be created 

by structures that are moving (e.g. flowing blood).  

The design of the pulse sequence determines which contrast mechanism is 

emphasised (T1 contrast, T2 contrast etc). Clinically the different contrasts 

emphasise different features not just of the tissue structure, but also different 

pathological features93. Quantitative measures can also be derived (e.g. fluid 

flow through a structure).  

 

T1-weighted imaging 

T1-weighted (T1W) imaging is a spin-echo technique utilising a short TE and 

TR to measure spin-lattice relaxation. It is considered the most “anatomical” 

sequence in brain imaging, with grey matter appearing grey and white matter 

appearing white. It offers high resolution imaging of the structure of the brain. 

Substances with high signal on T1-weighted imaging are fat, recent 

haemorrhage, protein rich fluids and paramagnetic or diamagnetic 

substances (typically mineralisation by manganese or copper or the injected 

contrast agent gadolinium). Low signal is seen in tissues with more water 

content (recent infarct, oedema or tumours) and in CSF. Calcification also 

appears as low density on T1W imaging. In stroke imaging T1W images are 

most useful for identifying haemorrhagic lesions or seeing cortical laminar 

necrosis after an infarct. In SVD imaging high resolution T1W imaging can be 

useful to identify lacunes not present on other sequences, assess the 

severity of brain atrophy or detect the emerging SVD feature cortical 

microinfarcts12.  

 

T2-Weighted Imaging 

T2-weighted (T2W) imaging is a spin-echo technique using long TE and TR 

to measure spin-spin relaxation91. Grey matter appears lighter than white 

matter on T2W imaging and tissues with a higher water content appear 
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bright, including CSF. Fat signal can vary depending on the technique but is 

of high signal on most modern fast spin-echo sequences. Paramagnetic 

substances and moving substances (e.g. blood) have low signal and so T2W 

images have some utility in assessing structure of major cerebral blood 

vessels 

In SVD T2W images are most useful for identifying WMH, PVS, areas of old 

infarct and lacunes12.  

 

Fluid Attenuated Inversion Recovery Imaging 

Fluid Attenuated Inversion Recovery Imaging (FLAIR) is a T2-weighted 

imaging sequence but with an inversion pulse that is timed to attenuate the 

signal from CSF, typically a long time to inversion91. The resulting image 

shows the CSF filled structures as low intensity, dark areas making 

pathological changes (typically high intensity) more obvious than they appear 

on standard T2W images.  

In stroke and SVD FLAIR easily shows acute and chronic infarcts, white 

matter hyperintensities and lacunes12. FLAIR images are best for 

supratentorial lesions as whilst FLAIR still produces very good images 

infratentorially it can be more technically challenging to get fluid to suppress 

in this area and particularly around the anterior aspects of the brainstem.  

 

Diffusion Weighted Imaging 

Diffusion weighted imaging measures the diffusion of water in tissues96. 

Diffusion is influenced by cell membranes and other structures and so the 

magnitude and direction of measured diffusion reveals information about the 

microscopic structure of the tissue91. DWI is a composite measure of all the 

diffusion processes that are ongoing in brain tissue: within the intracellular 

fluid; within the extracellular fluid and between the intracellular and 

extracellular fluid. Differing pathologies influence the diffusion characteristics. 
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Restricted diffusion is seen in acute ischaemia and is believed to result from 

water moving into the intracellular space where its diffusion is less due to 

obstruction by intracellular organelles and narrowing of the extracellular 

spaces due to tissue swelling, which is likely the location of most of the 

diffusion measured by DWI97. Diffusion also appears restricted in tumours 

that are highly cellular.  

DWI utilises the effect of water diffusing on T2* signal (T2* signal is similar to 

T2 but is based on measuring the free induction decay which is a transient 

oscillating magnetic field apparent immediately after the RF pulse is turned 

off and which has a decay time influenced both by T2 relaxation time and 

tissue inhomogeneities, it is always shorter than T2)91. Water that is able to 

move further during the sequence (i.e. diffusing more) reduces the amount of 

T2* signal. An initial T2* image is generated that is not influenced by diffusion 

(known as the B=0 image). Diffusion is then assessed in a number of 

different directions by applying a strong gradient, either side of the 180 

degree pulse in the sequence97.  

Moving water molecules acquire phase information from the first gradient, but 

due to moving they are not in the same location at the application of the 

second gradient. They are therefore not completely rephased and so lose 

some of their signal. The further the molecule has moved the more signal is 

lost. For comparison water molecules that have not moved are exposed to 

the same gradient before and after the 180 degree pulse. As the molecules 

have flipped 180 degrees the second gradient reverses the effects of the first 

and so they retain all their signal91.  

Different degrees of diffusion weighting can be generated by using different 

amplitudes and durations of gradient application and by varying the interval 

between the gradient applications. This is referred to as the b value with 

higher b values having more diffusion related signal attenuation. The strength 

of the gradient is varied creating sets of images with different b values 

(higher numbers indicating a stronger gradient).  
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The result is a set of images consisting of the B=0 image plus an image for 

each direction diffusion is measured in. The images are then combined to 

create maps that no longer have directional information. This process 

generates two types of image for clinical use: an isotropic diffusion map 

(often referred to as the DWI image) and an apparent diffusion co-efficient 

image (ADC image). The DWI represents the geometric mean of the direction 

specific images whilst the ADC is the natural logarithm of the isotropic DWI 

image divided by the b=0 image97.  

The isometric diffusion map is susceptible to T2 shine through effects making 

diffusion appear restricted in areas that have high T2 signal. The ADC has 

the T2 effect removed which is achieved through the process of acquiring 

multiple diffusion images with different b values. Restricted diffusion typically 

appears bright on DWI and dark on ADC.   

Diffusion weighted imaging is essential in stroke imaging for assessing if an 

infarct is acute and by comparison with a T2 or FLAIR image can even 

indicate ischaemic tissue that is not yet infarcted12, 35. In SVD there is 

emerging data that subclinical DWI lesions are common in SVD patients98.  

 

T2* Weighted and Susceptibility Weighted Imaging 

T2* weighted imaging is very sensitive for detecting local alterations to the 

magnetic field. As a result it is useful for detecting blood (either haemosiderin 

deposition in tissues or venous blood in vessels) and calcium and some other 

minerals99. The presence of these substances causes dephasing of protons 

detected as reduced signal.  

T2* weighted imaging is either performed using gradient echo imaging or on 

more modern scanners susceptibility weighted imaging99. The sequence 

typically uses a small flip angle and a short TR. SWI combines magnitude 

and phase data to generate images that are much more sensitive than 

standard GRE images. SWI acquisition again uses GRE but is fully velocity 

compensated. Four images are generated in a SWI acquisition: the original 
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magnitude image, a high pass filtered phase image, a minimum intensity 

projection and the combined magnitude and filtered phase image (which is 

often referred to as the SWI image).  

In SVD GRE and SWI are useful in detecting cerebral microbleeds12. The 

detection of these features is however very dependent on the magnetic field 

strength of the scanner used and the sequence (GRE vs SWI and different 

manufacturers versions of these sequences)100. 

 

 

Research MRI Sequences 

Blood Oxygen Level Dependent MRI 

Blood Oxygen Level Dependent MRI (BOLD) relies on the difference in 

magnetisation between oxygenated (diamagnetic) and deoxygenated 

(paramagnetic) haemoglobin. Heavily T2*-weighted images are used to 

detect this difference91. 

BOLD is most commonly used as the basis of functional MRI (fMRI). This 

allows detection of activated brain regions during a task or set of conditions 

due to neurovascular coupling. Increased neuronal activity is followed by 

increased cerebral blood flow to that area within a few seconds. The influx of 

oxygenated haemoglobin results in signal change on the BOLD sequence91.  

BOLD sequences can also be used to study cerebral blood flow more 

globally and the response of cerebral blood flow to a stimulus. This is known 

as cerebrovascular reactivity (CVR)101. Changes in blood flow can be 

detected in response to different stimuli such as hypercapnia induced by 

breatholding or inhalation of CO2, acetazolamide injection or 

hyperoxygenation.  

CVR imaging is a major focus of this thesis.  
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Phase Contrast MRI 

Phase contrast imaging allows quantification of flow of a moving fluid, 

including cerebral arterial, venous and CSF space flow, by utilising the phase 

data rather than the magnitude data of the MR signal102. Protons spinning in 

the same direction as the gradient magnetic field experience a phase shift 

proportional to their spin velocity. By utilising a sequential bipolar gradient 

where gradients of equal magnitude but opposite direction are applied one 

after another stationary protons experience no net change in phase whilst 

moving protons experience a different phase shift from the second gradient 

applied compared to the first gradient due to the fact they have moved 

location. This net phase shift allows the velocity of the protons, and hence 

the velocity of fluid flow through a given structure to be calculated102.  

The sensitivity to movement that phase contrast exploits makes it subject to 

motion artefacts. These include cardiac and respiratory motion artefacts. 

Cardiac and respiratory gating is where the timing of the cardiac and 

respiratory cycles are recorded by electrocardiogram, pulse oximetry or a belt 

to detect chest movement. The image data can then be marked with the 

cardiac or respiratory timing and then flow data can be averaged over many 

cardiac or respiratory cycles to minimise the influence of motion artefact102.  

Again phase contrast MRI is a major focus of this thesis.  

 

Dynamic Contrast Enhanced MRI 

Blood brain barrier dysfunction is easily detected on post-contrast T1 scans 

in acute multiple sclerosis lesions or neoplastic lesions where the BBB is very 

disrupted. However in SVD or other neurodegenerative conditions the 

dysfunction of BBB is much more subtle103. 

Dynamic contrast enhanced MRI (DCE) can detect these subtle changes. 

Paramagnetic gadolinium-based contrast agents produce a T1 shortening 

effect on tissue water. They are administered slowly in DCE MRI. The 

technique is difficult due to the small signal change that occurs in subtle BBB 
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dysfunction103. Signal change in a vessel and in the extravascular tissue of 

interest are measured. A pharmacokinetic model is then applied to separate 

the vascular component of the signal from the signal in the tissue where BBB 

dysfunction is being measured to determine the blood brain barrier leakage 

rate in that tissue103.  

 

Diffusion Tensor Imaging 

DTI is an extension of diffusion weighted imaging that allows quantitative 

assessment of diffusion and can be used to identify white matter tracts 

(tractography)96.  

DTI measures both the rate and direction of diffusion in each voxel by 

measuring diffusion parameters from a baseline image and six or more 

differently orientated diffusion weighted acquisitions96.  

The mean diffusivity (MD; mean of diffusion in the x,y and z planes) and 

fractional anisotropy (FA; square root of the sum of squares of the diffusivity 

differences between the axes divided by the square root of the sum of 

squares; if diffusion mainly in one direction the numerator and denominator 

are almost equal) can be derived from these measures. As white matter 

tracts are damaged, resulting in less restriction of diffusion in a single 

direction along the tract, MD increases and FA decreases. These quantitative 

measures can be sensitive to changes in microstructural integrity that are not 

visible on structural scans, therefore potentially providing an early marker of 

white matter damage96. The DTI technique can be expanded upon to 

produce tractography images, typically by measuring diffusion in a much 

larger number of directions.  

 

Arterial Spin Labelling 

Arterial spin labelling (ASL) is a non-contrast method of quantifying tissue 

perfusion based on labelling blood water molecules entering the tissue of 
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interest104. First, a control image is obtained in the tissue where perfusion is 

to be measured. Following this blood flow into that tissue is “labelled” by 

inverting pulses in a slab of tissue proximal to the tissue of interest. A delay 

then follows to allow the labelled water molecules to flow into the tissue and 

then a second image of the tissue is obtained. The two images are then 

subtracted with the difference representing a perfusion map104.  

ASL suffers from low signal to noise given the signal from tagged blood 

represents only around 0.5-1.5% of the entire tissue signal. It is technically 

possible with 1.5T scanners but 3T results in higher signal to noise. Similarly 

the low SNR makes ASL more accurate for grey matter perfusion than white 

matter, given the higher perfusion seen in grey matter.  

 

Chapter 2 provides a more in-depth review of advanced MRI applied to SVD 

research.   
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Thesis Aims 

Against this background of SVD pathophysiology continuing to be poorly 

understood, a lack of targeted, effective treatments for SVD and the 

emergence of advanced imaging methods to study small blood vessel 

function this thesis aims to utilise advanced MRI techniques to assess the 

presence of and the potential for pharmacological improvement of 

cerebrovascular dysfunction in SVD, in vivo, in patients who have 

experienced clinical consequences of their SVD.  

The literature on advanced MRI in SVD is reviewed.  

Then an observational study establishes the feasibility of using these 

techniques in patient populations and investigates the associations of 

cerebrovascular dysfunction with clinical and imaging characteristics of SVD. 

Then an interventional trial establishes the feasibility of using these MRI 

techniques in a clinical trial and tests if two repurposed medications can 

improve cerebrovascular function.  

Finally the techniques are used in a multicentre international study 

investigating differences in vascular dysfunctions between sporadic SVD and 

the monogenetic variant CADASIL.  
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Chapter 2: Literature Review of Advanced MRI in SVD 

 

This chapter examines the literature describing studies utilising human in vivo 

imaging to assess cerebrovascular dysfunction in SVD. The first literature 

review in Chapter 2A focusses specifically on MRI measured cerebrovascular 

reactivity in SVD. The second literature review in Chapter 2B takes a broader 

look at advanced neuroimaging approaches to measuring cerebrovascular 

dysfunction in SVD including microstructural imaging, connectivity imaging, 

blood flow and vascular stiffness imaging, CVR, blood-brain barrier 

permeability imaging and approaches to quantify the neuroimaging burden of 

SVD.  

The purpose of the first review was to establish what SVD populations had 

been investigated using MRI CVR methods, what methods of measuring 

CVR had been utilised, how tolerable and safe MRI CVR methods were and 

how CVR was affected by the presence of SVD and also by important patient 

characteristics and vascular risk factors. 

The purpose of the second review was to assess the recent literature on 

advanced imaging in SVD that had not previously been summarised in 

systematic reviews. The review assessed the use of advanced imaging to 

measure cerebrovascular dysfunction but also reviewed methods to quantify 

the radiological burden of SVD and methods to measure microstructural 

integrity. Quantifying SVD burden is a key area for any imaging study of SVD 

and is of direct relevance to the attempts in this thesis to investigate 

cerebrovascular dysfunction. Measuring microstructural integrity will become 

important as we expand the imaging protocol to assess early biomarkers of 

SVD development, before overt lesions or clinical correlates develop.   

These reviews were performed to inform the experimental work and therefore 

was performed at the beginning of the project. A discussion of more recent 

publications since these reviews were published is presented in Chapter 6: 

General Discussion.  
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Chapter 2A: Magnetic Resonance Imaging for Assessment of 

Cerebrovascular Reactivity in Cerebral Small Vessel Disease. A 

Systematic Review. 

  

Introduction 

Cerebral small vessel disease (SVD) is an important cause of morbidity and 

mortality worldwide. Clinically SVD has diverse presentations, including 

lacunar stroke, intracerebral haemorrhage, cognitive impairment, dementia 

and depression as well as gait and bladder dysfunction5, 11. Radiologically it 

is characterised by recent small subcortical (or acute lacunar) infarcts, white 

matter hyperintenities, lacunes, microbleeds and enlarged perivascular 

spaces12. This is in contrast to the presentation of large artery, athero-

thrombo-embolic or cardio-embolic stroke which typically manifests as 

cortical stroke syndromes clinically and cortical or large striatocapsular 

infarcts on neuroimaging. The diverse clinical presentations and the 

presence of SVD features in patients with other brain conditions, such as 

Alzheimer’s disease75, has made studying SVD more difficult and as a result 

the underlying pathophysiology is poorly understood despite its high 

prevalence11.  

Lacunar stroke and SVD are associated with some vascular risk factors such 

as hypertension, diabetes and smoking but have only weak associations with 

others such as large artery atheroma and atrial fibrillation16, 105. While some 

SVD imaging features and large artery stroke can occur in the same 

individuals, in general, recurrent stroke tends to be of the same type as the 

initial stroke106. Additionally, SVD features associate more strongly with 

lacunar than cortical stroke107. This suggests that SVD is not simply 

‘atherosclerosis of the smaller blood vessels’16, 105.  

Recently it has been proposed that endothelial dysfunction may play a key 

role in development of SVD11, 22, 108. Endothelial dysfunction may result in 

small blood vessels becoming stiff and unreactive, such that they cannot 
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increase brain blood flow when needed, a feature termed cerebrovascular 

reactivity (CVR).  

A systematic review109 showed that patients with lacunar stroke subtype had 

reduced CVR, assessed using transcranial Doppler (TCD), compared to age 

matched controls, but not compared to age plus risk factor matched controls, 

or to patients with cortical stroke subtype. TCD has limitations in terms of 

assessing vascular reactivity. It only assesses one representative artery and 

cannot provide information on the distribution of CVR by tissue type or brain 

region109, 110. It therefore remains unclear whether impairment of CVR is 

specific to lacunar stroke and SVD or simply reflects exposure to risk factors. 

Magnetic resonance imaging (MRI) with Blood Oxygen Level Dependent 

(BOLD) or arterial spin labelling (ASL) techniques can now be used to 

measure CVR in response to a stimulus, such as breathing carbon dioxide 

(CO2). ASL measures blood flow directly but suffers from a low signal to 

noise ratio. BOLD MRI is the basis of functional MRI (fMRI) where it is used 

to localise the haemodynamic response to neural activity. BOLD MRI is 

based on the principal that when blood flow increases to a region of brain this 

results in a reduction in the venous concentration of paramagnetic 

deoxyhaemoglobin which can be detected as a small increase in signal on 

T2*-weighted imaging.  

These MRI techniques have been used to investigate CVR in several 

different conditions including carotid artery stenosis and Moyamoya 

disease111, 112 as well as in healthy volunteers. CVR measurement using MRI 

has the potential to investigate the pathophysiology of SVD directly in the 

tissues affected, and if reliable could be used as a surrogate endpoint in 

testing new treatments for SVD.  

The purpose of this systematic review is to identify and summarise the 

knowledge to date from studies using MRI to assess CVR in SVD.  
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Materials and Methods 

We performed a literature review seeking full length original research articles 

assessing CVR using MRI in human subjects with any clinical or imaging 

features of SVD, published in English. We included studies of patients with 

Alzheimer’s Disease (AD) if the results were reported in relation to SVD 

imaging features which are common in patients with AD75. We excluded 

animal studies, studies in patients with Moyamoya disease, intracranial 

stenosis, extracranial carotid artery stenosis, haemorrhagic stroke or 

monogenetic disorders such as Cerebral Autosomal Dominant Arteriopathy 

with Subcortical Infarcts and Leukoencephalopathy (CADASIL). Studies 

which assessed CVR by means of TCD were also excluded as were those 

using Xenon CT, PET or SPECT scanning as we wanted to avoid techniques 

which have limited availability, are more expensive, and expose patients to 

ionising radiation. Studies published only as conference abstracts were also 

excluded. 

We searched the databases Medline and Excerpta Medica Database 

(EMBASE) for articles published between 1990 and 7th May 2015 with the 

strategy shown below. Additionally, to validate the search strategy, we hand 

searched the journals Stroke and Journal of Cerebral Blood Flow and 

Metabolism for relevant articles.  
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Search Strategy 
 
1) brain isch?emia/ or brain infarction/ or cerebral infarction/ or hypoxia-
isch?emia, brain/ or stroke$.tw. 
2) cerebral vascular attack/ or cerebrovascular attack/ or cerebral vascular 
accident/ or cerebrovascular accident/ or CVA.tw. 
3) (lacun$ or small vessel$ or small infarct$ or microinfarct$ or subcortical 
lesion$ or subcortical infarct$).tw. 
4) leukoaraiosis.tw. 
5) (white matter hyperintensit$ or WMH).tw. 
6) (small vessel disease or SVD).tw. 
7) (white matter lesion$ or WML).tw. 
8) 1 or 2 or 3 or 4 or 5 or 6 or 7 
9) (cerebral vascular reactivity or cerebrovascular reactivity or cerebral 
vasoreactivity or CVR).tw. 
10) cerebral blood flow.tw. 
11) cerebral autoregulation.tw. 
12) 9 or 10 or 11 
13) 8 and 12 
14) magnetic resonance imaging/ or MRI.tw. 
15) (functional or fMRI).tw. 
16) (blood oxygen level dependent or BOLD).tw. 
17) (arterial spin labelling or ASL).tw. 
18) 15 or 16 or 17 
19) 14 and 18 
20) 13 and 19 
21) limit 20 to humans 
22) limit 21 to yr="1990 - 2015" 
23) remove duplicates from 22 
 

We assessed article titles and in those deemed relevant we reviewed the 

abstracts. We then reviewed pertinent articles in full and included them if the 

above criteria were met (Figure 3). We extracted data from included articles 

using standardised forms. 
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Figure 3: Search Strategy Flow Chart 
Flow chart showing number of papers at each stage of the search and reasons for 
excluding papers. 

 

We extracted data on study design including quality criteria, patient and 

control group demographics, the MR protocol, the vasoactive stimulus used, 

the CVR analysis method and the main study results including any data on 

tolerability or safety. We used the STROBE checklist (www.equator-
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network.org) to score the study methodology and reporting of findings to 

assess study quality. We assigned up to 22 points using this checklist (Figure 

4). This score was applied after the decision to include the study and did not 

influence whether a study was included in the review. 

Owing to the small number of studies and the large methodological 

heterogeneity, it was not possible to do a formal meta-analysis to combine 

study data. 

 

 

Results 

The search strategy identified 263 potentially relevant articles. Of these, five 

described CVR using MRI in patients with features of SVD113-117. Figure 3 

details numbers of papers excluded and the reasons.  

The five articles include 239 subjects (155 SVD subjects, 84 controls). The 

studies had a median STROBE criteria score of 14.5/22 (Range 12.5-16; 

Figure 4). Points were lost most commonly for inadequate description of SVD 

diagnostic criteria, not explaining rationale for study size, inadequate 

description of efforts made to control for confounding factors such as age, 

gender and blood pressure, limited description of patient demographics, not 

indicating study design in the title and inadequate discussion of study 

limitations such as incomplete CVR examinations (Figure 4). 
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Criterion Numbers and Description: 
1. Title and Abstract 
2. Description of scientific background/rationale 
3. Statement of study objectives 
4. Description of study design 
5. Description of study setting 
6. Description of study participants 
7. Definition of study variables 
8. Description of data sources / methods of measurement 
9. Description of efforts to address any bias 
10. Explanation of how study size was decided 
11. Explanation of how quantitative variables were analysed 
12. Description of statistical methods 
13. Reporting of number of participants in each part of the study and reasons for 

exclusions 
14. Reporting of descriptive data for study participants 
15. Reporting of outcome data 
16. Reporting of main results 
17. Reporting of other analyses performed 
18. Summary of key results 
19. Discussion of study limitations 
20. Interpretation of study results 
21. Discussion of generalizability of results 
22. Statement of funding source 

 
Figure 4: Assessment of STROBE criteria.  
Mean score for each criterion on the STROBE criteria 
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Patient Characteristics 

Patient characteristics are shown in Table 1: these varied widely between 

studies. The clinical phenotype included patients with asymptomatic white 

matter hyperintensities (WMH; two studies, n=103)113, 115, stroke (one study, 

n=5)117 and Alzheimer’s disease (two studies, which described CVR in 

relation to SVD imaging features, n=47)114, 116. Four of the five studies 

included a healthy control group, but in only two of the four studies was Four 

of the five studies included a healthy control group, but in only two of the four 

studies was the control group of similar age to the patients114, 116. One study 

did have an older healthy control group however there was an almost five 

year age difference between patients and controls which may be 

significant117. 
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Study Sample 
Size 

 

Subjects Control 
Group 

Age 

Gauthier et 
al. 2015113 

54 Subjects 
31 Controls 

Healthy elderly  
with 
asymptomatic 
WMH  
 

Young healthy 
volunteers 

Subjects: 63±5 
Controls: 24±3 

Richiardi et 
al. 2015114 

20 AD 
15 MCI  
28 Controls 
 

AD and MCI Healthy Elderly AD: 76±7 
MCI: 71±10 
Controls 73±7 

Conijn et al. 
2012115 

49 Patients with 
history of 
vascular events 
or cardiovascular 
risk factors 
 

None 58.9±10 

Yezhuvath 
et al. 
2012116 

Subjects: 
12 
Controls: 13 
 

AD Healthy Elderly Subjects: 70.5±8.3 
Controls: 68.7±8.4 

Hund-
Georgiadis 
et al. 
2003117 

Subjects: 5 
Young 
Controls: 6 
Older 
Controls: 6 

Stroke and 
‘cerebral 
microangiopathy’ 
(white matter MRI 
signal changes.) 

Young healthy 
volunteers 
 
and 
 
Older healthy 
volunteers 

Subjects: 61.8 (54-
67) 
 
Young Controls: 24.8 
(23-27) 
 
Older controls: 57 
(51-63) 
 

Table 1: Population Characteristics of Included Studies 
Patient characteristics of included studies of CVR in cerebral SVD. 

AD=Alzheimer’s Disease, MCI= Mild Cognitive Impairment 
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MR Scanner, Vasodilatory Stimuli and Calculation of CVR 

Table 2 summarises the methods used by each study to assess CVR. MR 

scanner magnetic field strength varied: CVR was measured at 3 or 7T and 

the SVD features were assessed at 1.5, 3 or 7T. Each study used BOLD MRI 

to determine CVR with a different vasodilatory stimulus, delivered over 

different lengths of time, although all stimuli were based on manipulation of 

arterial CO2 concentration to achieve a change in cerebral blood flow. Three 

studies used CO2 in air to increase partial pressure of carbon dioxide in 

arterial blood (PaCO2)113, 114, 116, one study used breath holding to increase 

CO2
115 and one used hyperventilation to decrease CO2

117. Each study also 

used a different way of calculating CVR from the CO2 and BOLD signal 

changes. One study115 assessed CVR and microbleed burden, assessed 

using visual rating with the Microbleed Anatomical Rating Scale118, at 7T, but 

compared this with WMH assessed at 1.5T. 

 

CVR in SVD 

Table 3 summarises the associations between SVD and CVR in the five 

included studies. All studies measured CVR in large brain regions (eg whole 

hemisphere or lobar measurements) and not in specific tissues such as white 

matter, WMH, or grey matter. Three studies assessed CVR in relation to 

WMH burden113, 114, 116, one study assessed CVR in relation to both WMH 

burden and microbleed burden115 and one study assessed CVR in relation to 

combined burden of WMH, lacunes and perivascular spaces117.  

One study (n=12) reported reduced CVR with worsening WMH116, one with 

worsening combined WMH, lacunes and perivascular spaces (n=5)117 and 

one with microbleeds but not with WMH (n=49)115. In the study by Conjin, 

CVR and microbleeds were assessed at 7T and WMH at 1.5T115. Two other 

studies (n = 54 and 35), found no association between WMH and CVR113, 114. 

Thus, CVR did not fall with increasing WMH in a total of 138/155 patients 

(89%) and did fall with increasing WMH or combined WMH, lacunes and 
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perivascular spaces in 17/155 patients (11%). However, of the studies that 

did not find reduced CVR with WMH, one used breath-holding115, one 

administered CO2 via nasal cannulae with no monitoring of end-tidal CO2 

(EtCO2)114 and the other only included subjects without vascular risk factors 

(i.e. very healthy elderly)113. 

From the perspective of clinical classification, the four studies with control 

groups all showed that CVR was impaired in the patient group compared to 

the control groups113, 114, 116, 117, but in two of these studies113, 117 the controls 

were much younger than the patients and therefore the difference between 

patients and controls could be due to age.  

CVR decreased with age in 3 studies113, 115, 117. Conijn et al. also showed that 

female gender and increasing diastolic blood pressure were associated with 

decreased CVR115. 

Only three studies reported any safety or tolerability data for the CVR 

procedure. One study excluded two patients out of 83 due to discomfort 

during CO2 breathing113. One study reported no discomfort in 63 participants 

but this was using nasal cannulae114. One study reported that 9/34 

participants declined to participate in the CVR examination but did not report 

the reasons116. 
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Study Field 
Strength 

Vasoactive Stimulus Effect of 
Stimulus 

Imaging Parameters Method of Calculating CVR 

Gauthier et 
al. 2015113 

3T Prospective end-tidal CO2 
targeting (Respiract™) - 
alternating periods of 2 
minutes at each EtCO2 

concentration. Total CVR 
imaging time 10 minutes. 

EtCO2 
manipulated 
between 40 
and 45mmHg 

Dual-echo pseudocontinuous arterial spin 
labelling (to obtain simultaneous CBF and 
BOLD measurements); TR/TE1/TE2 = 
3000/10/30 ms; FA = 90⁰; parallel imaging 
acceleration factor = 2; 4 x 4 mm in-plane 
resolution with 7/8 partial Fourier sampling; 
11 x 7 mm slices with 1mm gap 

Linear regression with CVR 
expressed as %BOLD signal change 
per mmHg change in EtCO2 

Richiardi et 
al. 2015114 

3T 7% CO2 in air via nasal 
cannula in 2 minute spells 
alternating with air. Total 
CVR imaging time 9 minutes 

No 
monitoring of 
EtCO2 

Multi-echo EPI; TR/TE = 2970/29.5 ms; in-
plane resolution 3.44 x 3.44 mm; 34 x 3.5 
mm slices 

Convolved the CO2 on-off timing 
vector with a filter to create a 
regressor that allowed description of 
‘CVR velocity’ 

Conijn et al. 
2012115 

7T to assess 
micro-bleeds 
and CVR;  
1.5T for 
WMH 

Breath Holding – 5 periods, 4 
of which were 21 seconds 
long, 5th period as long as 
possible, Total CVR imaging 
time 4 minutes 15 seconds 
plus time of last breath hold. 

No 
monitoring of 
EtCO2 

Single-shot EPI; TR/TE = 3000/20 ms; 
parallel imaging acceleration factor = 3.5; in-
plane resolution 1.5 x 1.5 mm; 45 x 1.5 mm 
slices with no gap 

Multiple linear regression  to select 
activated voxels and then expressed 
CVR as either mean % of voxels with 
significant signal change or mean % 
whole brain signal change 

Yezhuvath 
et al. 
2012116 

3T 5% CO2 in air in 1 minute 
spells alternating with air. 
Total CVR imaging time 7 
minutes. 

Mean EtCO2 

increase   
11.9 mmHg 
in patients; 
12.2 mmHg 
in controls 

Single-shot EPI; TR/TE = 3000/30ms; FA = 
90⁰; in-plane resolution = 1.7 x 1.7 mm; 25 x 
6 mm axial slices 

General linear model with EtCO2 as 
the regressor and expressed CVR as 
% BOLD signal change per mmHg 
change in EtCO2 

Hund-
Georgiadis 
et al. 
2003117 

3T Hyperventilation for 2 
minutes alternating with 4 
minute periods of normal 
breathing 

At least 
10mmHg 
decrease in 
EtCO2 

Single-shot EPI; TR/TE = 2000 / 75 ms; 
FA=90⁰; in-plane resolution = 3 x 3 mm; 16 x 
5 mm axial slices with 1 mm gap 
 

Calculated the contrast between 
different conditions using the t 
statistic, with t values subsequently 
being transformed into z scores. CVR 
was then defined as voxels with a z 
score of at least -5 with ventilation 

Table 2: Description of MR scanner field strength, vasoactive stimulus, imaging parameters and CVR calculation method  
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Study CVR in Relation to SVD 
Features 

CVR in Subjects vs Controls CVR in Relation to Other 
Features 

Safety and 
Tolerability 

Gauthier et al. 
2015113 
 
Total n=85 

WMH volume not 
associated with frontal lobe 
CVR 

Frontal lobe CVR 0.22±.06%/mmHg in 
subjects vs 0.25±0.08%/mmHg in young 
controls 

CVR decreased with age 2 patients excluded 
due to discomfort when 
breathing via 
Respiract™ device 

Richiardi et al. 
2015114 
 
Total n=63 

No association between 
‘CVR velocity’ and Fazekas 
score 

Mean time to reach 90% of peak BOLD 
response 59 seconds for MCI and AD 
patients versus 33s for controls. 

‘CVR Velocity’ increased 
with increasing MMSE 
score 

No discomfort reported 

Conijn et al. 2012115 
 
Total n=49 

Microbleeds associated with 
decrease in CVR. No CVR 
association with lacunes or 
WMH severity 

Not applicable CVR decreased with 
increasing age, female 
gender and increasing 
diastolic blood pressure 

Not assessed 

Yezhuvath et al. 
2012116 
 
Total  n=25 

Decreased CVR associated 
with increased WMH 
volume 

CVR decreased in frontal lobe, insula and 
anterior cingulate gyrus in subjects 
compared to controls 

Decreased CVR 
associated with a lower 
Boston Naming Score 

5 subjects and 4 
controls declined to 
take part in CVR scan 
but no reasons given 

Hund-Georgiadis et 
al. 2003117 

 
Total n=17 

Increased severity of SVD 
features (composite score of 
WMH, lacunes and enlarged 
perivascular spaces) 
associated with decreased 
CVR 

Subjects had lower whole brain CVR than 
older controls, who in turn had lower CVR 
than young controls. Subjects had reduced 
CVR in frontal and parietal cortex vs both 
control groups and in occipital cortex vs 
young controls 

CVR decreased with age Not assessed 

Table 3: Effects of SVD on CVR  
AD=Alzheimer’s Disease, MCI=Mild cognitive impairment, MMSE=Mini Mental State Examination 
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Discussion 

This systematic review found only five studies that assessed CVR in any 

form of SVD. Collectively these studies do not provide a clear picture of 

whether CVR is impaired in SVD or not. Small studies found an association 

between reduced CVR and increased WMH or microbleeds, but three larger 

studies including 138/155 (89%) of the available SVD patients in the literature 

did not find an association with WMH, although the method of administering 

the CO2 challenge may have contributed to the lack of a CVR association. 

CVR was lower in subjects than controls in these studies, except that most 

subjects were older than controls and CVR falls with age. All studies 

combined provide only 155 patients with SVD and the results are difficult to 

compare between studies due to the patient and methodological differences.  

Therefore the question of whether CVR to a CO2 challenge is reduced in 

SVD as detected by MRI remains unanswered. 

 

Factors Affecting Measurement of CVR in Patients with SVD 

Patient Characteristics 

The type of patients differed between studies and limits the conclusions that 

can be drawn. The studies included patients with different manifestations of 

SVD or the SVD features were assessed differently: asymptomatic lesions in 

patients with vascular risk factors115; lacunar stroke117; WMH in mild cognitive 

impairment and AD114, 116; and WMH in healthy elderly113. We focused on the 

imaging evidence of SVD to harmonise the studies. As summarized in the 

introduction, SVD has several clinical and imaging manifestations which 

should be more clearly discriminated in future studies. It is not possible to say 

if specific clinical and radiological features are more associated with impaired 

CVR than others based on these data. 

Descriptions of other patient related variables such as age, blood pressure, 

medical co-morbidity and medication were also limited. Age, blood pressure 

and gender are in themselves thought to alter CVR115, 119 and therefore may 
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have affected the results. Even where these variables were reported, the 

studies varied as to whether they corrected for these factors when assessing 

CVR.  

 

MR Protocol 

Both MR scanner magnetic field strength and the scanning protocols vary 

significantly between the studies, so CVR values are not directly comparable. 

Four studies used 3T and one used 7T. 

BOLD signal change at 3T is reported to be 69% higher than at 1.5T when 

using breath holding to achieve hypercapnia120. One study has suggested 

that protocols using long TE’s may suffer from greater BOLD image distortion 

and that lower spatial resolution is required to detect CVR in white matter at 

field strengths of 1.5T121, highlighting the effects that the different MR 

parameters may have on results. All except one of the studies included here 

used 3T to assess CVR. 

However our review highlights a lack of direct comparisons of CVR between 

1.5 and 3T122. Therefore, more data are required to determine the true 

differences in BOLD signal and artefacts due to field strength. 

 

Vasodilatory Stimuli and Calculation of CVR 

The comparability of the different vasodilatory stimuli (in terms of CVR 

response and patient tolerability) is also relatively unknown. A review of the 

different stimuli suggested that CO2 inhalation is a more consistent stimulus 

than acetazolamide, use of a thigh cuff, or lower body negative pressure110. 

All the included studies used a change in CO2 as the vasoactive stimulus. 

We found no papers utilizing acetazolamide in combination with MRI to 

measure CVR in SVD despite its previous extensive use in measuring CVR 

with TCD methods109. Use of acetazolamide may be declining due to 

problems with the inter-individual variability in response to acetazolamide and 
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the fact that side effects are reported in 40-60% of subjects who receive the 

drug for CVR examination110. However, as the studies described here 

illustrate, there are many methods and gas concentrations that can be used 

to administer CO2. The relationship between MR signal and EtCO2 is non-

linear, meaning CVR results may depend on the CO2 concentration used and 

baseline EtCO2
123. Additionally the high oxygen concentrations used in some 

gas mixtures may cause further complex changes to the BOLD contrast124. 

One study has suggested that there is little difference between breath holding 

and CO2 inhalation, although this study used arterial spin labelling rather than 

BOLD to assess CVR125. This study also found bigger differences between 

the vasodilatory stimuli it assessed when absolute change rather than 

percentage change CVR measures were used. This suggests the way the 

BOLD data are processed is another factor affecting CVR measurement and, 

along with the lack of an accepted definition of CVR, will hinder comparison 

of results between studies.  

The duration of the stimulus varied between studies from 21 seconds to 2 

minutes. There is known to be a significant delay between change in EtCO2 

and change in BOLD signal in the white matter compared to the grey 

matter119, 126.  It is therefore vital that the different delay between brain 

structures is taken into account during analysis and that the period of 

hypercapnia is long enough for all tissues to achieve a representative change 

in BOLD signal. The delay itself may be an important part of the assessment 

of CVR. It may be that the CO2 challenge, in terms of CO2 concentration and 

duration, requires maximisation of the signal change and dynamic 

information content, while ensuring adequate patient tolerability and 

consistency of stimulus. 

 

Tolerability of CVR Measurement  

Safety and tolerability data are not often reported in studies that use 

hypercapnia achieved by breathing high percentage CO2 gas mixtures, 

making it difficult to assess the feasibility of using this technique in a patient 
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population. Only three of the five studies identified here mention tolerability of 

the CVR technique. From these data, there appear to be few adverse effects 

associated with the technique, however one study excluded almost any 

medical comorbidity113, one study used nasal cannulas as they believed the 

patient group would be unable to tolerate a more robust delivery method 

such as a tight face mask (that would have allowed measurement of 

EtCO2)114 and one study reported no adverse events but did not give the 

reason why more than a quarter of participants in the study declined to take 

part in the CVR assessment116. 

