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Abstract 

 

Background and purpose:  White matter hyperintensities (WMH) of presumed vascular origin in elderly 

with hypertension may be part of a general cerebral perfusion deficit, not only involving the WMH, but 

also the surrounding normal appearing white matter (NAWM) and grey matter (GM). We aimed to study 

the relation between WMH volume and CBF and assess whether WMH are related to such a general 

perfusion deficit. 

Materials and methods: The Academic Medical Center institutional review board approved this study. 

In 185 participants of the Prevention of Dementia by Intensive Vascular care (preDIVA) trial, aged 

between 72 and 80, with systolic hypertension, WMH volume and CBF were derived from 3D FLAIR 

and Arterial Spin Labelling MRI respectively. We compared WMH CBF, NAWM CBF and GM CBF 

across quartiles of WMH volume and assessed the continuous relation between these CBF estimates and 

WMH volume using linear regression. 

Results: Mean WMH CBF was markedly lower in higher quartiles of WMH volume, and WMH volume 

and WMH CBF were negatively related (beta=-0.248, p=0.001) in linear regression. We found no 

difference in NAWM or GM CBF across quartiles of WMH volume nor any relation between WMH 

volume and NAWM CBF (beta=-0.065, p=0.643) or GM CBF (beta=-0.035, p=0.382) in linear 

regression.  

Conclusion: Higher WMH volume in elderly with hypertension was associated with lower perfusion 

within WMH, but not with lower perfusion in the surrounding NAWM or GM. These findings suggest 

WMH in elderly with hypertension relate to local microvascular alterations rather than a general cerebral 

perfusion deficit.  
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Introduction 

White matter hyperintensities (WMH) of presumed vascular origin are a common finding on brain MRI 

in elderly individuals. WMH prevalence estimates in asymptomatic older people range from 45% to over 

90%, depending on age and severity.1 Clinically, WMH are associated with cognitive decline, 

neuropsychiatric symptoms, loss of functional independence and increased mortality.2-3 Old age and 

hypertension are the strongest risk factors for WMH, especially for the confluent subtype.1-4  

The pathophysiology of WMH has not yet been fully elucidated. They often appear together with other 

signs of cerebral small vessel disease, an umbrella term for neuroradiological anomalies often found in 

asymptomatic elderly.4-5 Histologically, confluent WMH appear as a continuum of increasing tissue 

damage resembling chronic low-grade ischemia.1,5 Therefore, WMH may be the result of chronic low-

grade white matter (WM) hypoperfusion.1,5,6 In agreement, CBF within WMH is lower compared to 

normal appearing WM (NAWM).7-14  

Whether WMH are associated with a lower cerebral perfusion in general, also involving the surrounding 

NAWM and grey matter (GM), is unclear. Some findings suggest WMH may relate to lower whole brain 

or GM  perfusion,7,11,15,16 and WMH have been associated with reduced blood flow velocity in the large 

intra-cranial arteries, outside of the WM.17-19 On a broader level, the association between WMH and 

chronic cardiac disease, also hints at a relation with general perfusion.20 WMH primarily originate in 

physiologically poorly perfused areas (i.e. the periventricular and deep WM), explaining how even a slight 

cerebral perfusion deficit could provoke low-grade ischemia in those regions associated with WMH.21,22 

Low perfusion in NAWM has also been associated with subsequent WMH development.23 While these 

findings seem to suggest that WMH in are related to a perfusion deficit extending beyond the WMH, 

current evidence remains circumstantial. 

In this study, we address the hypothesis that WMH are associated with lower cerebral perfusion, not only 

within the WMH, but also in the surrounding NAWM and the GM. If so, this could be a first step in 

unravelling why WMH form in the elderly, and towards preventive treatment. Since age and hypertension 

are the strongest risk factors for asymptomatic WMH, we tested this hypothesis in a large cohort of 

community dwelling elderly with hypertension, using non-invasive arterial spin labelling MRI. Arterial 

spin labelling was chosen since this method of perfusion measurement allows non-invasive (i.e. without 

contrast) MRI measurement of CBF within a scanning time of as little as 4 minutes, facilitating large-

scale CBF measurement in research settings and eventually enabling clinical application. 

