
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Prevalence and Significance of the Vessel-Cluster Sign on
Susceptibility-Weighted Imaging in Patients With Severe Small
Vessel Disease
Citation for published version:
Rudilosso, S, Chui, E, Stringer, MS, Thrippleton, M, Chappell, F, Blair, G, Garcãa, DJ, Doubal, F, Hamilton,
I, Kopczak, A, Ingrish, M, Kerkhofs, D, Backes, WH, Staals, J, Van Oostenbrugge, R, Duering, M, Dichgans,
M & Wardlaw, JM 2022, 'Prevalence and Significance of the Vessel-Cluster Sign on Susceptibility-Weighted
Imaging in Patients With Severe Small Vessel Disease', Neurology, pp. 10.1212/WNL.0000000000200614.
https://doi.org/10.1212/WNL.0000000000200614

Digital Object Identifier (DOI):
10.1212/WNL.0000000000200614

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Peer reviewed version

Published In:
Neurology

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 25. May. 2023

https://doi.org/10.1212/WNL.0000000000200614
https://doi.org/10.1212/WNL.0000000000200614
https://www.research.ed.ac.uk/en/publications/0fc24911-9f65-4c05-9e93-86d07a459380


 

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy 

of Neurology. 
1

 

 
 
Neurology Publish Ahead of Print 
DOI: 10.1212/WNL.0000000000200614 
 
 

 

Prevalence and Significance of the Vessel-Cluster Sign on Susceptibility-Weighted Imaging in 

Patients With Severe Small Vessel Disease 

  

  

  

  

This is an open access article distributed under the terms of the Creative Commons Attribution 

License 4.0 (CC BY), which permits unrestricted use, distribution, and reproduction in any 

medium, provided the original work is properly cited. 

 

 

 

 

 

 

  

 Published Ahead of Print on May 23, 2022 as 10.1212/WNL.0000000000200614



 

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy 

of Neurology. 
2

Neurology® Published Ahead of Print articles have been peer reviewed and accepted for 

publication. This manuscript will be published in its final form after copyediting, page 

composition, and review of proofs. Errors that could affect the content may be corrected during 

these processes. 

 

 

 

 

Author(s): 

Salvatore Rudilosso, MD, PhD1; Ernest Chui2; Michael S Stringer, PhD2; Michael Thrippleton, 

PhD2; Francesca Chappell, PhD2; Gordon Blair, MBChB2; Daniela Jaime GarcÃa, MSc2; 

Fergus Doubal, MBChB, PhD2; Iona Hamilton, DCR2; Anna Kopczak, MD3; Michael Ingrish, 

PhD4; Danielle Kerkhofs, PhD5; Walter H Backes, Prof.6; Julie Staals, MD, PhD5; robert van 

Oostenbrugge, Prof.5; Marco Duering, Prof.7, 8; Martin Dichgans, Prof.3, 9, 10; Joanna M. 

Wardlaw, Prof.2 on behalf of the SVDs@Target Investigators 

 

    

Corresponding Author: 

Joanna M. Wardlaw, joanna.wardlaw@ed.ac.uk 

 

    

Contributions: 

Salvatore Rudilosso: Drafting/revision of the manuscript for content, including medical writing 

for content; Major role in the acquisition of data; Study concept or design; Analysis or 

intepretation of data 

 



 

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy 

of Neurology. 
3

Ernest Chui: Drafting/revision of the manuscript for content, including medical writing for 

content; Major role in the acquisition of data 

Michael S Stringer: Drafting/revision of the manuscript for content, including medical writing 

for content; Major role in the acquisition of data 

Michael Thrippleton: Drafting/revision of the manuscript for content, including medical 

writing for content; Major role in the acquisition of data 

Francesca Chappell: Drafting/revision of the manuscript for content, including medical writing 

for content; Analysis or intepretation of data 

Gordon Blair: Drafting/revision of the manuscript for content, including medical writing for 

content 

Daniela Jaime GarcÃa: Drafting/revision of the manuscript for content, including medical 