One study specifically examined safety and tolerability of CVR using a 

hypercapnia method mainly in intracranial or carotid atherosclerosis patients 

with a mean age of 49.5 years. This study assessed 434 patients who 

underwent CVR studies using the Respiract™ prospective EtCO2 targeting 

system. Out of 434 patients, 48 patients (11%) reported discomfort during a 

CVR study. The most common complaint was breathlessness (28 patients) 

followed by anxiety and claustrophobia. Less commonly reported symptoms 

were headache, dizziness and light-headedness, conjunctival erythema, 

tremor, paraesthesia, hand weakness and chest tightness127. 

 

Conclusion  

Larger, more methodologically robust studies are needed to be certain of the 

association between SVD and CVR, to clarify if specific clinical or radiological 

features of SVD are more or less associated with impaired CVR and to 

measure CVR in specific tissues. The available data do not support an 

association between worsening SVD features in general and lower CVR, 

although do support an association between increasing age or diastolic blood 

pressure and falling CVR. 

Future studies should clearly define the clinical features of the patient 

population and ensure measurement of, and controlling for, the likely 

confounding variables. This will allow better comparison of studies. Whilst it 
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is possible to measure CVR at 1.5T, 3T scanners yield better signal-to-noise 

ratio at the same spatial resolution and may be more sensitive for this 

technique, given the small signal changes seen in the white matter. However 

direct comparisons in the same patients are lacking and should be performed 

in future studies to determine the relative strengths and limitations of 1.5 vs 

3T. The best method for CO2 delivery remains unclear, but avoidance of high 

oxygen mixtures is probably sensible so that the number of factors 

influencing the BOLD signal change and measured CVR is kept to a 

minimum. Standardisation of methods for calculating CVR is also important. 

Studies appear to be converging towards CVR expressed as percentage 

BOLD signal change per mmHg change in EtCO2. Future studies in patients 

should also report specifically on tolerability and safety in this often frail 

patient group, and studies should aim for much larger sample sizes. 

With the benefit of hindsight, the search criteria of this review were overly 

narrow and a small number of potentially relevant papers in patients with 

CADASIL and Alzheimer’s Disease were excluded despite having results in 

relation to CVR in SVD. A systematic review performed subsequent to the 

work of this thesis further summarises the literature128. 

 

  

  



78 
 

Chapter 2B: Advanced Neuroimaging of Cerebral Small Vessel Disease 

 

Introduction 

Cerebral small vessel disease (SVD) is a condition resulting from damage to 

the cerebral microcirculation and predominantly affects the blood supply and 

tissue of the deep white and grey matter areas of the brain11.  

Radiologically, it is characterised by recent small subcortical infarcts that can 

present with stroke, and other lesions that are usually clinically ‘silent’ until 

advanced such as white matter hyperintensities (WMH) in the periventricular 

and deep white and grey matter, enlarged perivascular spaces (PVS), 

lacunes, microbleeds and cerebral atrophy12. These features are present in 

up to 10% of patients in their 7th decade rising to above 85% of those in their 

9th decade5.  

Clinical consequences of SVD are diverse. They include lacunar ischaemic 

stroke (around a fifth of all strokes), vascular and mixed dementias (SVD 

contributes to 45% of all dementias), intracerebral haemorrhages particularly 

in older people, gait and balance dysfunction and dysfunction of the 

bladder11.  

SVD is seen routinely on CT and MR imaging of the brain. However, 

structural MRI including FLAIR, T2-weighted, T1-weighted and gradient 

echo/T2*/susceptibility-weighted sequences (and diffusion imaging for acute 

lesions) are best able to characterise the full spectrum of features12. 

Increasingly, there is a desire to investigate beyond basic structural imaging 

in SVD as these changes may not fully explain the variance in SVD129 and 

tissue changes are detectable prior to development of overt disease on 

structural imaging. This stems from a revised understanding of the potential 

pathophysiological processes and a need to detect the earliest features of 

SVD11.  

SVD is now understood to be distinct from large vessel atherosclerotic 

vascular disease11. Both share common risk factors such as age, 
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hypertension, hypercholesterolaemia, diabetes and smoking105. However 

large artery atheroma and ischaemic heart disease correlate poorly with SVD 

burden once a shared co-association with vascular risk factors is accounted 

for16. Instead sporadic SVD increasingly appears to be an intrinsic disorder of 

the endothelium that leads to lipohyalinosis, vessel wall thickening of small 

cerebral arterioles, fibrinoid necrosis, and perivascular tissue injury11. There 

is also evidence of primary abnormalities of the matrix proteins and direct 

effects on myelination through impaired maturation of oligodendrocyte 

precursor cells, rather than just direct damage to myelin. Each potential 

abnormality offers possible opportunities for new interventions, hence the 

importance of understanding SVD pathophysiology in patients. Techniques 

are now developing to image endothelial and blood vessel function, in vivo, in 

humans, supporting the hypothesis that SVD is an endothelial disease, and 

thus likely to require different treatments than thrombus and plaque targeted 

traditional vascular therapies65.  

Imaging endothelial function while measuring the integrity of cerebral 

microstructures will increase pathophysiological understanding of SVD. The 

recent explosion in knowledge of SVD genetics130 provides further insights 

into disease triggers and accelerators. Associating clinical consequences 

with specific stages, radiological features and microstructural disruption will 

allow targeting of therapies to the most important steps in SVD development. 

Of particular importance, advanced imaging methods, if valid, reliable, 

reproducible and relevant, can provide intermediary outcome markers of 

early efficacy of new interventions in patients, helping to narrow the field of 

potential therapies ahead of the large clinical trials that will be required to 

show clinical benefit by preventing stroke, functional dependence and 

cognitive decline131, 132. 

In this review, we will summarise recent advances in imaging SVD in the past 

two years. These have mainly occurred in three key areas: 1) quantifying 

SVD burden; 2) imaging microstructural integrity; and 3) assessing vascular 

malfunction. We have not included microinfarcts since there is a very recent 

update on them in submission. 
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Methods  

We searched EMBASE, MEDLINE and PUBMED for relevant systematic 

reviews and primary articles between 1st January 2015 and March 2017. 

Four separate searches were performed: “SVD Score”, “SVD Burden”, 

“Vascular Malfunction” and “White Matter Integrity”, to cover the three 

sections of the review: “Quantification of SVD Features”, “Measuring 

Structural Integrity” and “Imaging Microvascular Malfunction”. Titles were 

screened by two authors (GWB, MVH). Additionally we hand-searched the 

Journal of Cerebral Blood Flow and Metabolism over the same period, 

checked references in opinion reviews and utilised the authors personal 

libraries of relevant articles in neuroimaging and SVD. The search strategies 

are shown below.  
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Search Strategies 
 
SVD Score: performed on 13/03/2017 
Database: Embase <1980 to 2016 Week 51>, Ovid MEDLINE(R) In-Process 
& Other Non-Indexed Citations and Ovid MEDLINE(R) <1946 to Present> 
 
Search Strategy: 
1     brain isch?emia/ or brain infarction/ or cerebral infarction/ or hypoxia-
isch?emia, brain/ or stroke$.tw. (624424) 
2     cerebral vascular attack/ or cerebrovascular attack/ or cerebral vascular 
accident/ or cerebrovascular accident/ or CVA.tw. (255923) 
3     (lacun$ or small vessel$ or small infarct$ or microinfarct$ or subcortical 
lesion$ or subcortical infarct$).tw. (54637) 
4     leukoaraiosis.tw. (2372) 
5     Vascular dementia$/ or multi-infarct dementia$/ or subcortical 
dementia$.tw. (17953) 
6     white matter hyperintensit$/ or WMH.tw. (3232) 
7     small vessel disease/ or SVD.tw. (4317) 
8     white matter lesion$/ or WML.tw. (5743) 
9     (microbleed$ or microh?emorrhage$).mp. [mp=ti, ab, hw, tn, ot, dm, mf, 
dv, kw, fs, nm, kf, px, rx, ui] (5529) 
10     (perivascular space$ or PVS or enlarged perivascular space$ or 
EPVS).mp. [mp=ti, ab, hw, tn, ot, dm, mf, dv, kw, fs, nm, kf, px, rx, ui] (12136) 
11     1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 (754858) 
12     Small vessel disease score$/ or SVD score$.tw. (35) 
13     Small vessel disease burden$/ or SVD burden$.tw. (25) 
14     Small vessel disease quantification$/ or SVD quantification$.tw. (1) 
15     12 or 13 (58) 
16     remove duplicates from 15 (32) 
17     limit 16 to yr="2015 -Current" (24) 
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SVD Burden: performed on 13/03/2017 
Database: Embase <1980 to 2016 Week 51>, Ovid MEDLINE(R) In-Process 
& Other Non-Indexed Citations and Ovid MEDLINE(R) <1946 to Present> 
 
Search Strategy: 
1     brain isch?emia/ or brain infarction/ or cerebral infarction/ or hypoxia-
isch?emia, brain/ or stroke$.tw. (624424) 
2     cerebral vascular attack/ or cerebrovascular attack/ or cerebral vascular 
accident/ or cerebrovascular accident/ or CVA.tw. (255923) 
3     (lacun$ or small vessel$ or small infarct$ or microinfarct$ or subcortical 
lesion$ or subcortical infarct$).tw. (54637) 
4     leukoaraiosis.tw. (2372) 
5     Vascular dementia$/ or multi-infarct dementia$/ or subcortical 
dementia$.tw. (17953) 
6     white matter hyperintensit$/ or WMH.tw. (3232) 
7     small vessel disease/ or SVD.tw. (4317) 
8     white matter lesion$/ or WML.tw. (5743) 
9     (microbleed$ or microh?emorrhage$).mp. [mp=ti, ab, hw, tn, ot, dm, mf, 
dv, kw, fs, nm, kf, px, rx, ui] (5529) 
10     (perivascular space$ or PVS or enlarged perivascular space$ or 
EPVS).mp. [mp=ti, ab, hw, tn, ot, dm, mf, dv, kw, fs, nm, kf, px, rx, ui] (12136) 
11     1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 (754858) 
12     Small vessel disease score$/ or SVD score$.tw. (35) 
13     Small vessel disease burden$/ or SVD burden$.tw. (25) 
14     Small vessel disease quantification$/ or SVD quantification$.tw. (1) 
15     12 or 13 (58) 
16     remove duplicates from 15 (32) 
17     limit 16 to yr="2015 -Current" (24) 
18     quantification.tw. (285196) 
19     score.tw. (1037352) 
20     burden.tw. (335504) 
21     magnetic resonance imaging/ or MRI.tw. (946272) 
22     18 or 19 or 20 (1626822) 
23     11 and 21 and 22 (7394) 
24     limit 23 to full text (2578) 
25     limit 24 to yr="2015 -Current" (488) 
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White Matter Integrity: performed on 13/03/2017 
Database: Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations and 
Ovid MEDLINE(R) <1946 to Present>, Embase <1974 to 2017 January 11>, 
Ovid MEDLINE(R) Epub Ahead of Print <January 11, 2017> 
 
Search Strategy: 
1     (A Novel Imaging Marker for Small Vessel Disease Based on 
Skeletonization of White Matter Tracts and Diffusion Histograms).mp. [mp=ti, 
ab, ot, nm, hw, kf, px, rx, ui, tn, dm, mf, dv, kw, fs] (2) 
2     limit 1 to full text (2) 
3     limit 2 to yr="2015 -Current" (2) 
4     brain isch?emia/ or brain infarction/ or cerebral infarction/ or hypoxia-
isch?emia, brain/ or stroke$.mp. (732304) 
5     cerebral vascular attack/ or cerebrovascular attack/ or cerebral vascular 
accident/ or cerebrovascular accident/ or CVA.mp. (261259) 
6     (lacun$ or small vessel$ or small infarct$ or microinfarct$ or subcortical 
lesion$ or subcortical infarct$).mp. (57834) 
7     leukoaraiosis.mp. (3282) 
8     Vascular dementia$/ or multi-infarct dementia$/ or subcortical 
dementia$.mp. (18095) 
9     white matter hyperintensit$/ or WMH.mp. (3337) 
10     small vessel disease/ or SVD.mp. (4567) 
11     white matter lesion$/ or WML.mp. (5845) 
12     (perivascular space$ or PVS or enlarged perivascular space$ or 
EPVS).mp. (12498) 
13     4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 (846338) 
14     Mean diffusivity/ or MD.mp. (124599) 
15     Fractional anisotropy/ or FA.mp. (72416) 
16     tractography.mp. (10982) 
17     integrity.mp. (251530) 
18     microstructur$.mp. (59958) 
19     microstructur$.mp. (59958) 
20     diffus$ tensor imag$.mp. (35506) 
21     dti.mp. (22324) 
22     14 or 15 or 16 or 17 or 18 or 19 or 20 or 21 (512586) 
23     13 and 22 (11769) 
24     limit 23 to full text (2948) 
25     limit 24 to yr="2015 -Current" (665) 
26     remove duplicates from 25 (429) 
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Vascular malfunction: performed on 13/03/2017 
Database: Embase <1980 to 2016 Week 51>, Ovid MEDLINE(R) In-Process 
& Other Non-Indexed Citations and Ovid MEDLINE(R) <1946 to Present> 
 
Search Strategy: 
1     brain isch?emia/ or brain infarction/ or cerebral infarction/ or hypoxia-
isch?emia, brain/ or stroke$.tw. (624424) 
2     cerebral vascular attack/ or cerebrovascular attack/ or cerebral vascular 
accident/ or cerebrovascular accident/ or CVA.tw. (255923) 
3     (lacun$ or small vessel$ or small infarct$ or microinfarct$ or subcortical 
lesion$ or subcortical infarct$).tw. (54637) 
4     leukoaraiosis.tw. (2372) 
5     Vascular dementia$/ or multi-infarct dementia$/ or subcortical 
dementia$.tw. (17953) 
6     white matter hyperintensit$/ or WMH.tw. (3232) 
7     small vessel disease/ or SVD.tw. (4317) 
8     white matter lesion$/ or WML.tw. (5743) 
9     (microbleed$ or microh?emorrhage$).mp. [mp=ti, ab, hw, tn, ot, dm, mf, 
dv, kw, fs, nm, kf, px, rx, ui] (5529) 
10     (perivascular space$ or PVS or enlarged perivascular space$ or 
EPVS).mp. [mp=ti, ab, hw, tn, ot, dm, mf, dv, kw, fs, nm, kf, px, rx, ui] (12136) 
11     1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 (754858) 
12     cerebral vascular reactivity/ or cerebrovascular reactivity/ or cerebral 
vasoreactivity/ or CVR.tw. (4509) 
13     cerebral blood flow/ or CBF.tw. (121707) 
14     cerebral autoregulation.tw. (3899) 
15     blood brain barrier permeability/ or BBB permeability.tw. (4754) 
16     12 or 13 or 14 or 15 (130437) 
17     magnetic resonance imaging/ or MRI.tw. (946272) 
18     functional.tw. (2280185) 
19     fMRI.tw. (78516) 
20     blood oxygen level dependent/ or BOLD.tw. (25655) 
21     arterial spin labelling/ or ASL.tw. (8219) 
22     dynamic contrast enhanced/ or DCE.tw. (10400) 
23     17 or 18 or 19 or 20 or 21 or 22 (3145889) 
24     11 and 16 and 23 (7410) 
25     limit 24 to full text (2207) 
26     limit 25 to yr="2015 -Current" (241) 
27     remove duplicates from 26 (177) 
 
 
We used recent systematic reviews where available as these are generally 

the best summaries of the available evidence, updated with recent 

publications. We assessed publications for study size, patient characteristics, 

imaging methods and feature sought, evidence of validation, of adjustment 

for co-related variables in pathophysiological analyses and extracted 
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information on the main results. We did not use a quality assessment tool as 

this work was not a formal systematic review and the literature was very 

diverse. 

 

Results and Discussion 

Quantification of SVD Features  

In recent years, efforts have been made to quantitatively assess specific SVD 

markers on one hand and to devise metrics that allow the quantification of 

the total burden of SVD on the other. We identified 48 articles since the start 

of 2015 that have attempted to computationally assess either WMH, 

ischaemic stroke lesions, PVS, cerebral microbleeds or regions of interest 

reportedly related to vascular dementia and SVD in general (Figure 5, Table 

55 in Appendix 1). In the same period, we identified nine articles that used a 

composite score reflective of the total SVD burden (Table 4). 

 

 

Figure 5: Graphical representation of the proportions of papers 
published on computational methods to assess SVD imaging markers  
Courtesy of Dr Maria Valdez-Hernandez as published133 
 

Classical machine learning based classification algorithms like support vector 

machines (SVMs) and random forest lead the list of computational methods 
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utilised to quantify radiological markers of SVD (16/48 studies in this period). 

They have shown promise for making high dimensional neuroimaging data 

clinically useful, but identifying imaging based patterns that contribute 

significantly to classifier decisions remains an open problem. This is an issue 

of critical importance in imaging studies seeking to determine which 

anatomical, textural or physiological imaging features contribute to the 

classifier's decision, thereby allowing users to evaluate critically the findings 

of such machine learning methods and to understand disease mechanisms. 

The majority of published work addresses the question of statistical inference 

for support vector classification using permutation tests based on SVM 

weight vectors. Such permutation testing ignores the SVM margin, which is 

critical in SVM theory. A study proposes a metric attempting to account for 

this margin134, but given the complexity of the global feature space in which 

coexist several manifolds, the approach of separating ‘classes’ using a 

hyperplane does not always have the best outcome. Deep learning 

approaches like convolutional neural networks offer a solution to this 

problem. Indeed several studies have applied them to assess SVD markers 

with promising results135-139. But still, conventional thresholding and clustering 

approaches are being redefined in novel ways to address the challenging 

issue of coping with the wide variation of abnormalities present in the brain 

images of individuals with SVD. However, the application of these recently 

developed methods to clinical research is still premature. Some of them have 

been developed using only a few representative datasets. Collaborative 

efforts that allow them to be evaluated in large multi-centre datasets and in 

samples representative of the whole SVD spectrum are needed. 

From the attempts to devise a composite SVD score representative of the 

individual’s SVD burden, a major effort has been made by Staals and 

colleagues140, based on visually rated individual SVD features and combines 

them into the ‘total SVD burden’ on a scale of 0-4140. Initial efforts were 

further tested and refined in larger datasets of patients with stroke and 

healthy older individuals, testing inclusion of additional features and different 

weighting of individual feature scores, with the Edinburgh group107, 141, 142. In 
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the current version of the score, a point is attributed for each of the following: 

moderate to severe WMH, presence of moderate to severe PVS in the basal 

ganglia, presence of lacunes and presence of microbleeds.  

This SVD score has been reported by multiple research groups to be 

associated to cognitive function. Staals et al. found in 680 community 

dwelling healthy elderly subjects of the Lothian Birth Cohort 1936 (LBC1936) 

that a higher SVD score was associated with lower cognitive ability in older 

age and performed well against an ‘SVD burden’ constructed using latent 

variable modelling107. Uiterwijk et al. found an association of the SVD score 

with cognitive decline over four years, and specifically in the domains of 

executive function and processing speed, with higher scores at baseline in 

patients with hypertension143.  Other studies have found the total SVD score 

was also associated with gait and balance impairment in healthy older 

subjects144 and patients with vascular risk factors145. Using a different 

composite score that looked at a broader range of cerebrovascular disease 

burden incorporating both small and large vessel contributions, Xu et al. also 

showed an association of their composite CeVD score with reduced global 

cognitive function and particularly impairment of executive function, language 

and visuo-construction146. 

Total SVD burden measures have also been associated with emerging SVD 

risk factors. These include early life factors such as age 11 IQ, childhood 

deprivation, education and class of occupation in the LBC1936141. Pulse 

wave velocity (PWV, a marker of arterial stiffness) which has previously been 

repeatedly shown to correlate with WMH, has shown similar associations 

with a composite SVD score147. One study has also linked aortic plaque to 

total SVD severity148. Composite SVD scores have been used in 

investigations of other medical conditions that may influence brain health, 

e.g. mild parkinsonian signs145 and in systemic lupus erythematosus142. One 

study also looked to see if total SVD score could predict early neurological 

deterioration after stroke but found no association149. 
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A recent systematic review has highlighted the reproducibility and variability 

in measuring SVD imaging features computationally and the factors that 

affect these100. The most studied features were brain atrophy (19 articles), 

WMH (five articles), and microbleeds (four studies) with no studies 

addressing reproducibility of PVS or lacunes. Whilst good within-centre 

reproducibility was seen for brain atrophy and WMH, this was in small studies 

and between-centre variability was much higher. Field strength, sequence 

type, scanner manufacturer, head coil, patient positioning and impact of 

scanner upgrades could all affect reproducibility and variability100. Larger 

studies of between centre reproducibility are required and study protocols 

and analysis should account for these factors.  
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Study N Age SVD Group Control 
Group 

Imaging 
Method 

Variables Controlled For Main Findings 

Staals et 
al. 
2015107 

680 72.7 (0.7) Population cohort 
drawn from the 
same year of birth 
and geographical 
location 

None 1.5T MRI Age, sex, age 11 IQ, 
history of stroke or TIA, 
cardiovascular disease, 
diabetes, hypertension, 
smoking history, BMI, 
total cholesterol, alcohol 
use, cerebral atrophy. 
Analysis also repeated 
excluding WMH from SVD 
score to assess impact of 
WMH 

Increasing SVD score associated 
with lower cognitive ability. SVD 
score was seen to be equal to 
more complex latent variable 
models in quantifying total SVD 
burden. 

Chen et 
al. 
2017149 

687 59.6±12.7 Ischaemic stroke 
with NIHSS <12 
and recruited 
within 24 hours of 
stroke 

None 60% of 
patients 1.5T 
MRI  or 40% 
3T MRI 

Diabetes, smoking status, 
previous stroke, blood 
glucose, C-reactive 
protein, TOAST 
classification, 
atherosclerotic burden 
scale, infarct diameter on 
MRI and MRI field 
strength 

No correlation between NIHSS 
increase of more than two points 
in first seven days after stroke 
and total SVD score.  

Uiterwijk 
et al. 
2016143 

130 58.7 
(12.2) 

Mixed cohort of 
essential 
hypertension 
patients and 
lacunar stroke 
patients with 
hypertension 

None 1.5T or 3T 
MRI 

Age, sex education level, 
depression score (HADS) 
BMI, smoking, diabetes, 
hypercholesterolaemia, 
symptomatic stroke, 
baseline cognitive 
performance 

Increasing total SVD score 
associated with overall cognition 
and executive function. SVD 
score explained more variance 
than dichotomized WMH but less 
than a total Fazekas score scale 
from 0-6.  

Xu et al. 
2015146 

305 
Subjects 
94 
Controls 

73.7 ±8.4 
67.7±5.8 

Memory clinic 
patients with 
impairment on 
Vascular 
Dementia Battery 

Cognitively 
intact healthy 
controls (for 
analysis all 
participants 
stratified by 
SVD features) 

3T MRI Age, sex, education, 
ethnicity, hypertension, 
diabetes, hyperlipidaemia, 
ischaemic heart disease, 
smoking  

Cerebrovascular disease burden 
score (a composite of moderate 
to severe Fazekas scale WMH, 
presence of multiple lacunar 
infarcts, multiple microbleeds, 
cortical infarcts and intracranial 
stenosis) associated with 
impairment of global cognitive 
status. Predominantly 
impairment of executive function, 
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Study N Age SVD Group Control 
Group 

Imaging 
Method 

Variables Controlled For Main Findings 

language and visuoconstruction. 

Hatate et 
al. 
2016145 

131 
Subjects 
137 
controls 

73.3±7.0 
68.8±7.9 

Patients attending 
vascular risk 
factor clinic with 
mild parkinsonian 
signs 

Patients 
attending 
vascular risk 
factor clinic 
without mild 
parkinsonian 
signs 

3T MRI Age, sex, time between 
scans, hypertension, 
diabetes, dyslipidaemia, 
history of stroke. 

Total SVD score associated with 
OR of 1.43 (1.11-1.89) of having 
mild Parkinsonian symptoms and 
OR of 1.65(1.14-2.40) of having 
gait and balance subset of 
symptoms on the Unified 
Parkinson’s Disease rating Scale 

Kim et al 
2016147 

1282 67.6±12.2 Ischaemic stroke 
and TIA patients 

None 3T MRI Age, sex, hypertension, 
diabetes, smoking status, 
stroke history, systolic 
blood pressure, diastolic 
blood pressure, HDL 
cholesterol, glycated 
haemoglobin, atrial 
fibrillation, total 
cholesterol, LDL 
cholesterol 

Each standard deviation increase 
in PWV associated with OR of 
1.27 (1.06-1.53) for SVD score of 
>1 and OR of 1.40 (1.19-1.65) for 
SVD score >2 

Field et 
al. 
2016141 

700 72.7(0.7) Population cohort 
with same year of 
birth from same 
geographical area 

None 1.5T MRI Age, sex, hypertension, 
dyslipidaemia, diabetes, 
smoking status 

Each SD increase of age-11 IQ 
associated with OR 0.78 (0.65-
0.95) of higher SVD score. Trend 
towards significance for 
association of job class, age-11 
deprivation index and education. 
No early life factor significantly 
associated with individual SVD 
feature components of SVD 
score.  

Pinter et 
al. 
2016144 

680 72.5 (0.7) Population cohort 
with same year of 
birth from same 
geographical area 

None 1.5T MRI Demographic variables 
and vascular risk factors 

Total SVD score predicted gait 
speed, although most of the 
effect was accounted for by 
WMH.  

Song et 
al. 
2016148 

360 
subjects 
377 
controls 

66±9 
59±13 

Ischaemic stroke 
patients with 
aortic atheroma 

Ischaemic 
stroke patients 
without aortic 
atheroma 

3T MRI Age, sex, hypertension, 
diabetes, hyperlipidaemia, 
coronary artery disease, 
prior antiplatelet 
medication, stroke 

Each one point increase in total 
SVD score associated with an 
OR of 1.63(1.44-1.85) for 
presence of aortic atheroma on  
transoesophageal echo  
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Study N Age SVD Group Control 
Group 

Imaging 
Method 

Variables Controlled For Main Findings 

subtype.  

Wiseman 
et al. 
2016142 

51 SLE  
51 Stroke 
51 
Healthy 
Controls 

48.8(14.3) 
55.3(8.9) 
25-65 

Systemic lupus 
erythematosus 
patients 
 
Mild ischaemic 
stroke 

Healthy 
controls 

1.5T MRI Age, SLE duration SLE patients had a greater total 
SVD score compared with 
healthy controls and stroke 
patients. Despite having fewer 
vascular risk factors than stroke 
patients SLE patients had more 
enlarged PVS. 

 

Table 4: Original papers published on composite SVD scores
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Measuring Structural Integrity 

White matter structural and functional integrity can now be investigated in 

greater detail with diffusor tensor imaging (DTI) techniques. The most 

common derived measures are fractional anisotropy (FA) and mean 

diffusivity (MD). FA decreases and MD increases as white matter is damaged 

and diffusion is not restricted to a single direction along the paths’ of axons. 

These provide a quantitative measure of integrity in a given tract or region. 

Emerging techniques are allowing these metrics to be converted into maps of 

connectivity or ‘connectome’. We identified 26 articles (n=17188) 

investigating SVD and white matter integrity measured with DTI (Table 56 in 

appendix 1). 

A recent systematic review150 found DTI had been used to investigate white 

matter integrity and SVD risk factors in 1 study of 499 patients (published in 

four journal articles); cognition in SVD in 19 articles (n=3620 patients, 

although the number falls to 1402 patients when multiple articles on the same 

cohorts are accounted for); depression in SVD in four studies (n=733 

patients); motor effects of SVD in eight studies (n=592 patients); and 

Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and 

Leukoencephalopathy (CADASIL) in six studies (n=307 patients). In general, 

the review found that FA was decreased and MD increased in WMH and 

normal appearing white matter (NAWM). NAWM was more abnormal close to 

WMH. Evidence that risk factors were associated with microstructural 

damage in SVD was relatively sparse and came from a single cohort (n=499) 

but suggested that hypertension, smoking and physical inactivity increased 

microstructural damage in NAWM although some of these associations 

disappeared after correction for other SVD features. Cognition remained 

associated with white matter integrity after taking into account other imaging 

markers of SVD. Longitudinal associations between DTI metrics and 

declining cognition are less well established however. Whilst depression has 

been linked with microstructural integrity, this relationship disappeared when 

other SVD imaging markers or disability were controlled for. Motor symptoms 

of SVD have been more consistently linked to NAWM integrity, specifically 
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disturbances of frontal microstructure, although this was based on studies 

covering only five cohorts (n=681). Overall, this review concluded that DTI 

indices were associated with clinical features of SVD and that many of these 

relationships remained apparent after correcting for other imaging markers of 

SVD150. 

A further recent systematic review assessed the relationship of diabetes to 

SVD151. Five of the 49 studies (n=590) included in the review used DTI 

measures and all had shown that FA was decreased and MD increased in 

patients with diabetes151. 

Other studies published since these reviews found similar results but 

emphasised that factors such as demographic variables and other SVD 

imaging features must be accounted for when utilising DTI metrics to avoid 

confounding152-164. 

The prognostic significance of decreased white matter integrity was not 

assessed in these systematic reviews but some data have been published 

recently. In 4259 subjects from the Rotterdam Study cohort, who were 

stroke-free at inception, with over 18476 person years of follow up, impaired 

global whit matter integrity on DTI was associated with increased stroke risk: 

FA, hazard ratio for stroke was 0.75 (0.57-0.98) per standard deviation 

increase in FA; MD, HR 1.50 (1.08-2.09) per standard deviation increase in 

MD. The effect was independent of age, sex, cardiovascular risk factors, 

WMH volume and lacunes165. Each standard deviation decrease in FA and 

each SD increase in MD was also associated with an increase in all cause 

mortality (HR 1.37 (1.20-1.57) and 1.49 (1.28-1.75) respectively) over 5.4 

years of follow up, controlled for demographic variables, vascular risk factors 

and other SVD imaging markers. Further analysis indicated that the 

increased risk of death with falling FA was specifically for cardiovascular not 

non-cardiovascular death166.  

Methods to increase the sensitivity of DTI measures to early white matter 

injury are now being developed, for example the metric of ‘peak width of 

skeletonized mean diffusivity’ (PSMD)167. This method skeletonises the white 
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matter tracts reduced the contamination from CSF containing structures and 

increased sensitivity to the whole brain burden of SVD. PSMD was 

associated with slower processing speed in patients with CADASIL and in 

patients with sporadic SVD (but not in healthy controls or in patients with 

Alzheimer’s Disease) and suggested that PMSD was more sensitive to 

progression of brain injury from SVD than the individual features of WMH 

volume, lacune volume or brain volume. Estimated sample sizes for a clinical 

trial with 18-month follow-up suggested that PMSD had the smallest required 

sample size compared to whole brain MD peak height, normalised WMH 

volume, brain parenchymal fraction, processing speed score or normalised 

lacune volume167. Other studies have assessed use of DTI measures in 

clinical trials. In SCANS (patients with symptomatic lacunar infarcts and 

confluent WMH), changes in MD, brain volume, WMH volume, and lacunes 

were detectable over three years of follow up, but not in cognitive scores: the 

lowest estimated sample size was from WMH volume, followed by MD in 

NAWM131. This requires further testing in other cohorts, since an analysis of 

one year follow-up in about 200 patients with minor stroke and WMH in the 

Mild Stroke Study 2 suggested that failure to account for WMH reduction as 

well as increase resulted in huge sample sizes168. 

 

Connectivity Imaging 

The emerging field of connectomics allows DTI metrics to analyse the 

strength and complexity of white matter connections between different brain 

regions and the efficiency of these networks. For example, nodal efficiency is 

a measure of the path length between a node and all the other nodes in a 

network. Shorter path lengths are more efficient. A decrease in nodal 

efficiency means communications are being routed by a longer path. 

In a cohort of 232 patients with cognitive impairment of mixed aetiology, 

WMH volume and lacunes were associated with decreased nodal efficiency 

in frontal, lateral temporal, lateral parietal and occipital regions. Using path 

analysis, frontal nodal efficiency appeared to mediate the effects of SVD on 
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frontal atrophy and frontal executive dysfunction. Temporal and parietal nodal 

efficiency appeared to mediate the effects of SVD on temporal and parietal 

atrophy and memory dysfunction153.  

In 38 patients without dementia but with probable CAA (based on Pittsburgh 

B PET imaging), including 17 participants with intracerebral haemorrhage, 

lower global network efficiency was related to higher cortical amyloid load, 

WMH volume, atrophy and a trend towards significance for cerebral 

microbleeds. Lower network efficiency was also related to worse 

performance on processing speed and executive function tests and gait 

velocity, but not memory. The association of network efficiency with cognition 

persisted after controlling for the SVD, but it was not stated how it compared 

to a simple FA value169. A similar association with cognition was found in 27 

patients with a lacune on neuroimaging where global and local network 

efficiencies were reduced compared to control and memory, attention, 

executive function and verbal fluency were all associated with nodal 

efficiency170. 

Connectivity can also be investigated using resting state BOLD MRI 

techniques to identify networks. In 19 patients with symptomatic subcortical 

stroke producing motor deficits, functional connectivity assessed with resting 

state BOLD-MRI, between the M1 region and motor cortex in the 

contralateral hemisphere, was reduced post stroke. Structural connectivity in 

the corpus callosum measured using fibre tracking was also reduced 

compared to controls171.  

Although promising as sensitive markers of early SVD-related brain damage, 

considerably more work in different populations and particularly in 

longitudinal studies, is required to establish if structural or functional 

connectivity can provide accessible, reliable, reproducible or relevant 

measures of microstructural damage or could be utilised as early efficacy 

markers in clinical trials. 
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Imaging Microvascular Malfunction 

Several non-invasive techniques are available to investigate cerebral 

haemodynamics in-vivo. At the simplest, these estimate cerebral blood flow, 

but can be expanded to measure pulsatility throughout the cardiac cycle, 

blood flow reactivity, blood brain barrier leakage and metrics related to 

oxygen utilisation. We identified 22 articles relevant to SVD using these 

techniques(Table S3). 

 

Cerebral Blood Flow and Arterial Stiffness 

A recent systematic review and meta-analysis summarised current literature 

to the end of 2015 on cerebral blood flow (CBF) and the most commonly 

studied SVD feature, WMH.  Four studies assessed CBF and WMH 

longitudinally whilst 34 were cross-sectional, 24 of which were suitable for 

meta-analysis. In cross-sectional analysis, CBF (mostly measured in cortex 

or whole brain) was lower in subjects with more WMH172, but this relationship 

was attenuated when subjects with dementia and non-age-matched studies 

were excluded172. Few studies measured CBF in either NAWM or in WMH. 

The four longitudinal studies gave conflicting evidence: of the largest (n=575 

patients173) found that high WMH burden predicted falling CBF at follow-up 

but low CBF did not predict increasing WMH long term; in the next largest 

(n=390), low CBF predicted progression of periventricular WMH only174); in 

74 subjects, CBF increased in some regions with WMH progression175; and 

the smallest study (n=40) found low CBF in regions where WMH developed 

at follow-up176. 

Peripheral arterial stiffness and its relationship to SVD imaging features 

(including WMH, microbleeds, lacunes) and cognition was addressed in a 

systematic review that included 23 studies (n=15666 participants)177. Eleven 

of 15 studies of tonometry measured carotid-femoral or brachial-ankle PWV  

or carotid stiffness measured by local distensibility and 6/12 studies of pulse 

pressure showed an association between increasing arterial stiffness and 
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SVD features. A pooled analysis was possible for studies using PWV 

measures, showing that a one standard deviation increase in PWV was 

associated with an increase in SVD features (ORs between 1.29 and 1.32, 

p<0.001)177. Sensitivity analysis showed little effect of excluding studies 

considered to be at high risk of bias. There were 41 papers (n=57671 

subjects) on the association between PWV and cognition but between study 

heterogeneity precluded any pooled analysis. In terms of individual studies of 

PWV, 6/11 cross-sectional studies found an association global cognitive 

impairment, 5/22 cross-sectional studies found an association with individual 

cognitive domains and 3/4 longiitudinal studies found an association with 

global cognitive decline. Pulse pressure was associated with global cognitive 

impairment in 3/13 longitudinal and 4/13 cross-sectional studies177. 

Table S3 lists studies published since January 2015, most of which were 

small (median n=106) and found similar associations between PWV or pulse 

pressure and SVD lesions or cognition178-182. The most relevant recent data 

come from the DANTE (Discontinuation of ANti-hypertensive Treatment in 

the Elderly) study183. DANTE provided a cross-sectional analysis of CBF and 

blood pressure in 203 stroke-free, community-dwelling participants with some 

cognitive impairment (MMSE 21-27) and a longitudinal sub-analysis of 

102/203 participants randomised to discontinue versus continue anti-

hypertensive treatment. Cross-sectionally, there was no association between 

CBF and any of systolic BP, diastolic BP, pulse pressure, mean arterial 

pressure or change on standing of systolic or diastolic BP in an age and sex 

adjusted analysis, regardless of WMH volume, presence of microbleeds or 

lacunes. Longitudinally, the change in CBF over four months follow-up did 

not differ between those who continued versus those who stopped 

antihypertensive therapy. These findings from an interventional trial suggest 

that blood pressure is not a major influence on CBF in older cognitively 

impaired subjects despite hypertension being one of the strongest risk factors 

for SVD. This further highlights that reduced CBF does not fully explain the 

development of SVD.  



99 
 

A modest literature on intracranial vascular stiffness, mostly assessed using 

transcranial Doppler(TCD), was summarised in a systematic review prior to 

2015109. Intracranial arterial flow velocity, assessed with TCD, is well 

established to increase with age and WMH score independent of vascular 

risk factors (age=0.2 cms-1 fall in velocity/year increase in age, p=0.045; 

WMH score, 3.75 cms-1 fall in flow velocity/point Fazekas score increase, 

p=0.004)184 and others have suggested that middle cerebral artery velocities 

assessed with TCD could be used as a proxy measure of WMH burden185. 

However the relationship between flow velocity, CBF and pulsatility is 

complex. Some researchers are now starting to investigate other flow 

parameters including transit times and intracranial blood flow pulsatility. 

Transit times may reflect compensatory increase in blood volume to counter 

reduced CBF, or slower transit due to longer vascular pathways for example 

due to shunting or otherwise dysregulated flow2. Consistent with the latter 

theory, Arba and colleagues examined CBF, CBV and MTT in 120 patients 

with acute stroke and found a near-linear increase in transit time with 

increasing WMH score186, with much less effect on CBF or CBV. The falling 

flow velocity may reflect increasing pulsatility, since the two tend to go hand 

in hand, however while intracranial measures of arterial stiffness are clearly 

related to increasing age187, 188, evidence of a direct relationship to SVD 

features is currently weak188, 189. Notwithstanding the clear associations 

between systemic arterial stiffness and cerebral SVD imaging features, an 

association with intracranial stiffness should not be assumed and studies with 

better defined SVD populations corrected for demographics and risk factors 

are required. In future, it is now possible to image pulsatility and blood flow 

velocities in individual perforating arterioles down to 80microns in diameter 

with 7T MRI190. 