Material and methods 

Participants 

This study was approved by the Academic Medical Centre institutional review board in accordance with 

the Helsinki Declaration and its own ethical standards. All participants provided written informed 

consent prior to MRI. Participants were recruited from the Prevention of Dementia by Intensive Vascular 
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care trial (preDIVA). This is an ongoing randomized controlled trial in non-demented community-

dwelling elderly to study the efficacy of a nurse-led intervention aimed at vascular risk factor modification 

to prevent dementia.24 A random subset of participants with systolic hypertension (>140 mmHg) at 

baseline, without dementia and any other severe medical conditions likely to impede 4 year follow-up 

(e.g. terminal illness, late-stage heart failure and chronic obstructive pulmonary disease), were invited to 

participate in the preDIVA-MRI (preDIVA-M) substudy. In total, 195 participated in preDIVA-M, 

equally distributed across intervention (n=96) and control (n=99) groups of the preDIVA trial. Since the 

preDIVA-trial intervention, consisting of rigorous implementation of normal cardiovascular health 

guidelines, is unlikely to affect the relation between WMH and CBF, for the current analyses the group 

was considered as a single cohort irrespective of treatment allocation. MRI scanning was performed after 

the second preDIVA clinical assessment took place, between 2 and 4 years after the preDIVA baseline 

assessment. Clinical data used in this study were derived from this second assessment. The median time 

between clinical assessment and MRI was 238 days (inter quartile range: 147-429). Collected data included 

the presence of vascular risk factors (systolic and diastolic blood pressure, smoking status (current, 

former, never), and body mass index). Medical history was obtained through self-report cross-referenced 

with the general practitioner’s medical records and included diabetes mellitus, Stroke, TIA and 

cardiovascular disease, comprising angina pectoris, myocardial infarction and peripheral arterial disease.  

 

MRI acquisition 

All imaging was performed on a 3 Tesla Intera (Philips Healthcare, Best, the Netherlands) with a SENSE-

8-channel head coil. Foam padding was used to restrict head motion. An isotropic 1 mm3 3D T1-weighted 

(Repetition time (TR): 6.6, echo time (TE): 3.1 ms, flip angle: 9°, field of view (FOV): 270 × 270 mm2, 

170 sagittal slices, 1.2 mm slice thickness, 1.1×1.1 mm2 in-plane resolution) and an isotropic 1 mm3 3D 

FLAIR sequence (TR/TE: 4800/355 ms, TI: 1650 ms, FOV: 250×250 mm2, 160 saggital slices, 1.12 mm 

thickness, interpolated to 0.56 mm thick (overcontiguous) slices during reconstruction, 1.1×1.1 mm2 in-

plane resolution) were collected. Consecutively, two gradient echo single shot echo planar imaging 

pseudocontinuous arterial spin labelling sequences (matrix: 64x64, TR/TE: 4000/17 ms, flip angle: 90°, 

FOV: 240x240 mm, 17 axial slices, no gap, 7 mm slice thickness, SENSE: 2.5, post-label delay: 1525-

2120 ms, labelling duration: 1650 ms) were obtained: one with flow-crushing diffusion gradients in three 

directions (CBF crushed, b-value = 0.6 s/mm2, velocity encoding 50 mm/s) and one without (CBF non-

crushed, b-value = 0 s/mm2). Twenty dynamics were acquired for each scan, resulting in a total scan 

duration of 2x160=320 seconds. Background suppression was implemented with two inversion pulses 

respectively 1710 and 2860 ms after a pre-labelling saturation pulse. The labelling plane was positioned 

parallel to the imaging volume, 9 cm inferior to the center of the imaging volume.25  
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Image processing 

An overview of image processing is provided in Supplementary Figure S1. WMH segmentation was 

performed using a k nearest neighbor algorithm with tissue type priors (kNN-TTP), described and 

validated previously.26 In total, 194 scans were automatically segmented.  