writing for content 

Fergus Doubal: Drafting/revision of the manuscript for content, including medical writing for 

content 

Iona Hamilton: Drafting/revision of the manuscript for content, including medical writing for 

content 

Anna Kopczak: Drafting/revision of the manuscript for content, including medical writing for 

content 

Michael Ingrish: Drafting/revision of the manuscript for content, including medical writing for 

content 

Danielle Kerkhofs: Drafting/revision of the manuscript for content, including medical writing 

for content 

Walter H Backes: Drafting/revision of the manuscript for content, including medical writing 

for content 

Julie Staals: Drafting/revision of the manuscript for content, including medical writing for 



 

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy 

of Neurology. 
4

content 

robert van Oostenbrugge: Drafting/revision of the manuscript for content, including medical 

writing for content 

Marco Duering: Drafting/revision of the manuscript for content, including medical writing for 

content 

Martin Dichgans: Drafting/revision of the manuscript for content, including medical writing 

for content 

Joanna M. Wardlaw: Drafting/revision of the manuscript for content, including medical writing 

for content; Major role in the acquisition of data; Study concept or design; Analysis or 

intepretation of data 

    

Figure Count: 

5 

 

    

Table Count: 

2 

 

    

Search Terms: 

[ 2 ] All Cerebrovascular disease/Stroke, [ 120 ] MRI, CADASIL, small vessel disease, 

susceptibility-weighted imaging 

 

    

Acknowledgment:  



 

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy 

of Neurology. 
5

    

Study Funding: 

SR receives funding from Instituto de Salud Carlos III, with a grant for health research and a 

mobility grant (CM18/00116; RH041992). INVESTIGATE@SVDs is funded by the European 

Union Horizon 2020, PHC-03-15, project No 666881, ‘SVDs@Target’. The study was also 

supported by: the Fondation Leducq Transatlantic Network of Excellence for the Study of 

Perivascular Spaces in Small Vessel Disease, ref no. 16 CVD 05: The Row Fogo Charitable 

Trust; The Row Fogo Centre for Research into Ageing and the Brain; Ref No: AD.ROW4.35. 

BRO-D.FID3668413; the Stroke Association Princess Margaret Research Development 

Fellowship scheme (GWB); the Stroke Association Garfield Weston Foundation Senior 

Clinical Lectureship and NHS Research Scotland (FND); the NHS Lothian Research and 

Development Office (MJT); the UK Dementia Research Institute which receives its funding 

from DRI Ltd, funded by the UK Medical Research Council, Alzheimer’s Society and 

Alzheimer’s Research UK; and the Edinburgh 3T MRI scanner is funded by the Wellcome 

Trust (104916/Z/14/Z), Dunhill Trust (R380R/1114), Edinburgh and Lothians Health 

Foundation (2012/17), Muir Maxwell Research Fund and the University of Edinburgh. The 

procurement of the MRI scanner in Munich was supported by the Deutsche 

Forschungsgemeinschaft (DFG, German Research Foundation) grant for major research 

instrumentation (DFG, INST 409/193-1 FUGG). 

 

    

Disclosures: 

The authors report no disclosures relevant to the manuscript. 

 

Preprint DOI:  



 

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy 

of Neurology. 
6

Received Date: 

2021-10-01 

 

Accepted Date: 

2022-03-15 

 

Handling Editor Statement: 

Submitted and externally peer reviewed. The handling editors were José Merino, MD, MPhil, 

FAAN 

 

 

ABSTRACT  

  

Background  

Magnetic resonance susceptibility-weighted imaging (SWI) can identify small brain 

blood vessels that contain deoxygenated blood due to its induced magnetic field 

disturbance. We observed focal clusters of possible dilated small vessels on SWI in 

white matter in severe small vessel disease (SVD). We assessed their prevalence, 

associations with SVD lesions and vascular reactivity in patients with sporadic SVD 

and in patients with Cerebral Autosomal Dominant Arteriopathy with Subcortical 

Infarcts and Leukoencephalopathy (CADASIL).  