 

Cerebrovascular Reactivity 

Dynamic function of the cerebral blood vessels at voxel level is now an 

accessible technique. Cerebrovascular reactivity (CVR) measures the brain’s 
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vascular response to a vasoactive stimulus, such as inhaling carbon dioxide 

(CO2). Combining hypercapnia with MRI allows tissue level quantification of 

CVR and is therefore an advance on cerebral vasomotor response assessed 

with TCD of the middle cerebral artery109.  

 

We systematically reviewed all studies of CVR in SVD between 1990 and 

2015 and found five studies (n=155) but these provided insufficient data to 

determine the relationship between CVR and SVD101. Two of five relevant 

studies (n=17) showed that decreased CVR was associated with increased 

WMH, but included only 11% of the patients in the five studies. The other 

three larger studies showed no association. CVR was also shown to 

decrease with age in three studies and female gender and diastolic BP in one 

study101. Clearly more data are needed. 

Since this review, CVR has been assessed in two published studies. CVR 

was lower in areas of NAWM that became WMH in a longitudinal study 

(n=45)191. Areas of negative CVR, i.e reduced flow during CO2 inhalation 

suggesting areas are at risk of ischaemia due to vascular steal, have also 

been associated with lower CBF and microstructural damage in a study of 75 

patients192. While intriguing, further studies controlling for age, vascular risk 

factors and baseline WMH volume are needed.  

We assessed CO2-challenge MRI CVR (and in parallel assessed intracranial 

vascular pulsatility) in an observational cross-sectional study (n=60)193 in 

which we found associations between falling CVR and increasing WMH 

burden and increased PVS visibility (and increased pulsatility and WMH 

burden). We and others are now determining if the CO2 MRI CVR method 

can be used in multicentre observational studies (INVESTIGATE@SVDs 

ISRCTN10514229) and in randomised clinical trials testing potential SVD 

treatments as an intermediary marker of efficacy (LACI-1 ISRCTN: 

12580546; TREAT@SVDs Clinicaltrials.gov registration in process). 

Determining if the CVR method is sensitive and reliable enough to use in 
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multicentre studies would make a potentially very powerful technique 

available for large scale trials and population studies. 

 

 

Blood-Brain Barrier (BBB) Leakage  

The BBB normally regulates material entering and leaving the brain to 

maintain homeostasis of the brain cell environment. However, it becomes 

subtly more leaky with advancing age20, very obviously more leaky following 

acute ischaemic, traumatic or oncological injury, and it is subtly more leaky 

than normal in SVD. Measures of BBB permeability in vivo are available to 

assess cerebral vascular endothelial integrity such as dynamic contrast 

enhanced MRI and CT perfusion techniques although caution is required 

since methods to assess subtle BBB leak are still evolving.  

Until February 2014, 70 studies had been performed using DCE-MRI to 

assess BBB permeability that covered 417 individual animals and 1564 

humans. Of conditions potentially relevant to SVD BBB leakage was 

assessed in 482 stroke patients, 30 Alzheimer’s disease (AD) patients, 22 

mild cognitive impairment (MCI) patients and 20 diabetic patients. 

Differences in diseased subjects compared to controls were found in acute 

ischaemic stroke, vascular cognitive impairment, mild cognitive impairment, 

SVD and AD. Two studies were identified that reported impaired BBB 

permeability in lacunar versus cortical stroke.  

A recent systematic review on BBB leakage in humans during ageing, in SVD 

or dementia, identified six studies including 203 patients194. This identified 

that BBB was more permeable in white matter and deep grey matter in those 

with diabetes-associated MCI, more permeable in lacunar stroke patients 

than atherothromboembolic stroke in white matter and CSF, more permeable 

in white matter in patients with WMH and both AD and vascular dementia 

and in the hippocampus in patients with MCI. 
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We assessed BBB leakage in 204 patients with minor stroke, doubling the 

sample available in the literature. As well as differences in WM integrity 

between WMH and NAWM, permeability assessed by DCE-MRI slope 

enhancement was increased in WMH compared to NAWM164, 194, 195, and in 

NAWM close to versus remote from WMH, when adjusted for age, WMH 

burden, vascular risk factors and important methodological variables such as 

baseline T1 value and time after contrast injection. Additionally leakage 

increased with age, hypertension and WMH severity and predicted declining 

cognition at one year follow up194. 

Other small studies in the last few years have found similar results196-198 

although many did not adjust for important demographic variables and risk 

factors196, 197 (Table 57 in Appendix 1).  

Despite the growing interest in assessing low-level BBB leakage using DCE-

MRI, it should be noted that this is a very difficult technique with imaging, 

since the signal changes caused by slow leakage are small, take a long time 

to acquire, and are typically of comparable magnitude to the level of noise, 

artefact, and instrumental or biological signal drift all of which have to be 

accounted for. Most prior studies have not done this. There is also no agreed 

minimum standard acquisition protocol, signal modelling method, parameters 

to be reported. Several groups have reported on the pitfalls and limitations of 

the technique, the results of which should be interpreted with caution195, 199-

201. The standardisation of the BBB leakage method for studies in SVD is 

now being assessed in an international Working Group (HARNESS) funded 

by the multinational Joint Programme for Neurodegenerative Diseases 

(JPND). 

  

Conclusion 

SVD remains a condition of many unknowns. Known SVD vascular risk 

factors do not fully explain the variance in SVD development. Clinical 

consequences are diverse: some individuals are symptomatic at early 
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stages, others have large radiological disease burdens and no apparent 

symptoms. SVD even appears reversible in some individuals. There remains 

no effective, specific treatment to halt radiological or clinical progression of 

SVD.  

The realisation that SVD is distinct from both large vessel atherosclerotic 

vascular disease and normal ageing has only been accepted relatively 

recently. The increased availability of increasingly sophisticated 

neuroimaging, that can unpick differences in tissue structure, vascular 

function and relate these closely to symptoms in people, has been key to 

this. Further development of advanced neuroimaging techniques holds the 

key to improving our knowledge and treatment of SVD, but crucially this must 

be accompanied by demonstrating that the methods are reliable, repeatable, 

relevant, tolerable and accessible to affected patients. 

In this review, we have described how better quantification of the total brain 

burden of SVD may help stratify patients more effectively than using 

individual features, and improve the understanding of the causes and 

consequences of SVD. Imaging microstructural integrity and vascular 

malfunction are allowing us to identify much earlier disease stages and tissue 

at risk of progression to more established, later stage SVD brain damage. 

The focus of studies in SVD should not only be to limit progression of brain 

damage but to try to reverse it before it becomes permanent. While these 

tissue level metrics have the potential to help understand what structures are 

damaged, and in what way, in each of the specific clinical consequences of 

SVD, most of these methods are not yet mature enough for use in large 

clinical trials. 

Finally, an improved understanding of the pathophysiology of SVD, and its 

drivers at different disease stages, will identify new treatment targets. Use of 

more sensitive advanced imaging metrics as surrogate outcomes then also 

has the potential to facilitate clinical trials with smaller samples and shorter 

follow-up periods to accelerate discovery of effective treatments as efficiently 

as possible. 
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Overall Chapter Conclusions 

 

Overall MRI based techniques offer the ability to study SVD in vivo, in 

humans. They may offer insights into pathophysiology and may enable 

detection of abnormalities that precede the development of clinical and 

radiological disease.  

 

However there is a lack of robust data and methods remain immature. There 

is a lack of standardisation for measures of cerebrovascular dysfunction and 

studies are typically small and performed in a single centre. 

 

Specifically in relation to measuring CVR there is significant heterogeneity in 

vasoactive stimulus and methods of calculating CVR. There is little data on 

tolerability, feasibility or safety for most techniques. There is a clear move 

however towards hypercapnic techniques utilising breathing gas mixtures 

during MRI scans. A gas mix containing air rather than oxygen with carbon 

dioxide appears preferable to avoid a dual stimulus that will affect 

measurement in different ways. CVR calculation appears to be converging on 

a regression technique that quantifies CVR as percentage change in MRI 

signal per mmHg change in end tidal CO2. 

 

All techniques for measuring cerebrovascular dysfunction and other 

advances imaging metrics regarding SVD are likely to be influenced by 

patient characteristics and vascular risk factors. Age and blood pressure are 

certainly important, sex may also be important. Establishing the relationship 

of cerebrovascular dysfunctions to clinical and imaging features of SVD will 

require these confounding variable to be addressed.  

 

These reviews highlight that the role of cerebrovascular dysfunction may be 

important in SVD, but the relationships of specific metrics to different SVD 

clinical presentation and the different radiological markers of SVD remains 

unclear. 
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Chapter 3: Observational study of Cerebrovascular Reactivity and 

Cerebrovascular Pulsatility in Minor Ischaemic Stroke 

 

Summary and Publication Status 

This chapter describes the conduct and results of the CVR Lacunar Stroke 

study. This study recruited participants with minor ischaemic stroke and 

assessed CVR and  cerebrovascular pulsatility alongside other markers of 

vascular function including blood pressure variability, systemic arterial 

stiffness, carotid artery flow and pulsatility. Retinal vessel reactivity to carbon 

dioxide was also investigated although is out with the scope of this thesis and 

will be published seperately. 

This study aimed to investigate many of the issues identified in the literature 

review. This included establishing the tolerability and feasibility of the CVR 

procedure in participants affected by stroke, who were older and who had the 

vascular risk factors, co-morbidities and concurrent medical treatment typical 

of this population. This included work to assess the best stimulus in terms of 

timing of CO2 delivery and concentration used. It also included work to 

assess the reproducibility of the CVR technique in volunteers and the effect 

of scanner strength on CVR with a subset of participants being imaged at 

both 1.5 and 3T.  

It aimed to assess the associations of patient characteristics and SVD 

imaging features with CVR and pulsatility measures. The main analysis used 

linear regression to identify associations between individual SVD risk factors 

and radiological features.  

 

Publication status and acknowledgement of contribution 

The majority of the work presented comes from the following published work 

on which I am first author. The presentation of the work largely follows the 
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layout in this publication with expansion of methods and results with the 

relevant sections of the other published works.  

Intracranial hemodynamic relationships in patients with cerebral small 

vessel disease 

Gordon W. Blair, Michael J. Thrippleton, Yulu Shi, Iona Hamilton, Michael 

Stringer, Francesca Chappell, David Alexander Dickie, Peter Andrews, Ian 

Marshall, Fergus N. Doubal, Joanna M. Wardlaw 

Neurology, May 2020, 94 (21) e2258-e2269;  

DOI: https://doi.org/10.1212/WNL.0000000000009483 

 

Below are the Author Contribution Statements as published with the article: 

Gordon W Blair - Patent recruitment, data acquisition, data analysis, drafting 

and revision of manuscript. 

Michael J Thrippleton - Data acquisition, development of CVR procedure and 

analysis techniques, data analysis, revision of manuscript 

Yulu Shi - Data acquisition, data analysis, revision of manuscript 

Iona Hamilton - Data acquisition 

Michael Stringer - Data analysis 

Francesca Chappell  - Study statistician, data analysis, revison of manuscript 

David Alexander Dickie - Data analysis, revision of manuscript 

Peter Andrews - Study design, development of CVR procedure, revision of 

manuscript 

Ian Marshall - Study design, development of CVR procedure and analysis 

techniques, data analysis, revision of manuscript 

Fergus N Doubal - Study design, development of CVR procedure, data 

analysis, revision of manuscript 
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Joanna M Wardlaw - Study conceptualisation and design, development of 

CVR procedure and analysis techniques, data analysis, revision of 

manuscript 

 

Further content comes from the following published works which I contributed 

to. The content used in this thesis is limited to the parts of these works I was 

responsible for.  

 

Cerebrovascular reactivity measurement in cerebral small vessel 

disease: Rationale and reproducibility of a protocol for MRI acquisition 

and image processing. Thrippleton, M. J., Shi, Y., Blair, G., Hamilton, I., 

Waiter, G., Schwarzbauer, C., Pernet, C., Andrews, P. J., Marshall, I., 

Doubal, F., & Wardlaw, J. M.. International Journal of Stroke, (2018) 13(2), 

195–206. https://doi.org/10.1177/1747493017730740 

Below are the Author Contribution Statements as published with the article: 

MJT: volunteer recruitment, experimental design, data collection, data 

analysis, statistics, manuscript preparation.  

GB: patient recruitment, data collection, data management, manuscript 

preparation.  

FD: recruitment, data collection, study design, supervision, manuscript 

preparation.  

IH: data collection, study coordination, manuscript preparation.  

CP: advice regarding data analysis, manuscript preparation. 

PJDA: advice on breathing circuits, monitors and physiology; manuscript 

preparation.  

GW: advice regarding experimental set up and design, manuscript 

preparation.  
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CS: advice regarding experimental set up and design, manuscript 

preparation. 

IM: study design, manuscript preparation.  

YS: data collection, image analysis, manuscript preparation.  

JMW: conception, funding, study design, supervision, manuscript 

preparation. 

 

Small vessel disease is associated with altered cerebrovascular 

pulsatility but not resting cerebral blood flow.    

Shi, Y., Thrippleton, M. J., Blair, G. W., Dickie, D. A., Marshall, I., Hamilton, 

I., Doubal, F. N., Chappell, F., & Wardlaw, J. M.. Journal of Cerebral Blood 

Flow & Metabolism, (2020) 40(1), 85–99.  

https://doi.org/10.1177/0271678X18803956 

Below are the Author Contribution Statements as published with the article: 

JW, IM, MT, FD, FC, and GB were responsible for study concept and design. 

GB, IH, and YS were responsible for data collection. All authors were 

responsible for data analysis. YS, MT, GB, DAD, IM, and JW were 

responsible for drafting the manuscript and figures 

 

Content relating to the comparability of CVR at 1.5T versus 3T comes from 

the following work on which I am joint first author.  

A comparison of CVR magnitude and delay assessed at 1.5 and 3T in 

patients with cerebral small vessel disease 

Stringer MS*, Blair GW*, Shi Y, Hamilton I, Dickie DA, Doubal FN, Marshall 

IM, Thrippleton MJ, Wardlaw JM. Frontiers in Physiology, 2021, Vol12 

https://doi.org/10.3389/fphys.2021.644837  
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* These authors contributed equally to this work. 

 

Below are the Author Contribution Statements as published with the article: 

MS – Data analysis, drafting, and revision of manuscript 

GB – Patient recruitment, and revision of manuscript 

YS – Data acquisition, data analysis, and revision of manuscript 

IH – Data acquisition  

DD – Data analysis, and revision of manuscript 

FD – Study design, development of the CVR procedure, and revision of 

manuscript 

IM – Study design, development of the CVR procedure and analysis 

techniques, data analysis, and revision of the manuscript 

MT – Data acquisition, development of the CVR procedure and analysis 

techniques, data analysis, and revision of the manuscript 

JW – Study conceptualisation and design, development of the CVR 

procedure and analysis techniques, data analysis, and revision of the 

manuscript 
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Introduction 

Cerebral small vessel disease (SVD) causes multiple major health problems 

including lacunar ischaemic stroke, vascular dementia and intracerebral 

haemorrhage10. There is no specific treatment for SVD65. An improved 

understanding of disease mechanisms is required to identify drug targets.  

The role of cerebral blood flow (CBF) in SVD is complex: whilst lower CBF is 

associated with more severe SVD in cross-sectional studies, most 

longitudinal studies have not found lower CBF to precede development or 

progression of SVD172. Dynamic measures of CBF may be more sensitive to 

small vessel dysfunction.  

Cerebrovascular reactivity (CVR) measures the vasculature’s ability to 

increase CBF in response to metabolic demands101. CVR can be assessed 

by measuring blood flow changes in  response to a vasoactive stimulus such 

as breathing carbon dioxide110. Transcranial Doppler (TCD) ultrasound is 

commonly used but only measures large cerebral arteries109, 202. Magnetic 

resonance imaging (MRI) techniques measure CVR in all brain tissues, 

including the subcortical areas commonly affected by SVD203. So far, MRI-

based CVR has been assessed in relatively few small studies in SVD, 

utilising various CVR challenge methods101, 191, 192, 204, 205 and did not account 

for potentially confounding clinically-relevant variables (e.g. age, blood 

pressure (BP), gender)101. 

More pulsatile blood flow (larger difference in blood flow between systolic and 

diastolic phases) measured outside the brain is associated with increasing 

WMH206, 207 consistent with the hypothesis that SVD is associated with 

increased arterial stiffening. MRI phase contrast angiography can assess 

pulsatility and flow in the intracranial arteries, venous sinuses and CSF 

spaces (aqueduct, foramen magnum) within one examination, concurrently 

with CVR. However, there are very few studies of intracranial pulsatility 

assessed with MRI in ageing or SVD208 and no studies in humans of CVR 

assessed concurrently with intracranial vascular pulsatility, CSF flow 

dynamics, or resting CBF.   
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We aimed to assess CVR and imaging features of SVD, concurrently with 

total CBF, arterial, venous and CSF pulsatility. We studied independent 

patients with minor ischaemic stroke stratified by SVD burden as 

representative of a high-risk group for the clinical effects of SVD. We 

hypothesised that more severe SVD features on neuroimaging would be 

associated with lower CVR, that lower CVR would associate with increased 

vascular pulsatility, and that these relationships would persist after controlling 

for patient demographic and vascular risk factors.  

 

Methods 

Patients 

We invited all patients presenting to our regional stroke service between 

October 2014 and April 2016 with symptomatic non-disabling ischaemic 

stroke (Modified Rankin score ≤3209) and whose treating physician agreed 

could be approached about the study to take part in the study. We also 

invited such patients who had participated in recent previous prospective 

studies210. All patients had a clinical stroke diagnosis confirmed by a 

specialist stroke physician and brain imaging that either confirmed a relevant 

recent infarct or, if no recent infarct was visible, excluded any other cause of 

the presenting symptoms210.  

We excluded patients who were pregnant, unable to lie flat, had 

contraindications to MRI (including claustrophobia), moderate to severe 

chronic respiratory disease or symptomatic cardiac failure, personal history 

or first degree relative with subarachnoid haemorrhage or intracranial 

aneurysm, uncontrolled hypertension, or atrial fibrillation with fast ventricular 

response. 

All participants provided written informed consent prior to enrolment. The 

study was approved by the UK Health Research Authority National Research 

Ethics Service Committee East Midlands, Nottingham 1 (ref. 14/EM/1126). 
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We performed the study assessments at least one month after the patient’s 

stroke to prevent haemodynamic changes in the acute phase of stroke (both 

stroke related and due to commencing vasoactive secondary prevention 

medications) from interfering with the interpretation of vascular function. We 

requested participants not to consume caffeinated drinks on the day of 

assessment.  

We recorded detailed medical histories including clinical characteristics of 

presenting stroke, vascular risk factors, smoking and alcohol use (with 

alcohol excess defined as consuming more than 21 units per week), 

concurrent medications, and investigations performed for the presenting 

stroke (diagnostic brain MRI, carotid ultrasound imaging, haematology, 

biochemistry, electrocardiograms).  

We classified the clinical stroke syndrome according to the Oxford 

Community Stroke Project classification24 (independently assessed by two 

stroke physicians, FD and GB) and the lesion type seen on imaging 

(independently assessed by JMW and YS). Any disagreements were 

resolved by discussion. Where no recent ischaemic lesion was evident, the 

final stroke type was assigned using the clinical classification. Where the 

imaging lesion was discordant with the clinical stroke type, the imaging type 

was used as the final classification, as previously57.  

We recorded blood pressure (BP) seven times at specific points of the study 

visit that included measurements before, during and after MRI.  

 

MRI  

We performed brain MRI using a 1.5 Tesla GE research MRI scanner (Signa 

H Dxt, General Electric, Milwaukee, WI) operating in research mode and an 

8-channel phased array head coil. Total imaging time was circa 75 minutes 

for each participant, with some variability due to duration of gated sequences 

being dependent on participant heart rate, but patients were allowed to move 

and have a natural break between each section of scans to ensure they 
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remained comfortable. We acquired 3D T1-weighted, axial T2-weighted, fluid 

attenuated inversion recovery (FLAIR) and gradient echo sequences. We 

performed BOLD MRI scanning with CO2 challenge at 4mm isotropic 

resolution acquiring a whole brain volume every three seconds203. We 

performed phase contrast MRI to measure pulsatility in the internal carotid 

arteries, intracranial venous sinuses, CSF flow (aqueduct, foramen magnum) 

and total CBF, as described in detail12. Full parameters of all MR sequences 

are shown in Table 5. 
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The CVR method used BOLD 2-dimensional echo-planar imaging with a CO2 

challenge203. Participants were administered CO2 in medical air at a 

concentration of 6% via a disposable anesthetic face mask and unidirectional 

breathing circuit (Figure 6, Intersurgical, Wokingham, UK) for a test period 

prior to entering the scanner in order to familiarize them with the respiratory 

challenge and related equipment, and to monitor them for anxiety and other 

symptoms. We instructed patients to expect a change in smell and breathing 

pattern (deeper, faster or more forceful breathing). Anecdotally, it has been 

reported that a 4% CO2 gas mixture is noticeably better tolerated compared 

with 6% CO2, though a smaller vasodilatory effect is expected. Therefore, we 

used simple randomization to allocate the first 10 patients to either 4% CO2 

or 6% CO2 to assess the impact on procedure tolerability and aid in the 

planning of future studies; patients but not researchers were blinded to CO2 

concentration. After the first 10 participants all participants received 6% CO2 

During MRI, patients wore the anaesthetic face mask and breathing circuit, 

carefully fitted to avoid gas leak between mask and face. Monitoring 

equipment recorded pulse rate, oxygen saturation, BP (Millennia 3155A and 

Magnitude 3150 MRI; Invivo, Best, The Netherlands) and end-tidal CO2 

(EtCO2; CD3-A AEI Technologies, Pittsburgh, USA) throughout the 

examination. During a 12-minute BOLD MRI scan, patients breathed medical 

air and 6% CO2 in air (BOC Special Products, UK) alternately, delivered as 

two minutes air, three minutes CO2, two minutes air, three minutes CO2, 

finishing with two minutes air. Patients were instructed to breathe normally 

and to press a buzzer to stop the scan if required. Scanning commenced 

when the patent was fully positioned in the scanner bore, indicated they felt 

comfortable, and blood pressure and heart rate readings indicated no sign of 

anxiety or distress. A physician monitored the patient during CO2 inhalation.  
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Figure 6: Breathing equipment used to deliver CO2 stimulus and image of patient fitted with breathing apparatus and 
positioned in the MR scanner head coil  
1) Gas inflow tubing; 2) Elephant tubing. Tube is open to the room air for safety but fills with supplied gas to act as reservoir; 3) Face 
mask; 4) Inflow vale – open during inspiration, closed during expiration; 5) Outflow vale – closed during inspiration, open during 
expiration; 6) Gas outflow to room; 7) End-tidal CO2 sampling line
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Arterial and venous flow waveforms were measured as described 

previously211-213. Briefly, we used a 2D cine phase-contrast sequence with 

retrospective peripheral pulse gating to acquire 32 velocity images per 

cardiac cycle. We used the following slice locations to measure flow in the 

different structures: a slice superior to the carotid bifurcation and 

perpendicular to the internal carotid artery (ICA) walls to measure flow in the 

ICA, vertebral arteries (VA) and internal jugular veins (IJV); a coronal-oblique 

slice intersecting the superior sagittal sinus approximately 2cm above the 

torcular and through the midpoint of the straight sinus to measure superior 

sagittal sinus (SSS), straight sinus (StS) and transverse sinus (TS) flow; a 

slice perpendicular to the aqueduct for aqueduct CSF flow and an axial slice 

at the cranio-cervical junction for foramen magnum CSF flow.  

We subsequently scanned a subset of 20 patients at 3T (Siemens Verio, 

Siemens Healthcare, Erlangen, Germany) with a GE-EPI sequence and 

comparable structural imaging protocol to assess the effect of field strength 

on CVR (Table 6). 
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Image Processing and Analysis 

For each analysis investigators were blinded to participant demographic and 

clinical data as well as other outcome data (e.g. investigators rating imaging 

features were blinded to CVR data). 

Structural image analysis of SVD features was performed according to the 

STRIVE criteria12 under the supervision of an expert neuroradiologist (JMW).  

We (YS, JMW) scored the following features: WMH using the Fazekas 

scale214, summing periventricular and deep WMH scores to give a score from 

0-6; perivascular spaces (PVS), scored separately in the basal ganglia and 

centrum semiovale, using a validated, semi-quantitative ordinal scale (range 

0-4); lacunes (location, number); and microbleeds (BOMBS scale) 

presence/absence and total number12; atrophy score by reference to a 

normative age template215 and total SVD score (0-4) by combining WMH, 

lacunes, microbleeds and PVS scores as described previously86. 

We co-registered each participant’s structural images. We calculated WMH 

volumes using a validated semi-quantitative technique described 

previously213. Briefly we generated WMH probability maps for each 

participant using FLAIR and T1W image data. Hyperintense outliers within 

the white matter surface were defined as voxels with a z score ≥ 1.5 on 

FLAIR to create an initial estimate of WMH volume. We produced final 

estimates using 3D smoothing to account for partial volume effects and 

reduce noise, before manually removing the index and any prior stroke 

lesions. We segmented normal appearing tissues (cortical grey matter, 

subcortical grey matter, white matter, cerebellum) and whole brain volume 

from each participant’s T1W data and local population specific probability 

maps216. We calculated intracranial volumes using a semi-automatic method 

based on T2*W images. All tissue masks were visually inspected and 

manually corrected as necessary. 
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We processed CVR images as described previously203. We generated voxel-

wise CVR maps by regressing the BOLD signal against EtCO2 and the BOLD 

scan number (to account for signal drift). CVR is expressed as % BOLD 

signal change/mmHg change in EtCO2, based on the EtCO2 regressor in the 

model. We made additional adjustment for the delay time between BOLD 

signal change and EtCO2 change to minimise the residual sum of squares 

individually for each voxel, further adjusted by 4 seconds to account for the 

delay between exhalation and detection on the EtCO2 monitor caused by the 

eight-metre long EtCO2 sample tubing. 

We realigned BOLD images (using SPM 8, 

https://www.fil.ion.ucl.ac.uk/spm/software/spm8/) prior to determining the 

transformation between BOLD and T2W image spaces (using FSL FLIRT217).  

We then manually drew three subcortical grey matter (thalamus, putamen, 

caudate head) and four subcortical white matter (frontal, posterior, 

periventricular and centrum semiovale) regions of interest (ROI) on T1W 

images before transfer to the BOLD images. Voxels that were part of large 

vessels or the patient’s stroke lesion were manually excluded. We extracted 

the mean signal across the ROI and fitted the CVR model to that data. We 

also averaged all grey and white matter regions to give a combined deep 

grey matter and white matter CVR value.  

To process the phase contrast data we drew manual ROI’s around right and 

left ICAs and VAs, the sagittal, straight, right and left transverse sinuses and 

internal jugular veins, the aqueduct and the foramen magnum subarachnoid 

space. Background ROIs were placed close to the ROI’s to correct 

background phase error by subtracting the background velocity (‘noise’) from 

the ROI velocity. We calculated sum flow and mean velocity for bilateral 

structures, then total CBF as the sum of ICA and VA flow, normalised to total 

brain volume and expressed as ml/min/100ml brain tissue. Pulsatility index 

(PI) in each structure was calculated as (Flowmaximum – 

Flowminimum)/Flowmean; Resistivity index (RI) was calculated as 

(Flowmaximum – Flowminimum)/Flowmaximum, with higher values indicating 

more pulsatile or more resistive blood flow. The reproducibility of this 
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approach is published213. CSF flow defined the net flow in the aqueduct and 

foramen magnum respectively. We calculated this by integrating the cranial 

(positive) and caudal (negative) flow values and expressed the net flow in 

ml/minute. CSF stroke volume reflects the total volume of CSF flow per 

cardiac cycle and is calculated by averaging the absolute cranial and caudal 

flow across the cardiac cycles. These methods for CSF data processing were 

similar to those reported in a previous study218.  

 

Sample Size and Statistical Analysis 

Only limited data existed to calculate sample size, however we estimated 

detecting a relative difference in CVR of 25% between those with low versus 

high WMH burden based on peripheral vascular function data. Allowing for a 

10% scan failure rate we aimed to recruit 60 participants.  

I performed statistical analyses once the study dataset was finalised and the 

database locked for editing, using R version 3.3.0 (https://cran.r-project.org/) 

and the additional packages Hmisc, texreg, data.table, htmlTable, car and 

psych. We assessed distribution of all variables prior to analysis and log 

transformed the WMH volumes and atrophy scores due to a skewed 

distribution. The BP values presented are means of the seven readings taken 

across the visit. We assessed the relation of demographic factors, SVD 

features, pulsatility and CBF parameters to CVR values using univariate (for 

comparison with prior studies) and then multiple linear regression, adjusting 

for age, systolic BP and gender, based on those factors identified in our 

systematic review as potentially influencing CVR101, (univariate associations 

are presented only for completeness). Additionally we adjusted for WMH 

volume in some models to assess if relationships were independent of a co-

association, since we found previously that failure to control for WMH was a 

potential confounder in assessments of CVR in patients with SVD133.  We 

examined the normality of residuals (QQ plots and histograms) and 

heteroscedascity (residual versus fitted values) to assess modelling 

assumptions. We checked variable inflation factors to assess for collinearity 
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between variables, with a limit of two applied219. We did carry out a large 

number of tests and considered adjustment for multiple comparisons. However, we 

strongly believe that transparency and reporting of all results is more important than 

any adjustment. Although adjustment is theoretically desirable, in practice the choice 

of adjustment method is difficult and can introduce more problems than it solves220. 

 

For analysis of 1.5T versus 3T measured CVR we plotted white matter, 

subcortical grey matter and ROI-based CVR magnitude and delay at 1.5 and 

3T using scatter plots and ran paired t-tests. We also applied linear mixed 

models to assess the effect of tissue type (grey/white matter) on CVR 

magnitude and delay adjusting for field strength. Finally, we applied 

multivariable linear regression to explore associations of CVR magnitude with 

age, sex, systolic blood pressure and key metrics of SVD burden (white 

matter hyperintensity volume, total Fazekas score and SVD score221). Again 

for each model we checked normality of residuals and homogeneity of 

variance using Q-Q plots, histograms and plots of residuals vs fitted values. 
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Results 

Study Population 

We recruited 60 patients; 53 participants completed the full scanning protocol 

with complete and fully analysable data. Three withdrew due to 

claustrophobia when wearing the facemask in the MRI scanner, in one 

movement artefact precluded analysis, two failed to show any EtCO2 or 

BOLD signal change with CO2 (likely due to a poor fitting mask), and in one 

patient the acquisition was stopped after initial structural scanning showed an 

incidental asymptomatic subdural haematoma.  

The 53 participants had a mean age of 68.0±8.8 years (range 52-88 years), 

39 (74%) were male. Median NIHSS at presentation with stroke was 2 (range 

0-5). At the time of CVR scanning, 75% had hypertension, 66% had 

hyperlipidaemia, 13% had diabetes, 30% were current smokers or had 

stopped within the past 12 months and 19% consumed alcohol regularly in 

excess of recommended limits (Table 7). Participants were scanned at a 

median of 92 days post stroke (range 32-1768 days). We did not see 

differences in CVR values between those scanned at less than 100 days 

compared to those scanned at more than 100 days since stroke. 36 

participants (67.9%) had a final stroke subtype of lacunar, 14 (26.4%) had 

discordant clinical and imaging stroke subtypes.  

Imaging features of SVD were common: 27 patients (51%) had deep 

Fazekas score ≥2 and 29 (55%) had periventricular Fazekas ≥2 indicating 

moderate to severe WMH; 17 (32%) had basal ganglia PVS score ≥3 and 28 

(53%) had centrum semiovale PVS score ≥3 indicating high PVS visibility; 35 

(66%) had lacunes; and eight patients (15.1%) had microbleeds.  
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Figure 7: CVR in each region of Interest using 4% and 6% CO2 stimuli  
R and L = right and left. PWM = Posterior White Matter; FWM = Frontal 

White Matter; PVWM = Periventricular White Matter; CS = Centrum 

Semiovale; T = Thalamus; P = Putamen; CH = Caudate Head; CGM = 

Cortical Grey Matter. Courtesy of Dr Michael Thrippleton, as published203 
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Univariate CVR Analysis 

CVR and Patient characteristics 

Higher systolic BP and pulse pressures were associated with lower CVR in 

white matter (all p=0.01) and grey matter (all p=0.01 Table 10). Lower white 

matter CVR with increasing age did not reach statistical significance 

(p=0.09). We found no other statistically significant associations with lower 

CVR.   

 

CVR and SVD Features 

Numerous SVD features were associated with lower white matter CVR 

(Figures 8, 9 and 10, Table 11): higher WMH volume, worse WMH Fazekas 

scores, more PVS, presence of lacunes, deep atrophy and total SVD score 

(all p<0.05). Lower grey matter CVR was only associated with periventricular 

WMH Fazekas score (p=0.03) and basal ganglia PVS (p=0.05).  
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Figure 8: Association of White matter CVR and WMH volume 
β = -0.013 %/mmHg increase in EtCO2 per log10 increase in WMH volume (95% CI -0.020, -0.005).  
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Figure 9: Association of White matter CVR and Fazekas scores 
β= -0.015 %/mmHg increase in EtCO2 per point increase in periventricular Fazekas score (95% CI -0.024, -0.007) and β = -0.008 
%/mmHg increase in EtCO2 per point increase in deepFazekas score (95% CI -0.017, 0.001). 
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Figure 10: Association of white matter CVR and perivascular space scores 
β=-0.012 %/mmHg increase in EtCO2 per point increase in basal ganglia perivascular score (95% CI -0.020, -0.005) and β=-0.009 
%/mmHg increase in EtCO2 per point increase in centrum semiovale perivascular score (95% CI -0.016, -0.001). 
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CVR, Pulsatility and CBF  

Lower white matter CVR was associated with higher PI and RI in the superior 

sagittal, straight and transverse sinuses (all p<0.05), but not with ICA or 

internal jugular vein PI or RI, or with CBF, (Figure 11, Table 12). 

We found no univariate associations between CSF pulsatility or flow 

measures and CVR (Figure 11).  
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Figure 11: Association of white matter CVR and superior sagittal sinus pulsatility and foramen magnum CSF flow 
β = -0.044 %/mmHg increase in EtCO2 per unit increase in SSS PI (95% CI -0.073, -0.014) and β=0.033 %/mmHg increase in 
EtCO2 per ml increase in foramen magnum stroke volume (95% CI -0.004, 0.070), 



141 
 

 

 

Figure 12: Association of foramen magnum CSF flow and superior 
sagittal sinus pulsatility 
β = -0.249 ml per unit increase in SSS PI (95% CI -0.477, -0.020) 
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Co-variate Adjusted Analyses 

CVR and SVD Features 

After controlling for age, systolic BP and gender, we found lower white matter 

CVR remained associated with WMH volume (-0.01 %/mmHg change in 

EtCO2 per log10 increase in WMH volume, p=0.02), periventricular WMH 

Fazekas score (-0.01 %/mmHg change in EtCO2 per point increase, p=0.02) 

and basal ganglia PVS score (-0.01 %/mmHg change in EtCO2 per point 

increase, p=0.02). The associations between these SVD features and grey 

matter CVR was no longer significant (Table 13). We saw a similar pattern 

when pulse pressure was substituted for systolic BP (data not shown).  

Deep and total Fazekas scores, centrum semiovale PVS, lacunes, any brain 

atrophy, and total SVD score were not associated with lower CVR in either 

white or grey matter (Table 13).  

  







145 
 

in PVS score, 95% CI -2.087 to 0.146, p=0.09, Table 16). We saw a similar 

pattern when pulse pressure was substituted for systolic BP (data not 

shown). 

There was no association of white or grey matter CVR with arterial PI or RI, 

or with CBF (Table 15).  

We further tested the association of superior sagittal sinus and internal 

jugular vein pulsatility metrics by adding WMH volume into the regression 

model. Internal jugular vein (but not SSS) PI remained associated with lower 

white matter CVR (-0.01%/mmHg change in EtCO2 per unit increase in PI, 

p<0.05, Table 16).  
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Independent of field strength, CVR magnitude was higher (1.5T: 0.142 vs 

0.057 %/mmHg, 3T: 0.158 vs 0.062 %/mmHg; B=-0.09, CI=-0.10,-0.08, 

p<0.001) and delay less (1.5T: 12 vs 31s, 3T: 8 vs 41s; B=26, CI=(22,31), 

p<0.001) in subcortical grey than in white matter (Figure 13, Table 18). 
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Figure 13: Comparison of CVR magnitude and delay at 1.5T and 3T 
Box (A, C) and scatter (B, D) plots of mean cerebrovascular reactivity (CVR) magnitude and delay values in subcortical grey and white 
matter at 1.5 and 3T. Lines of best fit for the subcortical grey/white matter CVR magnitude and delay are shown separately in pink/blue. 
Figure courtesy of Dr Michael Stringer,  as published222
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We found no material difference in subcortical grey and white matter CVR 

magnitude between 1.5 and 3T using paired t-tests: subcortical grey (1.5 

versus 3T: 0.142 vs 0.158 %/mmHg; t=-1.305, CI: -0.041, 0.010, p=0.209); 

white matter (3 versus 1.5T: 0.057 vs 0.062 %/mmHg; t=-1.265, CI: -0.013, 

0.003, p=0.223) (Figure 13A, Table 18.  

At 3T, delay was shorter in subcortical grey (1.5 vs 3T: 8 vs 12 s; t=1.422, 

CI=-2, 9, p=0.173) and longer in white matter (1.5 vs 3T: 31 vs 41 s; t=-

2.928, CI=-16, -3, p=0.009) than at 1.5T (Figure 13C, Table 18). 

Scatter plots showed that the distribution of CVR magnitude values were 

narrower at 3 than 1.5T in both grey (CVR magnitude range at 3T: 0.107, 

0.204; at 1.5T: 0.040, 0.235) and white (CVR magnitude range at 3T: 0.035, 

0.093; at 1.5T: 0.016, 0.094) matter (Figure 1B, Supplemental Table 1). The 

distribution of CVR delay values was similar at 3 and 1.5T in both grey (CVR 

delay range at 3T: -6,24; at 1.5T: -1, 28) and white (CVR delay at 3T: 12, 56; 

at 1.5T: 6, 50) matter (Figure 13D, Table 18).  

 

Effect of field strength on associations with demographic and SVD 

imaging variables 

While age, systolic blood pressure and sex showed similar associations 

whether measured at 3 or 1.5T, the confidence intervals were broad and 

none reached conventional significance (Table 19).  
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Discussion 

We measured concurrently several indices of intracranial microvascular 

function in patients with features of SVD on neuroimaging who presented 

with minor ischemic stroke.  

We showed that measuring CVR and advanced measures of vascular 

function in relevant patient populations in SVD is feasible. We established the 

tolerability of the technique and demonstrated greater ETCO2 and signal 

changes with 6% versus 4% CO2 without worsening tolerability. 

We demonstrate that lower CVR is associated with higher WMH burden and 

higher basal ganglia PVS, independently of age, gender and blood pressure. 

