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Abstract 

Small vessel disease (SVD) is a common cause of strokes and dementia. 

Currently, there are no treatments; therefore, developing and validating early 

biomarkers of disease progression and treatment response is important for 

future drug trials. Though SVD pathogenesis is not well understood, findings 

from previous studies suggest that blood-brain barrier dysfunction and 

impaired cerebrovascular reactivity (CVR) contribute to the disease. The latter 

can be measured in vivo using a vasoactive stimulus in parallel with magnetic 

resonance imaging (MRI) techniques sensitive to blood flow, such as blood 

oxygen level dependent (BOLD) contrast, and has frequently been assessed 

in patients with steno-occlusive diseases. However, it is unclear if the 

technique is reliable when investigating cerebrovascular health in deep 

structures of the brain where SVD is prevalent. Therefore, this thesis aimed to 

assess and optimise the reliability of CVR measurements and deepen our 

understanding of its role in SVD pathogenesis. 

A systematic review was performed to provide a detailed overview of CVR MRI 

methodologies and clinical applications, including SVD, present in the 

literature, which identified several acquisition and analysis methods, a need 

for greater standardisation and lack of data on reliability. Specifically in SVD 

research, there was limited application of CVR MRI in SVD populations, little 

optimisation and reliability assessment of CVR in deep brain structures 

relevant to SVD, such as in white and subcortical grey matter. Following those 

findings, the effects of voxel- and region-based analysis approaches on 

reliability of CVR estimates were investigated using simulations and test-retest 

data from healthy volunteers. Voxel-based CVR magnitude estimates in 

tissues with high noise levels were prone to bias, whereas biases in region-

based estimates were independent of noise level, but consistently 

underestimated CVR magnitude relative to the ground-truth mean. 

Furthermore, the test-retest study confirmed the repeatability of CVR 
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estimates from a BOLD-CVR experiment with fixed inhaled stimulus, although 

a systematic, but small, bias was detected due to habituation to the gas 

challenge. The data from healthy volunteers were further used to conduct a 

proof-of-concept and investigate the feasibility of extracting cerebral pulsatility 

from BOLD-CVR data. Small-to-moderate correlations with pulsatility from 

phase-contrast MRI were found depending on the regions considered. CVR 

pulsatility was also computed in a small cohort of SVD patients: it was higher 

than in healthy volunteers, but no associations were found with SVD burden. 

It was concluded that further optimisation and validation of the technique is 

needed before being suitable for clinical research. Following the optimisation 

of the CVR MRI technique, relationships between CVR and SVD neuroimaging 

features, cognition, stroke severity and outcome were investigated cross-

sectionally and longitudinally in a cohort of patients with mild stroke. In the 

cross-sectional analysis, CVR impairment in normal-appearing and damaged 

tissues was associated with worse SVD burden and cognition deficit. 

Furthermore, the longitudinal analysis showed that baseline CVR impairment 

predicted worsening of white matter hyperintensity and perivascular space 

volumes after one year. 

In conclusion, assessment of CVR in the brain and its deeper structures was 

successfully conducted in healthy volunteers and patients with SVD using MRI. 

However, this required appropriate optimisation of processing strategy as the 

latter can affect accuracy of CVR parameters and inter-study comparability. 

Importantly, applying the technique in a cohort of SVD patients led to the 

findings that CVR impairment was related to worse SVD burden and is a 

potential marker of SVD severity and progression.
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Lay summary 

Small vessel disease is a condition arising from small blood vessels lying deep 

in the brain being damaged. They are too small to be imaged individually in a 

living brain with current technology. The disease is a high burden to society as 

it occurs with normal ageing, there are no treatments for it and it causes 

strokes and dementia, which are leading causes of death worldwide. Research 

using advanced medical imaging can help us to understand what is going 

wrong in the brain tissue in this condition and find ways to monitor the disease 

in order to test new treatments. Amongst other things, blood vessels may not 

be increasing their size enough when the brain needs more oxygen and 

nutrients to function. This “reactivity” property can be measured using a 

specific brain imaging technique that uses magnetic resonance imaging (MRI). 

The challenge of measuring reactivity in small vessel disease is that the signal 

coming from small blood vessels is low and hard to detect. The aim of this 

thesis was to find the best way to measure and analyse the reactivity of those 

small blood vessels in order to understand its role in small vessel disease. 

To do this, I read papers from all the previous studies that used this specific 

technique. I was then able to give an overview of the different aspects and 

challenges to consider when applying the technique and found that it was 

unclear which method was most suitable to analyse data from patients with 

small vessel disease. Therefore, I created a computer program, which allowed 

me to compare the different methods and select the most accurate one in the 

context of small vessel disease. Then, I looked at extracting the variation of 

blood flow in the brain between heartbeats, also known as pulsatility of the 

blood, using the same data acquired to measure reactivity. This is usually done 

using a different type of brain scan, which increases the overall scan duration. 

I was able to detect pulsatility in some parts of the brain, but concluded that 

the technique should be further validated before being used in clinical 
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research. Finally, I searched for links between the blood vessels not reacting 

properly and other abnormalities related to small vessel disease. I found that 

patients with blood vessels that were less reactive had a more severe state of 

disease, which worsened even more after one year.  

To conclude, the work described in this thesis demonstrated that measuring 

the reactivity of small blood vessels in the brain is possible if the technique is 

carefully optimised for such measurements. The loss of reactivity from the 

blood vessels seems to contribute to small vessel disease. Further research 

and technical improvement will help to determine its exact role in the 

development and progression of the disease.
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1 Introduction 

1.1 Cerebral small vessel disease 

Cerebral small vessel disease (SVD) refers to a range of clinical symptoms 

and neuroimaging findings that are thought to arise from the dysfunction of 

small perforating arteries, capillaries and venules in the brain and is currently 

lacking treatment.1–3 It contributes to most vascular dementias and a third of 

patients with Alzheimer’s disease also exhibit SVD features.4,5 Overall, SVD 

contributes to more than 50% of dementias.4,5 Furthermore, SVD causes 20% 

of strokes worldwide including 25% of ischaemic and most haemorrhagic 

strokes.2 SVD increases the probability of stroke recurrence, limits 

independence and increases the risk of mortality after stroke.6,7 In 2015, the 

cost of dementia to society in England was estimated at £24.2 billion;8 while 

prevalence of vascular dementia/Alzheimer’s disease doubles every 5.3/4.3 

years respectively.9 The care of patients with strokes in England, Wales and 

Northern Ireland was estimated at £1.7 billion at one year and £3.6 billion at 

five years after stroke.10 In cases where no stroke or dementia have been 

diagnosed, SVD still causes symptoms and disability.7,11,12 Therefore, SVD 

represents a huge economic burden to society. 

Sporadic (i.e. non-familial) SVD is a consequence of ageing and of different 

comorbidities.7 Thus, sporadic SVD typically manifests in mid to late life.7 The 

most common familial form of SVD is known as cerebral autosomal dominant 

arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL). 

However, the scope of this thesis is limited to the sporadic form of SVD. 

Due to limited spatial resolution of standard clinical neuroimaging techniques, 

it is not possible to observe directly the dysfunction of small blood vessels in 

vivo. Consequently, SVD refers to the range of clinical manifestations and 

associated changes in brain tissues.11 
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1.1.1 Clinical manifestations and risk factors 

A wide range of clinical manifestations have been noted in patients with SVD. 

Those are associated with diverse risk factors that can be separated into 

vascular, lifestyle and lifetime risk factors. The different clinical manifestations 

and risk factors are given below. 

Clinical manifestations  

SVD is often accompanied by lacunar ischaemic stroke, intracerebral 

haemorrhage and cognitive decline.7 Other clinical manifestations of the 

disease are:7,11 

- gait and balance dysfunction13,14 

- neuropsychiatric symptoms such as delirium, apathy, fatigue12 

- urinary symptoms.15,16 

More subtle symptoms, including delusion, emotional liability, subjective 

memory complaints and depression, have also been seen in SVD patients, 

though their association to SVD is not yet established.7 In some cases, SVD 

develops without the patient or their relatives noticing any manifestations of 

the disease.17 This so-called “silent” SVD is instead detected incidentally on 

brain images. In those patients, symptoms may not appear, potentially due to 

the relatively small size or precise location of the lesions.7 

Vascular risk factors 

SVD has vascular risk factors (VRFs) common to stroke and other 

cardiovascular conditions that include: 

- age7,18,19 

- hypertension defined as blood pressure greater than 140/90 mmHg7,18–

22 

- hypercholesterolaemia20,21 

- diabetes mellitus type 1 and 2.7,21–23 
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Previous studies showed that those VRFs are independently associated with 

the progression of white matter hyperintensities20 and overall SVD burden.18 

Therefore, their contribution needs to be taken into account when investigating 

the pathogenesis of SVD. 

Life-related risk factors 

Lifestyle and lifetime risk factors of SVD are:  

- excessive alcohol intake7,21 

- smoking7,18,20–22 

- high dietary sodium intake defined as more than 5 g per day7,21,24,25 

- lack of physical exercise21,26 

- lower cognitive abilities and lower educational attainment.7,27 

Including sex as a risk factor is still debatable as it might reflect age or 

recruitment bias.7,28 Research suggests that sleep disorders such as 

obstructive sleep apnoea might also be a risk factor of SVD.7,21,29 Genetics is 

also a risk factor of SVD as a family history of stroke increases the risk of 

developing SVD.30 

1.1.2 Neuroimaging features 

Since the early 1980s, magnetic resonance imaging (MRI) has been used as 

an additional tool to computed tomography (CT) in routine clinical brain 

imaging with scans including T1-weighted (T1W), T2-weighted (T2W), T2-

weighted fluid-attenuated inversion recovery (T2-FLAIR) and diffusion-

weighted imaging (DWI). SVD is characterised by multiple neuroimaging 

features that can be observed on MRI images. As such, standards for reporting 

vascular changes on neuroimaging (STRIVE criteria) were developed by the 

Centres of Excellence in Neurodegeneration to develop definitions and define 

imaging standards for research into SVD.31 SVD features include recent small 

subcortical infarcts, white matter hyperintensities (WMH), lacunes, 

microbleeds, enlarged perivascular spaces (PVS) and brain atrophy (Figure 

1-1). This section gives a brief description of each one of these SVD lesions. 
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Figure 1-1: SVD lesions observed on brain MRI. The images came from SVD 

patients from the Mild Stroke Study 3 (see Chapter 5). 

Recent small subcortical infarcts are lesions a few weeks old in territories 

of perforating arterioles.31 They cause 25% of ischaemic strokes, but some of 

them are silent, therefore not accompanied by lacunar stroke syndromes.7,17 

Recent small subcortical infarcts appear hyperintense on DWI and can evolve 

into T2W hyperintensities or lacunar cavities.31 

WMH are lesions of presumed vascular origin with variable size that arise from 

demyelination and increased interstitial fluid.2 They are hyperintense on T2W 

images such as T2-FLAIR MRI.31 WMH are commonly seen in the elderly7,18,19 

and higher WMH burden is associated with increased SVD severity and 

VRFs.18,20 Increased WMH volumes predict an increased risk of stroke, 

dementia and death.6 Though WMH gradually worsen, some have been found 

to improve.32,33  

Lacunes are old, small subcortical infarcts or small deep haemorrhages that 

are filled with fluid. They are hypointense on T2-FLAIR images and usually 

have a hyperintense rim around them.31 They are commonly seen in elderly 

people and are associated with increased risk of stroke, gait disturbance and 

dementia.34–36 

Microbleeds are small haemorrhages that are hypointense on T2*-weighted 

or susceptibility-weighted images (SWI).31 Their association with cognitive 

impairment has been shown in previous studies.37 
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PVS are fluid-filled spaces around the blood vessels that are part of the 

drainage system of the brain. Depending on the position of the MRI slice with 

respect to the blood vessels, surrounding enlarged PVS are either round or 

linear. They appear hyperintense on T2W MRI and hypointense on T1W or T2-

FLAIR MRI.31 They are associated with increasing age,38 WMH,39 lacunes40 

and cognitive decline.41 

Brain atrophy corresponds to the decrease of brain volume due to tissue 

loss.31 This tissue loss arises from neuronal loss, cortical thinning and enlarged 

cerebral spinal fluid (CSF) spaces. Brain atrophy is associated with SVD 

severity and cognitive decline.42 

1.1.3 Proposed pathogenesis and vascular dysfunction 

In the 1950s, Fisher gave the first description of abnormalities of small 

arterioles (40−200 µm) in 20 deceased patients.43–46 Those abnormalities 

consisted of changes in the organisation of the arterial walls that led to 

narrowing or occlusion of the small perforating arteries. Fisher hypothesised 

that the lesions were caused by the deposition of material on the arterial walls, 

known as lipohyalinosis (deposition of lipids on the arterial walls), and/or 

atherosclerosis (formation of plaques in larger perforating arteries, i.e. 

200−800 µm).44 Such mechanisms reduce the arrival of blood flow in tissues 

and would contribute to the presence of lacunar infarcts and WMH. Since then, 

the understanding of the disease has deepened and clinical imaging 

techniques have developed allowing the detection of other features of the 

disease such as enlarged PVS.47,48 Furthermore, SVD features are not only 

seen close to arterioles, but are globally present in the brain of SVD patients. 

Consequently, other mechanisms have been proposed to revise Fisher’s 

hypothesis such as inflammation,49 oligodendrocyte apoptosis,50 endothelial 

dysfunction51 and blood-brain barrier (BBB) impairment.45 Hereafter, 

pathogenesis due to endothelial dysfunction and/or BBB impairment is 

described. 



Chapter 1. Introduction  

6 
 

BBB refers to cells forming the wall of the blood vessels including endothelial 

cells joined together by tight junctions, basement membrane, pericytes, 

smooth muscle cells and astrocyte end-feet.2,52 Its role is to maintain the 

interstitial milieu by regulating brain oxygenation and metabolite transport, 

repairing myelin, clearing waste and ensuring interstitial fluid balance.52 

The precise sequence in which endothelial dysfunction occurs is unknown.2 

Initially, endothelial dysfunction could be induced by plasmin components or 

physical factors like elevated blood pressure.45 This can then result in BBB 

breakdown and leakage of substances (e.g. proteins, inflammatory markers, 

blood cells, fluids) through the vessel walls.2,45 Consequently, this can lead to 

increased interstitial fluid and damage to the surrounding tissues as well as 

further damage to the vessel walls.2,45,53 There are many plausible 

consequences that can be stated at this stage: inflammation, thickening and 

stiffening of vessel walls, impaired vasodilation (or cerebrovascular reactivity, 

CVR) and impaired oxygen and nutrient transport.2,11 Tissue injury could 

propagate further away from the sites of BBB breakdown due to the increased 

interstitial fluid around vessels. Indeed, this would elongate the diffusion path 

of the nutrients in order to reach neurons.2 Interestingly, dysfunction of the 

glymphatic system is also linked to SVD through enlarged PVS.39,53 Following 

BBB breakdown, inflammation and dysfunction of pericytes could lead to an 

accumulation of inflammatory cells in PVS, thereby altering fluid clearance and 

brain waste removal.53 The temporal relationship between enlarged PVS 

formation and vascular impairment also needs clarification. 

The pathogenesis of BBB breakdown can explain more SVD features than 

Fisher’s hypothesis and much of the evidence supports this mechanism.2,45 

Increased BBB leakage is associated with increasing age,45,54,55 diagnosis of 

dementia,45,55–57 higher WMH burden,45,55,58–60 patients with lacunar versus 

cortical stroke61,62 and with more PVS.62 In a small study including patients 

who developed vascular dementia, plasma proteins were found around 

perforating arteries, supporting the theory of BBB leakage.63 Animal  models 

of oedema-related lesions showed similarities with SVD tissue damage 
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supporting the theory that increased interstitial fluid due to BBB leakage could 

induce neuronal damage.64 Other preclinical studies showed that oedema 

could also account for arterial wall disorganisation or the lipohyalinosis 

observed by Fisher.65 Furthermore, in rodents with sporadic SVD, endothelial 

cell dysfunction blocked the maturation of oligodendrocyte precursor cells that 

is essential for the production and repair of myelin.66 In patients with SVD, BBB 

leakage can be found in normal-appearing white matter (NAWM)67,68 and 

increases with proximity to WMH.69 

As mentioned previously, impaired vasodilation, or CVR, would be another 

manifestation of vascular dysfunction reflecting the inability to match tissue 

blood supply to demand. In patients with WMH and in SVD patients with minor 

stroke, impaired CVR is associated with older age,70,71 hypertension,70,72 

lacunar versus non-lacunar stroke,2 higher WMH burden72–74 and increased 

intracranial cerebral pulsatility.75 Reduced CVR might also predict progression 

from NAWM to WMH.76 However, the relationship between CVR and other 

SVD features has not been investigated and the order in which vascular 

dysfunctions (BBB dysfunction, CVR, intracranial pulsatility) occur is unknown. 

1.2 Magnetic resonance imaging 

1.2.1 Principles of nuclear magnetic resonance 

Magnetic field and magnetic moment of nuclei 

Nuclear magnetic resonance (NMR) relies on the magnetic properties of 

nuclei. Some nuclei such as that of protons (1H) have a non-zero intrinsic spin 

angular momentum J which provides them with a magnetic moment µ 

proportional to J. The proportionality constant is known as the gyromagnetic 

ratio ɣ. Protons have the largest gyromagnetic ratio (𝛾 = 42.58 MHz/T) and are 

abundant in biological tissues. Thus, most of MRI is based on protons such as 

the MRI techniques considered in this thesis. 
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In NMR, a strong magnetic field B0 is created along the z-axis using a 

superconducting magnet. When placed in this magnetic field, the magnetic 

moment of a proton will tend to align itself with the magnetic field like a bar 

magnet would. However, due to its spin angular momentum, the proton will 

also experience a torque perpendicular to its magnetic moment µ and to the 

magnetic field B0. The resulting movement is precession analogous to a 

gyroscope. The frequency of this precession, known as the Larmor frequency, 

is given by: 

𝜔 = 𝛾𝐵0 (1.2-1) 

The B0 field splits the energy level of a proton into two, each energy level 

corresponding to a different magnetic state (Figure 1-2(A)). In the low energy 

state, the magnetic moment of the proton is aligned with the magnetic field B0 

(i.e. spin-up state), whereas in the high energy state, it is aligned against B0 

(i.e. spin-down state). At room temperature, protons have thermal energy. This 

implies that not all the protons are in the low energy state, but a significant 

proportion are in the high energy state (Figure 1-2(A)). The total magnetisation 

M0 aligned with B0 results from the slightly higher number of protons in the 

lower energy state. Increasing the magnetic field strength B0 increases the 

proportion of protons in the low energy state and therefore M0. 

 

Figure 1-2: Formation of the net proton magnetisation M0 and its behaviour in 

an NMR experiment. (A) Energy levels of the protons split into two due to the 
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magnetic field B0. (B) Net magnetisation M0 of the protons in the B0 field. (C) Net 

magnetisation M after a 90° pulse induced by the B1 field. 

Magnetic resonance and relaxation mechanisms 

The precession of the protons due to B0 can be detected when the spins are 

flipped away from B0 and is most detectable when the nuclei are precessing in 

the plane transverse to B0. For this reason, a transverse oscillating magnetic 

field B1 is induced by an electromagnetic coil. By tuning the frequency of 

oscillation to the Larmor frequency of the protons, resonance is achieved and 

can be used to flip the net magnetisation M0 away from B0 (Figure 1-2(B) and 

(C)). After applying the B1 field for a short time interval, also known as a B1 or 

radio-frequency (RF) pulse, two relaxation processes occur (Figure 1-3). First, 

the precessing spins gradually return to their thermal equilibrium state in which 

the net magnetisation M is aligned to B0 by exchanging energy with the 

surrounding thermal pool. This is also known as T1, spin-lattice or longitudinal 

relaxation. Another type of relaxation arises when the precessing spins lose 

phase coherence between each other due to local magnetic field 

inhomogeneities resulting in decreasing net magnetisation in the transverse 

plane called T2, spin-spin or transverse relaxation. However, imperfection of 

the B0 field itself can also cause local inhomogeneities resulting in transverse 

relaxation with a smaller time constant T2*. Fortunately, if needed, those static 

field inhomogeneities can be corrected for by shimming the B0 field or their 

effects on transverse magnetisation cancelled using a spin-echo (SE) 

sequence. 

Mathematically, the relaxation of the net magnetisation can be described by 

the Bloch equations introduced in 1946: 

𝑑𝑀𝑥(𝑡)

𝑑𝑡
= 𝛾(𝑴(𝑡) × 𝑩(𝑡))𝑥 −

𝑀𝑥(𝑡)

𝑇2
 

𝑑𝑀𝑦(𝑡)

𝑑𝑡
= 𝛾(𝑴(𝑡) × 𝑩(𝑡))𝑦 −

𝑀𝑦(𝑡)

𝑇2
 (1.2-2) 
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𝑑𝑀𝑧(𝑡)

𝑑𝑡
= 𝛾(𝑴(𝑡) × 𝑩(𝑡))𝑧 −

𝑀𝑧(𝑡) − 𝑀0

𝑇1
 

 

Figure 1-3: Longitudinal and transverse relaxation of the net magnetisation M. 

(A) Trajectory of the net magnetisation in the magnetic field B0 after an RF pulse of 

90°. (B) Behaviour of the amplitude of the transverse and longitudinal magnetisations 

after a 90° RF pulse. 

Free induction decay 

According to Lenz’s law, variations in the net magnetisation vector M across 

time due to precession produce an electric current in the transverse plane. 

Therefore, after the B1 pulse, an MRI receive coil can be used to measure this 

electric current. This electrical signal is a decreasing oscillation called the free 

induction decay (FID). As mentioned previously, the amplitude decrease of the 

oscillations is due to transverse relaxation; therefore, the envelope of the FID 

is a decreasing exponential with characteristic time corresponding to the 

transverse relaxation.  

1.2.2 How to get an image from an MRI scanner? 

Magnetic field gradients 

In proton MRI, one is interested in finding the local density of protons. In order 

to do so, magnetic field gradients along the three orthogonal direction x, y and 

z are used (G=(Gx,Gy,Gz)). The principle of a gradient along z is shown in 

Figure 1-4: by producing currents in two different coils but in opposite 

directions, one can induce two opposing magnetic fields. Those magnetic 
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fields are vectorially added to the B0 field, producing a linearly increasing field 

along the z-axis. The same principle applies to the other directions x and y. 

 

Figure 1-4: Magnetic field gradient produced along the z-axis. Gradient coils are 

used to produce a magnetic field that varies linearly with the position along the z-axis 

(Gz). 

As the Larmor frequency defined in Equation (1.2-1) depends on the magnetic 

field, one has now a precession frequency that depends on the spatial position 

r of the protons: 

𝜔(𝒓) = 𝛾(𝐵0 + 𝑮 ∙ 𝒓) (1.2-3) 

After applying an RF pulse, the signal from the transverse magnetisation at 

time t, s(t), is given by: 

𝑠(𝑮, 𝑡) = ∫ 𝜌(𝒓)𝑒𝑖𝜔(𝒓)𝑡𝒅𝒓 = ∫ 𝜌(𝒓)𝑒𝑖𝛾(𝐵0+𝑮∙𝒓)𝑡𝒅𝒓 (1.2-4) 

where ρ(r) the density of protons at position r. To reduce required digitisation 

rate, removal of the carrier frequency (i.e. Larmor frequency) is performed. 

One keeps only the phase difference with respect to the Larmor frequency in 

a step called phase sensitive detection. The signal stored is therefore: 

𝑆(𝑮, 𝑡) = ∫ 𝜌(𝒓)𝑒𝑖𝛾𝑮∙𝒓𝑡𝒅𝒓 (1.2-5) 

Spatial frequency space or k-space 

Due to the applied gradient field, the phase angle at time t, θ(t), depends 

linearly on the position r:  
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𝜃(𝑡) = 𝜔(𝒓) ∙ 𝑡 = (𝛾𝐵0 + 𝛾𝑮 ∙ 𝒓) ∙ 𝑡 (1.2-6) 

Figure 1-5 illustrates the dephasing of the spins initially in phase. Applying a 

linear gradient along one direction results in dephasing with the shape of an 

helix with a wavelength λ that becomes shorter the longer the time the gradient 

is applied and with a higher gradient amplitude. For a constant gradient, we 

define the wavevector k=(kx,ky,kz) as: 

𝒌 =
2𝜋

𝝀
= 𝛾𝑮𝑡 (1.2-7) 

The signal S(t) from the transverse magnetisation in Equation (1.2-5) can be 

rewritten as: 

𝑆(𝒌) = ∫ 𝜌(𝒓)𝑒𝑖𝒌∙𝒓𝒅𝒓 (1.2-8) 

Taking the Fourier transform of S(k), one can recover ρ(r). Therefore, to get a 

map of the proton density, one needs to sample k-space by modifying the 

amplitude of the gradients applied and/or waiting for k to vary with time 

(Equation (1.2-7)). 

 

Figure 1-5:  Dephasing of spins due to a linear magnetic field gradients. The 

spins are initially in phase assuming the gradient Gy is applied after an RF pulse. After 

applying the gradient for a duration ΔT, the dephasing of the spins follows the shape 

of a helix with wavelength λy. 

Slice selection 
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For spatial frequency encoding, first, one uses slice selection with one of the 

gradients, for example along the z-axis. One selects a range of z-values by 

exciting a range of frequencies. In order to do so, the B1 pulse is oscillating at 

the frequency of the centre of the slice ωRF and its envelope shape (e.g. a sinc 

function) is varied to control the profile and thickness of the slice. Once the 

slice has been selected, the gradient is reversed such that the spins in the 

selected slice are in phase. 

Phase and frequency encoding 

The spatial encoding of the two-dimensional (2D) slice is done in two steps: 

phase and frequency encoding (Figure 1-6). During phase encoding, one 

applies a gradient in one direction; usually along the y-axis. The spins are 

dephasing due to their different precession frequencies. Once the gradient is 

switched off, the spins precess again at the Larmor frequency, but with a phase 

that varies linearly along y, as shown in Figure 1-5 and Figure 1-6. The phase 

difference with respect to the Larmor frequency of the voxels at position y is 

𝑒𝑖𝛾𝐺𝑦𝑡𝑦 = 𝑒𝑖𝑘𝑦𝑦. 

The frequency encoding step is similar to the phase encoding step, but, this 

time, a gradient is applied along the orthogonal direction, which in our example 

is x. We acquire the transverse signal as the gradient is on to sample k-space 

along kx: 

𝑆(𝒌) = ∬ 𝜌(𝒓)𝑒𝑖𝑘𝑥𝑥𝑒𝑖𝑘𝑦𝑦𝑑𝑥𝑑𝑦 (1.2-9) 

As mentioned previously, one can recover the proton density at position r by 

taking the 2D Fourier transform of S(k). 
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Figure 1-6: Dephasing of spins due to the phase and frequency encoding. The 

phase encoding step results in spins precessing at the Larmor frequency but with a 

phase varying along the y-axis. The frequency encoding step results in spins 

precessing at a frequency that varies linearly along the x-axis, while keeping the 

phase difference acquired during phase encoding. 

To illustrate the sampling process of k-space, the spin-warp pulse sequence 

is given in Figure 1-7. For a given value of the gradient Gy during the phase 

encoding step, one moves along the ky axis of k-space (Equation (1.2-7)). 

During the frequency encoding step, kx is sampled for the specific value of ky. 

Sampling multiple points in k-space is required prior to taking the Fourier 

transform of the transverse signal which is achieved by repeating the 

sequence after a certain repetition time (TR) but with a different amplitude of 

Gy.  

 

Figure 1-7: Spin-warp pulse sequence and k-space trajectory. (A) Spin-warp 

sequence with, in order, the application of the RF pulse, slice selection gradient Gz, 
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phase encoding gradient Gy and frequency encoding gradient Gx. (B) The associated 

k-space trajectory where ky is varied at each repetition by changing the amplitude of 

the phase encoding gradient Gy as shown in A. 

2D echo-planar imaging sequence 

The 2D echo-planar imaging (EPI) technique (Figure 1-8) is a fast 

implementation of the spin-warp sequence (Figure 1-7). Instead of repeating 

the pulse sequence, the entire 2D k-space is sampled at once. One first moves 

to one corner of k-space. In-between each kx line acquisition, ky is slightly 

altered to move along the ky-axis and Gx is reversed to change the direction of 

acquisition along the kx-axis. This sequence is used when a fast volume 

acquisition is needed; for example, to gain in temporal resolution when one is 

interested in the temporal evolution of the MRI signals. 

 

Figure 1-8: EPI pulse sequence and k-space trajectory. (A) EPI sequence with, in 

order, the application of the RF pulse, slice selection gradient Gz and the simultaneous 

phase encoding gradient Gy and frequency encoding gradient Gx. (B) The associated 

k-space trajectory where ky is slightly altered after acquiring the kx line by applying the 

phase encoding gradient Gy. 

1.2.3 Using MRI to measure CVR 

This part of the thesis gives an overview of different MRI modalities, 

vasodilatory stimuli and related paradigms that can be used to measure CVR. 

A more extensive comparison between techniques and experimental setups 

as well as their prevalence in the literature are given in Chapter 2. 

Common MRI techniques to measure CVR: BOLD and ASL 
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There are different MRI techniques that can be used to assess CVR by 

measuring cerebral blood flow (CBF) or cerebral blood volume (CBV). 

Hereafter, the two most common techniques are described: blood oxygen level 

dependent (BOLD) and arterial spin labelling (ASL).  

BOLD MRI is a technique that arises from the change in concentration of 

deoxyhaemoglobin. Haemoglobin is a protein that caries oxygen throughout 

the body via the blood vessels. Upon oxygen consumption, oxyhaemoglobin 

becomes deoxyhaemoglobin accompanied by a change in conformation and 

in magnetic properties: deoxyhaemoglobin is paramagnetic as opposed to the 

diamagnetic oxyhaemoglobin. This change in magnetic properties causes 

dephasing of the protons in the surroundings of the vessels, thereby reducing 

T2*. This effect propagates in the surrounding tissues, which gives the 

blooming appearance to BOLD images.  

Models of the BOLD signal change relative to baseline in terms of CBV or CBF 

and the deoxyhaemoglobin concentration [dHb] have been developed, of 

which the model from Davis et al., 1998 and Hoge et al., 1999 is the most 

widely used:77,78 

∆𝐵𝑂𝐿𝐷

𝐵𝑂𝐿𝐷0
= 𝑀 (1 − (

𝐶𝐵𝐹

𝐶𝐵𝐹0
)

∝

(
[𝑑𝐻𝑏]

[𝑑𝐻𝑏]0
)

𝛽

) = 𝑀 (1 − (
𝐶𝐵𝑉

𝐶𝐵𝑉0
) (

[𝑑𝐻𝑏]

[𝑑𝐻𝑏]0
)

𝛽

)

(1.2-10)

 

Subscript “0” represents baseline values. M is a coefficient corresponding to 

the BOLD signal change when all the deoxyhaemoglobin is eliminated from a 

voxel, i.e. the maximal BOLD signal change. The constant β depends on the 

vessel size and geometry and on the magnetic field strength and the constant 

α comes from the power law:79 

(
𝐶𝐵𝑉

𝐶𝐵𝑉0
) = (

𝐶𝐵𝐹

𝐶𝐵𝐹0
)

∝

(1.2-11) 

Therefore, the BOLD signal originates from a vascular contrast dependent on 

CBV, CBF and on the concentration of deoxyhaemoglobin in the blood. The 



Chapter 1. Introduction 

17 
 

latter also depends on oxygen consumption and arterial oxygen content. This 

contributes to the complexity of analysing and understanding BOLD data.  

During hypercapnia, one usually assumes constant oxygen consumption, 

though this hypothesis is still under debate today.80 This results in the baseline-

normalised deoxyhaemoglobin concentration being inversely proportional to 

the baseline-normalised CBF.78 Equation (1.2-10) can be simplified as 

follows:78 

∆𝐵𝑂𝐿𝐷

𝐵𝑂𝐿𝐷0
= 𝑀 (1 − (

𝐶𝐵𝐹

𝐶𝐵𝐹0
)

∝−𝛽

) (1.2-12) 

As α<β,78 it implies that increased baseline-normalised CBF induced by 

vasodilation leads to an increase in the measured BOLD relative intensity. 

Aside from measuring CVR, BOLD MRI is commonly used to measure 

functional activity: due to the increase in oxygen consumption and CBF during 

brain activity, the local changes in haemoglobin conformation modify the BOLD 

intensity (Equation (1.2-10)). The change in BOLD signal due to neuronal 

activity depends, among others, on the stimulus and B0-field strength (e.g. 1-

5% for a motor task at clinical field strengths)81. This branch of MRI is called 

functional MRI (fMRI) but is not the focus of this thesis. 

Another MRI technique used to measure CVR is ASL, which assesses tissue 

perfusion. An image of the brain area of interest is acquired as a control image. 

Another step consists of tagging water protons in a slab that is upstream from 

the region-of-interest (ROI). This is done by inverting the magnetisation of the 

protons in this slab. Then the tagged protons flow in the brain area of interest 

on the time scale of a few seconds. By imaging the brain area of interest after 

tagging the water protons and subtracting it from the control image, one gets 

a perfusion-weighted image, although this results in keeping only 1-2% of the 

original signal. One of the downsides of ASL is the signal loss downstream due 

to T1-relaxation, affecting particularly areas that are far down the vasculature 

from the inversion slab. Furthermore, ASL is less sensitive than BOLD 
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because the T2* effect of the latter extends throughout the tissues surrounding 

blood vessels. Therefore, BOLD is often used for a CVR experiment instead 

of ASL.  

Vasodilatory stimulus 

Vasodilation is a process by which CBF is regulated and can be induced by 

natural variations of arterial carbon dioxide (CO2) partial pressure (PaCO2).82 

When CO2 crosses the BBB, it triggers intracellular and extracellular acidosis, 

thereby relaxing the smooth muscle cells.83 Those cells are lining the arterial 

blood vessels and control for their diameter; therefore, vasodilation results 

from their relaxation. 

Vasodilation can also be triggered by an exogenous stimulus, such as 

manipulation of PaCO2,84
 which is the stimulus considered in this thesis. As 

PaCO2 is not readily available in vivo, the end-tidal CO2 (EtCO2), i.e. the 

maximal exhaled CO2 partial pressure, is often used as its surrogate.83 There 

are different ways of achieving exogenous manipulation of PaCO2. First, one 

can voluntarily modulate the breathing pattern using techniques such as 

breath-holding, hyperventilation or paced-breathing.85,86 Though this 

technique is non-invasive, it relies on patient compliance. Another way is the 

administration of CO2-enriched gas.84 This can be done by using a gas with 

fixed concentration of CO2 (typically 5-6%), rebreathing the exhaled air or by 

targeting EtCO2 levels. The latter can be achieved manually or using a device 

(for example, RespirActTM, Thornhill Research Inc., Toronto, Canada),87 that 

alters the concentration of CO2 in the inhaled gas. Using an EtCO2-targeting 

device ensures consistent EtCO2 change across participants, but requires a 

more expensive and specialist equipment. Another exogenous stimulus that 

does not require modulation of PaCO2 is the injection of acetazolamide 

(ACZ),84 which is a carbonic anhydrase inhibitor that causes acidosis.88 

However, the onset and ending of the induced effect is slow compared to 

EtCO2-manipulating stimuli. 

Paradigm 
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CVR measurements from natural CO2 variation do not require any paradigm 

as they are part of a resting-state experiment. However, when using a 

vasodilatory stimulus, one needs to consider paradigm design.  

 

Figure 1-9. Paradigm designs. (A) Step, (B) block, (C) sinusoidal and (D) ramp 

paradigms. 

The simplest way is a step paradigm (Figure 1-9(A)): MRI volumes are 

acquired during a baseline period where no stimulus is applied, then during 

the stimulus-on period. This paradigm design can be used with an EtCO2-

modulating stimulus or with injection of ACZ.89 However, the technique can be 

sensitive to low frequency artefacts such as signal drift. 

Another popular and simple type of paradigm is the block paradigm (Figure 

1-9(B)), which is also commonly used in fMRI studies. Periods of stimulus on 

and off are repeated in an alternating manner.83,90 Such repetitions make the 

method more robust against noise in the data. As the transitions between off 

and on stimulus are short, a block paradigm can be used to assess the 

vasodilation response by investigating the response time and shape of the MRI 

response, also known as the haemodynamic response function (HRF).91 This 

type of paradigm can also be used to investigate the dynamics of the MRI 

signal when returning to baseline post-stimulus.92 

Studies have also used a sinusoidal paradigm (Figure 1-9(C)) to administer a 

hypercapnic gas, in which the EtCO2 levels are generally oscillating between 

hypo- and hypercapnia around the normocapnia level.93 This method is used 

to further process the data using Fourier analysis, but requires a device, such 

as RespirAct, that can precisely control the EtCO2 levels. 
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The final paradigm to mention is the ramp paradigm (Figure 1-9(D)), in which 

the stimulus is decreased or increased in a slow manner to allow the MRI 

response to follow the change in EtCO2.94,95 In this case, each EtCO2 value 

has a related MRI signal intensity. This technique requires the use of a device 

that targets the EtCO2 levels and is used to investigate the entire range of 

vasoconstriction and vasodilation and to investigate the shape of the MRI 

signal intensity versus EtCO2 curve. 

Furthermore, it is possible to combine different paradigms in one MRI 

experiment. A popular choice is to combine a block and a ramp stimulus to 

extract information related to the dynamics of the MRI response to an abrupt 

stimulus and information related to the shape and range of the MRI intensity 

versus EtCO2 curve.92 

1.2.4 Characteristics of CVR response 

Definition of CVR magnitude 

Using BOLD MRI, CVR magnitude is commonly defined as the relative change 

in BOLD signal with respect to the change in EtCO2 and is reported in 

%/mmHg:83 

𝐶𝑉𝑅 =
∆𝐵𝑂𝐿𝐷

𝐵𝑂𝐿𝐷0 ∙ ∆𝐸𝑡𝐶𝑂2
× 100 (1.2-13) 

BOLD0 is the baseline intensity of the BOLD signal and Δ represents absolute 

change in the related parameter. However, this definition assumes that the 

BOLD response to a change in EtCO2 is linear. 

Previous studies have investigated the BOLD response at different EtCO2 

levels by progressively modulating the EtCO2 levels using a ramp paradigm 

and allowing the BOLD response to reach stability.94,95 They have shown that, 

in healthy participants, the BOLD response to EtCO2 is linear in a limited range 

that includes the subjects’ resting EtCO2 level. Indeed, the MRI response 

saturates at high hypercapnic stimulus strength either due to the limited 
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capacity of the blood vessels to dilate further, or due to saturation of the MRI 

contrast.94 A similar phenomenon applies to vasoconstriction. 

Dynamics of the CVR response 

The BOLD response to a CO2 challenge is a dynamic process and depends 

on multiple factors. When a subject is breathing a CO2-enriched stimulus, CO2 

arrives in the blood through the alveoli of the lungs and travels to the cerebral 

blood vessels. First, the BOLD response depends on the blood arrival time 

which can differ between tissues and in cerebrovascular diseases.96 Blood 

arrival time can also be affected by the steal phenomenon or redistribution of 

blood flow due to competing blood vessels.97 Secondly, in the brain, CO2 

crosses the BBB to trigger vasodilation through the relaxation of smooth 

muscle cells. This process depends on the CO2 diffusion rate and sensitivity, 

remaining dilation capacity,98,99 BBB permeability and health of the cells 

surrounding the blood vessel. 

Previous studies have investigated ways to measure the dynamics of the CVR 

response. Blood arrival times were measured using ASL or BOLD during 

hyper- or hypoxia.96,97 Vasodilation response times can be investigated by 

modelling the BOLD signal using an HRF. When using a linear model between 

the BOLD signal and shifted EtCO2 profile (which is equivalent to modelling 

the BOLD signal as the convolution between the EtCO2 signal and a delayed 

delta HRF), the BOLD signal is assumed to be a scaled, potentially delayed, 

version of the EtCO2 signal - vasodilation is assumed instantaneous, thus 

neglecting the vasodilation response time. However, some studies have 

modelled the BOLD signal as the convolution between the EtCO2 and an 

exponential or double-gamma HRF, allowing the shape of the MRI response 

to differ from the EtCO2 profile to model slower processes during 

vasodilation/vasoconstriction.91,100 
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1.3 Challenges of CVR MRI in cerebral SVD 

Since the end of the 20th century, CVR MRI has been developing as a 

technique to assess the health of cerebral blood vessels, though it has mostly 

been used to investigate cerebral steno-occlusive pathologies such as 

Moyamoya disease or carotid stenosis/occlusion. CVR images at clinical field 

strengths (1.5 – 3T) have a spatial resolution of a few millimetres, which is 

lower than the resolution needed to observe individual small vessels and their 

dilation or constriction. This implies that the signal in individual voxels arise 

from the underlying group of blood vessels. Despite this intrinsic limitation, 

there is growing interest in applying the technique to SVD research given that 

vascular dysfunction contributes to SVD pathogenesis. However, the 

technique has several challenges that need consideration: 

- Literature on the CVR experiment presents a wide range of 

methodologies from MRI acquisition and use of vasodilatory stimulus to 

data processing, with a lack of consensus regarding their use. 

Therefore, there is a need to summarise information about this diversity. 

This would help the community to define a harmonised CVR 

methodology, which might depend on the pathology investigated. 

- Moreover, there is a need to address the diversity in processing 

methods. Comparisons on the basis of repeatability and reliability are 

missing, but are essential for greater consensus between studies. 

Especially, processing methods to extract CVR might be prone to errors 

when MRI signals have a low temporal contrast-to-noise ratio (tCNR), 

for example in white matter (WM) tissues, which are less perfused. This 

is problematic for SVD research, where WMH lesions appear in the WM 

of SVD patients and blood vessels in such tissues are of interest. 

Therefore, it is important to understand which processing methods 

reduce the impact of noise on CVR measurements. 
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1.4 Aims and outline of the thesis 

This thesis aims to:  

i. provide a summary of the diversity of CVR methodologies in order to 

facilitate translation towards harmonisation of the technique 

ii. compare robustness of region- versus voxel-based processing methods 

against noise and investigate the reliability of delay-correction methods 

iii. exploit CVR data and show that extracting cerebral pulsatility, another 

vascular parameter that is of interest in cerebrovascular pathologies, in 

parallel with CVR estimates is feasible 

iv. investigate the relationship between CVR and SVD features in cross-

sectional and longitudinal settings in order to help improve our 

understanding of SVD pathogenesis. 

The thesis is divided into 8 chapters including the current introduction chapter. 

Hereafter, the content and aims of each chapter are given. 

Chapter 2 contains an overview of the multiple CVR MRI acquisition and 

processing strategies that exist in the literature. A systematic review was 

performed for studies that measured CVR in humans using MRI. 

Chapter 3 assesses repeatability and reliability of CVR measurements based 

on healthy volunteer data and simulations to optimise aspects of the 

processing strategy for SVD research. 

Chapter 4 provides a proof-of-concept that cerebral pulsatility can be 

extracted from BOLD-CVR data in healthy volunteers and SVD patients. 

Chapter 5 describes the design of an SVD longitudinal study aiming at 

investigating the relationships between vascular dysfunction, SVD features 

and disease progression.  

Chapter 6 investigates the cross-sectional relationships between CVR and 

radiological features characterising the SVD burden in the study cohort 

described in chapter 5. 



Chapter 1. Introduction  

24 
 

Chapter 7 focuses on relationships between CVR and progression of 

radiological SVD features over a period of one year. 

Chapter 8 provides a summary of findings and highlights the contributions of 

this thesis to the fields of SVD and MRI research. It also specifies the 

limitations of the work and lists potential directions for future research. 
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2 Cerebrovascular reactivity measurement using 

magnetic resonance imaging: a systematic review 

The aim of this chapter is to provide comprehensive description of how CVR 

has been measured using MRI in the existing literature and identify potential 

gaps in the application of the technique in clinical populations. To this end, a 

systematic review was conducted, peer-reviewed and published in Frontiers in 

Physiology in February 2021.101 I performed the search, analysed the data and 

wrote the paper. I acknowledge that Dr Michael J. Thrippleton, Dr Michael S. 

Stringer, Prof Ian Marshall and Prof Joanna M. Wardlaw also contributed to 

the work by discussing the eligibility and data extraction of some papers and 

by reviewing the manuscript. All co-authors accepted the publication of the 

paper in this thesis.  

The content of this chapter is based mainly on this published review article. At 

the end of the chapter, a short update of the review is provided. 

2.1 Introduction 

CVR reflects the ability of the blood vessels to dilate in order to match tissue 

blood supply to increased demand and can be investigated by measuring the 

change in CBF or CBV that vasodilation induces. It is a valuable tool for 

assessing vascular health in pathologies, including steno-occlusive 

diseases,102 while more subtle CVR impairments have been found in 

Alzheimer’s disease103 and cerebral small vessel disease.2 The measurement 

of CVR relies on three key elements: the vasodilatory stimulus, the signal 

acquisition and the processing method. 

2.1.1 Vasodilatory stimulus 

Vasodilation occurs naturally as a mechanism of CBF auto-regulation, but can 

also be triggered by exogenous stimuli inducing extracellular and intracellular 

acidosis. The resulting decrease in potential of hydrogen (pH) relaxes smooth 
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muscle cells lining the arteries and arterioles, thereby increasing their 

diameter. Common stimuli include changes in PaCO2 induced by voluntary 

modulations of the breathing pattern, including breath-holding, 

hyperventilation and paced breathing83,85,86 or by inhalation of CO2-enriched 

gas.83,84 As PaCO2 cannot easily be measured in vivo, EtCO2, the most recent 

end-tidal CO2 partial pressure, is often used as a surrogate and can be 

measured by recording the CO2 level in the exhaled gas using a gas monitor. 

Several approaches exist to manipulate PaCO2: inhalation of gas with fixed 

CO2 concentration (e.g. CO2-enriched air or carbogen), rebreathing the 

exhaled gas, EtCO2 targeting manually or using a computer-controlled 

device.84 Vasodilation can be induced without modulating the composition of 

the inhaled gas or breathing pattern by injection of ACZ, a carbonic anhydrase 

inhibitor that causes acidosis.88 

2.1.2 Signal acquisition 

Several imaging methods can assess haemodynamic changes induced by the 

vasodilatory stimulus. Positron emission tomography (PET), single-photon 

emission computed tomography (SPECT)104 and CT105 have all been used to 

measure CVR, but involve ionising radiation and have low temporal resolution. 

TCD is a practical alternative, but has a limited field of view that allows blood 

velocity measurements only in parts of single large vessels, which do not 

necessarily reflect local changes in tissue blood supply.106,107 MRI is a non-

invasive, non-ionising technique which allows CVR mapping using contrasts 

related to CBF and/or CBV. ASL and phase-contrast (PC) MRI measure CBF 

in tissue and large vessels respectively,108,109 while vascular space occupancy 

(VASO) MRI measures CBV.110 Dynamic susceptibility contrast (DSC) MRI 

measures both CBF and CBV111 by monitoring the T2 or T2*-weighted signal 

following intravenous injection of a gadolinium-based contrast agent. BOLD 

imaging, using a T2 or T2*-weighted sequence, can also measure CVR due to 

its sensitivity to a combination of CBF and CBV. 



Chapter 2. CVR MRI: a systematic review 

27 
 

2.1.3 Processing method 

The signal change due to the vasodilatory stimulus must be converted into a 

quantitative or semi-quantitative measurement of CVR using one of several 

methods. Pre-versus-post-stimulus subtraction of the MRI signal relies on the 

computation of the absolute or relative signal difference before and after the 

stimulus has been applied.112,113 Often, the pre- and post-values are calculated 

by taking the average of the MRI volumes acquired during each period 

respectively, discarding volumes that are acquired during the transition period. 

Linear regression is a method that investigates the linear relationship between 

the dependent variable (in this case the MRI signal or derived CBF) and 

independent variables (e.g. EtCO2, to reflect the vasodilatory stimulus; time, to 

model a linear signal drift),83,114 allowing the MRI time course to be modelled 

using multiple predictors simultaneously. Cross-correlation quantifies the 

similarity between two signals (e.g. the MRI signal and EtCO2) as a function of 

their relative time delay115 and has been used as a measure of CVR. Nonlinear 

fitting involves modelling the MRI signal as a nonlinear function.116,117 It 

requires some initial estimate of the CVR and other parameters such as CVR 

delay, and can be more challenging to implement than linear regression, but 

has the advantage that any models can be used to fit the MRI signal. Some 

models (e.g. calibrated fMRI models) also allow quantitative estimation of CVR 

and other parameters that can be of interest such as cerebral metabolic rate 

of oxygen (CMRO2). Frequency-based analysis includes transfer function118 

and Fourier93 analyses. In both methods, the signals of interest (e.g. the MRI 

signal and EtCO2) are transformed into the frequency domain. The magnitude 

of the signal at the stimulus frequency is then defined as the CVR. Finally, the 

standard deviation of the MRI signal119,120 can be computed as a metric of CBF 

change due to natural vasodilation and vasoconstriction.  

2.1.4 Aims of the review 

Since many combinations of the above stimuli, imaging methods and analysis 

techniques are possible, there are potentially many different ways to measure 
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CVR in vivo, resulting in a high degree of methodological diversity in the 

literature. Previous reviews described common CVR MRI 

experiments83,84,86,121,122 or CVR data analysis.123 However, as far as we are 

aware, there are no systematic reviews detailing the breadth of CVR MRI 

acquisition techniques, processing methods and applications that have been 

presented and used in the literature.  

We conducted a systematic literature review of papers reporting the use of 

CVR MRI techniques. We present an overview of the different aspects of the 

CVR MRI experiment reported and applied in the literature, describing the 

most common methods and clinical research applications. We classified and 

systematically analysed reports of the MRI techniques, vasodilatory stimuli, 

data processing methods and study populations. Based on these findings we 

identified recent practices, trends, technical findings and evidence from clinical 

studies to inform future application and standardisation of CVR MRI protocols. 

2.2 Materials and methods 

2.2.1 Search strategy 

We systematically reviewed the EMBASE and MEDLINE databases from 

1980, until June 2020 using Ovid. The search strategy combined terms relating 

to: “Cerebrovascular reactivity”, ”MRI”, “BOLD”, “ASL”, “PC”, “hypercapnia”, 

“acetazolamide” and “CO2”. We manually added relevant articles from the 

authors’ libraries. The search was not constrained to English-language 

literature. Full details of the search strategy are provided in the appendix 

(Appendix A1). 

2.2.2 Eligibility criteria 

We included all studies that investigated changes in cerebral blood flow or 

cerebral blood volume using MRI due to vasodilation or vasoconstriction in 

humans. We excluded reviews, conference abstracts, editors’ notes and case 

reports (single-subject studies focussed on methodological aspects of CVR 
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were included). We removed studies that did not investigate induced 

vasodilation in the brain or used another imaging modality (e.g. CT, PET) to 

measure CVR. Studies that measured the change in the BOLD signal in 

response to a functional task and hypercapnia but did not compute a CVR 

metric were also excluded. 

2.2.3 Data extraction 

One author (E.S.) screened the titles and abstracts of all potentially eligible 

publications to exclude duplicates and assess eligibility against the inclusion 

criteria before reading the full text of the remaining articles to determine 

eligibility. Eligibility and data extraction were discussed with other authors 

where queries around inclusion or exclusion, or data extraction arose. 

We extracted population characteristics, including pathology, sample size, age 

and gender. We recorded MRI acquisition parameters including magnetic field 

strength, type of pulse sequence and sequence parameters (e.g. TR, TE, 

spatial resolution, field-of-view). We recorded the type of vasodilatory stimulus, 

measurement of EtCO2 and/or end-tidal O2 (EtO2), stimulus paradigm and, 

where available, information on tolerability, number and reason for any 

excluded or failed scans. Finally, we extracted information on the pre-

processing steps, delay correction/computation methods and CVR processing 

methods applied, reported grey and white matter CVR values in healthy 

volunteers and relevant findings. 