  

Methods  

Secondary cross-sectional analysis of a prospective multicentre observational study of 

patients with either sporadic SVD or CADASIL (INVESTIGATE-SVD) studied with 3 

Tesla MRI including blood-oxygen-level-dependent-MRI cerebrovascular reactivity 

(CVR). Two independent raters evaluated SWI sequences to identify “vessel-clusters” 

in white matter as focal low-signal dots/lines with small vessel appearance (interrater 



 

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy 

of Neurology. 
7

agreement, kappa statistic= 0.66). We assessed per-patient and per-cluster associations 

with SVD lesions type and severity on structural MRI sequences. We also assessed 

CVR within and at 2-voxel concentric intervals around the vessel-clusters using 

contralateral volumes as reference. 

  

Results  

Amongst the 77 patients enrolled, 76 had usable SWI sequences, 45 with sporadic SVD 

[mean age 64 years (SD 11), 26 males (58%)] and 31 with CADASIL [53 years (11), 15 

males (48%)]. We identified 94 vessel-clusters in 36/76 patients (15/45 sporadic SVD, 

21/31 CADASIL). In covariate-adjusted analysis, patients with vessel-clusters had more 

lacunes (OR, 95%CI) (1.30, 1.05-1.62), higher white matter hyperintensity (WMH) 

volume (per-log10 increase, 1.92, 1.04-3.56), lower CVR in normal appearing white 

matter (per %/mmHg, 0.77 (0.60-0.99), compared with patients without vessel-clusters. 

Fifty-seven of 94 vessel-clusters (61%) corresponded to non-cavitated or partially-

cavitated WMH on Fluid Attenuated Inversion Recovery, and 37/94 (39%) to complete 

cavities. CVR magnitude was lower than in corresponding contralateral volumes [mean 

difference (SD), t, p] within vessel-cluster volumes [-0.00046 (0.00088), -3.021, 0.005) 

and in surrounding volume expansion shells up to 4 voxels [-0.00011 (0.00031), -2.140, 

0.039; and -0.00010 (0.00027), -2.295, 0.028] in vessel-clusters with complete cavities, 

but not in vessel-clusters without complete cavitation.  

   

 

 

Conclusions  
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Vessel-clusters might correspond to maximally dilated vessels in white matter that are 

approaching complete tissue injury and cavitation. The pathophysiological significance 

of this new feature warrants further longitudinal investigation. 

 

 

 

 

 

Key words: small vessel disease; susceptibility-weighted imaging; CADASIL; venules; 

lacunes; cavitation; cerebrovascular reactivity 

 

Glossary: SVD= small vessel disease; CADASIL= cerebral autosomal dominant 

arteriopathy with subcortical infarcts and leukoencephalopathy; EPVS= enlarged 

perivascular spaces; WMH= white matter hyperintensities; SWI= susceptibility-

weighted imaging; INVESTIGATE-SVD= Imaging NeuroVascular, Endothelial and 

STructural Integrity in prepAration to TrEat Small Vessel Diseases; BOLD= blood-

oxygen-level-dependent; CVR= cerebrovascular reactivity;  

 

Introduction 

Cerebral small vessel disease (SVD) refers to a spectrum of ischaemic and 

haemorrhagic brain lesions resulting from heterogenous pathophysiological processes 

involving perforating arterioles, capillaries and venules.1 Recent small subcortical 

infarcts, lacunes, white matter hyperintensities (WMH), enlarged perivascular spaces 
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(PVS) and cerebral microbleeds are the typical SVD features on standard structural 

MRI protocols that may be observed in both sporadic and genetic SVD forms.2 Other 

structural, hemodynamic and functional features of SVD may be assessed using 

advanced imaging techniques, revealing possible mechanisms of SVD including 

disordered vasoreactivity.3 

Susceptibility-weighted imaging (SWI) is a gradient-echo derived MRI sequence that is 

commonly used to identify hemorrhagic features in SVD (i.e. microbleeds),4 but may 

also enable the study of medullary venules in the white matter,5 by exploiting the 

paramagnetism of deoxygenated blood in veins. Recent work suggested that decreased 

number and altered morphology of deep medullary veins may be related to WMH 

load.5-8 Upon inspection of high-quality MRI scans from patients with severe SVD, we 

recently observed small clusters of linear-like structures in deep WMH with different 

grades of cavitation, that showed similar signal characteristics to the medullary veins on 