The association was stronger for white matter than for subcortical grey matter 

CVR. Furthermore, the association between lower CVR and WMH was 

stronger for periventricular than deep WMH, perhaps reflecting more 

periventricular vulnerability to haemodynamic changes at distal end arteries, 

or differing pathogeneses of WMH by brain region, providing in vivo support 

in humans for two longstanding hypotheses. We also demonstrated that 

lower white matter CVR was associated with higher intracranial vascular 

pulsatility, most clearly seen in the intracranial venous sinuses and internal 

jugular veins, and with increased PVS visibility213. Importantly, we also found 

that lower CVR was associated with lower CSF stroke volume at the foramen 

magnum, and also that lower CSF stroke volume was associated with a trend 

towards more basal ganglia PVS, showing for the first time in the intact 

human cranium, a possible link between dysfunctional brain interstitial fluid 

drainage (evidenced by increased PVS visibility) and impaired CSF pulsation 

(thought to help flush interstitial fluid through the glymphatic system)223. The 

changes we saw in CVR were small in absolute terms, however the relative 

differences in CVR were often in the range of 20-50%. The clinical relevance 

of this magnitude of CVR impairment requires further studies using clinical 

outcomes. We saw no association of lower CVR in white or grey matter with 

resting CBF, or of resting CBF with any measures of SVD.  
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We recruited patients representative of the range of SVD features present in 

patients with typical lacunar or minor cortical ischaemic stroke to ensure 

relevance to patients that are commonly affected by SVD194, 224. Confirming 

that vascular function changes in SVD are not confined to one stroke type 

increases the generalisability of our findings. Stroke type and SVD imaging 

features were carefully assessed by experienced specialists using 

standardised, validated image processing and analysis techniques. CVR was 

measured by a robust and standardised technique with quantified reliability 

and reproducibility203. We were careful to control the statistical analyses for 

key patient characteristics and WMH volume where appropriate, all guided by 

a professional statistician.  

There are limitations. Whilst this study is one of the largest in the literature to 

assess CVR in SVD101 and the only study so far in humans to assess CVR, 

vascular and CSF pulsatility and CBF simultaneously, the sample size limits 

the number of comparisons and adjustment variables, and any result should 

be considered for clinical plausibility. We reported all results for transparency 

and to aid interpretation. We recruited more male than female participants, 

similar to previous mild stroke cohorts in our region. There is also an inherent 

selection bias in studies using complex imaging techniques and longer scan 

lengths as only participants at the milder end of the disease spectrum and 

with less severe co-morbidities are agreeable to participation and can 

tolerate the procedures. Participants with lower SVD scores were less likely 

to have had a definite stroke lesion identified on their clinical MRI scan. 

Several factors may have influenced this, with these participants being 

younger and therefore likely to have had milder symptoms and lower clinical 

suspicion of stroke potentially delaying referral for stroke assessment. The 

reulstant delayed imaging being less likely to detect an acute lesion. Previous 

work has shown a significant number of minor clinical strokes occure with 

normal MRI imaging, but that long term outcomes between those with and 

without acute MRI lesions tend to be similar210. We used a 1.5T MRI scanner, 

however the main impact of this versus a 3T scanner is less ‘crisp’ structural 

resolution of the BOLD MRI image which may affect the precision of tissue 
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localisation, but not signal magnitude222. However, since we registered all the 

images into a common image processing space and used ROIs obtained 

from high quality structural images mapped onto the CVR image to extract 

the tissue-specific CVR signals, the 1.5T MRI is unlikely to have affected the 

tissue associations. 

We found a strong association of lower CVR with WMH visual score and 

volume. However, the Fazekas score allowed us to detect the novel finding of 

a stronger association between lower CVR and periventricular than deep 

WMH. This could reflect reduced vascularity of the distal perforating 

arterioles making periventricular tissue more vulnerable to developing SVD. 

This is consistent with recent findings in two similar populations where direct 

visualisation of vessel morphology in the retina, a vascular bed homologous 

to the cerebral microvasculature, found reduced retinal arteriolar branching 

complexity  was associated with WMH and other SVD features225. The 

finding of a stronger association between lower CVR and periventricular 

rather than deep WMH should be replicated in future studies which should 

examine regional WMH rather than just total volume, since we show that total 

volume may obscure important differences in relationships between SVD 

lesions and microvascular function.  

Associations between CVR and WMH in previous studies have varied. Lower 

CVR has been found in association with higher WMH volume in studies of 

Alzheimer’s Disease patients116 and older people with WMH226 (total n=58). 

Lower CVR has been associated with higher visual rating measures of WMH 

in patients with hereditary cerebral amyloid angiopathy with severe WMH and 

microbleeds227, patients with stroke and patients over 50 with WMH with 

neurological symptoms191, 192, 204, 205 (total n=152). Areas of normal white 

matter with lower CVR have also been shown to precede development of 

WMH204. 

Of the three studies (total n=197) that have shown no association between 

CVR and WMH it is notable that the WMH burden of the participants was 

low113-115. One of these studies also used a CVR method that is very different 
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to all other studies published in the literature114. In terms of age range of 

included participants, WMH burden, presence of clinically evident vascular 

disease and CVR methodology our study is more similar to the studies that 

demonstrated associations of lower CVR with more WMH.   

We did not find associations of CVR with lacunes or microbleeds. This may 

be due to lack of statistical power but could also reflect different mechanisms 

driving development of different SVD imaging features.  

Our systematic review highlighted the variability of CVR associations with 

regard to patient characteristics101. The association of lower CVR with higher 

BP was seen in some prior studies115, 228 but BP associations with CVR were 

unclear in many other studies. A trend for increasing age to be associated 

with lower CVR narrowly failed to reach significance in our study, but age 

was associated with lower CVR in several other studies113, 115, 117, 229. The 

lack of a definite age-CVR relationship in the present study may reflect 

poorer brain vascular health in the younger compared with the older stroke 

patients since patients who experience a stroke aged in their 40s or 50s may 

have worse vascular health than those who do not experience stroke until 

their ninth decade. This paradox has almost certainly dampened the 

expected age effect. The studies showing age effects either studied healthy 

elderly113, 117 or vascular disease participants over a younger, narrower115, 

age range than this study, missing out the effects of the arguably healthier 

older participants.  

Lower CVR may be associated with other markers of vascular health and 

symptoms. Lower CVR was associated with raised inflammatory markers230 

and more rapid decline in gait speed in diabetics231 and with decreased 

insulin sensitivity in obese individuals with insulin resistance232. These 

suggest inflammation may drive CVR impairment and that more sensitive 

clinical markers of reduced CVR and SVD should be evaluated.  The 

literature on CVR and cognitive performance is inconclusive233.  

Higher middle cerebral artery pulsatility has previously been associated with 

WMH on TCD202. We have shown associations of venous sinus pulsatility 
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with WMH and PVS213 and now extend that finding to show association of 

more pulsatile blood flow with lower CVR. Higher pulsatility reflects a stiffer 

vascular bed. Histology in SVD reveals arteriolar sclerosis. Much less is 

known about venous changes but collagenosis of the venular wall is 

described. In combination lower CVR and higher pulsatility reflect a less 

adaptive and compliant vascular bed. This potentially results in higher shear 

forces being generated by blood flow and often results in a peak blood flow 

waveform that whilst higher is also shorter and therefore potentially reduces 

blood flow over the whole cardiac cycle. We are the first to describe an 

association of increased PVS with lower CVR, in addition to higher 

intracranial vascular pulsatility213. Visible PVS are associated with 

hypertension, increasing age, systemic and intracerebral inflammation, other 

SVD features like WMH and microbleeds, and increased risk of dementia10. 

Longitudinal studies are required to demonstrate if PVS visibility precedes or 

follows impairments in CVR or changes in vascular or CSF pulsatility. PVS 

are part of the brain’s waste clearance and immune defence system, recently 

referred to as the glymphatic system234; in this regard, it is interesting that we 

detected altered pulsation of the CSF at the foramen magnum in association 

with lower CVR and with worse PVS since, in experimental models, reduced 

PVS flushing may lead to failed clearance of metabolic debris and PVS 

dilation223, 234. Lower CSF stroke volume could indicate reduced CSF flux 

around the base of the brain with reduced CSF movement linked to impaired 

PVS flushing. Caution is required, however, since the PVS-CSF stroke 

volume and CVR associations could be a co-association with other SVD 

features, a common problem in SVD research133 and should be evaluated 

further. 

We did not find an association between WMH and CBF, consistent with prior 

data172. However, we provide more support for a vascular dysfunction in 

SVD: CVR is a measure of dynamic vessel function, with impairment 

reflecting an inability to increase blood flow when required. The mechanisms 

behind this may encompass impaired endothelial function, reduced nitric 

oxide bioavailability, altered vascular smooth muscle function, inflammatory 
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exudates damaging the vessel wall and perivascular space function235. More 

longitudinal data with contemporaneous vascular function measures and 

careful adjustment for co-variates are required to unpick this pathway, but it 

is notable that all the associations of demographic and SVD features with 

impaired CVR were stronger in the white matter than the grey matter despite 

white matter CVR being around one third the magnitude of that in grey matter 

and white matter CBF being around half of that in grey matter172, 213. The 

directionality of CVR changes in grey matter is similar to white matter 

however and therefore lack of statistical significance may reflect lack of 

power in this sample. Studies of SVD mechanisms and potential 

interventions should consider using measures of dynamic vascular function 

such as CVR or pulsatility rather than resting CBF227, 236.  

We also compared CVR magnitude and delay measurements at 1.5T and 3T. 

CVR magnitude was similar, though more variable, at 1.5 than 3T in 

subcortical grey and white matter. Delay was shorter at 3T in subcortical grey 

matter and longer at 1.5T in white matter. Independent of field strength, we 

found CVR magnitude was higher and delay shorter in grey than white 

matter, reflecting previous work119, 203.  

Studies investigating the effect of field strength on CVR measurements using 

BOLD are limited. CVR magnitude was found to be higher at 3 than 1.5T 

using fixed inhalation hypercapnia237 and breath-hold paradigms238. Similarly, 

R2*-derived CVR magnitude was higher at 7 than 3T using a targeted 

breathing ETCO2 paradigm239. By contrast we found that CVR magnitude did 

not differ materially between 3 and 1.5T, though trending higher at 3T. BOLD 

CVR is affected by echo time237 and signal-to-noise ratio (SNR)237, which can 

improve sensitivity and specificity to parenchymal response particularly at 3T. 

However, there are also benefits to lower field strengths as 1.5T scanners 

can show less geometric distortion and signal dropout due to susceptibility 

effects than at higher field strengths, affecting comparability in regions close 

to air-tissue boundaries, including the sinuses and base of the skull240. 

Blooming artefacts around large veins are also more severe at 3T241.  
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While CVR magnitude tended to be lower in patients who were older, male 

and had higher blood pressure at both 1.5 and 3T, none of the associations 

reached statistical significance. Although the direction of effect was broadly 

consistent with previous work showing lower CVR in older patients113, 115, 117, 

males than females242-244 and in patients with higher blood pressure115, 228.  

We found that subcortical grey and white matter CVR were lower in patients 

with higher WMH volume, Fazekas (deep, periventricular and total), and SVD 

score at both 3 and 1.5T. Effect sizes were generally similar at 1.5 and 3T, 

but tended to be marginally higher at 1.5 than 3T for all associations except 

SVD score, which may be attributable to the small sample size and wider 

distribution of CVR magnitude values at 1.5 than 3T. 

There were additional limitations to the comparison of 1.5T and 3T. The time 

between the 1.5T and 3T scans may influence the results. The sample size 

was limited, though higher than for other comparisons between CVR 

measurements at 3 and 1.5T reported to date (n=9 and 4)238, 245. Additionally, 

the wider applicability of this comparison is limited by the specific imaging 

protocols used, though the sequences were appropriate for measuring CVR. 

We have not explored reproducibility of CVR measurements using fixed CO2 

inhalation at 3T, although we previously tested reproducibility and different 

durations of CO2 exposure at 1.5T203. 

 

Conclusions  

We show novel and independent associations between SVD features and 

several measures of impaired cerebral haemodynamics, providing new 

insights into mechanisms that may underlie SVD development.  Further 

longitudinal studies, controlling for confounders (age, BP, WMH volume, etc) 

will define these changes and delineate the pathway of SVD development, 

including the novel observation of impaired CSF pulsation. Ultimately, 

enhanced knowledge of vascular malfunction will help identify therapeutic 
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targets to halt or even reverse disease progression, with benefits for both 

dementia and stroke prevention. 
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Chapter 4: Single-Centre Randomised Trial of Cilostazol and Isosorbide 

Mononitrate in Lacunar Ischaemic Stroke 

 

This chapter describes the design, conduct and results of the LACI-1 clinical 

trial testing cilostazol and isosorbide mononitrate. 

 

Publication status and acknowledgement of contribution 

This chapter features content from four published works: a protocol paper; 

the main trial results paper; the cerebrovascular dysfunction MRI results 

paper and a platelet function and systemic vascular function results paper.  

 

There are contributions from a fifth published paper regarding a systematic 

review of the effects of cilostazol on stroke recurrence, cognition and SVD 

progression though this is presented relatively briefly. 

 

Protocol Paper: 

Preventing cognitive decline and dementia from cerebral small vessel 

disease: The LACI-1 Trial. Protocol and statistical analysis plan of a phase 

IIa dose escalation trial testing tolerability, safety and effect on intermediary 

endpoints of isosorbide mononitrate and cilostazol, separately and in 

combination.  

Blair, G. W., Appleton, J. P., Law, Z. K., Doubal, F., Flaherty, K., Dooley, R., 

Shuler, K., Richardson, C., Hamilton, I., Shi, Y., Stringer, M., Boyd, J., 

Thrippleton, M. J., Sprigg, N., Bath, P. M., & Wardlaw, J. M. (2018).  

International Journal of Stroke, 13(5), 530–538.  

https://doi.org/10.1177/1747493017731947  

 

The published author contribution statement is below: 

Gordon W Blair participated in study design, study set-up, manuscript 

preparation, and figures. 

Jason P Appleton participated in study design, study set-up, and manuscript 

preparation. 
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Zhe Kang Law contributed in study set-up and preparation.  

Fergus Doubal contributed study design, supervision, study set-up and 

manuscript preparation.  

Katie Flaherty contributed for study design, statistics and manuscript 

preparation.  

Richard Dooley contributed for study design, randomization algorithm and 

manuscript preparation.  

Kirsten Shuler and Carla Richardson participated in trial management, study 

set-up and manuscript preparation. 

Iona Hamilton contributed for study set-up, imaging protocol and manuscript 

preparation.  

Yulu Shi and Michael Stringer participated in study set-up and manuscript 

preparation. 

Julia Boyd was responsible for trial management and manuscript preparation. 

Michael J Thrippleton has participated in manuscript preparation, study 

design, and imaging protocol. 

Nikola Sprigg designed the study and supervised the manuscript preparation. 

Philip M Bath contributed for conception, study design, supervision, and 

manuscript preparation. 

Joanna M Wardlaw contributed for conception, funding, study design, 

supervision, and manuscript preparation. 
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Main Trial Results Paper: 

Tolerability, safety and intermediary pharmacological effects of cilostazol and 

isosorbide mononitrate, alone and combined, in patients with lacunar 

ischaemic stroke: The LACunar Intervention-1 (LACI-1) trial, a randomised 

clinical trial  

Gordon W. Blair, Jason P. Appleton, Katie Flaherty, Fergus Doubal, Nikola 

Sprigg, Richard Dooley, Carla Richardson, Iona Hamilton, Zhe Kang Law, 

Yulu Shi, Michael S. Stringer, Michael J. Thrippleton, Julia Boyd, Kirsten 

Shuler, Philip M. Bath, Joanna M. Wardlaw, 

EClinicalMedicine, Volume 11, 2019, Pages 34-43, ISSN 2589-5370 

https://doi.org/10.1016/j.eclinm.2019.04.001  

 

I contributed to patient recruitment, data collection, data analysis and 

manuscript preparation and editing.  

 

Cerebrovascular Dysfunction MRI Results Paper: 

Effects of Cilostazol and Isosorbide Mononitrate on Cerebral Hemodynamics 

in the LACI-1 Randomized Controlled Trial 

Gordon W. Blair, Esther Janssen, Michael S. Stringer, Michael J. Thrippleton, 

Francesca Chappell, Yulu Shi, Iona Hamilton, Katie Flaherty, Jason P. 

Appleton, Fergus N. Doubal, Philip M. Bath, Joanna M. Wardlaw 

Stroke. 2021;0:STROKEAHA.121.034866 

https://doi.org/10.1161/STROKEAHA.121.034866 

 

I contributed to patient recruitment, data collection, data analysis and 

manuscript preparation and editing.  

 

 

Platelet Function and Systemic Haemodynamics Results Paper: 

Effects of Isosorbide Mononitrate and/or Cilostazol on Hematological 

Markers, Platelet Function, and Hemodynamics in Patients With Lacunar 
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Ischaemic Stroke: Safety Data From the Lacunar Intervention-1 (LACI-1) 

Trial   

Appleton Jason P., Blair Gordon W., Flaherty Katie, Law Zhe Kang, May 

Jane, Woodhouse Lisa J., Doubal Fergus, Sprigg Nikola, Bath Philip M., 

Wardlaw Joanna M. 

Frontiers in Neurology 2019, Volume=10, Page=723, ISSN=1664-2295         

https://doi.org/10.3389/fneur.2019.00723 

 

The published author contribution statement is below: 

 

JA: recruitment, data collection, analysis, and manuscript preparation.  

GB and ZL: recruitment, data collection, analysis, and manuscript editing.  

KF and LW: statistical analysis, manuscript preparation, and editing.  

JM: platelet function testing.  

FD and NS: study design, supervision, study set up, data collection, SAE 

adjudication, and manuscript editing. 

PB: trial conception, design, management, supervision, data collection and 

analysis, and manuscript editing.  

JW: trial conception, design, funding, supervision, data collection, analysis, 

manuscript editing, and overall guarantor. 
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Cilostazol Systematic Review Paper: 

Cilostazol for Secondary Prevention of Stroke and Cognitive Decline: 

Systematic Review and Meta-Analysis 

Caroline McHutchison, Gordon W. Blair, Jason P. Appleton, Francesca M. 

Chappell, Fergus Doubal, Philip M. Bath, Joanna M. Wardlaw 

Stroke. 2020;51:2374–2385 

https://doi.org/10.1161/STROKEAHA.120.029454 

 

I contributed to protocol design, data collection, data analysis and manuscript 

preparation and editing.  
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Introduction and rationale 

Cerebral small vessel disease (SVD) is a common disorder that affects small 

perforating arterioles in the brain’s deep white and grey matter11. SVD 

causes 25% of ischemic strokes, vascular and many mixed dementias, deep 

intracerebral haemorrhages and gait and bladder dysfunction5, 11. Although 

the pathophysiology remains poorly understood, an intrinsic disorder of the 

small blood vessels involving endothelial dysfunction11, 21, 109, inflammation21, 

22, blood–brain barrier failure194, impaired vasoreactivity101, 109, 221, vascular 

stiffening and more pulsatile cerebral blood flow and impaired cerebrospinal 

fluid (CSF) dynamics213, 221 have been implicated. 

There is no specific treatment for lacunar stroke, SVD-associated dementia, 

or progression of SVD lesions on neuroimaging11, 65. In a large trial of SVD 

associated stroke patients, dual antiplatelet therapy increased bleeding, and 

intensive antihypertensive treatment did not reduce stroke recurrence52, 59. 

Recent work summarized available drugs with potentially relevant actions in 

SVD and identified two agents that appear to merit further testing: isosorbide 

mononitrate (ISMN) and cilostazol65. 

ISMN, a nitric oxide (NO) donor, is commonly used in angina and 

cardiovascular disease. NO levels are reduced in acute246, chronic247 and 

possibly in lacunar stroke248. NO has many potentially beneficial effects for 

SVD including improved blood-brain barrier integrity, improved vasoreactivity, 

neuroprotection, and anti-inflammatory effects65. In the Efficacy of Nitric 

Oxide in Stroke (ENOS) trial, the NO donor glyceryl trinitrate administered 

within 6 hours of all types of stroke, improved cognitive test scores at 90 

days249, 250. However, there are few data on ISMN in lacunar stroke in part 

because ischaemic heart disease, for which ISMN is licensed, is relatively 

infrequent in those with SVD251. 

Cilostazol is a phosphodiesterase 3’ inhibitor65, mainly used for peripheral 

vascular disease in Europe and North America252, but more widely used for 

prevention of cerebrovascular disease in Asia-Pacific countries56. Cilostazol 

has mild antiplatelet effects plus several potentially beneficial effects for SVD, 
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including improved blood–brain barrier integrity, vasodilatory and anti-

proliferative activity, effects resulting in improved oligodendrocyte maturation 

and myelination253, and reduced white cell chemotaxis65. In animal models, 

cilostazol improved motor and cognitive function, and reduced infarct 

volume254, whilst in human lacunar stroke it improved middle cerebral artery 

pulsatility index255. High quality observational data from a large national 

health registry in Taiwan suggested prescription of cilostazol was associated 

with reduced incidence of dementia55. 

There is little experience of ISMN in lacunar stroke, cilostazol is rarely used 

for stroke prevention in Europe or the Americas. Little is known about the 

safety and efficacy of these drugs in SVD. There is also little knowledge 

about their use in combination, and yet their effects may be synergistic 

(figure 14)65. As a mild antiplatelet, cilostazol can cause bleeding sufficient to 

result in anaemia. Further, cilostazol can rarely cause thrombocythaemia. 

Both drugs can lower peripheral blood pressure and increase heart rate, but 

data regarding their effects on central haemodynamics following ischaemic 

lacunar stroke are lacking. 
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Figure 14: Effects of Isosorbide Mononitrate and Cilostazol on Endothelium 

and Vascular Smooth Muscle Cells 

Therefore, the Lacunar Intervention Trial-1 (LACI-1) will test ISMN and 

cilostazol, alone and combined, in patients with lacunar ischemic stroke, to 

assess their tolerability, safety, and efficacy on mechanistic endpoints 

including cerebrovascular reactivity assessed using magnetic resonance 

imaging (MRI), cognitive test scores, systemic vascular function and 

haematological markers236. Treatment will be given in addition to current 

guideline-based post-stroke secondary prevention. LACI-1 will test these 

medications over the short-term, including assessing dose escalation 

protocols and will inform the design of a larger trial to test long term ISMN 

and cilostazol effects on recurrent vascular events, cognition, disability, 

death, and SVD lesion progression on MRI (LACI-2). LACI-1 was designed 

through a UK National Institute for Health Research Stroke Research 

Network Expert Writing Group. 

We hypothesise that cilostazol and isosorbide mononitrate will be well 

tolerated in addition to normal post-stroke secondary prevention, that there 

will be no excess of bleeding complications, that the medications will improve 

CVR and intracranial pulsatility, that the combination of both drugs will be 

more effective than monotherapy with either drug. 

 

Systematic Review of Effects of Cilostazol in SVD 

We performed a systematic review and meta-analysis assessing cilostazol’s 

effects on stroke recurrence, cognition and progression of SVD.  

 

Methods 

The systematic review protocol was published on PROSPERO (registration 

No. CRD42018084742) in March 2018. We performed the review according 

to PRISMA standards256. We searched MEDLINE and EMBASE between 
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1990 and July 16, 2019 for original articles reporting prospective randomized 

controlled trials of cilostazol in patients with stroke, SVD, mild cognitive 

impairment, or dementia. The search strategy is given below. We also 

searched clinical trial registries (www.isrctn.com; 

https://eudract.ema.europa.eu/; www.strokecenter.org/), conference 

proceedings, bibliographies of review papers, previous systematic reviews, 

and trial papers for relevant trials not identified in the search. We also 

searched for secondary publications of the included trials that might provide 

additional outcomes. 
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Search Strategy 

1) brain isch?emia/ or brain infarction/ or cerebral infarction/ or hypoxia-
isch?emia, brain/ or 
stroke$.tw. 
2) cerebral vascular attack/ or cerebrovascular attack/ or cerebral vascular 
accident/ or 
cerebrovascular accident/ or CVA.tw. 
3) (lacun$ or small vessel$ or small infarct$ or microinfarct$ or subcortical 
lesion$ or subcortical 
infarct$).tw. 
4) leukoaraiosis/ or Binswanger’s disease.tw. 
5) (white matter hyperintensit$ or WMH).tw. 
6) (small vessel disease or SVD).tw. 
7) (white matter lesion$ or WML).tw. 
8) vascular dementia.tw 
9) dementia.tw 
10) Alzheimer’s disease/ Alzheimer$.tw 
11) mild cognitive impairment / or MCI/ or cognitive impairment.tw 
12) 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 
13) cilostazol.tw. 
14) pletal.tw. 
15) 13 or 14 
16) 12 AND 15 
17) limit 16 to humans 
18) remove duplicates from 17 
 

We included unconfounded randomized, controlled trials in patients with 

stroke, mild cognitive impairment or dementia, or radiological features of 

SVD, who were randomized to treatment with cilostazol. Control groups 

received placebo tablets, another antiplatelet, or received no cilostazol (open 

label). We excluded trials only published as conference abstracts, where 

translation into English was not possible, or where the full text was not 

available. We included trials that reported any of the following: recurrent 

stroke (all, ischemic, haemorrhagic), incident dementia, incident mild 

cognitive impairment, change in cognitive test scores including domain 

specific scores, intracranial haemorrhage, other major/fatal bleeding, other 

systemic bleeding complications, death, myocardial infarction, dependency in 

activities of daily living, symptoms related to cilostazol use (such as nausea, 

headache, palpitations), change in white matter hyperintensities, progression 
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or development of lacunes, microbleeds, perivascular spaces, brain atrophy 

(assessed by volume or validated score). 

Two reviewers screened titles and abstracts of all identified articles (G.W. 

Blair, C. McHutchison), independently performed full text review of relevant 

papers, extracted data from review of relevant papers, extracted data from 

included papers using standardized forms, and cross-checked their findings. 

We extracted data on trial setting (hospital, community, etc), number of 

participants, sex, inclusion illness, diagnosis method including cognitive 

testing, proportion with lacunar stroke, randomization methods, time from 

onset of inclusion illness to randomization, blinding, treatment dose, duration, 

control allocation, concomitant antiplatelet or other agents, methods of 

outcome assessment, and proportion of patients with outcomes as listed 

above by intention to treat populations. We assessed study quality using the 

CONSORT (Consolidated Standards of Reporting Trials) criteria257. 

Discrepancies between the 2 reviewers were resolved by discussion and a 

third reviewer (Prof Wardlaw) who crosschecked all data extraction. 

 

Meta-Analysis 

We entered data into RevMan5 (version 5.3) software package. For most 

analyses, we grouped trials according to (1) their time to randomization 

(randomizing in acute/subacute versus later after stroke); and (2) use of other 

prescribed antiplatelet drug (none, cilostazol plus aspirin or clopidogrel 

versus aspirin or clopidogrel, cilostazol versus aspirin or clopidogrel) and 

meta-analyzed each outcome. We meta-analyzed symptoms by type. For 

death from all causes, we assumed no deaths in studies that did not report 

deaths. We used Peto odds ratio (OR) and 95% CIs for the meta-analyses, a 

preferred method where outcome events are infrequent258. In exploratory 

sensitivity analyses, we ranked trials according to the proportion of patients 

with small vessel (lacunar) ischemic stroke, dichotomized into <40% and 

≥40%, or unspecified. We also tested time from stroke to start of treatment 
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and other antiplatelet drugs used. We performed a meta-regression to test 

whether time to start treatment, proportion of patients with lacunar stroke, 

study duration, or comparison antiplatelet agent influenced the effect of 

cilostazol, using R version 3.6.2 (https://cran.r-project.org/) meta package. 

We assessed risk of bias using funnel plots and heterogeneity using I2 and χ2 

tests. 

 

 

Results 

20 randomized controlled trials (n=10 505) were identified that assessed 

cilostazol’s effect on these outcomes, 18 in ischemic stroke (total n=10 449) 

and 2 in cognitive impairment (n=56); most were performed in Asia-Pacific 

countries.  The PRISMA flow chart is shown in figure 14.  Characteristics of 

included studies are shown in Table 21.
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Figure 14: Cilostazol in SVD PRISMA flow chart  
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Stroke Recurrence and Bleeding 

Cilostazol decreased recurrent ischemic stroke (17 trials, n=10 225, OR=0.68 

[95% CI, 0.57–0.81]; p<0.0001, Figure 15), haemorrhagic stroke (16 trials, 

n=9736, OR=0.43 [95% CI,0.29–0.64]; p=0.0001, Figure 16), deaths 

(OR=0.64 [95% CI, 0.49–0.83], p<0.0009) and systemic bleeding (n=8387, 

OR=0.73 [95% CI, 0.54–0.99]; p=0.04) compared with placebo, aspirin, or 

clopidogrel (Table 22). 

 

Adverse Effects 

Cilostazol use was associated with increased risk of headache (OR 2.00 

[95% CI, 1.76-2.28]; p<0.00001), dizziness (OR 1.22 [95% CI, 1.04-1.44]; 

p=0.02), palpitation (OR 3.14 [95% CI, 2.57-3.84]; p<0.00001), tachycardia 

(OR 3.74 [95% CI, 2.77-5.06]. p<0.00001), diarrhoea (OR 2.21 [95% CI, 

1.78-2.74], p<0.00001) and nausea (OR1.47 [95% CI, 1.02-2.11], p=0.04), 

Table 22. 

 

Sensitivity analysis of Effect on Ischaemic Stroke Recurrence 

Stroke Subtype 

Comparing any cilostazol versus no cilostazol, trials with less than 40% of 

participants having lacunar stroke subtype had OR 0.72 (95% CI 0.49-1.07, 

p=0.10) for risk of recurrent stroke. Trials with greater than 40% lacunar 

stroke participants had OR 0.64 (95% CI 0.52-0.79, p<0.0001). However, chi-

squared test for subgroup difference was not significant (p=0.60), Table 22.   

 

Time to Treatment 

In trials randomising to cilostazol within two weeks of stroke onset (median 

time to randomisation 9.6 days), cilostazol was associated with OR 1.1 (95% 

CI 0.58-2.05, p=0.78) for recurrent ischaemic stroke. In trials randomising 
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after two weeks (median time to randomisation 76 days) cilostazol was 

associated with OR 0.65 (95% CI 0.54-0.78, p<0.0001).  Again however, chi-

squared test for subgroup difference was non-significant (p=0.12), Table 22. 

 

Concomitant Antiplatelets 

Cilostazol was associated with reduced ischaemic stroke recurrence when 

the comparison was cilostazol versus no cilostazol and no use of an 

alternative antiplatelet as the control (OR 0.51 [95% CI, 0.33-0.79]; p=0.003) 

and when cilostazol was used with aspirin or clopidogrel and compared 

aspirin or clopidogrel monotherapy (OR 0.51 [95% CI, 0.35-0.74], p=0.0004). 

However, when cilostazol was used as monotherapy and compared to aspirin 

or clopidogrel monotherapy there was no statistically significant benefit for 

ischaemic stroke recurrence (OR 0.81 [95% CI 0.65-1.02], p=0.08).  The chi-

squared test for subgroup difference was significant (p=0.04), Table 22. 

 

Other Outcomes 

Data were insufficient to assess effects on cognition, imaging markers of 

SVD, functional outcomes (e.g. modified Rankin score), or tolerance56.  

 

Summary 

Cilostazol use is associated with reduced recurrent ischaemic stroke, 

haemorrhagic stroke, death and major adverse cardiovascular events 

compared to control. There is a suggestion of more benefit in those with 

lacunar stroke and those randomised to cilostazol later, again implying better 

longer term prevention and therefore possibly more targeted to lacunar 

stroke with its more chronic risk of recurrence. Cilostazol clearly comes with 

increased adverse effects compared to controls, however systemic bleeding 

is reduced. 
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Figure 15: Systematic Review of Cilostazols Effects on Ischaemic Stroke 
Courtesy of Dr Caroline McHutchison, as published56
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Figure 16: Systematic Review of Cilostazol Effects on Haemorrhagic Stroke Outcomes 
Courtesy of Dr Caroline McHutchison, as published56
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LACI-1 Trial Methods 

 

Design 

LACI-1 is a phase IIa, partial factorial, dose-escalation, prospective, 

randomized, open label, blinded endpoint (PROBE) trial conducted in two UK 

centers (Edinburgh, Nottingham). 

Participants were randomized in a 1:1:1:1 ratio into four groups: cilostazol 

alone; ISMN alone; cilostazol and ISMN combined, started immediately (with 

ISMN given first); and cilostazol and ISMN combined, start of medication 

delayed for three weeks (cilostazol given first) (Figure 17). This delayed start 

group provides a ‘‘no drug’’ comparison group during the first three weeks. 

Trial medication was taken for nine weeks, starting at low dose and 

increasing gradually over 2–3 weeks, as tolerated, to full dose, sustained 

until eight weeks post-randomisation. Medication was then decreased and 

stopped over one week, with a final follow-up after two further weeks without 

trial tablets277. We designed the escalating dose to reduce potential adverse 

effects during cilostazol initiation (recommended where cilostazol is more 

widely used in Asia-Pacific countries), and escalation is standard for ISMN. 

Nine weeks allowed time for dose escalation and a period on sustained dose 

to evaluate tolerability since data were insufficient to move directly to a trial 

with longer term administration. Patients returned unused tablets to 

pharmacy for counting and destruction. Participants continued to take their 

prescribed medications, including conventional stroke prevention drugs, 

during the trial. 

 

Patient population 

We included patients with clinical lacunar stroke in the past four years with 

brain magnetic resonance imaging (MRI) or CT scanning obtained at the 

presentation with stroke showing a symptomatic small subcortical (lacunar) 

infarct (<20 mm), or (if no recent relevant infarct was visible), that excluded 

other causes of symptoms (e.g. acute cortical infarct, tumour). An acute small 
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subcortical infarct was defined on CT as a <20 mm diameter hypoattenuated 

area (relative to the brain, but not as hypoattenuated as CSF) in white or 

deep grey matter, in a brain region corresponding with the stroke symptoms, 

not present on neuroimaging (if available) prior to the stroke. 

Participants were aged ≥ 35 years, were independent in activities of daily 

living (modified Rankin Scale of ≤2) and had capacity to give informed 

consent277.  

We excluded patients with: other active neurological illness since the incident 

stroke; cognitive impairment (Montreal Cognitive Assessment [MoCA] score 

<20); active cardiac disease; symptomatic carotid artery stenosis >50%; 

definite contraindication to or indication for either trial drug; taking prohibited 

medications that could not be changed; creatinine clearance <25 ml/min; 

bleeding tendency or a history of intracranial haemorrhage; or inability to 

swallow277. 

The full inclusion and exclusion criteria are shown in Table 23. 
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Randomization 

We collected baseline demographic, clinical and cognitive characteristics. 

Baseline information was entered on a password-protected website hosted at 

the University of Nottingham (https://nottingham.ac.uk/ nszwww/ prev-svd/). 

Once checked and complete, a computer algorithm randomized participants 

at a 1:1:1:1 ratio to a study group. To maintain balance in baseline variables 

between the groups randomization was minimized on age />70 years, local 

investigator-determined SVD severity on brain scanning (SVD score ≤/>2)86, 

systolic blood pressure />140 mmHg and time after stroke />100 days and 

switching 5% of randomisations randomly to an alternate treatment group, to 

reduce predictability. 

 

Intervention 

The intervention in each group was: 

1) cilostazol alone, 50 mg twice daily, increasing to 100 mg twice daily; 

2) ISMN alone, 25 mg once daily increasing to 25 mg twice daily; 

3) cilostazol and ISMN combined, started immediately, ISMN given first;  

4) cilostazol and ISMN combined, start delayed for three weeks, 

cilostazol given first. 

The starting dose for cilostazol is 50 mg twice daily, increasing to 100 mg 

twice daily (target dose). The starting dose of ISMN is 25 mg once daily 

increasing to 25 mg twice daily (target dose). Full dosing schedules are 

shown below. 

Participants allocated to both drugs aim to attain the same target doses as 

for the drugs alone. Unused tablets are returned to Pharmacy for counting 

and destruction at the end of the 11-week period. 
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Primary outcome 

The proportion of participants achieving target dose by the end of the eight-

week trial period, assessed by alternate weeks structured questionnaire by 

staff blinded to allocated group, supplemented by diary and Pharmacy tablet 

count. 

 

Secondary outcomes 

1. Symptoms (headache, nausea, diarrhea, vomiting, bleeding) recorded 

by structured questionnaire on alternate weeks. 

2. Safety (systemic or intracranial bleeding, recurrent vascular events, 

death). 

3. Blood pressure and heart rate measured sitting and standing at study 

visits. 

4. Platelet function (P-selectin flow cytometry)278. 

5. Systemic arterial stiffness (pulse wave velocity and pulse wave 

analysis using the SphygmoCor tono-metry device). 

6. Trails A and B tests for cognitive function 

7. In a subgroup recruited in Edinburgh, cerebrovascular reactivity 

(CVR)101 in white matter and cerebrospinal fluid and blood pulsatility, 

assessed using MRI. Acquisition details are provided below. 

 

Blinding 

The processing and analysis of all outcome variables (study questionnaires 

and compliance data, CVR, platelet function, pulse wave velocity, blood 

pressure, and all tablet counts) was performed blind to treatment allocation. 

Apart from the study research fellow and research nurse administering the 

medication and arranging study visits, other staff performing the above 
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assessments were not aware of the treatment allocation, particularly during 

image analysis, blood test analysis and follow-up data analysis.  

To maintain blinding of participants, prior to the start of the trial, the 

Investigational Supplies Group (ISG), an independent arm of the Re-search 

and Development Office, NHS Lothian, removed study medica-tions from 

their original blister packs and placed them in bottles labelled ‘Drug A’ or 

‘Drug B’, a process which was approved by the Medicines and Healthcare 

Regulatory Agency. The labelled bottles were distributed to the hospital 

pharmacies at the City Hospital, Nottingham and the Western General 

Hospital, Edinburgh for storage and dispensing to participants following 

randomisation. 

The randomisation program provided a prescription detailing the number of 

bottles of ‘Drug A’ and/or ‘Drug B’, which was dispensed by the hospital 

pharmacy with instructions about dose escalation and a diary for the 

participant to record their actual doses. The instructions referred to ‘Drug A’ 

or ‘Drug B’, not to either drug by name. 

When talking to participants, the tablets will only be referred to as ‘‘A’’ or ‘‘B’’ 

to facilitate patients’ understanding of procedures. 

 

Sample size 

A sample size of 55 provides 80% power (significance 0.05) to detect a 

difference of 90% versus 55% (i.e. an absolute difference of 35%) between 

those reaching target doses on one drug versus both drugs; i.e. we expect 

that 35% fewer patients will tolerate both versus one of the two drugs and the 

sample size is set to be able to detect that difference. To insure against any 

participants withdrawing from the trial we aimed to recruit 60 participants. 