MRI data was further processed using the Statistical Parmetric Mapping 8 toolbox (Wellcome Trust 

Center for Neuroimaging, University College London) and custom scripts in Matlab 7.12.0 (MathWorks). 

Arterial spin labelling data processing and quantification was performed by HJM (postdoctoral 

researcher, 6 years of experience) and is described in more detail elsewhere.27 In short, T1-weighted 

images were segmented into GM and WM probability maps. After motion correction, 2x20 pairs of 

arterial spin labelling labelled and control images were pair-wise subtracted and subsequently averaged to 

generate perfusion-weighted maps, which were converted to mL/100g/min using a single compartment 

model.28,29 No distinction was made between the quantification of GM and WM voxels. After 

quantification, the CBF crushed maps were rigid-body registered to the CBF non-crushed maps. For the 

main analyses, CBF was derived from the crushed CBF maps.  

 

MRI outcome measures 

WMH volume was calculated from the automatic segmentation maps and was logarithmically 

transformed to approach a normal distribution. This logarithmically transformed WMH volume was used 

for all statistical analyses. 

Median CBF estimates were taken for the segmented GM, the WM, the WMH, and the NAWM, 

operationalized as the WM outside of the WMH. Although extreme values, or outliers, of CBF 

measurements would be less representative of the study population, they could have a disproportionally 

large influence on linear regression results. To avoid strong influence of outliers on the main analyses, 

from the group mean were excluded. 

Atrophy and arterial transit times were considered as MRI derived parameters potentially confounding 

the correlation between WMH and CBF. As a proxy for atrophy, which is a longitudinal measure and 

thus could not be measured, the brain parenchymal fraction was calculated as the ratio (GM+WM 

volume)/(intra cranial volume). Arterial transit time (ATT), which represents the mean arterial transit 

time from the labelling plane at the level of the cervical arteries to the GM tissue arterioles (Supplementary 

Figure S2), was calculated from crushed and non-crushed CBF values using the Flow Encoding Arterial 

Spin Tagging-equation,28 as published previously.27 

Computations were performed using Matlab 7.12.0, Statistical Parametric Mapping 8, the Oxford Centre 

for Functional MRI of the Brain Software Library v5.0,30 and IBM SPSS statistics version 20 and 21 by 

HJM (postdoctoral researcher, 6 years of experience) and JWvD (researcher, 4 years of experience) with 

the support of MWC (postdoctoral researcher, 10 years of experience). 
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Statistical Analysis 

Significance for p-values was set at < 0.05. Two-tailed paired samples t-tests were used to compare GM 

CBF to WM CBF, and NAWM CBF to WMH CBF.  Differences in mean CBF between quartiles of 

WMH volume were compared using one-way analyses of variance followed by Tukey post hoc testing to 

identify which quartiles differed significantly from each other.  

The relation between WMH volume and CBF in the WMH, NAWM, and GM was assessed in separate 

linear regression analyses. In model 1, these analyses were adjusted for total brain volume. In model 2, 

analyses were additionally adjusted for potential confounders. To identify which confounders to include 

in model 2, separate linear regression analyses were performed for age, sex, brain parenchymal fraction, 

ATT, smoking status (current, former, never), history of stroke (including transient ischemic attack), 

history of other cardiovascular disease (peripheral arterial disease, angina pectoris, myocardial infarction), 

diabetes mellitus, body mass index, antihypertensive drug use, systolic blood pressure, and diastolic blood 

pressure, as these could all potentially affect both CBF and WMH volumes.1,4,5,31,32 Any of these variables 

individually associated with WMH volume adjusted for total brain volume with a p-

included as potential confounder in model 2. The relation between these factors and perfusion values 

were assessed using unadjusted linear regression. 