2.3 Results 

2.3.1 Search results 

We identified 732 articles, 176 of which were removed as duplicates (Figure 

2-1). Of the remaining 556 papers, 317 were excluded on review of the title 

and abstract due to a lack of analysable data or insufficient detail (n=192: 

conference abstracts (n=131), reviews (n=34), and case reports and notes to 

the editor (n=27)), inaccessibility  (n=1) , only reporting rodent studies (n=2), 
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using other modalities (e.g. PET, TCD, CT, SPECT)  (n=71) and not measuring 

CVR (n=51). After full text review an additional 14 papers were removed 

because they used other imaging modalities to measure CVR (n=6) or did not 

measure CVR (n=8). Additionally, 24 articles were added from the authors’ 

libraries. We included 235 papers in the review. Summary data extracted from 

each study is included in the online supplementary material: 

https://www.frontiersin.org/articles/10.3389/fphys.2021.643468/full#suppleme

ntary-material. 

 

Figure 2-1: Flow diagram of the literature search. 

2.3.2 Population characteristics 

The studies included 5369 unique participants. 36 subjects were excluded 

before CVR due to contraindication to MRI (n=6) or ACZ (n=3), claustrophobia 

in the MRI scanner (n=5), too large to fit in the MRI scanner (n=1), anxiety 

during pre-testing of the stimulus (n=1) and intolerance of the stimulus (n=20). 

The remaining 5333 unique participants who had a CVR scan comprised 2394 

patients and 2939 healthy participants. All studies reported a sample size, with 
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a mean sample size of 35 (median: 19, range: 1-536). Forty-five studies had 

fewer than 10 subjects whereas 9 included more than 100 subjects. Twelve 

papers did not report any age information, a further 18 papers reported only 

the age range. The mean age, computed as the mean of the mean or median 

ages, was 44.3 (1.4-92) years. The median gender distribution was 43% 

females and 57% males, excluding the 18 studies not reporting gender 

distribution.  

The total number of scans including longitudinal scans was 7437. The number 

of scans excluded from analyses is 518/7437 (7%), not including scans that 

were selected from a database for being of good quality. Per study, the mean 

percentage of datasets excluded from analysis was 6% (range: 0-38%). Scans 

were excluded for one or more reasons: incomplete dataset (28/518, 5%), 

subject’s discomfort (79/518, 15%), irregular breathing (3/518, 1%), non-

compliance (38/518, 7%), technical issues (67/518, 13%), pre-processing 

issues (5/518, 1%), poor data quality (40/518, 8%), motion artefacts (183/518, 

35%), outlier CVR values (13/518, 3%), non-CVR related (75/518, 14%, e.g. 

post-operative stroke, resolution of stenosis, hematoma, issue with therapeutic 

intervention) and no reasons reported (2/518, 0.3%). 

Information on tolerability of the CVR experiment ranged from information 

regarding subject withdrawal to subjective rating of tolerability and was 

reported in 51/235 (22%) studies (1162/5333 unique subjects). Overall, the 

CVR experiment in these 51 studies was mostly described as well-tolerated. 

One article studied the tolerability of  434 CVR (294 subjects) scans acquired 

with EtCO2 targeting BOLD MRI and concluded that it was well tolerated.124 

Six studies reported subjective tolerability: the experiment was rated as 

tolerable to very tolerable with minimal discomfort on average in each study. 

Twenty-three studies detailed complaints of discomfort: 11 studies reported no 

complaints or adverse effects whereas 12 did. These 12 studies (618 subjects) 

reported one hundred and twenty complaints transient to the CVR scan: 

respiratory symptoms due to gas inhalation such as breathing resistance and 

shortness of breath (n=77), anxiety and/or claustrophobia (n=16), dizziness 
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and/or headache (n=10), narrowness of head coil with gas apparatus (n=4), 

tachycardia (n=3), paraesthesia (n=3), chest tightness (n=1), conjunctive 

erythema (n=1), tremor (n=1), hand weakness (n=1), nausea, confusion and 

blurred vision (n=1) and no details of the complaints (n=2). No long-lasting 

symptoms were reported and no studies using acetazolamide injection 

detailed complaints or adverse effects. In 17 studies, 79 scans were defined 

as intolerable by the subject due to: anxiety (n=21), claustrophobia (n=16), 

discomfort related to gas apparatus in the scanner (n=9), position in the head 

coil (n=2) and no details (n=31).  

2.3.3 Pathologies 

Cerebral steno-occlusive diseases (e.g. Moyamoya disease, carotid 

stenosis/occlusion) were the most commonly investigated diseases (72/235 

studies, 31%), followed by dementia and cognitive impairments (9/235, 4%), 

normal ageing (8/235, 3%), small vessel disease (7/235, 3%), sport-related 

concussions (7/235, 3%), obstructive sleep apnoea (5/235, 2%), stroke (5/235, 

2%; one of which also investigated CVR in steno-occlusive disease), traumatic 

brain injury (4/235, 2%), tumours (4/235, 2%), diabetes with or without 

hypertension (3/235, 1%), and miscellaneous (18/235, 8%). Of the 142 articles 

reporting CVR measurements in pathology (referred to in Table 2-1), 70 

studies assessed CVR to investigate pathophysiology, 48 studies explored the 

technical feasibility of a methodology to detect CVR impairment, 13 studies 

investigated the effect of a therapeutic intervention on CVR (surgical 

intervention for steno-occlusive diseases such as revascularisation, 

candesartan therapy for diabetes, bariatric surgery for obese subjects, 

haemodialysis for end-stage renal disease, therapeutic continuous positive 

airway pressure for obstructive sleep apnoea), six studies investigated the 

progression of pathologies, and five studies looked at the effect of CVR on 

fMRI BOLD activation. Relative to healthy controls, CVR was lower in patients 

in most of the pathologies99,110,114,125–127 and CVR delays were longer in steno-

occlusive diseases, small vessel disease and dementia.114,118,128–130 
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2.3.4 MRI technique 

The number of CVR MRI studies that were conducted at 3T is 178/235 (74%), 

with the remainder acquired at: 1.5T (47/235, 20%), 7T (9/235, 4 %), 2T (2/235, 

1%) and a combination of 1.5 and 3T (3/235, 1%). Studies used one or more 

MRI techniques to acquire CVR data (Figure 2-2): BOLD (155/235, 66%), ASL 

(41/235, 17%), dual-echo providing simultaneous ASL and BOLD data 

(27/235, 11%), PC (12/235, 5%), DSC (11/235, 5%) and VASO (3/235, 1%). 

In recent publications, BOLD, ASL and dual-echo ASL/BOLD are the most 

common MRI techniques. Summary MRI parameters for the BOLD gradient-

echo echo-planar imaging (GRE-EPI), pseudo continuous ASL (pCASL) and 

dual-echo ASL/BOLD GRE-EPI techniques at 3T are given in Table 2-2. 

Three studies (n=18) found BOLD-derived CVR values were lower at lower 

magnetic field strengths,131–133 two of which (n=9) reported a linear relationship 

between BOLD-derived CVR and the field strength.131,132 In one study (n=16), 

ASL-derived CVR did not differ at different field strengths.134 One study (n=8) 

reported longer post-labelling delay results in lower baseline CBF and ASL-

CVR measurements.135 Use of EPI with parallel imaging compared to spiral 

imaging, reduced signal loss due to susceptibility-induced magnetic field 

gradients in BOLD-CVR measurements without affecting sensitivity, which was 

defined as the CVR t-statistic (n=5).136 Furthermore, one study (n=5) showed 

that using simultaneous multi-slice acceleration of factor 2 and 3, can reduce 

scan duration by at least a half compared to conventional EPI while 

maintaining the CVR sensitivity.137 Compared to single-echo ASL or BOLD 

EPI, a multi-echo (four echoes) EPI acquisition followed by T2* fitting of the 

signal decay had higher inter-scan repeatability of breath-hold CVR analysed 

across voxels, CVR sensitivity and test-retest reliability analysed using the 

intra-class correlation coefficient (n=14).138  
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Figure 2-2: Distribution of the MRI sequences used in studies with the 

associated year of publication of the paper. (BOLD = blood-oxygen-level-

dependent, ASL = arterial spin-labelling, DE = dual-echo, PC = phase-contrast, DSC 

= dynamic susceptibility contrast, VASO = vascular space occupancy) 

2.3.5 Vasodilatory stimulus 

To induce vasodilation, several stimuli were employed in the literature (Figure 

2-3A): EtCO2 targeting manually or using a computer-controlled device such 

as RespirAct (81/235 studies, 34%), fixed inspired gas administration (69/235, 

29%), breathing modulations (52/235, 22%), ACZ injection with median dose 

of 1 g (29/235, 12%), rebreathing (10/235, 4%), resting-state haemodynamic 

fluctuations (8/235, 3%) and not reported (1/235, 0.4%). Three different fixed 

inspired gases were identified: CO2-enriched (67%), O2-enriched (i.e. 

hyperoxia, 10%), and CO2- and O2-enriched air (i.e. carbogen, 23%). In some 

studies, these gas compositions were alternated during the same paradigm 

with or without intermittent normal air periods using the fixed inspired gas, 

EtCO2 targeting methods: alternating hypercapnia and hyperoxia (15/235, 

6%), alternating CO2-enriched air and carbogen (1/235, 0.4%). For fixed 

inspired CO2 paradigms, the median percentage of inhaled CO2 was 5% 

(range: 2-10%). While the combination of MRI sequence and stimulus 

generally varied across studies DSC-MRI was used only with ACZ injection.  
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Table 2-1: Pathologies in which CVR was investigated. “Mean age” was computed 

by taking the average across studies of the reported mean/median age of the patients. 

(CPAP = continuous positive airway pressure, MELAS = Mitochondrial 

encephalomyopathy, lactic acidosis and stroke-like episodes, HIV = Human 

immunodefiency viruses, NA = not applicable, OSA = obstructive sleep apnoea) 

Pathology Number 
of studies 

Number 
of 
patients/ 
controls 

Mean age 
of 
patients/ 
controls 

Findings 

Cerebral 
steno-
occlusive 
diseases82,89,91,

98,102,110–

113,115,116,118,124,1

27,128,139–195 

72 1786/ 541 51.4/ 44.9 - Lower CVR than healthy 
controls82,98,150,156,165,177 

- Longer delays than healthy 
controls118,128,156,179 

- Increased CVR157,170,183 and 
smaller delays157 after 
surgical intervention  

Dementia and 
cognitive 
impairment74,99,

130,196–201 

9 770/ 125 60.5/ 68.1 - Lower CVR than healthy 
controls74,198 

- Longer delays than healthy 
controls130 

- Higher CVR deficit versus 
healthy controls associated 
with higher leukoaraiosis74 
and hypertension201 

- Lower CVR in the bilateral 
frontal cortices of Alzheimer’s 
patients compared to 
patients with vascular 
dementia200 

Normal 
ageing71,95,202–

207 

8 NA/374 Range: 
[20, 90] 

- Lower CVR at older 
ages95,202–207 

- Greater WM CVR and 
shorter delay with increasing 
age71 

 



Chapter 2. CVR MRI: a systematic review 

36 
 

Small vessel 
disease72,114,129

,208–211 

7 272/54 67.4/ 45.7 - Lower CVR with increased 
WMH burden72,208 and 
compared to healthy 
controls114,129,208,209 

- Longer delays than healthy 
controls114,129,210 

- Reduced WM CVR 
associated with higher WMH 
volumes, basal ganglia PVS 
and higher venous pulsatility 
and lower foramen magnum 
CSF stroke volume72 

- Lower baseline CVR 
associated with progression 
of WMH but not microbleeds 
or lacunar infarcts208 

- Lower CVR associated with 
increased number of 
vascular risk factors such as 
hypertension, diabetes, 
hypercholesterolemia209, 
lower fractional anisotropy, 
lower CBF and CBV and 
higher mean diffusivity211 

- Lower CVR and longer 
delays in NAWM that 
progressed into WMH210 

Sport-related 
concussions212

–218 

7 113/ 128 18.6/ 21.2 - Lower CVR in the default 
mode network at mid-season 
and one month post-season 
compared to pre-season 
baseline. Decrease in CBF 
occurred only one month 
after season218 

- Longitudinal reduction in 
CVR during season 
compared to pre-season 
baseline was associated with 
prolonged accumulation to 
high magnitude acceleration 
events214 

- Predominant increase in 
CVR compared to baseline 
during the recovery phase 
but remains mostly altered 
despite clinical recovery215 
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- Higher CVR in clinically 
recovered patients with 
history of concussions than 
in athletes without216,217 

Obstructive 
sleep 
apnoea219–223  

5 125/55 50.6/ 44.5 - Greater CVR than in 
healthy controls measured 
using ASL with BH, BOLD 
with BH223 and BOLD with 
EtCO2 targeting221. 

- ASL response to fixed CO2 
enriched air reduced in 
patients with OSA compared 
to healthy controls, whereas 
BOLD response to fixed CO2 
enriched air or BH did not 
show group differences222. 

- Reduced CVR in the motor 
areas controlling the upper 
airway musculature 
compared to healthy 
controls219. 

 - No change in CVR upon 
CPAP withdrawal220 

Stroke125,224–226 5 135/ 102 58.7/ 51.0 - Lower CVR in impaired 
tissue and compared to 
healthy controls125,225,226 

- Higher CVR with increasing 
distance from lesion111 

- Reduced CVR associated 
with peri-infarct T2 
hyperintensities, greater 
infarct volume and worse 
outcomes226 

Traumatic 
brain 
injury126,227–229 

4 90/77 32.2/ 31.8 - Lower CVR than healthy 
controls in one study228 

- No difference in CVR 
between patients and healthy 
controls in one study229 

- Lower GM CVR with more 
concussion symptoms126 
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Gliomas230–233 4 50/12 43.9/ not 
reported 

- Lower CVR on ipsilateral 
side for low and high grade 
gliomas 

Diabetes234–236 3 103/32 67.5/ 61.8 - Lower CVR in diabetic 
hypertensive patients than in 
only hypertensive 
patients234,235 

- Higher CVR in bilateral 
prefrontal lobe in one 
study236 

- Increased CVR after 
candesartan therapy234 

Pathologies investigated in two studies: 

- Cardia index and coronary artery disease237,238 
- Sickle cell disease239,240 
- Multiple sclerosis241,242 
- Obesity243,244 
- Brain arteriovenous malformation and cerebral proliferative angiopathy245,246 
- Parkinson’s disease247,248 

Pathologies investigated in one study: 

- End-stage renal disease249 
- Bipolar disorder250 
- Late-life depression251 
- Late-onset epilepsy252 
- HIV253 
- Aneurysmal subarachnoid haemorrhage254 
- MELAS255 
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Table 2-2: Median values and ranges of MRI parameters at 3T found in the literature. (PLD = post-labelling delay, TR = repetition 

time, TE = echo time, FOV = field-of-view, GRE = gradient-echo, EPI = echo-planar imaging, SMS = simultaneous multi-slice) 

MRI 
technique 

Number 
of 

studies 

TR 
[ms] 

TE [ms] Flip 
angle [°] 

Spatial 
resolution [mm] 

3D FOV [mm] PLD 
[ms] 

Label 
duration 

[ms] 

GRAPPA/ 
SENSE 

(number of 
studies) 

SMS 
(number 

of 
studies) 

BOLD 
GRE-EPI 

118 2000 
[66.4, 
3000]  

30 [20, 50] 85 [40, 
90] 

3.44x3.44x4 
[1.72x1.72x2, 

4x4x8] 

225x220x126 
[192x150x18, 
256x256x195] 

- - 2 [1.8, 3] 
(14) 

3 [2, 6] 
(2) 

pCASL 
GRE-EPI 

16 4000 
[3000, 
4500] 

14 [10, 20] 90 [90, 
90] 

3x3x6      
[3x3x4, 7x7x7] 

240x240x119 
[220x220x54, 
240x240x135] 

1525 
[900, 
2000] 

1650 
[1500, 
1650] 

2.5 [2, 2.5] 
(8) 

(0) 

Dual-echo 
pCASL/ 
BOLD 
GRE-EPI 

22 4000 
[3000, 
4500] 

TE1 = 10 
[8.4, 16],   
TE2 = 30 
[25, 47] 

90 [90, 
90] 

3.44x3.44x5 
[3x3x3.9, 

4.5x4.5x7] 

240x240x116.1 
[192x192x87, 
256x256x132] 

1220 
[600, 
1868] 

1650 
[1200, 
2000] 

2 [2, 2.3] 
(10) 

(0) 
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Block design paradigms were most common (212/235 studies, 90%) with a 

median stimulus plateau duration of 1 minute. The median total experiment 

duration was 9 min (Figure 2-3B). One study did not specify the type of 

paradigm, and 12 further studies did not report the duration of the CVR 

experiment. 

Removing studies that used ACZ stimulus, 160/207 studies measured EtCO2 

(77%) of which 21 did not report the targeted or achieved EtCO2 variation 

(14%), 80 studies also measured EtO2 (39%). The median EtCO2 change 

induced by the stimulus was 9 mmHg (range: 2.2-28 mmHg). Seventy-five 

studies reported mean baseline EtCO2 at rest (47%), with a median value of 

39 mmHg (range: 31.2-43.4 mmHg). 21% of the studies that used EtCO2 

targeting controlled the baseline EtCO2 (40 mmHg for all studies) instead of 

using the individual EtCO2 value when breathing normal air.  

 

Figure 2-3: Distribution of the A) stimuli with the associated MRI sequence and 

B) paradigm types with associated total duration of the CVR experiment. In A, 

the “breath modulation” stimulus includes breath-holding, paced breathing and 

hyperventilation stimuli. (ACZ = acetazolamide injection, RS = resting-state, BOLD = 

blood oxygen-level dependent, ASL = arterial spin-labelling, PC = phase contrast, 

DSC = dynamic susceptibility contrast, VASO = vascular space occupancy) 

One study (n=4) found BOLD response to EtCO2 is 60 times higher than to 

EtO2, but demonstrated that during hypercapnic BOLD-CVR experiments, 

EtO2 should be controlled if the change in EtCO2 is small compared to the 

change in EtO2.256 One study (n=9) demonstrated that carbogen should not be 
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used with BOLD or ASL to measure CVR due to a lack of correlation between 

both MRI techniques as opposed to CVR measurements using CO2-enriched 

air with BOLD or ASL.257 Another study (n=20) found that, for a gas challenge, 

an effect of at least 2 mmHg EtCO2 change is required to detect 

haemodynamic impairment using BOLD at 3T.165 RS-BOLD was found to give 

CVR results that were associated with fixed-inspired CO2 BOLD (n=48)82 and 

RespirAct BOLD (n=13)258 measurements. One study (n=8) reported 

differences in response amplitude and onset time depending on whether BH 

was performed before and after expiration.259 For BOLD-BH, one study (n=6) 

demonstrated that the fraction activation volume saturated for breath-hold 

durations of 20 s and above; thus recommended using breath-hold durations 

of 20 s to give sufficient sensitivity to BOLD signal changes to detect impaired 

CVR.260 

2.3.6 CVR data processing methods 

Common pre-processing steps that were reported (Figure 2-4) were 

sequence-dependent and included motion correction (167/235 studies, 71%), 

spatial smoothing (107/235, 46%), registration of functional volumes to MNI or 

subject space (96/235, 41%), ROI or whole brain delay correction (93/235, 

40%), drift removal/modelling (79/235, 34%), voxel-wise delay correction 

(62/235, 26%) and discarding transient MRI volumes to consider only those 

where steady-state signal was reached (42/235, 18%). Only 3% of papers 

corrected for sampling line delay. Slice-time correction was used in 51 of 180 

BOLD/DE-BOLD studies. Eroding the edges of the ROIs can reduce vascular 

contamination of CVR due to larger responses to CO2 in blood vessels than in 

tissues.114 T1 correction was recommended for ASL-CVR data involving the 

use of carbogen or other hyperoxic gas because of changes in the longitudinal 

relaxation time during hyperoxia  (n=24).261 The most common software 

packages used for pre-processing and/or CVR analysis were Statistical 

Parametric Mapping (SPM, 89/235 studies, 38%), in-house Matlab (The 

Mathworks, Natick, MA, United States) software (90/235, 38%), FMRIB 

Software Library (FSL, 65/235, 28%) and Analysis of Functional NeuroImages 



Chapter 2. CVR MRI: a systematic review 

42 
 

(AFNI, 54, 23%) (some studies used more than one package in combination). 

Only one in-house Matlab script (for pre-processing BOLD and EtCO2 data) 

reported to be publicly available.262 

Of the six classes of CVR calculation methods identified, linear regression is 

the most common method overall (149/235 studies, 63%) and in recent 

publications. However, several newer methods are under development 

including frequency-based analysis.118 The main reference signal used to 

compute linear regression or cross-correlation is the EtCO2 (89/235 studies, 

38%). An HRF was incorporated in the MRI signal model in 14% of the studies 

(32/235), with the single or double gamma function being the most common 

choice (22/235 studies, 9%). A relatively new method to find an appropriate 

regressor is RIPTiDe (Regressor Interpolation at Progressive Time Delays), 

which derives the reference signal from the MRI data by iteratively applying 

principal component analysis on aligned MRI time courses until convergence 

of the regressor.90,115 Twenty-one studies did not clearly describe the CVR 

processing method, of which two included no information, these were excluded 

from the summary of CVR processing method (Figure 2-5A). 

 

Figure 2-4: Bar chart showing the number of studies that apply different pre-

processing steps. (ROI = region-of-interest, WB = whole brain, HRF = 

haemodynamic response function) 
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Figure 2-5: Distribution of the (A) CVR processing and (B) delay computation 

methods with the associated year of publication of the paper. The category 

“Others” in (B) includes deconvolution to find the HRF between the EtCO2 and the 

MRI signal, and GLM with two (“fast” and “slow”) regressors. (STD = standard 

deviation of MRI signal, HRF = haemodynamic response function, GLM = general 

linear model) 

Dynamic aspects of CVR (e.g. lung-to-brain delay, response time) were 

computed in 128/235 studies (54%) using different methods (Figure 2-5B), 

however, some studies used different MRI techniques and multiple associated 

delay processing methods. Fourteen of the delay computation methods were 

not clearly described and 8 of which could not be included in Figure 2-5B. 

Cross-correlation- and linear regression-based methods can be used to 

compute CVR delay by determining the time shift that gives the best correlation 

between the BOLD signal and a reference signal (e.g. EtCO2). The most 
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common delay computation methods are cross-correlation- or, equivalently, 

linear regression-based approaches (84/128 studies, 66%) and pre-defined 

delay, e.g. from literature, voxel examination, (29/128, 23%). The delay 

between two signals can be found using linear regression or cross-correlation 

by determining the time shift giving the best correlation between these two 

signals. As with CVR computation, delay computation is an evolving area and 

new methods are arising including obtaining the delay directly from the HRF 

between the BOLD signal and EtCO2.129 One study corrected the hypercapnic 

delay for delay due to the vasculature (i.e. the delay it takes for the blood and 

CO2 to travel from the lungs to the brain tissues) by using the BOLD delay from 

a hyperoxia challenge as a surrogate of vasculature delay and assuming no 

vasodilation due to hyperoxia.97 This correction can distinguish between delay 

due to vasculature and delay due to vasodilation. 

CVR values in whole brain, grey and white matter of healthy volunteers are 

summarised in Table 2-3. The associated processing methods were linear 

regression (72/104, 69%), pre-versus-post stimulus value comparison (17/104 

values, 16%), non-linear signal modelling (13/104, 13%) and frequency-based 

analysis (2/104, 2%). CVR in grey matter (GM) was higher than CVR in WM. 

Moreover, measuring WM CVR using ASL is not common, probably due to the 

fact that ASL suffers from low contrast-to-noise ratio (CNR).83 
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Table 2-3: Mean/median CVR values at 3T in healthy volunteers as a function of the age range (in the square brackets are the 

minimum and maximum values and in the round brackets is the number of values and number of subjects used to compute the mean). 

The associated processing methods were linear regression, pre-versus-post stimulus value comparison, non-linear signal modelling and 

frequency-based analysis. 

Age range Whole brain Grey matter White matter 

 %BOLD signal 
change/mmHg 

%CBF/mmHg %BOLD signal 
change/mmHg 

%CBF/mmHg %BOLD signal 
change/mmHg 

%CBF/mmHg 

< 30 0.19/0.18 [0.14, 
0.24] (6 studies, 

94 subjects) 

4.5 (1 study, 16 
subjects) 

0.35/0.26 [0.05, 
1.80] (17 studies, 

294 subjects) 

3.69/3.6 [1.9,  
6.6] (7 studies, 
124 subjects) 

0.12/0.12 [0.03, 
0.29] (12 studies, 

236 subjects) 

1.1 (1 study, 18 
subjects) 

30-50 0.22/0.22 [0.11, 
0.28] (15 studies, 

169 subjects) 

4.64 (1 study, 
16 subjects) 

0.26/0.26 [0.14, 
0.44] (10 studies, 

127 subjects) 

3.60/3.28 [2.40, 
5.11] (3 studies, 

45 subjects) 

0.12/0.13 [0.08, 
0.18] (8 studies, 

101 subjects) 

- 

> 50 0.21/0.21 [0.15, 
0.31] (6 studies, 

120 subjects) 

3.58/3.4 [2.2, 
5.30] (4 studies, 

279 subjects) 

0.36/0.36 [0.13, 
1.30] (6 studies, 

124 subjects) 

2.12/2.13 [2.10, 
2.15] (2 studies, 

21 subjects) 

0.13/0.12 [0.05, 
0.33] (5 studies, 

117 subjects) 

- 
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2.3.7 Repeatability, reproducibility and accuracy of CVR 

measurements 

CVR values determined using MRI were generally found to be similar or well-

correlated with those obtained using other imaging modalities such as PET, 

SPECT or TCD (Table 2-4: 10 studies, 193 subjects). Within- and between-

day repeatability of MRI was studied mostly in healthy participants and in some 

stroke and steno-occlusive patients (Table 2-5: 14 studies, 191 subjects). The 

reported coefficients of variation show that CVR measurements are less 

repeatable between- than within-days263,264 and less repeatable in WM than in 

GM due to lower CNR in WM.114,263 

CVR MRI measurements were also compared between MRI techniques. 

BOLD-CVR and ASL-CVR were well-correlated using fixed CO2 concentration 

(n=127)191,257,265 and computer-controlled EtCO2 using RespirAct (n=13).266 

One study found no correlation between BOLD-CVR and ASL-CVR using 

carbogen (n=9).257 Using acetazolamide DSC-CVR correlated well with BOLD-

CVR (n=16),113 but there was a lack of agreement between DSC-CVR and PC 

MRI (n=8).267  

2.3.8 The relationship between BOLD response and PaCO2  

The healthy BOLD signal response to CO2 was found to be sigmoidal in two 

studies (n=18).94,268 The sigmoid model of the BOLD response to CO2 was 

used in a further three studies (n=65).92,95,165 In four studies, vasodilatory 

resistance to CO2 was modelled using the BOLD response.98,99,139,190 The 

relationship between resistance and CO2 was assumed sigmoidal due to the 

limited ability of the blood vessels to constrict and dilate (n=141). One study 

(n=32) suggested that steal phenomenon associated with some pathologies 

could alter the sigmoid relationship between CO2 and vasodilatory 

resistance.139 
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Table 2-4: Comparison of CVR values measured using MRI versus alternative 

imaging modalities. (TCD = transcranial Doppler ultrasound, BH = breath-hold, 

BOLD = blood oxygen level-dependent, ACZ = acetazolamide, SPECT = single 

photon emission computed tomography, CC = correlation coefficient, CV = coefficient 

of variation, RI = repeatability index, GM = grey matter, DSC = dynamic susceptibility 

contrast, MCA = middle carotid artery, ICC = intraclass CC, HC=healthy controls, 

SOD=steno-occlusive disease) 

References MRI 
technique 

Comparator Population Results 

Ziyeh et al., 
2005116 

BOLD; 
fixed 
inhaled 
CO2 

TCD; fixed 
inhaled 
CO2 

20 SOD Pearson CC for signal change 
in MCA territory: r=0.71 

Fierstra et l., 
2018187 

BOLD; 
EtCO2 
targeting 

PET; ACZ  16 SOD, 
10 HC 

- Pearson CC for CVR 
difference unaffected vs 
affected hemisphere: r2=0.47 

- Pearson CC for CVR 
difference unaffected vs 
affected hemisphere in MCA 
territory: r2=0.61 

Herrera et al., 
2016149 

BOLD; 
BH 

TCD; BH 15 SOD, 7 
HC 

Cohen’s kappa coefficient for 
the visual classification of 
normal or impaired CVR in the 
ipsilateral lentiform nucleus 
between the two methods: 
Overall, κ=0.54; Controls, κ=-
0.69; Patients, κ=0.43 

Shiino et al., 
2003166 

BOLD; 
BH 

SPECT; 
ACZ 

10 SOD, 
17 HC 

- Linear correlation between 
mean whole brain %BOLD 
change with mean whole brain 
change in CBF from SPECT: 
r=0.70 

Hauser et al., 
2019169 

BOLD; 
BH 

PET; ACZ  20 SOD - Spearman CC for maps: 
r=0.90 

- Pearson CC for relative signal 
change in vascular territories 
relative to cerebellum: r=0.71 



Chapter 2. CVR MRI: a systematic review 

48 
 

Heijtel et al., 
2014269 

ASL; 
fixed 
inhaled 
CO2 

PET; fixed 
inhaled 
CO2 

16 HC - Pearson CC for GM CBF: 
r2=0.30 for baseline, r2=0.12 for 
hypercapnia 

- GM CVR [%/mmHg]: 2.82 for 
ASL vs. 2.50 for PET 

- Inter-modality RI: 22.9% for 
baseline, 30.3% for 
hypercapnia 

Uchihashi et al., 
2011153 

ASL; 
ACZ 

SPECT; 
ACZ 

20 SOD - Spearman rank CC of mean 
relative CVR in frontal and 
temporal lobes: r=0.88 

- Accuracy: mean difference in 
CVR of frontal and temporal 
lobes: 1.3% 

Kim et al., 
2011;160 Ma et al., 
2007181 

DSC; 
ACZ 

SPECT; 
ACZ 

17160 and 
12181 SOD 

Wilcoxon signed rank test on 
percent change in mean 
relative CBF in GM MCA 
territory160: 

- normal side: 0.76-0.18  

- lesion side: 0.38-0.67 

Association between detection 
of CVR impairment with SPECT 
and reduced DSC-CVR181 

Grandin et al., 
2005270 

DSC; 
ACZ  

PET; ACZ 13 HC - Inter-modality correlation 
(coefficient of determination) in 
individual subjects: r2 between 
0.70 and 0.84  

- Mean difference in CBF and 
CBV: 8.2 ml/min/100g and 2.09 
ml/100g at rest, 5.7 
ml/min/100g and 2,45 ml/100g 
after ACZ 
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Table 2-5: Findings of repeatability of CVR estimates. (BH = breath-hold, BOLD = 

blood oxygen level-dependent, ACZ = acetazolamide, CC = correlation coefficient, 

CV = coefficient of variation, GM = grey matter, DSC = dynamic susceptibility contrast, 

ICC = intraclass CC, HC=healthy controls, SOD=steno-occlusive disease, 

STD=standard deviation, RI = repeatability index) 

References MRI 
technique 

Repeatability Population Results 

Thrippleton et 
al. 2018114 

BOLD; fixed 
inhaled CO2 

Within-day repeatability 15 HC - Inter-session CV 
of GM CVR: 7.9-
15.4% for a 3 min 
& 11.7-70.2% for a 
1 min challenge  

- Inter-session CV 
of WM CVR: 16.1-
24.4% for a 3 min 
& 27.5-141.0% for 
a 1 min challenge  

Sobczyk et 
al., 2016;195 
Dengel et al., 
2017;264 
Leung et al., 
2016271  

BOLD; 
EtCO2 
targeting 

Within-264,271 and 
between-day 
repeatability195,264,271 & 
within-day consecutive 
intra-scan 
repeatability264 

15,195 11264 
and 10271 
HC 

- Within-day intra-
scan ICC of GM 
CVR264: 0.84 

- Within-day intra-
scan CV of GM 
CVR264: 5.70% 

- Within-day inter-
scan ICC CVR in 
GM: 0.78,264 
0.86;271 WM: 
0.90271 

- Within-day inter-
scan CV of GM 
CVR:264 6.62% 

- Between-day ICC 
CVR in GM: 
0.69,264 0.78;271 
WM: 0.72271 

- Between-day CV 
CVR in GM: 
7.87%,264, 7.3%;195 
WM: 10.3%195 
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Dlamini et al., 
2018;145 
Peng et al., 
2020;133 
Bright and 
Murphy, 
2013272 

BOLD; BH Within-day,133,145 
between-day,133 inter-
regressors272 and intra-
subject272 repeatability 

20 SOD.145 
9,133 12272 
HC 

- Within-day ICC of 
whole brain CVR: 
0.7,145 >0.4133 

- Within-day CV of 
positive GM CVR: 
9.1%,145 <33%133 

- Within-day CV of 
negative GM 
CVR :145 22.5% 

- Inter-regressor 
ICC of GM CVR 
272: <0.4 for ramp 
regressor and 0.82 
for EtCO2 
regressor 

- Intra-subject ICC 
of GM CVR:272 
1.03% for EtCO2 
regressor 

Sousa et al., 
2014273 

BOLD; 
paced deep 
breathing 

Test-retest and inter-
subject repeatability 

9 HC - Inter-subject CV 
of GM CVR: 20%  

- Intra-subject CV 
of GM CVR: 8%  

- Intra-subject ICC 
of GM CVR: 1.04  

Kassner et 
al., 2010263 

BOLD; 
EtCO2 
forcing 

Within, between-day 
and inter-subject 
repeatability 

19 HC - ICC of GM CVR: 
0.92 within-day, 
0.81 between-day 

- ICC of WM CVR: 
0.88 within-day, 
0.66 between-day 

- CV of GM CVR: 
4.2% within-day, 
6.8% between-
day, 20% inter-
subject 

- CV of WM CVR: 
6.3% within-day, 
9.9% between-
day, 21.8% inter-
subject 
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Liu et al., 
2017;82 
Taneja et al., 
2019111 

Resting-
state BOLD 

Within-day82 and 
between-day111 
repeatability 

6 stroke111,  

10 HC82 

- Within-day ICC:82 
0.91  

- Between-day 
correlation of 
lesion CVR:111 
r2=0.91 

- Between-day 
correlation of 
contralateral-to-
lesion CVR:111 
r2=0.79 

Heijtel et al., 
2014269 

ASL; fixed 
inhaled CO2 

Within- and between-
day repeatability 

16 HC - Within-day RI: 
18.2%; Between-
day RI: 25.1% for 
baseline CBF, 
24.8% for 
hypercapnia CBF 

- CV of inter-
subject variability: 
12.9% for baseline 
CBF, 15.6% for 
hypercapnia CBF 

Merola et al., 
2018274 

Dual-echo 
ASL/BOLD; 
fixed inhaled 
CO2 

Within- and between-
day repeatability 

26 HC - Correlation with 
coefficient of 
determination of 
GM CVR 
variability: 0.57 for 
within-day inter-
scan, 0.41 for 
within-day inter-
session, 0.02 for 
between-day 

- CV of inter-
subject variability 
of GM CVR: 
17.5% for within-
day, 25% for 
between-day 

- CV of intra-
subject variability 
for GM CVR: 9.5% 
for within-day 
inter-scan, 12.5% 
for within-day 
inter-session, 
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17.5% between-
day 

Grandin et 
al., 2005270 

DSC; ACZ  Inter-scan repeatability 13 HC - Repeatability 
using the STD of 
the mean 
difference in CBF 
between scans: 
22.4% 

- Repeatability 
using the STD of 
the mean 
difference in CBV 
between scans: 
18.2% 

 

2.3.9 Potential confounders of CVR analysis 

When analysing CVR measurements, baseline MRI signal or EtCO2 values,95 

and negative CVR clusters can lead to misinterpretation of CVR data.93,275 

Higher baseline EtCO2 was associated with lower CVR (n=291).276–278 

Baseline CBF and CBV were lower with age (n=81),204,239,279 by contrast one 

study suggested age-related differences in baseline CBF may result from 

differences in baseline EtCO2 (n=46).202 

Negative CVR clusters correspond to MRI responses anti-correlated to the 

stimulus. In some cases this might simply reflect long CVR delays if latter are 

not appropriately modelled. Negative CVR could also reflect the steal 

phenomenon, where tissues with high CVR ‘steal’ blood flow from other 

regions due to flow redistribution.91,139,142,166,170,173,174,177,178,275,280 However, 

they usually appear in the deep WM,275 near and in the ventricles.93 Therefore, 

others have suggested that they may result from low CNR in the WM tissues 

leading to spurious CVR values,93 or shrinkage of the CSF space due to 

vasodilation.281–283 The latter effect can be diminished by shortening TE.283 

2.3.10 CVR definition and units 

CVR was defined differently across studies and was reported in several units: 

relative change in BOLD signal divided by absolute change in EtCO2 with 
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%/mmHg units (110/235, 47%), relative change in CBF divided by absolute 

change in EtCO2 with %/mmHg units (36/235, 15%), relative change in BOLD 

signal with % units (50/235, 21%), relative change in BOLD signal divided by 

relative change in total haemoglobin concentration ([Hb]) with %/[Hb] units 

(1/235, 0.4%), relative change in BOLD signal divided by breath-by-breath O2-

CO2 exchange ratio with % units (1/235, 0.4%), relative change in BOLD signal 

divided by relative change in EtCO2 with % units (1/235, 0.4%), relative change 

in BOLD signal during one period of breath-hold with %/s units (1/235, 0.4%), 

relative change in CBF with units % (27/235, 11%), relative change in CBF 

during one period of breath-hold with %/s units (1/235, 0.4%), absolute change 

in CBF with ml.100g-1.min-1 units (5/235, 2%), absolute change in CBF divided 

by the change in EtCO2 with ml.100g-1.min-1mmHg-1 units (2/235, 1%), 

absolute change in CBF divided by mean arterial pressure divided by change 

in EtCO2 with ml/min/mmHg2 (1/235, 0.4%), mean arterial pressure divided by 

change in CBF with mmHg.ml-1.min.100g units (1/235, 0.4%), relative change 

in CBV with % units (n=13), absolute change in CBV with ml.100g-1 units 

(1/235, 0.4%), absolute change in BOLD signal divided by change in EtCO2 

a.u./mmHg (2/235, 1%), relative change in T2* with % units (1/235, 0.4%), 

absolute change in T2* divided by change in EtCO2 with ms/mmHg units 

(1/235, 0.4%), absolute change in R2* divided by change in EtCO2 with s-

1/mmHg (1/235, 0.4%). A further nine CVR definitions had no units because 

CVR was defined as the correlation coefficient between two time courses 

(7/235, 3%) and two were defined as the absolute change in BOLD signal 

divided by the standard deviation of the baseline BOLD signal (1/235, 0.4%) 

or by the absolute change in mean cerebellum BOLD signal (1/235, 0.4%). 

One article described different resistance sigmoid parameters associated with 

CVR such as resting reserve or amplitude, i.e. extend of vascular resistance 

from resting EtCO2 state to maximum vasodilation and extend of vascular 

resistance from maximum vasoconstriction to maximum vasodilation, 

respectively. Both resting reserve and amplitude are resistance parameters in 

mmHg/nL/s. 
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2.4 Discussion 

We identified 235 papers using MRI to measure CVR including 5333 subjects, 

which covered several different acquisition and analysis methods. Stimuli, 

paradigm and duration, sequences used for acquisition and processing 

methods varied considerably. We found several papers, which investigated 

specific aspects of the CVR MRI experiment such as processing methods or 

reproducibility of CVR measurement, but sample sizes were often low, and 

validation studies remain limited. Reporting was also inconsistent. 

2.4.1 Reporting standards 

Most papers included sufficient detail on the acquisition of CVR data (222/235, 

94%). Only 22% of studies (51/235) reported CVR tolerability, less than half of 

which (23/235, 10%) reported presence or absence of discomfort complaints 

which may affect suitability for some patient populations. Processing (214/235, 

91%) including delay computation methods (114/128, 89%) were well 

reported, though only 54% (128/235) accounted for delay.  

2.4.2 Clinical populations 

CVR was measured in several pathologies including steno-occlusive diseases, 

stroke, small vessel disease, brain injuries and dementia. Patients generally 

had lower CVR compared to healthy participants,99,110,114,125–127 though in 

obstructive sleep apnoea findings were mixed. Delays were longer in steno-

occlusive, small vessel disease and dementia patients than in healthy controls, 

but were not reported in other pathologies. CVR metrics have been associated 

with cerebrovascular dysfunction, disease severity, and response to 

interventions (including revascularisation surgery for steno-occlusive 

diseases). CVR is therefore a promising biomarker of haemodynamic 

impairment and changes with broad applicability. 
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2.4.3 Acquisition 

Most CVR studies used a 3T scanner (178/235, 74%) and 2D GRE-EPI BOLD 

sequence (118/235, 50%) for acquisition. While several different sequences 

can measure CVR, all have limitations. BOLD signal results from a complex 

interaction between CBF, CBV, haemoglobin concentration, oxygen extraction 

fraction, CMRO2 and arterial O2 partial pressure.83 Changes in any of these 

parameters can alter the BOLD signal; however, there is evidence that CBV 

and CBF change together during hypercapnia284,285 and that BOLD-CVR is 

well-correlated with ASL-CVR.102,257,265 Cerebral metabolic rate of oxygen 

consumption might change during hypercapnia; however it is thought that 

these changes are small for low levels of CO2 stimulus.285 ASL allows direct 

measurement of CBF and is also widely used (41/235, 17%), but suffers from 

low CNR;83 differences in labelling duration and efficiency, and bolus arrival 

time can also potentially affect CVR estimation. Calibrated fMRI (9/235, 4%) 

using dual-echo BOLD/ASL allows simultaneous quantification of CVR and 

cerebral metabolism parameters (e.g. rate of oxygen consumption and oxygen 

extraction fraction).117,274,286,287 However, calibrated fMRI models depend on 

the initialisation values of model parameters, model assumptions such as the 

oxygen metabolism not being altered during hypercapnia and hyperoxia 

stimuli,288 and are more complex to implement. PC MRI (12/235, 5%) 

measures CVR at the large-vessel level and generally provides limited spatial 

coverage; although 4D phase-contrast flow imaging207,289 is developing 

rapidly, the long scan duration currently limits applicability for measuring CVR 

in patients. Several different paradigms were used, which varied in duration 

and number of repetitions. EtCO2 targeting (81/235, 34%) and fixed CO2-

inhalation (69/235, 29%) are the most widely used vasodilatory stimuli with a 

block paradigm (212/235, 90%) with a median paradigm duration of 9 min. 

Fixed CO2-inhalation is easier to set up than EtCO2 targeting but the change 

in EtCO2 associated with a specific inspired CO2 concentration may vary 

between subjects. EtCO2 targeting allows precise control over the EtCO2 and 

paradigm but requires expensive, specialist equipment. 75% of respiratory 
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challenge studies (160/207) measured ETCO2. However, in patients with lung 

diseases, using EtCO2 is not a direct surrogate for PaCO2 because lung 

regions could be emptied sequentially rather than in parallel during 

exhalation.85 

2.4.4 Processing Methods 

CVR was mainly computed using linear regression (149/235, 63%). Few 

studies described why a particular processing method or regressor was used, 

and comparisons between different methods are lacking.290 40% of the studies 

(93/235) calculated a whole brain or single ROI delay that was applied to all 

voxels. While this method may be relatively robust against noise, delay is 

known to vary between and within tissue types.114,129 However, only 26% of 

studies (62/235) accounted for voxel-wise delays. An HRF between the 

stimulus and MRI signal was used in only 14% of the studies (32/235). This 

might be because the CVR HRF is unknown and may vary between stimuli, 

paradigms and pathologies.91,210 Assuming a non-delta-function HRF allowed 

delay and steady-state CVR to be investigated in parallel,91,115 but can be more 

complex to implement and computationally demanding. 

2.4.5 Validation 

CVR measurements and detection of CVR impairment using MRI and other 

imaging modalities (e.g. BOLD-CVR to TCD-CVR,116 BOLD-CVR to SPECT-

CVR,166 DSC-CVR to PET-CVR270) were well-correlated, validating the CVR 

MRI experiment. Furthermore, biological validation such as results from 

studies comparing CVR in patients with steno-occlusive diseases and healthy 

controls, also supports use of CVR as a biomarker.116,144,146,152,153 Preclinical 

CVR imaging is also a fast-growing field which has been applied in preclinical 

models of stroke, cancer and Alzheimer’s disease.291–293 Preclinical CVR 

studies predominantly follow similar approaches to human studies but involve 

additional  considerations such as the effect of anaesthetic agents on resting 

CBF.294 Isolated vessel preparations,295,296 laser speckle imaging297 and 

multiphoton microscopy298,299 can also assess CVR preclinically and may help 
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improve understanding of how impaired vasoreactivity develops and further 

direct validation of CVR MRI as a clinical biomarker of cerebrovascular 

health.294 CVR measurements using MRI techniques showed lower 

repeatability between-days than within-days.264,274 CVR measurements were 

also less repeatable in WM than in GM due to a lower CNR.114,263 Studies with 

higher sample sizes and investigating reproducibility in different pathologies 

would be helpful to further validate the CVR MRI experiment.  

2.4.6 Definition and interpretation of CVR 

The definition and units of CVR vary across studies depending on choice of 

sequence, stimulus, paradigm and analysis methods. However, CVR is most 

commonly reported as the relative change in BOLD signal (110/235, 47%) or 

CBF (36/235, 15%) per unit change in EtCO2 as %/mmHg.  

Several aspects influence CVR values beyond the vasodilatory capacity of 

vessels, which must be considered in interpreting the results. The CVR steal 

phenomenon has been proposed as a systemic mechanism governing the 

cerebrovascular system by prioritising blood supply to specific regions and 

potentially leading to local deficits elsewhere. Low or negative CVR values 

may also result from low CNR or blood vessel dilation near the ventricles 

shrinking the CSF space and artificially decreasing the BOLD signal due to 

differences in CSF and blood signal intensities.281–283 Excluding voxels that 

contain CSF or using a shorter TE (e.g. 21 ms for a TR of 1500 ms at 3T) can 

reduce negative artefacts in CVR data.283  Other physiological factors can 

affect the MRI signal, including resting CBF and oxygen extraction fraction. 

Finally, as blood vessels have a limited vasodilation capacity, the linearity of 

the MRI response to the vasodilatory stimulus has a restricted range. Indeed, 

the shape of the MRI response to the stimulus and baseline parameters 

including resting CBF and EtCO2 can influence CVR values.94,95,277,278 Despite 

some gaps in current knowledge, CVR has a proven validity and utility in 

several diseases as described above. 
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2.4.7 Definition and interpretation of CVR delay 

Delay in the MRI response to a stimulus can lead to inaccurate CVR values if 

it is not accounted for, and could give further information on vascular health. 

Voxel-wise or ROI delay should be favoured as opposed to whole brain delay 

to better account for differences in tissue response and distance from blood 

vessels. Artificially high or low delay values can be obtained when the noise 

level is high, i.e. low CNR. Definitions of delay were inconsistent in 

distinguishing between lung-to-brain delay and duration of the vasodilation 

process.71 For example, one study computed the lung-to-brain delay, 

assuming instantaneous MRI response, as the shift in the EtCO2 that gives the 

lowest residual when regressed against the MRI time course: the delay in GM 

and WM were approximately 15 and 35 seconds respectively.71 Another study 

computed the response time using a mono-exponential fit of the MRI signal: 

they found response time constants between a few seconds in GM up to 100 

seconds in WM.91 

2.4.8 Implications for future research 

Harmonisation of the CVR MRI experiment 

Variability in the implementation of CVR experiments, including the choice of 

sequence and MRI parameters, such as TR and TE for BOLD MRI and post-

labelling delay for ASL MRI,135 cause heterogeneity in the CVR values, making 

it challenging to interpret findings across studies and conduct meta-analyses. 

CVR measurements are highly dependent on MRI sequence (e.g., BOLD, 

ASL, PC and DSC), since each measures a different quantity as an estimate 

or surrogate of CBF, which are not directly comparable.265   

Harmonisation of acquisition and processing methods would allow more 

uniform definitions of CVR, delay and HRF, enhancing inter-study 

comparability, although specific techniques may be better suited to some 

pathologies and patient groups. Such efforts may also find consensus on the 

optimal paradigm duration to ensure that CO2 reaches the ROI and the MRI 

response reaches the steady state. As many groups have developed in-house 
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software to process CVR data, making these publicly available, as a step 

towards development of validated, community-driven open-source software, 

would also promote reproducibility and harmonisation. 

While little consensus currently exists, our review reveals evidence of 

convergence in some aspects of the CVR MRI experiment: the use of BOLD 

at 3T with a block paradigm for the acquisition and definition of CVR as the 

relative change in BOLD signal per unit change in mmHg (%/mmHg). Early 

attempts to establish a framework for reaching consensus have recently been 

initiated.290 Further work is needed to reach consensus regarding signal 

processing and CO2 delivery methods. CVR is also highly dependent on the 

image analysis methods used, including the erosion of ROIs to avoid signal 

contamination from neighbouring tissues, or ROI versus voxel-wise analysis. 

Considerations for future studies 

Detailed reporting of methods and results is essential for interpretation and 

inter-study comparison of CVR data. Future publications should give sufficient 

detail to allow processing to be reproduced and, where possible, authors 

should release their software in version controlled open-source repositories. 

Results should preferably be reported in relative signal units to allow inter-

study comparisons. Accurate recording and reporting of tolerability and 

reasons for excluding CVR scans is also important to facilitate clinical 

translation.  

Nonlinearity due to the limited vasodilation capacity of the blood vessels, is a 

consideration when interpreting CVR values. In this case, CVR reflects both 

the maximum response as well as the sensitivity to CO2.  Research is needed 

to identify the aspects of the CVR response (e.g. maximum response, MRI 

response versus EtCO2 slope) that are most sensitive and specific in key 

pathologies. Accounting for voxel-wise lung-to-brain delay would allow direct 

comparison of the BOLD signal and EtCO2 and should improve the accuracy 

of CVR values. Drift in the MRI signal can be significant and should be 

controlled for during signal processing.83  



Chapter 2. CVR MRI: a systematic review 

60 
 

Finally, there are age-related changes in CVR values: CVR is lower with 

increasing age in GM and WM.71,204,300 Statistical analyses should account for 

such key covariates, which requires larger sample sizes or matched study 

design. CVR is also associated with vascular risk factors including 

hypertension, diabetes, hypercholesterolemia and smoking.72,201,209,211 

2.4.9 Strengths and Weaknesses 

This review included foreign language papers (5/236), though one such paper 

was inaccessible. Most but not all of the required information was obtained 

during the data extraction. This might have added a bias to the results of this 

review: for example, description of the CVR processing and delay computation 

methods were not clear in 9% and 11% of the studies, respectively. 

Furthermore, the sample size of many studies was low (mean sample size: 35, 

45/235 studies ≤10 participants), particularly in studies investigating 

repeatability and reproducibility of CVR values (mean: 16). This review was 

also restricted to human studies; therefore it does not provide a detailed 

description of preclinical CVR methods, although the main processing 

techniques are similar. Moreover, the mean age across studies could have 

been computed using the mean of the reported mean or median age across 

studies weighted by the associated number of subjects in order to take into 

account the sample size of each study. Finally, the administration of a 

particular stimulus could have been investigated as a function of the number 

of research groups using it instead of the number of studies, as the current 

findings could be biased by the number of publications from single groups. 