For CVR we estimated the effect size based on data from repeated 

measures of CVR in healthy volunteers203 and differences in CVR between 

patients with low and high WML burden in an observational study in 60 

patients with minor stroke221. We estimated that a relative difference in white 
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matter CVR of 25% (4% vs 3% signal change in response to CO2, estimated 

common SD of 40%), which is within tolerance of the method to detect 

reliably, would be clinically relevant. A sample of 40 patients (ie 2/3 of the 

planned total LACI-1 sample size) would give 80% power to detect such a 

difference, with significance of 0·05.  

 

Study Procedures 

The flow diagram summarises the study procedures (Figure 17). Each 

participant attended for three in-person study visits and had five telephone 

follow ups during the study period.  

Structured questionnaires were used to assess tablet compliance and side-

effects. This was performed at all visits and all phone follow ups. Imaging 

studies were performed on the Edinburgh participants only. All participants 

had haematological and haemodynamic measures performed at each visit.   
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Figure 17: Flow chart of LACI-1 study procedures  
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Imaging Protocol 

Participants recruited in Edinburgh had MR brain imaging at randomisation 

using the Blood Oxygen Level Dependent (BOLD) method to assess 

cerebrovascular reactivity (CVR) to a challenge of 6% CO2 in inspired air in 

white and deep grey matter, using a validated technique203  

All Edinburgh participants were scanned at randomisation. Participants 

assigned to a medication group were then scanned at week 8, participants 

assigned to the no medication group were scanned at week 3 (participants in 

this group then commenced medication for the remainder of the main trial) to 

assess if the trial treatments altered CVR. The repeat structural scanning 

also allowed us to test for alterations in white matter lesions (WML), lacunes 

or microbleeds between baseline and the end of the trial. 

We performed brain scanning using a 1.5T MRI scanner (Signa HDxt, 

General Electric, Milwaukee, WI) using an 8-channel phased-array head coil 

at the University of Edinburgh’s Brain Research Imaging Centre, Western 

General Hospital, Edinburgh (https://www.ed.ac.uk/clinical-

sciences/edinburgh-imaging/research/facilities-and-equipment/edinburgh-

imaging-facilities/edinburgh-imaging-facility-wgh).  

BOLD scanning was performed to assess CVR at 4mm isotropic resolution, 

with whole brain volume acquired every three seconds using the parameters 

published previously203. Structural scans were also performed. The imaging 

parameters are given in the table 25. Total imaging time was circa 75 

minutes for each participant, at each visit. Patients were offered a chance to 

move and have a natural break between each section of scans to ensure 

they remained comfortable. 

 

CVR acquisition 

Our CVR procedure and its development are published in detail203.  Briefly 

patients wore an anaesthetic face mask attached to a bespoke unidirectional 

breathing circuit (Intersurgical, Wokingham, UK). Monitoring equipment 
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recorded pulse rate, oxygen saturation, blood pressure (Millennia 3155A and 

Magnitude 3150 MRI; Invivo, Best, The Netherlands) and end-tidal carbon 

dioxide (EtCO2; AEI Technologies, Pittsburgh, USA) throughout the 

examination. During a 12-minute BOLD MRI scan patients alternated 

between breathing medical air and 6% carbon dioxide (CO2) in air (BOC 

Special Products, UK). The full paradigm comprised two minutes air, three 

minutes CO2, two minutes air, three minutes CO2, two minutes air, end of 

scan. We instructed patients to expect a change in smell and breathing 

pattern (deeper, faster or more forceful breathing), before allowing each 

patient to try the facemask and gasses before entering the scanner room. 

Patients were instructed to breathe normally and to press a buzzer to stop 

the scan if required. Scanning commenced when the patent indicated they 

felt comfortable when fully positioned in the scanner bore, and blood 

pressure and heart rate readings indicated no sign of anxiety or distress. 

 

Pulsatility acquisition 

The pulsatility imaging method is published213, 221. We used a 2D cine phase-

contrast sequence to acquire 32 velocity images per cardiac cycle in the 

internal carotid and vertebral arteries, superior sagittal, straight and 

transverse venous sinuses and CSF flow across the foramen magnum. 
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Sequence Parameters 

BOLD CVR Single-shot gradient echo, EPI. 
TR/TE=3000/45ms, 90⁰ flip angle, 25.6 
x 25.6 cm field of view (FoV), 64 x 64 
acquisition matrix, 36 x 4 mm 
contiguous slices, images obtained 
every 3 seconds 

Axial T2-weighted TR/TE=7000/90 ms, 90⁰ flip angle, 24 x 
24 cm FoV, Propeller acquisition with 
matrix size 384, 1.5 signal averages, 36 
x 4 mm contiguous slices  

Axial FLAIR TR/TE/TI=8000/100/2000, 90⁰ flip 
angle, 24 x 24 cm FoV, 320 
× 256 acquisition matrix, 36 x 4 mm 
contiguous slices  

Axial GRE TR/TE=900/15 ms, 20° flip angle, 24 x 
24 cm FoV, 384 × 256 acquisition 
matrix, 36 x 4 mm contiguous slices 

3D Sagittal Inversion-Recovery-
Prepared Spoiled Gradient Echo 
(T1-weighted) 

TR/TE/TI=9.6/4.0/500 ms, 8⁰ flip angle, 
25.6 x 25.6 cm FoV, 192 × 192 
acquisition matrix, 160 x 1.3 mm slices 

2D Cine Phase-
Contrast MRI 

Parameters Single axial  6 mm  slice,  32 temporal  
frames,  2  views  per segment, 
retrospectively gated to peripheral pulse 
signal; 16 x 16 cm FoV 

Aqueduct Acquired at 90° to aqueduct flow; 
TR/TE=11/6.5 ms (approx.), 20° flip 
angle, 256 x 256 matrix, 2 signal 
averages, 10 cm/s maximum velocity 
encoded (venc) 

Venous 
Sinuses 

Coronal-oblique acquisition covering 
superior sagittal, straight and transverse 
sinuses; TR/TE=9/5 ms (approx.), 25° 
flip angle, 
256 x 128 matrix, 2 signal averages, 50 
cm/s venc 

Arteries Axial acquisition just above carotid 
bifurcation; TR/TE=9/5 ms (approx.), 
25° flip angle, 256 x 128 matrix, 2 signal 
averages, 70 cm/s venc 

Cervical 
Subarachnoid 
CSF 

Axial acquisition at level of C2-C3 joint 
space; TR/TE=11/7 ms 
(approx.), 20° flip angle, 256 x 128 
matrix, 3 signal averages, 6cm/s venc 

Table 25: LACI-1 Imaging sub-study MRI Sequence Parameters 
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Haematology and Platelet Function Testing 

Full blood counts were taken at baseline, and at weeks 3 and 8 to assess 

haemoglobin and platelet count (×109/L). Platelet function was assessed with 

measurement of surface expression of P-selectin (CD63P) using kits 

sensitive to aspirin (arachidonic acid) or clopidogrel (adenosine diphosphate) 

at the same timepoints279. An unstimulated sample provided baseline 

expression data at each timepoint. Median fluorescence (MF) was recorded 

for platelet surface expression of P-selectin for each sample using flow 

cytometry. Platelet P-selectin expression was chosen since blood samples 

can be obtained and fixed at multiple clinical sites then transported for 

measurement at a central core laboratory. 

 

Haemodynamic Measures 

Haemodynamics were measured at baseline and at weeks 3 and 8. 

Peripheral blood pressure (BP, mmHg) and heart rate (bpm) were measured 

three times sitting and three times standing at each visit using a validated 

monitor. Central haemodynamics were measured in duplicate using the 

SphygmoCor device at the same timepoints: mean arterial pressure (MAP); 

Augmentation index (%) -a measure of arterial stiffness; Buckberg index (%) 

- a measure of subendocardial perfusion; and pulse wave velocity (m/s) - a 

measure of arterial stiffness, assessed using non-invasive tonometry 

measurements taken at the radial and carotid arteries. 
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Analyses 

Image Processing and Analysis 

We performed central blinded reading of the diagnostic CT and MRI imaging 

to score the index infarct, SVD features and total SVD score86, using 

structured, validated tools12. We also assessed the structural MR brain 

images, performed as part of the CVR examination, for change in SVD 

lesions, new infarcts or haemorrhages occurring during the trial12. 

For structural image analysis an expert neuroradiologist rated the T2, FLAIR, 

T2* structural imaging obtained at randomisation and at follow-up for WMH 

(Fazekas score with periventricular and deep WMH scores summed to give a 

score ranging from 0-6), perivascular spaces using a validated, semi-

quantitative scale ranging 0-4, with separate scores for basal ganglia and 

centrum semiovale PVS280. Lacunes and microbleeds were assessed 

dichotomously and by count. New infarcts or haemorrhages were assessed 

by location and size281. All SVD lesions were assessed using validated visual 

ratings according to the STRIVE criteria12. The two timepoints were assessed 

separately first, and then side by side for change using the Rotterdam 

change score282. All analyses were blinded to the patient’s clinical data, 

treatment allocation and to the CVR results. 

For quantitative analysis each subject’s structural images were co-registered 

to the T2 space. We calculated WMH volumes using a validated semi-

quantitative technique described previously213, 221. Briefly we generated white 

matter probability maps for each subject using T1 image data. Hyperintense 

outliers were defined as voxels with a z score ≥ 1.5 to create an initial 

estimate of WMH volume. We produced final estimates using 3D smoothing 

to account for partial volume effects and reduce before we manually 

corrected the mask for each participant, including the removal of stroke 

lesions which was achieved with reference to the STRIVE guidelines12 and 

performed under the supervision of an expert neuroradiologist. We 

segmented normal appearing tissues (cortical grey matter, subcortical grey 

matter, white matter, cerebellum) and whole brain volume from each 



200 
 

subject’s T1 image and population specific probability maps. We calculated 

intracranial volumes using a semi-automatic method based on T2* images 

with manual correction by a trained image analyst guided by an expert 

neuroradiologist. 

 

CVR Image Analysis 

CVR image processing and analysis was as described previously203, 236, with 

additional steps to ensure measurement of CVR in the identical regions of 

the same anatomical structures at the two timepoints.  

Briefly, to generate voxel-wise CVR maps, we regressed BOLD signal 

against EtCO2 and the BOLD scan number (to account for signal drift). CVR 

is expressed as %BOLD signal change/mmHg change in EtCO2 with this unit 

based on the EtCO2 regressor in the model, with additional adjustment for 

the delay time between BOLD signal change and EtCO2 change that 

minimises the residual sum of squares. This is further adjusted by 4 seconds 

to account for the delay between exhalation and detection on the EtCO2 

monitor caused by the eight metre sample line203. 

We realigned BOLD images (using SPM 8) to the mean BOLD image prior to 

determining the transformation between mean BOLD and visit T2W image 

spaces (using FSL FLIRT)217, 283. Subject-specific templates based on the 

registered T1W image were created using ANTs284 to generate an unbiased 

space for delineating regions of interest. We then manually drew three 

subcortical grey matter (thalamus, putamen, caudate head) and four 

subcortical white matter (frontal, posterior, periventricular and centrum 

semiovale) regions of interest on the template before registering back to the 

visit specific T2 space (Figure 18). The regions of interest were thresholded 

at 0.5 and dichotomised before inspection to ensure they were within the 

expected region. Voxels that were part of large vessels or the patient’s stroke 

lesion were manually excluded. The regions of interest were then registered 

to the BOLD images (using FSL FLIRT)217, 283. We extracted mean CVR time 
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courses for each ROI and regressed these against EtCO2 as described 

above. The resultant CVR values for all grey and white matter regions were 

also averaged for the participant to give a grey matter and white matter CVR 

value per participant.  

 

Figure 18: Subcortical GM regions of interest for CVR analysis in LACI-
1 in a representative subject 
Regions were first drawn on a subject-specific template before being 
registered to T2 space for each visit and thresholded. Blooming around large 
vessels and the index stroke lesion was manually removed based on the 
registered voxelwise CVR image. Figure courtesy of Dr Michael Stringer as 
published236 
 

Pulsatility Image Analysis 

Analysis of pulsatility imaging has been described previously213, 221. Regions 

of interest were drawn around the relevant vessels. For bilateral structures 

we calculated sum flow and mean velocities. Total cerebral blood flow was 

calculated as the sum of ICA and VA flow and normalized to brain volume 

expressed as mL/min/100mL brain tissue. Pulsatility index (PI) in each 
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structure was calculated as (Flowmaximum − Flowminimum)/Flowmean; 

resistivity index (RI) was calculated as (Flowmaximum − 

Flowminimum)/Flowmaximum, with higher values indicating more pulsatile or 

more resistive blood flow. CSF flow defined the net flow in the aqueduct and 

foramen magnum, respectively. CSF stroke volume reflects the total volume 

of CSF flow per cardiac cycle and is calculated by averaging the absolute 

cranial and caudal flow across the cardiac cycles. 

 

Statistical Analyses 

In primary and secondary analyses, we compared outcomes by treatment 

allocation to test cilostazol versus no cilostazol, ISMN versus no ISMN, and 

both drugs versus one drug with the delayed start group providing a drug-free 

control period. We calculated odds ratios (ORs) for tablet compliance by 

allocated group using binary logistic regression with adjustment for 

minimisation factors (age, SVD score, systolic blood pressure and time from 

stroke to randomisation in days). We assessed secondary outcomes of 

symptoms, safety, cognitive and physiological measures in all, and change in 

CVR and in SVD lesions in patients recruited in Edinburgh, using binary 

logistic regression for binary variables, multiple linear regression for 

continuous variables, Kruskal– Wallis test for between group differences in 

continuous variables since the variables were not normally distributed, and 

refer to mean differences (MD) where relevant. We also examined time 

trends over the 11 weeks of the trial in repeated measures analysis 

comparing delayed versus immediate start of both drugs. All analyses were 

on intention to treat, except we performed an additional secondary analysis 

of change in CVR by proportion of target dose achieved. 

For additional analysis of CVR data we used R version 3.3.0 (cran.r-

project.org/) for statistical analyses. To examine the effect of treatment, two 

separate analyses were done. Firstly an intention-to-treat analysis and 

secondly a per-protocol analysis where participants who had stopped taking 

medication at the time of the follow-up scan were excluded from the 
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treatment groups and analysed as being in the “no-medication” group. We 

used multiple linear regression to assess the effect of treatment groups and 

being on any vs no medication on changes in WM and GM CVR, PI and CSF 

flow adjusting for age, because this is suggested to affect CVR. This analysis 

was repeated and adjusted for systolic blood pressure in place of age to 

examine the confounding effect of blood pressure. Additional analyses were 

also performed controlling for systolic BP change in place of age between 

baseline and follow up.  

To assure normality of the residuals and assess heteroscedasticity, we 

examined QQ plots, histograms of residuals and plots of residual vs fitted 

values to examine. 

Differences in haemodynamics and haematological measures were assessed 

by multiple linear regression, adjusted for baseline values, age, SVD imaging 

score and time to randomization. Haemodynamic measures were also 

adjusted for baseline systolic BP. As heart rate can lead to spurious results, 

Augmentation index (%) was measured unadjusted and normalized to heart 

rate 75 bpm as is standard practice. The resultant mean difference (MD) with 

95% confidence intervals (CI) are presented with significance set at p<0.05. 

Analyses of haematological parameters were performed using SAS. 

 

Study organization and funding 

The study was funded by The Alzheimer’s Society and was performed in the 

Centre for Clinical Brain Sciences and Edinburgh Clinical Trials Unit, 

University of Edinburgh and the Stroke Trials Unit, Division of Clinical 

Neuroscience, University of Nottingham. The trial was approved by the 

Scotland A Research Ethics Committee (Ref 15/ SS/0154), the Medicines 

and Healthcare Regulatory Agency (Ref 01384/0244/001-0001) and NHS R 

+ D (Ref 2015/0354/TMF) and all participants gave written informed consent. 

There were no changes to the methods after trial commencement. 
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The trial was registered: ISRCTN-12580546, ClinicalTrials.gov 

(NCT02481323), EudraCT (2015-001953-33). The Protocol and Statistical 

Analysis Plan were published prior to study completion277. Publication of the 

LACI-1 results follows the CONSORT statement. 

 

Role of the Funding Source 

The trial was designed, conducted, analysed, interpreted and the paper 

written and submitted independently of the funders. 

 

Data monitoring committee 

An independent data monitoring committee was established, chair Prof. Colin 

Baigent, Oxford; Professor Alison D Murray, University of Aberdeen; 

Professor Gary Ford, Oxford University; Dr Jonathan Emberson, Oxford 

University. 
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Discussion of the Trial Design 

Intensive assessment 

LACI-1 followed participants intensively over 11 weeks including 3 research 

clinic visits (to assess BP, platelet function, arterial stiffness, CVR, and 

symptoms) and 5 telephone follow-ups (to assess side-effects and guide 

dose escalation). The intense follow-up provides data on dose escalation and 

safety to inform a future larger, pragmatic, phase III trial with less frequent 

follow-up. 

 

PROBE design 

The PROBE design blinds the main study outcomes whilst maintaining 

feasibility of dose escalation. A double-blind design proved to be impractical 

as there was no matching placebo for either study drug. Furthermore, 

masking by over-encapsulation was impractical and prohibitively expensive 

when combined with dose escalation. Complicated arrangements for 

dispensing multiple bottles of study drug, with different dose combinations, 

were required, with high risk of reduced compliance, confusion, and incorrect 

medication. The PROBE design is well established285 and the study has been 

designed and staffed appropriately to maintain investigator blinding at the 

point of outcome assessment. 

 

Factorial design 

The factorial design compared each drug to no drug and also combination 

therapy to no therapy. The ‘‘delayed start’’ group provides a modified ‘‘no-

drug’’ control group as these participants do not receive medication for the 

first three weeks after randomization so are not on any medication at the 

second visit (week 3). They started medication following the week 3 visit, 

creating a more efficient design, as all participants receive study drug and 

allowed testing of the effect of which drug is commenced first in the 
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combination groups. Randomization using minimization increases statistical 

power. 

Dose escalation 

The common side-effects of both study drugs (ISMN: headache; cilostazol: 

headache, palpitations) are usually encountered soon after starting the 

medication. Slow dose escalation at treatment initiation is widely used to 

lessen these side-effects. However, evidence for this comes from a single 

non-randomized study286 and anecdotal opinion. Dose escalation of 

dipyridamole, a phosphodiesterase 5’ inhibitor with a similar 

pharmacodynamics profile to cilostazol, did not reduce headache in a blinded 

randomized comparison287. LACI-1’s design allowed us to obtain objective 

evidence on the frequency of common inception side-effects to inform a 

larger pragmatic trial at up to 20 sites to select the regimen that best 

balances simplicity with tolerability and compliance. 

 

Mechanistic endpoints 

Stroke recurrence, whilst a significant problem following lacunar stroke, 

occurs relatively infrequently and late, whilst radiological progression of SVD 

is relatively slow288. Hence large trials with long follow-up periods are 

required to detect treatment effects against these outcomes. To enhance 

information on pharmacological effects of cilostazol and ISMN at these 

doses, we will use mechanistic vascular function endpoints changes in CVR 

measured using hypercapnic challenge BOLD MRI scans101, and changes in 

arterial, venous, and cerebrospinal fluid flow characteristics measured using 

phase-contrast MRI; improvement in systemic vascular stiffness using pulse 

wave velocity (SphygmoCor tonometry device); and alteration in platelet 

function will test effects on platelet activation and provide safety data289. 

 

Summary  
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LACI-1 will provide data on tolerability, safety and surrogate efficacy markers 

for cilostazol and ISMN in patients with lacunar stroke and will inform the 

design of a larger pragmatic phase III study.  
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Results 

Main Trial Results 

The first participant was recruited and randomised on 16th March 2016, the 

final patient on 29th August 2017 and final follow-up was competed on 31 

October 2017. We randomised 57 patients, 29 in Nottingham and 28 in 

Edinburgh (Figure 19), rate 1.64 patients/centre/month (Figure 20). The 

mean age was 66.1 (SD 11.1) years, 18 were female (32%), the median time 

from index stroke to randomisation was 203 days, 42 (74%) had 

hypertension, and 26 (46%) were current smokers (Table 26). Most 

participants (55, 97%) were taking clopidogrel for secondary stroke 

prevention and two (3%) were taking aspirin. Most participants (80%) had a 

visible index infarct on their diagnostic imaging (MRI in 44 (77%) and CT in 

13 (23%) participants, some had both), and 25 (44%) had moderate to 

severe WML. 
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Figure 19: LACI-1 CONSORT diagram 
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Figure 20: LACI-1 recruitment timeline graph  
X axis = cumulative participants recruited. 
 







213 
 

The groups were well balanced for baseline characteristics except for the 

participants allocated to cilostazol who were older, had higher Fazekas 

scores indicating more WML, and had lower Trails B scores respectively 

(Table 26). One participant withdrew at week three (delayed start dual drugs, 

prior to receiving any trial drug) and did not complete that follow-up or any 

after; one participant missed a follow-up in week five (ISMN group) but 

completed all prior and subsequent follow-ups. 

 

Tablet Compliance 

For the primary outcome, 40 (72%) were taking full (no doses missed) or 

partial doses (includes missing between one and up to 50% of allocated 

dose) of the allocated tablets by the end of the eight-week treatment period, 

with no difference between groups (Table 27, Figures 21 and 22). Most 

patients who achieved ‘partial dose’ only missed one or two doses in any 

assessment period. ISMN may be tolerated better than cilostazol: 13/15 

allocated ISMN alone (87%) achieved full or partial ≥50% dose by week eight 

versus 9/13 (69%) allocated cilostazol alone (any ISMN versus no ISMN 

achieving full dose, OR 3.77, 95%CI 0.98–14.46, p = 0.053; any cilostazol 

versus no cilostazol achieving full dose, OR 0.39, 95%CI 0.11–1.34, p 

=0.14). Dual drugs were tolerated similarly to either individual drug: ISMN 

plus cilostazol versus one or other drug alone achieving full dose, OR 0.84, 

95%CI 0.27–2.64, p = 0.77 (Table 2). Combining the full and partial doses 

versus no tablets gave similar results (data not shown). In the dual drug 

groups, there was no evidence that starting with one drug produced different 

symptoms or tolerance than starting with the other drug, or that those who 

ceased to take tablets did so be-cause of more symptoms. 
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Figure 21: LACI-1 medication compliance 
Proportion of participants who were taking full dose combined with the 
proportion taking ≥1/2 tablets into one group, (solid lines, labelled ‘full dose’) 
noting that missing even one dose was counted as ≥1/2 tablets). The 
combined and delayed groups from week 5 onwards had very close numbers 
and so the lines appear on top of each other. The dotted lines show those 
who had taken no tablets at all that week.  
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Figure 22: LACI-1 patients not achieving target medication doses 
Top panel shows participants who reported missing a dose of medication. 
Bottom panel shows participants who were unable to tolerate full dose 
medication and were instead tolerating half-dose of their allocated medication  
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Symptoms Potentially Related to Trial Medication 

Symptoms were common without trial medication. In the week prior to 

randomisation, the following symptoms were experienced: headache 30%; 

palpitations 20%; dizziness 40%; loose stools 30%; nausea 15%; dyspepsia 

45%; bruising 20%; bleeding from mucous membranes 15%; and rash 9%. 

Following drug initiation, there was a slight increase in headache, 

palpitations, dizziness, loose stools, nausea, followed by a return to baseline 

levels with continued trial drug (Figure 23). There was no increase in 

dyspepsia, bruising, or bleeding (Figure 24). Neither cilostazol nor ISMN 

were as-sociated with more symptoms and patients allocated dual drugs did 

not report more symptoms than those allocated one drug (Figure 23, Table 

27). 
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Figure 23: LACI-1 reports of adverse effects of headache, palpitation, dizziness and loose stools 
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Figure 24: LACI-1 reports of adverse effects of nausea, dyspepsia, bruising and bleeding 
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Imaging Results  

The imaging sub-study was only available to the participants in Edinburgh. 27 of the 

28 Edinburgh participants recruited to LACI-1 trial consented to the imaging sub-

study. Full CVR datasets were obtained in 23 participants and full pulsatility datasets 

in 24. Figures 25-27 show the CONSORT flowcharts including medication 

compliance and imaging losses. Mean age of included participants was 68±7.7 years 

(range 53–83 years), Table 28.  

 

 

Figure 25: LACI-1 imaging sub-study CONSORT diagram 
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Figure 26: LACI-1 CVR imaging CONSORT diagram 
Reasons for incomplete data and compliance with medication, including reasons for 
stopping or reducing medication are given for each group. 
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Figure 27: LACI-1 phase-contrast pulsatility imaging CONSORT diagram 
Reasons for incomplete data and compliance with medication, including reasons for 
stopping or reducing medication are given for each group. 
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CVR change after treatment  

WM CVR increased in participants taking ISMN and cilostazol monotherapy 

(both p<0.05), and in participants taking any versus no trial drug (p<0.05), but 

not in participants taking ISMN and cilostazol combined (Table 29, Figure 

28). This was apparent in both the intention-to-treat analysis (Table 29) and 

the per protocol analysis (Table 30). There was no increase in GM CVR in 

any groups or in participants taking any vs no trial drug.  
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Figure 28: LACI-1 change in CVR by treatment group 
Left column is by allocated treatment group. Right column is by allocation to 
any treatment group versus the no treatment group. Top row is WM CVR; 
bottom row is deep GM CVR.  
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microbleed disappeared in a participant allocated to ISMN and two lacunes 

appeared, both in participants allocated ‘dual drugs immediate start’. 

 

Secondary Outcomes Results and Adverse Events 

All other secondary outcomes were assessed in all participants. 

 

Cognition 

The points achieved on Trails A increased in the group allocated to ISMN 

compared with no ISMN (MD 2.6, 95%CI 0.1, 5.1, p = 0.045), with no effect 

on Trails B points (MD 2.3, 95%CI −0.7, 5.3, p =0.126) after adjustment for 

baseline Trails (Table 27). Participants took less time to complete the tests in 

groups allocated cilostazol versus no cilostazol, ISMN versus no ISMN, and 

both versus one or other drug, although these differences did not reach 

significance. 

 

Hemodynamics 

Full haemodynamic data were available for 56 participants. Baseline 

peripheral BP and heart rate did not differ between treatment groups (Table 

26). At week 8, BP did not significantly differ between the treatment groups, 

whilst heart rate was significantly higher in those taking cilostazol 82.8 bpm 

vs. no cilostazol 74.5 bpm (MD 6.42, 95% CI 1.17 to 11.68, p = 0.017, Table 

33). Central MAP did not differ between treatment groups at week 8. 

Buckberg index (subendocardial perfusion) was reduced in those randomized 

to cilostazol 142.2% vs. no cilostazol 160.7% (MD −10.81, 95% CI −21.15 to 

−0.47, p = 0.040) and in those randomized to both drugs 148.9% vs. either 

drug 159.9% (MD −11.37, 95% CI −21.01 to −1.72, p = 0.021). Unadjusted 

Augmentation index was significantly higher (i.e., increased arterial stiffness) 

in those randomized to ISMN 123.8% vs. no ISMN 119.8% (MD 21.19, 95% 

CI 9.08 to 33.31, p = 0.001). In contrast, when adjusted for heart rate there 

was a tendency toward lower Augmentation index (i.e., less arterial stiffness) 

in those randomized to cilostazol 18.7% vs. no cilostazol 20.6% (MD −4.79, 

95% CI −9.72 to 0.15, p = 0.057) and ISMN 16.1% vs. no ISMN 23.5% (MD 
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−4.74, 95% CI −9.78 to 0.30, p = 0.066). No differences in pulse wave 

velocity were seen. 
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Table 33: LACI-1 haemodynamic measures  
Linear regression adjusted for age, baseline SVD score, baseline systolic BP and time to randomisation.  Table courtesy of Dr Jason 
Appleton, as published290. 



237 
 

 

Haematology and Platelet Function Testing 

There were no differences in haemoglobin at week 8 between treatment 

groups (Table 34). Platelet count was slightly higher in those on cilostazol 

286.8 × 109/L vs. no cilostazol 249.1 × 109/L (MD 35.73, 95% CI 2.81 to 

68.66, p = 0.033). No differences were noted in platelet function between 

treatment groups in arachidonic acid (aspirin) or adenosine diphosphate 

(clopidogrel) tests. There was no difference in bruising or bleeding with either 

medication in isolation or combination during the study. 
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Table 34: LACI-1 haematology and platelet function testing  
Linear regression adjusted for age, baseline SVD score and time to randomisation. AA= Arachidonic acid (aspirin) test; ADP= Adenosine 
diphosphate (clopidogrel) test.  Table courtesy of Dr Jason Appleton, as published290.
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Discussion of Trial Results 

 

LACI-1 tested short-term administration of cilostazol and ISMN, alone and in 

combination, in patients with lacunar ischaemic stroke. The drugs and doses 

were well-tolerated and dose escalation was feasible. Most participants, 

including those in the dual drug groups, were taking target, or near to target 

dose, by the end of the treatment period. Symptoms such as headache, 

palpitations, nausea were common both off and on, either or both, trial 

medications, with no evidence of sustained increase in symptoms on target 

dose, or of any difference between groups allocated single or dual drugs. 

There were no drug-related adverse events or bleeding complications, 

despite all participants also taking prescribed antiplatelet drugs. The nitrate 

donor ISMN and the phosphodiesterase 3′ inhibitor cilostazol act on relevant 

target mechanisms65 based on current knowledge of human sporadic SVD11, 

and are licenced agents with established safety profiles. LACI-1 showed that 

both drugs affect systemic haemodynamic function, and may improve 

vasoreactivity in white matter, reduce WML, and improve cognitive 

performance, all of which require confirmation in larger trials. LACI-1 

demonstrates drug tolerability and supports testing of ISMN and cilostazol in 

larger trials with clinical endpoints. 

Data on nitrates in patients with lacunar stroke, or other SVD manifestations, 

are limited251. In the Efficacy of Nitric Oxide in Stroke (ENOS) Trial, seven 

days of GTN improved cognitive test scores at 90 days if started within 6 h of 

acute stroke250, lowered BP and its variability in acute lacunar syndromes, 

and improved early neurological outcome in those with a confirmed acute 

lacunar infarct. NO donors could improve vasoreactivity (which is impaired in 

lacunar stroke109), are neuroprotective and anti-inflammatory65, all relevant 

targets in SVD11. Such effects could explain improvements in WML, 

cognition, systemic haemodynamics and cerebral vasoreactivity suggested in 

LACI-1 and are worth testing in larger trials. Alternatively, the reduction in 

WML seen in some patients could reflect the modest blood pressure 
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reduction seen in the trial, although whether such effects could occur in a few 

weeks is unknown. Data on other vasoactive drugs in SVD are limited. In 

post-hoc analyses, patients who experienced headache soon after starting 

dipyridamole for secondary stroke prevention had fewer recur-rent strokes 

than those without headache291, suggesting that head-ache may be a useful 

indicator of improved cerebrovascular reactivity which may help prevent 

further stroke. 

Trials testing cilostazol for secondary stroke prevention include over 10000 

patients in Korea, Japan or China, but focused on short-term stroke 

prevention after ischaemic stroke56, with limited data on symptoms or 

tolerance rates and only one small study on platelet function292. 

Cilostazol has weak antiplatelet effects and therefore low bleeding risk293. 

Trials testing cilostazol to prevent cognitive decline are ongoing294, and 

routinely prescribed cilostazol was associated with fewer incident dementias 

in a large Taiwanese health data registry, in a ‘dose response’ manner55. 

Short-term cilostazol improved cerebrovascular pulsatility295. There are no 

data on tolerance or stroke prevention in Western populations and limited 

data in peripheral vascular disease296. Differences in SVD prevalence, diet, 

lifestyle and risk factor exposures preclude direct generalisation from Asia-

Pacific to Western populations297. In experimental models, cilostazol 

unblocks endothelial-dysfunction induced oligodendrocyte precursor cell 

maturation, thus improving myelin formation and repair and sustaining 

axons298, re-duces oxidative stress, attenuates microglial activation and WML 

formation254, 299, and improves amyloid-β clearance300. These pleiotropic 

effects would be beneficial if translated to human sporadic SVD, and could 

explain improvements in cognition, cerebrovascular reactivity and reduction 

in WML suggested in LACI-1 and should be tested in future trials. 

 

CVR and Pulsatility 
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Over an eight-week period, treatment with ISMN or cilostazol alone, or any 

drug versus no drug, increased WM but not GM CVR. Effects on pulsatility 

varied: ISMN decreased PI in the vertebral arteries, however cilostazol 

increased superior sagittal sinus PI which could be secondary to cilostazol 

increasing heart rate221. No changes in CSF flow dynamics were detected.  

Prior studies have measured medication effects on resting cerebral blood 

flow (CBF) in similar patient populations. The DANTE study showed no 

change in MRI-measured CBF after antihypertensive medication withdrawal, 

compared to continuing antihypertensives183. The PRESERVE trial showed 

no change in MRI-measured CBF with more vs less intensive BP lowering in 

patients with stroke-related moderate to severe SVD301. Other studies 

assessing medication-induced changes in CVR have utilised transcranial 

Doppler ultrasound of the middle cerebral artery flow velocity: pravastatin, 

atorvastatin, perindopril and vinpocetine have all increased transcranial 

Doppler-measured of vasoreactivity302-306 (Table 37). The changes in CVR 

that we demonstrated were independent of any change in systolic BP 

induced by medication, adding further evidence that changes in blood flow 

and vascular function in older individuals with SVD have a complex 

relationship with BP. We have previously demonstrated stronger associations 

of WM than GM CVR with SVD221. WM may be differentially more impaired in 

SVD and thus more amenable to a detectable pharmacological improvement.  

  





245 
 

Haematology and Peripheral Measures 

We have demonstrated that cilostazol and ISMN in isolation and in 

combination do not influence hemoglobin levels or platelet function in the 

short-term when given in addition to usual secondary stroke prevention 

therapy. Platelet count was significantly higher in those randomized to 

cilostazol. Cilostazol alone and both drugs in combination, reduced Buckberg 

index (subendocardial perfusion), whilst cilostazol increased heart rate. Both 

drugs in isolation may reduce arterial stiffness when adjusted for heart rate. 

Due to its mild antiplatelet effects, cilostazol can uncommonly (≥1/100 to 

<1/10) cause bleeding sufficient to lead to anemia according to the summary 

of product characteristics. Although we have a small population, it is 

reassuring that hemoglobin was stable between treatment groups during the 

trial given that all participants were already on guideline antiplatelet therapy. 

The increase in platelet count seen with cilostazol at 8 weeks needs further 

investigation, especially since thrombocythaemia, is known to occur rarely 

(≥1/10,000 to <1/1,000). The lack of any difference in platelet function 

between the treatment groups is of further reassurance. 

ISMN  is  known  to  lower  BP  and  increase  heart  rate and so can 

commonly lead to postural dizziness (≥1/100 to <1/10) and rarely syncope. 

Cilostazol can increase heart rate and, if co-administered with BP-lowering 

medication, an additive hypotensive effect with reflex tachycardia is reported. 

Neither symptom were apparent across the trial population236. Importantly, 

despite cilostazol increasing heart rate in our population, no significant 

hypotensive effect was seen in combination with participants’ pre-prescribed 

antihypertensives (74% were on antihypertensives at randomization) or 

ISMN. Central haemodynamic data regarding cilostazol and/or ISMN in the 

context of lacunar ischaemic stroke are lacking. Buckberg index is a marker 

of subendocardial perfusion, which is reduced with increased heart rate307. 

Cilostazol and both drugs in combination reduced Buckberg index, which 

may be due to their underlying effects on heart rate, or may reflect that the 

patients allocated to cilostazol were older than those in other allocated 
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groups. ISMN was associated with increased Augmentation index (a marker 

of arterial stiffness) unadjusted for heart rate, but when Augmentation index 

was adjusted for heart rate, cilostazol and ISMN in isolation both non-

significantly reduced arterial stiffness. Given that small vessel stiffness is 

implicated in the pathophysiology of cerebral SVD19), medications that 

reduce arterial stiffness may be of benefit. 

 

Limitations 

LACI-1 limitations include its small size, short-term drug administration and 

limited clinical endpoints. The size limited analysis of whether drug effects 

differed by lacunar clinical syndrome, but could be tested in future trials. We 

used the Trails A and B tests of cognitive function which may be prone to 

practice effects but this will affect all uses of these standard tests. The 

minimisation algorithm was imperfect since there was a baseline imbalance 

in age, reflected in the WML and cognitive scores. The combined drugs were 

better tolerated than expected. There was no formal ‘no drug’ control group 

throughout the trial, although there was the ‘drug-free period’ in the ‘dual 

drug, delayed start’ group. There were no previous data available on initiation 

of both drugs together, therefore for dual administration, we integrated the 

dose escalation usually used for each drug. Slow dose escalation of 

dipyridamole and aspirin did not reduce headache, in comparison with 

standard dose escalation, although may have improved adherence287. Since 

the doses for licenced indications are somewhat arbitrary and wide ranging, it 

is reasonable to think that half dose would have some effect on the target 

mechanisms and can be tested a priori in larger trials. The treatment duration 

was relatively short and so we cannot comment on the longer-term effects of 

these medications on haematological markers or haemodynamics. Patients 

could enter the trial with CT or MRI brain imaging, thus achieving faster 

recruitment at lower expense than just using MRI, while ensuring 

generalisability. We estimate that the trial would have taken eight months 

(50%) longer and cost £85,000 (33%) extra with mandatory MRI. The flexible 
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imaging entry criteria did not allow assessment of causes of lacunar stroke 

such as branch atheromatous disease; this could be assessed in future trials, 

but requirement for detailed MRI might reduce recruitment. 

 

Conclusions 

LACI-1 suggests that patients can be randomised to ISMN and cilostazol in 

addition to guideline secondary stroke prevention including single antiplatelet 

agents. LACI-1 indicates that LACI-2 (ISRCTN14911850), a partial-factorial 

prospective randomised open-label blinded endpoint trial, aiming to 

randomise 400 patients308, should proceed, to assess these medications' 

effects on stroke recurrence, cognitive function, neuropsychiatric symptoms, 

progression of SVD and safety in patients with lacunar stroke, and feasibility 

for large definitive trial. 

We also demonstrated feasibility of advanced cerebrovascular function MRI 

in a clinical trial of stroke and SVD and detected changes in CVR and 

pulsatility that support the positive modification of cerebrovascular function by 

existing medications. Larger studies over longer time periods will assess if 

these improvements translate into clinical benefits. 
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Chapter 5: Multi-centre Study of Cerebrovascular Dysfunction in SVD 

 

This chapter describes a multi-centre study of cerebrovascular dysfunction in 

SVD: the INVESTIGATE-SVDs Study. The chapter describes the rationale 

and design of the study and provides some initial results. Full analysis of the 

study is ongoing with publication anticipated in the latter part of 2022. 

 

Publication status and acknowledgement of contribution 

 

The protocol for the study has been published in a peer reviewed journal: 

Imaging NeuroVascular, Endothelial and STructural Integrity in 

prepAration to TrEat Small Vessel Diseases. The INVESTIGATE-SVDs 

study Protocol. Part of the SVDs@Target Project 

Gordon W. Blair, Michael S. Stringer, Michael J. Thrippleton, Francesca M. 