SWI (Figure 1), but did not follow their distribution (eFigure 1). We hypothesized that 

these may represent grouped small dilated vessels associated with white matter injury 

and cavitation (i.e. lacunes). In the current study, we describe the prevalence and 

characteristics of these possible clusters of small dilated vessels on SWI, their 

associations with patient demographics, SVD lesions and measures of vascular 

reactivity, in patients with sporadic SVD or with monogenetic SVD (Cerebral 

Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy, 

CADASIL). 

 

Methods 

Standard Protocol Approvals, Registrations, and Patient Consents 
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This is a secondary cross-sectional analysis from a prospective multicentre 

observational study (Imaging NeuroVascular, Endothelial and STructural Integrity in 

prepAration to TrEat Small Vessel Diseases, INVESTIGATE-SVD, ISRCTN 

10514229).9 The study was approved by the local ethics committee in each participating 

institution and informed consent was obtained from all participants. The full protocol of 

the study is available elsewhere. 9 

 

Patients 

The INVESTIGATE-SVD study cohort included patients with symptomatic sporadic (a 

lacunar ischaemic stroke in the last 5 years or vascular cognitive impairment with SVD) 

or genetic SVD (diagnosis of CADASIL) 9 Patients with other causes of stroke such as 

≥50% luminal stenosis, major-risk cardioembolic source of embolism (i.e. atrial 

fibrillation) and other specific causes of stroke identified (i.e. haemorrhage, arteritis, 

etc.) were not enrolled in the study.9 The patients with sporadic SVD were recruited 

from centres in Edinburgh (UK) and Maastricht (the Netherlands), and patients with 

CADASIL from Munich (Germany). We excluded patients with unusable SWI 

acquisition. We collected a full medical history, including demographic factors (age and 

sex), vascular risk factors (history of hypertension, diabetes mellitus, hyperlipidaemia, 

current smoking habit), alcohol intake, history of ischaemic heart disease and peripheral 

vascular disease, previous stroke, prescribed statins, antihypertensive and 

antithrombotic treatment. Systolic and diastolic blood pressure were recorded at MRI 

visit.  

 

Image acquisition 
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The full image acquisition protocol has been previously published.9 In brief, images 

were acquired using 3 Tesla MRI scanners (all Siemens Prisma, Siemens Healthineers) 

in all three centres using a standardized protocol, within 3 months after enrollment 

(median 7 days, IQR 1-41). The study protocol included T1-weighted, T2-weighted, 

fluid-attenuated inversion recovery (FLAIR), and SWI sequences. Cerebrovascular 

reactivity (CVR) was assessed using an established validated blood-oxygen-level-

dependent (BOLD) MRI with CO2 challenge.9  

 

 

Image qualitative analysis 

Radiological markers of SVD, i.e. lacunes, PVS, microbleeds, and WMH on structural 

MRI sequences were identified according to STRIVE criteria,2 and graded using 

validated qualitative scales for WMH (Fazekas scale)10 and PVS load scale in basal 

ganglia and centrum semiovale.11 All image analysis was centralized and conducted by 

an analyst not involved in the clinical assessments and masked to patient characteristics 

and CVR results and performed prior to the assessment of this study.9 

We defined as “vessel-clusters” the presence on SWI of grouped low-signal small 

tubular like structures (seen as dots or lines depending on the orientation in reference to 

axial plane) in white matter (Figure 1) that appear like small vessels, but present a 

disorganized distribution compared with the large deep medullary veins with normal 

appearance on SWI (eFigure 1).12 Hence, the definition of “vessel-cluster” is based on 

its radiologic appearance, although the nature of such finding may need further 

confirmation in pathology studies. 
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An experienced stroke neurologist (SR) and a trained medical student (EC) 

independently evaluated the SWI acquisitions to identify vessel-clusters and the number 

of vascular-like structures per cluster (Maximum Intensity Projection, MIP sequences 

were also checked to track tubular vessel-like structures). Disagreements were resolved 

by discussion with a third expert neuroradiologist (JMW). Interrater agreement was 

substantial for both the presence of the clusters (kappa statistic = 0.66, 95% CI 0.49-