Finally, three post-hoc sensitivity analyses were performed. Firstly, since previous findings suggest that 

CBF in WMH, NAWM and GM may only decrease from a certain minimum threshold of WMH 

volume,33 the abovementioned analyses were repeated with exclusion of the participants in the lowest 

quartile of WMH volume. Secondly, to assess the influence of excluding participants with CBF values 

without excluding these participants. Thirdly, since different mechanisms for WMH formations may 

occur in participants with and without cerebrovascular disease, we performed a sensitivity analysis in 

which we excluded participants with a history of cerebrovascular disease or lacunar infarcts on MRI.  For 

the sensitivity analyses, the outcomes of the adjusted model (model 2) are shown in the results section. 

 

Results 

Descriptives 

The mean age of the population was 77 (standard deviation: 3) years and 55% were female. At the most 

recent clinical assessment before scanning, 26% of participants’ hypertension was under control, 41% 

had grade I hypertension according to World Health Organization standards, 21% grade II hypertension 

and 11% grade III hypertension. Other participant characteristics are listed in Table 1. Data of 10 

participants were discarded because of processing errors in CBF (9) or WMH (1) assessment. Another 4 

participants were excluded from the main analyses due to CBF estimates differing >3 standard deviations 

from the mean. Excluded participants (n=14) did not significantly differ from the included participants 
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(n=181) regarding demographics and structural MRI parameters (Supplementary Table S1). The median 

WMH volume was 6.5 ml (inter quartile range: 3.6-11.2, range: 0.2– 52.1 ml). The mean population CBF 

in the GM, WM, NAWM and WMH is depicted in Figure 1. The mean GM CBF was significantly higher 

than the WM CBF (43.8 (standard deviation: 14.2) vs 21.9 (standard deviation: 7.5) ml/100g/min, 

p<0.001), and the mean NAWM CBF was significantly higher than the mean WMH CBF (22.5 (standard 

deviation: 7.7) vs 10.6 (standard deviation: 6.3) ml/100g/min, p<0.001). 

 

Analyses per quartile of WMH volume 

Mean WMH, NAWM and GM CBF values per quartile of WMH volume are depicted in Figure 2 and 

the second quartile (n=48, 26%) 3.59-6.40 ml (mild WMH), in the third quartile (n=48, 26%) 6.41-11.18 

ml (moderate WMH), and in the highest quartile (n=44, 24%) 

maps per quartile of WMH volume are illustrated in Supplementary Figure S3. From the lower two 

quartiles upward, the mean WMH CBF declined  

 

CCharacteristics (n=181)      
Age (years) 77 (2) 
Female 96 (53) 
Mini mental-state examination 29 (28-30) 
Body mass index (kg/m2) 26 (24-28) 
History of stroke or transient ischemic attack 19 (11%) 
History of cardiovascular disease 41 (23%) 
Diabetes Mellitus 20 (11%) 
Smoking status   
 - never 82 (45%) 
 - former 88 (49%) 
 - current 11 (6%) 
Antihypertensive drug use 108 (60%) 
World Health Organisation hypertension grade:   
- normotension 47 (26%) 
- Grade I hypertension 73 (41%) 
- Grade II hypertension 38 (21%) 
- Grade III hypertension 20 (11%) 
Systolic blood pressure (mmHg) 148 (138-165) 
Diastolic blood pressure (mmHg) 81 (74-90) 
Brain parenchymal fraction 0.61 (0.025) 
WMH volume (ml) 6.5 (3.6-11.2) 

Table 1 General characteristics. Reported are means and standard deviations, numbers and valid percentages, or 
medians with inter quartile range. Cardiovascular disease comprises peripheral arterial disease, angina pectoris and 
myocardial infarction. Brain parenchymal fraction: (total cerebral volume) / total intra cranial volume. WMH: white 
matter hyperintensity 

 



43B_BW_Dalen_Stand.job

 

86 
 

 
Figure 1 Regional cerebral blood flow Cerebral blood flow (CBF) in the grey matter (GM), white matter (WM), normal 
appearing white matter unaffected by WMH (NAWM) and white matter hyperintensities (WMH). Denoted are means 
(standard deviations) and p-values of paired sample t-tests. 

with increasing WMH volume (Figure 2, Supplementary Table S2). The mean NAWM and GM CBF 

did not show any clear relation with WMH volume (Figure 2, Supplementary Table S2). One-way 

analysis of variance showed a significant difference between quartiles of WMH volume in WMH CBF 

(p=0.002) but not in NAWM CBF (p=0.244) or GM CBF (p=0.059). Tukey post-hoc testing revealed 

that WMH CBF in the quartile with the highest WMH load was significantly lower compared to the 

quartiles with the lowest (mean difference: 4.2 ml/100g/min, p=0.007) and the second lowest (mean 

difference: 4.41 ml/100g/min, p=0.007) WMH load.  