2.5 Conclusion 

To our knowledge, this is the first systematic review to summarise and describe 

the diverse acquisition and analysis techniques used to measure CVR using 

MRI, and their applications in health and disease. While CVR MRI is a 

relatively new and evolving technique we identified applications in several 

clinical populations including steno-occlusive and small vessel disease, 
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highlighting the value of CVR measurements in medical research. However, 

acquisition techniques, analysis methods and definitions of CVR all varied 

substantially. Future work should target consensus recommendations to 

facilitate more reliable and harmonised CVR measurement for use in clinical 

research and trials of new therapies. 

2.6 Update of the review and discussion with respect to the 

thesis 

The systematic review contributed to the thesis by giving an extensive 

description of CVR MRI experiments existing in the literature and highlighting 

the gaps in the field. For example, the review revealed lack of consensus in 

the processing strategy of CVR data, such as the use of a delay correction 

method, and lack of information regarding the HRF to a CO2 challenge. 

Hereafter, an overview of the research undertaken globally and presented after 

the publication of the systematic review is given. This overview was not based 

on a systematic search of the literature. 

CVR was further assessed as an indicator of cerebrovascular health in multiple 

pathologies such as steno-occlusive diseases,301–303 SVD,304,305 cognitive 

impairment,306 traumatic brain injury,307 sickle cell disease308 and Huntington’s 

disease.309  

Multiple papers focussed on optimising CVR experiments. Some papers 

focused on improving the CVR experiment without gas challenge.138,310–312 

One study showed that correcting for partial volume effect resulted in 

increased CVR magnitude and faster response in GM with an opposite result 

in WM; however, they did not comment on the partial volume effect in cortical 

versus subcortical GM.313 Another study created a library of HRFs where each 

function was convolved with the EtCO2 to find the one that best modelled the 

BOLD response to hypercapnia in order to allow for dispersion in the 

response.100 The error of this fitting procedure was lower than with the 

traditional method with an instantaneous HRF. However, one limitation of such 
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a processing method is that the library might not include all possible HRFs, 

especially in pathologies where the HRF might be different to those in healthy 

tissues. Another study investigated CVR delay: vein architecture could 

modulate the delay in the BOLD response.314 In deep WM tissues, venous 

blood drains into larger periventricular veins and can delocalise the CVR 

response. A similar effect has been observed in cortical fMRI studies where 

there is a contribution from venous drainage to the GM BOLD signal.315 The 

distribution of medullary veins can therefore impact WM signal dispersion. This 

effect is important when using BOLD at 3T, a contrast that is particularly 

sensitive to large veins. 

Further research was undertaken to validate the technique. To this end, one 

study found good inter-rater reliability based on five different raters that used 

a cloud-based pipeline to process CVR data from healthy volunteers.316 The 

same study found good between-days (mean of 9 days) test-retest and inter-

scanner (Philips Achieva versus Siemens Prisma 3T scanners) reliability. 

Another study investigated the creation and use of CVR atlases across 

different sites. The use of an atlas can help interpret CVR maps by taking into 

account normal variations in CVR due to age and tissue type.141 They obtained 

two atlases, each created based on datasets from a different scanner located 

at a different site (Siemens MAGNETOM Skyra Fit versus GE Signa 3T 

scanners) and found no significant differences between GM and WM of those 

atlases, thereby confirming the use of a single atlas across multiple sites.317 

Finally, a published review paper describes the “lessons” learned over the last 

two decades regarding CVR experiments and gives advice on how to conduct 

a CVR experiment and on the pitfalls to avoid or take into account.318 For 

example, in order to measure vasodilation response time induced by a change 

in PaCO2, the time taken for the PaCO2 to reach steady state should be shorter 

than the vasodilation response time in fastest responding tissues. 

In conclusion, there is persistent interest in using CVR MRI experiments to 

assess cerebrovascular health. Several studies have been conducted to 
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optimise the experiment and to understand the pathological information that 

can be extracted from CVR metrics, as well as attempting to quantify CVR in 

different clinical populations. However, some aspects of CVR development 

need further attention: comparison between processing methods, better 

understanding of CVR delay. The next chapter will address the use of ROI- 

versus voxel-based analysis as well as the use of variable versus fixed CVR 

delay.
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3 Cerebrovascular reactivity measurements using 3T 

BOLD MRI and a fixed inhaled CO2 gas challenge: 

repeatability and impact of processing strategy 

The systematic review conducted in Chapter 2 showed a high diversity of 

methods to process CVR data. More specifically, CVR parameters have been 

computed using voxel- or ROI-based analyses. In addition, there were inter-

study differences in CVR delay computation using variable delay, fixed delay 

or no delay correction. However, no work has compared the different 

processing strategies. In order to move towards harmonisation of the CVR MRI 

experiment, it is important to understand which methods are more accurate, 

precise, repeatable or robust against noise in the data. The work presented in 

this chapter addresses this issue and has been published with supplementary 

material in the Frontiers in Physiology in February 2023.319 I designed the 

study, acquired, processed, and analysed the CVR data, created and analysed 

the simulations and wrote the paper. Dr Michael J. Thrippleton, Dr Michael S. 

Stringer, Prof Ian Marshall and Prof Joanna M. Wardlaw contributed to the 

study design and we discussed the interpretation of the results together. Isla 

Mitchell and Maddy Murphy participated in the data acquisition. All six of them 

reviewed the final manuscript and accepted its publication in this thesis. 

3.1 Introduction 

CVR reflects the ability of the cerebral blood vessels to dilate in response to a 

vasoactive stimulus. Investigating CVR impairment in cerebral tissues is of 

particular interest in patients with cerebrovascular diseases.72,157 This can be 

achieved in vivo using MRI.83 Typically, a hypercapnic stimulus is used to 

trigger vasodilation and induce changes in vascular parameters, including 

CBF, which can be detected using vascular-sensitive MRI techniques.109,320,321 

The CVR MRI technique is well-correlated with other imaging modalities such 

as TCD and PET.116,269 BOLD MRI is most widely used along with EtCO2 
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recording, with CVR magnitude typically defined as the percent change in the 

BOLD signal due to the hypercapnic challenge divided by the change in EtCO2 

to account for the magnitude of the stimulus.101 As CVR reflects a dynamic 

process, CVR delay, which comprises CO2 travel time between the lungs and 

the brain tissues and vasodilation response time, is often included as a variable 

in the signal model to avoid underestimation of CVR magnitude.83 An HRF has 

been proposed as a means to separate travel to vasodilation response 

time,91,100 though this is not commonly used in the literature.101 

Previous studies have found good repeatability of CVR magnitude measured 

with a hypercapnic BOLD experiment,114,263,264,271,274,278 though it is lower in 

NAWM than in GM.114,263,271 However, the studies did not report on inter-scan 

differences in physiological variables such as blood pressure, respiration and 

heart rates. Indeed, CVR is a momentary measurement affected by the 

underlying physiology: changes in respiration rate can alter the arterial CO2 

partial pressure85 and studies have reported increased heart rate during 

hypercapnia.79,322 Repeatability of the CVR delay has only been reported for 

1.5T MRI,114 whereas CVR experiments are typically performed at 3T.114 

Furthermore, CVR data analysis methods differed across studies.90,94,115,179,272 

First, various CVR delay computation methods were present across the 

literature: some studies used an estimated constant263,264,271,278 and others a 

variable CVR delay.114 It is unknown how robust the estimation of CVR delay 

is against noise and its impact on the reliability of CVR magnitude estimates. 

While voxel-263,271,278 and ROI-based114,264 analyses were applied, there is little 

evidence to indicate which analysis is more appropriate. 

In this work, we aimed to determine (i) the within-day test-retest repeatability 

of CVR magnitude and delay with a 3T BOLD MRI experiment using a fixed 

inhaled CO2 stimulus while measuring blood pressure, heart and respiration 

rates; (ii) the impact of noise on accuracy and precision of CVR magnitude and 

delay measurements; (iii) the impact of using variable versus fixed or zero 

delay; (iv) the impact of extracting CVR magnitude and delay using voxel-

based versus ROI-based analysis. 
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3.2 Materials and methods 

3.2.1 Simulations 

Simulations were conducted using MATLAB (version R2018b, MathWorks, 

Inc., MA, United States) to investigate the effect of noise and processing 

methods on CVR estimates. We simulated the EtCO2 trace as a block 

paradigm without noise ranging from 40 (normocapnia) to 50 mmHg 

(hypercapnia). Timings of the paradigm replicated the in vivo stimulus (see 

section 3.2.4). The BOLD voxel time courses were generated by scaling and 

shifting the EtCO2 trace according to the given CVR magnitude and delay, 

respectively. BOLD signals had a temporal resolution of TR = 1 s. Values for 

the true median, mean and standard deviation of CVR magnitude and delay in 

ROIs were extracted from the healthy volunteers’ data acquired in this study 

by averaging CVR maps across subjects (see Appendix A2.1).  

The number of signals simulated for each ROI was set to the median number 

of voxels per ROI in a healthy volunteer dataset, described below, namely: 

1247 in subcortical GM (SGM), 656 in cortical GM (CGM) and 11748 in NAWM. 

For each voxel, we added random Gaussian noise with a standard deviation 

equal to the hypercapnia-induced change in BOLD signal divided by the pre-

defined tCNR. The true CVR magnitudes and delays were sampled according 

to distributions of CVR magnitudes and delays extracted from the healthy 

volunteer data of this study (see Appendix A2.1, Figure A2-1). We therefore 

used distributions with a median/mean ± STD of 0.25/0.27±0.13, 

0.25/0.30±0.21 and 0.10/0.11±0.07 %/mmHg for true CVR magnitude and 

8/10±8, 15/20±16 and 27/29±13 s for CVR delay in SGM, CGM and NAWM 

respectively.  

For different values of tCNR and analysis type (voxel- and ROI-based), we 

simulated 1000 repetitions (N voxels per repetition) of the same experiment. 

We computed the mean and standard deviation of CVR magnitude and delay 

estimates across the repetitions.  
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For the voxel-based analysis, we performed multiple linear regression between 

each simulated BOLD time courses and time-shifted EtCO2 (see section 3.2.5). 

For the ROI-based analysis, we applied linear regression to the mean BOLD 

signal of the ROI.  

To investigate the effect of the delay constraint, we repeated simulations using 

four delay ranges: -31 to 93, 0 to 58, -93 to 93, -31 to 124 seconds. We also 

simulated CVR magnitude estimation assuming a fixed delay, based on three 

previous approaches reported in the literature: (i) a global delay defined as the 

delay calculated from the averaged BOLD signal across GM and NAWM 

voxels, (ii) a GM delay calculated from the averaged BOLD signal across GM 

voxels and (iii) a delay of zero seconds corresponding to no delay correction. 

3.2.2 Participants 

Healthy volunteers were recruited for two CVR scans. The study was 

conducted under Research Ethics Committee approval (ref. 14/HV/0001) and 

according to the principles expressed in the Declaration of Helsinki. All 

volunteers gave written informed consent. Exclusion criteria consisted of 

contraindication to MRI, migraine, hypertension, anxiety disorders, panic 

attacks, respiratory and cardiovascular illnesses and known family history of 

subarachnoid haemorrhage, intracranial aneurysm or arteriovenous 

malformation. 

3.2.3 Magnetic resonance imaging 

All images were acquired using a 3T MRI scanner (MAGNETOM Prisma, 

Siemens Healthcare GmbH, Erlangen, Germany) with a 32-channel receive 

head coil. Each participant underwent two 13.5-minute CVR scans, each 

acquired using axial 2D single-shot gradient-echo echo-planar imaging (GRE-

EPI; TR/TE = 1550/30 ms, 67° flip angle, 23.5×23.5 cm2 FOV, 94×94 

acquisition matrix, 50×2.5 mm slices, 2.5 mm3 isotropic resolution, multiband 

acceleration factor 2, in-plane GRAPPA acceleration factor 2, 5 dummy scans) 

during a hypercapnic challenge. We discarded the first minute of the scanning 
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(39 volumes) to obtain the same paradigm as in clinical studies on small vessel 

disease.114 Structural imaging sequences consisted of sagittal T1W 3-

dimensional (3D) inversion recovery (IR) spoiled GRE (TR/TE = 2500/4.37 ms, 

7° flip angle, 25.6×25.6×19.2 cm3 FOV, 256×256×192 acquisition matrix size, 

1.0 mm3 isotropic resolution, GRAPPA acceleration factor 3 in anterior-

posterior phase-encoding direction) and axial T2W 3D RARE (TR/TE = 

3200/408 ms, 24.0×24.0×15.8 cm3 FOV, 256×256×176 acquisition matrix size, 

0.9 mm3 isotropic resolution, GRAPPA acceleration factor 2 in phase- and 

partition-encoding directions).  

The scanning session took place between 11 am and 4 pm. Structural images 

were acquired after the first CVR scan, followed by a short break when the 

subject came out of the scanner room before the second CVR scan. 

3.2.4 Vasodilatory stimulus 

The hypercapnic challenge used an established method which consisted of a 

block paradigm alternating between 2 minutes of medical air and 3 minutes of 

fixed inhaled CO2 stimulus for a duration of 12 minutes.114 Actually, the first air 

block was 3 minutes long, but, for the analyses, we did not consider the data 

acquired during the first minute. The hypercapnic gas contained 6% CO2, 21% 

O2 and 73% N2, while the medical air contained 21% O2 and 79% N2 (BOC 

Special Products, United Kingdom). Expired CO2 and oxygen (O2) 

concentration waveforms were measured with a sampling frequency of 20 Hz 

using CD-3A CO2 and S-3A Oxygen sensors (AEI Technologies, Pittsburgh, 

United States) respectively, calibrated prior to each CVR scan. We recorded 

peripheral oxygen saturation, blood pressure pre- and post-CVR, heart rate 

and respiration rate using an MR conditional patient monitor with a sampling 

frequency of 1 Hz (MR400 and IP5; Philips, United Kingdom).  

After each CVR scan, we asked participants to rate the tolerability of the scan 

(scale: 1 = very tolerable, 2 = tolerable, 3 = not very tolerable, 4 = intolerable) 

and recorded any reports of discomfort and possible hypercapnia symptoms. 
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3.2.5 Data processing 

The CO2 and O2 concentrations were converted to partial pressures by 

multiplying them by the atmospheric pressure (i.e. 760 mmHg). The resulting 

waveforms were converted into EtCO2 and EtO2 traces using in-house 

MATLAB code, which identifies the signal peaks or troughs, as previously 

described.114 

DICOM files were converted into NIFTI format.323 BOLD images were 

realigned to each participant’s mean BOLD image using SPM12.324 

For the ROI-based analysis, we computed the mean BOLD signal-time course 

in each ROI and performed multiple linear regression between the mean BOLD 

time course, the time-shifted EtCO2 course and a vector comprising the volume 

numbers to account for a linear signal drift in MATLAB (Figure 3-1). Unless 

otherwise mentioned, we allowed time shifts ranging from -31 to 93 seconds, 

both multiples of TR, for the EtCO2 profile allowing for long responses in 

damaged tissues114 and for negative delays in individual voxels or ROIs due 

to noise in the BOLD signals. This delay range was used previously.114,304 The 

optimal time shift was taken from the model with lowest sum of squared 

residuals. CVR magnitude (%/mmHg) was computed as the regression 

coefficient associated with the time-shifted EtCO2 term divided by the mean 

BOLD baseline signal and multiplied by 100, where the mean BOLD baseline 

was defined as the mean intensity of the mean BOLD signal over the first 30 

volumes (overlapping medical air inhalation). CVR delay was defined as the 

optimal time shift plus 4 seconds to account for the sampling line delay. The 

latter was calculated prior to the study as the average time across 5 repetitions 

for an abrupt CO2 concentration change at the distal sampling point to be 

reported by the sensor. In the voxel-based analysis, the same multiple linear 

regression process was applied to the BOLD time course of each voxel within 

the ROI and the resulting CVR magnitude and delay estimates were averaged 

across the ROI.  
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Figure 3-1: Mean BOLD time series in SGM (black) modelled using shifted EtCO2 

and linear drift term (red). The shifted rescaled paradigm is shown in blue: high 

values correspond to hypercapnia periods whereas low values correspond to 

normocapnia periods. 

For each analysis, we investigated the dependence of CVR estimates on the 

range of allowed delay values, i.e. delay constraint. In practice, delay 

constraint is limited by the amount of EtCO2 data recorded before and after the 

MRI acquisition. We reprocessed the data with a higher upper bound (from -

31 to 124 seconds instead of -31 to 93 seconds). 

We defined tCNR in vivo as the difference in mean BOLD intensity during 

hypercapnia and during normocapnia, excluding a one minute transition period 

at the start of a new block to allow for the BOLD response to stabilise, divided 

by the standard deviation of the BOLD baseline signal. For each ROI, we 

computed the tCNR of the mean BOLD signal time course as well as the mean 

tCNR for voxels within the ROI. 

3.2.6 Regions of interest 

We used FSL FAST325 and FIRST326 (FMRIB Analysis Group, Oxford, United 

Kingdom) to segment CGM, SGM (formed of the thalamus, putamen, pallidum 

and caudate nucleus) and NAWM in native T1W space based on the MNI-152 

template.327,328 To reduce partial volume effects, all ROIs were eroded using a 

box kernel with a width of 3 voxels centred on the target voxel. The linear affine 
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transformation between the T1W and mean BOLD spaces was calculated 

using FLIRT329,330 and applied to transform each ROI into the mean BOLD 

space. We then applied a threshold of 50% to obtain binary masks in the mean 

BOLD space. 

3.2.7 Statistics 

CVR magnitude, CVR delay and physiological parameters were reported as 

mean ± standard deviation. We investigated inter-scan, inter-block and inter-

analysis differences using Bland-Altman statistics including the 95% 

confidence intervals for the mean difference reported in square brackets. We 

defined the inter-scan difference of a parameter as the parameter at scan 2 

minus the parameter at scan 1. The inter-block difference in a parameter was 

defined as the mean value during the CO2 blocks minus that during the air 

blocks. The inter-analysis difference of a parameter was defined as the value 

from the ROI-based analysis minus that from the voxel-based analysis. 

Furthermore, we computed the inter-scan CV for CVR magnitudes and delays 

as the standard deviation of the differences in paired measurements (i.e. one 

pair for each participant) divided by the mean of the pair-averaged values. The 

impact of physiological parameters was assessed using a linear regression 

model with the inter-scan difference in CVR magnitude as outcome, the inter-

scan differences in baseline EtCO2 and EtCO2 change as independent 

variables and without an intercept, as described previously.278 

3.3 Results 

3.3.1 Simulations 

Simulations were performed using openly-accessible MATLAB scripts 

(https://doi.org/10.7488/ds/3503), which can also be used to process in vivo 

CVR data. At high tCNR, CVR parameters estimated from the simulated data 

using voxel-based analysis converged to the ground-truth mean values (Figure 

3-2). However, at lower tCNR, random error increased and a positive bias was 
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observed for both CVR magnitude and CVR delay for the voxel-based 

analysis. CVR magnitudes derived from ROI-based analysis had a similar 

precision to those from voxel-based analysis, but were always lower than the 

true CVR magnitude (Figure 3-2). CVR delays from ROI-based analysis 

converged to the ground-truth median values at high tCNR; at low tCNR, they 

remained accurate but were less precise. 

To investigate the origins of the biases in the voxel-based analysis, we 

simulated NAWM CVR estimates using different delay constraints at a low 

tCNR of 0.1 (Figure 3-3). CVR estimates from ROI-based analysis were 

independent of the delay constraint. However, CVR estimates from voxel-

based analysis depended on the centre of the delay constraint.  

When CVR magnitude was estimated with a fixed delay, estimates from ROI- 

and voxel-based analyses were similar (Figure 3-3), but large systematic 

errors were observed (5 − 32%). The closer the fixed delay was to the mean 

delay in the ROI, the lower the relative error in CVR magnitude. For example, 

using a fixed delay obtained by fitting the mean GM signal resulted in large 

relative errors in NAWM CVR (>20%). 
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Figure 3-2: Simulations showing the effect of tCNR on the estimation of CVR 

magnitude (a) and delay (b) corresponding to all subcortical and cortical GM, 

and NAWM voxels. Data points and error bars indicate the mean ± the standard 

deviation of the estimates across 1000 simulations. Simulations were performed for 

both ROI- (pink) and voxel-based (blue) analyses. tCNR on the x-axis represents the 

tCNR in voxels. The range of tCNR values in the in vivo data are represented by the 

shaded areas in blue for tCNR in voxels and in pink for tCNR of mean BOLD signals. 

The delay constraint was from -31 to 93 seconds, corresponding to the delay 

constraint used to process real data. Horizontal solid and dashed lines represent the 

ground-truth mean and median values, respectively. The relative errors were 

computed with respect to the ground-truth mean values. 
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Figure 3-3: Simulations showing the impact of the delay constraint and 

assumption of fixed delay at a voxel tCNR of 0.1 on the estimation of CVR 

magnitude (a) and delay (b) in NAWM. The bars and error bars correspond to the 

mean and standard deviation respectively of the CVR estimates across 1000 

repetitions for the voxel- (blue) and ROI-based (pink) analyses. Horizontal solid and 

dashed lines represent the ground-truth mean and median values, respectively. The 

relative errors were computed with respect to the ground-truth mean values. The 

central values for each delay constraint are shown in parentheses. 

3.3.2 MRI experiments 

Raw data acquired for this work were made openly accessible 

(https://doi.org/10.7488/ds/3492). We recruited 15 healthy volunteers (age: 

28.1±5.5 years, female: 53%) who all underwent the two CVR scans with a 

median time of 31.5 minutes between the starts of the scans. One participant 

did not complete the first CVR scan, but sufficient data was collected (4.2/12 

minutes) to include in the analysis. Data from another subject were excluded 

from the analysis due to severe motion artefacts during scan 1. Overall, the 

scans were well-tolerated (scan 1: 4/15 very tolerable, 10/15 tolerable, 1/15 
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intolerable; scan 2: 7/15 very tolerable, 8/15 tolerable). Symptoms reported by 

the subjects per scan were: 26/30 dyspnoea, 9/30 dry mouth, 8/30 dizziness 

or headache, 6/30 tingling sensations, 6/30 anxiety, 6/30 sensation of 

accelerated heart rate and 3/30 claustrophobia. Subjects reported mask 

discomfort in 3/30 scans and noticed a difference between the two inhaled 

gases in 27/30 scans. 

3.3.3 CVR and physiological parameters 

CVR magnitude and delay measurements at the two scans are shown in Table 

3-1 and displayed in Figure 3-4, Figure 3-5, Figure 3-6 and Supplementary 

Figures A2-2, A2-3. CVR magnitude was higher in GM than in NAWM (scan 1 

difference: 0.19 [0.17, 0.21] %/mmHg for ROI-based analysis, 0.20 [0.17, 0.22] 

%/mmHg for voxel-based analysis), while CVR delay was shorter (-25.3 [-31.3, 

-19.3] s for ROI-based analysis, -21.8 [-23.7, -20.0] s for voxel-based analysis; 

Table 3-1). Inter-scan CVs ranged from 7.48 to 14.91 % for CVR magnitude 

and from 12.49 to 50.00 % for CVR delay (Table 3-2). CVR magnitude was 

systematically lower at scan 2 than scan 1 (difference in GM: -0.01 [-0.03, -

0.00] %/mmHg corresponding to -4 % change for ROI-based analysis, -0.02 [-

0.03, -0.00] %/mmHg corresponding to -7% for voxel-based analysis; Figure 

3-5, Figure 3-6, Table 3-1, Figure A2-2). 

Physiological variables and baseline BOLD signals measured at both scans 

are given in Table 3-3. EtCO2 (Table 3-3, Figure A2-4) and EtO2 (Table 3-3) 

changes were greater in scan 2 than in scan 1 (+1.0 [0.4, 1.5] mmHg for EtCO2, 

+1.6 [0.4, 2.8] mmHg for EtO2) but the baseline values were similar. In a linear 

model, reduced CVR magnitude was associated with increased EtCO2 change 

in SGM (-0.012 [-0.021, -0.003] %/mmHg2) and NAWM (-0.006 [-0.010, -0.002] 

%/mmHg2), and increased baseline EtCO2 in GM (-0.013 [-0.023, -0.004] 

%/mmHg2). Mean heart rate was lower at scan 2 than at scan 1 (difference: -

5.5 [-8.6, -2.4] bpm; Table 3-3). Heart rate was lower during the CO2 block than 

during the air block in scan 1 but did not change between blocks in scan 2. 
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The respiration rate did not differ between scans and blocks nor were there 

differences in mean arterial pressure pre- and post-CVR scan (Table 3-3). 

 

Figure 3-4: Maps of CVR magnitude and delay from one representative 

participant obtained from scan 1 and 2. The smoothed maps were obtained after 

spatially smoothing the BOLD volumes using a Gaussian filter with full width at half 

maximum of 4 mm and are shown here for visual purposes only. 

 

Figure 3-5: Comparison of CVR magnitudes (a,c) and delays (b,d) between 

scans. Estimates were computed in subcortical GM, cortical GM, GM and NAWM 

from the ROI-based (a,b) and voxel-based analysis (c,d). 
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Figure 3-6: Violin distribution of CVR magnitude (A,C) and delay (B,D) in SGM 

(A,B) and NAWM (C,D) as a function of the scan and the processing method: 

ROI-based (red) versus voxel-based analysis (blue). The analysis was performed 

with two different delay constraints: -31 to 93 s (first column) and -31 to 124 s (second 

column). 
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Table 3-1: Mean and standard deviation across subjects of CVR magnitudes and delays in SGM, CGM, GM and NAWM computed 

for each scan with ROI- and voxel-based processing. Mean ± standard deviation of the inter-scan and inter-analysis differences are 

reported with the 95% confidence intervals in square brackets. 

 ROI Scan 1 Scan 2 Inter-scan difference  

(scan 2 – scan 1) 

Analysis 

type 

Voxel ROI ROI-voxel 

difference 

Voxel ROI ROI-voxel 

difference 

Voxel ROI Voxel 

CVR 

magnitude 

[%/mmHg] 

SGM 0.26 ± 

0.03 

0.25 ± 0.04 -0.011 ± 

0.004 

[-0.014,  

-0.008] 

0.25 ± 

0.03 

0.24 ± 0.03 -0.010 ± 

0.003 

[-0.012, 

-0.008] 

-0.01 ± 0.02 

[-0.03,  

-0.00] 

-0.01 ± 0.02 

[-0.02,  

-0.00] 

 CGM 0.29 ± 

0.08 

0.26 ± 0.05 -0.030 ± 

0.036 

[-0.051,  

-0.010] 

0.27 ± 

0.09 

0.25 ± 0.05 -0.022 ± 

0.043 

[-0.047, 

0.003] 

-0.02 ± 0.04 

[-0.04, 0.01] 

-0.01 ± 0.03 

[-0.03, 0.01] 

 GM 0.27 ± 

0.04 

0.25 ± 0.03 -0.020 ± 

0.013 

[-0.027,  

-0.013] 

0.26 ± 

0.05 

0.24 ± 0.03 -0.014 ± 

0.017 

[-0.024, 

 -0.004] 

-0.02 ± 0.03 

[-0.03, 

-0.00] 

-0.01 ± 0.02 

[-0.03, -0.00] 

 NAWM 0.08 ± 

0.01 

0.07 ± 0.01 -0.014 ± 

0.005 

[-0.016,  

-0.011] 

0.07 ± 

0.02 

0.06 ± 0.01 -0.012 ± 

0.003 

[-0.014,  

-0.010] 

-0.010 ± 0.009 

[-0.015,  

-0.004] 

-0.008 ± 0.007 

[-0.012,  

-0.004] 

CVR delay 

[s] 

SGM 8.8 ± 

4.8 

3.9 ± 2.6 -4.9 ± 4.3 

[-7.4,  

-2.4] 

6.9 ± 

3.2 

3.2 ± 2.4 -3.7 ± 2.1 

[-4.9,  

-2.5] 

-1.9 ± 3.9 

[-4.1, 0.4] 

-0.6 ± 1.4 

[-1.5, 0.2] 
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 CGM 14.9 ± 

5.3 

5.4 ± 2.6 -9.6 ± 5.1 

[-12.5,  

-6.6] 

12.7 ± 

3.4 

5.5 ± 3.3 -7.2 ± 3.2 

[-9.0,  

-5.3] 

-2.3 ± 3.8 

[-4.5, -0.1] 

0.1 ± 2.0 

[-1.0, 1.3] 

 GM 12.2 ± 

4.8 

4.8 ± 2.7 -7.4 ± 4.3 

[-9.9,  

-4.9] 

10.1 ± 

3.3 

4.5 ± 3.2 -5.6 ± 1.9 

[-6.8,  

-4.5] 

-2.1 ± 3.2 

[-3.9, -0.2] 

-0.3 ± 1.5 

[-1.2, 0.6] 

 NAWM 34.0 ± 

4.6 

30.1 ± 11.4 -4.0 ± 10.1 

[-9.8, 1.9] 

31.2 ± 

3.2 

30.2 ± 7.4 -1.0 ± 7.2 

[-5.1, 3.2] 

-2.8 ± 4.1 

[-5.2, -0.5] 

0.1 ± 8.0 

[-4.5, 4.7] 



Chapter 3. Reliability of CVR measurements 

81 
 

Table 3-2: Inter-scan coefficients of variation for CVR magnitude and delay in 

SGM, CGM, GM and NAWM as a function of the analysis type.  

 
Inter-scan CV for CVR magnitude 

[%] 

Inter-scan CV for CVR delay [%] 

Analysis type Voxel ROI Voxel ROI 

SGM 7.48 7.95 50.00 40.92 

CGM 14.91 10.98 27.66 37.44 

GM 10.34 8.82 28.87 33.18 

NAWM 11.75 10.79 12.49 26.44 

Abbreviations: CVR: cerebrovascular reactivity, CV: coefficient of variation, ROI: region-of-

interest, GM: grey matter, SGM: subcortical GM, CGM: cortical GM, NAWM: normal-

appearing white matter. 

 

Table 3-3: Mean and standard deviation of the physiological variables. The mean 

and standard deviation of inter-scan and inter-block differences are reported, together 

with the 95% confidence intervals. 

 
ROI/ 

Block 

Scan 1 Scan 2 Inter-scan difference 

(scan 2 – scan 1) 

BOLD baseline [a.u.] SGM 340.1 ± 

53.1 

340.4 ± 

50.7 

0.4 ± 34.9 
[-13.2, 13.9] 

CGM 328.9 ± 

53.5 

328.1 ± 

49.2 

-0.9 ± 35.3 
[-14.6, 12.8] 

GM 336.4 ± 

53.1 

336.3 ± 

49.3 

-0.1 ± 35.3 
[-13.8, 13.6] 

NAWM 295.4 ± 

43.3 

296.0 ± 

39.9 

0.6 ± 29.2 
[-10.7, 11.9] 

EtCO2 baseline [mmHg] - 38.0 ± 3.8 37.7 ± 3.0 -0.3 ± 1.3 

[-1.1, 0.4] 

EtCO2 change [mmHg] - 12.7 ± 1.6 13.6 ± 1.3 1.0 ± 1.0 

[0.4, 1.5] 
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EtO2 baseline [mmHg] - 122.8 ± 

5.4 

122.9 ± 

4.2 

0.1 ± 3.4 

[-1.9, 2.1] 

EtO2 change [mmHg] - 14.0 ± 3.1 15.6 ± 2.4 1.6 ± 2.1 

[0.4, 2.8] 

MAP pre-CVR scan 

[mmHg] 

- 84.7 ± 7.7 85.8 ± 9.4 1.14 ± 8.28 

[-3.64, 5.93] 

MAP post-CVR scan 

[mmHg] 

- 78.6 ± 8.4 78.8 ± 9.2 0.14 ± 5.32 

[-2.93, 3.21] 

Difference in MAP 

(post-CVR – pre-CVR) 

[mmHg] 

- -6.02 ± 

5.76 

-7.02 ± 

6.58 

-1.00 ± 8.76 

[-6.06, 4.06] 

Heart rate [bpm] Air 71.6 ± 

13.0 

65.5 ± 

13.7 

-6.1 ± 5.2 

[-9.1, -3.1] 

CO2 70.1 ± 

13.1 

65.4 ± 

13.6 

-4.6 ± 5.8 

[-8.0, -1.3] 

All 70.9 ± 

13.0 

65.5 ± 

13.6 

-5.5 ± 5.4 

[-8.6, -2.4] 

Respiration rate 

[breaths per minute] 

Air 12.3 ± 3.6 12.4 ± 3.6 0.1 ± 1.0 

[-0.5, 0.6] 

CO2 12.4 ± 3.5 12.5 ± 3.5 0.1 ± 1.3 

[-0.6, 0.9] 

All 12.4 ± 3.5 12.4 ± 3.5 0.1 ± 1.0 

[-0.5, 0.7] 

Inter-block difference in 

heart rate [bpm] 

(CO2 − Air) 

- -1.5 ± 2.3 

[-2.8, -0.2] 

-0.1 ± 1.9 

[-1.2, 1.0] 

- 

Inter-block difference in 

respiration rate [breaths 

per minute] 

(CO2 − Air) 

- 0.1 ± 0.9 

[-0.4, 0.6] 

0.0 ± 0.9 

[-0.5, 0.6] 

- 
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3.3.4 Comparison of ROI- and voxel-based analysis in vivo 

CVR magnitude was lower and CVR delay shorter in the ROI-based versus 

voxel-based analysis (e.g. difference for scan 1: -0.020 [-0.027, -0.013] 

%/mmHg for GM CVR magnitude, -7.4 [-9.9, -4.9] s for GM CVR delay; Table 

3-1). Nevertheless, CVR magnitude had a good test-retest repeatability (CV: 

7.48−14.91 %) in all ROIs independent of analysis type (Figure 3-5, Table 

3-1,Table 3-2). The repeatability of CVR delay in GM structures was good 

(28.87 % for the voxel-based analysis, 33.18 % for the ROI-based analysis; 

Figure 3-5, Table 3-1,Table 3-2). CV for CVR delay in NAWM from the voxel-

based analysis was 12.49 %, compared to 26.44 % in the ROI-based analysis 

(Table 3-2), and its distribution was tightly centred around 33 seconds (Figure 

3-6).  

Increasing the upper delay constraint resulted in a delay range with a higher 

mid-point (46.5 s for the -31 to 124 s range vs. 31 s for the -31 to 93 s range). 

CVR delays from the voxel-based analysis were extended (difference for scan 

1: +4.1 [2.7, 5.4] s in GM) whereas CVR delays from the ROI-based analysis 

did not change (Figure 3-6, Table A2-1). CVR magnitudes from the voxel-

based analysis were lower (difference for scan 1: -0.015 [-0.027, -0.003] 

%/mmHg in GM; Figure 3-6, Table A2-1); CVR magnitudes estimated using 

ROI analysis were not affected. 

3.4 Discussion 

In this work, we found through simulations that 3T BOLD CVR magnitude 

values determined using voxel-based analysis rapidly lost accuracy and 

precision at low tCNR. ROI-based analysis estimated CVR delay accurately 

but underestimated CVR magnitude due to averaging BOLD signals across 

voxels with a distribution of ground-truth values. Fitting data with a variable 

delay parameter was found to be essential to obtain accurate CVR magnitude 

estimates, however estimates from voxel-based analysis can be strongly 

dependent on the delay constraints. The 3T BOLD-CVR experiment using a 
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fixed inspired CO2 stimulus showed good within-day repeatability, though CVR 

delay estimates were less repeatable than CVR magnitude estimates. 

However, we noted small systematic differences in CVR magnitude between 

the two scans. 

3.4.1 Simulations 

Simulation results showed that, for ROI-based analysis, the accuracy of CVR 

magnitude estimates did not depend on tCNR, but there was a consistent 

underestimation with respect to the ground-truth mean (6-26 % depending on 

the ROI) due to signal averaging over voxels with a distribution of ground-truth 

CVR delay. On the other hand, CVR magnitude estimates were closer to the 

ground-truth median, although without converging towards it at high tCNR. 

Moreover, CVR delay estimates from ROI-based analysis were close to the 

ground-truth median value, independent of tCNR, reflecting the asymmetry of 

the CVR delay distribution. For voxel-based analysis, CVR magnitude and 

delay were accurate with respect to the ground-truth mean values at high 

tCNR. However, substantial bias with respect to the ground-truth mean CVR 

magnitude and delay values were found at low tCNR. Additional simulations 

showed that the choice of delay constraints had a strong impact on the 

accuracy of both parameters at low tCNR. This can be explained by the 

distribution of the CVR delay estimates being dominated by the delay 

constraints at low tCNR. Regarding precision, this was similar for CVR 

magnitude estimates using both methods. For CVR delay estimates, precision 

was higher for voxel-based analysis, however this may reflect the estimates 

being determined by the constraints rather than the intrinsic precision. 

Additional simulations explored the practice, reported in the literature, of fitting 

the CVR signal without a delay, or with a delay obtained by fitting the mean 

signal in GM or across the whole brain. This resulted in substantial systematic 

errors (2 − 24%) in CVR magnitude, irrespective of whether voxel- or ROI-

based analysis was used, though precision was increased. 
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3.4.2 In vivo findings 

In our group of healthy volunteers, we found GM CVR magnitudes (range: 0.19 

– 0.24 %/mmHg) within the range of reported values from previous 

repeatability studies,114,263,271 though one study using an EtCO2 targeting 

stimulus reported GM CVR magnitude of 0.43 %/mmHg.264 In our study, 

NAWM CVR magnitudes were lower than in GM (0.06 – 0.08 versus 0.19 – 

0.24 %/mmHg) these values were also in good agreement with the 

literature,114,263 except for one study that reported NAWM CVR magnitude of 

0.15 %/mmHg, but scanned adolescents, used an EtCO2 targeting stimulus 

and processed the data using a voxel-based analysis with fixed global delay.271 

CVR delays were shorter in GM than in NAWM (3.2 – 14.9 s versus 30.1 – 

34.0 s), agreeing with results from a previous repeatability study at 1.5T.114 

Our results also provide further evidence for the good repeatability of the CVR 

experiment using an fixed inhaled stimulus: CVs for CVR magnitude 

repeatability were low (range including all ROIs: 7.48 – 14.91 %), similar to 

reported literature values using the same technique and processing method,114 

but higher than studies using an EtCO2 targeting stimulus.263,264 CVs for CVR 

delay repeatability (12.49 – 50.00 %) were similar to previously reported values 

at 1.5T.114 

When comparing analysis approaches, we found systematically higher CVR 

magnitudes and longer CVR delays in all tissues for the voxel-based analysis, 

which was consistent with simulations. Indeed, simulations showed that 

processing methods are intrinsically dependent on the ground-truth 

distributions and differences in CVR estimates obtained from voxel- and ROI-

based analyses can arise from asymmetry in those distributions. This finding, 

confirmed here in simulations and in data from healthy volunteers, can limit 

inter-study comparisons. Repeatability of CVR magnitude measurements was 

similar for both methods, however the repeatability for CVR delay in NAWM 

computed using a voxel-based analysis was higher than for ROI-based 

analysis. We showed that these effects were related to the delay constraint 

and high noise level in the voxel-wise BOLD signals. These findings are 
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consistent with our simulation results and show that CVR estimates from voxel-

based analysis are likely to be unreliable. 

Surprisingly, average CVR magnitude was slightly lower at the second scan. 

Such a bias was only reported in one previous repeatability study, which found 

that a reduction in CVR magnitude between scans was associated with higher 

baseline EtCO2 and greater EtCO2 change in the second scan.278 In the 

present study, EtCO2 change was also significantly greater in the second scan 

compared to the first scan, but baseline EtCO2 was unchanged. Greater EtCO2 

change was also associated with reduction in CVR magnitude. Therefore, we 

speculate that the non-linearity of the (approximately sigmoidal)94 BOLD 

response to EtCO2 combined with the greater EtCO2 change explained the 

reduced CVR estimates based on a linear model at the second scan. The 

reason for the greater EtCO2 change at the second scan is not known; based 

on the inter-scan reduction in heart rate, we speculate that habituation to the 

CVR experiment could be a contributing factor. This could impact studies 

where CVR scans are repeated within the same day, for example to investigate 

instantaneous effects of a specific treatment on CVR. On the other hand, this 

might be a short-term effect that would not affect longitudinal studies of CVR, 

but further work is needed to confirm this. 

3.4.3 Implications 

Our findings have some implications for future studies. First, using devices 

targeting specific values of and changes in EtCO2 could be beneficial in 

reducing the impact of variable EtCO2 change and baseline EtCO2.84 

Familiarising the participants with the gas challenge prior to the CVR scan is 

essential to avoid anxiety and to minimise differences in baseline physiological 

state between repeated CVR measurements. Measuring blood pressure, heart 

and respiration rates during the CVR scan provides an indication of the extent 

of these effects. 

The dynamic aspect of the CVR response should be taken into account. 

Estimating CVR delay provides additional physiological information, and is 
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known to differ between tissues71,114 and diseases.114,129 However, the 

interpretation of CVR delay should take into account possible steal effects 

through the redistribution of blood flow from blood vessels that have more 

reactivity92,139 and venous architecture in the WM that contributes to delayed 

WM responses.314 A recent systematic review showed that, though correcting 

for CVR delay is becoming more common, consensus regarding the delay 

extraction method is still missing.101 We found that variable delays should be 

used when modelling the signal, since fitting with a fixed delay may result in 

large biases. Delay constraints are needed to restrict delays to realistic values. 

However, to allow variable delays, one should ensure sufficient EtCO2 

recording before and after the CVR scan. We expect that the findings of this 

study would also be applicable in analyses where bulk alignment of the EtCO2 

with the mean whole-brain or mean GM BOLD signal is used as a pre-

processing step followed by voxel- or ROI-based analysis of CVR delay and 

magnitude. 

Potential asymmetry in the distributions of ground-truth parameters should be 

considered. Using the median instead of mean estimates across ROIs in a 

voxel-based analysis could be more representative of the underlying 

distribution.  

It is important to achieve sufficiently high tCNR to ensure accurate voxel-based 

mapping of CVR parameters. If this cannot be achieved then it may be 

advantageous to use an ROI-based analysis. However, intra-regional 

heterogeneity of the CVR parameters will be missed using this method, and 

the CVR magnitude estimates may not reflect the true mean values of non-

uniform distribution. Moreover, any processing method that uses a voxel-

based analysis to determine CVR delay will be subject to the bias at low tCNR 

found in this study (e.g. determining CVR delay for each voxel in order to 

realign the MRI signal before averaging). Analysis of data using different delay 

constraints may help verify that the estimates are not biased in this way. In our 

healthy volunteer cohort, analysis using different constraints did affect the 
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results, implying that an ROI-based analysis could be more accurate in this 

context.  

3.4.4 Strengths and limitations 

A strength of this work is that we used simulations to compare different 

analysis types, tCNR levels and fitting constraints. As such, we could predict 

estimation errors based on known ground-truth values. Furthermore, this is the 

first study to objectively compare multiple analysis approaches that have been 

commonly reported in the literature. Lastly, our in vivo repeatability MRI 

dataset and simulation code have been made publicly accessible to allow other 

researchers to test and compare their processing methods; it is hoped that this 

will facilitate objective comparison of methods and development of consensus-

based harmonisation in the field. 

There are some limitations in this study. First, findings from this study might 

not be applicable to CVR MRI experiments where EtCO2 trace is not available. 

Furthermore, we did not investigate the effect of pre-processing methods such 

as spatial smoothing. However, we expect those to have an impact on the 

accuracy, precision and specificity of CVR estimates which should be 

investigated in future work. The comparison between CVR estimates from 

scan 1 and 2 involved linear regressions, where the estimates from scan 1 

were used to predict the estimates from scan 2. A limitation of this is that it 

assumes that the variable used as predictor has no noise. However, CVR 

estimates from both scans are expected to have equal variance. Other 

methods could have been used to take into account the variability in the 

predictor, such as a χ2 fit or orthogonal regression.331,332 Regarding the 

simulations, we did not account for a non-instantaneous impulse response 

function.91 Research is on-going to determine and validate the HRF underlying 

the BOLD-CVR signal.91,100 This could be addressed in future work. Moreover, 

the simulated noise was assumed to be independent in each voxel. For in vivo 

data, some noise components are temporally and spatially correlated due to 

phenomena such as physiological noise and patient motion. Future work could 
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benefit from the development of a realistic four-dimensional digital reference 

object for CVR. Moreover, previous work showed that noise distribution in MRI 

data with low tCNR is governed by a Rician distribution.333 However, in this 

work, a Gaussian distribution was used to add noise to the simulated CVR-

BOLD data, which could have underestimated the true noise power. We also 

assumed no correlation between ground-truth CVR magnitude and delay 

within each tissue, since the relationship is not known. Furthermore, while our 

simulations incorporated non-uniform distributions of ground-truth CVR 

magnitude and delay within tissues, these were based on average 

measurements from our relatively small healthy volunteer cohort, which are 

themselves subject to the limitations addressed in this work. Future simulation 

work could incorporate improved estimates of ground-truth CVR parameter 

distributions. This limitation may affect the quantitative results but is unlikely to 

affect our conclusions. 

3.4.5 Conclusion 

In conclusion, we have shown that CVR measurement using 3T BOLD MRI 

with a fixed inhaled CO2 concentration stimulus has good within-day 

repeatability in healthy volunteers, supporting its application in clinical studies 

and trials. We addressed the long-standing question of whether ROI- or voxel-

based analysis is more accurate, predicting more robust estimation with the 

ROI-based approach, though underestimating CVR estimates with respect to 

the means of the ground-truth distribution. Voxel-based analysis should be 

applied and interpreted with caution. Finally, we found that accurately 

modelling the CVR delay is key for reducing errors in CVR magnitude 

estimates. 

3.5 Conclusion with respect to the thesis 

The work done in this chapter investigated the repeatability of the BOLD-CVR 

experiment using a fixed inhaled CO2 stimulus and the accuracy and precision 

of different CVR data processing strategies. Experimental set-up and 
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processing strategies showed good repeatability, though results suggested 

that habituation to the gas challenge could affect the CVR effect. This effect 

can be mitigated by familiarising participants to the gas challenge prior to the 

scan. Recording blood pressure, heart and respiration rates could provide an 

indication of the extent of this effect. It is therefore important to monitor those 

parameters and to familiarise participants to the gas challenge prior to the 

scan. Furthermore, the work showed that ROI-based analysis with variable 

delay is better suited for SVD research than voxel-based analysis as low-

perfusion brain regions such as WMH can have low tCNR levels. 
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4 Cerebral pulsatility measurement using BOLD-CVR 

MRI 

This chapter is based on a technique to extract pulsatility from BOLD data 

developed at the University of Toronto by Dr Bradley MacIntosh and his group. 

Bradley provided me with their source code, which they used in previous 

studies.334,335 I further developed and adapted the code for BOLD-CVR data 

using MATLAB. Bradley also contributed to this work through discussions 

regarding the technique and data interpretation. I designed the study with the 

help of Dr Michael J. Thrippleton, Dr Michael S. Stringer, Prof Ian Marshall and 

Prof Joanna M. Wardlaw. I recruited healthy volunteers and acquired MRI data 

with the help of radiographers supervised by Maddy Murphy and Isla Mitchell. 

I processed and analysed the CVR data. I further acknowledge that Dr Joana 

Leitão from the University of Edinburgh provided me with a dataset from a 

healthy volunteer acquired at the University of Geneva as well as a code to 

filter the cardiac pulse and respiration signals and to identify their peaks. I 

would also like to thank Dr Alasdair G. Morgan for processing the PC data. 

4.1 Introduction 

Arterial stiffness is linked to ageing336 and brain-related diseases such as SVD, 

Alzheimer’s disease and cognitive decline.75,337 It is thought that arterial 

stiffness results in the propagation of excessive pulsatility into the small blood 

vessels inducing downstream damage.2 Studies have linked increased blood 

pulsatility in arteries and veins to SVD burden75,338,339 and one study found that 

increased arterial pulsatility was preceded by SVD lesions such as WMH and 

enlarged PVS.340 

Cerebral pulsatility can be assessed by measuring blood flow using TCD or 

PC MRI. However, they are restricted to large cerebral blood vessels. Another 

technique of vascular origin is the BOLD MRI contrast. It is generated by the 
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presence of deoxyhaemoglobin in the blood which itself depends on vascular 

parameters such as CBF, and on brain metabolism and functional activity. 

Previous studies have used BOLD MRI to generate pulsatility maps334 and to 

assess cerebral pulsatility in the insular cortex, which was associated with 

pulsatility in the middle cerebral artery (MCA) measured using TCD.335 

Previous studies used resting-state BOLD MRI to assess pulsatility. BOLD 

MRI is also used to assess CVR; therefore, the same scan could potentially 

be used to assess cerebral pulsatility. Moreover, as shown in previous studies, 

BOLD pulsatility contrast arose mostly from large blood vessels or from highly 

perfused regions. Cerebral pulsatility was not assessed in brain tissues of 

potential interest for SVD research such as NAWM or WMH. 

This work aimed to: i) measure pulsatility using BOLD-CVR data in cerebral 

blood vessels of healthy subjects and compare it to PC pulsatility; ii) assess 

the feasibility of measuring BOLD-CVR pulsatility in tissues of potential interest 

for SVD research; iii) measure BOLD-CVR pulsatility in patients with SVD. 

4.2 Methods 

4.2.1 Participants 

Datasets used in this analysis came from the healthy volunteer study 

mentioned in Chapter 3 and from the SVD study341 described in Chapter 5. 

One additional dataset was provided by Dr Joana Leitão. It was acquired at 

the University of Geneva as part of a larger experiment on multisensory threat 

generalisation run by Maria Ploumitsakou, Prof Patrik Vuilleumier and Dr 

Joana Leitão in 2021. 

4.2.2 MRI acquisition 

Healthy volunteers and SVD patients underwent at least one 3T CVR scan as 

described in Chapters 3 and 5, respectively. Briefly, during the BOLD MRI (2D 

GRE-EPI readout) acquisition, participants had a hypercapnic challenge 

alternating between 2 minutes of medical air and 3 minutes of 6% CO2-
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enriched air. Healthy volunteers had a first medical air baseline of 3 minutes 

instead of 2. During the CVR scans, the expired CO2 concentration waveform 

was recorded with a sampling frequency of 20 Hz. Cardiac pulse and 

respiration signals were recorded using a pulse oximeter at the finger and 

bellows respectively (Siemens Healthcare, Erlangen, Germany) with a 

sampling frequency of 400 Hz. Each participant also had a PC scan of the 

carotids (TR/TE = 19.60/5.82 ms, 1.0x1.0x5.0 mm resolution, venc = 70 cm/s) 

and sinuses (TR/TE = 21.70/6.59 ms, 0.7x0.7x5.0 mm resolution, venc = 50 

cm/s).341 Structural images (T1W, T2W) were also acquired. 

The dataset acquired in Geneva was an fMRI dataset acquired at 3T (TrioTim, 

Siemens Healthcare GmbH, Erlangen, Germany) using a 2D EPI sequence 

(TR/TE = 1300/31.6 ms, flip angle: 64°, slice thickness: 2.5 mm, multiband 

acceleration factor 3). During the MRI acquisition, the participant had to 

categorise auditory (pure tones at four different frequencies) and visual (four 

different shades of blue) stimuli. Cardiac pulse and respiration were recorded 

with a sampling frequency of 500 Hz and 62.5 Hz respectively using an MP150 

BIOPAC acquisition system coupled with the Acqknowledge Software 

(BIOPAC Systems, Goleta, CA; Acqknowledge version 4.2 for PC/Windows). 