0.84, p<0.001), and the number of single vessel-like structures in each cluster (quadratic 

kappa statistic = 0.64, 95% CI 0.52-0.75, p<0.001). Details on visual identification of 

vessel-clusters and interobserver reliability analysis are available in Supplemental 

material (eMethods, eFigure 2 and eFigure 3) 

We described the location of the vessel-clusters referring to the spatial relationship with 

anterior and posterior horns of the lateral ventricles (anterior, middle and posterior 

white matter) as previously described,13 and whether the vessel-like structures appeared 

as a linear rim at the edges of a cavitation in the white matter. The volume (mL) and 

shape (round, ovoid, linear or irregular) of the regions of the brain covered by each 

vessel-cluster were assessed after segmentation of the regions of interest (eMethods). 

The features of the brain areas corresponding to the vessel-clusters were assessed on 

structural sequences (FLAIR, T1w and T2w) and classified on the basis of previous 

work14: normal appearing white matter, non-cavitated WMH, partially cavitated WMH 

(either lacy appearance or incomplete cavities linked by residual strands of tissue), and 

completely cavitated lesions containing CSF-like liquid. Some examples of clusters and 

related tissue appearance on structural sequences are shown in Figure 1.  

 

Image quantitative analysis 
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Normal appearing white matter and WMH were segmented using a validated semi-

automated pipeline.15 We obtained intracranial, normal appearing white matter, WMH 

volumes, and calculated standardized WMH volume (WMH volume / intracranial 

volume). For the analysis of CVR magnitude and delay within normal appearing white 

matter and WMH, we eroded the outer margin of the original white matter mask by 

2.5mm (1 voxel) to reduce the influence of partial volume effects. Additionally, we 

masked the images with a dilated ventricle mask to exclude contamination from 

ventricular CSF and normal vessels running along the ventricle walls. 

Finally, to assess CVR magnitude and delay in the vessel-clusters and in the 

surrounding tissue, from the original vessel-cluster segmentations we generated 3 

additional concentric circumferential 3D expansions (shells) around the vessel-clusters, 

each 2-voxels thick in T2-w space (which approximates 1 voxel in CVR data) limited to 

the white matter, as represented in Figure 2. Then we automatically generated 

contralateral-mirrored segments within the white matter, checked these for accurate 

mirror-image location and edited manually if required (EC and SR).  FLS software16 

was used for the mask processing. 

 

Statistical analysis 

Variables were described as mean and standard deviation (SD), median and interquartile 

range (IQR), or absolute and relative frequency as appropriate. Continuous and ordered 

variables were compared between patients with and without vessel-clusters in 

univariable analysis using Student-t Test or Mann-Whitney U as appropriate, while a 

Pearson 2 test or Fisher exact test was used for categorical variables. Interrater 

agreement between the two readers for the vessel cluster assessment was assessed with 

kappa statistics (details in eMethods). No missing values were detected among 
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variables, except for systolic and diastolic blood pressure at the time of MRI that were 

not available in in 6/76 patients (8%), and CVR data were not usable in 7/76 patients 

(9%).  