Chappell, Kirsten Shuler, Iona Hamilton, Daniela Jaime Garcia, Fergus N. 

Doubal, Anna Kopczak, Marco Duering, Michael Ingrisch, Danielle Kerkhofs, 

Julie Staals, Hilde van den Brink, Tine Arts, Walter H Backes, Robert van 

Oostenbrugge, Geert Jan Biessels, Martin Dichgans, Joanna M. Wardlaw 

Cerebral Circulation – Cognition and Behaviour. 2021 Vol. 2 

DOI: https://doi.org/10.1016/j.cccb.2021.100020   

I contributed to the study design and authored the protocol manuscript, both 

for regulatory approvals and publication. I established training for the imaging 

protocol for all sites, set up the study database and data collection forms, 

recruited patients, performed the study visits and analysed data.  

The published author acknowledgements are as below: 
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Gordon W Blair Study design, study set-up, regulatory approvals, site 

training, patient recruitment, care and assessment, data management, 

manuscript preparation.  

Michael J Thrippleton Study design, study set-up, regulatory approvals, 

site training, image acquisition, data management and analysis, manuscript 

preparation. 

Michael Stringer Study design, study set-up, regulatory approvals, site 

training, image acquisition, data management and analysis, manuscript 

preparation. 

Francesca Chappell  Study statistician, study design, data 

management and analysis, revision of manuscript 

Kirsten Schuler Study set-up, regulatory approvals, data management, 

manuscript revision. 

Iona Hamilton MRI set-up, acquisition, data management. 

Daniela Jaime Garcia  Data management, manuscript revision. 

Fergus N Doubal Study design, study set-up, regulatory approvals, site 

training, patient recruitment and care of sporadic SVD patients, data 

management, manuscript preparation. 

Joanna M Wardlaw Study conceptualisation, study design and funding, 

regulatory approvals, study set-up, site training, data management and 

analysis, manuscript preparation, supervision, study guarantor. 

Danielle Kerkhofs  Regulatory approvals, study set-up, participant 

inclusion, data management, manuscript revision. 

Robert van Oostenbrugge Study conceptualisation, Study design, study set-

up, regulatory approvals, inclusion and care of sporadic SVD patients, 

manuscript revision 

Julie Staals Study design, study set-up, regulatory approvals, participant 

inclusion, manuscript revision 
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Walter Backes  MRI protocol set-up and testing, manuscript 

revision 

Anna Kopczak Study design, study set-up, regulatory approvals, 

inclusion and care of CADASIL patients, data management, manuscript 

revision 

Michael Ingrisch MRI protocol set-up and testing, manuscript revision 

Marco Düring Study set-up, inclusion of CADASIL patients, manuscript 

revision 

Martin Dichgans Study conceptualisation, study design, regulatory 

approvals, study set-up, data management, manuscript preparation, 

supervision. 

Geert Jan Biessels Study conceptualisation, study design, manuscript 

revision, supervision 

Hilde van den Brink Study design, manuscript revision 

Tine Arts Study design, manuscript revision 

 

Some preliminary results from were presented at the European Stroke 

Organisation Conference in November 2020. These results form the majority 

of the results section. The abstract references are given below and are 

available at https://doi.org/10.1177%2F1747493020963387 .  

 

Abstract Reference: 00107 / #4011 

Cerebrovascular Reactivity In Sporadic And Monogenetic (CADASIL) 

Small Vessel Diseases. The Investigate-SVDs Multi-Centre Study. 

Gordon W. Blair, Michael S. Stringer, Michael J. Thrippleton, Francesca M. 

Chappell, Kirsten Shuler, Daniela Jaime Garcia, Iona Hamilton, Una Clancy, 

Rosalind Brown, Esther Janssen, Ian Marshall, Fergus N. Doubal, Anna 
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Kopczak, Marco Duering, Michael Ingrisch, Danielle Kerkhofs, Julie Staals, 

Walter H Backes, Robert van Oostenbrugge, Martin Dichgans, Joanna M. 

Wardlaw 

 

Abstract reference: 00106 / #2677 

Imaging Neurovascular, Endothelial and Structural Integrity in 

Preparation to Treat Small Vessel Diseases (INVESTIGATE@SVDs): 

Multicentre Study of Blood Brain barrier Integrity and Cerebrovascular 

Reactivity Associations 

Michael S. Stringer, Gordon W. Blair, Michael J. Thrippleton, Anna Kopczak, 

Danielle Kerkhofs, Francesca M. Chappell, Fergus N. Doubal, Julie Staals, 

Michael Ingrisch, Iona Hamilton, Rosalind Brown, Eleni Sakka, Daniela Jaime 

Garcia, Una Clancy, Marco Duering, Walter H Backes, Ian Marshall, Robert 

van Oostenbrugge, Martin Dichgans, Joanna M. Wardlaw 
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Introduction 

Cerebral small vessel diseases (SVDs) cause a quarter of ischemic strokes, 

and at least 50% of dementia cases, either alone or in mixed dementias1. 

Around 10% of 65-year-old individuals and many 90 year olds exhibit 

manifestations of sporadic SVD10, whilst genetic variants, such as cerebral 

autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL), affect younger individuals. The lack of 

effective treatment options reflects a limited understanding of the disease 

processes1. 

Our overarching concept is that sporadic and genetic SVDs result from 

shared molecular defects in vessel wall-glia constituents, including 

endothelium, pericytes, smooth muscle, basement membrane, extra-cellular 

matrix, microglia, oligodendrocytes and astrocytes1. These defects are 

thought to lead to compromised blood-brain barrier (BBB) function194, 

impaired vasoreactivity221, altered pulsatility213 and perivascular interstitial 

fluid clearance309. The relationship of these dysfunctions to each other, and 

whether they occur at different stages in the pathogenesis of SVD, remains 

unknown, however.  

Hypertension is the major modifiable risk factor for SVD,1 but only explains a 

small proportion of the variance in SVD burden16. Therefore, while there is 

recent evidence that intensive control of BP may reduce SVD progression64, 

the specific relationships of BP to SVD and vascular dysfunctions remain 

unclear. 

The Imaging NeuroVascular, Endothelial and STructural InteGrity in 

prepAration to TrEat Small Vessel Diseases (INVESTIGATE-SVDs) study 

aims to advance our knowledge of SVD pathophysiology by assessing 

several SVD-related cerebrovascular dysfunctions concurrently, and assess 

their relationship to clinical, neuropsychiatric, BP and SVD lesion profiles. 

Multicentre studies are needed to achieve large-enough sample sizes, 

therefore INVESTIGATE-SVDs employs a comprehensive, multi-site, 

quantitative MRI protocol to assess the relationship between BBB integrity, 
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cerebrovascular reactivity (CVR) to CO2, intracranial blood and CSF flow, BP 

and its variability (BPv) and clinical and structural features of SVD, while also 

testing the feasibility of using these techniques at multiple centres.  

We hypothesise that cerebrovascular dysfunction will be most severe in 

patients with the highest burdens of SVD lesions, and that more leakage of 

gadolinium-based contrast agent across the BBB will be associated with 

lower CVR and higher pulsatility. Higher BBB permeability may occur without 

lower CVR if the former occurs at an earlier point in the pathogenesis of SVD 

than the latter. More perivascular space (PVS) visibility on structural imaging 

will correlate with higher BBB leakage, lower CVR and higher vascular 

pulsatility. More variable BP will be associated with higher BBB permeability 

and lower CVR, and this effect will be greater than the effect of elevated BP 

levels alone.  

INVESTIGATE-SVDs is part of the SVDs@Target EU Horizon 2020 project 

and is designed in collaboration with both the TREAT-SVDs study assessing 

the effects of three antihypertensive medications on CVR and blood pressure 

variability in SVD and the ZOOM-SVDs study assessing SVDs and vascular 

dysfunction using 7 Tesla MRI.   

Greater understanding of cerebrovascular dysfunctions will help identify new 

treatment targets for SVD-associated strokes and dementias and establish 

reliable intermediary outcomes for use in trials to test their efficacy.  
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Methods 

Study Design 

INVESTIGATE-SVDs is a multi-centre, cross-sectional, observational study. 

Participants with SVDs were recruited from stroke and specialist genetic 

SVDs clinics in three centres (Edinburgh, Munich, Maastricht). There was 

also an option to recruit patients presenting with vascular cognitive 

impairment. Participants attended for two visits over an eight-day period and 

underwent clinical, cognitive, physiological and brain imaging assessments 

(Figure 29). Telemetric BP was performed between the two visits. Patients 

who had travelled longer distances to the specialist genetic SVDs clinic in 

Munich attended their visits on two consecutive days and then undertook the 

period of telemetric BP monitoring. 



255 
 

 

Figure 29: INVESTIGATE-SVDs Protocol and Multi-modal Imaging 
A – Study Flowchart. B – Example output of quantitative brain imaging parameters.  Top row shows FLAIR image with 
corresponding voxelwise maps of BBB PS, vp and CVR parameters. Brighter colours indicate higher parameter values. Bottom 
row shows flow curves across the cardiac cycle of blood in the internal carotid artery, superior sagittal sinus and CSF motion 
at the foramen magnum. FLAIR = Fluid Attenuated Inversion Recovery; PS = permeability-surface area product ; vp = plasma 
volume ; CVR = cerebrovascular reactivity magnitude (%/mmHg change in end-tidal CO2) ; CVR delay (seconds).   
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Objectives  

(i) To assess BBB integrity and the relationship to CVR, pulsatility 

and CSF flow in a range of severities of sporadic and monogenic 

SVDs 

(ii) To identify factors that contribute to the malfunction of BBB, CVR, 

pulsatility and CSF flow such as BP and its variability, as potential 

therapeutic targets  

(iii) To establish associations between BBB malfunction, CVR, 

pulsatility and CSF flow and the profile of brain parenchymal 

lesions in different SVDs  

(iv) To test feasibility of a multisite protocol to measure the different 

cerebrovascular dysfunctions contemporaneously on MRI 

(v) To derive data to provide reliable intermediary outcome measures 

to estimate sample sizes for future randomised clinical trials. 

 

Patient Population 

We recruited patients with ‘symptomatic SVD’ defined as one of: 

a. a clinical lacunar stroke in the last 5 years with evidence of a 

recent small subcortical infarct (RSSI)12 visible on MRI or CT 

scan compatible with the clinical syndrome at the time of stroke 

presentation.  

b. a diagnosis of CADASIL  

c. the potential to recruit participants with vascular cognitive 

impairment with SVD was included in the protocol, however 

none were recruited during the study 

Table 38 lists the full inclusion and exclusion criteria. We aimed to include 45 

participants with sporadic SVD and 30 participants with CADASIL.  

 

Ethical Approvals 
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Each centre obtained research ethics approvals locally (Edinburgh – South 

East Scotland Research Ethics Committee, Reference 16/SS/0123; 

Maastricht- Medical Ethical Committee of Maastricht University Medical 

Centre, Reference 16-2044; Munich – Ethics Committee of the LMU Munich, 

Reference 658-16). INVESTIGATE-SVDs is registered (ISRCTN: 10514229). 

 

Informed Consent 

All participants give written informed consent prior to inclusion in the study.  

 

Funding 

Main study funding was via European Union Horizon 2020 (project No 

666881, ‘SVDs@Target’). Additional support was provided by the following 

funders: The Stroke Association Princess Margaret Research Development 

Fellowship scheme (GWB), Alzheimer’s Society (Ref: 252(AS-PG-14-033), 

GWB), the Stroke Association Garfield Weston Foundation Senior Clinical 

Lectureship (FND), NHS Research Scotland (FND), NHS Lothian Research 

and Development Office (MJT), the Scottish Funding Council through the 

Scottish Imaging Network, A Platform for Scientific Excellence (SINAPSE) 

Collaboration. Funding is gratefully acknowledged from the Fondation 

Leducq (ref no. 16 CVD 05), Edinburgh and Lothians Health Foundation and 

the MRC UK Dementia Research Institute (funded by the MRC, Alzheimer’s 

Society and Alzheimer’s Research UK). Further support is provided by the 

Vascular Dementia Research Foundation and the German Research 

Foundation (DFG) as part of the Munich Cluster for Systems Neurology (EXC 

2145 SyNergy). 
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Study Assessments 

Clinical 

Participants were assessed for details of their SVD subtype, including date of 

diagnosis, presenting symptoms and relevant investigations. Details of 

vascular risk factors, other medical history and medication history were 

recorded. Participants BP, heart rate, respiratory rate, oxygen saturations, 

height and weight were measured at baseline. Additionally, participants with 

an inclusion illness of stroke had a National Institute of Health Stroke Scale 

(NIHSS) examination. 

 

Cognitive 

All participants underwent cognitive testing, in their first language, with the 

Consortium to Establish a Disease Registry for Alzheimer’s Disease Plus 

battery (CERAD+). This comprises the following tests: verbal fluency 

(number of animal names generated within 60 seconds), Boston Naming 

Test (naming of 15 items presented as pictures), Mini-Mental State Exam 

(MMSE), word list learning (memorising a list of 10 words presented in three 

consecutive trials), constructional praxis (copying of four geometric figures), 

word list delayed recall (recalling the 10 words of the word list after 30 

minutes), word list recognition (recognition of the 10 words of the word list 

among distracters), and constructional praxis delayed recall (redrawing the 

four geometric figures after 30 minutes). In addition to the CERAD+ the 

following tests were performed: the Trail Making Test A and B timed 

(connecting 25 targets in a sequential order as numbers (TMT-A) and 

alternating between numbers and letters (TMT-B) with recording of time 

taken to complete each test), phonemic fluency (number of words beginning 

with the letter ‘s’ generated within 60 s), digit span, forward and back, 

National Adult Reading Test (estimates peak adult cognitive ability), Montreal 

Cognitive Assessment (MoCA) and Centre for Epidemiologic Studies 
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Depression Scale (CES-D). Educational attainment (highest level, years of 

education) was also recorded. 

The tests were performed in the fixed order described above to ensure 

standardisation across sites. The individual test results will be standardised 

into z-scores based on the average score and standard deviation. The 

individual tests are then grouped into cognitive domains (executive function, 

language, memory, visuo-spatial, attention and processing speed) with the z-

scores of the individual tests averaged to give a domain z-score. 

 

Telemetric BP 

Participants underwent BP monitoring for up to seven days using a telemetric 

device, starting at the first study visit. BP monitoring was performed at home. 

The device (Tel-O-Graph® GSM Plus) has been validated according to the 

European standard ISO 81060-2:2009 and is graded A/A by the British 

Hypertension Society. Data were transferred via mobile phone networks 

anonymously to a central database for analysis. Participants were asked to 

measure their BP at the same three time points each day (after waking, 

middle of the day, before bed), and to take at least two consecutive readings 

at each timepoint.  

 

Electronic data recording 

All clinical and cognitive data and study procedures were recorded in a 

secure, password-protected anonymised proprietary electronic case record 

form (Castor EDC, Amsterdam, The Netherlands).  

 

Brain Imaging 

All sites used a Siemens Prisma 3T MRI scanner, with the exception of the 

first 3 participants in Munich who were scanned on a Siemens Skyra 3T MRI 
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scanner. At Edinburgh and Maastricht, participants were scanned with a 32-

channel head coil except for the phase contrast scans of the carotids and 

subarachnoid CSF which used a 20-channel head/neck coil. At Munich, all 

scans were acquired using a 64-channel head/neck coil except for the CVR 

scan where a 20-channel head/neck and 32-channel head coil was used for 

scans on the Skyra and Prisma respectively. Total imaging time was around 

90 minutes, with variation due to the pulsatility sequences being pulse gated.  

 

Training 

All sites are experienced in neuroimaging of patients with SVD. Nonetheless, 

all sites received in person training in the cerebrovascular function MRI 

procedures, to ensure consistent performance of MRI and ancillary 

procedures such as CO2 administration. I organised and delivered two in 

person training events, each held over two days, in Edinburgh. Training 

included set-up of the CVR monitoring equipment, application of the CVR 

breathing circuit to patients and how to test for adequate mask seal, how to 

manage and observe a participant during a CVR scan, conduct of a CVR 

scan including demonstration with a healthy volunteer, how to perform the 

phase-contrast scans, how to set-up gadolinium infusions and how to 

perform the DCE-MRI scans. During the visit staff from other sites had 

opportunities to practice using the equipment with direct supervision and 

feedback. An imaging manual was also available for all sites for reference 

when scanning participants, and other sites could contact the Edinburgh site 

in event of any problems with scanning. 

 

Imaging Parameters and Methods 

All the imaging sequences utilised and described below had been used in 

previous studies in one of the three centres prior to INVESTIGATE-SVDs, 

and consequently had already undergone refinement and streamlining in 

previous studies. The final imaging protocol was agreed after piloting and 
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minor adaptations to further facilitate implementation on the participating 

scanners, to reduce scan duration and increase participant comfort. The 

sequences were tested on phantoms and volunteers (excluding iv injections) 

during set up and regularly thereafter to ensure scanner stability throughout 

the study.  Image data transfer methods were tested, and image quality 

assessed, prior to scanning the first participants.  

 

Structural Imaging 

3D structural imaging sequences included the structural sequences required 

for assessment of SVD and generation of tissue masks for quantitative 

analysis 12. These are T1-weighted (T1w), T2-weighted (T2w), fluid-

attenuated inversion recovery (FLAIR), and susceptibility-weighted imaging 

(SWI). Full parameters are given in Table 39.  
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Diffusion imaging  

Multi-shell diffusion imaging with optimal angular coverage was obtained 

using a simultaneous multi-slice single-shot spin-echo echo planar-imaging 

sequence. An additional 3 b0 volumes were obtained with reversed phase 

encoding direction to facilitate correction of geometric distortions. 

 

CVR imaging 

CVR was assessed using BOLD MRI with CO2 challenge as published and 

described in previous chapters203, 221. A multi-slice single-shot gradient echo 

echo planar-imaging sequence (2.5-mm isotropic resolution) covering the 

entire brain acquired images every 3 s during a 12-minute breathing 

paradigm (alternating 2 minutes of medical air and 3 minutes of breathing 6% 

CO2)203. As in the previous studies all sites had a physician present during 

CVR scans to monitor the procedure.  

 

Phase-contrast MRI 

Phase contrast pulsatility imaging was performed as described previously in 

chapters 3 and 4 with a 2-dimensional cine phase-contrast pulse sequence 

with retrospective peripheral gating213. Again flow and pulsatility were 

assessed in (a) internal carotid arteries, vertebral arteries and internal jugular 

veins; (b) the straight, transverse and superior sagittal venous sinuses; (c) 

CSF flow through the cerebral aqueduct; (d) CSF flow through the cervical 

subarachnoid space at the foramen magnum.  

 

Quantitative T1 measurement 

As a quantitative marker of tissue integrity and for quantitative analysis of 

DCE-MRI, T1 and flip angle are measured using the DESPOT1-HIFI method 

(1.2-mm isotropic resolution) 310, 311. 
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Dynamic contrast-enhanced MRI 

BBB leakage was assessed using DCE-MRI103, 195. Participants were 

cannulated and given an intravenous bolus injection of Gadobuterol 

(Gadovist, Bayer, Germany) at 0.1 mmol/kg body weight (usual clinical dose). 

Injection time and delivery rate were determined based on participant weight 

to begin contrast delivery 130s after starting the scan following acquisition of 

3 pre-contrast volumes. Contrast delivery was followed by a saline injection 

at the same rate to deliver the remaining contrast volume. Participants were 

scanned using a T1-weighted spoiled gradient echo sequence (2-mm 

isotropic resolution, 40s temporal resolution) for 21 minutes. Figure 29 gives 

example quantitative data. 

 

Image Analysis 

MRI data were anonymised locally and transferred to the Brain Research 

Imaging Centre, University of Edinburgh, in DICOM or NIFTI formats for 

quality checking and analysis. A scan housekeeping system (SMARTIS, 

https://www.ed.ac.uk/clinical-sciences/edinburgh-imaging/research/services-

and-collaboration/smartis) facilitated efficient electronic scan transfer while 

accurately tracking scan completeness and distributing different sequences 

to different platforms for image analysis. 

All image analysis was performed by an analyst not involved in the clinical 

assessments, and blind to all other data, using established protocols. 

Structural images were analysed to measure intracranial volume, whole brain 

volume, grey matter, white matter and white matter hyperintensity (WMH) 

volumes using established semi-automatic, multispectral bias field corrected, 

validated methods (MCMxxxVI (1936) Multispectral Colour Modulation and 

Variance Identification)312. Stroke lesions, including index lacunar stroke and 

incidental old stroke lesions, were removed by manual segmentation. 

Visual scores for WMH, index and old infarcts, PVS, microbleeds and brain 

atrophy were performed using validated scores12, 280, 313 on a radiological 
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quality image viewing platform (Carestream Health Inc, Rochester, United 

States) by a trained observer and checked by an experienced 

neuroradiologist.  

T1 maps were generated from DESPOT1-HIFI images as previously 

described311. BBB leakage and CVR were assessed in brain tissue regions 

(subcortical grey, normal appearing white matter and WMH). Parallel 

analyses were conducted using manually defined regions sampling 

representative areas of subcortical grey and white matter, as used in the 

work in chapters 3 and 4, building on previous work203 and also a 

computational segmentation approach examining NAWM, WMH and deep 

grey matter. The computationally defined tissues were eroded by one voxel 

(2.5mm) to minimise partial volume effect and a dilated ventricle mask was 

applied to exclude contamination from signal from periventricular vessels and 

ventricular CSF. 

BBB leakage is estimated as the permeability-surface area product (PS) by 

fitting concentration-time curves to the Patlak pharmacokinetic model in line 

with recent recommendations103 and as described in195. BBB-leakage will be 

assessed using the computational tissue segmentations. 

CVR magnitude is calculated by regression of the percentage signal change 

(ΔS/S0) to the ETCO2 response, which will be time-shifted to maximise the 

cross-correlation in each voxel or region as previously described203.  

Blood and CSF flow and pulsatility variables will be determined from phase-

contrast velocity images as described previously in Chapter 3213. 

 

Outcomes 

The full list of outcomes from the study is given below. This thesis is 

assessing the initial results of the study only. Reporting of results in this 

thesis will be limited to the clinical and demographic data of the participants, 

the imaging completion rates, CVR, pulsatility and BBB permeability values 
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obtained and an initial assessment of the differences in these values 

between sporadic and CADASIL participants.  

 

Primary Outcomes: 

1. CVR in white matter, deep grey matter and WMH  

2. BBB leakage rate (PS) in normal-appearing white matter, 

cortical and deep grey matter and WMH  

3. Arterial and venous pulsatility and CSF flow. 

 

Secondary Outcomes: 

1. Structural markers of SVD – WMH, enlarged PVS, lacunes, 

microbleeds, individually and by SVD score. 

2. PVS score, count, and volume assessed using validated 

methods 

3. Diffusion tensor imaging metrics of microstructural integrity 

4. BP parameters (peak systolic, mean, diastolic arterial 

pressures, pulse pressures, and variability) 

5. Systemic measures of vascular stiffness derived from the 

telemetric BP readings 

6. Immune cell activity and cerebral endothelial function. 

7. Feasibility of performing complex MRI to assess 

cerebrovascular function at several sites in one study. 

 

Blinding 

All clinical including cognitive and neuropsychological assessments were 

performed blind to neuroimaging and BP findings and vice versa.  
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Sample Size and Statistical Analysis 

Sample size estimate was based on BBB PS of 3.8±1.7x10-4min-1 in WMH 

and 2.9±1.65x10-4min-1 in white matter as observed recently195: a sample of 

65 patients would have 80% power (α=0.05) to detect a difference in PS of 

1±1.6x10-4min-1 in subcortical tissues between patients with low and high 

WMH scores. BBB PS signal is of lower magnitude than the range of signals 

derived from CVR, hence a power calculation based on CVR would 

underestimate the sample required for the BBB PS analyses.  

In this thesis only initial results are presented. Full analysis will be based on 

the following basis.  

Primary analysis will be of all participants, with pre-specified sensitivity 

analyses on the following variables: sporadic vs monogenic SVDs, by low vs. 

high SVD burden score, between hypertensive and normotensive patients, 

and by mode of presentation (cognitive vs. stroke). We aimed to include 75 

patients in order to allow for drop-outs and anticipating 10% image data 

failures. 

The primary analysis will use linear regression modelling, testing whether 

BBB leakage varies with vasoreactivity to CO2. We will also assess whether 

BBB leakage varies with measures of cerebral and systemic vascular 

compliance, severity of SVD features (WMH, PVS, total burden score) and 

averaged BP parameters recorded over the week prior to MRI. BP analysis 

will use the second reading at each time point and BP variability will be 

defined as the co-efficient of variation.  

We will also test whether CVR to CO2 varies with measures of cerebral and 

systemic vascular compliance and averaged BP parameters recorded over 

one week, and with SVD features. 

All analyses will be adjusted for key covariates including age, hypertension 

diagnosis, smoker status, WMH volume and SVD type. We will also analyse 

the association of cognitive test scores with vascular dysfunctions, SVD 

lesions and SVD type.  
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We considered including site as a covariate, however as all CADASIL 

participants were recruited at one site this would cause problems of 

collinearity.  

The statistical analyses presented in this thesis were performed using SAS 

9.4 and R 3.6.2. Univariate differences are presented and then multiple 

regression analyses correcting for age, systolic blood pressure and smoking 

status. Correction for WMH volume was not possible due to collinearity with 

disease type.  
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artefact on their DCE scans, two participants had poor quality data after 

image processing that appeared to be a technical failure, one participant 

stopped all scans due to claustrophobia, one participant could not tolerate 

lying for long scans, intravenous access could not be obtained in one 

participant and there was an error with the injection protocol in one 

participant. Figure 30 provides a flow chart of imaging completions. 
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Figure 30: INVESTIGATE-SVDs imaging completion flowcharts 
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Imaging metrics across sites 

SVD Imaging Lesions – Visual ratings 

SVD imaging lesions were common, as expected (Table 41 and Figure 31). 

More severe SVD lesions were seen in patients recruited in Munich 

(CADASIL) compared to those in Edinburgh and Maastricht (Sporadic). 

Median total Fazekas score was 3 in Edinburgh and Maastricht versus 6 in 

Munich; median basal ganglia PVS score was 2 in Edinburgh and Maastricht 

versus 3 in Munich; median centrum semiovale PVS score was 2 in 

Edinburgh versus 3 in Maastricht and Munich; median number of lacunes 

was 2 in Edinburgh versus 1 in Maastricht and 5 or greater in Munich; 

median number of microbleeds was 0 in Edinburgh and Maastricht verus 1 in 

Munich but with 37.5% of Munich participants having more than 5 

microbleeds.  
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Figure 31: INVESTIGATE-SVDs lesion visual rating scores by site 
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Figure 33: INVESTIGATE-SVDs normalised WMH volume by site 
 

CVR Values 

Mean CVR magnitude values in WMH and NAWM in Maastricht were higher 

than those in Edinburgh which in turn were higher than the mean values in 

Munich (Table 43 and Figure 34). Deep grey matter CVR magnitude was 

highest in Maastricht followed by Munich then Edinburgh. CVR delay values 

were broadly similar in NAWM at all sites. Deep grey matter delay was longer 

in Munich whilst WMH delay values were longer in Maastricht.  
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Figure 37: INVESTIGATE-SVDs SVD lesions by disease type
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Figure 38: INVESTIGATE-SVDs tissue volumes by disease type 
Top panel: ICV, brain volume and WMH volume in ml. Bottom panel: WMH 
volume normalised to ICV. 
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Figure 39: INVESTIGATE-SVDs blood pressure by disease type 
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Figure 40: INVESTIGATE-SVDs CVR values by disease type 
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Figure 41: INVESTIGATE-SVDs pulsatility values by disease type 
 

  







293 
 

Outcome variable SSS PI. 
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Discussion 

Discussion of Study Design  

The INVESTIGATE-SVDs study featured unique approaches to advance the 

understanding of key pathogenic roles of dynamic cerebral vascular 

dysfunctions in both sporadic and monogenic SVDs. 

 

Different SVD presentations 

Most studies of SVD focus on a single sporadic or monogenic phenotype, 

making direct comparisons in the literature between these populations very 

difficult. INVESTIGATE-SVDs studied participants who presented with stroke 

presentations of sporadic SVD or the CADASIL monogenetic variant of SVD. 

Vascular cognitive impairment participants could also have been included, 

however identification of participants proved difficult due to the recruiting 

clinicians not being directly involved in a memory clinic. 

We anticipated the differing age, risk factor profiles and disease burden 

between sporadic and CADASIL participants would make interpretation 

challenging, however direct comparison of the two conditions comes with the 

potential benefit of improved understanding of cerebrovascular dysfunction in 

both conditions and identifying new targets for treatment.  

We discussed including a healthy control group at some length, but felt on 

balance that such a group would not aid the interpretation of results beyond 

data already available given the expected differences in risk factor profiles, 

vasoactive medications and SVD burden. It was also difficult to justify 

ethically intravenous injection of gadolinium contrast in healthy subjects. 

However, volunteers and specific test phantoms are scanned with the study 

sequences without gadolinium or CO2 at regular intervals throughout the 

project to monitor MRI stability and minimise between-scanner differences.  

Instead, we focussed on variation in cerebrovascular function with disease 

type in the results presented in this thesis and plan further analysis based on 
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differences in SVD burden, BP, and associations between different 

cerebrovascular dysfunctions. Investigation of the feasibility of multicentre 

studies in SVD using complex MRI, while monitoring MRI stability with 

volunteer and phantom data was another key objective.  

We also considered including patients with intracerebral haemorrhage 

presentations of SVD however we felt this would make the patient population 

too heterogenous and would present image analysis difficulties due to large 

residual haemorrhagic lesions. 

 

Multisite approach 

Most advanced neuroimaging studies, particularly those testing dynamic 

cerebrovascular functions, occur in a single specialist centre using a single 

MRI scanner. INVESTIGATE-SVDs performed a complex neuroimaging 

study across three specialist centres.  

To enable this, we established face-to-face training for all study sites, based 

on several years of experience in one site, to ensure all sites performed the 

imaging procedures accurately and consistently. We established a 

programme of test scans prior to study commencement, coupled with an 

ongoing programme of regular quality assurance phantom and volunteer 

scanning. The lead image processing site (Edinburgh) reviewed all imaging 

data after upload, which enabled errors to be identified early and rectified. 

Additionally, all sites had access to expert help when acquiring scans and 

regular teleconferences and in person meetings were used to reiterate key 

points of the techniques.  

INVESTIGATE-SVDs aimed to establish the feasibility of multisite scanning, 

including imaging success rates, both in terms of patients completing a long 

scanning paradigm involving breathing apparatus, and obtaining technically 

complete and analysable data across different scanners with different staff. 

Multisite studies allow a larger sample than in any individual centre, helping 
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rectify one of the biggest criticisms of complex imaging studies which are 

typically performed in relatively small cohorts.  

 

Multimodal imaging in single session 

The combination of CVR, BBB permeability, phase contrast flow and 

pulsatility, diffusion imaging and high-resolution structural imaging provides 

an extensive dataset of neurovascular integrity and function, perhaps the 

most comprehensive obtained in a single imaging session to date. Only a few 

studies have utilised multimodal cerebrovascular function imaging213, 221, 314 

and none have used the combination we propose.  

Aside from the technical challenges, the time to obtain the images presents a 

challenge to participants. Prioritising participant comfort in the scanner was 

key to success. This included allowing participants to trial breathing 

equipment prior to the scan and keeping them well informed of what to 

expect during each scan segment. Prioritising the order of scanning was also 

important – more uncomfortable and movement sensitive scans such as the 

CVR were performed early, before the patient fatigued. Incorporating breaks 

into the scanning paradigm (e.g. comfort breaks and breaks to allow 

participants to move between sequences) helped prevent fatigue and 

ensured participants know they need to lie still only for short segments. 

Whilst this adds additional scan time for re-localisation, we find this a worthy 

investment in terms of scan completion and image quality.  

In terms of knowledge regarding advanced vascular function imaging prior to 

the INVESTIGATE-SVDs study, CVR had been shown to be reduced in 

patients with sporadic SVD133, 221 and CADASIL315. One study suggested 

CVR impairment preceded SVD lesion development191. In CADASIL, higher 

disease burden and peripheral and carotid vascular dysfunction were 

associated with impaired CVR315. In sporadic SVD, CVR impairment was 

associated with more pulsatile venous sinus blood flow and abnormal CSF 

flow213, 221. However there was heterogeneity in the methods and results101. 
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Studies of CVR and SVD have typically been performed in a single centre 

and reproducibility between sites and different scanners remains unknown100, 

101.  

Increased BBB permeability occurred in patients with lacunar stroke316, 

WMH226, 317, 318 and vascular cognitive impairment319.  High field MRI had 

suggested that BBB permeability increases with age, declining cognitive 

function320, pericyte dysfunction197, and interstitial fluid accumulation in older 

subjects with cognitive decline321.However BBB permeability measurement 

and analysis measures varied, with some being potentially unreliable103. 

INVESTIGATE-SVDs used consensus recommendations to standardise BBB 

imaging103, with the test-retest reproducibility of this approach having been 

assessed322.  

 

BP and BP variability 

INVESTIGATE-SVDs used telemetric BP devices to monitor participants’ BP 

over one week of normal activities around the MRI. As well as BP, the 

devices assessed arterial stiffness by measuring the pulse waveform and 

pulse wave velocity. Data will therefore is available for standard BP metrics 

(systolic, diastolic, mean arterial pressure and pulse pressure) with additional 

data on BPv, augmentation index, central BP and pulse wave velocity. The 

longer-term monitoring of participants’ BP and arterial stiffness 

characteristics provides a profile of participants BP during their normal 

activities and will allow us to test previous findings based on one-off clinic BP 

readings and examine whether BP on its own, BPv, or arterial stiffness have 

the strongest associations with SVD features.    
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Discussion of Initial Results 

We successfully implemented the study protocol in three sites and recruited 

45 sporadic SVD participants and 32 CADASIL participants. Imaging 

completion rates were high, proving the feasibility of using a complex imaging 

protocol that is both challenging for the participants and technically 

challenging for the imaging centres.  

CADASIL participants were younger. Blood pressure and blood pressure 

variability were higher in sporadic participants and the presence of vascular 

risk factors was more common in sporadic than CADASIL participants.  

There were differences between the imaging metrics obtained across the 

sites, however this appears attributable to all the CADASIL participants being 

recruited in one centre (Munich) and that centre not recruiting any sporadic 

participants.  

As expected SVD lesions in CADASIL participants were more severe than 

sporadic participants. CADASIL participants had lower CVR magnitude 

values despite being younger and having lower blood pressure. Vertebral 

artery pulsatility appeared higher in CADASIL participants however venous 

sinus pulsatility was higher in sporadic SVD participants. BBB permeability 

appeared higher at the sites recruiting sporadic participants.  

Multi-variable regression controlling for age, systolic blood pressure and 

smoking status confirmed lower NAWM CVR in CADASIL participants and 

higher NAWM BBB permeability in sporadic SVD, however the differences in 

pulsatility appeared related to age rather than disease type.  

The sporadic SVD results are similar to those seen in the prior single centre 

observational and interventional studies221, 323 (Chapters 3 and 4). A variety 

of studies have assessed CVR in CADASIL but none with a comparable 

method or CVR calculation to that used in this study. This makes direct 

comparison of our CVR values difficult. Grey matter CVR has been seen to 

be higher than subcortical CVR in CADASIL previously315 similar to our 
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findings. Similarly there are no studies directly comparing cerebrovascular 

function measures between CADASIL and sporadic SVD participants.  

Several small studies have assessed CVR, pulsatility and BBB permeability 

in people with CADASIL. Phase contrast MR of whole brain blood flow 

response to acetazolamide in 25 participants with CADASIL demonstrated 

lower CVR at baseline was associated with greater increase in WMH but not 

increase in lacunes or microbleeds at follow up324. Blood flow change to 

acetazolamide assessed with quantitative SPECT in 8 CADASIL participants 

correlated with peripheral arterial tonometry measured reactive hyperaemia, 

with CADASIL participants having lower peripheral vasoreactivity compared 

to healthy controls325. In 22 CADASIL participants ASL measured cerebral 

blood flow response to CO2 was reduced in CADASIL participants with more 

than 5 lacunes and those with physical disability, depressive symptoms and 

delayed processing speed315. Impaired CVR correlated with impaired 

peripheral flow mediated dilatation315. One study showed no difference in 

CVR measured by phase contrast MRI total cerebral blood flow response to 

acetazolamide but did demonstrate lower CBF in CADASIL participants326. 

Additionally, in a different monogenetic leukoencephalopathy, 21 participants 

with Trex-1 mutation associated retinal vasculopathy with cerebral 

leukoencephalopathy dual-echo ASL response to hypercapnia CVR was 

decreased in grey and white matter compared to control with this being most 

noticeable in participants aged over 40. Younger participants only showed 

reduced CVR in white matter327.  

Less is known about MRI measured BBB permeability in CADASIL but one 

study compared quantitative susceptibility mapping for iron deposition and 

dynamic contrast enhanced MRI for BBB permeability in 21 participants with 

NOTCH3 mutations, 10 being symptomatic and 11 being asymptomatic328. 

Higher iron deposition was seen in the symptomatic group in the centrum 

semiovale, putamen, caudate and temporal pole and this correlated with 

higher BBB permeability and lower MoCA scores328.  
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The results presented here are only a preliminary analysis with more detailed 

analysis and preparation of publication in progress.  

 

Limitations 

Whilst large in terms of complex imaging studies our sample size remains a 

limitation of the study, and limits the number of potentially confounding 

variables that can be controlled for in statistical analyses. The practical 

necessity of recruiting CADASIL participants from only one centre also 

means it is difficult to be certain there is not an effect of site on the observed 

differences, however the differences observed are plausible given the 

differences in SVD lesion burden. Extensive quality assurance data from 

phantom scanning and test datasets is being analysed to increase 

confidence that the differences are not due to technical issues with the 

scanning data or post-processing. The cross-sectional design of the study 

makes it difficult to unpick the pathway of SVD pathophysiology but provides 

a starting point for understanding which cerebrovascular dysfunctions are 

present and the expected effect sizes. 

 

Strengths 

The study is one of the largest multi-centre, multi-modal studies of complex 

cerebrovascular function imaging. The standardised protocol, standardised 

training of staff in the scanning techniques and the quality assurance 

processes to assess for differences between sites improves confidence that 

the results are comparable between sites. Centralised image processing 

again minimises the chances that the observed differences are due to 

technical factors. Recruiting both sporadic SVD and CADASIL participants is 

relatively unusual in SVD studies but offers an opportunity to assess which 

dysfunctions are present across both conditions and therefore what 

knowledge may translate from CADASIL research to sporadic SVD research.  
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Conclusions 

Complex multi-site imaging studies are feasible in SVD research. Despite 

differences in risk factors some cerebrovascular dysfunctions appear 

common to both sporadic and genetic SVDs. Longitudinal studies will 

delineate the pathway these dysfunctions occur over and help understand 

how cerebrovascular dysfunctions progress to tissue damage and clinical 

disease manifestations.  
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Chapter 6: General Discussion 

 

Discussion 

My thesis set out to investigate the role of microvascular dysfunction in 

cerebral small vessel disease. I have summarised the literature, investigated 

the feasibility of vascular function imaging techniques, established the use of 

these techniques in patient populations and utilised the techniques in 

increasingly complex studies starting with a single centre observational study 

and then proceeding to single centre clinical trial and a multi-centre 

observational study.  