Cardiac pulse was measured using a TSD2000-MRI plethysmograph attached 

at the finger and respiration was measured with a TSD160A-MRI respiratory 

belt. 

4.2.3 Data processing 

All data were processed using MATLAB (version R2018b). 

Physiological recordings 

The CO2 waveform was converted into an EtCO2 signal (see Chapter 3).  

The cardiac pulse was first comb-pass filtered with a cut-off frequency of 13.8 

Hz (corresponding to the number of slices divided by the multiband factor 

divided by TR) to remove artifacts associated with multiband BOLD 

sequences. The signal was then band-pass filtered between 1−40 Hz to 
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suppress noise. Identification of peaks was done using the MATLAB function 

‘findpeaks’ followed by manual editing. During manual editing, spurious 

cardiac cycles were also identified. Data points acquired during those cycles 

were removed from the analysis. Then, each time point of the cardiac pulse 

was normalised according to its position in the cardiac cycle. Hereafter, those 

normalised cardiac time points are referred to as normalised cardiac positions. 

For the fMRI dataset, the respiration data were also processed using a band-

pass filter between 0.05−1 Hz. 

BOLD-CVR data 

DICOM files were converted into NIFTI format.323 

BOLD-CVR data were processed voxel-wise using the same CVR data 

processing pipeline as previously including pre-processing steps (see Chapter 

3). Briefly, multiple linear regressions between the BOLD time course, time-

shifted EtCO2 profile and a vector comprising the volume numbers to account 

for a linear signal drift were undertaken. Time shifts allowed for the EtCO2 

profile ranged from -31 to 93 s. This procedure was used to: i) detrend the 

BOLD time course by subtracting the term associated with linear drift from the 

BOLD signal; ii) extract the time delay defined as the time shift resulting in 

lowest sum of squared residuals. 

Using the extracted time delay, each BOLD time point could be noted as being 

part of either an air block, a CO2 block or a transition period defined as the one 

minute period from the start of an air or CO2 block, and could be separated 

accordingly (Figure 4-1). Time points within transition periods were not 

considered for the analysis. The one-minute transition period resulted from a 

compromise between measuring enough BOLD time points to sample the 

cardiac cycle and  taking into account the dispersion of the BOLD response to 

hypercapnia.91 
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Figure 4-1. Preparation of BOLD data for pulsatility extraction. (A) Identification 

and separation of air (blue) and CO2 (green) blocks and 1-min transition (orange). The 

example illustrated here shows extraction of air blocks. periods. (B) Sorting of BOLD 

timepoints according to the cardiac position. 

For each voxel, the BOLD time points were associated with the closest 

normalised cardiac positions taking into account that each brain slice was 

acquired at a different time (Figure 4-1, Figure 4-2). The resulting BOLD 

waveforms were sampled differently across slices due to the differences in 

slice time acquisition. Therefore, the normalised cardiac cycle was divided into 

bins corresponding to a resolution of 0.002 along the cardiac cycle, and the 

median of BOLD values in each bin was taken (Figure 4-2). This procedure 

resulted in: i) the possibility of averaging the waveforms within a region; ii) 

comparable waveforms from the voxel- and ROI-based analysis; iii) reducing 

the effect of noise.  
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For the ROI-based analysis, an additional processing step was conducted 

(Figure 4-2). The voxel-wise BOLD waveforms in a ROI were not in phase 

given that the cardiac contribution to the BOLD signal differed across voxels 

due to cardiac wave propagation. Therefore, the Fourier series fitted to the 

BOLD waveforms were aligned with respect to their maximum value at the 

expense of losing robustness against noise (that is, the maximum of the 

Fourier series could be sensitive to an abrupt signal change due to noise). 

Moreover, the mean BOLD intensity was subtracted from the corresponding 

BOLD waveform. Hereafter, the aligned BOLD waveforms within the ROI were 

averaged and the average of the voxel-wise mean BOLD intensities computed 

previously was re-added to rescale the mean BOLD waveform. 

 

Figure 4-2. BOLD waveform formation. The BOLD signal in each voxel is sorted 

according to the normalised cardiac position, then binned. For ROI-based analysis, 

the binned signals are aligned according to the maximum amplitude of the fitted 

Fourier series and averaged across the voxels to form the mean BOLD waveform of 

the ROI. 

For both the ROI- and voxel-based analysis, Fourier series were used to model 

the BOLD waveforms: 
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𝑓(𝑡) = 𝑎0 + ∑(𝑎1 cos(𝑖𝑡) + 𝑏𝑖 sin(𝑖𝑡))

𝑛

𝑖=1

 (5-1) 

The coefficients a0, ai and bi, i=1,…,n, were estimated by the fit. n corresponds 

to the order of the Fourier series that was set to 1, 2 and 3 in this work. 

Two coefficients were used to measure cerebral pulsatility. First, we used 

Gosling’s pulsatility index (PI) that is common in the literature when measuring 

pulsatility with PC MRI.72,75,338 PI was adapted for BOLD-CVR pulsatility and 

defined as: 

𝐵𝑂𝐿𝐷-𝐶𝑉𝑅 𝑃𝐼 =
𝑤𝑚𝑎𝑥 − 𝑤𝑚𝑖𝑛

𝑤𝑚𝑒𝑎𝑛
 (5-2) 

Here, w designates the BOLD waveform along the normalised cardiac cycle 

with wmax being the maximum, wmin the minimum and wmean the mean value of 

the waveform. A second coefficient was used to compare results with a 

previous study: the root mean square (RMS) of the coefficients of the Fourier 

series: ai, bi, i=1,…,n.335 This reflects the amount of oscillations in the BOLD 

waveform compared to a flat signal. Normalisation of the coefficient to the 

signal intensity was not applied here to replicate the methodology from Atwi et 

al., 2019.335 

CNR of the mean BOLD waveform in a ROI was defined as the amplitude of 

the waveform divided by the standard deviation of noise in the waveform. The 

latter was obtained by subtracting the fitted 1st order Fourier series from the 

BOLD waveform and taking the standard deviation of the remaining signal. 

Only CNR using the 1st order Fourier series fit was used because the metric 

was helped estimating noise level in the BOLD waveforms and was not used 

for quantitative analysis. 

Regions of interest for BOLD-CVR pulsatility 

BOLD-CVR pulsatility was analysed in different brain regions. The T2W and 

BOLD-CVR PI obtained from the 1st order Fourier series and air block data 

were used to localise the MCA and superior sagittal sinus (SSS) regions. 
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Masks were manually drawn in those regions where PI was higher or equal to 

0.1, which corresponded to highly pulsatile voxels (Figure 4-3).  

 

Figure 4-3. Segmentation of MCA in the right hemisphere of one of the healthy 

volunteers corresponding to voxels showing high pulsatility on the PI map. The 

map without segmentation is shown on the left and the mask is overlapped on the 

map on the right. 

Using T1W images, ROIs were drawn manually in the internal capsule, in the 

centrum semiovale (CSO) NAWM and in the cortical GM next to the CSO 

NAWM region, designated hereafter as CSO cortical GM. In healthy 

volunteers, FSL FIRST326 and FLIRT329,330 were used to segment putamen, 

insular cortex and hippocampus in native T1W space based on the MNI-152 

template.327,328 In SVD patients, the insular cortex was segmented in the same 

way, but putamen and hippocampus were segmented using an in-house 

processing pipeline that combines FreeSurfer and FSL outputs. The three 

types of mask were then eroded using a box kernel with a width of 3 voxels 

centred on the target voxel and registered to BOLD space using FSL FLIRT.  

As this was a pilot study, for all subjects, only regions in the right hemisphere 

were considered except for SSS.  

fMRI data 

The fMRI dataset was received as a NIFTI image and was used to investigate 

the effect of respiration correction on pulsatility maps. To this end, two images 
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were considered: the raw BOLD image and the BOLD image where 

RETROICOR correction was applied using the filtered respiration signal.342 In 

this correction, a low order Fourier series is created based on the extracted 

phase of the respiration trace. The model is then used to regress out the 

respiration contribution from the BOLD signal. Both raw and respiration-

corrected images were realigned to the respective mean BOLD images using 

SPM12.324 BOLD volumes acquired during the tasks were discarded. 

Hereafter, extraction of BOLD pulsatility from both images was the same as 

for the BOLD-CVR data: sorting the BOLD timepoints according to the 

normalised cardiac position, fitting the BOLD waveform with a Fourier series 

and computing the BOLD-CVR PI and RMS coefficients on a voxel-wise basis. 

The relative error of the pulsatility maps without respiration correction with 

respect to the corrected maps was investigated. 

PC data 

Regions were drawn manually around the internal carotid and vertebral 

arteries and around the SSS. Background phase correction was undertaken 

by subtracting the mean velocity from a background ROI as described 

previously.75 Flow (ml/min) from the internal carotid arteries and vertebral 

arteries from both sides were added together to get the total arterial flow. 

Gosling’s equation was used to define PI as: 𝑃𝐶 𝑃𝐼 =
𝐹𝑙𝑜𝑤𝑚𝑎𝑥−𝐹𝑙𝑜𝑤𝑚𝑖𝑛

𝐹𝑙𝑜𝑤𝑚𝑒𝑎𝑛
. 

SVD neuro-imaging features 

WMH masks were segmented as described in Chapter 5. WMH volumes were 

defined as percentage of intracranial volume (%ICV) and were log-transformed 

to the base-10. 

WMH were visually scored using the Fazekas scale343 and summing 

periventricular and deep WMH scores to give an overall Fazekas score from 0 

to 6. Total SVD features were also visually scored from 0 to 4 by combining 

WMH, lacunes, microbleeds and PVS scores as done previously.18 
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4.2.4 Statistics 

Values were reported as mean ± standard deviation. Inter-analysis and inter-

block differences were calculated using Bland-Altman statistics and were 

accompanied by 95% confidence intervals in square brackets. Linear 

regressions were used to model 1) BOLD-CVR pulsatility as a function of PC 

PI; 2) the effect of EtCO2 baseline on pulsatility during the air blocks; 3) the 

effect of EtCO2 baseline and EtCO2 change on the change in pulsatility 

between blocks. Differences in pulsatility between the healthy and SVD groups 

was analysed using a Wilcoxon rank sum test (significance level: p < 0.05). 

The relationship between BOLD-CVR pulsatility in SVD patients and SVD 

burden (WMH volume, Fazekas score, SVD score) was investigated using 

linear models adjusted for age. Regression coefficients were reported with 

95% confidence intervals and p-values. 

4.3 Results 

4.3.1 Participants 

From 15 healthy volunteers recruited in the study, 9 had a complete recording 

of the cardiac pulse during the CVR scan (median age [interquartile range 

(IQR)]: 27.0 [23.0, 30.0]; Table 4-1). 20 datasets from SVD patients with 

complete cardiac pulse recording were selected based on the quality of the 

cardiac pulse trace assessed visually (median age: 63.3 [55.1, 70.2], median 

SVD score: 1 [0, 1]; Table 4-1). Of those datasets with complete cardiac pulse 

recordings, one SVD patient had a good respiration signal and 3 respiration 

recordings failed to capture the full respiration motion of the abdomen (1 from 

SVD patient and 2 from healthy volunteers). All the remaining respiration 

signals had some degree of clipping, i.e. cut-off of low and/or high signal 

intensities. 

The participant who underwent the fMRI acquisition in Geneva was a 23 years 

old male. 
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Table 4-1: Population characteristics for the pulsatility analysis. Variables are 

reported as median with IQR in square brackets, except for the number of participant, 

N, sex and diagnosis of hypertension and diabetes reported as number (%). 

 

Healthy volunteers 

median [ IQR ] 

SVD patients 

median [ IQR ] 

N 9 20 

Age 27.0 [23.0, 30.0] 63.3 [55.1, 70.2] 

Female 7 (78 %) 5 (25 %) 

Systolic blood 

pressure [mmHg] 

116 [112, 120] 149 [141, 158] 

Diagnosis of 

hypertension 

- 15 (75 %) 

Diagnosis of 

diabetes 

- 9 (45 %) 

WMH volume [ml] - 6.57 

[4.54, 12.23] 

SVD score - 1 [0, 1] 

 

4.3.2 Cerebral pulsatility in healthy volunteers 

Optimisation and comparison with pulsatility from PC MRI 

The optimisation of pulsatility measurements was conducted based on: 

- the order of the Fourier series fit: 1 to 3 

- the analysis type: ROI- versus voxel-based 

- the pulsatility coefficient: PI versus RMS. 

Figure 4-4 shows a visual comparison of pulsatility maps for different orders of 

the Fourier series. The maps had a high blood vessel contrast and pulsatility 

was observed in CSF. As the order of the Fourier series increased, the PI map 

became more noisy, but the opposite was true for RMS map. This was 

confirmed by Table 4-2, which showed that the mean and standard deviation 

of PI in the MCA and SSS regions increased with the order, though this was 

only significant for the voxel-based analysis (difference between order 3 and 

1: +0.0488 [0.0382, 0.0593] in MCA). On the other hand, RMS in those regions 

decreased with the order (difference between order 3 and 1 for voxel-based 

analysis: -3.81 [-5.58, -2.04]). Inter-analysis differences in MCA and SSS 
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regions of healthy volunteers showed higher PI and RMS in the voxel- 

compared to ROI-based analysis (difference for PI in MCA, order 1: -0.0206 [-

0.0346, -0.0065]; Table 4-3), suggesting that voxel-based analysis could be 

more sensitive to noise. 

 

Figure 4-4: Pulsatility maps in one of the healthy volunteers as a function of the 

order of the Fourier series. Two types of pulsatility maps are shown: (A) PI map and 

(B) RMS map. The PI map appeared more noisy with increasing order of the Fourier 

series. The opposite was true for the RMS map. 

BOLD-CVR pulsatility coefficients in the MCA and SSS regions were 

respectively compared to arterial and SSS PI from PC MRI for different orders 

of the Fourier series and the two types of analysis using linear regressions 

(Table 4-4). SSS pulsatility measurements between techniques were 

associated (regression coefficient for ROI-based PI, order 1: B= 0.272 [0.080, 

0.463]; Table 4-4, Figure 4-5). On the other hand, MCA BOLD-CVR pulsatility 

increased with PC pulsatility though not significantly (Table 4-4; Figure 4-4).  

Following the optimisation and comparison of BOLD-CVR pulsatility 

measurements with PC pulsatility, the next analyses in this chapter used 

coefficients from the ROI-based analysis: PI coefficients from Fourier series of 

order 1 and RMS coefficients from Fourier series of order 3. 
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Figure 4-5:  Comparison of pulsatility measurements between BOLD-CVR and 

PC MRI in healthy volunteers. Pulsatility from PC MRI was extracted in the arteries 

and SSS and was compared to the pulsatility from BOLD-CVR in the MCA (pink) and 

SSS regions (blue) respectively. Pulsatility from BOLD-CVR was extracted using PI 

with Fourier series of order 1 and using RMS using Fourier series of order 3 for 

different analyses (ROI- vs voxel-based). 

Respiration correction using RETROICOR 

Using the fMRI dataset with complete cardiac and respiration recordings, 

comparison between pulsatility maps with and without respiration correction 

was possible (Figure 4-6). The maps did not show visual differences, though 

the relative error maps and distributions showed the brain tissues affected by 

respiration, mostly brain outer regions, which are more sensitive to motion. The 

median relative difference [IQR] were -3.45 [-22.89, 14.48] % for the PI map 

and -3.76 [-18.02, 6.66] % for the RMS map. 
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Table 4-2: Differences between orders of the Fourier series fit to extract CVR pulsatility in healthy volunteers. Inter-order 

differences (mean ± STD) in MCA and SSS regions are given for the PI and RMS coefficients and ROI- and voxel-based analysis. The 

95% confidence intervals are given in the square brackets. The PI coefficient increased with the order of the Fourier series whereas the 

RMS coefficient decreased. 

 Inter-order difference  

for the voxel-based analysis 

Inter-order difference  

for the ROI-based analysis 

Order of 

Fourier series 

Order 2 − 1 Order 3 − 1 Order 3 − 2 Order 2 − 1 Order 3 − 1 Order 3 − 2 

MCA PI 0.0304 ± 0.0097 

[0.0230, 0.0379]  

0.0488 ± 0.0137 

[0.0382, 0.0593] 

0.0183 ± 0.0086 

[0.0117, 0.0249] 

0.00400 ± 

0.00239 

[0.00217, 

0.00584] 

0.000766 ± 

0.005554 

[-0.003504, 

0.005035] 

-0.00323 ± 

0.00517 

[-0.00721, 

0.00074] 

RMS -2.51 ± 1.50 

[-3.66, -1.36] 

-3.81 ± 2.30 

[-5.58, -2.04] 

-1.30 ± 0.84 

[-1.95, -0.65] 

-3.27 ± 1.74 

[-4.61, -1.94] 

-4.74 ± 2.49 

[-6.66, -2.83] 

-1.47 ± 0.76 

[-2.05, -0.89] 

SSS PI 0.0483 ± 0.0153 

[0.0365, 0.0601] 

0.0873 ± 0.0299 

[0.0643, 0.1103] 

0.0390 ± 0.0180 

[0.0252, 0.0528] 

0.00608 ± 0.0996 

[-0.00158, 

0.01374] 

0.00818 ± 

0.01142 

[-0.00060, 

0.01696] 

0.00210 ± 

0.00733 

[-0.00353, 

0.00773] 

RMS -0.817 ± 0.452 

[-1.165, -0.469] 

-1.21 ± 0.68 

[-1.73, -0.68] 

-0.388 ± 0.245 

[-0.577, -0.200] 

-1.30 ± 0.20 

[-1.45, -1.14] 

-1.89 ± 0.31 

[-2.13, -1.65] 

-0.594 ± 0.109 

[-0.678, -0.510] 
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Table 4-3: Differences between analysis to extract CVR pulsatility in healthy 

volunteers. Differences (mean ± STD) between ROI- and voxel-based analysis in 

MCA and SSS regions are reported for the PI and RMS coefficients and for different 

Fourier series orders. The 95% confidence intervals are given in the square brackets. 

Voxel-based pulsatility was always higher than ROI-based pulsatility. 

 Inter-analysis difference  

(ROI – Voxel) 

Order of 

Fourier 

series 

 

1 2 3 

MCA PI -0.0206 ± 0.0183 

[-0.0346, -0.0065] 

-0.0470 ± 0.0196 

[-0.0621, -0.0319] 

-0.0686 ± 0.0282 

[-0.0902, -0.0469] 

RMS -0.116 ± 0.187 

[-0.260, 0.028] 

-0.878 ± 0.462 

[-1.234, -0.523] 

-1.05 ± 0.53 

[-1.46, -0.64] 

SSS PI -0.0241 ± 0.0107 

[-0.0323, -0.0159] 

-0.0664 ± 0.0204 

[-0.0820, -0.0507] 

-0.103 ± 0.032 

[-0.128, -0.079] 

RMS -0.0158 ± 0.0538 

[-0.0572, 0.0256] 

-0.495 ± 0.296 

[-0.723, -0.268] 

-0.701 ± 0.437 

[-1.037, -0.365] 
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Table 4-4: Coefficients from linear regression between pulsatility measurement from BOLD-CVR MRI and PC MRI in healthy 

volunteers. p-values are reported as well as 95% confidence intervals in square brackets. For CVR data, pulsatility was extracted in 

MCA and SSS regions for two types of pulsatility coefficient (PI vs RMS) and for two types of analysis (voxel- vs ROI-based). CVR 

pulsatility in MCA region was compared with arterial PC PI and CVR pulsatility in SSS region was compared with SSS PC PI. 

 Order of Fourier 

series 

Voxel-based PI ROI-based PI Voxel-based RMS ROI-based RMS 

MCA 1 B= 0.0929 
[-0.0644, 0.2501] 

p= 0.205 

B= 0.0838 
[-0.0538, 0.2213] 

p= 0.193 

B= 5.83 
[-9.04, 20.71] 

p= 0.385 

B= 6.20 
[-8.84, 21.25] 

p= 0.362 

2 B= 0.103 
[-0.065, 0.271] 

p= 0.192 

B= 0.087 
[-0.050, 0.223] 

p= 0.176 

B= 4.011 
[-7.350, 15.372] 

p= 0.431 

B= 4.436 
[-6.214, 15.086] 

p= 0.358 

3 B= 0.101 
[-0.070, 0.272] 

p= 0.205 

B= 0.079 
[-0.051, 0.210] 

p= 0.195 

B= 3.162 
[-6.224, 12.547] 

p= 0.452 

B= 3.653 
[-5.094, 12.401] 

p= 0.356 

SSS 1 B= 0.302 
[0.093, 0.510] 

p= 0.011 

B= 0.272 
[0.080, 0.463] 

p= 0.012 

B= 5.56 
[1.36, 9.75] 
p= 0.017 

B= 5.63 
[1.78, 9.49] 
p= 0.011 

2 B= 0.292 
[0.082, 0.502] 

p= 0.013 

B= 0.288 
[0.032, 0.544] 

p= 0.032 

B= 2.87 
[-0.13, 5.87] 

p= 0.058 

B= 4.15 
[1.15, 7.15] 
p= 0.014 

3 B= 0.210 
[-0.023, 0.443] 

p= 0.070 

B= 0.274 
[0.020, 0.529] 

p= 0.038 

B= 1.24 
[-1.81, 4.29] 

p= 0.369 

B= 3.37 
[0.89, 5.86] 
p= 0.015 
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Figure 4-6: Comparison between pulsatility maps with and without respiration 

correction using RETROICOR. The top row shows the corrected and uncorrected 

(A) PI and (B) RMS maps as well as the relative error of the uncorrected map with 

respect to the corrected one. The bottom row shows the distribution of relative errors 

for the (A) PI and (D) RMS map. The x-axis was limited to the interval [-150, 200] % 

for visual purposes. 

Cerebral pulsatility in brain regions 

Cerebral pulsatility in regions corresponding to cerebral blood vessels (MCA 

and SSS) and tissue regions supplied by the MCA (insular cortex, 

hippocampus, putamen, internal capsule, CSO cortical GM and CSO NAWM) 

were investigated. The BOLD waveforms of one healthy volunteer in those 

regions across the cardiac cycle are shown in Figure 4-7. In tissues that are 

less well perfused (e.g. CSO region) or in smaller ROIs where waveform 

averaging is less effective and partial volume is more prominent (e.g. 

hippocampus, CSO cortical GM), the amplitude of the waveforms is 

comparable to noise (i.e. CNR closer to 1.00). 
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Figure 4-7: Mean BOLD waveform along the normalised cardiac cycle in 

different brain regions of one of the healthy volunteers. The regions considered 

were the (A) MCA, (B) SSS, (C) insular cortex, (D) hippocampus, (E) putamen, (F) 

internal capsule, (G) CSO cortical GM and (H) CSO NAWM. The fits using Fourier 

series of order 1 (orange) and 3 (purple) are shown. The text boxes on the upper right 

corner of each plot shows the mean and standard deviation of the waveform’s CNR 

across participants. The y-axis is scaled differently on each subplot. 

Pulsatility from the RMS coefficient in the MCA was higher than in the SSS, 

which was in agreement with the difference in pulsatility from PC MRI (Figure 

4-8). This was not the case for the PI coefficient. Pulsatility decreased in 

tissues further downstream (Figure 4-9). There was no association found 

between pulsatility and EtCO2 baseline (Table 4-5). 
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Figure 4-8: Pulsatility in regions corresponding to blood vessels in healthy 

volunteers. (A) Pulsatility from PC MRI in arteries (pink) and SSS (blue). (B) PI and 

RMS pulsatility from BOLD-CVR in MCA (pink) and SSS (blue) regions. The height of 

the bars corresponds to the mean pulsatility value and error bar represents the 

standard deviation. 

 

Figure 4-9: Pulsatility in tissues supplied by MCA in healthy volunteers. PI and 

RMS pulsatility from BOLD-CVR in the insular cortex, hippocampus, putamen, 

internal capsule, CSO cortical GM and CSO NAWM. The height of the bars 

corresponds to the mean pulsatility value and error bar represents the standard 

deviation. 
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Table 4-5: Linear regression between cerebral pulsatility and EtCO2. Each row 

and column correspond to another model. The regression coefficients associated with 

EtCO2 baseline and EtCO2 change are reported along with p-values and 95% 

confidence intervals. 

  Pulsatility during 
air block versus 
EtCO2 baseline 

Change in 
pulsatility between 

blocks versus 
EtCO2 baseline 

Change in 
pulsatility between 

blocks versus 
EtCO2 change 

MCA PI B= 0.000702 
[-0.012798, 
0.014203] 
p= 0.906 

B= 0.00275 
[-0.00662, 
0.01212] 
p= 0.510 

B= -0.00668 
[-0.02415, 
0.01078] 
p= 0.396 

RMS B= -0.00264 
[-0.80848, 
0.80319] 
p= 0.994 

B= 0.122 
[-0.320,  
0.564] 

p= 0.534 

B= -0.338 
[-1.151,  
0.474] 

p= 0.358 
SSS PI B= 0.00246 

[-0.00621, 
0.01112] 
p= 0.524 

B= 0.00535 
[-0.00418, 
0.01488] 
p= 0.226 

B= -0.00761 
[-0.02675, 
0.01154] 
p= 0.379 

RMS B= 0.02985 
[-0.07986, 
0.13956] 
p= 0.540 

B= 0.103 
[-0.232,  
0.439] 

p= 0.490 

B= -0.0848 
[-0.7429,  
0.5733] 

p= 0.769 
Insular cortex PI B= 0.000256 

[-0.000389, 
0.000900] 
p= 0.379 

B= 0.000073 
[-0.000433, 
0.000578] 
p= 0.743 

B= 0.000082 
[-0.000886, 
0.001051] 
p= 0.846 

RMS B= 0.00500 
[-0.03169, 
0.04169] 
p= 0.757 

B= 0.00662 
[-0.03482, 
0.04806] 
p= 0.717 

B= 0.00562 
[-0.07397, 
0.08521] 
p= 0.872 

Hippocampus PI B= 0.000205 
[-0.000098, 
0.000507] 
p= 0.154 

B= -0.000397 
[-0.000766,  
-0.000027] 
p= 0.039 

B= 0.000565 
[-0.000270, 
0.001400] 
p= 0.154 

RMS B= 0.00591 
[-0.02512, 
0.03693] 
p= 0.666 

B= -0.0361 
[-0.0612,  
-0.0109] 
p= 0.012 

B= 0.0531 
[-0.0087,  
0.1149] 

p= 0.082 
Internal capsule PI B= 0.000042 

[-0.000213, 
0.000297] 
p= 0.710 

B= -0.000087 
[-0.000290, 
0.000116] 
p= 0.346 

B= 0.000147 
[-0.000246, 
0.000539] 
p= 0.406 

RMS B= -0.00891 
[-0.02568, 
0.00786] 
p= 0.249 

B= -0.00628 
[-0.02057, 
0.00801] 
p= 0.333 

B= 0.0118 
[-0.0155,  
0.0391] 

p= 0.341 
Putamen PI B= 0.000043 

[-0.000089, 
0.000175] 
p= 0.464 

B= -0.000188 
[-0.000446, 
0.000069] 
p= 0.127 

B= 0.000348 
[-0.000148, 
0.000845] 
p= 0.141 

RMS B= -0.00622 B= -0.0148 B= 0.0262 
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[-0.02772, 
0.01527] 
p= 0.516 

[-0.0344,  
0.0048] 

p= 0.118 

[-0.0123,  
0.0647] 

p= 0.152 
CSO cortical GM PI B= -0.000027 

[-0.000377, 
0.000323] 
p= 0.859 

B= 0.000074 
[-0.000131, 
0.000279] 
p= 0.421 

B= -0.000091 
[-0.000493, 
0.000311] 
p= 0.608 

RMS B= -0.00579 
[-0.03523, 
0.02366] 
p= 0.656 

B= 0.00338 
[-0.01041, 
0.01718] 
p= 0.580 

B= 0.000345 
[-0.026562, 
0.027252] 
p= 0.977 

CSO NAWM PI B= 0.000059 
[-0.000130, 
0.000248] 
p= 0.483 

B= 0.000012 
[-0.000056, 
0.000081] 
p= 0.685 

B= -0.000040 
[-0.000168, 
0.000088] 
p= 0.484 

RMS B= -0.00207 
[-0.01320, 
0.00906] 
p= 0.673 

B= -0.000232 
[-0.003731, 
0.003267] 
p= 0.880 

B= -0.000161 
[-0.006837, 
0.006515] 
p= 0.956 

 

Effect of CO2 stimulus on cerebral pulsatility from CVR-BOLD data 

Inhaling the CO2-enriched CVR stimulus resulted in a decrease in MCA CVR-

BOLD pulsatility (difference in PI: -0.0526 [-0.0847, -0.0204]; Figure 4-10, 

Table 4-6). There was a trend of increased pulsatility in the SSS regions and 

tissues which was significant in the internal capsule (difference in PI: 0.000846 

[0.000125, 0.001567]; Figure 4-10, Table 4-6) and CSO NAWM (difference in 

PI: 0.000645 [0.000414, 0.000876]; Figure 4-10, Table 4-6). The change in 

pulsatility in hippocampus and putamen between the air and CO2 blocks was 

higher for subjects with lower EtCO2 baseline and higher EtCO2 change (Table 

4-5). There was no associations found between inter-block change in 

pulsatility, EtCO2 baseline and EtCO2 change in other ROIs (Table 4-5). 
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Figure 4-10: Pulsatility in the air and CO2 blocks in different brain regions of 

healthy volunteers. (A) Pulsatility in the MCA and SSS regions. (B) PI and RMS 

pulsatility in different tissues supplied by MCA. The height of the bars corresponds to 

the mean pulsatility value and error bar represents the standard deviation. The air 

block pulsatility is shown in blue and the CO2 block pulsatility in orange. 



 

 
 

1
1

3
 

C
h
a

p
te

r 4
. P

u
ls

a
tility

 m
e

a
s
u

re
m

e
n
t fro

m
 B

O
L

D
-C

V
R

 M
R

I 

 

Table 4-6: Inter-block pulsatility differences in different brain regions of healthy subjects. Values are reported as mean ± standard 

deviation for the PI and RMS coefficients. The 95% confidence intervals associated with the inter-block differences are shown in square 

brackets. The last two columns correspond to the inter-block differences in mean BOLD intensity and in BOLD variation during the cardiac 

cycle. MCA pulsatility decreased upon CO2 inhalation whereas, in other brain regions, there is a trend in increased pulsatility in the CO2 

block. 

 Air block CO2 block Inter-block difference 

( CO2 – Air ) 

CVR PI CVR RMS CVR PI CVR RMS CVR PI CVR RMS Mean BOLD 

intensity 

BOLD variation 

MCA 0.130 ± 

0.058 

6.72 ± 

3.48 

0.0775 ± 

0.0343 

4.31 ± 

2.39 

-0.0526 ± 

0.0418 

[-0.0847,            

-0.0204] 

-2.41 ± 1.96 

[-3.92, -0.90] 

12.6 ± 19.0 

[-2.0, 27.3] 

-12.0 ± 9.9 

[-19.6, -4.4] 

SSS 0.139 ± 

0.039 

2.73 ± 

0.49 

0.142 ± 

0.057 

3.61 ± 

1.62 

0.00216 ± 

0.04603 

[-0.03322, 

0.03753] 

0.881 ± 1.501 

[-0.273, 2.034] 

31.4 ± 25.3 

[12.0, 50.8] 

4.33 ± 6.98 

[-1.03, 9.70] 

Insular cortex 0.0137 ± 

0.0030 

1.04 ± 

0.16 

0.0133 ± 

0.0026 

1.05 ± 

0.23 

-0.000359 ± 

0.002200 

[-0.002050, 

0.001332] 

0.0191 ± 0.1807 

[-0.1198, 

0.1579] 

12.8 ± 4.0 

[9.7, 15.9] 

0.102 ± 0.885 

[-0.578, 0.783] 

Hippocampus 0.0117 ± 

0.0015 

0.898 ± 

0.136 

0.0118 ± 

0.0019 

0.993 ± 

0.212 

0.0000779 ± 

0.0022109 

[-0.0016216, 

0.0017773] 

0.0953 ± 0.1765 

[-0.0404, 

0.2310] 

17.3 ± 8.1 

[11.0, 23.6] 

0.273 ± 0.869 

[-0.395, 0.941] 
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Putamen 0.00759 ± 

0.00059 

0.537 ± 

0.096 

0.00788 ± 

0.00106 

0.578 ± 

0.117 

0.000288 ± 

0.001328 

[-0.000733, 

0.001309] 

0.0412 ± 0.1022 

[-0.0374, 

0.1197] 

13.3 ± 4.8 

[9.6, 17.0] 

0.200 ± 0.519 

[-0.199, 0.599] 

Internal capsule 0.00855 ± 

0.00111 

0.558 ± 

0.080 

0.00940 ± 

0.00080 

0.633 ± 

0.0942 

0.000846 ± 

0.000938 

[0.000125, 

0.001567] 

0.0747 ± 0.0663 

[0.0237, 0.1256] 

10.1 ± 2.6 

[8.1, 12.1] 

0.372 ± 0.329 

[0.119, 0.625] 

CSO cortical 

GM 

0.00550 ± 

0.00151 

0.410 ± 

0.129 

0.00576 ± 

0.00089 

0.430 ± 

0.088 

0.000252 ± 

0.000929 

[-0.000462, 

0.000966] 

0.0203 ± 0.0610 

[-0.0265, 

0.0672] 

10.8 ± 3.0 

[8.5, 13.1] 

0.131 ± 0.331 

[-0.123, 0.385] 

CSO NAWM 0.00533 ± 

0.00085 

0.325 ± 

0.049 

0.00598 ± 

0.00100 

0.367 ± 

0.050 

0.000645 ± 

0.000300 

[0.000414, 

0.000876] 

0.0420 ± 0.0151 

[0.0304, 0.0537] 

2.13 ± 1.12 

[1.27, 2.99] 

0.198 ± 0.072 

[0.142, 0.253] 



Chapter 4. Pulsatility measurement from BOLD-CVR MRI 

115 
 

4.3.3 Cerebral pulsatility in SVD patients 

Comparison of cerebral pulsatility between SVD patients and healthy 

volunteers 

Pulsatility measurements were compared between the healthy and SVD 

groups (Figure 4-11). Pulsatility in regions corresponding to blood vessels was 

increased in the SVD group, though only significantly so in the SSS (difference 

in mean values: 0.0701, p<0.001, for BOLD-CVR PI; Figure 4-11). This was in 

agreement with the PC MRI pulsatility. In brain tissues, pulsatility was overall 

higher in the SVD group (e.g. difference in mean values: 0.00573, p<0.001, for 

BOLD-CVR PI in putamen; Figure 4-11). 

 

Figure 4-11: Pulsatility difference between healthy volunteers and SVD patients 

different brain regions. (A) PC PI coefficient in the arteries and SSS. (B) BOLD-CVR 

PI coefficient in the MCA and SSS regions. (C) BOLD-CVR RMS coefficient in the 

MCA and SSS regions. (D) BOLD-CVR PI coefficient in different tissues supplied by 

MCA. (E) BOLD-CVR RMS coefficient in different tissues supplied by MCA. The 

height of the bars corresponds to the mean pulsatility value and error bar represents 
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the standard deviation. Results for the healthy group are shown in blue and results 

for the SVD group in orange. P-values from the Wilcoxon rank sum test are given at 

the top of the subplots. 

Relationship between cerebral pulsatility and SVD burden 

The following results were found in analyses adjusted for age. Increased 

arterial pulsatility from PC was associated with increased WMH volume 

(B=0.539 [0.201, 0.877] per ten-fold increase in %ICV) and higher Fazekas 

score (B=0.135 [0.012, 0.257] per score point increase; Table 4-7). Those 

findings were not replicated for MCA pulsatility from BOLD-CVR, though the 

trend was present (Table 4-7). The relationship between cerebral pulsatility 

and SVD burden depended on the brain regions, but most results did not reach 

significance (Table 4-7). Increased BOLD-CVR PI and RMS in CSO cortical 

GM was associated with higher Fazekas score (for PI: B=0.000446 [0.000015, 

0.000876] per score point increase). Reduced PI in CSO NAWM was 

associated with increased WMH volume (B=-0.00123 [-0.00238, -0.00007] per 

ten-fold increase in %ICV) and higher Fazekas score (B=-0.000342 [-

0.000728, -0.000045] per score point increase); though this was not replicated 

with the RMS coefficient.  

4.4 Discussion 

In this work, the feasibility of extracting cerebral pulsatility in healthy subjects 

using BOLD-CVR was investigated. The technique was optimised and showed 

moderate correlation with PC MRI. Pulsatility values and changes in pulsatility 

due to hypercapnia varied across brain regions, potentially reflecting the 

complex origin of the BOLD contrast. Cerebral pulsatility was also assessed in 

SVD patients, though no clear relationship between BOLD-CVR pulsatility and 

SVD burden were found. 
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Table 4-7: Linear regression between cerebral pulsatility and SVD burden. The regression coefficients associated with log10-

transformed WMH volume,  Fazekas score  and SVD score are reported along with p-values and 95% confidence intervals.  The models 

were adjusted for age. 

ROI MRI 

technique 

CVR 

pulsatility 

coefficient 

Log-transformed WMH 

volume 

Fazekas score SVD score 

Arteries PC PI B= 0.539 

[0.201, 0.877] 

p= 0.004 

B= 0.135 

[0.012, 0.257] 

p= 0.033 

B= 0.0249 

[-0.1653, 0.2151] 

p= 0.786 

MCA CVR PI B= 0.0142 

[-0.0185, 0.0469] 

p= 0.373 

B= 0.00773 

[-0.00231, 0.01776] 

p= 0.123 

B= 0.00359 

[-0.01091, 0.01809] 

p= 0.608 

CVR RMS B= 1.12 

[-1.21, 3.46] 

p= 0.324 

B= 0.425 

[-0.317, 1.168] 

p= 0.243 

B= 0.188 

[-0.857, 1.233] 

p= 0.709 

SSS PC PI B= 0.00418 

[-0.16319, 0.17155] 

p= 0.959 

B= -0.000900 

[-0.054812, 0.053012] 

p= 0.972 

B= -0.0384 

[-0.1088, 0.0320] 

p= 0.266 

CVR PI B= -0.0327 

[-0.0940, 0.0285] 

p= 0.275 

B= -0.00133 

[-0.02179, 0.01912] 

p= 0.892 

B= -0.00950 

[-0.03681, 0.01781] 

p= 0.473 

CVR RMS B= 0.0573 

[-1.3004, 1.4149] 

p= 0.930 

B= 0.113 

[-0.321, 0.547] 

p= 0.590 

B= -0.0505 

[-0.6428, 0.5419] 

p= 0.859 
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Insular cortex CVR PI B= -0.00317 

[-0.01292, 0.00658] 

p= 0.502 

B= -0.000781 

[-0.003940, 0.002377] 

p= 0.608 

B= -0.00170 

[-0.00592, 0.00253] 

p= 0.409 

CVR RMS B= -0.174 

[-0.755, 0.406] 

p= 0.535 

B= -0.0510 

[-0.2383, 0.1363] 

p= 0.573 

B= -0.111 

[-0.361, 0.139] 

p= 0.363 

Hippocampus CVR PI B= 0.00167 

[-0.00155, 0.00489] 

p= 0.289 

B= 0.000516 

[-0.000523, 0.002377] 

p= 0.309 

B= -0.000595 

[-0.002017, 0.000828] 

p= 0.390 

CVR RMS B= 0.0961 

[-0.1136, 0.3057] 

p= 0.347 

B= 0.0353 

[-0.0317, 0.1023] 

p= 0.281 

B= -0.0360 

[-0.1282, 0.0562] 

p= 0.422 

Putamen CVR PI B= -0.00157 

[-0.00590, 0.00277] 

p= 0.456 

B= -0.000264 

[-0.001677, 0.001149] 

p= 0.698 

B= -0.000632 

[-0.002528, 0.001265] 

p= 0.492 

CVR RMS B= 0.0168 

[-0.0875, 0.1212] 

p= 0.738 

B= 0.0156 

[-0.0172, 0.0484] 

p= 0.330 

B= 0.00516 

[-0.04048, 0.05081] 

p= 0.814 

Internal capsule CVR PI B= 0.000320 

[-0.002743, 0.003383] 

p= 0.828 

B= 0.0000546 

[-0.0009330, 0.0010423] 

p= 0.908 

B= 0.000103 

[-0.001235, 0.001442] 

p= 0.873 

CVR RMS B= 0.0141 

[-0.1215, 0.1497] 

p= 0.829 

B= 0.00668 

[-0.03692, 0.05028] 

p= 0.750 

B= 0.00660 

[-0.05259, 0.06579] 

p= 0.817 

CSO cortical 

GM 

CVR PI B= -0.0000297 

[-0.0014821, 0.0015415] 

p= 0.967 

B= 0.000446 

[0.000015, 0.000876] 

p= 0.043 

B= 0.000255 

[-0.000390, 0.000902] 

p= 0.417 

CVR RMS B= 0.0312 

[-0.0671, 0.1295] 

p= 0.512 

B= 0.0356 

[0.0092, 0.0620] 

p= 0.011 

B= 0.0325 

[-0.0077, 0.0727] 

p= 0.107 
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CSO cortical 

NAWM 

CVR PI B= -0.00123 

[-0.00238, -0.00007] 

p= 0.039 

B= -0.000342 

[-0.000728, -0.000045] 

p= 0.079 

B= 0.0000145 

[-0.0005601, 0.0005891] 

p= 0.958 

CVR RMS B= -0.0252 

[-0.0701, 0.0197] 

p= 0.253 

B= -0.00422 

[-0.01912, 0.01067] 

p= 0.558 

B= 0.00772 

[-0.01229, 0.02774] 

p= 0.427 
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4.4.1 Cerebral pulsatility in healthy volunteers 

Optimisation and comparison with pulsatility from PC MRI 

BOLD-CVR pulsatility measurements were optimised by visual inspection of 

pulsatility maps, varying the order of the Fourier fit, comparing ROI- versus 

voxel-based analysis and comparing BOLD-CVR pulsatility to PC pulsatility. 

Overall, ROI-based analyses using a Fourier series of order 1 for PI and of 

order 3 for RMS were more robust to noise and better correlated with pulsatility 

measurements from PC. This confirmed the use of the RMS coefficient from 

Fourier series of order 3 in a previous study.335 Associations between BOLD-

CVR and PC pulsatility were investigated in arterial regions and in the SSS. 

Only in the SSS region were the two techniques significantly associated. This 

might reflect the fact that BOLD is more sensitive to venous blood, but it is 

important to note that the measurement location and arterial regions 

considered also differed: MCA was used for BOLD-CVR and the internal 

carotid artery along with vertebral arteries were used for PC. 

Respiration correction using RETROICOR 

The effect of respiration on BOLD-CVR pulsatility maps was investigated in 

one fMRI dataset. The difference between respiration-corrected and 

uncorrected pulsatility maps showed that pulsatility is affected by respiration 

mostly in the outer regions of the brain, which are more prone to respiration-

induced motion. The median whole-brain relative error was low (3 %), but the 

IQR relatively big especially using the PI coefficient. Therefore, correcting for 

respiration, which was done in a previous study,335 could improve the 

correlations between BOLD-CVR and PC pulsatility measurements. This was 

not possible in this analysis as most of the respiration signals were clipped 

during the recordings. Respiration corrections such as RETROICOR need the 

maximum respiration amplitude related to inhalation,342 which could not be 

obtained from the clipped signals. 

Cerebral pulsatility in brain regions 
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Cerebral pulsatility varied across the brain and was also observed in CSF 

which could be explained by pulsatile blood vessels displacing surrounding 

CSF. From PC data, arterial pulsatility was higher than venous pulsatility which 

is in agreement with previous studies.344 This result was replicated using 

BOLD-CVR RMS coefficient but not using the PI coefficient. Differences 

between PC and BOLD pulsatility measurements could arise from BOLD 

contrast being affected by the vicinity of larger veins or by pulsatile motion 

artefacts due to the lower spatial resolution. Furthermore, this work showed 

that BOLD-CVR pulsatility was lower in regions further away from the main 

MCA branches. Extracting pulsatility in less well-perfused regions is limited by 

noise in the BOLD waveform. In a previous study, RMS pulsatility was 

measured in the insular cortex of 10 SVD patients.335 As the RMS coefficient 

is not normalised to the BOLD intensity, it is not comparable across scanners. 

Nevertheless, they found that RMS pulsatility in the insular cortex was higher 

than the whole brain pulsatility. This is supported by the results of this work 

where pulsatility in the insular cortex was higher than in the other tissue regions 

considered. 

Effect of CO2 stimulus on cerebral pulsatility 

The effect of hypercapnia on cerebral pulsatility could be investigated using 

CVR data. During the CO2 blocks, pulsatility decreased in the MCA, but did not 

change in the SSS. There are a few possible explanations for the decrease in 

MCA pulsatility. First, vasodilation increased CBF and reduced partial volume 

effect in the region considered, thereby increasing BOLD intensity and 

reducing PI. Second, there was limited dilation capacity under the pre-dilated 

state induced by hypercapnia which resulted in lower pulse pressure (we found 

lower BOLD variation across the cardiac cycle in MCA). Finally, ROIs were 

segmented using CVR pulsatility maps obtained from air blocks; therefore, 

vascular differences between normo- and hypercapnia could have 

emphasised partial volume effects. Another study in 10 SVD patients found 

increased pulsatility in MCA during hypercapnia without reporting levels of 

significance.345 The different result could come from different pre-processing 
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methods (example of differences: spatial smoothing, slice-time correction,  

respiration correction, removing scanner artefacts from cardiac pulse signal, 

duration of transition periods excluded from analysis). Moreover, an animal 

study found decreased pulsatility measured with transcranial Doppler in the 

basilar artery of rabbits during hypercapnia.346 Pulsatility in the SSS did not 

vary with hypercapnia. According to PC MRI, pulsatility in veins is low344 

limiting further reduction.  

Interestingly, cerebral pulsatility in tissues supplied by the MCA increased 

during the CO2 blocks. Lower EtCO2 baseline and higher EtCO2 change could 

explain this change, but those associations with higher inter-block pulsatility 

change were not found in all tissues. Aside from intrinsic response of the 

vasculature to hypercapnia, there are other factors that could explain for this 

observation. First, as pulsatility is lower in tissues, it is more sensitive to noise. 

Specifically, participants are more prone to move during hypercapnia due to 

discomfort arising from the challenge and motion-related noise could artificially 

increase pulsatility. Second, increased pulsatility during hypercapnia was only 

significant in NAWM regions. As the BOLD response to CO2 in those tissues 

is more dispersed,91,314 the BOLD signal intensity might not have stabilised 

even after excluding one-minute transition periods between blocks. This could 

have emphasised the difference between extrema of the BOLD waveform.  

Overall, the effect of measuring pulsatility using BOLD-CVR varied across 

brain regions and depended on whether the ROI was purely a blood vessel, 

influenced also by differences between arterial and venous blood, or tissue 

containing blood vessels. 

4.4.2 Cerebral pulsatility in SVD patients 

Comparison of cerebral pulsatility between SVD patients and healthy 

volunteers 

Cerebral BOLD-CVR pulsatility was higher in SVD patients than in healthy 

subjects in most brain regions. This was in agreement with PC pulsatility in the 

same cohorts and with previous studies.347 However, higher pulsatility in SVD 
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patients could also reflect the difference in age between the two groups as 

they were not age-matched.336,348 

Relationship between cerebral pulsatility and SVD burden 

When investigating the relationship between cerebral pulsatility and SVD 

burden, increased arterial pulsatility from PC MRI was associated with WMH 

burden, with a similar trend using BOLD-CVR pulsatility. Other studies have 

also found such a relationship.75,338 The relationship between BOLD-CVR 

tissue pulsatility and SVD burden was heterogeneous, but CSO NAWM 

pulsatility was lower with increased WMH volume and Fazekas score, 

potentially reflecting the loss of cerebral blood vessels or viable tissue. 

4.4.3 Future directions 

In order for BOLD-CVR pulsatility to be used in future clinical research, the 

technique requires further optimisation and validation. 

The CVR MRI experiment could be further optimised to allow extraction of 

pulsatility indices. For example, the duration of the rest and challenge periods 

in the paradigm of the experiment could be increased to allow sufficient 

sampling of the cardiac cycle and ensure stability of the BOLD signal. 

Optimisation of sequence parameters should also be undertaken: depending 

on heart rate, TR could be modified to sample more efficiently the cardiac 

cycle. The delimitation of transition periods between blocks in the CVR 

paradigm could be defined on an individual basis, taking into account the 

subject-specific MRI response to the stimulus. As illustrated in this work, 

respiration could also influence the calculation of PI, therefore future work 

should use respiration-correction methods.  

Further work could also focus on the validation of cerebral pulsatility 

computation using BOLD-CVR. In this study, BOLD-CVR pulsatility was 

compared to PC pulsatility; however, the regions in which the techniques were 

compared were not identical. For example, BOLD-CVR pulsatility was 

extracted from the MCA territory and compared to PC pulsatility in internal 
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carotid and vertebral arteries. The technique could also be compared to other 

imaging techniques in different brain regions such as TCD335 or multiphoton 

microscopy in preclinical models. The technique would also benefit from 

preclinical research to assess its biological validity and where one can control 

for confounders such as respiration. Further validation would include 

investigating correlation with clinical variables, for example, confirming the 

relationship between increased BOLD-CVR pulsatility and increased blood 

pressure or comparing BOLD-CVR pulsatility in hypertensive and 

normotensive subjects. The technique should also be investigated in disease 

cohorts characterised by arterial stiffness such as in elderly or SVD patients.348 

Specific conditions such as doing physical exercise or the effect of high altitude 

are also known to affect heart rate and blood pressure334,349,350 and could 

therefore be used to validate the technique. 

4.4.4 Limitations 

There are a few limitations that should be stated. First, cerebral pulsatility in 

tissues was not measured using another technique as comparison. TCD is not 

able to access such deep tissues due to the attenuation of ultrasound waves. 

Instead, another technique that could be considered in future work is 4D flow 

MRI.289 

BOLD is an MRI contrast that depends on many parameters such as CBF, 

CBV, deoxyhaemoglobin concentration, haematocrit, oxygen consumption to 

name a few. Therefore, care should be taken when comparing BOLD pulsatility 

with flow pulsatility and more advanced models which better account for 

underlying physiological differences could be considered to measure pulsatility 

instead. 

Small sample sizes were considered in the healthy and SVD cohorts. 

Therefore, it was not possible to account for vascular risk factors when 

investigating pulsatility in relation to SVD burden.  
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Last, the healthy volunteer data were used as a convenience group and were 

not age-matched to the SVD group: age and group were correlated with the 

SVD group being much older than the healthy group. As such, differences in 

cerebral pulsatility could reflect age differences.351 

4.5 Conclusion 

This work is a proof-of-concept that cerebral pulsatility can be extracted from 

BOLD-CVR, which is a signal of vascular origin. Results were compared to 

pulsatility measurements from PC MRI data and showed small to moderate 

association between the two techniques. Different aspects of the technique 

remain to be optimised and validated for use in future clinical studies.
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5 The Mild Stroke Study 3 

5.1 Introduction 

Due to the high prevalence of SVD in stroke2 and dementia4,5 and lack of 

treatment, research is needed to deepen our understanding of SVD 

pathogenesis. According to previous studies, SVD is a global and dynamic 

disease associated with BBB breakdown,2,352–355 increased cerebral 

pulsatility75,339,356 and impaired CVR.72,74,196,357 The Mild Stroke Study 3 

(MSS3: ISRCTN 12113543) is a prospective observational cohort study 

designed to investigate the role of vascular dysfunction in relation to the 

evolution of SVD. Its aims are to: 

- identify factors associated with SVD lesion progression and regression 

- determine the inter-relationships between parameters reflecting 

vascular dysfunction such as BBB leakage, CVR and cerebral pulsatility 

- determine the influence of lifestyle factors on SVD vulnerability. 