Linear regression 

Results of the linear regression analyses are listed in Table 2. Adjusted for total brain volume (model 1), 

-0.25, 

-0.04, p=0.643) 

-0.07, p=0.382). 

Results of linear regression of potential confounders with WMH volume are listed in Supplementary 

brain parenchymal fraction -

p=0.046) and antihy -value 

-0.04, p=0.63), diastolic b

- -0.08, p=0.29), history 

-0.06, p=0.41), diabetes mellitus 

y -0.10, p=0.19). Relations of potential confounders with CBF 

in the GM, NAWM and WMH, and with GM ATT are listed in Supplementary Table S4. 

Adjusted for total brain volume, age, brain parenchymal fraction and ATT (model 2), WMH volume 

remain -0.20, p=0.029). The relation between 

WMH volume and GM or NAWM CBF was not significant (Table 2, Figure 3). There were no statistical 
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interactions between CBF and any of the covariates adjusted for in model 2, indicating that the statistical 

relation between CBF and WMH volume was independent of any of these covariates. The sensitivity 

analysis without participants in the lowest quartile of WMH volume (n=132) gave similar results for the 

relation betwee -

-0.02, p=0.74). The sensitivity analysis which included participants who’s mean CBF values 

deviated >3 standard deviations from the mean gave somewhat inflated results for the relation between 

-

stroke or lacunar infarcts on the MRI (n=150) attenuated results for the relation between WMH volume 

-

 

 

Figure 
2 Cerebral blood flow per quartiles of WMH load Cerebral blood flow (CBF) in the grey matter (GM), normal 
appearing white matter unaffected by WMH (NAWM) and white matter hyperintensities (WMH) in subgroups based 
on quartiles of WMH volume. Denoted are means (standard deviations) and significant p-values of one-way analysis of 
variance.  

 

PPredictor      MModel 1  MModel 2  
   pp--vvalue  RR22    pp--vvalue  RR22  
CBF in WMH -.248 .001 0.06 -.201 .029 0.06 
CBF in NAWM -.035 .643 0.00 .175 .098 0.05 
CBF in GM -.065 .382 0.00 .175 .133 0.05 

Table 2 Association between cerebral perfusion and white matter hyperintensity volume. : standardized beta, R2: 
adjusted R2 representing the proportion of variation in white matter hyperintensity volume explained by all variables 
in the model correcting for the number of variables, model 1: adjusted for total brain volume, model 2: adjusted for 
total brain volume, age, antihypertensive use, brain parenchymal fraction and transit time, CBF: cerebral blood flow, 
WMH: white matter hyperintensity, NAWM: normal appearing white matter, GM: grey matter 
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Figure 
3 Scatter plots of relations between CBF and WMH volume Adjusted for total brain volume. Lines denote the 
regression line with 95%-CI. Log WMH volume: logarithmically transformed WMH volume, CBF: cerebral blood flow, 
GM: grey matter, NAWM: normal appearing white matter, WMH: white matter hyperintensity. 

 

Discussion 
 
In a cohort of community dwelling elderly with hypertension, we found that CBF within WMH is lower 

than CBF in NAWM and that WMH CBF decreases with increasing WMH volume. Contrary to our 

hypothesis, we did not find any indications that CBF in the NAWM or GM is also lower in patients with 

WMH. These results suggest that WMH in elderly with hypertension are not related to a general decrease 

of cerebral perfusion. Higher GM ATT was also associated with higher WMH volume.  