Systematically reviewing the literature prior to the start of this thesis, I 

showed that CVR had only been utilised in a small number of studies of SVD, 

most of which had very small sample sizes101, 133. There was considerable 

heterogeneity in how CVR techniques were applied in terms of vasoactive 

stimulus, imaging method and processing of the imaging data to calculate 

CVR101, 133. From the small literature in existence there were differing results 

regarding the effects of key demographic variables and vascular risk factors 

on CVR metrics, and the associations of small vessel disease clinical and 

radiological features with CVR101, 133. There was however a suggestion of 

impairment of CVR in association with SVD and even that impaired CVR may 

precede the development of WMH. The assessment of other cerebrovascular 

dysfunctions in SVD with advanced imaging techniques had similar findings 

of methodological heterogeneity and variable associations with SVD133. 

Cerebrovascular dysfunctions were typically studied in isolation and studies 

rarely controlled for important confounding variables101, 133.  

The single centre observational study assessed a number of technical points 

regarding CVR imaging203. We investigated using different CO2 

concentrations and established that whilst there was little difference in CVR 

values and tolerability between a 4% and 6% CO2 stimulus the 6% produced 

a greater change in CO2 and MR signal, making the processing and 
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calculation of CVR data easier203. We also assessed differences between 

1.5T and 3T MRI in assessing CVR, showing that CVR values are similar at 

both field strengths with smaller variance at 3T222. 1.5T scanning is therefore 

feasible but where available 3T comes with the advantage of a higher spatial 

resolution allowing more precise tissue definition.   

In the single centre observational study impaired CVR was seen in 

association with higher systolic blood pressure221. There was a trend towards 

reduced CVR with age, with this finding likely not reaching statistical 

significance due to a quirk of the study design, where using minor ischaemic 

stroke as the main inclusion criterion lead to recruitment of relatively 

unhealthy younger participants, versus relatively healthy older participants. 

After controlling for age, systolic blood pressure and sex, impaired white 

matter CVR was associated with higher WMH volume, higher periventricular 

Fazekas score and higher basal ganglia perivascular space score221. 

Impaired white matter CVR was also associated with higher superior sagittal 

sinus pulsatility index and lower CSF flow at the foramen magnum. Lower 

CSF flow was also associated with higher perivascular space score221.  

I then proceeded to a clinical trial of cilostazol and isosorbide mononitrate to 

assess if these medications can improve vascular dysfunction.  

The systematic review and meta-analysis showed that cilostazol has 

preventive effects on stroke recurrence56 with suggestion this benefit may be 

greater in trials with large proportions of lacunar ischaemic stroke patients 

and with greater stroke prevention at later time points, again supportive of 

greater effects in lacunar stroke56. Cilostazol’s effects on cognition and 

imaging progression of SVD were unclear56. 

The LACI-1 trial showed dose escalation regimes of cilostazol and isosorbide 

mononitrate were feasible, with acceptable tolerability, with most participants 

taking target or near target doses at the end of the treatment period236. There 

was no evidence of increased bleeding events taking these medications in 

addition to standard post-stroke secondary prevention236, 290. These short-

term results from LACI-1 Trial established drug protocols and follow up 
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procedures, and provided data regarding tolerability and compliance236 that 

informed the now ongoing larger, long term, LACI-2 trial308, testing harder 

clinical endpoints including stroke recurrence, incident cognitive impairment 

and dementia and radiological progression of SVD308.  

LACI-1 produced results regarding the effects of cilostazol and isosorbide 

mononitrate on CVR and intracranial pulsatility323. We demonstrated 

technical feasibility of follow up imaging of CVR and the techniques required 

to analyse this data, ensuring CVR is measured in the same tissue across 

different visits323. The sample was small, but CVR appeared modifiable with 

medication intervention323. Effects on pulsatility were less clear, possibly 

indicating the need for a larger sample size or longer treatment period to 

detect changes. 

Establishing and expanding the suite of imaging assessments in a multi-

centre study (INVESTIGATE-SVDs) was the next step329. This allowed larger 

sample sizes and inclusion of one site specialising in the monogenetic SVD 

CADASIL. CVR, cerebral pulsatility and BBB permeability scans were 

performed in addition to detailed structural and DTI imaging. The suite of 

imaging techniques could be performed across multiple sites, with high rates 

of both imaging completion, and usable data post-processing for all the 

advanced imaging modalities. CADASIL participants had higher WMH 

burden and lower CVR despite younger age and lower BP. Venous sinus 

pulsatility was higher in sporadic SVD participants. Full analysis is ongoing 

with the main publication planned for 2022. 

The three centre INVESTIGATE-SVDs has established the methods and 

feasibility of these techniques in multi-centre studies and now the five centre 

TREAT-SVDs clinical trial is assessing the effects of three commonly used 

anti-hypertensives on CVR in 105 sporadic SVD and CADASIL participants 

(ClinicalTrials.gov Identifier: NCT03082014). TREAT-SVDs will complete 

follow up in 2022.  
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Limitations 

The main limitation of the studies forming this thesis are the sample sizes. 

Complex imaging protocols limit the number of eligible patients, and the time 

required to perform the suite of vascular function studies make studies at 

scale resource intensive. The single centre observational study of CVR is 

one of the larger studies in the literature and one of few to include multiple 

types of vascular function imaging. LACI-1 is the first study we are aware of 

to test the ability of pharmacological intervention to improve MRI measured 

CVR and pulsatility. The multi-centre observational, complex MRI, study is 

again one of the largest in the literature. Multi-centre quantitative MRI studies 

remain rare.  

Another key limitation of these techniques is their tolerability. The 

requirement to lie still in the MRI scanner for a long time period and the 

application of breathing apparatus in the scanner introduces a selection bias 

to the sample. It creates a minimum level of fitness required to participate. 

The effect of this is most clear looking at the relationships of age to SVD and 

vascular function metrics. All participants had a clinically apparent 

manifestation of SVD – ischaemic stroke. Younger participants were 

therefore relatively unhealthy. Older individuals had experienced stroke but 

were still sufficiently healthy and able to tolerate the study procedures. This 

meant inclusion of older individuals who could be considered healthier than 

the population average. This effect confounds relationships between vascular 

risk factors, radiological features of SVD and cerebrovascular function and 

age. 

Drug tolerability was a limitation within the interventional study, although this 

was also an outcome ahead of larger trials with longer treatment periods. At 

this stage the goal in LACI-1 was to detect a pharmacological effect on 

cerebrovascular function measures, so whilst less robust, assessing for any 

sign of improvement in vascular function by comparing those actually taking 

cilostazol or isosorbide mononitrate with those taking no medication 

appeared sensible rather than limiting analysis to a pure intention to treat 
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approach where any detectable pharmacological effect would be diluted by 

real world outcomes related to compliance and tolerability.    

Strengths 

This work has several strengths. Three systematic reviews robustly assessed 

the literature on CVR in SVD, advanced imaging approaches to understand 

SVD and the effects of cilostazol on SVD. Our CVR technique was 

developed robustly. This included comparing length and concentration of the 

CO2 stimulus203, assessing reproducibility of the CVR values203, assessing 

effect of scanner field strength222 and developing techniques that ensured 

CVR measurements at different timepoints included the same tissue236, 323.  

In all studies, outcome assessment was blinded to clinical and demographic 

data. The interventional study of cilostazol and isosorbide mononitrate 

maintained blinding for outcome assessments and made significant efforts to 

mask treatment allocation within the confines of what was practical in a small 

study236. Techniques were taken forward into multi-centre work to prove they 

are feasible beyond a tightly controlled, development intensive, single centre 

study, and that the measures are robust and reliable enough to be 

meaningful when performed in a more real-world setting. Multi-centre 

application enables larger studies, particularly important when thinking ahead 

to more definitive interventional studies. 

Multi-modality imaging is another major strength, allowing direct comparison 

of different vascular function metrics in the same population, and the first 

step in the process of unravelling the order and interplay of these vascular 

malfunctions. Comparing sporadic SVD to CADASIL in a multi-centre, multi-

modality study allows assessment of the similarities and differences between 

these conditions. CADASIL has a known genetic mutation, the effects of 

which are becoming clearer as the basic science of CADASIL, and more 

broadly neurovascular coupling and perivascular function, become better 

understood. Establishing if sporadic SVD features similar cerebrovascular 

dysfunctions, in a similar pattern to CADASIL may lead to treatments as 

intervention targets are identified in the basic science pathways of CADASIL. 
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Advances in the Field 

Since my systematic reviews, further studies, in addition to those presented 

in this thesis, have published on MRI measured CVR, cerebral pulsatility and 

BBB permeability in relevant populations. 

 

CVR 

A systematic review included reporting the mean and median CVR values in 

the literature for grey mater (n=545) and white matter (n=454) in healthy 

volunteers at different ages128. Using BOLD measured CVR, and analysis 

methods similar to those used in this thesis, median CVR in grey matter was 

0.26%/mmHg aged under 30 (n=294), 0.26%/mmHg aged 30-50 (n=127) and 

0.36%/mmHg aged over 50 (n=124). Median white matter CVR was 

0.12%/mmHg aged under 30 (n=236), 0.13%/mmHg aged 30-50 (n=101) and 

0.12%/mmHg aged over 50 (n=117)128. The values in the studies presented 

in this thesis were generally lower than these which likely reflects studying a 

population with pathology, that the mean age of our participants was 

significantly higher than 50, and also the effort taken in our studies to exclude 

structures such as large veins that can make CVR values appear artificially 

high. This review also highlighted that CVR MRI is being used in a wide 

range of neurological conditions, and that BOLD MRI CVR with hypercapnia, 

and analysis methods based on general linear models of BOLD MRI signal 

with end-tidal CO2 as the regressor, are the most commonly used 

techniques128. 

In terms of other relevant individual studies, a study of 29 older individuals 

found CVR in grey matter, cingulum and temporal lobes was significantly 

reduced compared to young individuals. Lower temporal lobe CVR was 

associated with worsened memory, after adjustment for age, gender and 

education on a composite of memory related cognitive tests330.   
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One study assessed CVR in 20 individuals with moderate WMH, 12 

individuals with severe WMH and 10 individuals with CADASIL. Compared to 

a group of 18 healthy controls white matter CVR was lower in the WMH 

groups but there was no significant difference in CVR between the WMH 

groups331.  

Using phase-contrast MRI to assess large artery blood flow response to 

hypercapnia in 19 older and 20 younger healthy individuals, showed no 

difference between young and older women, but young men had higher 

blood flow increase with hypercapnia compared to young women and older 

men. This is a small sample but raises the possibility some of the age effect 

is influenced by sex332.  

Measuring CVR using resting state BOLD fluctuations in 20 ischaemic stroke 

patients showed lower CVR in the ischaemic stroke lesions, but also higher 

CVR with increasing distance from the stroke lesion333.  

In six participants with Alzheimer’s Disease and 11 with mild cognitive 

impairment the CVR response time was significantly longer in temporal and 

parietal cortex compared to healthy controls334. 

A small study also showed lower grey matter CVR in seven healthy older 

individuals compared to young controls335. 

These six additional studies comprising 147 cases and 78 healthy controls, 

median study sample size of 34.5, show results in keeping with those 

presented in this thesis of lower CVR with increasing age and SVD. 

Methodological heterogeneity and lack of adjustment for confounding 

variables persist.  

 

Pulsatility 

In 89 acute stroke or TIA participants, higher 4D flow phase-contrast MRI 

measured internal carotid artery flow volume pulsatility (a metric of cyclic 

expansion of the artery), was associated with higher WMH volume336. In a 
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subset of 48 participants, higher middle cerebral artery pulsatility index and 

flow volume pulsatility were associated with lower cognitive function on an 

aggregate of multiple neuropsychological tests at one years follow up336.  

In a study of 19 people with late onset depression, higher peripheral artery 

augmentation index, assessed by tonometry, was associated with shorted 

arterial to aqueduct delay on phase-contrast MRI337. Higher augmentation 

index was also associated with higher PVS scores.  

Using 7T phase contrast MRI in 10 patients with lacunar ischaemic stroke, 11 

with deep intracerebral haemorrhage and 18 healthy controls, one study 

demonstrated higher pulsatility index in the perforating arterioles in the basal 

ganglia and centrum semiovale in both groups compared to controls, and 

also observed a lower number of perforators in the participants with lacunar 

ischaemic stroke and deep intracerebral haemorrhage compared to the 

healthy control group338. There was no difference in blood flow velocity 

between the groups.  

These three studies comprising 129 cases and 33 healthy controls, median 

study sample size of 17, show results similar to those presented here of 

higher cerebral pulsatility in association with clinical and imaging 

manifestations of SVD.  

There is also a growing literature on transcranial Doppler assessed 

pulsatility339-341. The TCD literature describes similar findings to the MRI 

pulsatility literature. Whilst potentially a simpler technique than MRI 

measures of pulsatility TCD is limited to sampling one large artery and 

cannot detect venous or CSF flow. 

 

BBB permeability 

A series of studies from the Maastricht group regarding BBB permeability in 

ageing and SVD have shown that patients classed as having SVD had larger 

areas with increased BBB permeability in NAWM, WMH and cortical grey 

matter compared to controls318 (both consistent with previous findings194), 
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that permeability increases with proximity to WMH314 and that areas with 

more BBB permeability had higher diffusivity after two years implying that 

increased permeability preceded long term tissue damage342.  
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Future Directions 

Having established cross-sectional associations of vascular dysfunction with 

SVD, the next step is to define the pathway of SVD development. How 

vascular dysfunctions lead to radiologically apparent SVD lesions and 

clinically apparent consequences of SVD needs further exploration. It is likely 

some vascular dysfunctions are more important than others, that some are 

key steps required for SVD to develop, potentially then accelerating other 

dysfunctions, while others are consequences of earlier vascular dysfunctions 

or even compensatory mechanisms. Longitudinal studies are required to 

unpick this343.  

Identifying drugs that can improve the vascular dysfunction in SVD is also 

required. From the work presented here two studies are taking this aspect 

forward. LACI-2 (ClinicalTrials.gov Identifier: NCT03451591) is assessing 

longer term administration of isosorbide mononitrate and cilostazol, 

assessing their effects on stroke recurrence, incident vascular cognitive 

impairment and dementia, cognitive test scores and radiological progression 

of SVD308. TREAT-SVDs (ClinicalTrials.gov Identifier: NCT03082014) is 

assessing which of three commonly used antihypertensive medications alter 

CVR most by using a cross-over design to test four weeks administration of 

amlodipine, atenolol and losartan. This trial includes both sporadic SVD and 

CADASIL participants, recruited in five centres, and will provide further 

information regarding how modifiable CVR impairment is and how any effects 

compare in sporadic and CADASIL participants. This will provide more 

evidence for how relevant CADASIL, with its more clearly defined molecular 

biology, is to sporadic SVD research. The study will also contribute to the 

complex issue of blood pressure in SVD. There have only been a few 

dedicated trials of blood pressure lowering specifically in SVD with outcomes 

relevant to SVD progression59, 63, 64. The relatively limited effect of BP 

lowering could potentially be explained by differing efficacies between the 

classes of antihypertensives, particularly as some will have greater effects on 

the other identified vascular dysfunctions in SVD. Lowering blood pressure, 

whilst improving cerebrovascular reserve, may be the key to better therapies.  
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The overall role of blood pressure in SVD is a large and complex topic in its 

own right, requiring considerable further work. The idea of lower blood flow 

and chronic ischaemia being the driver of SVD appears too simple172. Again 

longitudinal exploration of how cerebral vascular function changes as blood 

pressure changes, the order in which the changes happen, and which are 

primarily pathological versus those that are compensatory would better 

inform the next generation of interventions to be tested in SVD.  

The ideal longitudinal study would be a large, healthy population cohort, with 

baseline structural and vascular function imaging, alongside detailed 

measurements of blood pressure, systemic vascular function and cognition 

that is then followed up with regular clinical and imaging assessment, 

identifying changes in vascular function and incident radiological and clinical 

SVD. However, the scale, complexity and length of follow up would make this 

an enormous challenge. The work towards multi-centre study designs helps 

address some of these issues, increasing sample size but still requiring 

considerable time and resource in terms of research and imaging 

assessments. A faster, even less invasive assessment of cerebral vascular 

function, coupled with devices allowing home monitoring of long-term 

vascular trends could partially address this. Part of the single centre 

observational study presented here involved assessing retinal blood vessels 

and how they responded to the same CO2 stimulus delivered in the CVR MRI 

scans. Work is ongoing to assess this as an alternative tool, but we have 

demonstrated changes in retinal vessels in response to CO2, and 

associations with SVD lesions and MRI measured CVR344. Since that work 

technology has advanced with Optical Coherence Tomography retinal 

imaging becoming more routine. This set-up allows a vascular function 

assessment in a few minutes whilst sitting in a chair, as opposed to 90 

minutes in an MRI scanner. If reliable it would have far more potential for use 

at scale in a wider population.  

The role of venous changes is another finding worthy of further exploration. 

There is a natural tendency to focus on inflow when assessing vascular 

neurology, with the role of venous outflow being overlooked. We saw 
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changes in venous pulsatility, implying stiffening of that system, and these 

held stronger associations with SVD lesions than did the corresponding 

arterial pulsatilities. Venous stiffness may reflect a general stiffening of the 

vascular system and brain, resulting in faster pulse transmission. This may 

result in impaired drainage or reduced dampening of pressure waves.  

Finally, the role of CSF flow in SVD is intriguing. The glymphatic system and 

its interplay with perivascular and CSF flow may be important in signalling 

and removal of metabolic waste products234. Impairment has been suggested 

to contribute to neurodegenerative pathologies including amyloid related 

diseases234. More broadly, impairment of CSF flow could interrupt the normal 

homeostatic processes controlling cerebral perfusion and interstitial fluid 

management345. Our observation of impaired CSF flow being associated with 

enlargement of perivascular spaces could be a manifestation of disruption to 

this system346. In this regard it is worth considering the paucity of normative 

data – our knowledge of CSF dynamics is still largely derived from theoretical 

considerations originating in the 18th and 19th centuries347, 348 that Cushing 

then crystallised into the currently accepted doctrine in the early 20th 

century349. The need for a reassessment of this doctrine has been raised350. 

With technology allowing non-invasive CSF flow assessment, and the 

appreciation that the relationship between cerebral perfusion and blood 

pressure is more complicated than the original concepts assume, there is an 

argument for a complete reassessment of CSF dynamics. This would not just 

be relevant to SVD, but also to other CSF flow disorders such as Chiari 

malformations, normal pressure hydrocephalus and the increasing 

prevalence of idiopathic intracranial hypertension, all conditions linked with 

altered intracranial pressure and intracranial fluid management, in which 

clinical progress is impeded by poor definitions and far from optimal 

treatments.  
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Overall conclusions and achievements 

Since starting this thesis, niche imaging techniques for measuring vascular 

dysfunction are becoming more mainstream clinical research tools. Whilst not 

easy, their feasibility is established, including in populations with medical 

comorbidity where long scans and use of hypercapnia had previously been 

approached with caution.  

Cerebrovascular dysfunction is becoming an established concept in SVD. 

The question is not if impairments of cerebrovascular reactivity, cerebral 

blood and CSF flow and pulsatility, and blood brain barrier function occur in 

SVD, but more what is their role, when do they occur in the pathway of SVD 

development, what effects can potentially be reversed and could effects be 

reversed by currently licensed drugs with known safety profiles? Relating 

sporadic SVDs to genetic SVDs, with the latter’s more clearly defined 

pathophysiology, offers further routes to improved knowledge of the disease 

and potential treatment strategies. 

There is now acceptance that multi-centre studies with quantitative imaging 

are practical and provide benefits in terms of larger sample sizes and more 

reliable, generalisable results. These remain complex studies, but the bulk of 

the method development is completed, and established imaging standards, 

processes and analysis pipelines should smooth future use and 

implementation of these techniques. 

The overall goal is a treatment that slows or prevents SVD to the point of 

clear clinical benefit in terms of prevention of stroke, cognitive impairment 

and the other quality of life impairing manifestations of SVD29. The definitive 

trials will need to be large, of long duration, and well resourced, meaning only 

the most promising treatments will ever reach this stage. To improve the 

chances of successful trials requires better understanding of SVD 

pathophysiology to identify new intervention targets. Advanced MRI 

techniques will then be utilised to identify those treatments with the most 

beneficial effects on vascular dysfunction and consequently the greatest 

chance of success in improving hard clinical endpoints.   
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Table 55: Original papers published since 1st January 2015 on computational image processing in SVD as published 

Method Purpose 
SVD 

marker 
References 

Sample 
Characteristics 

CT/MR 
sequences 

used 

Validation 
results 

Automatic scheme that uses scale-invariant 
feature transform descriptors extracted from a 
dense grid of patches from the ROI on a 
support vector machine classifier 

Dichotomous 
classification of 
PVS burden 

Peri-
vascular 
spaces 

[1] 
10.1007/978-3-319-41501-
7_72 

264 (110 F) mild 
stroke patients 
mean age 66 
years old (SD 11 
years) 

Routine 
clinical T2-
weighted 
MRI at 1.5T 

accuracy 
82.3%, 
sensitivity 
83.9%, 
specificity 
80.8%  

Textural characterisation of ROI analysis 

Characterisation 
of ROIs to 
investigate SVD 
in patient groups 

Stroke 
lesions, 
WMH and 
normal 
tissues 

[2] 
 

42 mild stroke 
patients mean 
age 66 years old 
(SD 11 years) 

Fast spin 
gradient 
echo 12o 
and FLAIR 

Tissue charac-
terisation 
agrees with 
clinical reports 

Automatic scheme that uses discrete wavelet 
transform and texture from a ROI on a support 
vector machine classifier 

Dichotomous 
classification of 
PVS burden 

Peri-
vascular 
spaces 

[3] 
10.1016/j.procs.2016.07.00
3 

264 (110 F) mild 
stroke patients 
mean age 66 
years old (SD 11 
years) 

Routine 
clinical T2-
weighted 
MRI at 1.5T 

accuracy 
80.0%, 
sensitivity 
80.7%, 
specificity 
79.4%  

Automatic segmentation using Frangi filter 
optimised using the ordered logit model and 
visual ratings as priors for the filter parameters 

Segmentation of 
vessel-like 
structures 

Peri-
vascular 
spaces 

[4] 
10.1016/j.procs.2016.07.01
1 

24 community-
dwelling adults 
72.3 (SD 0.6) 
years old  

Routine 
clinical T2-
weighted 
MRI at 1.5T 

Spearman ρ 
with visual 
rating scores 
0.75 (volume) 
and 0.69 
(count) 

Convolutional Neural Network 

Classification 
into Atrophy, 
present lesion 
with mass effect 
and normal 

Large 
cortical 
stroke 

[5] 
10.1109/SAI.2016.7555958 

282 adults: 51 
with Alzheimer’s 
disease, 118 with 
a mass lesion and 
113 normal 

CT scans 
Accuracy 
87.7% 
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Method Purpose 
SVD 

marker 
References 

Sample 
Characteristics 

CT/MR 
sequences 

used 

Validation 
results 

Convolutional Neural Network 

Segmentation of 
large cortical 
stroke in brains 
with none or 
mild WMH 
burden 

Large 
cortical 
stroke 

[6] 
10.1109/ICIP.2016.753232
9 

18 patients with 
aphasia due to 
large single left-
hemisphere 
stroke 

T1-weighted 
3D isotropic 
MPRAGE 

Mean Dice 
similarity 
coefficient 
0.78 (SD 0.04) 

Generative probabilistic model that generalizes 
the Gaussian mixture model followed by the 
expectation maximization algorithm. 

Lesion 
segmentation 

Evaluated 
only in 
cortical 
stroke 
lesions 

[7] 
10.1109/TMI.2015.2502596 

18 patients with 
cortical strokes 
 

FLAIR, T1-, 
T2-weighted 
(the latter 
before and 
after 
contrast) 

Dice similarity 
coefficients 
close to 0.8 

Regional sparse learning and Markov random 
field regularisation. Image decomposition to 
identify deviations from a normative database. 

Lesion 
segmentation 

WMH and 
cortical 
infarcts 

[8] 
10.1109/TMI.2016.2538998 

34 patients with 
WMH and/or 
cortical infarcts 
mean ages: 
60.8 (SD 5.8) 
training set and 
75 (SD 4.7) 
testing set 

FLAIR. 
Multi-
modality 
extension 
discussed 
but not 
evaluated 

Box plots of 
AUC (0.97-
0.99) and 
Hellinger 
Distance (4.5-
5.1) 

Registration of a tissue probability atlas to 
FLAIR following by thresholding 

Lesion 
segmentation 

WMH 
[9] 
10.1145/2851613.2851938 

10 multiple 
sclerosis patients 

FLAIR  

Mean Dice 
0.5, mean 
Sensitivity 
0.89 

Pipeline using Skull Elimination Algorithm 
(SEA), Central Line Sketching Algorithm Fuzzy 
C-means clustering-based segmentation and 
Discrete Orthonormal Stockwell Transform 

Lesion 
segmentation 

Stroke 
lesions 

[10] 
10.1504/IJBET.2016.07673
1 

Paper not freely available and information not 
provided in the Abstract 

CAD semi-automatic system that uses 12-
feature-based voxel classification followed by 
an object classifier, both being random forest 
classifiers with 100 trees each 

Segmentation 
Brain 
Micro-
bleeds 

[11] 
10.1016/j.nicl.2016.07.002 

33 patients with 
traumatic brain 
injury 

T1-weighted 
and SWI 

Mean 
sensitivity 
89.1%(SD 
0.8%) 

Automated pipeline that uses the Expectation Lesion WMH [12] 107 children with T1- Accuracy 
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Method Purpose 
SVD 

marker 
References 

Sample 
Characteristics 

CT/MR 
sequences 

used 

Validation 
results 

Maximization algorithm interleaved with a 
modified Markov Random Field followed by the 
Least Absolute Shrinkage and Selection 
Operator 

segmentation 10.1016/j.nicl.2016.05.018 unilateral cerebral 
palsy and 18 
healthy children 

MPRAGE at 
3T and T2-
Turbo-
FLAIR 

93.6%, 
Sensitivity 
93.9%, 
Specificity 
92.9% 

Automated tool (BIANCA) based on the k-
nearest neighbour algorithm 

Lesion 
segmentation 
(Brain Intensity 
AbNormality 
Classification 
Algorithm) 

WMH and 
stroke 
lesions 

[13] 
10.1016/j.neuroimage.2016
.07.018 

85 older adults 
(neurodegenerativ
e cohort) and 474 
patients with 
minor stroke or 
TIA (vascular 
cohort) 

FLAIR at 3T 

Mean Dice 
0.75 and 0.52. 
Correlation 
with Fazekas 
0.76 and 0.84 

Gamma correction extreme-level-eliminating 
with weighting distribution 

Lesion 
identification 
(CT contrast 
enhancement) 

Ischaemic 
lesions 

[14] 
10.1002/sca.21334 

5 CT datasets CT scans 

Peak SNR 21-
25, 
enhancement 
by entropy 
2.5-4.5 

Extraction of features through patterns of 
voxels that represent lesion probability 

Decode post-
stroke functions 
from structural 
brain MRI 

- 
[15] 
10.1016/j.nicl.2016.07.014 

50 stroke patients 
mean age 54.2 
(SD 12.6) yrs and 
23 age-matched 
controls 

T1-weighted 
at 3T 

Correlation 
between 
actual and 
predicted 
scores 0.66 
(RMSE 0.79) 

Deep 3D convolutional encoder networks with 
shortcut connections 

Lesion 
segmentation 

WMH 
[16] 
10.1109/TMI.2016.2528821 

64 datasets from 
MICCAI 2008 and 
ISBI 2015 
challenges 

T1-, T2-
weighted 
and FLAIR 

Mean Dice 
49.2-63.8 

Combination of morphological filters, discrete 
wavelet transform and Fuzzy C-means 
clustering (semi-automatic) 

Lesion detection 
Ischaemic 
lesions 

[17] 
10.1016/j.ejmp.2016.07.24
9 
 

10 non-enhanced 
CT datasets 

CT scans 
Difference with 
ground truth 
<=12% 

Convolutional neural networks trained with 
non-uniformly sampled patches 

Lesion 
segmentation 

WMH 
[18] 
10.1109/ISBI.2016.749353
2 

466 datasets from 
the RUN DMC 
Study (DOI: 
10.1186/1471-

T1-weighted 
and FLAIR 

Mean Dice 
0.78 
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Method Purpose 
SVD 

marker 
References 

Sample 
Characteristics 

CT/MR 
sequences 

used 

Validation 
results 

2377-11-29) : 
non-demented 
elderly aged 50-
85 yrs 

1)Subtraction of the z-scores of the normalised 
intensities, 2)Generalised likelihood ratio of the 
normalised intensities in the WM, 3)Logistic 
regression model with multiple image 
modalities 

Lesion change 
detection 

Ischaemic 
lesions 

[19] 
10.1007/s12021-016-9301-
1 

20 Multiple 
sclerosis patients 

T1-, T2- 
weighted 
and FLAIR 

Mean Dice 
coefficient 0.3-
0.58 

Support-vector machine to calculate: SPARE-
BA index (capturing age-related brain atrophy), 
and the SPARE-AD index (developed to 
capture patterns of atrophy found in patients 
with Alzheimer’s disease in 
10.1109/TMI.2006.886812). 

Study age-
related and 
atrophy-related 
patterns 

Ischaemic 
lesions 
and 
atrophy 

[20] 
10.1093/brain/aww008 

2367 adults ages 
20-90 years from 
the Study of 
Health in 
Pomerania cohort 
10.1007/s00103-
012-1483-6  
 

T1-weighted 
and FLAIR 
at 1.5T 

ROC 0.88 and 
0.92 on the 
datasets used 
to develop the 
method. 
Methods not 
tested in this 
sample 

Wavelet-based fusion of CT and DWI co-
registered images, segmentation using k-
means and post-processing using 
morphological operators 

Lesion detection 

Acute 
ischaemic 
stroke 
lesion 

[21] 
10.1109/ICACCI.2015.7275
761 

18 datasets 
DWI and a 
CT scan 

Stroke 
correctly 
identified in 
16/18 cases. 

Active learning selecting sample on a random 
forest classifier 

Lesion 
Segmentation 

Ischaemic 
stroke 
lesion 

[22] 
10.1016/j.neucom.2014.01.
077 

Not specified (one 
dataset?) 

T1-,T2-
weighted, 
FLAIR, fMRI 
data 
(ReHo,ALFF
,fALFF), 
DWI data 
(AD,MD,RD,
FA) 

Accuracy 
close to 100%, 
sensitivity 
close to 90% 

Haralick 14 textural features extracted and 
input to a Support Vector Machine classifier 
(linear, quadratic and RBF kernels evaluated) 

Lesion 
detection, 
segmentation 
and stroke-
subtype 

Stroke 
lesion 

[23] 
10.1109/ICCC.2015.74329
22 

2 datasets CT scans 

Accuracy 89-
91%, 
Sensitivity 85-
92% 
Specificity 86-
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Method Purpose 
SVD 

marker 
References 

Sample 
Characteristics 

CT/MR 
sequences 

used 

Validation 
results 

classification 89% 

1)Unified segmentation normalization to 
standard space and generate tissue probability 
maps, 2) Non-rigid and reversible atlas-based 
registration to refine the probability maps, 3) 
Combine probability maps with the normalized 
MRI to construct three types of features, used 
to train three support vector machine (SVM) 
classifiers for a combined classifier to detect 
lesion. 

Lesion 
segmentation 

Ischaemic 
lesions 

[24] 
10.1186/s12880-015-0092-
x 

60 stroke patients 
mean age 61.6 
(SD 12.27) yrs 

3D T1-
MPRAGE, 
T2-weighted 
, at 3T 

Accuracy 
97.6-98%, 
mean Dice 
0.51-0.66, 
sensitivity 
(recall) 59-
67%, precision 
47-66.5% 

Removal of pixels with brightness levels of 
cerebrospinal 
Fluid. Threshold remaining pixels separating 
healthy and stroke tissues 

Lesion 
segmentation 

Ischaemic 
cortical 
strokes 

[25] 
10.1007/s10527-015-9522-
x 

7 datasets FLAIR 
Mean volume 
difference 
5.51% 

(1) Three statistical a-priori tissue atlases 
(CSF, GM and WM) and a brain structure atlas 
are registered to the patient space and used to 
(2) guide the tissue segmentation on T1-w (3) 
the output segmentation is used to detect and 
refill WM outliers as normal-appearing WM 
based on the registered a-priori and hyper-
intense FLAIR maps if available. The voxel 
intensities of candidate regions on T1-w are 
refilled with normal-appearance WM intensities 
(4) the tissue is re-estimated again (5) 
intermediate volume maps are reassigned into 
CSF, GM and WM using both neighbour and 
spatial prior information. 

Segmentation WMH 
[26] 
10.1016/j.media.2016.08.0
14 

20 scans with 
varying degrees 
of brain atrophy 
and white matter 
lesions from the 
MRBrainS 2013 
database 
http://mrbrains13.i
si.uu.nl/ 

T1-
weighted, 
FLAIR at 3T 

True lesions 
detected 33% 
to 41%. 
(Segmentation 
of other 
tissues more 
accurate) 

Automatic and supervised learning: LINDA 
(Lesion Identification with Neighborhood Data 
Analysis): 12 features extracted from T1-w 
used in a multi-resolution voxel-neighborhood 
random forest algorithm (“mrvnrf” command in 
ANTsR).  

Segmentation 

Large 
Cortical 
ischaemic
stroke 
lesions 

[27] 
10.1002/hbm.23110 
 

60 left 
hemispheric 
chronic stroke 
patients (age: 
57.2 ± 11.5 yrs, 
post-stroke 
interval: 2.6 ± 2 

T1-weighted 
acquired 
with a 3D 
inversion 
recovery 
sequence at 
3T 

Mean Dice 
0.696 ± 0.16, 
Hausdorff 
distance 
17.9 ± 9.8 mm, 
and mean 
displacement 
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Method Purpose 
SVD 

marker 
References 

Sample 
Characteristics 

CT/MR 
sequences 

used 

Validation 
results 

yrs), 80 age-
matched controls, 
and 45 patients 
(age: 59.6 ± 9.5 
years, post-stroke 
interval: 3.6 ± 3.1) 
for validation 

2.54 ± 1.4 mm 

Semi-automatic computer-aided CMB 
detection system that uses supervised 
learning: (i) candidates screening based on 
intensity values (ii) compact 3D hierarchical 
features extraction via a stacked convolutional 
Independent Subspace Analysis (ISA) network 
(iii) false positive candidates removal with a 
support vector machine (SVM) classifier based 
on the learned representation features from 
ISA 

Feature 
detection 

Brain 
micro-
bleeds 

[28] 
10.1109/EMBC.2015.73202
32 

44 patients (25 
training and 19 
testing) 

SWI at 3T 

AUC 0.9, 
Sensitivity 
89.4%, 
Precision 
49.7% 

3D Convolutional Neural Networks 
Feature 
detection 

Brain 
micro-
bleeds 

[29] 
10.1109/TMI.2016.2528129  

320: 126 stroke 
patients (mean 
age 67.4±11.3 
yrs) and 194 
normal elderly 
(mean age 
71.2±5.0 yrs) 

SWI at 3T 

Sensitivity 
91.4-92.3%, 
precision 27.2-
42.7%, false 
positives ave. 
2.9 

Deep learning based 3D feature 
representation: 1) CMB candidates localization 
by statistical thresholding, 2) the deep 
convolutional neural network (CNN) for 
hierarchical 3D feature representation, 3) the 
SVM classifier is trained on the features to 
distinguish true BMB-s and BMB mimics. 

Feature 
detection 

Brain 
micro-
bleeds 

[30] 
10.1109/ISBI.2015.716398
4 

20 elderly 
subjects (mean 
age 78.6) with 
transient ischemic 
attack  

SWI at 3T 

Sensitivity 
89.2%, 
precision 
56.2%, false 
positives ave. 
6.4 

Regions with microbleeds are identified by a 
multi-scale Laplacian of Gaussian. A cascade 
of random forest classifiers that uses Radon- 
and Hessian-based features handles class 

Feature 
detection 

Brain 
micro-
bleeds 

[31] 
10.1016/j.compmedimag.20
15.10.001 

66 subjects SWI at 3T 
Sensitivity 87-
97% 
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Method Purpose 
SVD 

marker 
References 

Sample 
Characteristics 

CT/MR 
sequences 

used 

Validation 
results 

imbalance problem 

Random Forest in cascade learning using 2 
features from patches: center location of the 
patch, and intensity information of the patch 
from 3D Haar-like operators. 

Atlas-based 
Segmentation 

ROIs from 
atlases 

[32] 
10.1016/j.patcog.2016.09.0
19 

16 subjects T1-weighted 
Mean Dice 
0.7-0.9 and 
SSIM 0.93 

Sliding window approach and a multi-class 
random forest classifier applied to high-
dimensional feature vectors (SEGMA) 

Atlas-based 
Segmentation 

ROIs, 
main 
tissues 

[33] 
10.3389/fninf.2017.00002 

179 individuals, 
from three age 
groups: newborns 
(38–42 weeks 
gestational age), 
children and 
adolescents (4–
17 years) and 
adults (35–71 
years). 

T1-weighted 
Mean Dice 
0.8-0.9 

Pairwise Markov Random Field, where 
registration and segmentation nodes are 
coupled towards simultaneously recovering all 
atlas deformations and labelling the query 
image 

Atlas-based 
Segmentation 

ROIs 
[34] 
10.1007/s11263-016-0925-
2 

18 datasets from 
the Internet Brain 
Segmentation 
Repository 
(IBSR). 
10.1109/TMI.2011
.2163944 

T1-weighted 

Mean Dice 
0.77, and 
Symmetric 
Mean Surface 
Distance 
(SMSD) 1.01 
mm 

Acceleration of 3D Otsu algorithm using 
dimension decomposition rule. The whole 
segmentation algorithm is designed as an 
iteration procedure. In each iteration, the 
image is segmented by 3D Otsu, and then it is 
filtered by a fast local Laplacian filtering to get 
a smoothed image which will be input into the 
next iteration. Finally, the segmentation results 
are pooled to get a final segmentation using 
majority voting rules. 