The study was approved by Southeast Scotland Regional Ethics Committee 

(reference 18/SS/0044) and NHS Lothian Research & Development (reference 

2018/0084) and started in August 2018. It was designed by Prof Joanna M 

Wardlaw who is also the Principal Investigator of the study, Dr Fergus N 

Doubal and Dr Una Clancy. The study is funded by the Fondation Leducq 

Network for the Study of Perivascular Spaces in Small Vessel Diseases, UK 

Medical Research Council Dementia Research Institute, Row Fogo Charitable 

Trust, The Stroke Association, NHS Research Scotland, NHS Lothian 

Research and Development, and the University of Edinburgh.  

My contribution to the study was to help with the CVR scans and administer 

the gas challenge to the participants. I processed and analysed the CVR data. 

The analyses that I carried out are detailed in Chapters 6 and 7. 
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5.2 Methods 

5.2.1 Participants 

The MSS3 recruited patients over 18 years old who presented at the 

Edinburgh/Lothian stroke services (e.g. stroke outpatient clinics, emergency 

departments, acute medical assessment units) with mild ischaemic stroke, i.e. 

stroke allowing them to continue their daily activities as defined by the modified 

Rankin Scale (mRS) of less or equal to 2 (0: no symptom of disability, 5: 

constant dependency, 6: death), and who were able to provide informed 

consent. Recruitment was performed by Dr Una Clancy, Dr Carmen Arteaga 

and Dr Fergus N Doubal. Exclusion criteria included pregnancy or 

breastfeeding, major neurological conditions, severe cardiac or respiratory 

diseases and MRI contraindications (e.g. pacemaker, metal implants). 

The study aimed to recruit 50% patients with clinical lacunar stroke syndrome 

and 50% patients with non-lacunar ischaemic stroke syndromes. Strokes were 

defined as lacunar if a recent small subcortical infarct was visible on at least 

diffusion MRI (dMRI) or clinical CT images, and as cortical if patients had 

partial anterior circulation syndrome or posterior circulation syndrome, and if a 

recent cortical infarct was visible on at least dMRI or CT. Patients with no 

visible infarcts were still eligible to enrol in the study if no other lesions could 

explain their cortical stroke symptoms. 

Lacunar strokes allowed for a starting point from which to track SVD disease 

progression. A control group formed of an age-matched population with the 

same high burden of vascular risk factors than the lacunar stroke syndrome 

group could be at high risk of developing SVD during the study if not already 

present at recruitment stage. Therefore, patients with non-lacunar stroke 

syndromes were defined as the control group as they have similar vascular 

risk factors and secondary prevention than patients with lacunar stroke 

syndrome. All participants received written and oral information regarding the 

study before signing the consent forms. 
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5.2.2 Study design 

The study design is given in Figure 5-1. Patients had a pre-visit assessment 

where main diagnosis of index stroke was undertaken. Thereafter, they were 

invited for a minimum of 3 scans over a year (baseline visit, 6 months and 1 

year follow-up visits). Patients with lacunar stroke syndrome or moderate-to-

severe WMH burden were invited for additional visits between baseline and 6 

months follow-up. 

 

Figure 5-1. Study protocol from pre-visit assessment to one year follow-up. 

Stroke diagnosis was performed at pre-visit assessment. Thereafter, patients had a 

minimum of three visits where MRI and non-MRI data were collected. 

Following the pre-visit assessment, stroke diagnosis was conducted by expert 

stroke physicians and neuroradiologists based on the presenting symptoms 

and diagnostic brain MRI or CT. An experienced neuroradiologist (Prof. 

Joanna M. Wardlaw) checked for acute ischaemic lesions including recent 

small subcortical infarcts, prior infarcts or haemorrhages, WMH, lacunes, PVS, 

microbleeds, siderosis and atrophy. Routine blood tests, electrocardiogram 

and carotid Doppler ultrasound were also conducted during the pre-visit 

assessment. 

Within three months of index stroke, patients came for their baseline visit and 

underwent a structural and functional MRI scanning session. Patients also took 
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cognitive tests and filled questionnaires on their lifestyle (e.g. diet, sleep, 

fatigue, mood, demographics). We noted their medical history, the presence 

of vascular risk factors and any recurrent vascular events since stroke onset. 

Other non-MRI data were also collected such as symptoms, stroke severity, 

blood and urine samples and gait measurements. 

During the follow-up visits, patients underwent a short MRI scanning session 

where structural images and quantitative T1 (qT1) were acquired. We further 

collected data on changes in cognition, changes in symptoms, vascular risk 

factors and recurrent vascular events. The annual phone or post follow-ups 

consisted of questionnaires including recurrent vascular events, symptoms 

and cognition status. 

5.2.3 Data collection 

5.2.3.1 MRI data 

Diagnostic scan 

Patients had an MRI or CT scan as their diagnostic scan. The MRI scan was 

conducted on a 1.5T or 3T scanner to acquire structural images such as T1W, 

T2W, FLAIR, SWI and dMRI. 

Baseline scans 

The baseline visit included an MRI scanning session of 1.5 hours with breaks 

for patient comfort. We used a 3T MRI scanner (MAGNETOM Prisma, 

Siemens Healthcare GmbH, Erlangen, Germany) and acquired structural 

images (3D T1W, 3D T2W, 3D T2-FLAIR, 3D SWI, dMRI), CVR, qT1 and 

dynamic contrast-enhanced (DCE) MRI to measure BBB integrity, and 2D PC 

to measure intracranial vascular and CSF pulsatility. We also acquired ASL 

images in a subset of patients to measure CBF. Sequence parameters are 

given in Table 5-1, based on Clancy et al., 2020.341 

The CVR scan consisted of acquiring BOLD volumes using a 2D GRE-EPI 

sequence (Table 5-1). Patients were wearing a facemask covering mouth and 
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nose while lying in the MRI scanner. The scan lasted 12.5 minutes including 

30 seconds of dummy scans (i.e. 14 first BOLD volumes not taken into account 

for data processing). During the BOLD acquisition, patients were breathing 

medical air (21% O2, 79% N2; BOC Special Products, United Kingdom) and 

CO2-enriched air (6% CO2, 21% O2, 73% N2) alternately for 2 minutes and 3 

minutes respectively, as done previously.114 A medical doctor was present 

during the scan and we monitored peripheral oxygen saturation, blood 

pressure, heart rate and respiration rate using an MR conditional patient 

monitor (MR400 and IP5, Philips, United Kingdom; Tesla M3, MIPM, Germany; 

Figure 5-2). We also recorded the expired CO2 and O2 concentration 

waveforms with a sampling frequency of 20 Hz using CD-3A CO2 and S-3A 

Oxygen sensors (AEI Technologies, Pittsburgh, United States) respectively, 

calibrated prior to each CVR scan. 

The DCE MRI scan was acquired after qT1 images and lasted 21 minutes. 

First, three volumes were acquired without contrast agent to establish baseline 

signal intensity. Then, 0.1 mmol/kg body weight of gadobutrol (1 M Gadovist, 

Bayer AG, Leverkusen, Germany) was administered intravenously over a 

period of 110 to 130 seconds, followed by 20 ml saline flush. Twenty-nine DCE 

volumes were acquired after the injection started. 

Follow-up scans 

During the follow-up visits, patients had a short MRI session on a 3T scanner 

(MAGNETOM Prisma, Siemens Healthcare GmbH, Erlangen, Germany) 

consisting only of structural images (3D T1W, 3D T2W, 3D FLAIR, 3D SWI, 

dMRI).
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Table 5-1. MRI sequence parameters of the MSS3 study. Structural scans were acquired at each visit whereas functional scans were 

only acquired at baseline. Multiple images were acquired for T1 mapping: one with TI=600 ms, one with TI=1500 ms and three with 

different flip angles (2°, 5°, 12°). R is the parallel imaging acceleration factor and MB the multiband acquisition factor. This table was 

based on Clancy et al., 2020.1 

MRI 

technique 

MRI sequence TR/TE/TI [ms] Flip angle 

[°] 

Spatial resolution 

[mm3] 

Acquisition 

time [min] 

Other 

T1W MPRAGE (3D IR-spoiled GE) 2500/4.37/1100 7 1.0 x 1.0 x 1.0 3:45 R=3 

T2W SPACE (3D RARE) 3200/408 - 0.9 x 0.9 x 0.9 3:42 R=2x2 

FLAIR SPACE (3D RARE) 5000/388/1800 - 1.0 x 1.0 x 1.0 5:57 R=3 

SWI 3D spoiled GE 28/20 9 0.6 x 0.6 x 0.3 4:02 R=2 

dMRI 2D GRE-EPI 4300/74 - 2.0 x 2.0 x 2.0 11:16 R=2 

MB=2 

CVR 2D GRE-EPI 1550/30 67 2.5 x 2.5 x 2.5 12:30 R=2 

MB=2 

qT1 3D IR spoiled GRE 1040/1.82/600 5 1.2 x 1.2 x 1.2 1:55 R=2 

3D IR spoiled GRE 1940/1.82/ 1500 5 1.2 x 1.2 x 1.2 3:35 R=2 

3D IR spoiled GRE 5.4/1.82 2, 5, 12 1.2 x 1.2 x 1.2 1:36 x 3 R=2 

DCE 3D spoiled GRE 3.44/1.68 15 2.0 x 2.0 x 2.0 21:08 - 

PC 2D PC - carotids 19.60/5.82 12 1.0 x 1.0 x 5.0 1:39 R=2, venc=70 cm/s 

 2D PC - sinus 21.70/6.59 12 0.7 x 0.7 x 5.0 2:11 R=2, venc=50 cm/s 

 2D PC – subarachnoid space 25.18/8.45 12 0.8 x 0.8 x 5.0 1:55 R=2, venc=6 cm/s 
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ASL 3D pCASL 4350/20.98/ 500-

3030 (x12) 

- 3.4 x 3.5 x 3.5 3:45 R=2 
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5.2.3.2 Non-MRI data 

As part of the different visits, we recorded information on the participants that 

were not MRI-based. This included medical history, vascular and lifestyle risk 

factors, symptoms and cognitive assessments, physical examination and 

retinal imaging. 

Medical history and vascular risk factors 

Medical history was recorded at baseline. This included diagnoses of diabetes 

mellitus, hypertension, hypercholesterolaemia, previous stroke or transient 

ischaemic attack (TIA), peripheral vascular disease, atrial fibrillation, 

ischaemic heart disease, valvular defects, heart failure and physician-

diagnosed anxiety, depression or delirium. Recurrent stroke, TIA and cardiac 

events were documented at follow-ups. 

Lifestyle risk factors 

Socioeconomic risk factors were recorded at baseline such as stroke or 

dementia family history, age at diagnosis, alcohol consumption, smoking 

status, diet including salt intake, ethnicity, education, occupation, current 

address and retirement age. Early life risk factors were taken into account by 

documenting the childhood postal address, the number of persons, rooms and 

toilets in the property and parental occupation. 

Symptoms assessment 

Symptoms such as subjective memory concerns, confusional episodes, 

unsteadiness, falls, dizziness, headaches, fatigue, anxiety, depression and 

sleep were assessed at each visit. Further symptoms were also reported at 

baseline and after 12 months by a nominated close friend or relative by 

completion of the Neuropsychiatric Inventory Questionnaire, behavioural 

changes report since stroke, Apathy Evaluation Scale, Informant version and 

the Informant Questionnaire for Cognitive Decline in the Elderly. 
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Cognitive assessment  

Cognitive assessment was conducted at each visit based on the National 

Institute of Neurological Disorders and Stroke-Canadian Stroke Network 

Vascular Cognitive Impairment Harmonization Standards. The cognitive tests 

included the Montreal Cognitive Assessment (MoCA), Hopkins Verbal 

Learning Test-revised, Controlled Oral Word Association Test, Animal 

Naming, Letter Digit Coding and Trailmaking A + B. 

Physical examination 

Stroke severity, blood pressure, gait (Timed Up and Go), manual dexterity (9-

Hole Peg Test), height and weight were part of the physical examination. Blood 

and urine samples were collected at baseline for inflammatory and/or 

endothelial function markers. Stroke severity was scored according the 

National Institutes of Health stroke scale (NIHSS). Functional recovery was 

assessed through the mRS at baseline, 6 and 12 months and through the 

Stroke Impact Scale at 6 and 12 months. 

Retinal imaging 

Retinal imaging was undertaken at baseline and one-year follow-up using a 

Heidelberg Spectralis (Heidelberg Engineering, Franklin, MA, United States). 

Optical coherence tomography angiography is used to image the retina and its 

blood vessels. Therefore, we assessed visual acuity, retinopathy, nerve fibre 

layer thickness, state of the choroid, intra- and sub-retinal fluid, retinal and 

arteriolar widths, and branching patterns and complexity. 

5.2.4 MRI data processing 

All MRI images were first converted from DICOM to NIFTI format.323 

Visual assessments 

All MRI scans were assessed by an experienced neuroradiologist (Prof. 

Joanna M. Wardlaw). Visual assessments of SVD features were undertaken 
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by members of the team and checked by Prof. Joanna M. Wardlaw. They were 

conducted on structural images following the STRIVE criteria.31 

Fazekas scores in periventricular and deep white matter were used to assess 

WMH burden ranging from 0 to 3 (high WMH burden) for each region and 

added together to get the overall Fazekas score from 0 to 6. We noted the 

presence or absence of lacunes and microbleeds along with their numbers. 

PVS scores were rated in the basal ganglia and in the CSO from 0 (none) to 4 

(more than 40 enlarged PVS).358 A total PVS score was obtained by adding 

together the scores from the two regions. We rated superficial and deep 

atrophy from 0 to 6 (severe atrophy)359 and combined them to get the overall 

atrophy score. The overall SVD burden was rated using the SVD score from 0 

(no SVD burden) to 4 (high SVD burden).18 

Tissue segmentation and volume 

Multiple segmentations were conducted by Dr Maria Valdes Hernandez after 

registration of all structural images to the subject’s T2W image using FSL 

FLIRT (FMRIB Software Library, FMRIB Analysis Group, Oxford, United 

Kingdom).329,330 Those segmentations included acute stroke lesions, WMH, 

NAWM, SGM (formed of the thalamus, caudate head, putamen and pallidum) 

and PVS.  

Acute stroke lesions were manually segmented on FLAIR images and checked 

by Prof Joanna M. Wardlaw. Other tissue segmentations were generated using 

an in-house processing pipeline that combines FSL325 and FreeSurfer360,361 

outputs. All masks were then verified and corrected manually if required. PVS 

segmentation was conducted on T2W images following a computational 

method described previously.362,363 

For the analyses, volumes were computed based on the masks generated: 

intracranial, brain, WMH and PVS volumes. Brain and WMH volumes were 

normalised by the intracranial volume and reported as %ICV. PVS volumes 

were normalised to the volume of the ROI considered for PVS segmentation 

and reported as %ROIV.  
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Further mask editing was undertaken for CVR and DCE processing (Figure 

5-2). To reduce partial volume effect, NAWM and SGM masks were eroded in 

T2W space by 1 mm in all directions. The mask of the ventricles was dilated 

in each direction by 5 mm to left and right directions, and 4 mm in anterior, 

posterior, superior and inferior directions. The dilated mask of the ventricles 

was then removed from the NAWM and WMH masks to remove signal 

contribution from large blood vessels running next to the ventricles. 

Contribution from overlapping large veins were also removed by manually 

comparing the tissue masks (NAWM, SGM and WMH) with the CVR and SWI 

images. Hereafter, no mask erosion was conducted. 

CVR data processing 

The CO2 and O2 waveforms were converted into EtCO2 and EtO2 traces using 

in-house MATLAB code, which identifies the signal peaks or troughs, as done 

previously.114 

Regarding the CVR MRI data, BOLD images were realigned to each 

participant’s mean BOLD image using SPM12324 (Figure 5-2). Tissue masks 

(NAWM, SGM, WMH) were registered to the individual’s mean BOLD space 

by calculating the linear transform between the T2W and mean BOLD spaces 

using FLIRT329,330 (Figure 5-2). Then we applied a threshold of 50% to obtain 

binary masks in the mean BOLD space. Then we computed the mean BOLD 

signal time course in each ROI and performed multiple linear regression 

between the mean BOLD time course, the time-shifted EtCO2 course and a 

vector comprising the volume numbers to account for a linear signal drift in 

MATLAB (Figure 5-2).114,304,319 We allowed time shifts from -31 to 93 s, all 

multiples of TR, for the EtCO2 profile to allow for long and negative delays due 

to noise in the BOLD signal. CVR delay was defined as the optimal EtCO2 time 

shift in seconds that resulted in a linear model with lowest sum of squared 

residuals, adding 4 seconds to take into account the sampling line delay. CVR 

(%/mmHg) was computed as the regression coefficient associated with the 

time-shifted EtCO2 term divided by the mean BOLD baseline signal and 

multiplied by 100, where the mean BOLD baseline was defined as the mean 



Chapter 5. The Mild Stroke Study 3 

138 
 

intensity of the mean BOLD signal over the first 30 volumes within the first air 

block. 

Regional differences in CVR magnitudes and delays were computed using 

paired t-tests and reported as mean ± standard deviation [95% confidence 

intervals].  

5.3 Results 

5.3.1 General results 

From August 2018 to December 2021 marking the end of the recruitment 

period, 230 SVD patients were enrolled in the study. One patient withdrew 

before the baseline visit and was not considered for analysis (Figure 5-3). The 

median age and IQR given in square brackets of the remaining 229 patients 

were 67.5 [56.3, 74.4] years old and 152 (66%) were males. Out of 229, 130 

(57%) had a lacunar stroke as opposed to a cortical stroke. Other population 

characteristics are given in Chapters 6 and 7.  

5.3.2 CVR results 

Up until June 2021, patients were asked to participate in/receive a CVR scan, 

resulting in 207 potential CVR datasets (median [IQR] age: 68.2 [57.0, 75.5] 

years old, 66% male and 55% with a lacunar stroke; Figure 5-3). The last 22 

recruited patients had another MRI scan instead as part of a pilot project. Out 

of those 207 patients, 14 did not have a CVR scan (2/14 due to low oxygen 

saturation levels, 6/14 due to claustrophobia, 4/14 patients declined, 1/14 due 

to mask discomfort, 1/14 due to incidental finding of large haemorrhagic 

transformation). After processing the remaining datasets, 182/193 were 

retained for future analyses (reasons for excluding 11 datasets: 5/12 had 

severe visible motion artefacts and 6/12 had irregular EtCO2 trace, probably 

due to poor mask seal). WMH CVR could not be computed in seven datasets 

because there were no remaining WMH voxels following registration and 

thresholding of the WMH masks in the mean BOLD space.  
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Figure 5-2. Flowchart of the CVR MRI experiment. (A) Experimental set-up: patient 

lied in the MRI scanner and breathed medical air and hypercapnic gas alternatively. 

(B) Data acquisition: during the hypercapnic challenge, exhaled CO2 and O2 partial 

pressures were measured to extract EtCO2 and EtO2. BOLD volumes were acquired 

simultaneously. (C) Data processing: tissue masks (red: SGM, green: NAWM, blue: 

WMH) were segmented in the individual’s T2W space, edited to remove contributions 

from large blood vessels and transformed into the mean BOLD space. For each ROI, 
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the mean BOLD signal was computed and modelled as a function of the EtCO2 and a 

linear term to extract CVR magnitude and delay. 

 

Figure 5-3. Flow chart showing patient recruitment and CVR data acquisition 

and processing for baseline visit. 

The distribution of CVR magnitude and delay in SGM, NAWM and WMH are 

shown in Figure 5-4. Both CVR magnitude and delay differ between regions 

(Table 5-2). CVR magnitude is higher in SGM than in the white matter regions 

(difference in SGM versus NAWM: 0.128±0.044 [0.121, 0.134] %/mmHg, 

p<0.001) whereas CVR delay is shorter in SGM compared to white matter 

regions (difference in SGM versus NAWM: -32.2±18.4 [-34.9, -29.5] s, 

p<0.001). There were no differences between NAWM and WMH CVR 

parameters (difference in CVR magnitude: 0.002±0.039 [-0.004, 0.008] 

%/mmHg, p=0.488; difference in CVR delay: -2.4± 31.1 [-7.1, 2.2] s, p=0.300). 
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Figure 5-4. CVR magnitude and delay in MSS3 patients as a function of the 

region-of-interest (SGM, NAWM, WMH). Distributions and mean values are shown 

for (A) CVR magnitude and (B) CVR delay. The length of the bars corresponds to the 

mean CVR parameter in the corresponding region. Results for SGM, NAWM and 

WMH are shown in blue, orange and green respectively. 

Table 5-2: Regional mean values and inter-regional differences in CVR 

magnitude and delay. Inter-regional differences were obtained using Bland-Altman 

statistics. Regional values are presented as mean±STD and inter-regional differences 

as mean±STD [95% confidence intervals] computed using paired t-test. 

 Regional values Inter-region differences 

 SGM NAWM WMH SGM − 

NAWM 

SGM − 

WMH 

NAWM − 

WMH 

CVR 

magnitude 

[%/mmHg] 

0.171 ± 

0.053 

0.043 ± 

0.016 

0.041 ± 

0.043 

0.128 ± 

0.044 

[0.121, 

0.134] 

0.130 ± 

0.060 

[0.121, 

0.139] 

0.002 ± 

0.039    

[-0.004, 

0.008] 

CVR delay 

[s] 

6.0 ±  

4.8 

38.2 ± 

19.4 

40.8 ± 

29.3 

-32.2 ± 

18.4        

[-34.9, 

-29.5] 

-34.8 ± 

29.2      

[-39.2,    

-30.4] 

-2.4 ±  

31.1      

[-7.1,  

2.2] 
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5.4 Discussion and conclusion 

The MSS3 study was designed to deepen our understanding of SVD by 

providing further insight on the connection between vascular dysfunction, 

imaging features and progression of the disease.  

We started the study in August 2018 and finished recruiting patients in 

December 2021. The target sample size of the study was initially 300 patients. 

However, due to Covid-19, we paused recruitment for 6 months followed by a 

gradual resumption. Overall, this resulted in a lower sample size and delayed 

preliminary analyses. Nevertheless, the power of the study was high, 

especially when compared with previous studies investigating CVR in SVD 

patients.72,357,364 

Consistent with previous studies,72,114,304 we found that CVR magnitude and 

delay varied across regions, being respectively higher and shorter, in grey 

versus white matter regions. Differences in CVR delay between regions may 

arise from the pathology, vasculature, competitive redistribution of blood flow 

and regional differences in deoxyhaemoglobin concentration or in HRFs. 

Furthermore, we found no difference between CVR parameters in NAWM and 

WMH regions. In a previous studies, CVR magnitude in WMH was lower than 

in NAWM; however, their sample size was smaller and the patients older.364,365 

In one of them, the cohort considered also had a higher WMH burden.364 

In conclusion, MSS3 data can be used to understand how regional CVR is 

associated with SVD features and progression. Using baseline data, one can 

investigate the cross-sectional relationships between CVR, SVD neuroimaging 

features and cognition. Furthermore, one can relate baseline CVR to changes 

in SVD features after one year. Those cross-sectional and longitudinal 

analyses are the subjects of Chapters 6 and 7 respectively. 
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6 Cerebrovascular reactivity in patients with small 

vessel disease: cross-sectional analysis 

This chapter contains statistical analyses carried out to investigate the cross-

sectional relationships between impaired CVR, SVD neuroimaging features, 

cognition and stroke severity and outcome. The content of this chapter has 

been submitted to a peer-reviewed journal and part of it was/will be presented 

at conferences (ESOC 2021, ESOC 2022, SINAPSE 2022, ISMRM 2023). 

6.1 Introduction 

SVD is a disorder of the cerebral small vessels causing strokes366 and vascular 

dementia.5,9 Currently, SVD pathophysiology is unclear; no effective 

treatments are available.367 Identifying vascular dysfunctions and their 

relationships to disease features may help develop treatments.2  

Previous cross-sectional studies have found that lower CVR in SGM and WM 

is associated with higher WMH burden.72,304,129 One study noted lower CVR in 

WMH compared to contralateral NAWM.364 Furthermore, SGM and WM CVR 

are associated with higher blood pressure, but not with global CBF.72 WM CVR 

is associated with enlarged PVS in the basal ganglia (BG), increased pulsatility 

in the venous sinuses and lower CSF stroke volume at the foramen magnum.72 

Global CVR reduction is associated with having more microbleeds, but not with 

the number of lacunes.357 However, the sample sizes of these studies were 

relatively small, most of the results have not yet been replicated, and 

associations of CVR with clinical features such as cognitive function have not 

been extensively tested in SVD patients.  

The aim of this chapter was to assess CVR in relation to SVD MRI features at 

3T, cognitive function and stroke severity in a large cohort of SVD patients who 

presented with a minor non-disabling ischaemic stroke. The hypothesis was 
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that lower CVR in SGM, NAWM and WMH would be associated with more 

severe SVD imaging features, worse cognition and more severe stroke. 

6.2 Methods 

Patient recruitment, data collection and processing have been described in 

Chapter 5. In this section, the statistical methods used in the analysis are 

described. Analyses were conducted using R (version 3.6.1; cran.r-

project.org/) with the additional packages: tidyverse, ggplot2, insight, sjPlot 

and car. 

CVR was modelled separately for each tissue. Univariate and multivariable 

linear regressions were conducted using the CVR parameter of interest as 

outcome and SVD features, cognition or stroke severity as independent 

variables. In the multivariable analyses, the models were adjusted for age, sex, 

mean arterial pressure (MAP), smoking history (current/recent versus ex-

smoker for more than one year versus never), diagnosis of hypertension, 

diabetes and hypercholesterolaemia. Non-collinearity between variables was 

checked by ensuring variable inflation factors less than 2. Model assumptions 

were verified: normality of residuals and heteroscedasticity. To ensure 

normality of residuals, WMH volumes were transformed using the logarithm to 

the base-10 function. 

Coefficients of the linear regressions with 95% confidence intervals (CI) and 

p-values were reported. 

Several sensitivity analyses were conducted (see Appendix A3.3): 1) adjusting 

for WMH volume as a proxy of SVD severity; 2) adjusting for EtCO2 baseline; 

3) excluding datasets where the mean or standard deviation of the framewise 

displacement during the BOLD-CVR scan were upper outliers of their 

respective distribution; 4) excluding datasets where the CVR scan was 

stopped before the end of the first CO2 block; 5) excluding CVR data where 

the masks in mean BOLD space had fewer than 10 voxels. 
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6.3 Results 

6.3.1 Population characteristics 

Of 207 recruited patients, we included 182 datasets in the analysis (median 

age: 68.2 years old, 68% male; Table 6-1, Figure 6-1). Reasons to exclude 

datasets were given in Chapter 5. Of the remaining 182 datasets, 7 patients 

did not have WMH voxels following transformation of masks into the mean 

BOLD space, thus resulting in 175 datasets for WMH CVR analyses. PVS 

volumes could not be computed in 6/182 datasets due to noise on the T2W 

images. Full MoCA assessment was not available for 3/182 subjects.  

CVR was similar in WMH and NAWM (mean inter-region difference [95% CI]: 

0.00206 [-0.00379,0.00791] %/mmHg) and highest in SGM (SGM−NAWM 

CVR difference: 0.128 [0.121,0.134] %/mmHg; Table 6-1). 

 

Figure 6-1. Flow diagram showing data exclusion process from cross-sectional 

analyses.  

 

 

Table 6-1: Population characteristics of cross-sectional analysis. Non-binary 

variables are reported as median [IQR] and binary and smoking variables as number 

(%). 
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Variables Analysis in SGM 

and NAWM 

N Analysis in 

WMH 

N 

Age [years] 68.2 

[56.4, 75.4] 

182 68.7 

[57.2, 75.6] 

175 

Sex (male, female) 123 (68), 

59 (32) 

182 117 (67), 

58 (33) 

175 

mRS 1 [1, 1] 182 1 [1 1] 175 

NIHSS 1 [0, 2] 182 1 [0, 2] 175 

Systolic blood pressure 

[mmHg] 

147 

[136, 161] 

182 147  

[136, 161] 

175 

Diastolic blood pressure 

[mmHg] 

85 

[76, 92] 

182 84  

[76, 92] 

175 

Mean arterial pressure 

[mmHg] 

105 

[98, 114] 

182 105  

[98, 114] 

175 

Diabetes diagnosis 36 (20) 182 35 (20) 175 

Hypertension diagnosis 128 (70) 182 123 (70) 175 

Hypercholesterolaemia 

diagnosis 

134 (74) 182 128 (73) 175 

Smoker (current,  

ever,  

never) 

30 (16), 

70 (39), 

82 (45) 

182 29 (17), 

69 (39), 

77 (44) 

175 

Stroke type (lacunar, 

cortical 

77 (42), 

108 (58) 

182 76 (43), 

99 (57) 

175 

WMH volume [ml] 8.09 

[3.76, 18.77] 

182 8.40  

[4.22, 19.05] 

175 

WMH volume [%ICV] 0.505 

[0.237, 1.144] 

182 0.519  

[0.269, 1.176] 

175 

Number of lacunes 1 [0, 3] 182 1 [0, 3] 175 

Number of microbleeds 0 [0, 0] 182 0 [0, 0] 175 

Deep atrophy score 3 [2, 4] 182 3 [2, 4] 175 

Superficial atrophy score 3 [2, 4] 182 3 [2, 4] 175 

Total atrophy score 6 [4, 8] 182 6 [4, 8] 175 

Brain volume [ml] 1075 

[1005, 1176] 

182 1073  

[1005, 1172] 

175 

Brain volume [%ICV] 67.3 

[64.3, 70.9] 

182 67.1  

[64.2, 70.5] 

175 
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Periventricular Fazekas 

score 

1 [1, 2] 182 2 [1, 2] 175 

Deep WM Fazekas score 1 [1, 2] 182 1 [1, 2] 175 

Total Fazekas score 3 [2, 4] 182 3 [2, 4] 175 

BG PVS score 2 [1, 3] 182 2 [1, 3] 175 

CSO PVS score 2 [2, 3] 182 2 [2, 3] 175 

Total PVS score 4 [3, 5] 182 4 [3, 5] 175 

BG PVS volume [ml] 2.8 

[2.0, 3.8] 

176 2.8  

[2.0, 3.9] 

169 

BG PVS volume [%ROIV] 4.9 [3.3, 6.1] 176 5.0 [3.3, 6.1] 169 

CSO PVS volume [ml] 11.3 

[7.1, 16.2] 

176 11.5  

[7.2, 16.2] 

169 

CSO PVS volume [%ROIV] 3.4 [2.1, 5.6] 176 3.4 [2.2, 5.6] 169 

Total PVS volume [ml] 14.0 

[9.2, 19.6] 

176 14.8  

[9.3, 19.8] 

169 

Total PVS volume [%ROIV] 3.7 [2.4, 5.6] 176 3.7 [2.5, 5.7] 169 

SVD score 2 [1, 3] 182 2 [1, 3] 175 

MoCA 25 [23, 27] 179 25 [23, 27] 173 

SGM CVR [%/mmHg] 0.171 

[0.135, 0.207] 

182 - - 

NAWM CVR [%/mmHg] 0.042 

[0.033, 0.054] 

182 - - 

WMH CVR [%/mmHg] - - 0.040 

[0.025, 0.064] 

175 
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Figure 6-2. Standardised regression coefficients from cross-sectional analysis 

between SVD features and CVR in SGM (pink), NAWM (blue) and WMH (yellow). 

The dots represent the mean standardised coefficients and the horizontal lines the 

associated 95% confidence intervals. The vertical dashed line emphasises a zero-

valued coefficient. Coefficients to left of zero line indicate association with lower CVR. 
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Figure 6-3. Cross-sectional relationships between adjusted CVR, SVD features 

and cognition. CVR was adjusted for age, sex and vascular risk factors. The results 

are shown for adjusted CVR in SGM (pink), NAWM (blue) and WMH (yellow). In plots 

A and B, the regression lines are shown. 
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Table 6-2: Cross-sectional analyses. Each row represents a different statistical 

model where the SVD predictor of interest is given in the first column. The associated 

regression coefficient B, its 95% confidence interval and p-value are given in the 

columns 2-4. The last column gives the units of B. All models were corrected for age, 

sex, MAP, diagnosis of diabetes, hypertension, and hypercholesterolaemia and 

smoking history. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

WMH volume B=-0.0256     

[-0.0443,         

-0.0068] 

p=0.008 

B=-0.00705   

[-0.01302,       

-0.00108] 

p=0.021 

B=-0.0288     

[-0.0453,         

-0.0124] 

p=0.001 

%BOLD/mmHg 

per log10(%ICV) 

Periventricular 

Fazekas score 

B=-0.0203     

[-0.0304,         

-0.0102] 

p<0.001 

B=-0.00561   

[-0.00885,       

-0.00237] 

p=0.001 

B=-0.0151     

[-0.0240,         

-0.0063] 

p=0.001 

%BOLD/mmHg 

per score unit 

Deep WM 

Fazekas score 

B=-0.0110     

[-0.0216,         

-0.0003] 

p=0.044 

B=-0.00282    

[-0.00621, 

0.00058] 

p=0.104 

B=-0.0102     

[-0.0194,         

-0.0009] 

p=0.031 

%BOLD/mmHg 

per score unit 

Total Fazekas 

score 

B=-0.00909   

[-0.01466,       

-0.00353] 

p=0.002 

B=-0.00245   

[-0.00423,       

-0.00067] 

p=0.007 

B=-0.00737   

[-0.01222,       

-0.00252] 

p=0.003 

%BOLD/mmHg 

per score unit 

Number of 

lacunes 

B=-0.00594   

[-0.00855,       

-0.00334] 

p<0.001 

B=-0.00125   

[-0.00211,       

-0.00040] 

p=0.004 

B=-0.00157    

[-0.00392, 

0.00077] 

p=0.187 

%BOLD/mmHg 

per lacune 

Number of 

microbleeds 

B=-0.00162    

[-0.00313,       

-0.00011] 

p=0.036 

B=-0.000835  

[-0.001305,     

-0.000366] 

p=0.001 

B=-0.00168   

[-0.00296,       

-0.00040] 

p=0.011 

%BOLD/mmHg 

per microbleed 

Deep atrophy 

score 

B=-0.00496    

[-0.01122, 

0.00130] 

p=0.120 

B=-0.00213   

[-0.00411,       

-0.00016] 

p=0.035 

B=-0.00469    

[-0.01004, 

0.00065] 

p=0.085 

%BOLD/mmHg 

per score unit 



Chapter 6. MSS3 cross-sectional analysis 

151 
  

Superficial 

atrophy score 

B=-0.00169   

[-0.00830, 

0.00492] 

p=0.615 

B=-0.000985  

[-0.003081, 

0.001112] 

p=0.355 

B=-0.00401   

[-0.00967, 

0.00164] 

p=0.163 

%BOLD/mmHg 

per score unit 

Total atrophy 

score 

B=-0.00200   

[-0.00548, 

0.00149] 

p=0.260 

B=-0.000929  

[-0.002030, 

0.000171] 

p=0.097 

B=-0.00255   

[-0.00551, 

0.00041] 

p=0.091 

%BOLD/mmHg 

per score unit 

Brain volume B=0.000734  

[-0.001655, 

0.003122] 

p=0.545 

B=0.000507  

[-0.000248, 

0.001263] 

p=0.187 

B=0.00113  

[-0.00093, 

0.00318] 

p=0.281 

%BOLD/mmHg 

per %ICV 

BG PVS score B=-0.0114     

[-0.0213,         

-0.0013] 

p=0.027 

B=-0.00338   

[-0.00657,       

-0.00019] 

p=0.038 

B=-0.00760   

[-0.01628, 

0.00108] 

p=0.086 

%BOLD/mmHg 

per score unit 

CSO PVS 

score 

B=-0.00181    

[-0.01106, 

0.00745] 

p=0.701 

B=-0.000804  

[-0.003741, 

0.002133] 

p=0.590 

B=-0.00852   

[-0.01651,       

-0.00053] 

p=0.037 

%BOLD/mmHg 

per score unit 

Total PVS 

score 

B=-0.00437    

[-0.01012, 

0.00137] 

p=0.135 

B=-0.00141    

[-0.00323, 

0.00042] 

p=0.130 

B=-0.00581    

[-0.01077,       

-0.00086] 

p=0.022 

%BOLD/mmHg 

per score unit 

BG PVS 

volume 

B=-0.00237   

[-0.00657, 

0.00183] 

p=0.267 

B=-0.000637  

[-0.001971, 

0.000696] 

p=0.347 

B=-0.00145   

[-0.00512, 

0.00222] 

p=0.435 

%BOLD/mmHg 

per %ROIV 

CSO PVS 

volume 

B=0.00255    

[-0.00105, 

0.00615] 

p=0.163 

B=0.000064   

[-0.001083, 

0.001211] 

p=0.912 

B=-0.00191    

[-0.00504, 

0.00121] 

p=0.229 

%BOLD/mmHg 

per %ROIV 

Total PVS 

volume 

B=0.00215    

[-0.00174, 

0.00605] 

p=0.276 

B=-0.000017  

[-0.001254, 

0.001220] 

p=0.978 

B=-0.00209   

[-0.00547, 

0.00129] 

p=0.224 

%BOLD/mmHg 

per %ROIV 
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SVD score B=-0.0150     

[-0.0211,         

-0.0090] 

p<0.001 

B=-0.00314     

[-0.00514,          

-0.00115] 

p=0.002 

B=-0.00554    

[-0.01106,       

-0.00002] 

p=0.049 

%BOLD/mmHg 

per score unit 

NIHSS B=-0.00412   

[-0.00994, 

0.00171] 

p=0.165 

B=-0.00125   

[-0.00310, 

0.00060] 

p=0.185 

B=-0.000202  

[-0.005188, 

0.004784] 

p=0.936 

%BOLD/mmHg 

per score unit 

mRS B=-0.00144   

[-0.01336, 

0.01048] 

p=0.812 

B=-0.00188   

[-0.00565, 

0.00190] 

p=0.327 

B=0.00171    

[-0.00863, 

0.01205] 

p=0.744 

%BOLD/mmHg 

per score unit 

MoCA B=0.00231 

[0.00001, 

0.00462] 

p=0.049 

B=0.000713   

[-0.000019, 

0.001444] 

p=0.056 

B=0.000783  

[-0.001209, 

0.002776] 

p=0.439 

%BOLD/mmHg 

per score unit 

 

6.3.2 WMH 

Lower CVR in all ROIs was associated with greater WMH volume (BWMH=-

0.0288 [-0.0453,-0. 0124] %/mmHg per ten-fold increase in %ICV; Table 6-2, 

Figure 6-2, Figure 6-3) and higher Fazekas score (BWMH=-0.00737 [-0.01222,-

0.00252] %/mmHg per total Fazekas score point increase; Table 6-2, Figure 

6-2). 

6.3.3 Lacunes and cerebral microbleeds 

Lower CVR in all ROIs was associated with more lacunes (BSGM=-0.00594 [-

0.00855,-0.00334] %/mmHg per lacune; Table 6-2, Figure 6-2, Figure 6-3). 

Lower CVR in all ROIs was associated with more microbleeds (BWMH=-0.00168 

[-0.00296,-0.00040] %/mmHg per microbleed; Table 6-2, Figure 6-2), though 

weakened after adjusting for WMH burden (Table A3-22). 

6.3.4 Brain atrophy 

There was a trend of association between lower CVR in all ROIs and higher 

deep and total atrophy scores (BWMH=-0.00255 [-0.00551,0.00041] %/mmHg 
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per total atrophy score point increase; Table 6-2, Figure 6-2, Figure 6-3). A 

similar trend was observed with brain volumes (Table 6-2, Figure 6-2). 

6.3.5 PVS 

Lower CVR in all ROIs was associated with higher PVS score in BG (BSGM=-

0.0114 [-0.0213,-0.0013] %/mmHg per PVS score point increase) and total 

PVS scores (BWMH=-0.00581 [-0.01077,-0.00086] %/mmHg per score PVS 

point increase; Table 6-2, Figure 6-2). However, only lower CVR in WMH was 

associated with higher CSO PVS score (BWMH=-0.00852 [-0.01651,-0.00053] 

%/mmHg per PVS score point increase; Table 6-2, Figure 6-2). There were no 

associations between CVR and PVS volumes (Table 6-2, Figure 6-2). 

6.3.6 SVD burden 

Lower CVR in all ROIs was associated with higher SVD score (BSGM=-0.0150 

[-0.0211,-0.0090] %/mmHg per SVD score point increase; Table 6-2, Figure 

6-2, Figure 6-3). 

6.3.7 NIHSS, mRS and cognition 

There was a negative tendency between CVR in SGM and NAWM with NIHSS 

(BSGM=-0.00412 [-0.00994,0.00171] %/mmHg per NIHSS score point 

increase), but not for WMH CVR (Table 6-2, Figure 6-2). There were no 

associations between CVR and mRS (Table 6-2, Figure 6-2). Lower CVR in 

SGM and NAWM was associated with lower MoCA score (BSGM=0.00231 

[0.00001,0.00462] %/mmHg per point MoCA score increase; Table 6-2, Figure 

6-2, Figure 6-3). Overall, those associations became weaker when further 

adjusting for WMH burden (Table A3-22). 

6.4 Discussion 

We investigated how CVR relates to a comprehensive set of SVD features and 

cognitive impairment. In this largest study of CVR in SVD to date, CVR was 

lower in patients with more severe SVD even in normal-appearing tissues, and 
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in association with different SVD features, although the strength of association 

varied across tissue and lesion types. Lower CVR in normal-appearing tissues 

was also associated with lower MoCA scores. These associations were 

independent of age, sex and VRFs, although they were weaker when further 

adjusting for WMH burden. As SVD-related tissue damage accumulates over 

time,32 regions with low CVR could be at risk of deteriorating. Indeed, a 

previous study (N=45) found that CVR in NAWM that progressed into WMH 

after one year was lower than in contralateral NAWM.76 Future studies should 

confirm this. 

The relationship between lower CVR and higher WMH burden is consistent 

between WMH volumes and visual scores. Such relationships have been 

found in previous studies in older subjects with WMH,76,210,364,365,368 patients 

with Alzheimer’s disease74 and SVD patients with mild stroke.72 However, the 

sample size of the current study is larger (N=182 versus N=10-75), thereby 

making the finding more robust. 

Lower CVR in SGM, NAWM and WMH was associated with more lacunes and 

microbleeds. Two previous studies also investigated these relationships, but 

found no associations between CVR and number of lacunes.72,357 Results for 

number of microbleeds were divided: one study found CVR impairment related 

to more microbleeds357 and the other found no associations.72 However, the 

two studies had much smaller sample sizes (N=49-53) and data were acquired 

at different field strengths (1.5 and 7T). Furthermore, other brain regions were 

considered for CVR computation: whole brain357 or whole WM region including 

WMH.72 

Higher visually assessed brain atrophy was associated with lower CVR in all 

ROIs. Relationships were similar but weaker when using brain volumes. A 

previous study72 did not find any association between CVR and atrophy, 

possibly due to smaller sample size (N=53). 

We found an association between lower CVR in all ROIs and higher PVS 

scores, though the association did not hold between CVR in normal-appearing 
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tissues and CSO PVS score. Different relationships with CVR were found 

when using PVS scores and volumes: whereas scores reflect only a count, 

volumes will also be influenced by PVS size. Moreover, scores could be limited 

by floor and ceiling effects.369 Previous studies have found that lower CVR72,370 

and higher vascular pulsatility75 are associated with enlarged PVS. Although 

currently under debate, lower CVR and higher vascular pulsatility could be 

linked to vascular stiffness, which itself could induce stagnation of interstitial 

fluid, thereby providing a link between the brain’s waste clearance and 

vascular systems.2,53  

There was also an association between CVR impairment in SGM, NAWM and 

WMH and higher SVD score in agreement with a previous study.72 Therefore, 

CVR could be a marker reflecting overall SVD severity and should be 

considered for future clinical studies of SVD.  

CVR impairment in normal-appearing tissues was associated with worse 

cognitive function, but not stroke outcome or severity, although the severities 

were very mild in this cohort. However, this did not hold when further adjusting 

for WMH burden, known to be negatively associated with cognitive function.371 

One study previously reported no associations between CVR and stroke 

severity or dependency, though its sample size was smaller.72 Previous 

studies on Alzheimer’s disease have found lower CVR compared to healthy 

volunteers, but did not report on the relationship between CVR and cognition 

directly.74,198 

This work has multiple strengths. A reproducible CVR experiment optimised 

for SVD research was used.114 Visual assessments of SVD features were 

systematic, comprehensive and conducted under the supervision of expert 

neuroradiologists, and statistical analyses were verified by an experienced 

statistician. Image analysis used pipelines designed and tested in 

cerebrovascular disease. Finally, this is the largest study to date to have 

assessed CVR impairment in SVD. 
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There are also some limitations. More males were recruited than females, 

reflecting male excess in small vessel stroke.28 The population had mild stroke, 

but patients with more severe stroke would not be able to tolerate long 

scanning sessions. Moreover, only MoCA was used to assess cognition 

whereas other metrics could be investigated, e.g. Trail making A and B test.372 

Another potential limitation is the fact that this is a cross-sectional analysis; 

therefore the relationships found are not necessarily causal. 

In conclusion, CVR impairment in WMH, NAWM and SGM was associated with 

SVD burden in patients with mild ischaemic stroke and SVD. The strength of 

association depended on the tissue in which CVR was measured and SVD 

feature type. Chapter 7 aims to understand how baseline CVR impairment 

relates to the longitudinal progression of SVD lesions. 
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7 Cerebrovascular reactivity in patients with small 

vessel disease: longitudinal analysis  

The content of this chapter is included in a manuscript currently in preparation 

for submission to a peer-reviewed journal and part of it was/will be presented 

at conferences (ESOC 2021, ISMRM 2023). 

7.1 Introduction 

As discussed in Chapter 5, the MSS3 study is a prospective longitudinal study 

designed to deepen our knowledge regarding the link between vascular 

dysfunction and SVD features and identify potential biomarkers of disease 

progression.341 As shown in Chapter 6 and previous studies, CVR impairment 

is associated with higher WMH burden,72,129,304,373 higher PVS scores,72 more 

microbleeds72,357 and more lacunes. However, how impaired CVR relates to 

the longitudinal evolution of SVD burden has not yet been extensively 

investigated. One study reported that NAWM tissues that progressed into 

WMH initially had reduced CVR magnitude and longer CVR delay than 

contralateral NAWM.210 

Therefore, the aim of this chapter was to assess baseline CVR in deep brain 

structures in relation to changes in SVD neuroimaging features after one year 

using the MSS3 data. We hypothesised that reduced CVR at baseline would 

be associated with an increase in SVD severity at one year follow-up. 

7.2 Methods 

The recruitment of participants and the data acquisition and data processing 

methods of the study have been described in Chapter 5. Here the statistical 

models used for the analyses presented in this chapter are described. 

Analyses were conducted using R (version 3.6.1; cran.r-project.org/) with the 

additional packages: tidyverse, ggplot2, insight, sjPlot and car. 
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Associations with CVR were modelled separately for each tissue. We used 

multivariable linear regressions for analyses related to quantitative 

neuroimaging features and multivariable ordinal logistic regressions for 

analyses related to visual scores. For all regressions, the feature/score of 

interest at one-year follow-up was defined as the outcome, whereas CVR and 

the feature/score of interest at baseline were independent variables. All 

models were adjusted for age, sex, MAP, smoking history (current or recent 

versus ex-smoker for more than one year versus never), hypertension 

diagnosis, diabetes diagnosis and hypercholesterolaemia diagnosis.  

For each model, model assumptions were checked (e.g. normality of residuals 

and heteroscedasticity), as well as the absence of collinearity between 

independent variables (defined by variable inflation factor < 2). To ensure 

normality of residuals, the WMH and PVS volumes were transformed using the 

logarithm to the base-10 function. 

Coefficients of the regressions and odds ratios (OR) were reported along with 

95% confidence intervals and p-values. 

As in Chapter 6, several sensitivity analyses were conducted (see Appendix 

A4.3): 1) adjusting for baseline WMH volume; 2) adjusting for EtCO2 baseline 

in all models; 3) excluding datasets where the mean or standard deviation of 

the framewise displacement during the BOLD-CVR scan were upper outliers 

of their respective distribution; 4) excluding datasets where the CVR scan was 

stopped before the end of the first CO2 block; 5) excluding CVR data where 

the masks in mean BOLD space had fewer than 10 voxels. 

7.3 Results 

7.3.1 Population characteristics 

As described in Chapter 5, 182/207 patients had useable baseline CVR data 

in SGM and NAWM while 175/207 patients had useable baseline CVR data in 

WMH. Of the 182 patients with useable baseline CVR, 163 completed their 
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one-year follow-up with MRI scans to assess the evolution of SVD 

neuroimaging features (median age at baseline: 68.0 years old, 68% male; 

Figure 7-1, Table 7-1). Due to missing sequences or poor quality T2W images, 

a few datasets were excluded from specific analyses (3/163 excluded from 

analysis with PVS volumes, 1/163 excluded from analysis with PVS scores, 

1/163 excluded from analysis with microbleeds, 2/163 excluded from analysis 

with SVD scores; Figure 7-1).  

After one year, the cohort had a median increase in WMH volume of 0.32 [-

0.48,1.78] ml with 60% of patients having new WMH at follow-up (Table 7-1). 

The median change in number of lacunes and microbleeds was of 0 [0,0] 

(Table 7-1); 8% and 10% of patients had new lacunes and microbleeds 

respectively, whereas 2 and 1% had less of them after one year. 83% 

participants had a lower brain volume at follow-up with a median cohort change 

of -0.97 [-1.60,-0.34] ml (Table 7-1). The median changes in BG, CSO and 

total PVS volume were of 0.24 [-0.34,0.95], 0.32 [-0.12,1.18], 0.36  [-0.12,1.15] 

%ROIV respectively (Table 7-1). 60%, 70% and 68% of patients had increased 

BG, CSO and total PVS volume after one year respectively. There were 

minimal changes in visual scores (Table 7-1). 

7.3.2 WMH 

Lower baseline CVR in normal-appearing tissues was associated with 

increasing WMH volume over one year (BNAWM=-1.14 [-2.13,-0.14] log10(%ICV) 

per %/mmHg; Table 7-2, Figure 7-2, Figure 7-3, Figure 7-4). A similar tendency 

was observed between lower WMH CVR and increased WMH volume after 

one year (BWMH=-0.251 [-0.635,0.133] log10(%ICV) per %/mmHg; Table 7-2, 

Figure 7-2, Figure 7-3, Figure 7-4). 

7.3.3 Lacunes and cerebral microbleeds 

There were no associations between baseline CVR and number of lacunes or 

microbleeds after one year (Table 7-2, Figure 7-2, Figure 7-3). This was still 

the case in the sensitivity analyses (see Appendix A4.3). 
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Figure 7-1: Flow diagram showing the dataset exclusion process for the 

longitudinal analysis. Blue squares contain number of datasets for analyses related 

to SGM and NAWM CVR, whereas yellow squares contain number of datasets for 

analyses related to WMH CVR. 

Table 7-1: Population characteristics of longitudinal analysis. Non-binary 

variables are reported as median [IQR] and binary and smoking variables as number 

(%). Baseline values and, where relevant, change after one year are reported for the 

various parameters. 