As the surrounding NAWM does not seem to be affected, hypoperfusion within WMH may be a direct 

consequence of local extensive tissue damage and obliteration of capillaries.5,6 Recent findings link WMH 

to accumulation of tiny infarctions,35 which could cause such tissue damage. However, WMH primarily 

develop in regions with low perfusion, suggesting low perfusion is involved in WMH conception.21,22 

Conceivably, tiny infarctions interact with low-grade hypoperfusion, for example originating when 

perfusion in a small area drops below a certain threshold. Such low-grade hypoperfusion could be too 

small to measure using current techniques and only become apparent after WMH develop due to tissue 

damage.5,6,36 Microvascular alterations associated with aging and exacerbated by hypertension (luminal 

narrowing, vessel wall stiffening) may impede sufficient perfusion, especially distally in the WM where 

perfusion pressure is the lowest (Supplementary Figure S2).5,6 A similar mechanism could operate in 

diseases associated with cerebral perfusion deficits in which hypertension exacerbates WMH 

development, for example heart failure and Alzheimer’s disease.14,20,37 GM perfusion does seem altered in 

patients with WMH in the sense that higher GM ATT was associated with higher WMH volume. 

Interpretation of this finding is not straightforward. ATT depends on the length of the blood flow 

trajectory from the cervical arteries to the cerebral capillaries and on the blood flow velocity along this 

trajectory.32 WMH have been associated with reduced blood flow velocity in the large intra-cranial 

arteries, of which longer ATT could be a proxy.17-19 This velocity reduction could be caused by increased 

resistance due to large vessel atherosclerosis or small vessel arteriolosclerosis, which are both associated 



45A_BW_Dalen_Stand.job

 

89 
 

with WMH.6,34,38 The association between antihypertensive medication use and a higher WMH volume 

may be due to antihypertensive use being associated with more chronic and severe hypertension. 

Hypothetically antihypertensive drugs may lead to hypoperfusion, aggravating WMH, but recent study 

findings make that possibility unlikely.39,40 Although our study was conducted in an elderly population 

with hypertension, in the Netherlands, about 70% in this age range suffer from hypertension,48 suggesting 

that our findings may at least apply to a large part of the general population. Findings of similar studies 

were in small or selected populations,7,10,11,15 and may be less readily translatable to the general elderly 

community. 

Our finding that CBF values within WMH are lower in participants with higher WMH volume is in line 

with previous findings.13 This may be caused by the increase in tissue damage and disturbance of the 

microvascular blood supply to the center of WMH as they increase in size.13 The absence of a relation 

between WMH volume and NAWM or GM CBF is somewhat surprising since results of other studies 

have hinted at such a relation.7,11,15 One reason for our findings may be that CBF in GM and NAWM 

only diminishes with increasing WMH volume from a certain threshold of WMH volume.33 However, 

our sensitivity analysis in which this possibility was evaluated did not alter our findings. Another reason 

may lie in the differences between study populations. Studies linking WMH to lower overall cerebral or 

GM perfusion were performed in mixed populations, including patients with mild cognitive impairment 

and Alzheimer’s disease.7,11,15 Mild cognitive impairment and Alzheimer’s disease are themselves 

associated with alterations in CBF.34 These perfusion alterations may be linked to WMH formation in 

these conditions by diminishing the blood supply to WM already susceptible to developing WMH.14 

Recent reports that a negative correlation between GM CBF and WMH does exist in patients with 

Alzheimer’s disease but not in memory clinic patients without mild cognitive impairment or dementia 

support this explanation.15  

This study has some limitations. The variance in CBF explained in our regression models was small and 

the cross-sectional nature of our analysis prohibits inferences about any temporal or causal relation 

between CBF and WMH. Also, we cannot exclude that WMH are associated with slight perfusion deficits 

in the NAWM and GM. The physiological variability of CBF may be too great to reveal such small 

differences between participants. ATT may be less physiologically variable and thereby a more sensitive 

marker of these slight differences.27 Furthermore, since in arterial spin labelling longer ATT may cause 

lower CBF estimates, especially distally, the association between ATT and WMH volume may have 

affected our WMH CBF estimates.32 However, adjustment for ATT alone did not much affect the 

association between WMH CBF and WMH volume. Another limitation is that it is unsure whether the 

signal to noise ratio of WM perfusion using arterial spin labelling is sufficient to accurately estimate WM 