Threshold-
based 
segmentation 

Not 
specified 

[35] 
10.1016/j.dsp.2016.08.003 

Examples from 
http://www.med.h
arvard.edu/aanlib/
home.html (n not 
specified) 

CT, T2-
weighted 

Visual 
approval by 
experts and 
reduction time 
to half the 
conventional 
Otsu 
thresholding 

(1) segmentation of the brain parenchyma, (2) 
automated detection step for initial WMH 
regions, (3) subsequent semi-automated re-

Segmentation WMH 
[36] 
10.1117/12.845229  

10 patients with a 
diagnosis of VaD 

FLAIR 
Mean Dice 
78.2±11.0% 
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Method Purpose 
SVD 

marker 
References 

Sample 
Characteristics 

CT/MR 
sequences 

used 

Validation 
results 

segmentation step for the WMH regions, and 
(4) determination of the WMH volume ratio. 

Deep learning model (CNN) of tissue fate 
based on randomly sampled local patches 
from the hypoperfusion (Tmax) feature 
observed in MRI immediately after symptom 
onset 

Evolution 
prediction 

Ischaemic 
stroke 
lesion 

[37] 
10.1109/BIBM.2015.73598
69 

25 stroke 
patients, but 
perfusion 
successful in 
19/25 

FLAIR and 
perfusion 
(Tmax) 
imaging 

Mean 
accuracy 
85.3+/-9.1 % 

Infarct semi-automatically segmented at 
baseline and follow-up. Perfusion and diffusion 
processed using toolbox AnToNIa 
10.3414/ME14-01-0007  

Evolution 
prediction 

Ischaemic 
stroke 
lesion 

[38] 
10.1117/12.2082686 
 

23 MRI datasets 
of acute stroke 
patients with 
known tissue 
outcome 

FLAIR, DWI, 
perfusion 
imaging 

Mean Dice 
0.45 

From four classifiers evaluated using texture 
attributes extracted from manually selected 
ROIs best results were obtained from the 
support vector machine classifier with a radial 
based function kernel. The most discriminating 
texture attributes were obtained from the gray-
level histogram and from the co-occurrence 
matrix. 

Aetiology-based 
classification 

WMH 
[39] 
10.1117/1.JMI.2.1.014002 

54 patients 
diagnosed with 
MS or stroke and 
19 normal 
volunteers 

T2-weighted 
at 1.5T 

Mean 
accuracy 
87.9% 
distinguishing 
lesions with 
different 
aetiologies 
and accuracy 
of 99.29% 
distinguishing 
normal white 
matter from 
WMH 

Extra Tree forest framework for voxel-wise 
classification mainly using intensity derived 
image features. 

Segmentation 

Sub-acute 
ischaemic 
stroke 
lesion 

[40] 
10.1016/j.jneumeth.2014.1
1.011  

37 clinical cases 

FLAIR, T1-, 
T2-weighted 
and DWI at 
3T 

Mean Dice 
0.63-0.7 

Automatic framework based on multiple 
instance learning (MIL). Intensity patches are 
extracted from regions with high probability of 
containing lesions. These are then used as 
instances in MIL for the identification of SVD. 

Classification, 
distinguishing 
between 
absent/mild 
SVD and 
moderate/ 

Hyper-
attenuate
d lesions 

[41] 
10.1007/978-3-319-24553-
9_64 

590 stroke 
patients mean 
age 70.7 (SD 
10.8) years 

CT scans 

75% accuracy, 
80% sensitivity 
and 70% 
specificity 



367 
 

Method Purpose 
SVD 

marker 
References 

Sample 
Characteristics 

CT/MR 
sequences 

used 

Validation 
results 

severe SVD 

Improvement of the CAD scheme proposed in 
[43] by using kernel eigenspace template 
matching. After the ROIs around the candidate 
regions detected in [43] are selected, a kernel 
eigenspace is made by using kernel principal 
component analysis of the training data set. A 
test ROI is projected onto the same kernel 
eigenspace as the training data set. The cross-
correlation coefficients between the test ROI 
and all the training ROIs are calculated on the 
kernel eigenspace. By comparing the two 
maxima of coefficients with a lacunar ROI and 
an FP ROI, the test ROI is classified. 

Feature 
detection 

Lacunar 
infarcts 

[42]  
10.6009/jjrt.2015_JSRT_71
.2.85 

30 patients: 15 
with and 15 
without lacunar 
infarcts 

T2-weighted 
31. 9% of false 
positives were 
eliminated 

Spectral clustering is used to partition the 
space into strongly connected clusters 
representing subsets. With fuzzy training set 
sampling, overlapping local sets classifiers are 
subsequently trained. 

Lesion 
Segmentation 

Ischaemic 
cortical 
stroke 
lesions 

[44] 
10.1109/ISBI.2015.716399
4 

37 stroke patients FLAIR 
Mean Dice 
0.56 

Multiclass Support Vector Machine (SVM)-
Based Lesion Mapping. Previously segmented 
infarct regions are used to calculate the 
percentage of lesioned voxels in the 
predefined MNI, Harvard-Oxford cortical and 
subcortical atlas regions, and to generate four 
problem-specific VOIs, identified from the 
database using voxel-based lesion symptom 
mapping. An overall of 12 SVM classification 
models for predicting the corresponding mRS 
score are generated using the lesion overlap 
values from the different brain region 
definitions, stroke laterality information, and 
the optional parameters infarct volume, 
admission NIHSS, and patient age. 

Predict 
functional 
outcome in 
ischaemic 
stroke 

Lesions 
[45] 
10.1371/journal.pone.0129
569 

68 stroke patients 
median age 
71.5yrs, median 
follow-up imaging 
time 34.5 days 

FLAIR 

Prediction 
accuracy 56% 
and binary 
prediction 
accuracy 85% 

Automated voxel-based classification that uses Segmentation Peri- [46] 17 healthy T1-weighted Mean Dice 
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Method Purpose 
SVD 

marker 
References 

Sample 
Characteristics 

CT/MR 
sequences 

used 

Validation 
results 

sequential random forest classifiers trained 
with a number of randomized 3D Haar 
features. 

vascular 
spaces 

10.1016/j.neuroimage.2016
.03.076 

volunteers aged 
from 25 to 37 

MP2RAGE, 
T2-weighted 
at 7T 

0.55-0.65 

Supervised voxel-based random forest 
classification CAD system, optimized and 
trained to exclusively detect small WMLs. Pre-
processing steps included standardization of 
subject intensities. Features calculated 
included multimodal intensities, tissue 
probabilities, several features for accurate 
location description, a number of second order 
derivative features as well as multi-scale 
annular filter for blobness detection. 

Small lesion 
detection 

WMH 
[47] 
10.1117/12.2081597 

503 SVD patients 
with MCI 
evidence. 32 
cases used for 
testing 

3D T1-
weighted, 
FLAIR, T2* 
GRE 

ROC curves 
shown 

Four boosting methods are compared with two 
other classifiers: SVM and random forest in (i) 
Segmentation of potential areas with distorted 
brain tissue (selection of regions of interest), 
(ii) acute stroke tissue recognition by extracting 
and then classifying a set of well-differentiating 
features. Descriptors determined in several 
image transformation domains: 2D Fourier 
domain, polar 2D Fourier domain, and 
multiscale domains (i.e., wavelet, complex 
wavelet, and contourlet domain). 

Pattern 
recognition 

Stroke 
lesions 

[48] 
10.1007/978-3-319-26227-
7_8 
 
 

8 normal and 32 
stroke patients 

CT scans 
Accuracy 
close to 75% 

Automatic naïve Bayes classification scheme. 
Probabilistic tissue segmentation and image 
algebra create feature maps encoding 
information about missing and abnormal 
tissue. 

Pattern 
recognition 

Ischaemic 
stroke 
lesions 

[49] 
10.1016/j.jneumeth.2015.0
9.019  

30 cases with left 
hemisphere 
stroke lesions 

T1-weighted 
Mena Dice 
0.66 
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Table 56: Original papers published since 1st January 215 on White Matter Integrity and SVD as published 
Study N Age SVD Group Control Group Imaging 

Method 
Variables Controlled For Main Findings 

Baykara et 
al. 2016351 

170 CADASIl 
 
 
 
 
 
549 sporadic 
SVD 
 
 
 
 
37 AD 
 
89 MCI 
 
 
 
 
 
241 Healthy 
controls 

From two 
cohorts:  
49.1(9.5) 
and 
53.4(10.7) 
 
From two 
cohorts: 
65.3(8.9) 
and 
74.9(8.3) 
 
74 (8.2) 
 
From two 
cohorts: 
76.5 (4.4) 
and 
74.7(8.1) 
 
From 
three 
cohorts: 
71.5(6.3) 
72.9(5.7) 
and 
66.9(11.4) 

2x CADASIL 
cohorts 
 
Sporadic SVD: 
Neuroimaging 
defined cohort 
and memory 
clinic vascular 
cognitive 
impairment 
patient cohort  
 
 

AD:  
Alzheimer’s 
disease subjects 
from ADNI  
 
MCI: 
Subjects from 
ADNI and 
subjects with 
presumed AD 
type MCI from 
VASCAMY 
study 
 
 
 
Healthy 
controls: 
Healthy controls 
from ADNI, 
VASCAMy and 
Austrian stroke 
prevention study 

1.5T and 
3T DTI 

Age, sex, normalised WMH 
volume, lacune volume, 
brain parenchymal fraction 
and microbleed count.  

PSMD was increased in 
SVD samples and increased 
with higher white matter 
load. PSMD explained the 
largest amount of variance 
in processing speed in SVD 
samples compared to other 
imaging markers of SVD. In 
non-SVD samples including 
patients with Alzheimer’s 
disease, PSMD was not 
associated with processing 
speed. In a longitudinal 
analysis of 58 CADASIL 
patients PSMD and WMH 
volume were seen to 
change over 18 months 
follow up whereas other 
markers and processing 
speed did not. PSMD had 
the smallest sample size for 
a clinical trial based on the 
changes seen in this 
sample.  

Chen et al. 
2015152 

27 subjects 
30 controls 

65.8±5.9 
63.5±6.1 

Silent lacunar 
infarcts on MRI 
in cognitively 
healthy cohort 

Participants 
from the same 
cohort without 
silent lacunar 
infarcts 

3T DTI Age, sex and education FA was decreased and MD 
increased in the corpus 
callosum and superior and 
anterior corona radiata 
compared to controls. 
Memory, executive function, 
language scores and MMSE 
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were also reduced. Silent 
lacunar infarct patients with 
higher FA in the left external 
capsule had higher cognitive 
test scores in memory and 
language domains. 
Presence of other SVD 
features was not 
commented on. 

Evans et al. 
2016352 

4259 63.3 
(11.0) 

Stroke free 
community 
dwelling cohort 

None 1.5T DTI Age, sex, cardiovascular 
risk factors, WMH volume 
and lacunar infarcts 

Each SD decrease in FA 
associated with a hazard 
ratio of stroke of 0.75 (0.57-
0.98) and each SD increase 
in MD associated with a 
hazard ratio of stroke 1.50 
(1.08-2.09). 

Hollocks et 
al. 2015353 

118 subjects 
398 controls 

69.9 (9.8) 
61.9 
(13.5) 

Symptomatic 
lacunar stroke 
plus Fazekas 
grade 2 or 
higher WMH 

Stroke free 
healthy controls 
(some vascular 
risk factors 
present) 

1.5T DTI Age, IQ, global cognitive 
function 

Decreased FA was 
associated with apathy but 
not depression. The 
strongest associations were 
seen in limbic association 
tracts. Analysis did not take 
into account WMH volume. 

Kim et al. 
2015354 

232 73.7 (7.2) 
 
74.1 (6.6) 
 
69.7 (9.5) 
70.1(7.9) 

Mixed cohort of 
subcortical and 
Alzheimer’s type 
dementia and 
MCI 

None 3T DTI 
PiB-PET 
imaging 

Age, sex, education, PiB 
retention ratio, WMH 
volume and lacune number 

WMH volume and lacunes 
were associated with 
decreased nodal efficiency 
across frontal, lateral 
temporal, lateral parietal and 
occipital regions (nodal 
efficiency is essentially a 
measure of the path length 
between a node and all the 
other nodes in a network; 
shorter path lengths are 
more efficient, and a 
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decrease in nodal efficiency 
means communications are 
being routed by via a longer 
path). Using path analysis 
frontal nodal efficiency 
appeared to mediate the 
effects of SVD on frontal 
atrophy and frontal 
executive dysfunction. 
Temporal and parietal nodal 
efficiency appeared to 
mediate the effects of SVD 
on temporal and parietal 
atrophy and memory 
dysfunction 

Kim et al. 
2016355 

129 73.8(6.8) Subcortical 
vascular 
dementia and 
MCI 

None 3T DTI 
PiB-PET 

Age, sex, intracranial 
volume, clinical diagnosis, 
periventricular WMH and 
brainstem microbleeds (the 
imaging markers 
associated with gait score 
on univariate analysis).  

Poorer gait score associated 
with periventricular WMH, 
decreased FA in frontal and 
parietal WM and the corpus 
callosum, and cortical 
thinning in frontal and lateral 
temporo-parietal-occipital 
areas. Amyloid assessed  
by Pitsburgh B imaging not 
related to gait score. Using 
path analysis the 
relationship of PVWMH to 
gait score appeared 
mediated via reductions in 
FA and cortical thickness 

Kim et al. 
2015356 

32 Vascular 
dementia 
40 
Alzheimer’s 
disease 

71.3±7.3 
 
67.0±9.1 
 
 

Subcortical 
vascular 
disease patients 
with severe 
WMH amyloid 

Alzheimer’s 
disease 
patient’s without 
WMH and 
amyloid positive 

3T DTI 
PiB-PET 

Age, sex and level of 
education 

Vascular dementia patients 
had decreased FA and 
increased MD in all WM 
regions examined compared 
to AD patients without 
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56 Healthy 
Controls 

62.5±7.5 negative PET 
imaging 

PET imaging 
 
Neurologically 
and cognitively 
normal healthy 
controls 

WMH. (Note the difference 
in WMH between groups).  
AD patients had decreased 
FA and increased MD in 
some WM regions 
compared to controls.  
 

Li et al. 
2016357 

19 subjects 
15 controls 

64.7±12.4 
62.1±10.1 

Subcortical 
stroke with no 
other WM 
pathology 

None 3T fMRI 
plus DTI in 
13 SVD 
subjects 

None for connectivity 
analyses 

functional connectivity of the 
M1 region to motor cortex in 
the contralateral hemisphere 
was reduced post-stroke as 
was structural connectivity 
in the corpus callosum 
measured using fibre 
tracking compared to 
controls. After treatment 
with aspirin and citicoline for 
one month functional and 
structural connectivity was 
improved. No 
randomisation, blinding or 
untreated/placebo arm, 
structural connectivity only 
assessed in some patients 
and no control for 
demographic variable, risk 
factors or imaging features 
in the connectivity analyses. 

Liu et al. 
2015358 

20 subjects 
16 controls 

56.8±8.4 
58.8±7.3 

Lacunar stroke 
but excluded if 
any other SVD 
imaging features 

Healthy controls 3T fMRI 
and DTI 

Age and sex At 29.8 months post stroke 
FA decreased in stroke 
affected cortico-spinal tract 
and M1-M1 connection and 
increased M1-M1 functional 
connectivity compared to 
controls.  
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Maillard et 
la. 2016359 

1903 46±8.7 Third generation 
population 
based cohort 
without 
prevalent stroke 
but unclear if 
this was clinical 
or radiological 
diagnosis 

None 1.5T DTI Age, sex, use of 
antihypertensive 
medication, total 
cholesterol, smoking status, 
diabetes, total cranial 
volume, time between 
clinical and MRI 
assessment 

Increased carotid-femoral 
PWV was associated with 
decreased FA in the corpus 
callosum and corona radiata 
and decreased GM density  
in the thalamus. No 
correction for WMH volume. 

McEvoy et 
al. 2015 157 

173 
hypertensive 
101 
normotensive 

61.8±2.6 Hypertensive 
military veteran 
twins 

Normotensive 
military veteran 
twins 

3T DTI Age, site, non-
independence of twin data, 
education level, LDL 
cholesterol, C-reactive 
protein, diabetes, statin 
use, alcohol use  

Hypertensive subjects had 
decreased FA and 
increased MD in all WM 
fibre tracts. Effects were 
stronger in those positive for 
APOEe4 allele in two white 
matter tracts connecting 
frontal WM areas. Shorter 
duration of hypertension or 
better control did not lessen 
the effects.  

Mutlu et al. 
2016360 

2436 56.5 (6.2) Prospective 
cohort of 
subjects aged 
≥45 

None 1.5T DTI Age, sex, arterial or venous 
calibre (the calibre that was 
not the dependent 
variable), Wm volume, 
intracranial volume, WMH 
volume, lacunar infarcts, 
CMB, systolic blood 
pressure, diastolic blood 
pressure, antihypertensive 
medication, BMI, total 
cholesterol, HDL 
cholesterol, diabetes, C-
reactive protein, 
atherosclerotic plaque and 
smoking 

Narrower retinal arterioles 
and wider venules 
associated with decreased 
FA and increased MD  
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Nadkarni et 
al. 2016159 

179 83.1 (2.7) Independent 
community 
dwelling adults 
aged 70-79 at 
enrolment. 

None 3T DTI Age, sex, race, education, 
self reported exercise 
intensity, diabetes, 
hypertension, modified 
MMSE score, Parkinson’s 
disease rating scale 
(UPDRS III score), smoking 
status, prior stroke or TIA, 
grey matter volume, WMH 
volume and NAWM-FA(not 
for analyses where FA was 
the dependent variable)  

Higher interleukin-6 levels 
over preceding 10 year 
period associated with 
slower gait speed and WMH 
volume but not NAWM FA. 
Association with gait speed 
no longer apparent after 
controlling for WMH volume.  

Pasi et al. 
2015361 

76 75.1±6.8 MCI and 
moderate to 
severe WMH on 
Fazekas scale 

None 1.5T DTI Age, education level, 
gender, lacunar infarcts, 
WMH, global cortical 
atrophy, medial temporal 
atrophy 

Lower MoCA score but not 
MMSE associated with 
decreased FA and 
increased MD. 
Visuoexecutive and 
attention MoCA subsets 
associated with MD 

Reijmer et 
al. 2015362 

38 subjects 
29 controls 

 Non-demented 
subjects with 
Probable or 
definite CAA. 
Included 17 
patients with 
intracerebral 
haemorrhage 

Cognitively 
normal subjects 
without CAA 

1.5T DTI 
29 subjects 
also had 
PiB PET 
imaging 

Age, sex, education level, 
WMH volume, median FA, 
CMB, brain volume  

Global network efficiency 
reduced in patients versus 
controls. Within the patient 
group lower global efficiency 
was associated with hgher 
cortical amyloid load, WMH 
volume, atrophy, processing 
speed, executive function 
and gat velocity but not 
associated with memory. 
Association of cognition with 
global network efficiency 
persisted after controlling for 
some demographics and 
SVD imaging features 
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Sam et al. 
2016191  

45 74 (SD 
9.4) 

Patients >50 yrs 
presenting to 
neurology clinic 
with a range of 
symptoms with 
MRI showing 
WMH ≥2 on 
Fazekas scale 

None 3T BOLD 
and DTI 
MRI 

None CVR and FA decreased, 
whilst MD and T2 values 
increased in NAWM that 
progressed to WMH 
compared to WM in 
contralateral hemisphere 
that did not progress to 
WMH. 

Sam 
2016192 

75 74( SD 
9.7) 

Patients >50 yrs 
presenting to 
neurology clinic 
with a range of 
symptoms with 
MRI showing 
WMH ≥2 on 
Fazekas scale 

None 3T BOLD 
and DTI 
MRI 

None Negative CVR (suggestive 
of a vascular steal 
phenomenon) associated 
with decreased FA, CBF, 
cerebral blood volume  and 
increased MD and time to 
maximum compared to 
regions with positive CVR 

Santiago et 
al. 2015363 

49 66.3(6.8) Cardiac 
rehabilitation 
participants with 
recent 
myocardial 
infarction, 
coronary 
intervention or 
bypass graft. 
Mean WMH 
volume 2.5ml 

None 3T DTI Age, sex, education Decreased FA associated 
with impaired processing 
speed and executive 
function in 11 out of 20 WM 
tracts. No association with 
memory in any tracts. 
Increased MD associated 
with impaired processing 
speed and executive 
function in 9 out of 20 WM 
tracts. Association with 
memory in 3 tracts. 

Schaapsm
eerders et 
al. 2016364 

117 subjects 
84 controls 

49.8±9.4 
48.9±11.9 

Young 
ischaemic 
stroke patients 
(mean age at 
event 39.0[8.2])  

Age, sex and 
education 
matched non-
demented 
controls drawn 
from subjects 
relatives  

1.5T DTI Age, sex, follow-up 
duration, education, lesion 
hemisphere, WMH volume, 
depressive symptoms, 
fatigue, stroke lesion 
volume,  

11 years after stroke WM 
FA positively related to and 
MD negatively related to an 
assessment of global 
cognitive function. 
Associations independent of 
WMH volume, stroke 
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volume and other variables 
that were controlled for. WM 
integrity associated with 
processing speed, attention, 
working memory and 
executive function sub-
domains.  

Sedaghat 
et al. 
2016166 

4294 63.6 
(11.0) 

Stroke free 
patients from 
population 
based cohort 

None 1.5T DTI Age, sex, systolic blood 
pressure, diastolic blood 
pressure, antihypertensive 
medication, smoking, total 
cholesterol, HDL 
cholesterol, lipid lowering 
medication, diabetes, 
coronary heart disease, 
APOEe4 status, BMI, 
intracranial volume, WMH 
volume, WM volume, CMB, 
lacunar infarcts.  

Each SD decrease in FA 
and increase in MD 
associated with hazard 
ratios for all cause mortality 
of 1.24(1.10-1.43) and 
1.32(1.11-1.56) respectively. 
Looking at cardiovascular 
and non-cardiovascular 
mortality separately only 
significant risk after 
correction for other variables 
was FA decrease having a 
hazard ratio for 
cardiovascular mortality of 
1.53 (1.04-2.24). 

Van Uden 
et al. 
2015365 

151 
Depressive 
symptoms 
287 
Free from 
depressive 
symptoms 

65.6(8.6) 
 
 
64.8 (8.9) 

Depressive 
symptom 
subjects aged 
between 50 and 
85 with WMH 
and or lacunar 
infarcts on 
neuroimaging 

Depressive 
symptom free 
subjects aged 
between 50 and 
85 with WMH 
and or lacunar 
infarcts on 
neuroimaging 

1.5T DTI Age, sex, education level, 
normalised total brain 
volume, WMH volume, 
number of lacunar infarcts, 
MMSE score, cognitive 
index 

Participants with depressive 
symptoms had lower FA and 
higher MD, axial diffusivity 
and radial diffusivity in the 
corpus callosum, inferior-
fronto-occipital fasciculus, 
uncinate fasciculus and 
corona radiata. Association 
not affected by global 
cognitive function but there 
was no association after 
adjusting for WMH volume 
and lacunar infarcts. 
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Wang et al. 
2015366 

241 72.0(9.0) Age-stratified 
population 
random sample 

None 1.5T DTI Age, sex, education, 
APOEe4, vascular risk 
factors, WMH volume, time 
to follow up 

Decreased FA associated 
with heavy alcohol 
consumption whilst 
increased MD associated 
with hypertension and 
diabetes. FA decreased and 
MD increased with 
increasing number of 
vascular risk factors present 
in an individual. APOEe4 
worsened the effect of 
vascular risk factors. Being 
in the lowest tertile of FA 
subjects and highest tertile 
of MD subjects was 
associated with the fastest 
decline in MMSE scores 
over six years follow up but 
unclear if this analysis 
adjusted for SVD features or 
risk factors.  

Benjamin 
et al. 
2016367 

121 70 (9.8) Symptomatic 
lacunar stroke 
and WMH grade 
2 on Fazekas 
scale 

None 1.5T DTI None Changes in brain volume, 
WMH volume, lacune 
number and MD detectable 
over three years but 
changes in processing 
speed and executive 
function not seen. Sample 
size estimates for use of 
imaging markers as 
outcome measure WMH 
volume change sample size 
< MD peak height change 
<brain volume change < 
lacune number change.  
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Kalheim et 
al. 2017368 

31 amyloid  
20 controls 

63.8(6.9) 
59.9(7.3) 

MCI or 
subjective 
cognitive decline 
patients with 
abnormal CSF 
amyloid levels 

MCI or 
subjective 
cognitive decline 
patients with 
normal CSF 
amyloid levels 

1.5T DTI Age and WMH volume MD, axial diffusivity and 
radial diffusivity higher in 
WMH of amyloid positive 
patients. No differences in 
FA.  

Munoz-
Maniega et 
al. 2016369 

204 66.0 
(11.5) 

Mild ischaemic 
stroke 

None 1.5T DTi 
and DCE-
MRI 

Age, Fazekas score, 
hypertension, smoking 
status and pulse pressure 

Decreased FA, increased 
MD, increased water 
content and increased BBB 
leakage seen WMH 
compared to NAWM. 
Increasing WMH associated 
with deterioration in all these 
parameters in NAWM. 
Increasing age associated 
with increased MD and 
water content.  

Tang et al. 
2015370 

27 Subjects 
30 Controls 

65.8±5.9 
63.5±6.1 

Silent lacunar 
infarcts  

Healthy controls 3T DTI Age, gender, brain volume Global and local efficiencies 
were reduced in the lacunar 
infarct group compared to 
the controls. Memory, 
attention, executive function 
and verbal fluency were 
associated with nodal 
efficiency. 
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Cerebral 
Blood 
Flow 

       

Bouvy et al 
2016371 

6 23-29 N/A Young healthy 
controls 

7T PC-MRI N/A Measured blood flow 
velocity and pulsatility in 
individual perforating 
arteries down to 80 
micrometres 

Cooper et 
al 2016372 

1820 80±5 Population 
based healthy 
elderly cohort 

N/A 1.5T PC-
MRI 

Age, height, weight, heart 
rate, 
diabetes mellitus, previous 
cardiovascular disease, use 
of antihyper- 
tensive and lipid-lowering 
medication, total and high-
density lipopro- 
tein cholesterol levels, 
triglycerides, smoking, 
education level, and 
depressive symptoms. 

Increased carotid femoral 
PWV associated with 
decreased memory score. 
Cerebrovascular resistance 
(mean arterial pressure 
/CVF) and WMH both 
associated with PWV and 
memory and both 
attenuated the direct 
relationship between PWV 
and memory.  

Doi373 36 patients  
86 controls 

81.3±5.4 
77.7±8.4 

Patients with 
lobar cerebral 
microbleeds 
from a mixed 
cohort of 
Alzheimer’s 
disease, 
vascular 
dementia, mixed 
dementia, Lewy-

Patients without 
lobar cerebral 
microbleeds 
from a mixed 
cohort of 
Alzheimer’s 
disease, 
vascular 
dementia, mixed 
dementia, Lewy-

1.5T SWAN 
MRI for 
microbleed
s  
 
99Tc-ECD 
SPECT for 
CBF 
(qualitative 
measure) 

None stated 17 out of 23 patients with 
microbleeds had decreased 
CBF within 1cm of the 
microbleed on SPECT 
imaging. Parietal and 
occipital microbleeds were 
more associated with 
decreased CBF than frontal 
microbleeds and when 
comparing microbleed 
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body dementia, 
mild cognitive 
impairment and 
subjective 
cognitive  
impairment. 

body dementia, 
mild cognitive 
impairment and 
subjective 
cognitive 
impairment. 

burdens areas with five or 
more microbleeds had 
reduced CBF compared to 
areas with just one 

Foster-
Dingley et 
al. 2015 374 

203 cross-
sectional 
analysis 
102 
longitudinal 
analysis 

80.8(4.1) 
 
 
80.5(3.9) 

Cross sectional: 
Stroke free 
community 
dwelling 
subjects on 
antihypertensive 
medication with 
an MMSE score 
of 21-27 
Longitudinal: as 
above – 
discontinued 
antihypertensive 
therapy 

Cross-sectional: 
None 
Longitudinal 
study: 
Subjects who 
continue 
antihypertensive 
therapy  

3T pcASL Age and sex Cross-sectional: 
Found no association 
between CBF and any blood 
pressure parameter (systolic 
BP, diastolic BP, pulse 
pressue, mean arterial 
pressure or change on 
standing in systolic or 
diastolic BP). This included 
an analysis of subgroups 
with WMH volume, 
presence of microbleeds, 
and presence of lacunar 
infarcts.  
Longitudinal: 
No difference in change in 
CBF between group who 
discontinued and continued 
antihypertensive treatment.  

Hoscheidt 
et al 2016 
375 

120 57±5 Asymptomatic 
subjects but 
cohort enriched 
with 78% having 
a parental 
history of 
Alzheimer’s 
disease. Exact 
inclusion criteria 
not specified 

None 3T pcASL 
and PC-
MRI 

Age, sex, waist 
circumference, 
MAP,triglycerides, HDL and 
total cholesterol, APOEe4 
carriage, grey matter 
volume 

Insulin resistance was 
associated with reduced 
arterial flow on phase 
contrast MRI and reduced 
cerebral perfusion on ASL in 
a number of grey matter 
regions 
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Nasel et al. 
2016 376 

50 SVD 
patients 
38 elderly 
controls 
18 young 
controls 

SVD: 
75.7±9.6 
Elderly 
controls: 
68.4±9.0 
Young 
controls: 
42.3±8.5 

Random sample 
from institutional 
database of 
>6000 scans. 
Groups decided 
based on age 
and WMH 
volume. 
SVD group 
considered to be 
those aged >53 
with WMH 
volume greater 
than 2x the 
median absolute 
deviation from 
the regression 
line of the 
“young control”  
group WMH 
volume. 
Mean 
52.1±7.7cm3 
WMH 

Young controls: 
Age <53 (note 
this group had  
mena WMH 
volume of 
10.4±2.3cm3) 
Elderly controls: 
Age ≥ 53 with 
WMH below the 
threshold of 2x 
median absolute 
deviation from 
the regression 
line. (Mean 
WMH volume 
17.1±5.5) 

1.5T DCE 
MRI 

Age, hypertension gender, 
diabetes, hyperlipidaemia 
and  smoking. Although 
notes the retrospective 
design meant vascular risk 
factors could not be 
specifically assessed. 

Increased arteriovenous 
transit time was seen in 
patients with SVD compared 
to both elderly and young 
controls. Decreased bolus 
spread velocity was seen in  
those with an increased 
WMH volume.  
Age was a strong 
confounder however and 
hypertension also had a 
weak confounding effect. 
Gender, diabetes, 
hyperlipidaemia and  
smoking did not affect the 
results. 

Promjunya
kul et al 
2016 377 
 
 
  

82 84(8.2) Cognitively 
intact healthy 
elderly with 
WMH 

None 3T ASL and 
DTI 

None Reduced CBF around a 
WMH extended to 13-14mm 
around the WMH. 
Microstructural 
abnormalities measured by 
FA/MD and FLAIR intensity 
extended to 2-9mm around 
WMH.  

Promjunya
kul et al 
2015 180 

Cross-
sectional; 
61 

84.6(8.0) Cognitively 
intact healthy 
elderly with 

None 3T ASL None CBF reduced compared to 
other NAWM out to a 
distance of 12mm from 
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 Longitudinal: 
24 

WMH WMH and in 24 who 
returned for follow up areas 
developing new WMH after 
18 months had lower CBF 
on the baseline scan 

Al-Bachari 
et al 2017 
378 

 18 
Cerebrovasc
ular Disease 
51 Idiopathic 
Parkinson’s 
disease 
34 Controls 

70.1 (53-
84) 
 
69.0(52-
85) 
 
67.4(52-
85) 

Cerebrovascular 
disease patients 
(not specified in 
more detail). 
Median WMH 
volume 10.44ml 
PD patients. 
Median WMH 
volume 4ml 

Free of 
cerebrovascular 
disease and PD. 
Median WMH 
volume 1.41ml 

3T ASL 
(note 14 
controls 
and 14 PD 
patients 
were 
scanned 
with an 8 
channel 
head coil 
rather than 
the 32 
channel 
used for all 
other 
participants
) 

Gender, PD disease 
severity and duration. 

Patients with stroke and 
Parkinson’s disease were 
seen to have a prolonged 
arterial arrival time 
compared to healthy age 
matched controls. Both the 
stroke group and the PD 
group had similar WMH 
burdens. 
No association of AAT with 
MoCA score. 

Zarrinkoob 
et al. 379 

45 subjects 
49 controls 

71±4 
25±2 

Healthy elderly Healthy young  PC-MRI Age and sex corrected for 
when analysing correlation 
of PWV with PI.  

Pulsatility index in older 
subjects higher compared to 
younger subjects and this 
was more pronounced in 
distal arteries. Dampening 
of the pulsatility index 
across the cerebral arteries 
was also reduced in the 
elderly cohort. PWV not 
correlated with PI. 

Zonneveld 
et al. 2015 
380 

3011 59.6(8.0) Non demented 
subjects from a 
population 

None PC-MRI Age, sex, scan interval, 
intracranial volume, GM 
volume, WM volume, 

Lower brain volume at 
baseline was associated 
with reduced CBF at follow 
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Variables Controlled For Main Findings 

based cohort. APOEe4 status, systolic 
and diastolic blood 
pressure, antihypertensive 
medication, BMI, diabetes, 
total and HDL cholesterol, 
lipid lowering medication, 
smoking, presence of 
carotid stenosis. 

up. Decreased CBF was 
only associated with 
decreased brain volume in 
participants over 65. The 
analysis used follow up CBF 
as the dependent variable 
while including baseline 
CBF as an independent 
variable in a multivariable 
model, rather than looking 
directly at CBF change 

        

Cerebrova
scular 
Reactivity 

       

Sam et al 
2016191  

45 74 (SD 
9.4) 

Patients >50 yrs 
presenting to 
neurology clinic 
with a range of 
symptoms with 
MRI showing 
WMH ≥2 on 
Fazekas scale 

None 3T BOLD 
and DTI 
MRI 

None CVR and FA decreased, 
whilst MD and T2 values 
increased in NAWM that 
progressed to WMH 
compared to WM in 
contralateral hemisphere 
that did not progress to 
WMH. 

Sam et al 
2016192 

75 74( SD 
9.7) 

Patients >50 yrs 
presenting to 
neurology clinic 
with a range of 
symptoms with 
MRI showing 
WMH ≥2 on 
Fazekas scale 

None 3T BOLD 
and DTI 
MRI 

None Negative CVR (suggestive 
of a vascular steal 
phenomenon) associated 
with decreased FA, CBF, 
cerebral blood volume  and 
increased MD and time to 
maximum compared to 
regions with positive CVR 
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Study N Age SVD Group Control Group Imaging 
Method 

Variables Controlled For Main Findings 

        

BBB 
Leakage 

       

Huisa et al. 
2015 381 

22 patients  
16 Controls 

67±10 
61±9.5 

Subjects chosen 
retrospectively 
from a larger 
vascular 
cognitive 
impairment 
cohort. 
Presence of 
SVD defined as 
large WMHs 
(Fazekas 
score>2[not 
stated f deep or 
periventricular 
or combned]),>2 
vascular risk 
factors and focal 
neurological 
symptoms or 
gait disturbance 

Age matched 
controls. Not 
stated if from 
vascular 
cognitive 
impairment 
cohort or if 
healthy controls 

DCE-MRI 
(TAPIR 
sequence) 
14 subjects 
at 1.5T 
8 subjects 
at 3T 
Not stated 
what 
strength 
used for 
controls 

None BBB permeability seen to be 
increased and to have 
greater variability in terms of 
the areas it affected in 
patients with SVD compared 
to controls. Interestingly 
very little of the permeability 
was seen in the WMH 
themselves with most of the 
permeability confined to a 
4mm ring around existing 
WMH 

Yang et al. 
2015382 

14 Patients 
17 Controls 

71±10 
69±12 

Lacunar infarcts Cortical infarcts CT 
perfusion 

None Increased BBB permeability 
in contralateral, non-
infarcted basal 
ganglia/thalamus over first 
three months after stroke. 

Heye et al 
2016383 

201 66±11.5 Mild stroke 
patients 

None 1.5T DCE-
MRI 

Scanner drift BBB leakage (Ktrans and 
Vp) significantly increased in 
WMH compared to NAWM 
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Study N Age SVD Group Control Group Imaging 
Method 

Variables Controlled For Main Findings 

Van de 
Haar et al 
2016 384 

16 patients 
17 controls 

73.6±7.9 
75.8±6.2 

Alzheimer’s 
disease with a 
moderate 
volume of WMH 
(mean 15.8ml) 

Healthy controls 3T DCE-
MRI 

Age, sex, WMH volume, 
diabetes and other non-
cerebral vascular disease 

In patients BBB leakage rate 
was increased in total grey 
matter and cortex, whilst 
volume fraction of leakage 
tissue was increased in total 
grey matter, NAWM, deep 
grey matter and cortex. 
MMSE scores decreased 
with increasing leakage 
volume in deep GM and 
cortex.  

Wardlaw et 
al 385 same 
cohort as 
Heye, ref 
64 

201 67 (34-
97)  

Mild ischaemic 
stroke patients 

None 1.5T DCE-
MRI 

Age, WMH burden, 
vascular risk factors, 
intravascular contrast 
baseline T1 value and time 
after contrast injection. 

BBB leakage and interstitial 
fluid increased in WMH 
compared to NAWM. 
Leakage increased in 
NAWM with proximity to 
WMH. Leakage increased 
with WMH severity, age and 
hypertension. BBB leakage 
predicted declining cognition 
at one year.  

Montagne 
et al. 
2015197  

MCI 21 
Older 
controls 18 
Young 
controls 6 
Multiple 
sclerosis 
19 

55-85 
 
55-91 
 
23-47 
 
 
26-53 

Mild cognitive 
impairment 
patients 

Not stated how 
controls were 
recruited or if 
had vascular 
risk factors 

3T DCE-
MRI 

None BBB leakage in the 
hippocampus increased with 
age and was further 
increased by the presence 
of mild cognitive impairment. 
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Table 56 and 57  
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Appendix 2: Published Papers 

Magnetic Resonance Imaging for Assessment of Cerebrovascular 

Reactivity in Cerebral Small Vessel Disease: A Systematic Review 
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Advanced Neuroimaging of Cerebral Small Vessel Disease
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Cerebrovascular reactivity Measurement in Cerebral Small Vessel 

Disease: Rationale and Reproducibility of a Protocol for MRI 
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Intracranial Haemodynamic Relationships in Patients with Cerebral 

Small Vessel Disease 
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Small Vessel Diesease is Associated with Altered Cerebrovascular 

Pulsatility but not Resting Cerebral Blood Flow 
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Preventing Cognitive Decline from Cerebral Small Vessel Disease: The 

LACI-1 Trail. Protocol and Statistical Analysis Plan of a Phase IIa Dose 

Escalation Trial Testing Tolerability, Safety and Effect on Intermediary 
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Lacunar Ischaemic Stroke: Safety Data from the Lacunar Intervention 

(LACI-1) Trial 

 

  



520 
 

 

  



521 
 

 

  



522 
 

 

  



523 
 

 

  



524 
 

 

  



525 
 

Imaging Neurovascular, Endothelial and Structural Integrity in 

Preparation to Treat Small Vessel Diseases. The INVESTIGATE-SVDs 
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