Variables Baseline 

values for 

CVR 

N Baseline 

values for 

CVR 

N Change 

after one 

year 
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analysis in 

SGM and 

NAWM 

analysis in 

WMH 

Age [years] 68.0  

[56.2, 74.4] 

163 68.1  

[56.3, 75.2] 

158 - 

Sex (male, 

female) 

111 (68), 

52 (32) 

163 106 (67), 

52 (33) 

158 - 

MAP [mmHg] 105       

[98, 115] 

163 105      

[98, 114] 

158 - 

Diabetes diagnosis 32 (20) 163 31 (20) 158 - 

Hypertension diagnosis 118 (72) 163 115 (73) 158 - 

Hypercholesterolaemia 

diagnosis 

118 (72) 163 114 (72) 158 - 

Smoker (current, 

ever, 

never) 

26 (16), 

63 (39), 

74 (45) 

163 25 (16), 

63 (40), 

70 (44) 

158 - 

Stroke type (lacunar, 

cortical) 

66 (40), 

97 (60) 

163 66 (42), 

92 (58) 

158 - 

WMH volume [ml] 8.04  

[3.90, 18.89] 

163 8.36  

[4.21, 19.13] 

158 0.32       

[-0.48,  

1.78] 

WMH volume [%ICV] 0.506  

[0.242, 

1.140] 

163 0.518  

[0.279, 

1.187] 

158 0.019       

[-0.029, 

0.117] 

Number of lacunes 1 [0, 3] 163 1 [0, 3] 158 0 [0, 0] 

Number of microbleeds 0 [0, 0] 162 0 [0, 0] 157 0 [0, 0] 

Total atrophy score 6 [4, 8] 163 6 [4, 8] 158 0 [0, 0] 

Brain volume [ml] 1089  

[1009, 1179] 

163 1081  

[1006, 1176] 

158 -15  

[-27, -5] 

Brain volume [%ICV] 67.6  

[64.5, 71.1] 

163 67.3  

[64.4, 71.0] 

158 -1.0  

[-1.6, -0.3] 

Total Fazekas score 3 [2, 4] 163 3 [2, 4] 158 0 [0, 0] 

Total PVS score 4 [3, 5] 162 4 [3, 5] 157 0 [0, 0] 

BG PVS volume [%ROIV] 4.89 

 [3.33, 6.07] 

155 4.93  

[3.34, 6.07] 

150 0.24        

 [-0.34, 

0.95] 

CSO PVS volume 

[%ROIV] 

3.31  

[2.18, 5.22] 

155 3.34  

[2.21, 5.23] 

150 0.32        

 [-0.12, 

1.18] 

Total PVS volume 

[%ROIV] 

3.66  

[2.47, 5.41] 

155 3.70  

[2.51, 5.41] 

150 0.36        

 [-0.12, 

1.15] 

SVD score 2 [1, 3] 161 2 [1, 3] 156 0 [0, 0] 

CVR in SGM [%/mmHg] 0.171 

[0.135, 

0.207] 

163 - - - 

CVR in NAWM [%/mmHg] 0.042 

[0.033, 

0.054] 

163 - - - 
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CVR in WMH [%/mmHg] - - 0.040 

[0.025, 

0.065] 

158 - 
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Table 7-2: Longitudinal analyses with quantitative SVD features. Each row 

represents a different statistical model where the SVD feature of interest after one 

year is given in the first column. The associated regression coefficient B, its 95% 

confidence interval and p-value are given in columns 2-4. The last column gives the 

units of B. All models were corrected for the SVD feature of interest at baseline, age, 

sex, MAP, diagnosis of diabetes, hypertension, and hypercholesterolaemia and 

smoking history. 

Variables after 

one year 

SGM CVR NAWM CVR WMH CVR Units of B 

WMH volume B=-0.325        

[-0.652, 0.002] 

p=0.052 

B=-1.14          

[-2.13, -0.14] 

p=0.026 

B=-0.251        

[-0.635, 0.133] 

p=0.199 

log10(%ICV) 

per %/mmHg 

Number of 

lacunes 

B=-0.809        

[-2.591, 0.974] 

p=0.371 

B=0.454         

[-4.852, 5.761] 

p=0.866 

B=-0.932        

[-2.929, 1.065] 

p=0.358 

lacunes per 

%mmHg 

Number of 

microbleeds 

B=-0.946        

[-5.121, 3.230] 

p=0.655 

B=-4.35          

[-17.48, 8.79] 

p=0.514 

B=-2.01          

[-7.85, 3.82] 

p=0.496 

microbleeds 

per %/mmHg 

Brain volume B=0.128  

[-5.028, 5.283] 

p=0.961 

B=9.85  

[-6.00, 25.70] 

p=0.221 

B=-0.241  

[-6.320, 5.839] 

p=0.938 

%ICV per 

%/mmHg 

BG PVS volume B=-0.446        

[-0.814, -0.078] 

p=0.018 

B=-2.12          

[-3.23, -1.01] 

p<0.001 

B=-0.607         

[-1.010, -0.203] 

p=0.003 

log10(%ROIV) 

per %/mmHg 

CSO PVS volume B=-0.143        

[-0.620, 0.334] 

p=0.554 

B=-1.93          

[-3.37, -0.48] 

p=0.009 

B=-0.163        

[-0.714, 0.388] 

p=0.560 

log10(%ROIV) 

per %/mmHg 

Total PVS volume B=-0.207        

[-0.637, 0.223] 

p=0.343 

B=-1.90          

[-3.21, -0.60] 

p=0.005 

B=-0.366        

[-0.858, 0.126] 

p=0.144 

log10(%ROIV) 

per %/mmHg 
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Figure 7-2: Standardised regression coefficients from longitudinal analysis 

between SVD quantitative features after one year (corrected for values at 

baseline) and baseline CVR in SGM (pink), NAWM (blue) and WMH (yellow). The 

dots represent the mean standardised coefficients and the horizontal lines the 

associated 95% confidence intervals. The vertical dashed line emphasises a zero-

valued coefficient. Coefficients to left of zero line indicate association with lower CVR. 
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Figure 7-3: Longitudinal relationships between baseline CVR and adjusted SVD 

quantitative features after one year. Each SVD feature was adjusted for the SVD 

feature at baseline, age, sex and vascular risk factors. The results are shown for CVR 

in SGM (pink), NAWM (blue) and WMH (yellow). The regression lines are shown in 

all plots. 

7.3.4 Brain volume 

There was no association between baseline CVR and evolution of brain 

volume after one year (Table 7-2, Figure 7-2, Figure 7-3). 
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Figure 7-4: One year change in WMH (1st column) and BG PVS volumes (2nd 

column) as a function of CVR quintile. CVR in SGM (1st row), NAWM (2nd row) and 

WMH (3rd row) were split into quintiles (Q1−Q5) and color-coded accordingly. The 

lines represent individual change in WMH or BG PVS volume from baseline to one-

year follow-up. The mean one-year change across individuals for each quintile is 

emphasised in bold. 

7.3.5 PVS volumes 

Lower baseline CVR in all ROIs was associated with increased PVS volume 

in BG after one year (BNAWM=-2.12 [-3.23,-1.01] log10(%ROIV) per %/mmHg; 

Table 7-2, Figure 7-2, Figure 7-3). Only lower baseline CVR in NAWM was 

associated with increased CSO (BNAWM=-1.93 [-3.37,-0.48] log10(%ROIV) per 

%/mmHg) and total PVS volume after one year (BNAWM=-1.90 [-3.21,-0.60] 

log10(%ROIV) per %/mmHg; Table 7-2, Figure 7-2). There was a tendency to 

lower baseline WMH CVR in patients with higher total PVS volume after one 

year (BWMH=-0.366 [-0.858,0.126] log10(%ROIV) per %/mmHg; Table 7-2, 

Figure 7-2). Those associations held after further adjusting for WMH burden at 

baseline (Table A4-9). 
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7.3.6 Visual scores 

The regression coefficients between baseline CVR and visual scores after one 

year are summarised in Table 7-3 for total Fazekas, total atrophy, total PVS 

and SVD scores. The 95% confidence intervals related to the regression 

coefficients are large (e.g., ORNAWM=15.8 [0.0, 5.1x1016]). Figure 7-5 shows 

that most total Fazekas scores were stable over one year (in agreement with 

Table 7-1) and that, for most datasets, the total Fazekas score was an “ideal” 

predictor for the total Fazekas scores after one year – also known as a quasi-

separation situation. While Figure 7-5 shows only total Fazekas scores, similar 

observations were made for all the visual scores. 

Table 7-3: Longitudinal analyses with SVD visual ratings. Each row represents 

a different statistical model where the SVD score of interest after one year is given in 

the first column. The associated odds ratio, 95% confidence interval and p-value are 

given in the other columns for SGM, NAWM and WMH respectively. All models were 

corrected for the SVD score of interest at baseline, age, sex, MAP, diagnosis of 

diabetes, hypertension, and hypercholesterolaemia and smoking history. 

Variables after one 

year 

SGM CVR NAWM CVR WMH CVR 

Total Fazekas 

score 

OR=0.00  

[0.00, 119.64] 

p=0.269 

OR=15.8  

[0.0, 5.1x1016]  

p=0.883 

OR=0.00  

[0.00, 1.80]  

p=0.060 

Total atrophy score OR=4.84  

[0.00, 2.86x104] 

p=0.718 

OR=0.00  

[0.00, 5.12x108]  

p=0.648 

OR=2.91  

[0.00, 1.83x105] 

p=0.845 

Total PVS score OR=0.19  

[0.00, 413.49] 

p=0.674 

OR=6.53x105  

[0.00, 9.64x1015]  

p=0.264 

OR=151  

[0, 5x106]  

p=0.332 

SVD score OR=88.9  

[0.0, 2.5x105] 

p=0.266 

OR=5.78x108  

[0.04, 8.65x1018] 

p=0.089 

OR=0.06  

[0.00, 2.4x103] 

p=0.598 
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Figure 7-5 : Change in total Fazekas scores after one year. (A) Change in total 

Fazekas scores after one year as a function of baseline CVR in SGM (pink), NAWM 

(green) and WMH (blue). (B) Total Fazekas scores after one year as a function of 

total Fazekas scores at baseline. 

7.4 Discussion 

This work investigated the relationships between baseline CVR impairment 

and evolution of SVD features after one year. Results showed that impaired 

CVR at baseline predicted increased WMH and PVS volumes after one year, 

although the latter depended on the tissue types from which CVR impairment 

and PVS volume were extracted. These associations were independent of 

age, sex and key VRFs. 

The progression of SVD features in this cohort was limited as it was measured 

over a period of one year only, although it was consistent with previous 

studies.32,374 
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More severe CVR impairment in all ROIs at baseline predicted increased WMH 

volume after one year. Although this has not been investigated previously, one 

study observed that CVR in NAWM that progressed into WMH after one year 

was lower than CVR in contralateral NAWM.210 This would support our finding 

that CVR impairment predicts WMH progression. 

There were no relationships between impaired baseline CVR and evolution of 

lacunes, microbleeds or brain volumes. This could reflect the early stages of 

the disease where disease progression is slow.32 Indeed, most patients did not 

have new lacunes or microbleeds after one year and had a median decrease 

in brain volume of only 1%. 

CVR impairment in all ROIs at baseline was associated with increased PVS 

volume in BG after one year. Baseline CVR impairment in NAWM could also 

predict one-year increase in CSO and total PVS volumes. As found in previous 

studies72,370 and the cross-sectional analysis in Chapter 6, there seems to be 

a link between vascular dysfunction and impairment of the drainage system in 

the brains of SVD patients, presumably mediated by other SVD features. This 

longitudinal analysis provided additional validation of this hypothesis and 

further suggested that CVR impairment predicts increased presence of 

interstitial fluid around the blood vessels. However, those findings need to be 

replicated in future research. 

This work showed that the evolution of visual ratings of SVD features over one 

year was minimal. This resulted in poor modelling of the relationships between 

baseline CVR impairment and SVD progression as quasi-separation in the 

models arose when predicting visual scores after one year using baseline 

visual scores. Therefore, the regression coefficient associated with baseline 

CVR could not be used and findings from visual ratings and quantitative 

features could not be compared. 

The analysis conducted in this chapter shared similar strengths to the cross-

sectional analysis reported in Chapter 6, namely: a reproducible CVR 

experiment optimised for SVD research,114,319 systematic and comprehensive 



Chapter 7. MSS3 longitudinal analysis 

170 
 

rating of SVD visual features, image analysis pipelines designed and tested in 

cerebrovascular disease. Moreover, at the time of writing this thesis, this 

cohort study was the first to investigate how CVR impairment relates to the 

evolution of SVD features. 

Aside from the limitations stated in Chapter 6, there were further limitations 

related to the longitudinal aspect of the study. CVR was only measured during 

the baseline and not the follow-up visit. Therefore, it was not possible to 

observe how CVR impairment changed over one year in parallel to the 

evolution of SVD features nor if SVD burden at baseline could predict further 

CVR impairment. Furthermore, only one time point was used to inform on the 

evolution of SVD features. However, patients had additional visits between 

baseline and one-year follow-up where scanning sessions took place, as 

described in Chapter 5. Those time points could also have been used in this 

longitudinal analysis; though the number of visits was patient-dependent and 

the use of more complex models would be required (e.g., linear mixed models). 

Finally, the evolution of SVD features was limited to one year. As shown in this 

work, the changes in SVD features over this period were relatively small, 

especially when considering SVD visual ratings. Fortunately, at the time of 

writing this thesis, the MSS3 study was still on-going. Approvals were obtained 

to carry out an in-person third-year follow-up visit, which has been added to 

the initial study design. Those additional datasets will be useful to investigate 

longitudinal relationships over longer periods of time and understand if CVR 

reduction precedes or predicts SVD progression. 

In conclusion, CVR impairment at baseline predicted an increase in WMH 

volume and PVS volume after one year in SVD patients with mild ischaemic 

stroke. Future research is needed to understand if these findings still hold 

when considering SVD progression over longer periods. 
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8 Discussion and conclusion 

There is a growing interest in developing in vivo techniques to assess vascular 

properties in cerebrovascular diseases. Measuring CVR using MRI is a way to 

assess the health of cerebral blood vessels by probing their ability to dilate in 

response to a vasodilatory stimulus. It has been used in numerous studies, 

however, further validation and harmonisation of the technique is needed. This 

thesis aimed to investigate the accuracy and repeatability of the technique and 

apply it in clinical research to study the role of CVR impairment in SVD. This 

chapter is divided into two main parts: CVR MRI methodology and CVR 

measurements in SVD patients. In both parts, the main findings are 

summarised, followed by discussions on the contributions that this work makes 

to the CVR MRI and clinical SVD fields respectively. The limitations of the 

thesis are also reviewed and future directions of research are proposed. 

8.1 CVR MRI methodology 

8.1.1 Summary of findings 

A systematic review of the CVR MRI experiment in humans was carried out in 

Chapter 2 and revealed the progress of the technique towards clinical 

translation. The experiment showed good repeatability and was validated 

against other imaging modalities such as TCD, SPECT, PET, though this was 

mostly confined to small healthy populations. CVR MRI was also used in 

pathologies to detect CVR impairment and to detect disease progression or 

response to intervention/treatment, showing the biological validity of the 

technique. However, the review revealed a variety of methodologies across 

the literature. Despite emerging consensus in the use of the BOLD MRI 

technique to measure CVR, the accompanying vasodilatory stimulus was more 

variable with the most common stimuli being fixed inhaled CO2 and EtCO2 

targeting. Furthermore, most studies did not justify the use of a specific 

processing method (e.g. ROI- versus voxel-based analysis, correction for CVR 
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delay, use of specific HRF) and comparisons between methods are lacking. 

There is also a need for open-source softwares to promote reproducibility and 

harmonisation. 

In Chapter 3, the reliability of ROI- against voxel-based processing method 

was investigated using simulations and a test-retest experiment in healthy 

volunteers. Simulations showed that voxel-based analysis was accurate and 

precise in experiments where the noise level is low, but showed a delay 

constraint dependency as the noise level increased. Dependent on the noise 

level in real data, tissues such as NAWM are prone to this bias, which was 

verified in the data acquired in the study. Alternatively, ROI-based analysis 

could be used as it was robust against noise and gave estimates of CVR 

magnitude with similar precision, though CVR magnitude was consistently 

underestimated with respect to the ground-truth mean due to signal averaging 

over voxels with a distribution of CVR delays. Using a fixed delay resulted in 

comparable estimates of CVR magnitude between methods, but estimation 

errors increased with respect to using variable CVR delay in NAWM. The test-

retest experiment showed that the repeatability for both processing methods 

was similar. However, the EtCO2 change induced by the fixed inhaled CO2 

concentration stimulus differed slightly between the two scans, which could 

have come from a habituation effect of the gas challenge from the participants, 

thereby resulting in a small bias in CVR estimates.  

Chapter 4 detailed a feasibility study to extract cerebral pulsatility from BOLD-

CVR data. The processing method was optimised and showed low to 

moderate strength of associations with pulsatility measurements from PC MRI. 

To an extent, the technique allowed extraction of cerebral pulsatility from 

BOLD-CVR in brain regions further downstream in both healthy volunteers and 

patients with SVD. However, further optimisation and validation mentioned in 

the related chapter could increase the correlation with pulsatility 

measurements from PC MRI, thereby improving the technique for future 

clinical uses.   
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8.1.2 Contributions to the CVR MRI field 

While previous reviews have focused on the numerous types of stimulus,84,122 

CVR MRI experiments with breath-hold challenge,86,121 CVR data and 

interpretation123 or common aspects of CVR methodology,83 this systematic 

review is the first to give a detailed description of the CVR MRI experiments 

used in the literature.101 One of its main contributions to the field is that it 

identifies areas of consensus in the methodology and highlights different 

aspects that still need to be validated and/or harmonised. For example, the 

review revealed the need for better reporting CVR studies and differing data 

processing and delay correction methods. 

Findings from Chapter 3 imply that the use of fixed CVR delay results in poor 

accuracy of CVR magnitude and a variable CVR delay bounded to realistic 

values should be favoured instead. The choice of voxel- versus ROI-based 

analyses should consider the noise level in tissues where CVR is being 

investigated and ROI-based analysis should be used in case of high noise 

levels. This is especially relevant for SVD research where deep brain 

structures and WMH, which have with lower tCNR, are of interest.72,114,304 

The within-day test-retest repeatability experiment with fixed inhaled CO2 

stimulus conducted in Chapter 3 showed that the experiment is repeatable and 

well-tolerated and the inter-scan coefficients of variation were similar to those 

reported in other studies,114,263,271 validating its use in clinical research. 

Familiarising participants with gas challenge prior to CVR scans is necessary 

to avoid anxiety and mitigate habituation effects, which is especially relevant 

for longitudinal studies. As suggested in the associated chapter, an indication 

of the extent of those effects can be provided by measuring and reporting 

physiological parameters such as blood pressure, heart and respiration rates. 

Lastly, the extraction of cerebral pulsatility in various brain tissues from CVR 

data was tested in Chapter 4 and promising pulsatile waveforms were 

obtained. Though the technique is still premature, it is of interest in the 

community129,334 as it would have multiple benefits, e.g. reducing scan time, 
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measuring cerebral pulsatility in tissues further away from large blood vessels. 

Furthermore, measuring cerebral pulsatility under hypercapnia could give 

complementary information about vascular health.  

8.1.3 Limitations 

The systematic review in Chapter 2 was restricted to human studies, thereby 

excluding any pre-clinical work.101 Although processing methods are similar 

between the two fields of research,294 preclinical studies contribute to the 

biological validation of the CVR MRI experiment, which is consequently under-

represented in the review. 

One limitation of the comparison of CVR data processing strategies in Chapter 

3 is that the work did not investigate the use of various HRFs in the model of 

the BOLD signal,91,100 although the accuracy and precision of estimating CVR 

parameters when including such functions in the processing strategy could be 

affected by noise. Another limitation is that some pre-processing steps were 

not included in the analysis, though methods like spatial smoothing could affect 

CVR estimates. 

The design of the test-retest study in Chapter 3 did not allow for the duration 

of the habituation effect to be investigated and further work is needed to 

understand whether it is a short- or long-term effect. Another limitation that 

should be mentioned concerning the use of a gas challenge as a vasoactive 

stimulus is the assumption that the associated MRI response is linear. 

Previous studies using an EtCO2 targeting stimulus with ramp paradigm 

explored the MRI response to multiple EtCO2 values and described the 

response shape as sigmoidal94,268 - with horizontal asymptotes at low and high 

EtCO2 levels and a linear range of response in-between. This finding implies 

that using an EtCO2 change overlapping with the nonlinear part of the MRI 

response could result in the assumption being incorrect. This is a limitation 

generalisable to any breathing challenges where the linear range of the 

response to the stimulus is unknown, with the latter potentially varying across 

cohorts and individuals. 
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8.2 Cerebrovascular reactivity in patients with small vessel 

disease 

8.2.1 Summary of findings 

Chapter 5 gave an overview of the MSS3 study, a prospective clinical study of 

SVD patients with mild ischaemic stroke. CVR data collected in this study were 

analysed in Chapters 6 and 7. Chapter 6 investigated cross-sectional 

relationships between CVR and SVD neuroimaging features, cognition, stroke 

severity and outcome. Results showed that SVD patients with lower CVR in 

normal-appearing and damaged tissues had higher WMH burden, more 

lacunes, more microbleeds, higher atrophy and PVS scores and cognition 

deficit. There was also an association between lower CVR in normal-appearing 

and damaged tissues and higher SVD score implying that lower CVR could be 

a marker of overall SVD severity and could precede visible tissue damage. 

Chapter 7 focused on longitudinal relationships between CVR and SVD 

features. SVD patients with lower baseline CVR had increased WMH and PVS 

volumes after one year implying that lower CVR can predict worsening of those 

SVD features. 

8.2.2 Contributions to the SVD clinical field 

According to previous studies in humans and pre-clinical models, BBB 

dysfunction could be a mechanism responsible for SVD.2,45,55,58–61,63–69 This 

would affect vascular properties, such as CVR, BBB permeability and cerebral 

pulsatility.2 To advance knowledge on SVD pathogenesis, the MSS3 study 

aimed to explore the role of vascular dysfunction in relation to visible tissue 

damage and other medical assessments such as cognitive function.341  

Currently, this is the largest study to report on CVR measurements in different 

deep brain structures in a cohort of SVD patients. Whereas other studies 

focused on WMH burden,76,210,365 this study benefited from detailed 

radiological MRI assessments in addition to visually rated WMHs, e.g. lacunes, 

microbleeds, atrophy, PVS,31 which were also investigated as a function of 
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CVR impairment. Moreover, this is one of the few and the largest study to 

analyse relationships between CVR and computational measurements of SVD 

neuroimaging features such as WMH and PVS volumes.362,363,375 Those 

computational measurements can: 

- detect small changes in SVD features, which are not perceived when 

using categorical variables such as visual scores, e.g. longitudinal 

analyses in Chapter 7 were only possible with computational 

measurements, but not with visual ratings which had limited evolution 

over one year 

- confirm associations found with visual ratings, e.g. similar cross-

sectional associations found between CVR, WMH volumes and 

Fazekas scores 

- give additional information on the relationships with the features of 

interest, e.g. the difference between PVS scores and volumes was 

reflected in cross-sectional relationships with CVR, where higher PVS 

scores were associated with lower CVR, but no associations were found 

between CVR and PVS volumes. 

The MSS3 confirmed cross-sectional associations between impaired CVR and 

higher WMH burden previously found.72,76,210,364,365,368 Moreover, the study 

revealed further associations between impaired CVR, increased presence of 

other SVD neuroimaging features, higher SVD score and lower cognitive 

function. Future directions would include comparing CVR impairment in 

relation to other vascular damages such as BBB permeability, increased 

cerebral pulsatility or markers of endothelial dysfunction. 

The MSS3 was the first study to investigate relationships between baseline 

CVR and evolution of SVD features over one year. As suggested by a previous 

study,210 CVR impairment predicted progression of WMH burden. Moreover, 

CVR impairment predicted increased PVS volumes after one year - a new 

finding that needs to be confirmed by future studies. Future work could also 
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measure CVR longitudinally and investigate whether baseline SVD burden can 

predict deterioration of CVR. 

Overall, findings from the study suggest that CVR is associated with SVD 

severity and can predict worsening of several SVD features. This emphasises 

the importance of including CVR measurements in future SVD studies376 and 

trials.377 

8.2.3 Limitations 

When investigating CVR in relation to cognition in patients with SVD, the MoCA 

score was used as an indicator of cognitive function. However, there exist other 

tests that could also be considered to confirm the findings, such as Trail 

making A and B test372 or the informant questionnaire on cognitive decline in 

the elderly.378 Moreover, due to the study design at the time of writing this 

thesis, longitudinal analyses were restricted to the comparison of baseline 

CVR and other evolving SVD features. As this work showed that baseline CVR 

impairment could predict the progression of certain features such as WMH and 

PVS volumes, future studies should investigate whether CVR reduction 

precedes or predicts SVD progression. 

8.3 Conclusion 

As a final conclusion, this thesis demonstrated that it is possible to measure 

CVR in the deep brain structures of healthy volunteers and SVD patients using 

MRI. This does, however, require optimisation of processing strategy in order 

to provide CVR estimates that are robust against noise and comparable across 

studies. The technique was applied in an SVD population as part of a large 

observational study. Findings showed that CVR impairment was related to 

SVD severity and predicted progression of several SVD features after one 

year. 
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Appendix 

A1 Supplementary material of Chapter 2 

Below are the full details of the search strategy for the systematic review: 

1. magnetic resonance/ or MR.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, px, rx, ui, 

sy, tn, dm, mf, dv, kw, dq] 

2. Blood*oxygen*level*dependent/ or BOLD.mp. [mp=ti, ab, ot, nm, hw, fx, kf, 

ox, px, rx, ui, sy, tn, dm, mf, dv, kw, dq] 

3. susceptibility weight*/ or T2.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, px, rx, ui, 

sy, tn, dm, mf, dv, kw, dq] 

4. diffusion imaging/ or perfusion imaging.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, 

px, rx, ui, sy, tn, dm, mf, dv, kw, dq] 

5. ASL/ or arterial spin labelling.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, px, rx, ui, 

sy, tn, dm, mf, dv, kw, dq] 

6. phase-contrast MRI.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, px, rx, ui, sy, tn, 

dm, mf, dv, kw, dq] 

7. dual-echo imaging/ or dual-echo MRI.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, 

px, rx, ui, sy, tn, dm, mf, dv, kw, dq] 

8. functional magnetic resonance/ or fMRI.mp. [mp=ti, ab, ot, nm, hw, fx, kf, 

ox, px, rx, ui, sy, tn, dm, mf, dv, kw, dq] 

9. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 

10. cerebrovascular reactivity/ or CVR.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, 

px, rx, ui, sy, tn, dm, mf, dv, kw, dq] 

11. cerebrovascular capacity/ or CVC.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, px, 

rx, ui, sy, tn, dm, mf, dv, kw, dq] 
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12. vasodilation/ or vasoconstriction.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, px, 

rx, ui, sy, tn, dm, mf, dv, kw, dq] 

13. vascular resistance/ or cerebrovascular reserve.mp. [mp=ti, ab, ot, nm, hw, 

fx, kf, ox, px, rx, ui, sy, tn, dm, mf, dv, kw, dq] 

14. 10 or 11 or 12 or 13 

15. carbon dioxide/ or CO2/ or carbogen.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, 

px, rx, ui, sy, tn, dm, mf, dv, kw, dq] 

16. hypercapnia/ or hypercapnic.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, px, rx, 

ui, sy, tn, dm, mf, dv, kw, dq] 

17. hyperoxia/ or hypoxia.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, px, rx, ui, sy, 

tn, dm, mf, dv, kw, dq] 

18. breath-hold*/ or breath hold*/ or BH.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, 

px, rx, ui, sy, tn, dm, mf, dv, kw, dq] 

19. hyperventilation.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, px, rx, ui, sy, tn, dm, 

mf, dv, kw, dq] 

20. respiract.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, px, rx, ui, sy, tn, dm, mf, dv, 

kw, dq] 

21. end-tidal CO2/ or end-tidal carbon dioxide.mp. [mp=ti, ab, ot, nm, hw, fx, 

kf, ox, px, rx, ui, sy, tn, dm, mf, dv, kw, dq] 

22. end-tidal O2/ or end-tidal oxygen.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, px, 

rx, ui, sy, tn, dm, mf, dv, kw, dq] 

23. resting state/ or resting-state.mp. [mp=ti, ab, ot, nm, hw, fx, kf, ox, px, rx, 

ui, sy, tn, dm, mf, dv, kw, dq] 

24. acetazolamide.mp 

25. 15 or 16 or 17 or 18 or 19 or 20 or 21 or 22 or 23 or 24 

26. 9 and 14 and 25 
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27. limit 26 to human 

28. remove duplicates from 27 

A2 Supplementary material of Chapter 3 

A2.1 CVR magnitudes and delays used for simulations 

The mean and standard deviation of CVR magnitudes and delays used in the 

simulations were extracted from the healthy volunteer data acquired for this 

study. For each participant, only one of the two scans was used and was 

chosen visually as the one with highest quality. The CVR and delay maps were 

then registered to the MNI template and averaged across participants. From 

the averaged maps, we extracted the distributions of CVR magnitudes and 

delays in NAWM (Figure A2-1), SGM and CGM using the MATLAB ‘fitdist’ 

function with a kernel distribution, excluding negative delays. We then 

generated ground-truth CVR magnitude and delay values for each simulated 

voxel by sampling the probability density functions; the true mean, median and 

standard deviation were calculated from the ground-truth data.
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A2.2 Supplementary Figures 

 

 

Figure A2-1: Distributions of CVR magnitudes (1st column) and delays (2nd 

column) in CGM (A, B), CGM (C, D) and NAWM (E, F) in the cohort-averaged 

parameter map. The orange curve represents the extracted distribution. 
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Figure A2-2: Comparison of CVR magnitudes between scans using Bland-

Altman plots in subcortical GM (a, b), cortical GM (c, d), GM (e, f) and NAWM (g, 

h). CVR magnitudes were computed with the ROI-based (first column) and voxel-

based analysis (second column). The dashed lines represent the mean inter-scan 

differences and the limits of agreement. 
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Figure A2-3: Comparison of CVR delays between scans using Bland-Altman 

statistics in subcortical GM (a, b), cortical GM (c, d), GM (e, f) and NAWM (g, h). 

CVR delays were computed with the ROI-based (first column) and voxel-based 

analysis (second column). The dashed lines represent the mean inter-scan 

differences and the limits of agreement. 
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Figure A2-4: Difference in CVR magnitude and in physiological parameters 

between scans. Difference in CVR magnitude in GM and NAWM versus (a) the 

difference in EtCO2 baseline, (b) the difference in EtCO2 baseline, (c) the difference 

in heart rate. (d) Difference in EtCO2 change versus the difference in heart rate. 
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A2.3 Supplementary table 

Table A2-1: Mean and standard deviation across subjects of CVR magnitudes 

and delays in SGM, CGM, GM and NAWM computed for each delay constraint 

and each scan with ROI- and voxel-based processing. Mean and standard 

deviation of the inter-constraint differences are reported, with 95% confidence 

intervals for the mean given in square brackets. 

  ROI Scan 
number 

Delay constraint 
1: 

-31 to 93 s 

(centre: 31 s) 

Delay constraint 
2: 

-31 to 124 s 

(centre: 46.5 s) 

Inter-constraint 
difference  

(constraint 2 − 
constraint 1) 

Analysis 
type 

  
Voxel ROI Voxel ROI Voxel ROI 

CVR 
magnitude 
[%/mmHg] 

SGM 1 0.26 ± 
0.04 

0.25 ± 
0.04 

0.26 ± 
0.03 

0.25 ± 
0.04 

-0.008 
± 0.015 

[-0.017, 
0.001] 

-0.006 
± 0.023 

[-0.019, 
0.007] 

2 0.25 ± 
0.03 

0.24 ± 
0.03 

0.25 ± 
0.03 

0.24 ± 
0.03 

-0.003 
± 0.003 

[-0.005, 
-0.002] 

- 

CGM 1 0.29 ± 
0.08 

0.26 ± 
0.05 

0.27 ± 
0.09 

0.25 ± 
0.06 

-0.020 
± 0.026 

[-0.034, 
-0.005] 

-0.007 
± 0.026 

[-0.022, 
0.008] 

2 0.27 ± 
0.09 

0.25 ± 
0.05 

0.26 ± 
0.10 

0.25 ± 
0.05 

-0.011 
± 0.013 

[-0.018, 
-0.004] 

- 

GM 1 0.27 ± 
0.04 

0.25 ± 
0.03 

0.26 ± 
0.05 

0.25 ± 
0.04 

-0.015 
± 0.021 

[-0.027, 
-0.003] 

-0.007 
± 0.025 

[-0.021, 
0.008] 

2 0.26 ± 
0.05 

0.24 ± 
0.03 

0.25 ± 
0.05 

0.24 ± 
0.03 

-0.007 
± 0.008 

[-0.012, 
-0.003] 

- 
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NAWM 1 0.08 ± 
0.01 

0.07 ± 
0.01 

0.08 ± 
0.01 

0.06 ± 
0.01 

-0.001 
± 0.013  

[-0.009, 
0.006] 

-0.002 
± 0.008 

[-0.006, 
0.002] 

2 0.07 ± 
0.02 

0.06 ± 
0.01 

0.07 ± 
0.01 

0.06 ± 
0.01 

0.002 ± 
0.003 

[-0.000, 
0.004] 

- 

CVR delay 
[s] 

SGM 1 8.8 ± 
4.8 

3.9 ± 
2.6 

11.8 ± 
6.9 

3.9 ± 
2.6 

3.0 ± 
2.6 

[1.5, 
4.5] 

- 

2 6.9 ± 
3.2 

3.2 ± 
2.4 

9.2 ± 
4.0 

3.2 ± 
2.4 

2.3 ± 
1.2 

[1.6, 
3.1] 

- 

CGM 1 14.9 ± 
5.3 

5.4 ± 
2.6 

19.8 ± 
6.7 

5.4 ± 
2.6 

4.9 ± 
2.4 

[3.5, 
6.3] 

- 

2 12.7 ± 
3.4 

5.5 ± 
3.3 

18.2 ± 
6.0 

5.5 ± 
3.3 

5.6 ± 
3.3 

[3.6, 
7.5] 

- 

GM 1 12.2 ± 
4.8 

4.8 ± 
2.7 

16.4 ± 
6.1 

4.8 ± 
2.7 

4.2 ± 
1.9 

[3.1, 
5.2] 

- 

2 10.1 ± 
3.3 

4.5 ± 
3.2 

14.2 ± 
5.1 

4.5 ± 
3.2 

4.1 ± 
2.3 

[2.7, 
5.4] 

- 

NAWM 1 34.0 ± 
4.6 

30.1 ± 
11.4 

41.7 ± 
5.1 

29.5  
± 12.5 

7.7 ± 
1.9 

[6.6, 
8.8] 

-0.6 ± 
2.1 

[-1.8, 
0.7] 

2 31.2 ± 
3.2 

30.2 ± 
7.4 

39.3 ± 
3.9 

30.2 ± 
7.4 

8.1 ± 
1.5 

[7.2, 
9.0] 

- 
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A3 Supplementary material of Chapter 6 

A3.1 Univariate analyses 

Table A3-1: Regression coefficients from univariate cross-sectional analysis. 

Each row represents a different statistical model where the SVD predictor of interest 

is given in the first column. The associated regression coefficient B, its 95% 

confidence interval and p-value are given in columns 2-4. The last column gives the 

units of B. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

WMH volume B=-0.0323 

[-0.0474, 

-0.0172] 

p<0.001 

B=-0.00733 

[-0.01212, 

-0.00254] 

p=0.003 

B=-0.0241 

[-0.0372, 

-0.0110] 

p<0.001 

%/mmHg per 

log10(%ICV) 

Periventricular 

Fazekas score 

B=-0.0222  

[-0.0307,  

-0.0138] 

p<0.001 

B=-0.00522 

[-0.00792,  

-0.00251] 

p<0.001 

B=-0.0131  

[-0.0203,  

-0.0058] 

p<0.001 

%/mmHg per 

score point 

Deep white matter 

Fazekas score 

B=-0.0162  

[-0.0255,  

-0.0069] 

p=0.001 

B=-0.00354 

[-0.00647,  

-0.00062] 

p=0.018 

B=-0.0104  

[-0.0182,  

-0.0026] 

p=0.009 

%/mmHg per 

score point 

Total Fazekas score B=-0.0108  

[-0.0154,  

-0.0061] 

p<0.001 

B=-0.00246 

[-0.00394,  

-0.00098] 

p=0.001 

B=-0.00658 

[-0.01053,  

-0.00262] 

p=0.001 

%/mmHg per 

score point 

Number of lacunes B=-0.00564 

[-0.00813,  

-0.00315] 

p<0.001 

B=-0.00112 

[-0.00192,  

-0.00033] 

p=0.006 

B=-0.00148 

[-0.00363, 

0.00068] 

p=0.179 

%/mmHg per 

lacune 

Number of 

microbleeds 

B=-0.00122 

[-0.00270, 

0.00027] 

p=0.108 

B=-0.000666 

[-0.001119,  

-0.000213] 

p=0.004 

B=-0.00133 

[-0.00255,  

-0.00012] 

p=0.032 

%/mmHg per 

microbleed 

Deep atrophy score B=-0.00624 

[-0.01164,  

-0.00085] 

p=0.024 

B=-0.00202 

[-0.00369,  

-0.00035] 

p=0.018 

B=-0.00470 

[-0.00920,  

-0.00020] 

p=0.041 

%/mmHg per 

score point 

Superficial atrophy 

score 

B=-0.00483 

[-0.01031, 

0.00065] 

p=0.084 

B=-0.00134 

[-0.00304, 

0.00036] 

p=0.122 

B=-0.00429 

[-0.00884, 

0.00027] 

p=0.065 

%/mmHg per 

score point 

Total atrophy score B=-0.00310 

[-0.00597,  

B=-0.00094 

[-0.00183,  

B=-0.00251 

[-0.00490,  

%/mmHg per 

score point 
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-0.00023] 

p=0.035 

-0.00005] 

p=0.039 

-0.00012] 

p=0.040 

Brain volume B=0.00185 

[0.00019, 

0.00351] 

p=0.029 

B=0.000523 

[0.000007, 

0.001038] 

p=0.047 

B=0.00119  

[-0.00021, 

0.00259] 

p=0.094 

%/mmHg per 

%ICV 

BG PVS score B=-0.01303 

[-0.02213,  

-0.00393] 

p=0.005 

B=-0.00337 

[-0.00621,  

-0.00054] 

p=0.020 

B=-0.00738 

[-0.01509, 

0.00032] 

p=0.060 

%/mmHg per 

score point 

CSO PVS score B=-0.00580 

[-0.01425, 

0.00264] 

p=0.177 

B=-0.00151 

[-0.00413, 

0.00111] 

p=0.256 

B=-0.00820 

[-0.01529,  

-0.00111] 

p=0.024 

%/mmHg per 

score point 

Total PVS score B=-0.00604 

[-0.01108,  

-0.00101] 

p=0.019 

B=-0.00157 

[-0.00314, 

-0.00000] 

p=0.050 

B=-0.00526 

[-0.00952,  

-0.00100] 

p=0.016 

%/mmHg per 

score point 

BG PVS volume B=-0.00410 

[-0.00750,  

-0.00071] 

p=0.018 

B=-0.000834 

[-0.001889, 

0.000222] 

p=0.121 

B=-0.00178 

[-0.00463, 

0.00106] 

p=0.218 

%/mmHg per 

%ROIV 

CSO PVS volume B=-0.000639 

[-0.003846, 

0.002569] 

p=0.695 

B=-0.000410 

[-0.001396, 

0.000576] 

p=0.413 

B=-0.00227 

[-0.00490, 

0.00036] 

p=0.090 

%/mmHg per 

%ROIV 

Total PVS volume B=-0.00125 

[-0.00461, 

0.00212] 

p=0.466 

B=-0.000503 

[-0.001538, 

0.000532] 

p=0.339 

B=-0.00239 

[-0.00516, 

0.00037] 

p=0.090 

%/mmHg per 

%ROIV 

SVD score B=-0.0156  

[-0.0209,  

-0.0103] 

p<0.001 

B=-0.00312 

[-0.00485,  

-0.00139] 

p<0.001 

B=-0.00551 

[-0.01025,  

-0.00076] 

p=0.023 

%/mmHg per 

score point 

NIHSS B=-0.00577 

[-0.01139,  

-0.00016] 

p=0.044 

B=-0.00145 

[-0.00320, 

0.00029] 

p=0.102 

B=-0.000675 

[-0.005355, 

0.004004] 

p=0.776 

%/mmHg per 

score point 

mRS B=-0.00446 

[-0.01600, 

0.00708] 

p=0.447 

B=-0.00232 

[-0.00589, 

0.00124] 

p=0.200 

B=0.000040 

[-0.009663, 

0.009743] 

p=0.994 

%/mmHg per 

score point 

MoCA B=0.00325 

[0.00108, 

0.00541] 

p=0.003 

B=0.000821 

[0.000147, 

0.001496] 

p=0.017 

B=0.00111  

[-0.00070, 

0.00292] 

p=0.226 

%/mmHg per 

score point 
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A3.2 Adjusted analyses 

Table A3-2: Cross-sectional linear regression between CVR and WMH volume, 

adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain the 

regression coefficients, 95% confidence intervals and p-values. The last column gives 

the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

WMH volume B=-0.0256 
[-0.0443, 
-0.0068] 
p=0.008 

B=-0.00705 
[-0.01302, 
-0.00108] 
p=0.021 

B=-0.0288 
[-0.0453, 
-0.0124] 
p=0.001 

%/mmHg per 
log10(%ICV) 

Age B=-0.000533  
[-0.001325, 
0.000258] 
p=0.185 

B=-0.000083  
[-0.000335, 
0.000170] 
p=0.519 

B=0.000077  
[-0.000614, 
0.000769] 
p=0.825 

%/mmHg per 
year 

Sex [Male] B=0.0104 
[-0.0062, 
0.0270] 
p=0.218 

B=0.00218 
[-0.00311, 
0.00748] 
p=0.417 

B=0.000601  
[-0.013438, 
0.014641] 
p=0.933 

%/mmHg 

MAP B=-0.000055  
[-0.000657, 
0.000547] 
p=0.857 

B=-0.000027  
[-0.000219, 
0.000165] 
p=0.782 

B=0.000173  
[-0.000343, 
0.000690] 
p=0.509 

%/mmHg per 
mmHg 

Diabetes B=-0.00191  
[-0.02143, 
0.01761] 
p=0.847 

B=-0.00167  
[-0.00790, 
0.00456] 
p=0.598 

B=-0.00205  
[-0.01874, 
0.01464] 
p=0.809 

%/mmHg 

Smoker [Ever] B=-0.0116 
[-0.0282, 
0.0049] 
p=0.168 

B=-0.00193  
[-0.00722, 
0.00335] 
p=0.471 

B=-0.00272  
[-0.01681, 
0.01136] 
p=0.703 

%/mmHg 

Smoker [Current] B=-0.0195 
[-0.0420, 
0.0030] 
p=0.088 

B=-0.00349  
[-0.01067, 
0.00368] 
p=0.338 

B=-0.00259  
[-0.02179, 
0.01661] 
p=0.790 

%/mmHg 

Hypertension B=0.00869 
[-0.00936, 
0.02673] 
p=0.343 

B=0.00466 
[-0.00110, 
0.01042] 
p=0.112 

B=0.0128 
[-0.0028, 
0.0284] 
p=0.107 

%/mmHg 

Hypercholesterolaemia B=0.00255 
[-0.01455, 
0.01965] 
p=0.769 

B=0.00166  
[-0.00380, 
0.00712] 
p=0.549 

B=-0.000728  
[-0.015344, 
0.013888] 
p=0.922 

%/mmHg 
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Table A3-3: Cross-sectional linear regression between CVR and periventricular 

Fazekas score, adjusted for age, sex and vascular risk factors. Columns 2 to 4 

contain the regression coefficients, 95% confidence intervals and p-values. The last 

column gives the units of the regression coefficient.  

Variables SGM CVR NAWM CVR WMH CVR Units of B 

Periventricular 

Fazekas score 

B=-0.0203 

[-0.0304, 

-0.0102] 

p<0.001 

B=-0.00561 

[-0.00885, 

-0.00237] 

p=0.001 

B=-0.0151 

[-0.0240, 

-0.0063] 

p=0.001 

%/mmHg per 

score point 

Age B=-0.000418 

[-0.001170, 

0.000334] 

p=0.274 

B=-0.000051 

[-0.000292, 

0.000191] 

p=0.678 

B=0.000009 

[-0.000668, 

0.000687] 

p=0.978 

%/mmHg per 

year 

Sex [Male] B=0.00835  

[-0.00791, 

0.02461] 

p=0.312 

B=0.00162  

[-0.00360, 

0.00684] 

p=0.541 

B=-0.000112 

[-0.014228, 

0.014005] 

p=0.988 

%/mmHg 

MAP B=-0.000086 

[-0.000673, 

0.000501] 

p=0.772 

B=-0.000036 

[-0.000224, 

0.000153] 

p=0.710 

B=0.000121 

[-0.000395, 

0.000636] 

p=0.645 

%/mmHg per 

mmHg 

Diabetes B=-0.00478 

[-0.02375, 

0.01419] 

p=0.619 

B=-0.00246 

[-0.00855, 

0.00363] 

p=0.427 

B=-0.00542 

[-0.02204, 

0.01120] 

p=0.520 

%/mmHg 

Smoker [Ever] B=-0.0120 

[-0.0281, 

0.0042] 

p=0.146 

B=-0.00203 

[-0.00722, 

0.00317] 

p=0.442 

B=-0.00250 

[-0.01660, 

0.01161] 

p=0.727 

%/mmHg 

Smoker [Current] B=-0.0195 

[-0.0411, 

0.0021] 

p=0.077 

B=-0.00348 

[-0.01042, 

0.00346] 

p=0.323 

B=-0.00456 

[-0.02357, 

0.01444] 

p=0.636 

%/mmHg 

Hypertension B=0.0124 

[-0.0053, 

0.0301] 

p=0.167 

B=0.00569 

[0.00001, 

0.01138] 

p=0.050 

B=0.0126 

[-0.0030, 

0.0282] 

p=0.113 

%/mmHg 

Hypercholesterolaemia B=0.00304 

[-0.01365, 

0.01973] 

p=0.720 

B=0.00180 

[-0.00356, 

0.00715] 

p=0.509 

B=-0.000087 

[-0.014711, 

0.014538] 

p=0.991 

%/mmHg 
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Table A3-4: Cross-sectional linear regression between CVR and deep white 

matter Fazekas score, adjusted for age, sex and vascular risk factors. Columns 

2 to 4 contain the regression coefficients, 95% confidence intervals and p-values f. 

The last column gives the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

Deep white matter 

Fazekas score 

B=-0.0110 

[-0.0216, 

-0.0003] 

p=0.044 

B=-0.00282  

[-0.00621, 

0.00058] 

p=0.104 

B=-0.0102 

[-0.0194, 

-0.0009] 

p=0.031 

%/mmHg per 

score point 

Age B=-0.000713  

[-0.001487, 

0.000061] 

p=0.071 

B=-0.000138  

[-0.000385, 

0.000109] 

p=0.270 

B=-0.000152  

[-0.000844, 

0.000540] 

p=0.665 

%/mmHg per 

year 

Sex [Male] B=0.0111 

[-0.0056, 

0.0278] 

p=0.191 

B=0.00242 

[-0.00291, 

0.00775] 

p=0.372 

B=0.00172 

[-0.01261, 

0.01604] 

p=0.813 

%/mmHg 

MAP B=-0.000087  

[-0.000693, 

0.000519] 

p=0.777 

B=-0.000036  

[-0.000229, 

0.000157] 

p=0.713 

B=0.000127  

[-0.000399, 

0.000654] 

p=0.634 

%/mmHg per 

mmHg 

Diabetes B=-0.00328  

[-0.02292, 

0.01635] 

p=0.742 

B=-0.00207  

[-0.00833, 

0.00419] 

p=0.515 

B=-0.00399  

[-0.02097, 

0.01299] 

p=0.643 

%/mmHg 

Smoker [Ever] B=-0.0128 

[-0.0295, 

0.0039] 

p=0.133 

B=-0.00224  

[-0.00758, 

0.00309] 

p=0.408 

B=-0.00339  

[-0.01779, 

0.01102] 

p=0.643 

%/mmHg 

Smoker [Current] B=-0.0230 

[-0.0453, 

-0.0007] 

p=0.044 

B=-0.00453  

[-0.01165, 

0.00259] 

p=0.211 

B=-0.00654  

[-0.02593, 

0.01285] 

p=0.506 

%/mmHg 

Hypertension B=0.00526 

[-0.01253, 

0.02305] 

p=0.560 

B=0.00364 

[-0.00204, 

0.00931] 

p=0.208 

B=0.00775 

[-0.00772, 

0.02322] 

p=0.324 

%/mmHg 

Hypercholesterolaemia B=0.00319 

[-0.01405, 

0.02043] 

p=0.715 

B=0.00185 

[-0.00365, 

0.00734] 

p=0.509 

B=-0.000022  

[-0.014936, 

0.014893] 

p=0.998 

%/mmHg 
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Table A3-5: Cross-sectional linear regression between CVR and total Fazekas 

score, adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain the 

regression coefficients, 95% confidence intervals and p-values. The last column gives 

the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

Total Fazekas score B=-0.00909 

[-0.01466, 

-0.00353] 

p=0.002 

B=-0.00245 

[-0.00423, 

-0.00067] 

p=0.007 

B=-0.00737 

[-0.01222, 

-0.00252] 

p=0.003 

%/mmHg per 

score point 

Age B=-0.000494 

[-0.001265, 

0.000277] 

p=0.207 

B=-0.000075 

[-0.000322, 

0.000172] 

p=0.548 

B=-0.000007 

[-0.000699, 

0.000685] 

p=0.984 

%/mmHg per 

year 

Sex [Male] B=0.00939  

[-0.00709, 

0.02586] 

p=0.262 

B=0.00193  

[-0.00335, 

0.00721] 

p=0.471 

B=0.000471 

[-0.013725, 

0.014667] 

p=0.948 

%/mmHg 

MAP B=-0.000082 

[-0.000678, 

0.000514] 

p=0.786 

B=-0.000035 

[-0.000225, 

0.000156] 

p=0.721 

B=0.000130 

[-0.000389, 

0.000650] 

p=0.621 

%/mmHg per 

mmHg 

Diabetes B=-0.00357 

[-0.02283, 

0.01569] 

p=0.715 

B=-0.00213 

[-0.00830, 

0.00404] 

p=0.496 

B=-0.00444 

[-0.02118, 

0.01231] 

p=0.602 

%/mmHg 

Smoker [Ever] B=-0.0127 

[-0.0291, 

0.0037] 

p=0.129 

B=-0.00222 

[-0.00748, 

0.00304] 

p=0.406 

B=-0.00314 

[-0.01735, 

0.01107] 

p=0.663 

%/mmHg 

Smoker [Current] B=-0.0203 

[-0.0422, 

0.0017] 

p=0.071 

B=-0.00374 

[-0.01078, 

0.00330] 

p=0.296 

B=-0.00473 

[-0.02393, 

0.01447] 

p=0.627 

%/mmHg 

Hypertension B=0.00958 

[-0.00822, 

0.02739] 

p=0.290 

B=0.00485 

[-0.00085, 

0.01055] 

p=0.095 

B=0.0110 

[-0.0046, 

0.0266] 

p=0.165 

%/mmHg 

Hypercholesterolaemia B=0.00301 

[-0.01393, 

0.01995] 

p=0.726 

B=0.00179 

[-0.00363, 

0.00721] 

p=0.515 

B=-0.000153 

[-0.014882, 

0.014575] 

p=0.984 

%/mmHg 
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Table A3-6: Cross-sectional linear regression between CVR and number of 

lacunes, adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain 

the regression coefficients, 95% confidence intervals and p-values. The last column 

gives the units of the regression coefficient. 