In per-patient analysis, we analyzed the factors associated with the presence of vessel-

clusters (one or more vessel-clusters) in univariable analysis. Then, the relevant factors 

identified in the univariable analysis (p<0.1) were assessed in multivariable logistic 

regression analysis adjusted for specific preselected clinically relevant variables (age, 

sex, log10 normalized WMH volume, number of lacunes) and other according to p<0.1 

significance level in univariable analysis (alcohol use, type of SVD, microbleeds, total 

PVS score), excluding CVR values for not being available in 7 patients. Continuous 

variables without normal distribution (normalized WMH volume) were log 10 

transformed in the multivariable analysis. Collinearity according to Variance Inflation 

Factor (VIF) was identified between visual SVD scale / quantitative measures, and log 

10 normalized WMH volume / type of SVD. In the multivariable analysis log 10 

normalized WMH volume and type of SVD were both maintained (VIF= 4.11 and VIF= 

4.01, respectively) for the assessment of the effect of other variables, while log 10 

normalized WMH was excluded to assess the association between vessel-cluster 

presence and CADASIL type of SVD, and vice versa.   

As a sensitive analysis, we analyzed the factors associated with per-patient number of 

vessel-clusters using ordinal regression in uni- and multivariable analysis. To achieve 

comparable groups of the dependent variable we collapsed the number of 4 or more 

vessel-clusters into one category. 

In per-cluster analysis we assessed CVR magnitude and CVR delay in the original and 

expanded volumes using contralateral segmentations as reference, using 2 sample 

student-T test. To analyze potential gradient CVR effect from the vessel-cluster volume 
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through the concentric shell expansions we assessed the presence of linear, quadratic, 

cubic or quartic trends between the CVR magnitude values using orthogonal 

polynomial contrasts in mixed model analysis.  

We considered as statistically significant p<0.05, and all hypotheses were two-sided. 

All statistical analyses were performed using Stata/IC 15.1 for Mac (StataCorp, College 

Station, TX). Graphpad Prism 8.4 for Mac was used for graphing.  

 

 

Data availability 

Data not provided in the article because of space limitations may be shared 

(anonymized) at the reasonable request of any qualified investigator for purposes of 

replicating procedures and results. 

 

Results  

Seventy-seven patients were recruited in the INVESTIGATE-SVD study from 

November 2017 to September 2019. Patients with sporadic SVD were recruited in 

Edinburgh (n=25) and Maastricht (n=20), and patients with CADASIL in Munich 

(n=32). All patients completed the main structural sequences. However, SWI sequences 

from one CADASIL patient were seriously affected by movement artifacts and that 

patient was excluded from the analysis. Mean age (SD) of the selected patients was 57 

years (12) [64 years (SD 11) in sporadic SVD and 53 years (11) in CADASIL patients], 

and 35/76 (46%) patients were male [26 (58%) in sporadic SVD and 15 (48%) in 

CADASIL patients]. Current smoking and alcohol use were frequent (53% and 71%, 

respectively). The most common vascular risk factors were history of hypertension and 
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hyperlipidaemia (61% and 59%, respectively). None of the patients had atrial 

fibrillation and 80% of patients were on antiplatelet treatment (no patients were on 

anticoagulant treatment). On MRI evaluation, the SVD structural features were more 

severe in patients with CADASIL than in those with sporadic SVD. Detailed 

information of clinical and radiological features of the study cohort is summarized in 

Table 1.   

 

Per patient analysis 

Thirty-six of 76 patients (47%) showed at least one vessel-cluster (22 had more than 

one vessel-cluster, with almost symmetrical distribution, eFigure 4). In the univariable 

analysis, a diagnosis of CADASIL, alcohol use and increased severity of SVD on 

structural imaging were associated with the presence of vessel-clusters, while no 

associations were found for age, sex, other vascular risk factors or concomitant 

antithrombotic treatment (Table 2).  In the multivariable analysis, CADASIL subtype 

and alcohol use were no longer associated with the presence of vessel-clusters, and 

among structural imaging variables only the number of lacunes (OR=1.30; 95% CI, 

1.05-1.62; p= 0.018) and normalized log10 WMH volume value (per-log10 increase, 

OR=1.92; 95% CI, 1.04-3.56; p=0.038) remained significant (Figure 3). Among the 69 

patients with usable CVR-derived measures, the presence of vessel-clusters was 

independently associated with lower CVR magnitude in the normal appearing white 

matter in multivariable analysis (per %/100-mmHg, OR=0.77, 95% CI, 0.60-0.99; 

p=0.040) and a trend for lower CVR in WMH (per %/100-mmHg OR=0.90; 95% CI, 

0.80-1.01; p=0.069) (Figure 3). The detailed analysis is available in eTable 1.  