CBF within our short scanning time.41,42 However, although current arterial spin labelling techniques may 

be unable to measure WM CBF with high accuracy on a voxel-level, on a region of interest level, as 

employed in this study, it has been shown that WM CBF can be measured within a scanning time of as 
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little as 5 minutes.43-45 Our measurements were precise enough to measure significant differences in CBF 

between the NAWM and WMH, and between the whole WM and the NAWM only. Moreover, the 

reliability of our findings is supported by the ratios between the GM, WM, NAWM and WMH CBF, 

which are similar to those reported in studies in which exogenous contrast agents were used.9,13,14 Finally, 

as a more general limitation, WMH volume may be linked to impaired autoregulation.46,47 Since in MRI, 

CBF is measured in supine position, in patients with impaired cerebral autoregulation, regional CBF 

differences that occur while being upright may be obscured.  

Future studies employing arterial spin labelling to compare WMH, NAWM and GM CBF may benefit 

from new developments that increase signal to noise ratio and spatial resolution. Also, they may be 

conducted in a more general population of elderly with hypertension. Our population was a somewhat 

healthy selection since hypertension was under control in 26% and those with relatively severe medical 

conditions were excluded. Also, it may be valuable to compare CBF estimates in hypertensive patients 

with WMH to elderly with asymptomatic WMH without hypertension to discern potentially different 

etiologies and to chart the longitudinal relation between apparent perfusion deficits and WMH 

development. 

In conclusion, higher WMH volume in elderly with hypertension was associated with lower perfusion 

within WMH, but not with lower perfusion in the surrounding NAWM or GM. These results suggest 

that WMH formation in these patients is associated with hypoperfusion locally in the WMH, rejecting 

our hypothesis that WMH in this population are the result of a general perfusion deficit. Our findings 

may contribute to the understanding of the pathophysiology of WMH in old age and hypertension, 

potentially helping to develop better targeted prevention and treatment strategies for WMH and their 

clinical correlates.  
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Supplementary material 

 

  IIncluded (n=1881)  NNot Included (n=14)  
Age 77 (2) 76 (3) 
Female, n (%) 96 (53) 8 (57) 
MMSE, m (IQR) 29 (28-30) 29 (29-30) 
BMI, m (IQR) 25.7 (24.0-27.9) 24.5 (22.4-28.2) 
History of stroke or TIA, n (%) 19 (11) 2 (15) 
History of CVD, n (%) 41 (23) 3 (23) 
Diabetes Mellitus,  n (%) 20 (11) 0 (0) 
Smoking status     

- never,  n (%) 82 (45) 8 (57) 
- former,  n (%) 88 (49) 5 (36) 
- current,  n (%) 11 (6) 1 (7) 
Antihypertensive drug use, n % 108 (60) 7 (50) 
RR systolic, m (IQR) 148 (138-165) 144 (122-171) 
RR diastolic, m (IQR) 81 (74-90) 82 (76-86) 
Brain parenchymal fraction .61 (.02) .61 (.02) 
WMH volume cm3, m (IQR) 6.5 (3.6-11.2) 6,9 (2.5-12.8) 

Supplementary Table S1. Differences in general characteristics between included and not included participants Means 
and standard deviations unless marked noted otherwise, n (%): number (percentage of total), m (IQR): median (inter 
quartile range), MMSE: mini mental state examination, BMI: body mass index, CVD: cardiovascular disease (peripheral 
arterial disease, angina pectoris, myocardial infarction), RR: blood pressure, WMH: white matter hyperintensity. Values 
did not differ significantly between groups. 
 