Variables SGM CVR NAWM CVR  WMH CVR Units of B 

Number of lacunes B=-0.00594  

[-0.00855, 

-0.00334] 

p<0.001 

B=-0.00125  

[-0.00211, 

-0.00040] 

p=0.004 

B=-0.00157  

[-0.00392, 

0.00077] 

p=0.187 

%/mmHg per 

lacune 

Age B=-0.00114  

[-0.00182, 

-0.00046] 

p=0.001 

B=-0.000242  

[-0.000466, 

-0.000018] 

p=0.034 

B=-0.000495  

[-0.001133, 

0.000143] 

p=0.128 

%/mmHg per 

year 

Sex [Male] B=0.0102 

[-0.0057, 

0.0262] 

p=0.208 

B=0.00231 

[-0.00292, 

0.00754] 

p=0.385 

B=0.00265 

[-0.01177, 

0.01706] 

p=0.717 

%/mmHg 

MAP B=-0.000168  

[-0.000749, 

0.000412] 

p=0.568 

B=-0.000054  

[-0.000244, 

0.000136] 

p=0.576 

B=0.000081  

[-0.000449, 

0.000612] 

p=0.762 

%/mmHg per 

mmHg 

Diabetes B=-0.00316 

[-0.02192, 

0.01560] 

p=0.740 

B=-0.00211  

[-0.00826, 

0.00404] 

p=0.499 

B=-0.00465  

[-0.02177, 

0.01246] 

p=0.592 

%/mmHg 

Smoker [Ever] B=-0.0134  

[-0.0294, 

0.0026] 

p=0.101 

B=-0.00232  

[-0.00756, 

0.002923] 

p=0.384 

B=-0.00295  

[-0.01747, 

0.01158] 

p=0.689 

%/mmHg 

Smoker [Current] B=-0.0165  

[-0.0381, 

0.0050] 

p=0.132 

B=-0.00336  

[-0.01042, 

0.00370] 

p=0.349 

B=-0.00791  

[-0.02752, 

0.01170] 

p=0.427 

%/mmHg 

Hypertension B=0.0118  

[-0.0055, 

0.0290] 

p=0.179 

B=0.00483  

[-0.00083, 

0.01048] 

p=0.094 

B=0.00639  

[-0.00931, 

0.02209] 

p=0.423 

%/mmHg 

Hypercholesterolaemia B=0.00128  

[-0.01524, 

0.01781] 

p=0.879 

B=0.00146  

[-0.00396, 

0.00688] 

p=0.595 

B=-0.000238  

[-0.015313, 

0.014837] 

p=0.975 

%/mmHg 
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Table A3-7: Cross-sectional linear regression between CVR and number of 

microbleeds, adjusted for age, sex and vascular risk factors. Columns 2 to 4 

contain the regression coefficients, 95% confidence intervals and p-values. The last 

column gives the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

Number of 

microbleeds 

B=-0.00162 

[-0.00313, 

-0.00011] 

p=0.036 

B=-0.000835 

[-0.001305, 

-0.000366] 

p=0.001 

B=-0.00168 

[-0.00296, 

-0.00040] 

p=0.011 

%/mmHg per 

microbleed 

Age B=-0.00118 

[-0.00191, 

-0.00046] 

p=0.002 

B=-0.000298 

[-0.000523,  

-0.000073] 

p=0.010 

B=-0.000630 

[-0.001270, 

0.000010] 

p=0.054 

%/mmHg per 

year 

Sex [Male] B=0.0104  

[-0.0064, 

0.0272] 

p=0.222 

B=0.00160  

[-0.00361, 

0.00681] 

p=0.545 

B=0.000820 

[-0.013475, 

0.015115] 

p=0.910 

%/mmHg 

MAP B=-0.000081 

[-0.000687, 

0.000525] 

p=0.792 

B=-0.000029 

[-0.000217, 

0.000159] 

p=0.763 

B=0.000126 

[-0.000397, 

0.000649] 

p=0.635 

%/mmHg per 

mmHg 

Diabetes B=-0.00583 

[-0.02542, 

0.01377] 

p=0.558 

B=-0.00302 

[-0.00911, 

0.00307] 

p=0.329 

B=-0.00629 

[-0.02316, 

0.01058] 

p=0.463 

%/mmHg 

Smoker [Ever] B=-0.0131  

[-0.0299, 

0.0036] 

p=0.123 

B=-0.00265 

[-0.00784, 

0.00255] 

p=0.316 

B=-0.00396 

[-0.01830, 

0.01038] 

p=0.587 

%/mmHg 

Smoker [Current] B=-0.0273  

[-0.0492,  

-0.0053] 

p=0.015 

B=-0.00566 

[-0.01248, 

0.00115] 

p=0.103 

B=-0.01115 

[-0.03009, 

0.00780] 

p=0.247 

%/mmHg 

Hypertension B=0.00461  

[-0.01301, 

0.02223] 

p=0.606 

B=0.00434  

[-0.00114, 

0.00981] 

p=0.120 

B=0.00693  

[-0.00820, 

0.02205] 

p=0.367 

%/mmHg 

Hypercholesterolaemia B=0.00480  

[-0.01245, 

0.02206] 

p=0.583 

B=0.00257  

[-0.00279, 

0.00793] 

p=0.345 

B=0.00177  

[-0.01309, 

0.01662] 

p=0.815 

%/mmHg 
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Table A3-8: Cross-sectional linear regression between CVR and deep atrophy 

score, adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain the 

regression coefficients, 95% confidence intervals and p-values. The last column gives 

the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

Deep atrophy score B=-0.00496 

[-0.01122, 

0.00130] 

p=0.120 

B=-0.00213 

[-0.00411, 

-0.00016] 

p=0.035 

B=-0.00469 

[-0.01004, 

0.00065] 

p=0.085 

%/mmHg per 

score point 

Age B=-0.000708 

[-0.001528, 

0.000111] 

p=0.090 

B=-0.000082 

[-0.000341, 

0.000177] 

p=0.533 

B=-0.000166 

[-0.000886, 

0.000553] 

p=0.649 

%/mmHg per 

year 

Sex [Male] B=0.0163 

[-0.0010, 

0.0335] 

p=0.065 

B=0.00432 

[-0.00112, 

0.00977] 

p=0.119 

B=0.00654 

[-0.00822, 

0.02130] 

p=0.383 

%/mmHg 

MAP B=-0.000124 

[-0.000733, 

0.000486] 

p=0.689 

B=-0.000049 

[-0.000241, 

0.000143] 

p=0.616 

B=0.000074 

[-0.000455, 

0.000603] 

p=0.784 

%/mmHg per 

mmHg 

Diabetes B=-0.00413 

[-0.02382, 

0.01556] 

p=0.679 

B=-0.00219 

[-0.00841, 

0.00402] 

p=0.487 

B=-0.00448 

[-0.02153, 

0.01257] 

p=0.605 

%/mmHg 

Smoker [Ever] B=-0.0131  

[-0.0299, 

0.0038] 

p=0.127 

B=-0.00252 

[-0.00784, 

0.00280] 

p=0.350 

B=-0.00358 

[-0.01809, 

0.01092] 

p=0.626 

%/mmHg 

Smoker [Current] B=-0.0269  

[-0.0490,  

-0.0048] 

p=0.017 

B=-0.00549 

[-0.01246, 

0.00147] 

p=0.121 

B=-0.0103  

[-0.0295, 

0.0088] 

p=0.289 

%/mmHg 

Hypertension B=0.00252  

[-0.01499, 

0.02004] 

p=0.777 

B=0.00315  

[-0.00238, 

0.00868] 

p=0.262 

B=0.00472  

[-0.01041, 

0.01985] 

p=0.538 

%/mmHg 

Hypercholesterolaemia B=0.00424  

[-0.01310, 

0.02157] 

p=0.630 

B=0.00223  

[-0.00325, 

0.00770] 

p=0.423 

B=0.000927 

[-0.014067, 

0.015920] 

p=0.903 

%/mmHg 
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Table A3-9: Cross-sectional linear regression between CVR and superficial 

atrophy score, adjusted for age, sex and vascular risk factors. Columns 2 to 4 

contain the regression coefficients, 95% confidence intervals and p-values. The last 

column gives the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

Superficial atrophy 

score 

B=-0.00169 

[-0.00830, 

0.00492] 

p=0.615 

B=-0.000985 

[-0.003081, 

0.001112] 

p=0.355 

B=-0.00401 

[-0.00967, 

0.00164] 

p=0.163 

%/mmHg per 

score point 

Age B=-0.000906 

[-0.001766,  

-0.000047] 

p=0.039 

B=-0.000149 

[-0.000421, 

0.000124] 

p=0.283 

B=-0.000177 

[-0.000931, 

0.000576] 

p=0.643 

%/mmHg per 

year 

Sex [Male] B=0.0139 

[-0.0034, 

0.0312] 

p=0.114 

B=0.00347 

[-0.00201, 

0.00895] 

p=0.213 

B=0.00583 

[-0.00894, 

0.02060] 

p=0.437 

%/mmHg 

MAP B=-0.000118 

[-0.000733, 

0.000497] 

p=0.705 

B=-0.000049 

[-0.000244, 

0.000146] 

p=0.623 

B=0.000067 

[-0.000465, 

0.000599] 

p=0.804 

%/mmHg per 

mmHg 

Diabetes B=-0.00469 

[-0.02449, 

0.01512] 

p=0.641 

B=-0.00243 

[-0.00871, 

0.00385] 

p=0.445 

B=-0.00498 

[-0.02206, 

0.01211] 

p=0.566 

%/mmHg 

Smoker [Ever] B=-0.0123  

[-0.0293, 

0.0047] 

p=0.154 

B=-0.00224 

[-0.00762, 

0.00314] 

p=0.412 

B=-0.00358 

[-0.01816, 

0.01099] 

p=0.628 

%/mmHg 

Smoker [Current] B=-0.0266  

[-0.0489,  

-0.0042] 

p=0.020 

B=-0.00525 

[-0.01233, 

0.00183] 

p=0.145 

B=-0.00939 

[-0.02866, 

0.00989] 

p=0.338 

%/mmHg 

Hypertension B=0.00196  

[-0.01581, 

0.01973] 

p=0.828 

B=0.00302  

[-0.00262, 

0.00865] 

p=0.292 

B=0.00526  

[-0.01004, 

0.02057] 

p=0.498 

%/mmHg 

Hypercholesterolaemia B=0.00344  

[-0.01400, 

0.02088] 

p=0.698 

B=0.00186  

[-0.00367, 

0.00738] 

p=0.508 

B=-0.000081 

[-0.015130, 

0.014968] 

p=0.992 

%/mmHg 
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Table A3-10: Cross-sectional linear regression between CVR and total atrophy 

score, adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain the 

regression coefficients, 95% confidence intervals and p-values. The last column gives 

the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

Total atrophy score B=-0.00200 

[-0.00548, 

0.00149] 

p=0.260 

B=-0.000929 

[-0.002030, 

0.000171] 

p=0.097 

B=-0.00255 

[-0.00551, 

0.00041] 

p=0.091 

%/mmHg per 

score point 

Age B=-0.000757 

[-0.001614, 

0.000101] 

p=0.084 

B=-0.000093 

[-0.000364, 

0.000178] 

p=0.500 

B=-0.000120 

[-0.000870, 

0.000630] 

p=0.753 

%/mmHg per 

year 

Sex [Male] B=0.0154 

[-0.0019, 

0.0328] 

p=0.081 

B=0.00407 

[-0.00142, 

0.00955] 

p=0.145 

B=0.00666 

[-0.00816, 

0.02147] 

p=0.376 

%/mmHg 

MAP B=-0.000129 

[-0.000741, 

0.000484] 

p=0.679 

B=-0.000052 

[-0.000246, 

0.000142] 

p=0.597 

B=0.000065 

[-0.000465, 

0.000595] 

p=0.809 

%/mmHg per 

mmHg 

Diabetes B=-0.00446 

[-0.02422, 

0.01529] 

p=0.656 

B=-0.00233 

[-0.00857, 

0.00392] 

p=0.463 

B=-0.00467 

[-0.02172, 

0.01238] 

p=0.589 

%/mmHg 

Smoker [Ever] B=-0.0128  

[-0.0298, 

0.0041] 

p=0.136 

B=-0.00245 

[-0.00780, 

0.00290] 

p=0.367 

B=-0.00378 

[-0.01831, 

0.01076] 

p=0.609 

%/mmHg 

Smoker [Current] B=-0.0263  

[-0.0485,  

-0.0042] 

p=0.020 

B=-0.00522 

[-0.01223, 

0.00179] 

p=0.144 

B=-0.00969 

[-0.02886, 

0.00949] 

p=0.320 

%/mmHg 

Hypertension B=0.00259  

[-0.01506, 

0.02025] 

p=0.772 

B=0.00323  

[-0.00235, 

0.00881] 

p=0.255 

B=0.00527  

[-0.00993, 

0.02048] 

p=0.495 

%/mmHg 

Hypercholesterolaemia B=0.00367  

[-0.01371, 

0.02104] 

p=0.678 

B=0.00198  

[-0.00351, 

0.00747] 

p=0.478 

B=0.000372 

[-0.014618, 

0.015361] 

p=0.961 

%/mmHg 
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Table A3-11: Cross-sectional linear regression between CVR and brain volume, 

adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain the 

regression coefficients, 95% confidence intervals and p-values. The last column gives 

the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

Brain volume B=0.000443 

[-0.001371, 

0.002256] 

p=0.631 

B=0.000177 

[-0.000398, 

0.000753] 

p=0.544 

B=0.00346 

[0.00199, 

0.00492] 

p<0.001 

%/mmHg per 

%ICV 

Age B=-0.000927 

[-0.001754,  

-0.000100] 

p=0.028 

B=-0.000179 

[-0.000441, 

0.000084] 

p=0.180 

B=0.000297 

[-0.000386, 

0.000979] 

p=0.392 

%/mmHg per 

year 

Sex [Male] B=0.0136 

[-0.0035, 

0.0307] 

p=0.118 

B=0.00316 

[-0.00226, 

0.00858] 

p=0.251 

B=0.00929 

[-0.00452, 

0.02310] 

p=0.186 

%/mmHg 

MAP B=-0.000121 

[-0.000737, 

0.000496] 

p=0.700 

B=-0.000047 

[-0.000243, 

0.000149] 

p=0.635 

B=-0.000023 

[-0.000527, 

0.000481] 

p=0.928 

%/mmHg per 

mmHg 

Diabetes B=-0.00437 

[-0.02422, 

0.01548] 

p=0.665 

B=-0.00230 

[-0.00860, 

0.00400] 

p=0.471 

B=-0.00212 

[-0.01833, 

0.01409] 

p=0.796 

%/mmHg 

Smoker [Ever] B=-0.0116  

[-0.0286, 

0.0053] 

p=0.176 

B=-0.00191 

[-0.00728, 

0.00346] 

p=0.484 

B=-0.00114 

[-0.01486, 

0.01258] 

p=0.870 

%/mmHg 

Smoker [Current] B=-0.0270  

[-0.0492,  

-0.0048] 

p=0.018 

B=-0.00554 

[-0.01259, 

0.00152] 

p=0.123 

B=-0.0101  

[-0.0282, 

0.0081] 

p=0.275 

%/mmHg 

Hypertension B=0.00125  

[-0.01631, 

0.01880] 

p=0.888 

B=0.00261  

[-0.00297, 

0.00818] 

p=0.357 

B=0.00370  

[-0.01060, 

0.01799] 

p=0.610 

%/mmHg 

Hypercholesterolaemia B=0.00335  

[-0.01410, 

0.02081] 

p=0.705 

B=0.00185  

[-0.00369, 

0.00739] 

p=0.511 

B=-0.00183 

[-0.01607, 

0.01242] 

p=0.800 

%/mmHg 
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Table A3-12: Cross-sectional linear regression between CVR and BG PVS 

score, adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain the 

regression coefficients, 95% confidence intervals and p-values. The last column gives 

the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

BG PVS score B=-0.0114 

[-0.0214, 

-0.0013] 

p=0.027 

B=-0.00338 

[-0.00657, 

-0.00019] 

p=0.038 

B=-0.00760 

[-0.01628, 

0.00108] 

p=0.086 

%/mmHg per 

score point 

Age B=-0.000763 

[-0.001510, 

-0.000017] 

p=0.045 

B=-0.000140 

[-0.000378, 

0.000097] 

p=0.245 

B=-0.000297 

[-0.000959, 

0.000366] 

p=0.378 

%/mmHg per 

year 

Sex [Male] B=0.0139 

[-0.0027, 

0.0305] 

p=0.101 

B=0.00317 

[-0.00212, 

0.00845] 

p=0.238 

B=0.00403 

[-0.01030, 

0.01837] 

p=0.579 

%/mmHg 

MAP B=-0.000026 

[-0.000634, 

0.000582] 

p=0.933 

B=-0.000017 

[-0.000211, 

0.000176] 

p=0.860 

B=0.000142 

[-0.000389, 

0.000673] 

p=0.598 

%/mmHg per 

mmHg 

Diabetes B=-0.00323 

[-0.02282, 

0.01635] 

p=0.745 

B=-0.00200 

[-0.00823, 

0.00423] 

p=0.527 

B=-0.00428 

[-0.02135, 

0.01278] 

p=0.621 

%/mmHg 

Smoker [Ever] B=-0.0150  

[-0.0319, 

0.0019] 

p=0.082 

B=-0.00293 

[-0.00830, 

0.00244] 

p=0.284 

B=-0.00454 

[-0.01917, 

0.01010] 

p=0.542 

%/mmHg 

Smoker [Current] B=-0.0253  

[-0.0472,  

-0.0033] 

p=0.024 

B=-0.00504 

[-0.01202, 

0.00195] 

p=0.157 

B=-0.00919 

[-0.02840, 

0.01002] 

p=0.346 

%/mmHg 

Hypertension B=0.00669  

[-0.01128, 

0.02466] 

p=0.463 

B=0.00422  

[-0.00149, 

0.00994] 

p=0.146 

B=0.00737  

[-0.00831, 

0.02306] 

p=0.355 

%/mmHg 

Hypercholesterolaemia B=0.00116  

[-0.01616, 

0.01849] 

p=0.895 

B=0.00123  

[-0.00429, 

0.00674] 

p=0.661 

B=-0.00112 

[-0.01621, 

0.01397] 

p=0.884 

%/mmHg 
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Table A3-13: Cross-sectional linear regression between CVR and CSO PVS 

score, adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain the 

regression coefficients, 95% confidence intervals and p-values. The last column gives 

the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

CSO PVS score B=-0.00181 

[-0.01106, 

0.00745] 

p=0.701 

B=-0.000804 

[-0.003741, 

0.002133] 

p=0.590 

B=-0.00852 

[-0.01651, 

-0.00053] 

p=0.037 

%/mmHg per 

score point 

Age B=-0.000980 

[-0.001738, 

-0.000222] 

p=0.012 

B=-0.000198 

[-0.000439, 

0.000043] 

p=0.106 

B=-0.000248 

[-0.000911, 

0.000416] 

p=0.462 

%/mmHg per 

year 

Sex [Male] B=0.0127 

[-0.0042, 

0.0295] 

p=0.139 

B=0.00278 

[-0.00256, 

0.00813] 

p=0.305 

B=0.00226 

[-0.01204, 

0.01655] 

p=0.756 

%/mmHg 

MAP B=-0.000084 

[-0.000706, 

0.000537] 

p=0.789 

B=-0.000032 

[-0.000229, 

0.000165] 

p=0.751 

B=0.000183 

[-0.000349, 

0.000716] 

p=0.497 

%/mmHg per 

mmHg 

Diabetes B=-0.00485 

[-0.02469, 

0.01498] 

p=0.630 

B=-0.00251 

[-0.00880, 

0.00379] 

p=0.433 

B=-0.00585 

[-0.02282, 

0.01112] 

p=0.497 

%/mmHg 

Smoker [Ever] B=-0.0125 

[-0.0296, 

0.0047] 

p=0.153 

B=-0.00227 

[-0.00772, 

0.00318] 

p=0.412 

B=-0.00519 

[-0.01980, 

0.00942] 

p=0.484 

%/mmHg 

Smoker [Current] B=-0.0266 

[-0.0490,  

-0.0043] 

p=0.020 

B=-0.00537 

[-0.01247, 

0.00174] 

p=0.138 

B=-0.00850 

[-0.02766, 

0.01066] 

p=0.382 

%/mmHg 

Hypertension B=0.00194 

[-0.01597, 

0.01984] 

p=0.831 

B=0.00291 

[-0.00277, 

0.00859] 

p=0.314 

B=0.00665 

[-0.00863, 

0.02193] 

p=0.391 

%/mmHg 

Hypercholesterolaemia B=0.00301 

[-0.01469, 

0.02070] 

p=0.738 

B=0.00169 

[-0.00393, 

0.00730] 

p=0.554 

B=-0.00239 

[-0.01754, 

0.01277] 

p=0.756 

%/mmHg 
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Table A3-14: Cross-sectional linear regression between CVR and total PVS 

score, adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain the 

regression coefficients, 95% confidence intervals and p-values. The last column gives 

the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

Total PVS score B=-0.00437 

[-0.01012, 

0.00137] 

p=0.135 

B=-0.00141 

[-0.00323, 

0.00042] 

p=0.130 

B=-0.00581 

[-0.01077, 

-0.00086] 

p=0.022 

%/mmHg per 

score point 

Age B=-0.000812 

[-0.001581, 

-0.000044] 

p=0.038 

B=-0.000150 

[-0.000394, 

0.000094] 

p=0.227 

B=-0.000188 

[-0.000861, 

0.000484] 

p=0.581 

%/mmHg per 

year 

Sex [Male] B=0.0128 

[-0.0039, 

0.0295] 

p=0.133 

B=0.00285 

[-0.00246, 

0.00815] 

p=0.292 

B=0.00311 

[-0.01111, 

0.01733] 

p=0.666 

%/mmHg 

MAP B=-0.000027 

[-0.000644, 

0.000591] 

p=0.933 

B=-0.000016 

[-0.000212, 

0.000181] 

p=0.875 

B=0.000190 

[-0.000341, 

0.000721] 

p=0.480 

%/mmHg per 

mmHg 

Diabetes B=-0.00454 

[-0.02423, 

0.01515] 

p=0.650 

B=-0.00239 

[-0.00864, 

0.00387] 

p=0.452 

B=-0.00496 

[-0.02188, 

0.01196] 

p=0.563 

%/mmHg 

Smoker [Ever] B=-0.0145  

[-0.0316, 

0.0026] 

p=0.097 

B=-0.00285 

[-0.00829, 

0.00259] 

p=0.303 

B=-0.00589 

[-0.02053, 

0.00875] 

p=0.428 

%/mmHg 

Smoker [Current] B=-0.02515 

[-0.04739,  

-0.00292] 

p=0.027 

B=-0.00495 

[-0.01201, 

0.00211] 

p=0.168 

B=-0.00813 

[-0.02725, 

0.01100] 

p=0.403 

%/mmHg 

Hypertension B=0.00500  

[-0.01313, 

0.02314] 

p=0.587 

B=0.00381  

[-0.00195, 

0.00957] 

p=0.193 

B=0.00858  

[-0.00699, 

0.02414] 

p=0.278 

%/mmHg 

Hypercholesterolaemia B=0.00122  

[-0.01638, 

0.01883] 

p=0.891 

B=0.00119  

[-0.00440, 

0.00678] 

p=0.676 

B=-0.00268 

[-0.01780, 

0.01244] 

p=0.727 

%/mmHg 
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Table A3-15: Cross-sectional linear regression between CVR and BG PVS 

volume, adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain 

the regression coefficients, 95% confidence intervals and p-values. The last column 

gives the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

BG PVS volume B=-0.00237 

[-0.00657, 

0.00183] 

p=0.267 

B=-0.000637 

[-0.001971, 

0.000696] 

p=0.347 

B=-0.00145 

[-0.00512, 

0.00222] 

p=0.435 

%/mmHg per 

%ROIV 

Age B=-0.000898 

[-0.001744, 

-0.000053] 

p=0.037 

B=-0.000174 

[-0.000442, 

0.000094] 

p=0.202 

B=-0.000286 

[-0.001052, 

0.000480] 

p=0.462 

%/mmHg per 

year 

Sex [Male] B=0.0159 

[-0.0012, 

0.0331] 

p=0.069 

B=0.00358 

[-0.00188, 

0.00903] 

p=0.197 

B=0.00597 

[-0.00888, 

0.02083] 

p=0.428 

%/mmHg 

MAP B=-0.000134 

[-0.000756, 

0.000487] 

p=0.670 

B=-0.000037 

[-0.000234, 

0.000160] 

p=0.709 

B=0.000029 

[-0.000516, 

0.000574] 

p=0.917 

%/mmHg per 

mmHg 

Diabetes B=0.000196 

[-0.020622, 

0.021013] 

p=0.985 

B=-0.00103 

[-0.00764, 

0.00557] 

p=0.758 

B=-0.00698 

[-0.02519, 

0.01124] 

p=0.451 

%/mmHg 

Smoker [Ever] B=-0.0135  

[-0.0308, 

0.0037] 

p=0.124 

B=-0.00246 

[-0.00793, 

0.00302] 

p=0.377 

B=-0.00124 

[-0.01627, 

0.01379] 

p=0.871 

%/mmHg 

Smoker [Current] B=-0.0270  

[-0.0497,  

-0.0043] 

p=0.020 

B=-0.00566 

[-0.01287, 

0.00155] 

p=0.123 

B=-0.00744 

[-0.02735, 

0.01247] 

p=0.461 

%/mmHg 

Hypertension B=0.00453  

[-0.01480, 

0.02386] 

p=0.644 

B=0.00320  

[-0.00293, 

0.00934] 

p=0.304 

B=0.00655  

[-0.01042, 

0.02351] 

p=0.447 

%/mmHg 

Hypercholesterolaemia B=0.00543  

[-0.01228, 

0.02314] 

p=0.545 

B=0.00233  

[-0.00329, 

0.00795] 

p=0.414 

B=0.00154  

[-0.01393, 

0.01701] 

p=0.844 

%/mmHg 
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Table A3-16: Cross-sectional linear regression between CVR and CSO PVS 

volume, adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain 

the regression coefficients, 95% confidence intervals and p-values. The last column 

gives the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

CSO PVS volume B=0.00255 

[-0.00105, 

0.00615] 

p=0.163 

B=0.000064 

[-0.001083, 

0.001211] 

p=0.912 

B=-0.00191 

[-0.00504, 

0.00121] 

p=0.229 

%/mmHg per 

%ROIV 

Age B=-0.00140 

[-0.00222, 

-0.00058] 

p=0.001 

B=-0.000244 

[-0.000506, 

0.000018] 

p=0.068 

B=-0.000229 

[-0.000973, 

0.000514] 

p=0.543 

%/mmHg per 

year 

Sex [Male] B=0.0139 

[-0.0031, 

0.0310] 

p=0.109 

B=0.00323 

[-0.00221, 

0.00866] 

p=0.243 

B=0.00575 

[-0.00897, 

0.02048] 

p=0.442 

%/mmHg 

MAP B=-0.000153 

[-0.000774, 

0.000468] 

p=0.626 

B=-0.000037 

[-0.000235, 

0.000161] 

p=0.711 

B=0.000049 

[-0.000495, 

0.000594] 

p=0.858 

%/mmHg per 

mmHg 

Diabetes B=-0.000980 

[-0.021733, 

0.019774] 

p=0.926 

B=-0.00122 

[-0.00784, 

0.00540] 

p=0.716 

B=-0.00681 

[-0.02498, 

0.01136] 

p=0.460 

%/mmHg 

Smoker [Ever] B=-0.0122  

[-0.0293, 

0.0050] 

p=0.163 

B=-0.00219 

[-0.00765, 

0.00328] 

p=0.430 

B=-0.000908 

[-0.015825, 

0.014010] 

p=0.905 

%/mmHg 

Smoker [Current] B=-0.0317  

[-0.0544,  

-0.0090] 

p=0.007 

B=-0.00627 

[-0.01351, 

0.00097] 

p=0.089 

B=-0.00680 

[-0.02666, 

0.01307] 

p=0.500 

%/mmHg 

Hypertension B=-0.00241 

[-0.02063, 

0.01580] 

p=0.794 

B=0.00200  

[-0.00380, 

0.00781] 

p=0.496 

B=0.00597  

[-0.00993, 

0.02187] 

p=0.459 

%/mmHg 

Hypercholesterolaemia B=0.00672  

[-0.01089, 

0.02433] 

p=0.452 

B=0.00258  

[-0.00303, 

0.00819] 

p=0.365 

B=0.00166  

[-0.01373, 

0.01704] 

p=0.832 

%/mmHg 
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Table A3-17: Cross-sectional linear regression between CVR and total PVS 

volume, adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain 

the regression coefficients, 95% confidence intervals and p-values. The last column 

gives the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

Total PVS volume B=0.00215 

[-0.00174, 

0.00605] 

p=0.276 

B=-0.000017 

[-0.001254, 

0.001220] 

p=0.978 

B=-0.00209 

[-0.00547, 

0.00129] 

p=0.224 

%/mmHg per 

%ROIV 

Age B=-0.00136 

[-0.00220, 

-0.00052] 

p=0.002 

B=-0.000236 

[-0.000502, 

0.000031] 

p=0.083 

B=-0.000211 

[-0.000967, 

0.000545] 

p=0.583 

%/mmHg per 

year 

Sex [Male] B=0.0140 

[-0.0031, 

0.0311] 

p=0.108 

B=0.00325 

[-0.00219, 

0.00869] 

p=0.239 

B=0.00586 

[-0.00888, 

0.02059] 

p=0.434 

%/mmHg 

MAP B=-0.000147 

[-0.000769, 

0.000475] 

p=0.642 

B=-0.000036 

[-0.000234, 

0.000161] 

p=0.716 

B=0.000048 

[-0.000496, 

0.000592] 

p=0.862 

%/mmHg per 

mmHg 

Diabetes B=-0.000919 

[-0.021724, 

0.019886] 

p=0.931 

B=-0.00120 

[-0.00782, 

0.00541] 

p=0.720 

B=-0.00677 

[-0.02494, 

0.01140] 

p=0.463 

%/mmHg 

Smoker [Ever] B=-0.0121 

[-0.0293, 

0.0051] 

p=0.166 

B=-0.00220 

[-0.00767, 

0.00327] 

p=0.428 

B=-0.00104 

[-0.01597, 

0.01388] 

p=0.891 

%/mmHg 

Smoker [Current] B=-0.0312  

[-0.0539,  

-0.0084] 

p=0.008 

B=-0.00619 

[-0.01343, 

0.00106] 

p=0.094 

B=-0.00671 

[-0.02659, 

0.01318] 

p=0.506 

%/mmHg 

Hypertension B=-0.00226 

[-0.02070, 

0.01618] 

p=0.809 

B=0.00209  

[-0.00377, 

0.00796] 

p=0.482 

B=0.00644  

[-0.00963, 

0.02251] 

p=0.430 

%/mmHg 

Hypercholesterolaemia B=0.00672  

[-0.01094, 

0.02437] 

p=0.454 

B=0.00257  

[-0.00305, 

0.00818] 

p=0.368 

B=0.00159  

[-0.01380, 

0.01697] 

p=0.839 

%/mmHg 
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Table A3-18: Cross-sectional linear regression between CVR and SVD score, 

adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain the 

regression coefficients, 95% confidence intervals and p-values. The last column gives 

the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

SVD score B=-0.0150 

[-0.0211, 

-0.0090] 

p<0.001 

B=-0.00314 

[-0.00514, 

-0.00115] 

p=0.002 

B=-0.00554 

[-0.01106, 

-0.00002] 

p=0.049 

%/mmHg per 

score point 

Age B=-0.000425 

[-0.001141, 

0.000291] 

p=0.243 

B=-0.000093 

[-0.000329, 

0.000143] 

p=0.439 

B=-0.000236 

[-0.000908, 

0.000437] 

p=0.490 

%/mmHg per 

year 

Sex [Male] B=0.00898 

[-0.00685, 

0.02482] 

p=0.264 

B=0.00206 

[-0.00317, 

0.00728] 

p=0.439 

B=0.00182 

[-0.01254, 

0.01618] 

p=0.803 

%/mmHg 

MAP B=0.000004 

[-0.000572, 

0.000580] 

p=0.989 

B=-0.000018 

[-0.000208, 

0.000172] 

p=0.853 

B=0.000137 

[-0.000391, 

0.000666] 

p=0.609 

%/mmHg per 

mmHg 

Diabetes B=-0.00564 

[-0.02421, 

0.01292] 

p=0.549 

B=-0.00263 

[-0.00876, 

0.00349] 

p=0.398 

B=-0.00555 

[-0.02254, 

0.01144] 

p=0.520 

%/mmHg 

Smoker [Ever] B=-0.0151  

[-0.0310, 

0.0008] 

p=0.062 

B=-0.00268 

[-0.00792, 

0.00256] 

p=0.313 

B=-0.00368 

[-0.01814, 

0.01078] 

p=0.616 

%/mmHg 

Smoker [Current] B=-0.0170  

[-0.0382, 

0.0042] 

p=0.116 

B=-0.00347 

[-0.01046, 

0.00353] 

p=0.329 

B=-0.00693 

[-0.02636, 

0.01249] 

p=0.482 

%/mmHg 

Hypertension B=0.0136  

[-0.0036, 

0.0308] 

p=0.120 

B=0.00519  

[-0.00048, 

0.01086] 

p=0.072 

B=0.00839  

[-0.00739, 

0.02416] 

p=0.296 

%/mmHg 

Hypercholesterolaemia B=-0.00186 

[-0.01833, 

0.01462] 

p=0.824 

B=0.000808 

[-0.004628, 

0.006243] 

p=0.770 

B=-0.00161 

[-0.01669, 

0.01347] 

p=0.833 

%/mmHg 
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Table A3-19: Cross-sectional linear regression between CVR and NIHSS, 

adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain the 

regression coefficients, 95% confidence intervals and p-values. The last column gives 

the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

NIHSS B=-0.00412 

[-0.00994, 

0.00171] 

p=0.165 

B=-0.00125 

[-0.00310, 

0.00060] 

p=0.185 

B=-0.000202 

[-0.005188, 

0.004784] 

p=0.936 

%/mmHg per 

score point 

Age B=-0.000962 

[-0.001683, 

-0.000241] 

p=0.009 

B=-0.000199 

[-0.000428, 

0.000030] 

p=0.088 

B=-0.000462 

[-0.001106, 

0.000182] 

p=0.159 

%/mmHg per 

year 

Sex [Male] B=0.0133 

[-0.0035, 

0.0300] 

p=0.119 

B=0.00299 

[-0.00233, 

0.00831] 

p=0.268 

B=0.00340 

[-0.01105, 

0.01786] 

p=0.643 

%/mmHg 

MAP B=-0.000036 

[-0.000653, 

0.000582] 

p=0.909 

B=-0.000020 

[-0.000216, 

0.000176] 

p=0.842 

B=0.000101 

[-0.000439, 

0.000641] 

p=0.712 

%/mmHg per 

mmHg 

Diabetes B=-0.00424 

[-0.02396, 

0.01548] 

p=0.672 

B=-0.00230 

[-0.00856, 

0.00397] 

p=0.470 

B=-0.00514 

[-0.02234, 

0.01206] 

p=0.556 

%/mmHg 

Smoker [Ever] B=-0.0114  

[-0.0282, 

0.0054] 

p=0.183 

B=-0.00186 

[-0.00720, 

0.00349] 

p=0.493 

B=-0.00248 

[-0.01708, 

0.01212] 

p=0.738 

%/mmHg 

Smoker [Current] B=-0.0235  

[-0.0462,  

-0.0008] 

p=0.043 

B=-0.00448 

[-0.01170, 

0.00273] 

p=0.222 

B=-0.0104  

[-0.0301, 

0.0094] 

p=0.303 

%/mmHg 

Hypertension B=0.00300  

[-0.01464, 

0.02065] 

p=0.737 

B=0.00314  

[-0.00247, 

0.00874] 

p=0.271 

B=0.00365  

[-0.01169, 

0.01899] 

p=0.639 

%/mmHg 

Hypercholesterolaemia B=0.00385  

[-0.01350, 

0.02119] 

p=0.662 

B=0.00202  

[-0.00349, 

0.00753] 

p=0.469 

B=0.000462 

[-0.014661, 

0.015584] 

p=0.952 

%/mmHg 
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Table A3-20: Cross-sectional linear regression between CVR and mRS, 

adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain the 

regression coefficients, 95% confidence intervals and p-values. The last column gives 

the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

mRS B=-0.00144 

[-0.01336, 

0.01048] 

p=0.812 

B=-0.00188 

[-0.00565, 

0.00190] 

p=0.327 

B=0.00171 

[-0.00863, 

0.01205] 

p=0.744 

%/mmHg per 

score point 

Age B=-0.00103 

[-0.00174, 

-0.00031] 

p=0.006 

B=-0.000216 

[-0.000444, 

0.000011] 

p=0.062 

B=-0.000467 

[-0.001107, 

0.000173] 

p=0.152 

%/mmHg per 

year 

Sex [Male] B=0.0129 

[-0.0040, 

0.0297] 

p=0.133 

B=0.00284 

[-0.00249, 

0.00817] 

p=0.294 

B=0.00347 

[-0.01098, 

0.01792] 

p=0.636 

%/mmHg 

MAP B=-0.000105 

[-0.000718, 

0.000508] 

p=0.736 

B=-0.000042 

[-0.000236, 

0.000153] 

p=0.673 

B=0.000096 

[-0.000437, 

0.000629] 

p=0.722 

%/mmHg per 

mmHg 

Diabetes B=-0.00448 

[-0.02437, 

0.01540] 

p=0.657 

B=-0.00217 

[-0.00847, 

0.00413] 

p=0.497 

B=-0.00543 

[-0.02269, 

0.01182] 

p=0.535 

%/mmHg 

Smoker [Ever] B=-0.0120  

[-0.0289, 

0.0049] 

p=0.164 

B=-0.00212 

[-0.00747, 

0.00324] 

p=0.437 

B=-0.00245 

[-0.01703, 

0.01213] 

p=0.741 

%/mmHg 

Smoker [Current] B=-0.0264  

[-0.0495,  

-0.0033] 

p=0.025 

B=-0.00462 

[-0.01193, 

0.00269] 

p=0.214 

B=-0.0114  

[-0.0314, 

0.0086] 

p=0.263 

%/mmHg 

Hypertension B=0.00146  

[-0.01619, 

0.01910] 

p=0.871 

B=0.00288  

[-0.00271, 

0.00846] 

p=0.311 

B=0.00337  

[-0.01188, 

0.01862] 

p=0.663 

%/mmHg 

Hypercholesterolaemia B=0.00357  

[-0.01387, 

0.02101] 

p=0.687 

B=0.00191  

[-0.00361, 

0.00743] 

p=0.495 

B=0.000498 

[-0.014620, 

0.015615] 

p=0.948 

%/mmHg 
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Table A3-21: Cross-sectional linear regression between CVR and MoCA, 

adjusted for age, sex and vascular risk factors. Columns 2 to 4 contain the 

regression coefficients, 95% confidence intervals and p-values. The last column gives 

the units of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

MoCA B=0.00231 

[0.00001, 

0.00462] 

p=0.049 

B=0.000713 

[-0.000019, 

0.001444] 

p=0.056 

B=0.000783 

[-0.001209, 

0.002776] 

p=0.439 

%/mmHg per 

score point 

Age B=-0.000871 

[-0.001610, 

-0.000132] 

p=0.021 

B=-0.000172 

[-0.000406, 

0.000062] 

p=0.149 

B=-0.000404 

[-0.001067, 

0.000259] 

p=0.231 

%/mmHg per 

year 

Sex [Male] B=0.0111 

[-0.0057, 

0.0279] 

p=0.195 

B=0.00226 

[-0.00307, 

0.00758] 

p=0.404 

B=0.00219 

[-0.01231, 

0.01668] 

p=0.766 

%/mmHg 

MAP B=-0.000162 

[-0.000777, 

0.000452] 

p=0.602 

B=-0.000062 

[-0.000256, 

0.000133] 

p=0.533 

B=0.000094 

[-0.000439, 

0.000626] 

p=0.729 

%/mmHg per 

mmHg 

Diabetes B=-0.00225 

[-0.02205, 

0.01755] 

p=0.823 

B=-0.00163 

[-0.00790, 

0.00465] 

p=0.610 

B=-0.00399 

[-0.02124, 

0.01325] 

p=0.648 

%/mmHg 

Smoker [Ever] B=-0.00980 

[-0.02693, 

0.00733] 

p=0.260 

B=-0.00133 

[-0.00676, 

0.00411] 

p=0.631 

B=-0.00178 

[-0.01661, 

0.01304] 

p=0.813 

%/mmHg 

Smoker [Current] B=-0.0259 

[-0.0481, 

-0.0038] 

p=0.022 

B=-0.00517 

[-0.01219, 

0.00184] 

p=0.147 

B=-0.00981 

[-0.02912, 

0.00950] 

p=0.317 

%/mmHg 

Hypertension B=0.00355 

[-0.01422, 

0.02132] 

p=0.694 

B=0.00329 

[-0.00235, 

0.00892] 

p=0.251 

B=0.00416 

[-0.01129, 

0.01960] 

p=0.596 

%/mmHg 

Hypercholesterolaemia B=0.00410 

[-0.01348, 

0.02168] 

p=0.646 

B=0.00215 

[-0.00342, 

0.00773] 

p=0.447 

B=0.00220 

[-0.01310, 

0.01751] 

p=0.777 

%/mmHg 

 



Appendix 

248 
 

A3.3 Sensitivity analyses 

Table A3-22: Regression coefficients from cross-sectional analysis after 

adjusting for WMH volume. Each row represents a different statistical model where 

the SVD predictor of interest is given in the first column. The associated regression 

coefficient B, its 95% confidence interval and p-value are given in columns 2-4. The 

last column gives the units of B. All models were corrected for WMH volume, age, 

sex, MAP, diagnosis of diabetes, hypertension, and hypercholesterolaemia and 

history of smoking. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

Number of 

lacunes 

B=-0.00535  

[-0.00825,     

-0.00246] 

p<0.001 

B=-0.00100  

[-0.00195,     

-0.00005] 

p=0.039 

B=0.000191  

[-0.002343, 

0.002725] 

p=0.882 

%BOLD/mmHg 

per lacune 

Number of 

microbleeds 

B=-0.00101  

[-0.00262, 

0.00059] 

p=0.214 

B=-0.000726    

[-0.001229,    

-0.000223] 

p=0.005 

B=-0.00101  

[-0.00236, 

0.00034] 

p=0.141 

%BOLD/mmHg 

per microbleed 

Deep atrophy 

score 

B=-0.00308  

[-0.00945, 

0.00330] 

p=0.342 

B=-0.00166  

[-0.00369, 

0.00036] 

p=0.107 

B=-0.00242  

[-0.00783, 

0.00299] 

p=0.379 

%BOLD/mmHg 

per score unit 

Superficial 

atrophy score 

B=-0.000470    

[-0.007035, 

0.006095] 

p=0.888 

B=-0.000658    

[-0.002751, 

0.001435] 

p=0.536 

B=-0.00287  

[-0.00840, 

0.00266] 

p=0.307 

%BOLD/mmHg 

per score unit 

Total atrophy 

score 

B=-0.00106  

[-0.00457, 

0.00244] 

p=0.550 

B=-0.000690    

[-0.001806, 

0.000426] 

p=0.224 

B=-0.00154  

[-0.00449, 

0.00141] 

p=0.305 

%BOLD/mmHg 

per score unit 

Brain volume B=0.000011  

[-0.002400, 

0.002422] 

p=0.993 

B=0.000324  

[-0.000444, 

0.001092] 

p=0.406 

B=0.000399  

[-0.001643, 

0.002441] 

p=0.700 

%BOLD/mmHg 

per %ICV 

BG PVS score B=-0.00694  

[-0.01785, 

0.00396] 

p=0.211 

B=-0.00221  

[-0.00569, 

0.00127] 

p=0.211 

B=-0.00185  

[-0.01115, 

0.00745] 

p=0.695 

%BOLD/mmHg 

per score unit 

CSO PVS 

score 

B=0.00169  

[-0.00776, 

0.01114] 

p=0.724 

B=0.000137  

[-0.002880, 

0.003154] 

p=0.929 

B=-0.00521  

[-0.01331, 

0.00289] 

p=0.206 

%BOLD/mmHg 

per score unit 

Total PVS 

score 

B=-0.00150  

[-0.00770, 

0.00470] 

p=0.634 

B=-0.000651    

[-0.002630, 

0.001327] 

p=0.517 

B=-0.00284  

[-0.00815, 

0.00247] 

p=0.293 

%BOLD/mmHg 

per score unit 



Appendix 

249 
 

BG PVS 

volume 

B=-0.000202    

[-0.004823, 

0.004418] 

p=0.931 

B=0.000094  

[-0.001369, 

0.001557] 

p=0.899 

B=0.00151  

[-0.00241, 

0.00543] 

p=0.447 

%BOLD/mmHg 

per %ROIV 

CSO PVS 

volume 

B=0.00413 

[0.00046, 

0.00780] 

p=0.028 

B=0.000507  

[-0.000669, 

0.001683] 

p=0.396 

B=-0.000455    

[-0.003614, 

0.002703] 

p=0.776 

%BOLD/mmHg 

per %ROIV 

Total PVS 

volume 

B=0.00412 

[0.00010, 

0.00814] 

p=0.045 

B=0.000534  

[-0.000753, 

0.001820] 

p=0.414 

B=-0.000270    

[-0.003729, 

0.003189] 

p=0.878 

%BOLD/mmHg 

per %ROIV 

NIHSS B=-0.00311  

[-0.00890, 

0.00268] 

p=0.291 

B=-0.000970    

[-0.002819, 

0.000878] 

p=0.302 

B=0.000972  

[-0.003901, 

0.005846] 

p=0.694 

%BOLD/mmHg 

per score unit 

mRS B=-0.000139    

[-0.011888, 

0.011610] 

p=0.981 

B=-0.00153  

[-0.00527, 

0.00221] 

p=0.420 

B=0.00320  

[-0.00684, 

0.01324] 

p=0.530 

%BOLD/mmHg 

per score unit 

MoCA B=0.00192  

[-0.00038, 

0.00422] 

p=0.100 

B=0.000609  

[-0.000124, 

0.001341] 

p=0.103 

B=0.000341  

[-0.001607, 

0.002288] 

p=0.730 

%BOLD/mmHg 

per score unit 
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Table A3-23: Regression coefficients from cross-sectional analysis after 

adjusting for EtCO2 baseline. Each row represents a different statistical model 

where the SVD predictor of interest is given in the first column. The associated 

regression coefficient B, its 95% confidence interval and p-value are given in columns 

2-4. The last column gives the units of B. All models were corrected for EtCO2 

baseline, age, sex, MAP, diagnosis of diabetes, hypertension, and 

hypercholesterolaemia and history of smoking. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

WMH volume B=-0.0220    

[-0.0398,       

-0.0042] 

p=0.016 

B=-0.00614  

[-0.01198,     

-0.00029] 

p=0.040 

B=-0.0278   

[-0.0445,       

-0.0110] 

p=0.001 

%BOLD/mmHg 

per log10(%ICV) 

Periventricular 

Fazekas score 

B=-0.0173   

[-0.0269,       

-0.0076] 

p=0.001 

B=-0.00485  

[-0.00804,     

-0.00167] 

p=0.003 

B=-0.0142   

[-0.0232,       

-0.0053] 

p=0.002 

%BOLD/mmHg 

per score unit 

Deep white 

matter Fazekas 

score 

B=-0.00879  

[-0.01892, 

0.00134] 

p=0.089 

B=-0.00225  

[-0.00557, 

0.00106] 

p=0.182 

B=-0.00936  

[-0.01871,     

-0.00001] 

p=0.050 

%BOLD/mmHg 

per score unit 

Total Fazekas 

score 

B=-0.00759  

[-0.01290,     

-0.00228] 

p=0.005 

B=-0.00207  

[-0.00382,     

-0.00033] 

p=0.020 

B=-0.00689  

[-0.01181,     

-0.00196] 

p=0.006 

%BOLD/mmHg 

per score unit 

Number of 

lacunes 

B=-0.00531  

[-0.00778,     

-0.00284] 

p<0.001 

B=-0.00109  

[-0.00193,     

-0.00026] 

p=0.010 

B=-0.00135  

[-0.00371, 

0.00101] 

p=0.260 

%BOLD/mmHg 

per lacune 

Number of 

microbleeds 

B=-0.00172  

[-0.00313,     

-0.00030] 

p=0.018 

B=-0.000859    

[-0.001310,    

-0.000408] 

p<0.001 

B=-0.00170  

[-0.00298,     

-0.00041] 

p=0.010 

%BOLD/mmHg 

per microbleed 

Deep atrophy 

score 

B=-0.00421  

[-0.01010, 

0.00169] 

p=0.161 

B=-0.00195  

[-0.00386,     

-0.00003] 

p=0.046 

B=-0.00442  

[-0.00976, 

0.00093] 

p=0.104 

%BOLD/mmHg 

per score unit 

Superficial 

atrophy score 

B=-0.00124  

[-0.00745, 

0.00497] 

p=0.694 

B=-0.000878    

[-0.002903, 

0.001147] 

p=0.393 

B=-0.00387  

[-0.00951, 

0.00177] 

p=0.177 

%BOLD/mmHg 

per score unit 

Total atrophy 

score 

B=-0.00164  

[-0.00491, 

0.00164] 

p=0.325 

B=-0.000841    

[-0.001905, 

0.000223] 

p=0.120 

B=-0.00243  

[-0.00539, 

0.00053] 

p=0.107 

%BOLD/mmHg 

per score unit 

Brain volume B=0.00103  B=0.000582  B=0.00120  %BOLD/mmHg 

per %ICV 
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[-0.00121, 

0.00328] 

p=0.364 

[-0.000147, 

0.001311] 

p=0.117 

[-0.00085, 

0.00326] 

p=0.248 

BG PVS score B=-0.0109   

[-0.0203,       

-0.0015] 

p=0.023 

B=-0.00327  

[-0.00634,     

-0.00019] 

p=0.038 

B=-0.00740  

[-0.01606, 

0.00126] 

p=0.093 

%BOLD/mmHg 

per score unit 

CSO PVS score B=-0.000484    

[-0.009197, 

0.008230] 

p=0.913 

B=-0.000486    

[-0.003330, 

0.002359] 

p=0.736 

B=-0.00803  

[-0.01603,     

-0.00002] 

p=0.049 

%BOLD/mmHg 

per score unit 

Total PVS score B=-0.00372  

[-0.00913, 

0.00169] 

p=0.176 

B=-0.00125 

[-0.00301, 

0.00052] 

p=0.165 

B=-0.00555  

[-0.01051,    

-0.00060] 

p=0.028 

%BOLD/mmHg 

per score unit 

BG PVS volume B=-0.00216  

[-0.00611, 

0.00180] 

p=0.283 

B=-0.000564    

[-0.001846, 

0.000718] 

p=0.386 

B=-0.00129  

[-0.00497, 

0.00239] 

p=0.489 

%BOLD/mmHg 

per %ROIV 

CSO PVS 

volume 

B=0.00301  

[-0.00038, 

0.00640] 

p=0.081 

B=0.000203  

[-0.000904, 

0.001309] 

p=0.718 

B=-0.00170  

[-0.00486, 

0.00145] 

p=0.288 

%BOLD/mmHg 

per %ROIV 

Total PVS 

volume 

B=0.00263  

[-0.00104, 

0.00629] 

p=0.159 

B=0.000127  

[-0.001067, 

0.001321] 

p=0.834 

B=-0.00186  

[-0.00527, 

0.00155] 

p=0.282 

%BOLD/mmHg 

per %ROIV 

SVD score B=-0.0134   

[-0.0192,  

-0.0077] 

p<0.001 

B=-0.00274  

[-0.00468,     

-0.00079] 

p=0.006 

B=-0.00496  

[-0.01053, 

0.00061] 

p=0.081 

%BOLD/mmHg 

per score unit 

NIHSS B=-0.00208  

[-0.00766, 

0.00350] 

p=0.463 

B=-0.000735    

[-0.002557, 

0.001086] 

p=0.426 

B=0.000585  

[-0.004473, 

0.005644] 

p=0.820 

%BOLD/mmHg 

per score unit 

mRS B=0.000476  

[-0.010757, 

0.011708] 

p=0.933 

B=-0.00140  

[-0.00506, 

0.00226] 

p=0.451 

B=0.00265  

[-0.00772, 

0.01302] 

p=0.615 

%BOLD/mmHg 

per score unit 

MoCA B=0.00202  

[-0.00017, 

0.00421] 

p=0.071 

B=0.000639  

[-0.000075, 

0.001353] 

p=0.079 

B=0.000631  

[-0.001382, 

0.002644] 

p=0.537 

%BOLD/mmHg 

per score unit 
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Table A3-24: Regression coefficients from cross-sectional analysis after 

excluding datasets with high motion during BOLD-CVR scan. Each row 

represents a different statistical model where the SVD predictor of interest is given in 

the first column. The associated regression coefficient B, its 95% confidence interval 

and p-value are given in columns 2-4. The last column gives the units of B. All models 

were corrected for age, sex, MAP, diagnosis of diabetes, hypertension, and 

hypercholesterolaemia and history of smoking. A total of 12 datasets was removed. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