In the ordinal regression analysis for per-patient number of vessel-clusters (OR; 95% 

CI; p value), age (per year, 0.94; 0.88-0.99; 0.037), male sex (3.63; 95% CI; 1.29-10.24; 
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0.015), the number of lacunes (1.22; 1.03-5.31; 0.002) and normalized log10 WMH 

volume value (per-log10 increase, 1.80; 1.09-2.96; 0.021) remained significantly 

associated with the number of vessel-clusters after adjusting for covariates, while CVR 

(per %/100-mmHg) in both normal appearing white matter (0.88; 0.77-1.01; 0.069) and 

WMH (0.93; 0.86-1.01; 0.088) had a non-significant negative trend (eTable 2). 

 

Per cluster analysis 

A total of 94 vessel-clusters were identified amongst 36 patients. Forty-eight/94 vessel-

clusters (51%) were located in the left hemisphere, 22/94 (23%) were located in the 

anterior, 55 (58.5%) in the middle, and 17 (18%) in the posterior deep white matter. 

Median (IQR) volume of the region containing the vessel-cluster was 0.15 mL (0.08-

0.26), which had a round shape in 45 (48%) vessel-clusters, ovoid in 32 (34%), irregular 

in 6 (6%) and linear in 11 (12%). Amongst the 94 vessel-clusters, 27 of them showed 

clustered or linked low-signal dots or lines that seem to correspond to one main vessel-

like structure (29%), while clusters of multiple vessel-like structures (up to 5) were 

observed in the remaining 67 (71%), with a median of 2 (1-3) vessel-like structures per 

vessel-cluster (examples in Figure 1 and eFigure 5). An example of the traceability of 

vessel-like structures on SWI and MIP through contiguous axial planes is shown in 

Figure 4. Twelve vessel-clusters (13%) corresponded to non-cavitated WMH, 45 (48%) 

to partial cavitation in WMH, and 37 (40%) to complete cavities. Vessel-clusters of 

multiple vessels covered a larger volume than single-vessel-like structures [median 

(IQR) volume (mL): 0.17 (0.98-0.30) vs. 0.09 (0-05-0.20) respectively, p=0.005), were 

more likely to be associated with completely cavitated lesions [n (%), 33 (49) vs. 4 (15), 

p=0.002], were more likely to appear as a linear rim [n (%), 37 (44) vs. 4 (15), 

p<0.001], but with no difference in location in the white matter (p=0.186). In the 12 
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vessel-clusters corresponding to non-cavitated regions we observed one main dilated 

vessel inside an area of WMH (eFigure 5), whereas vessel-clusters associated with 

partial and full cavitation (33% and 70%, respectively) had a linear low signal rim 

appearance on SWI in the edges of a cavity (Figure 1). More details on structural 

vessel-cluster features are available in eTable 3. 

For each vessel-cluster (per-cluster analysis) we assessed CVR magnitude in the vessel-

cluster volume and in concentric shells in the surrounding tissue. CVR magnitude from 

the vessel-cluster volumes was available in 73/94 (76%) after excluding small volumes 

that were poorly co-registered with CVR maps, and expanded volumes and penumbral 

shells were available (93/94 patients, 99%). In vessel-cluster volumes (including 

volumes up to 4-voxel expansion) corresponding to complete cavities, the CVR 

magnitude was lower compared with the contralateral volumes, (2 sample student-T 

test). The white matter surrounding these vessel-clusters (up to 4-voxel shells) had also 

lower CVR compared to mirrored volumes. These differences in CVR magnitude were 

not significant in vessel-cluster volumes corresponding with partial or no cavitation 

(Figure 5, eTable 4).  