 

    QQuartiles of white matter hyperintensity volume    
  LLow  

  
MMild  

((3.59--66.40 ml)  
MModerate  

((6.41--111.18 ml)  
HHighh  

  
CBF in WMH 12.1 (6.2) 12.3 (6.6) 9.9 (6.4) 7.9 (5.0) 
CBF in NAWM 23.0 (6.1) 24.1 (7.7) 21.3 (8.6) 21.4 (7.8) 
CBF in GM 44.7 (13.3) 48.1 (12.7) 41.7 (15.7) 40.7 (14.2) 

Supplementary Table S2. CBF in subgroups based on quartiles of WMH load CBF: cerebral blood flow, GM: grey matter, 
NAWM: normal appearing white matter, WMH: white matter hyperintensity. 
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PPredictor    pp--vvalue  
Age * 0.13 0.09 
Sex (female) 0.07 0.47 
Brain Parenchymal Fraction * -0.13 0.10 
GM arterial transit time * 0.15 0.05 
Current smoker vs never -0.06 0.45 
Former smoker vs never -0.08 0.29 
History of stroke or TIA 0.10 0.23 
History of other CVD -0.06 0.41 
Diabetes Mellitus 0.01 0.89 
Body Mass Index -0.10 0.19 
Antihypertensive drug use * 0.14 0.07 
Systolic blood pressure -0.04 0.63 
Diastolic blood pressure 0.01 0.88 

Supplementary Table S3. Relation between potential confounders and WMH volume. Analyses were adjusted for 
total brain volume. : standardized beta, GM: grey matter, TIA: transient ischemic attack, CVD: cardiovascular disease 
(peripheral arterial disease, angina pectoris, myocardial infarction). * Included as confounder in model 2 of main 
analyses. 
 

  GGM CBF NNAWM CBF  WWMH CBF  GGM ATT  
PPredictor    pp    pp    pp    pp  
Age * -0.24 0.001 -0.18 0.02 -0.23 0.001 0.19 0.01 
Sex (female) 0.22 0.002 0.29 <0.001 0.21 0.004 -0.23 0.002 
Brain Parenchymal Fraction * 0.26 <0.001 0.17 0.02 0.12 0.09 -0.11 0.16 
Current smoker vs never -0.13 0.09 -0.10 0.19 -0.09 0.23 0.03 0.67 
Former smoker vs never -0.04 0.57 0.05 0.50 0.07 0.38 0.10 0.19 
History of stroke or TIA 0.09 0.23 0.19 0.01 0.09 0.23 -0.06 0.46 
History of other CVD -0.09 0.25 -0.09 0.25 -0.06 0.40 0.07 0.38 
Diabetes Mellitus 0.03 0.69 0.03 0.28 0.03 0.60 0.03 0.42 
Body Mass Index -0.02 0.79 -0.02 0.79 0.02 0.75 -0.03 0.70 
Antihypertensive drug use * -0.10 0.16 -0.10 0.14 -0.09 0.23 0.14 0.07 
Systolic blood pressure -0.02 0.74 0.03 0.68 0.15 0.04 0.07 0.34 
Diastolic blood pressure -0.12 0.10 -0.08 0.28 0.00 0.98 0.04 0.59 

Supplementary Table S4 Relation between potential confounders and perfusion measures. GM: grey matter, CBF: 
cerebral blood flow, NAWM: normal appearing white matter, ATT: arterial transit time, : standardized beta, GM: grey 
matter, TIA: transient ischemic attack, CVD: cardiovascular disease (peripheral arterial disease, angina pectoris, 
myocardial infarction). * Included as confounder in model 2 of main analyses. 
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Supplementary Figure S1. Scan processing WMH: white matter hyperintensity, pCASL: pseudo-continuous arterial 
spin labeling, Reference Set: 20 manually segmented WMH, FEAST: Flow Encoded Arterial Spin Tagging, GM: grey 
matter, CBF: cerebral blood flow
 

Supplementary Figure S2. Perfusion parameters and CBF regions CBF: cerebral blood flow, GM: grey matter, NAWM: 
white matter, WMH: white matter hyperintensity, CBF was measured in the GM, NAWM and WMH, arterial transit 
time was calculated in the GM only.
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