WMH volume B=-0.0195   

[-0.0392, 

0.0002] 

p=0.052 

B=-0.00599  

[-0.01219, 

0.00021] 

p=0.058 

B=-0.0267   

[-0.0440,      

-0.0093] 

p=0.003 

%BOLD/mmHg 

per 

log10(%ICV) 

Periventricular 

Fazekas score 

B=-0.0176   

[-0.0284,       

-0.0068] 

p=0.002 

B=-0.00500  

[-0.00843,     

-0.00158] 

p=0.004 

B=-0.0138   

[-0.0233,       

-0.0044] 

p=0.004 

%BOLD/mmHg 

per score unit 

Deep white 

matter Fazekas 

score 

B=-0.00845  

[-0.01941, 

0.00251] 

p=0.130 

B=-0.00224  

[-0.00570, 

0.00122] 

p=0.202 

B=-0.00879  

[-0.01830, 

0.00072] 

p=0.070 

%BOLD/mmHg 

per score unit 

Total Fazekas 

score 

B=-0.00747  

[-0.01331,     

-0.00163] 

p=0.012 

B=-0.00208  

[-0.00393,     

-0.00023] 

p=0.028 

B=-0.00654  

[-0.01162,     

-0.00146] 

p=0.012 

%BOLD/mmHg 

per score unit 

Number of 

lacunes 

B=-0.00534  

[-0.00819,     

-0.00249] 

p<0.001 

B=-0.00120  

[-0.00212,     

-0.00028] 

p=0.011 

B=-0.00142  

[-0.00396, 

0.00111] 

p=0.269 

%BOLD/mmHg 

per lacune 

Number of 

microbleeds 

B=-0.00140  

[-0.00296, 

0.00015] 

p=0.076 

B=-0.000813    

[-0.001291,   

-0.000336] 

p=0.001 

B=-0.00144  

[-0.00277,     

-0.00012] 

p=0.033 

%BOLD/mmHg 

per microbleed 

Deep atrophy 

score 

B=-0.00381  

[-0.01031, 

0.00269] 

p=0.249 

B=-0.00210  

[-0.00413,     

-0.00007] 

p=0.042 

B=-0.00443  

[-0.00997, 

0.00112] 

p=0.117 

%BOLD/mmHg 

per score unit 

Superficial 

atrophy score 

B=-0.00124  

[-0.00813, 

0.00565] 

p=0.722 

B=-0.000962    

[-0.003128, 

0.001203] 

p=0.381 

B=-0.00358  

[-0.00947, 

0.00238] 

p=0.232 

%BOLD/mmHg 

per score unit 

Total atrophy 

score 

B=-0.00152  

[-0.00513, 

0.00210] 

p=0.409 

B=-0.000912    

[-0.002043, 

0.000219] 

p=0.113 

B=-0.00234  

[-0.00541, 

0.00074] 

p=0.135 

%BOLD/mmHg 

per score unit 

Brain volume B=-0.000163  B=0.000722  B=0.00119  %BOLD/mmHg 

per %ICV 
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[-0.002843, 

0.002518] 

p=0.905 

[-0.000115, 

0.001558] 

p=0.090 

[-0.00112, 

0.00350] 

p=0.309 

BG PVS score B=-0.0101    

[-0.0204, 

0.0001] 

p=0.052 

B=-0.00292  

[-0.00615, 

0.00032] 

p=0.077 

B=-0.00740  

[-0.01626, 

0.00147] 

p=0.101 

%BOLD/mmHg 

per score unit 

CSO PVS score B=0.000783  

[-0.008831, 

0.010396] 

p=0.872 

B=-0.000179    

[-0.003206, 

0.002849] 

p=0.907 

B=-0.00656  

[-0.01494, 

0.00181] 

p=0.124 

%BOLD/mmHg 

per score unit 

Total PVS score B=-0.00299  

[-0.00888, 

0.00290] 

p=0.317 

B=-0.00101  

[-0.00286, 

0.00084] 

p=0.283 

B=-0.00490  

[-0.00999, 

0.00019] 

p=0.059 

%BOLD/mmHg 

per score unit 

BG PVS volume B=-0.00131  

[-0.00569, 

0.00307] 

p=0.557 

B=-0.000376    

[-0.001747, 

0.000996] 

p=0.589 

B=-0.00141  

[-0.00521, 

0.00239] 

p=0.465 

%BOLD/mmHg 

per %ROIV 

CSO PVS 

volume 

B=0.00387 

[0.00011, 

0.00763] 

p=0.044 

B=0.000539  

[-0.000652, 

0.001730] 

p=0.373 

B=-0.00148  

[-0.00477, 

0.00181] 

p=0.376 

%BOLD/mmHg 

per %ROIV 

Total PVS 

volume 

B=0.00359  

[-0.00049, 

0.00766] 

p=0.084 

B=0.00048  

[-0.00080, 

0.00177] 

p=0.461 

B=-0.00167  

[-0.00523, 

0.00189] 

p=0.355 

%BOLD/mmHg 

per %ROIV 

SVD score B=-0.0141   

[-0.0205,       

-0.0076] 

p<0.001 

B=-0.00301  

[-0.00511,     

-0.00091] 

p=0.005 

B=-0.00533  

[-0.01121, 

0.00055] 

p=0.075 

%BOLD/mmHg 

per score unit 

NIHSS B=-0.00467  

[-0.01105, 

0.00171] 

p=0.150 

B=-0.00234  

[-0.00433,     

-0.00035] 

p=0.021 

B=-0.00156  

[-0.00702, 

0.00391] 

p=0.575 

%BOLD/mmHg 

per score unit 

mRS B=0.00109  

[-0.01146, 

0.01365] 

p=0.864 

B=-0.00149  

[-0.00543, 

0.00246] 

p=0.458 

B=0.00316  

[-0.00776, 

0.01407] 

p=0.568 

%BOLD/mmHg 

per score unit 

MoCA B=0.00240  

[-0.00002, 

0.00483] 

p=0.052 

B=0.000934 

[0.000177, 

0.001690] 

p=0.016 

B=0.000932  

[-0.001167, 

0.003031] 

p=0.382 

%BOLD/mmHg 

per score unit 
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Table A3-25: Regression coefficients from cross-sectional analysis after 

excluding datasets with short hypercapnic paradigm. Each row represents a 

different statistical model where the SVD predictor of interest is given in the first 

column. The associated regression coefficient B, its 95% confidence interval and p-

value are given in columns 2-4. The last column gives the units of B. All models were 

corrected for age, sex, MAP, diagnosis of diabetes, hypertension, and 

hypercholesterolaemia and history of smoking. A total of 15 datasets (15/182 for 

SGM, NAWM CVR analyses and 15/175 for WMH CVR) was removed. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

WMH volume B=-0.0305  

[-0.0504,  

-0.0107] 

p=0.003 

B=-0.00678  

[-0.01275,  

-0.00081] 

p=0.026 

B=-0.0210  

[-0.0355,  

-0.0065] 

p=0.005 

%BOLD/mmHg 

per 

log10(%ICV) 

Periventricular 

Fazekas score 

B=-0.0230  

[-0.0337,  

-0.0123] 

p<0.001 

B=-0.00501  

[-0.00826,  

-0.00177] 

p=0.003 

B=-0.00935  

[-0.01712,  

-0.00158] 

p=0.019 

%BOLD/mmHg 

per score unit 

Deep white 

matter Fazekas 

score 

B=-0.0110  

[-0.0222, 

0.0001] 

p=0.053 

B=-0.00241  

[-0.00574, 

0.00092] 

p=0.155 

B=-0.00934  

[-0.01716,  

-0.00152] 

p=0.020 

%BOLD/mmHg 

per score unit 

Total Fazekas 

score 

B=-0.00983  

[-0.01569,  

-0.00396] 

p=0.001 

B=-0.00214  

[-0.00391,  

-0.00038] 

p=0.018 

B=-0.00541  

[-0.00959,  

-0.00123] 

p=0.012 

%BOLD/mmHg 

per score unit 

Number of 

lacunes 

B=-0.00618  

[-0.00888,  

-0.00349] 

p<0.001 

B=-0.00126  

[-0.00208,  

-0.00043] 

p=0.003 

B=-0.00203  

[-0.00399,  

-0.00007] 

p=0.043 

%BOLD/mmHg 

per lacune 

Number of 

microbleeds 

B=-0.00163  

[-0.00319,  

-0.00007] 

p=0.040 

B=-0.000756  

[-0.001210,  

-0.000303] 

p=0.001 

B=-0.00181  

[-0.00286,  

-0.00076] 

p=0.001 

%BOLD/mmHg 

per microbleed 

Deep atrophy 

score 

B=-0.00546  

[-0.01218, 

0.00126] 

p=0.111 

B=-0.00259  

[-0.00455,  

-0.00062] 

p=0.010 

B=-0.00540  

[-0.01001,  

-0.00079] 

p=0.022 

%BOLD/mmHg 

per score unit 

Superficial 

atrophy score 

B=-0.00221  

[-0.00914, 

0.00472] 

p=0.529 

B=-0.00158  

[-0.00362, 

0.00046] 

p=0.128 

B=-0.00376  

[-0.00855, 

0.00103] 

p=0.123 

%BOLD/mmHg 

per score unit 

Total atrophy 

score 

B=-0.00226  

[-0.00595, 

0.00143] 

p=0.227 

B=-0.00123  

[-0.00231,  

-0.00014] 

p=0.027 

B=-0.00268  

[-0.00521,  

-0.00015] 

p=0.038 

%BOLD/mmHg 

per score unit 

Brain volume B=0.00118  B=0.000573  B=0.000758  %BOLD/mmHg 

per %ICV 



Appendix 

255 
 

[-0.00133, 

0.00369] 

p=0.354 

[-0.000167, 

0.001314] 

p=0.128 

[-0.000994, 

0.002510] 

p=0.394 

BG PVS score B=-0.0146  

[-0.0252,  

-0.0040] 

p=0.007 

B=-0.00317  

[-0.00634, 

0.00000] 

p=0.050 

B=-0.00764  

[-0.01510,  

-0.00018] 

p=0.045 

%BOLD/mmHg 

per score unit 

CSO PVS score B=-0.00220  

[-0.01191, 

0.00752] 

p=0.656 

B=-0.000100  

[-0.002983, 

0.002783] 

p=0.946 

B=-0.00909  

[-0.01582,  

-0.00236] 

p=0.008 

%BOLD/mmHg 

per score unit 

Total PVS score B=-0.00548  

[-0.01151, 

0.00055] 

p=0.075 

B=-0.00104  

[-0.00284, 

0.00076] 

p=0.254 

B=-0.00602  

[-0.01021,  

-0.00183] 

p=0.005 

%BOLD/mmHg 

per score unit 

BG PVS volume B=-0.00336  

[-0.00785, 

0.00114] 

p=0.142 

B=-0.00104  

[-0.00237, 

0.00028] 

p=0.122 

B=-0.00165  

[-0.00482, 

0.00153] 

p=0.307 

%BOLD/mmHg 

per %ROIV 

CSO PVS 

volume 

B=0.00225  

[-0.00152, 

0.00603] 

p=0.240 

B=0.000045  

[-0.001075, 

0.001166] 

p=0.936 

B=-0.00119  

[-0.00384, 

0.00146] 

p=0.377 

%BOLD/mmHg 

per %ROIV 

Total PVS 

volume 

B=0.00174  

[-0.00236, 

0.00584] 

p=0.402 

B=-0.000082  

[-0.001295, 

0.001131] 

p=0.894 

B=-0.00140  

[-0.00427, 

0.00148] 

p=0.338 

%BOLD/mmHg 

per %ROIV 

SVD score B=-0.0168  

[-0.0231,  

-0.0105] 

p<0.001 

B=-0.00297  

[-0.00494,  

-0.00100] 

p=0.003 

B=-0.00531  

[-0.01003,  

-0.00058] 

p=0.028 

%BOLD/mmHg 

per score unit 

NIHSS B=-0.00531  

[-0.01142, 

0.00080] 

p=0.088 

B=-0.000935  

[-0.002758, 

0.000888] 

p=0.313 

B=-0.000392 

[-0.004640, 

0.003857] 

p=0.856 

%BOLD/mmHg 

per score unit 

mRS B=-0.00244  

[-0.01521, 

0.01033] 

p=0.706 

B=-0.000281  

[-0.004068, 

0.003507] 

p=0.884 

B=-0.00195  

[-0.01093, 

0.00703] 

p=0.669 

%BOLD/mmHg 

per score unit 

MoCA B=0.00292 

[0.00048, 

0.00537] 

p=0.019 

B=0.000665 

 [-0.000061, 

0.001392] 

p=0.072 

B=-0.000021 

[-0.001741, 

0.001698] 

p=0.981 

%BOLD/mmHg 

per score unit 
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Table A3-26: Regression coefficients from cross-sectional analysis after 

excluding datasets where masks contain low number of voxels in mean BOLD 

space. Each row represents a different statistical model where the SVD predictor of 

interest is given in the first column. The associated regression coefficient B, its 95% 

confidence interval and p-value are given in the second column. The third column 

gives the units of B. All models were corrected for age, sex, MAP, diagnosis of 

diabetes, hypertension, and hypercholesterolaemia and history of smoking. Only 

WMH CVR analysis was affected by this sensitivity analysis where 34 datasets were 

removed. 

Variables WMH CVR Units of B 

WMH volume B=-0.0233   

[-0.0395, -0.0071] 

p=0.005 

%BOLD/mmHg 

per 

log10(%ICV) 

Periventricular Fazekas score B=-0.0143   

[-0.0220, -0.0066] 

p<0.001 

%BOLD/mmHg 

per score unit 

Deep white matter Fazekas 

score 

B=-0.00864  

[-0.01651, -0.00076] 

p=0.032 

%BOLD/mmHg 

per score unit 

Total Fazekas score B=-0.00673  

[-0.01094, -0.00253] 

p=0.002 

%BOLD/mmHg 

per score unit 

Number of lacunes B=-0.00193  

[-0.00383, -0.00002] 

p=0.047 

%BOLD/mmHg 

per lacune 

Number of microbleeds B=-0.00190  

[-0.00289, -0.00090] 

p<0.001 

%BOLD/mmHg 

per microbleed 

Deep atrophy score B=-0.00348  

[-0.00811, 0.00116] 

p=0.140 

%BOLD/mmHg 

per score unit 

Superficial atrophy score B=-0.00176  

[-0.00655, 0.00303] 

p=0.468 

%BOLD/mmHg 

per score unit 

Total atrophy score B=-0.00153  

[-0.00407, 0.00100] 

p=0.234 

%BOLD/mmHg 

per score unit 

Brain volume B=0.00101  

[-0.00073, 0.00275] 

p=0.253 

%BOLD/mmHg 

per %ICV 

BG PVS score B=-0.00377  

[-0.01128, 0.00374] 

p=0.322 

%BOLD/mmHg 

per score unit 

CSO PVS score B=-0.00303  

[-0.01037, 0.00432] 

p=0.416 

%BOLD/mmHg 

per score unit 
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Total PVS score B=-0.00256  

[-0.00711, 0.00200] 

p=0.268 

%BOLD/mmHg 

per score unit 

BG PVS volume B=-0.000677     

[-0.003754, 0.002400] 

p=0.664 

%BOLD/mmHg 

per %ROIV 

CSO PVS volume B=-0.000272     

[-0.002899, 0.002355] 

p=0.838 

%BOLD/mmHg 

per %ROIV 

Total PVS volume B=-0.000354     

[-0.003198, 0.002489] 

p=0.806 

%BOLD/mmHg 

per %ROIV 

SVD score B=-0.00395  

[-0.00878, 0.00089] 

p=0.109 

%BOLD/mmHg 

per score unit 

NIHSS B=-0.000376     

[-0.004591, 0.003838] 

p=0.860 

%BOLD/mmHg 

per score unit 

mRS B=0.000292  

[-0.008773, 0.009357] 

p=0.949 

%BOLD/mmHg 

per score unit 

MoCA B=0.000891  

[-0.000828, 0.002611] 

p=0.307 

%BOLD/mmHg 

per score unit 
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A4 Supplementary material of Chapter 7 

A4.1 Univariate analyses 

Table A4-1: Regression coefficients from univariate longitudinal analysis. Each 

row represents a different statistical model where the SVD predictor of interest is given 

in the first column. The associated regression coefficient B, its 95% confidence 

interval and p-value are given in columns 2-4. The last column gives the units of B. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

WMH volume B=-0.425  

[-0.752,  

-0.097] 

p=0.011 

B=-1.37  

[-2.38,  

-0.36]  

p=0.008 

B=-0.301  

[-0.693,  

0.090] 

p=0.131 

log10(%ICV) 

per %/mmHg 

Number of 

lacunes 

B=-0.701  

[-2.426, 1.024] 

p=0.423 

B=0.764  

[-4.549, 6.078] 

p=0.777 

B=-0.811  

[-2.839, 1.217] 

p=0.431 

lacunes per 

%/mmHg 

Number of 

microbleeds 

B=-0.330  

[-4.310, 3.650] 

p=0.870 

B=-3.04  

[-15.92, 9.84] 

p=0.642 

B=-0.386  

[-5.915, 5.142] 

p=0.890 

microbleeds 

per %/mmHg 

Brain volume B=-12.0  

[-29.5, 5.4] 

p=0.175 

B=10.5  

[-45.3, 66.3] 

p=0.711 

B=12.6  

[-8.5, 33.8] 

p=0.239 

%ICV per 

%/mmHg 

BG PVS volume B=-0.430  

[-0.789,  

-0.072] 

p=0.019 

B=-2.01847  

[-3.13216,  

-0.90478] 

p<0.001 

B=-0.616  

[-1.026,  

-0.205] 

p=0.004 

log10(%ROIV) 

per %/mmHg 

CSO PVS 

volume 

B=-0.286  

[-0.744, 0.172] 

p=0.219 

B=-2.01  

[-3.46, -0.56] 

p=0.007 

B=-0.233  

[-0.790, 0.323] 

p=0.408 

log10(%ROIV) 

per %/mmHg 

Total PVS 

volume 

B=-0.310  

[-0.724, 0.105] 

p=0.142 

B=-1.94  

[-3.25, -0.64] 

p=0.004 

B=-0.423  

[-0.918, 0.073] 

p=0.094 

log10(%ROIV) 

per %/mmHg 

 



Appendix 

259 
 

A4.2 Adjusted analyses 

Table A4-2: Longitudinal linear regression between WMH volume at one-year 

follow-up and baseline CVR, adjusted for WMH volume at baseline, age, sex and 

vascular risk factors. Columns 2 to 4 contain the regression coefficients, 95% 

confidence intervals and p-values. The last column gives the units of the regression 

coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

CVR B=-0.325 

[-0.653, 

0.002] 

p=0.052 

B=-1.14 

[-2.13,  

-0.14]  

p=0.026 

B=-0.251 

[-0.635, 

0.133] 

p=0.199 

log10(%ICV) 

per %/mmHg 

Baseline WMH volume B=0.996 

[0.955, 

1.037] 

p<0.001 

B=0.997 

[0.956, 

1.038] 

p<0.001 

B=0.995 

[0.952, 

1.037] 

p<0.001 

 

Age B=0.00146 

[-0.00023, 

0.00315] 

p=0.089 

B=0.00158 

[-0.00010, 

0.00325] 

p=0.064 

B=0.00177 

[0.00003, 

0.00351] 

p=0.046 

log10(%ICV) 

per year 

Sex [Male] B=-0.0224  

[-0.0582, 

0.0134] 

p=0.218 

B=-0.0230  

[-0.0586, 

0.0126] 

p=0.204 

B=-0.0241  

[-0.0598, 

0.0115] 

p=0.183 

log10(%ICV) 

MAP B=-0.000789  

[-0.002068, 

0.000490]  

p=0.225 

B=-0.000761  

[-0.002035, 

0.000513]  

p=0.240 

B=-0.000575  

[-0.001877, 

0.000726]  

p=0.384 

log10(%ICV) 

per mmHg 

Diabetes B=0.0411  

[-0.0014, 

0.0837] 

p=0.058 

B=0.0414  

[-0.0009, 

0.0837] 

p=0.055 

B=0.0381  

[-0.0051, 

0.0813] 

p=0.083 

log10(%ICV) 

Smoker [Ever] B=0.0123  

[-0.0235, 

0.0482] 

p=0.498 

B=0.0136  

[-0.0220, 

0.0492] 

p=0.452 

B=0.0116  

[-0.0243, 

0.0475] 

p=0.524 

log10(%ICV) 

Smoker [Current] B=0.00163  

[-0.04777, 

0.05104] 

p=0.948 

B=0.00437  

[-0.04437, 

0.05311] 

p=0.860 

B=0.00523  

[-0.04435, 

0.05481] 

p=0.835 

log10(%ICV) 

Hypertension B=-0.0543  

[-0.0951,  

-0.0136] 

p=0.009 

B=-0.0533  

[-0.0940,  

-0.0127] 

p=0.010 

B=-0.0566  

[-0.0982,  

-0.0150] 

p=0.008 

log10(%ICV) 

Hypercholesterolaemia B=0.00676  B=0.00782  B=0.0131  log10(%ICV) 
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[-0.02948, 

0.04301] 

p=0.713 

[-0.02830, 

0.04394] 

p=0.669 

[-0.0238, 

0.0500] 

p=0.484 
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Table A4-3: Longitudinal linear regression between number of lacunes at one-

year follow-up and baseline CVR, adjusted for number of lacunes at baseline, 

age, sex and vascular risk factors. Columns 2 to 4 contain the regression 

coefficients, 95% confidence intervals and p-values. The last column gives the units 

of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

CVR B=-0.809  

[-2.591, 

0.974] 

p=0.371 

B=0.454  

[-4.852, 

5.761] 

p=0.866 

B=-0.932  

[-2.929, 

1.065] 

p=0.358 

lacunes per 

%/mmHg 

Baseline number of 

lacunes 

B=0.991  

[0.959, 

1.022] 

p<0.001 

B=0.996  

[0.966, 

1.027] 

p<0.001 

B=0.994  

[0.963, 

1.024] 

p<0.001 

 

Age B=-0.000176  

[-0.008457, 

0.008104]  

p=0.966 

B=0.000847  

[-0.007264, 

0.008958]  

p=0.837 

B=-0.000019  

[-0.008591, 

0.008552]  

p=0.996 

lacunes per 

year 

Sex [Male] B=0.0253  

[-0.1623, 

0.2129] 

p=0.790 

B=0.0167  

[-0.1710, 

0.2044] 

p=0.861 

B=0.0216  

[-0.1688, 

0.2120] 

p=0.823 

lacunes 

MAP B=0.00456  

[-0.00219, 

0.01131]  

p=0.184 

B=0.00466  

[-0.00210, 

0.01143] 

p=0.175 

B=0.00514  

[-0.00183, 

0.01212]  

p=0.147 

lacunes per 

mmHg 

Diabetes B=0.244  

[0.021, 

0.466] 

p=0.032 

B=0.253  

[0.030, 

0.476]  

p=0.026 

B=0.257  

[0.027, 

0.486] 

p=0.029 

lacunes 

Smoker [Ever] B=-0.137  

[-0.326, 

0.053] 

p=0.156 

B=-0.126  

[-0.314, 

0.063] 

p=0.191 

B=-0.139  

[-0.332, 

0.053] 

p=0.155 

lacunes 

Smoker [Current] B=-0.144  

[-0.402, 

0.114] 

p=0.273 

B=-0.123  

[-0.380, 

0.133] 

p=0.344 

B=-0.150  

[-0.415, 

0.115] 

p=0.265 

lacunes 

Hypertension B=0.0162  

[-0.1993, 

0.2317] 

p=0.882 

B=0.000620  

[-0.214889, 

0.216129]  

p=0.995 

B=0.00681 

[-0.21361, 

0.22723] 

p=0.951 

lacunes 

Hypercholesterolaemia B=0.227  

[0.036, 

0.418] 

p=0.020 

B=0.228  

[0.036, 

0.419] 

p=0.020 

B=0.227  

[0.029, 

0.424] 

p=0.025 

lacunes 
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Table A4-4: Longitudinal linear regression between number of microbleeds at 

one-year follow-up and baseline CVR, adjusted for number of microbleeds at 

baseline, age, sex and vascular risk factors. Columns 2 to 4 contain the regression 

coefficients, 95% confidence intervals and p-values. The last column gives the units 

of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

CVR B=-0.946  

[-5.121, 

3.230] 

p=0.655 

B=-4.35  

[-17.48, 8.79] 

p=0.514 

B=-2.01  

[-7.85, 3.82] 

p=0.496 

microbleeds 

per %/mmHg 

Baseline number of 

microbleeds 

B=1.08  

[1.04, 1.12]  

p<0.001 

B=1.08  

[1.04, 1.12]  

p<0.001 

B=1.08  

[1.03, 1.12]  

p<0.001 

 

Age B=-0.0214  

[-0.0427,  

-0.0001] 

p=0.049 

B=-0.0213  

[-0.0423,  

-0.0003] 

p=0.046 

B=-0.0245  

[-0.0479,  

-0.0012] 

p=0.040 

microbleeds 

per year 

Sex [Male] B=-0.136  

[-0.603, 

0.332] 

p=0.567 

B=-0.137  

[-0.603, 

0.329] 

p=0.563 

B=-0.151  

[-0.626, 

0.324] 

p=0.530 

microbleeds 

MAP B=0.00565  

[-0.01109, 

0.02239]  

p=0.506 

B=0.00580  

[-0.01093, 

0.02254]  

p=0.494 

B=0.00529  

[-0.01200, 

0.02258]  

p=0.546 

microbleeds 

per mmHg 

Diabetes B=0.636  

[0.090, 

1.183] 

p=0.023 

B=0.632  

[0.087, 

1.178] 

p=0.023 

B=0.674  

[0.114, 

1.234] 

p=0.019 

microbleeds 

Smoker [Ever] B=0.207  

[-0.257, 

0.671] 

p=0.379 

B=0.207  

[-0.255, 

0.669] 

p=0.377 

B=0.190  

[-0.283, 

0.664] 

p=0.428 

microbleeds 

Smoker [Current] B=-0.355  

[-0.980, 

0.271] 

p=0.264 

B=-0.353  

[-0.968, 

0.263] 

p=0.259 

B=-0.361  

[-1.008, 

0.287] 

p=0.273 

microbleeds 

Hypertension B=0.107  

[-0.404, 

0.617] 

p=0.681 

B=0.118  

[-0.394, 

0.630] 

p=0.651 

B=0.136  

[-0.388, 

0.660] 

p=0.608 

microbleeds 

Hypercholesterolaemia B=-0.239  

[-0.709, 

0.231] 

p=0.317 

B=-0.232  

[-0.703, 

0.238] 

p=0.331 

B=-0.273  

[-0.758, 

0.212] 

p=0.267 

microbleeds 
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Table A4-5: Longitudinal linear regression between brain volume at one-year 

follow-up and baseline CVR, adjusted for brain volume at baseline, age, sex and 

vascular risk factors. Columns 2 to 4 contain the regression coefficients, 95% 

confidence intervals and p-values. The last column gives the units of the regression 

coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

CVR B=0.128 

[-5.0, 5.3] 

p=0.961 

B=9.85 

[-6.00, 25.70] 

p=0.221 

B=-0.241 

[-6.320, 

5.839] 

p=0.938 

%ICV per 

%/mmHg 

Baseline brain volume B=0.819 

[0.739, 

0.900] 

p<0.001 

B=0.815  

[0.735, 

0.896]  

p<0.001 

B=0.814  

[0.732, 

0.896] 

p<0.001 

 

Age B=-0.0631  

[-0.0968,  

-0.0294] 

p<0.001 

B=-0.0628  

[-0.095981,  

-0.029470] 

p<0.001 

B=-0.0639  

[-0.0989,  

-0.0290] 

p<0.001 

%ICV per 

year 

Sex [Male] B=-0.479 

[-1.096, 

0.138] 

p=0.127 

B=-0.515  

[-1.128, 

0.099] 

p=0.099 

B=-0.498  

[-1.121, 

0.125] 

p=0.116 

%ICV 

MAP B=-0.00342  

[-0.02422, 

0.01738] 

p=0.746 

B=-0.00346  

[-0.02416, 

0.01724] 

p=0.742 

B=-0.00466  

[-0.02601, 

0.01669] 

p=0.667 

%ICV per 

mmHg 

Diabetes B=-0.0409  

[-0.6438, 

0.7256] 

p=0.906 

B=0.0677  

[-0.6125, 

0.7480] 

p=0.844 

B=-0.0306  

[-0.7341, 

0.6730] 

p=0.932 

%ICV 

Smoker [Ever] B=-0.0420  

[-0.6227, 

0.5387] 

p=0.887 

B=-0.0266  

[-0.6026, 

0.5494] 

p=0.927 

B=-0.0308  

[0.6199, 

0.5583] 

p=0.918 

%ICV 

Smoker [Current] B=-0.394  

[-1.180, 

0.391] 

p=0.323 

B=-0.332  

[-1.101, 

0.437] 

p=0.396 

B=-0.419  

[-1.213, 

0.375] 

p=0.299 

%ICV 

Hypertension B=-0.306  

[-0.935, 

0.322] 

p=0.337 

B=-0.330  

[-0.956, 

0.296] 

p=0.299 

B=-0.359  

[-1.004, 

0.287] 

p=0.274 

%ICV 

Hypercholesterolaemia B=-0.157  

[-0.429, 

0.742] 

p=0.597 

B=0.147  

[-0.436, 

0.730] 

p=0.620 

B=0.218  

[-0.385, 

0.822] 

p=0.476 

%ICV 
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Table A4-6: Longitudinal linear regression between BG PVS volume at one-year 

follow-up and baseline CVR, adjusted for BG PVS volume at baseline, age, sex 

and vascular risk factors. Columns 2 to 4 contain the regression coefficients, 95% 

confidence intervals and p-values. The last column gives the units of the regression 

coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

CVR B=-0.446 

[-0.814,  

-0.078] 

p=0.018 

B=-2.12 

[-3.23, -1.01] 

p<0.001 

B=-0.607 

[-1.010,  

-0.203] 

p=0.003 

log10(%ROIV) 

per %/mmHg 

Baseline BG PVS 

volume 

B=0.856  

[0.739, 

0.974] 

p<0.001 

B=0.850  

[0.737, 

0.964] 

p<0.001 

B=0.912  

[0.801, 

1.023] 

p<0.001 

 

Age B=-0.00100  

[-0.00311, 

0.00110] 

p=0.347 

B=-0.000920  

[-0.002954, 

0.001115] 

p=0.373 

B=-0.00226  

[-0.00437, 

-0.00016] 

p=0.035 

log10(%ROIV) 

per year 

Sex [Male] B=-0.0373  

[-0.0793, 

0.0048] 

p=0.082 

B=-0.0380 

[-0.0787, 

0.0026] 

p=0.067 

B=-0.0360  

[-0.0756, 

0.0036] 

p=0.074 

log10(%ROIV) 

MAP B=0.000028  

[-0.001460, 

0.001515]  

p=0.971 

B=0.000166  

[-0.001282, 

0.001614]  

p=0.821 

B=-0.000042  

[-0.001476, 

0.001391]  

p=0.953 

log10(%ROIV) 

per mmHg 

Diabetes B=0.0575  

[0.0051, 

0.1099] 

p=0.032 

B=0.0594  

[0.0085, 

0.1103] 

p=0.023 

B=0.0520  

[0.0012, 

0.1029] 

p=0.045 

log10(%ROIV) 

Smoker [Ever] B=-0.0242  

[-0.0661, 

0.0177] 

p=0.255 

B=-0.0239  

[-0.0645, 

0.0167] 

p=0.247 

B=-0.0201  

[-0.0599, 

0.0196] 

p=0.318 

log10(%ROIV) 

Smoker [Current] B=-0.0450  

[-0.1015, 

0.0115] 

p=0.118 

B=-0.0432  

[-0.0974, 

0.0109] 

p=0.117 

B=-0.0312  

[-0.0849, 

0.0224] 

p=0.252 

log10(%ROIV) 

Hypertension B=-0.0135  

[-0.0632, 

0.0363] 

p=0.593 

B=-0.0105  

[-0.0589, 

0.0379] 

p=0.669 

B=-0.0182  

[-0.0658, 

0.0294] 

p=0.450 

log10(%ROIV) 

Hypercholesterolaemia B=0.0475  

[0.0060, 

0.0891] 

p=0.025 

B=0.0497  

[0.0092, 

0.0901] 

p=0.016 

B=0.0569  

[0.0168, 

0.0970] 

p=0.006 

log10(%ROIV) 
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Table A4-7: Longitudinal linear regression between CSO PVS volume at one-

year follow-up and baseline CVR, adjusted for CSO PVS volume at baseline, 

age, sex and vascular risk factors. Columns 2 to 4 contain the regression 

coefficients, 95% confidence intervals and p-values. The last column gives the units 

of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

CVR B=2.21  

[-7.54, 12.07] 

p=0.658 

B=22.0  

[-7.8, 50.9]  

p=0.139 

B=7.10  

[-6.11, 20.75] 

p=0.308 

log10(%ROIV) 

per %/mmHg 

Baseline CSO PVS 

volume 

B=0.771  

[0.671, 

0.871] 

p<0.001 

B=0.767  

[0.669, 

0.865] 

p<0.001 

B=0.790  

[0.689, 

0.891] 

p<0.001 

 

Age B=0.00189  

[-0.00083, 

0.00462]  

p=0.172 

B=0.00170  

[-0.00092, 

0.00431]  

p=0.202 

B=0.000820  

[-0.001984, 

0.003624]  

p=0.564 

log10(%ROIV) 

per year 

Sex [Male] B=-0.0350  

[-0.0896, 

0.0196] 

p=0.207 

B=-0.0322  

[-0.0853, 

0.0210] 

p=0.234 

B=-0.0320  

[-0.0859, 

0.0219] 

p=0.242 

log10(%ROIV) 

MAP B=0.00114  

[-0.00081, 

0.00309] 

p=0.248 

B=0.00125  

[-0.00065, 

0.00315] 

p=0.197 

B=0.00102  

[-0.00094, 

0.00299] 

p=0.306 

log10(%ROIV) 

per mmHg 

Diabetes B=0.0666  

[-0.0018, 

0.1350] 

p=0.056 

B=0.0662  

[-0.0006, 

0.1330] 

p=0.052 

B=0.0620  

[-0.0075, 

0.1314] 

p=0.080 

log10(%ROIV) 

Smoker [Ever] B=-0.00238  

[-0.05652, 

0.05176] 

p=0.931 

B=-0.00492  

[-0.05770, 

0.04787] 

p=0.854 

B=-0.00431  

[-0.05823, 

0.04962] 

p=0.875 

log10(%ROIV) 

Smoker [Current] B=0.00789  

[-0.06588, 

0.08165]  

p=0.833 

B=-0.000263  

[-0.070871, 

0.070345]  

p=0.994 

B=0.0141  

[-0.0584, 

0.0866] 

p=0.702 

log10(%ROIV) 

Hypertension B=-0.0283  

[-0.0889, 

0.0323] 

p=0.358 

B=-0.0249  

[-0.0843, 

0.0344] 

p=0.407 

B=-0.0306  

[-0.0916, 

0.0303] 

p=0.322 

log10(%ROIV) 

Hypercholesterolaemia B=0.0671  

[0.0128, 

0.1214] 

p=0.016 

B=0.0697  

[0.0166, 

0.1228] 

p=0.010 

B=0.0783  

[0.0234, 

0.1333] 

p=0.005 

log10(%ROIV) 
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Table A4-8: Longitudinal linear regression between total PVS volume at one-

year follow-up and baseline CVR, adjusted for total PVS volume at baseline, 

age, sex and vascular risk factors. Columns 2 to 4 contain the regression 

coefficients, 95% confidence intervals and p-values. The last column gives the units 

of the regression coefficient. 

Variables SGM CVR NAWM CVR WMH CVR Units of B 

CVR B=-0.207  

[-0.637, 

0.223] 

p=0.343 

B=-1.90  

[-3.21, -0.60] 

p=0.005 

B=-0.366  

[-0.858, 

0.126] 

p=0.144 

log10(%ROIV) 

per %/mmHg 

Baseline total PVS 

volume 

B=0.752  

[0.648, 

0.856] 

p<0.001 

B=0.745  

[0.644, 

0.847] 

p<0.001 

B=0.775  

[0.671, 

0.879] 

p<0.001 

 

Age B=0.00140  

[-0.00110, 

0.00390] 

p=0.271 

B=0.00129  

[-0.00111, 

0.00369] 

p=0.288 

B=0.000274  

[-0.002275, 

0.002823]  

p=0.832 

log10(%ROIV) 

per year 

Sex [Male] B=-0.0363  

[-0.0857, 

0.0130] 

p=0.148 

B=-0.0343  

[-0.0822, 

0.0136] 

p=0.159 

B=-0.0328  

[-0.0809, 

0.0153] 

p=0.180 

log10(%ROIV) 

MAP B=0.000758  

[-0.001000, 

0.002516]  

p=0.396 

B=0.000872  

[-0.000844, 

0.002587]  

p=0.317 

B=0.000655  

[-0.001099, 

0.002409]  

p=0.462 

log10(%ROIV) 

per mmHg 

Diabetes B=0.0632  

[0.0014, 

0.1250] 

p=0.045 

B=0.0633  

[0.0031, 

0.1235] 

p=0.039 

B=0.0574  

[-0.0046, 

0.1194] 

p=0.069 

log10(%ROIV) 

Smoker [Ever] B=-0.0110  

[-0.0600, 

0.0380] 

p=0.659 

B=-0.0128  

[-0.0604, 

0.0348] 

p=0.596 

B=-0.0119  

[-0.0601, 

0.0363] 

p=0.626 

log10(%ROIV) 

Smoker [Current] B=-0.00586  

[-0.07271, 

0.06098] 

p=0.863 

B=-0.0113  

[-0.0751, 

0.0526] 

p=0.728 

B=0.000474  

[-0.064498, 

0.065446]  

p=0.989 

log10(%ROIV) 

Hypertension B=-0.0178  

[-0.0734, 

0.0379] 

p=0.529 

B=-0.0143  

[-0.0686, 

0.0400] 

p=0.603 

B=-0.0199  

[-0.0752, 

0.0353] 

p=0.476 

log10(%ROIV) 

Hypercholesterolaemia B=0.0594  

[0.0103, 

0.1085] 

p=0.018 

B=0.0618  

[0.0138, 

0.1097] 

p=0.012 

B=0.0704  

[0.0214, 

0.1195] 

p=0.005 

log10(%ROIV) 
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A4.3 Sensitivity analyses 

Table A4-9: Regression coefficients after adjusting for WMH volume at baseline. 

Each row represents a different statistical model where the SVD quantitative feature 

of interest after one year is given in the first column. The associated regression 

coefficient B, its 95% confidence interval and p-value are given in columns 2-4. The 

last column gives the units of B. All models were corrected for WMH volume at 

baseline, the SVD feature of interest at baseline, age, sex, MAP, diagnosis of 

diabetes, hypertension, and hypercholesterolaemia and history of smoking. 

Variables after 

one year 

SGM CVR NAWM CVR WMH CVR Units of B 

Number of 

lacunes 

B=-0.617  

[-2.388, 1.153] 

p=0.492 

B=1.08  

[-4.18, 6.35] 

p=0.685 

B=-0.448  

[-2.488, 1.591] 

p=0.665 

lacunes per 

%mmHg 

Number of 

microbleeds 

B=0.139      

[-4.010, 4.288] 

p=0.947 

B=-2.45       

[-15.35, 10.46] 

p=0.709 

B=-0.578      

[-6.389, 5.234] 

p=0.844 

microbleeds 

per %/mmHg 

Brain volume B=-22.3  

[-39.4, -5.3] 

p=0.011 

B=-4.32  

[-57.43, 48.79] 

p=0.873 

B=-9.03  

[-30.60, 12.55] 

p=0.410 

%ICV per 

%/mmHg 

BG PVS volume B=-0.337     

[-0.698, 0.026] 

p=0.068 

B=-1.81       

[-2.90, -0.71] 

p=0.001 

B=-0.441     

[-0.852, -0.031] 

p=0.035 

log10(%ROIV) 

per %/mmHg 

CSO PVS volume B=-0.00706 

[-0.49133, 

0.47722] 

p=0.977 

B=-1.63       

[-3.10, -0.17] 

p=0.029 

B=-0.00451  

[-0.56750, 

0.55847] 

p=0.987 

log10(%ROIV) 

per %/mmHg 

Total PVS volume B=-0.0547    

[-0.4865, 

0.3772] 

p=0.803 

B=-1.55       

[-2.86, -0.25] 

p=0.020 

B=-0.193      

[-0.692, 0.307] 

p=0.447 

log10(%ROIV) 

per %/mmHg 
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Table A4-10: Regression coefficients after adjusting for EtCO2 baseline. Each 

row represents a different statistical model where the SVD quantitative feature of 

interest after one year is given in the first column. The associated regression 

coefficient B, its 95% confidence interval and p-value are given in columns 2-4. The 

last column gives the units of B. All models were corrected for EtCO2 baseline, the 

SVD feature of interest at baseline, age, sex, MAP, diagnosis of diabetes, 

hypertension, and hypercholesterolaemia and history of smoking. 

Variables after 

one year 

SGM CVR NAWM CVR WMH CVR Units of B 

WMH volume B=-0.321     

[-0.676, 0.034] 

p=0.076 

B=-1.11       

[-2.15, -0.07] 

p=0.037 

B=-0.238     

[-0.626, 0.151] 

p=0.229 

log10(%ICV) 

per %/mmHg 

Number of 

lacunes 

B=-1.16       

[-3.09, 0.76] 

p=0.235 

B=0.0302    

[-5.5206, 

5.5811] 

p=0.991 

B=-1.05       

[-3.07, 0.98] 

p=0.309 

lacunes per 

%mmHg 

Number of 

microbleeds 

B=-1.60       

[-6.19, 2.98] 

p=0.491 

B=-5.91       

[-19.82, 8.00] 

p=0.402 

B=-2.25      

[-8.18, 3.68] 

p=0.454 

microbleeds 

per %/mmHg 

Brain volume B=-0.866  

[-6.494, 4.761] 

p=0.761 

B=8.62  

[-8.09, 25.32] 

p=0.310 

B=-0.577  

[-6.759, 5.605] 

p=0.854 

%ICV per 

%/mmHg 

BG PVS volume B=-0.341     

[-0.739, 

0.0571] 

p=0.093 

B=-1.90       

[-3.06, -0.73] 

p=0.002 

B=-0.559     

[-0.967, -0.152] 

p=0.007 

log10(%ROIV) 

per %/mmHg 

CSO PVS volume B=0.0368    

[-0.4798, 

0.5535] 

p=0.888 

B=-1.67       

[-3.19, -0.14] 

p=0.033 

B=-0.109     

[-0.666, 0.447] 

p=0.698 

log10(%ROIV) 

per %/mmHg 

Total PVS volume B=-0.0345   

[-0.4999, 

0.4309] 

p=0.884 

B=-1.62       

[-3.00, -0.25] 

p=0.021 

B=-0.311     

[-0.808, 0.186] 

p=0.218 

log10(%ROIV) 

per %/mmHg 
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Table A4-11: Regression coefficients after excluding datasets with high motion 

during BOLD-CVR scan. Each row represents a different statistical model where the 

SVD quantitative feature of interest after one year is given in the first column. The 

associated regression coefficient B, its 95% confidence interval and p-value are given 

in columns 2-4. The last column gives the units of B. All models were corrected for 

EtCO2 baseline, the SVD feature of interest at baseline, age, sex, MAP, diagnosis of 

diabetes, hypertension, and hypercholesterolaemia and history of smoking. A total of 

10 datasets was removed. 

Variables after 

one year 

SGM CVR NAWM CVR WMH CVR Units of B 

WMH volume B=-0.321     

[-0.660, 0.018] 

p=0.063 

B=-1.31       

[-2.35, -0.27] 

p=0.014 

B=-0.268     

[-0.666, 0.130] 

p=0.185 

log10(%ICV) 

per %/mmHg 

Number of 

lacunes 

B=-0.675     

[-2.369, 1.019] 

p=0.432 

B=-0.0539    

[-5.1986, 

5.0907] 

p=0.983 

B=-0.547     

[-2.475, 1.380] 

p=0.575 

lacunes per 

%mmHg 

Number of 

microbleeds 

B=-0.0387   

[-2.4956, 

2.4181] 

p=0.975 

B=1.44        

[-6.40, 9.28] 

p=0.716 

B=0.794     

[-2.665, 4.252 

p=0.651 

microbleeds 

per %/mmHg 

Brain volume B=0.467  

[-4.684, 5.618] 

p=0.858 

B=5.57  

[-10.55, 21.69] 

p=0.496 

B=-0.700  

[-6.798, 5.398] 

p=0.821 

%ICV per 

%/mmHg 

BG PVS volume B=-0.429     

[-0.808, -0.050] 

p=0.027 

B=-2.17       

[-3.32, -1.01] 

p<0.001 

B=-0.634     

[-1.052, -0.216] 

p=0.003 

log10(%ROIV) 

per %/mmHg 

CSO PVS volume B=-0.0517    

[-0.5376, 

0.4341] 

p=0.833 

B=-1.79       

[-3.29, -0.30] 

p=0.019 

B=-0.163     

[-0.728, 0.403] 

p=0.570 

log10(%ROIV) 

per %/mmHg 

Total PVS volume B=-0.138     

[-0.577, 0.301] 

p=0.536 

B=-1.82       

[-3.17, -0.47] 

p=0.009 

B=-0.377     

[-0.882, 0.128] 

p=0.142 

log10(%ROIV) 

per %/mmHg 
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Table A4-12: Regression coefficients after excluding datasets with short 

hypercapnic paradigm. Each row represents a different statistical model where the 

SVD quantitative feature of interest after one year is given in the first column. The 

associated regression coefficient B, its 95% confidence interval and p-value are given 

in columns 2-4. The last column gives the units of B. All models were corrected for 

EtCO2 baseline, the SVD feature of interest at baseline, age, sex, MAP, diagnosis of 

diabetes, hypertension, and hypercholesterolaemia and history of smoking. A total of 

14 datasets (14/163 for SGM, NAWM CVR analyses and 14/158 for WMH CVR) was 

removed. 

Variables after 

one year 

SGM CVR NAWM CVR WMH CVR Units of B 

WMH volume B=-0.396     

[-0.739, -0.052] 

p=0.024 

B=-1.21       

[-2.33, -0.09] 

p=0.034 

B=-0.327     

[-0.828, 0.175] 

p=0.200 

log10(%ICV) 

per %/mmHg 

Number of 

lacunes 

B=-0.925     

[-2.751, 0.901] 

p=0.318 

B=0.133     

[-5.721, 5.987] 

p=0.964 

B=-1.05       

[-3.64, 1.55] 

p=0.427 

lacunes per 

%mmHg 

Number of 

microbleeds 

B=-1.23       

[-5.70, 3.25] 

p=0.588 

B=-4.45       

[-19.56, 10.66] 

p=0.561 

B=-2.09       

[-8.92, 4.74] 

p=0.546 

microbleeds 

per %/mmHg 

Brain volume B=0.109  

[-5.378, 5.597] 

p=0.969 

B=11.1  

[-7.0, 29.2] 

p=0.229 

B=0.107  

[-8.022, 8.237] 

p=0.979 

%ICV per 

%/mmHg 

BG PVS volume B=-0.492     

[-0.875, -0.110] 

p=0.012 

B=-2.78       

[-4.00, -1.55] 

p<0.001 

B=-0.517     

[-1.055, 0.021] 

p=0.059 

log10(%ROIV) 

per %/mmHg 

CSO PVS volume B=-0.157     

[-0.659, 0.345] 

p=0.537 

B=-2.22       

[-3.86, -0.58] 

p=0.008 

B=-0.677     

[-1.402, 0.048] 

p=0.067 

log10(%ROIV) 

per %/mmHg 

Total PVS volume B=-0.250     

[-0.705, 0.205] 

p=0.279 

B=-2.35       

[-3.83, -0.87] 

p=0.002 

B=-0.651     

[-1.307, 0.005] 

p=0.052 

log10(%ROIV) 

per %/mmHg 
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Table A4-13: Regression coefficients after excluding datasets where masks 

contain low number of voxels in mean BOLD space. Each row represents a 

different statistical model where the SVD quantitative feature of interest after one year 

is given in the first column. The associated regression coefficient B, its 95% 

confidence interval and p-value are given in the second column. The third column 

gives the units of B. All models were corrected for EtCO2 baseline, the SVD feature 

of interest at baseline, age, sex, MAP, diagnosis of diabetes, hypertension, and 

hypercholesterolaemia and history of smoking. Only WMH CVR analysis was affected 

by this sensitivity analysis where 31 datasets were removed. 

Variables after one year WMH CVR Units of B 

WMH volume B=-0.445     

[-0.999, 0.108] 

p=0.114 

log10(%ICV) 

per %/mmHg 

Number of lacunes B=-1.25       

[-4.51, 2.00]  

p=0.448 

lacunes per 

%mmHg 

Number of microbleeds B=-4.37       

[-12.85, 4.11]  

p=0.310 

microbleeds 

per %/mmHg 

Brain volume B=1.97  

[-5.95, 9.89]  

p=0.623 

%ICV per 

%/mmHg 

BG PVS volume B=-0.536192  

[-1.068318, -0.004066]  

p=0.048 

log10(%ROIV) 

per %/mmHg 

CSO PVS volume B=-0.487548  

[-1.167949, 0.192854] 

p=0.158 

log10(%ROIV) 

per %/mmHg 

Total PVS volume B=-0.474122  

[-1.093485, 0.145241] 

p=0.132 

log10(%ROIV) 

per %/mmHg 
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