Finally, in the group of vessel-clusters with complete cavitation, there was a significant 

linear gradient for increasing CVR magnitude values from the vessel-cluster volume 

through concentric penumbral shells (contrast 0.015, 95% CI 0.007-0.023, z=3.91, 

p<0.001), but this gradient was not present in clusters without full cavities (contrast -

0.002, 95%CI –0.008-0.005, z=-0.49, p=0.624), interaction p<0.001 (eFigure 6).  

The per-cluster analysis assessing mean CVR delay difference between vessel-cluster 

volumes or surrounding tissue and contralateral volumes did not show any significant 

difference, as detailed in the eFigure 7.  
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Discussion 

We describe what appears to be a new feature on SWI sequences in patients with severe 

SVD consistent with small clusters of dilated small vessels in WMH and associated 

with formation of cavitation. The vessel-clusters were more likely to be seen in patients 

with large WMH volume and were highly associated with both the overall number of 

lacunes and co-located with what appeared to be cavities at different stages of 

formation. The prevalence of vessel-clusters in patients with CADASIL was higher 

compared to patients with sporadic SVD, but the association disappeared after 

adjustment for age, severity of SVD and other SVD related risk factors. The association 

with reduced CVR in white matter surrounding cavities suggests that the vessel-clusters 

represent dysfunctional as well as dilated small vessels. Therefore, vessel-clusters on 

SWI seem to be a feature associated with severe “cavitating” SVD that may be observed 

in patients with either sporadic or genetic SVD and may indicate that the small deep 

vessels are in an advanced stage of exhaustion of their ability to vasodilate resulting in 

worsening tissue damage.   

The identification of the vessel-clusters on SWI is based on the assumption that small 

parenchymal vessels may be visualized as low signal (dark) if they contain 

deoxygenated haemoglobin due to the latter’s paramagnetic distortion of the magnetic 

field.17 In this way, typically, normal small deep cerebral venules can be visualized on 

SWI.5-8 However, to our knowledge, this is the first study describing focal alterations on 

SWI appearing as small abnormal dilated vessels associated with focal white matter 

degeneration in SVD. It is possible that other paramagnetic elements may produce a 

dark signal on SWI in the brain in SVD. Small amounts of hemosiderin are commonly 

present in or at the edges of lacunes in the brain representing petechial haemorrhage as 

part of the natural history of ischaemic stroke,18 which would be consistent with the 
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rim-like distribution on the wall of complete cavities in some cases of our cohort 

(Figure 1C). However, it is also possible that residual vessels may persist on the edges 

of lacunes. Small platelet-erythrocyte aggregates containing deoxygenated hemoglobin 

could also produce similar artifacts on gradient-echo-based imaging, as described in 

small subcortical infarcts,19-20 and it is conceivable that local thrombosis could be 

triggered by slow blood flow and endothelial dysfunction. Tissue interfaces may also 

cause magnetic field effects (i.e. between a cavity and tissue), but are likely to be more 

subtle than those identified as vessel-clusters (eFigure 3A, D). Finally, the SWI signal 

may overestimate the true size of a paramagnetic structure due to blooming artefact, 

meaning that the actual size of the vessel-like structures in the SWI vessel-clusters may 

be much smaller than depicted on MRI.4 Nevertheless, the traceable appearance of small 

tubular structures through contiguous axial planes, some of them finally draining to the 

deep venous system (Figure 4), make these findings hard to be interpreted with an 

alternative hypothesis other than dilated disorganized small vessels, possibly originally 

arterioles or venules or something in between, corresponding to white matter injury.  

The results of this study should not be extrapolated to images obtained using 1.5 Tesla 

MRI, but it is likely that at least the more apparent vessel-clusters might be visible 

similarly to deep medullary veins despite lower resolution compared to 3 Tesla MRI.21 

However, further studies are needed to confirm whether and to what extent vessel-

cluster may be assessed on 1.5 Tesla SWI-MRI. Low-definition MRI or the use of other 

gradient-echo based techniques could in part be the reason why these findings have not 

been described before, or might have been overlooked or considered as tortuosity of the 

deep medullary veins or haemorrhagic features in SVD. 

In per-patient multivariable analysis we observed a weak relationship between 

decreased CVR in the white matter (both normal appearing white matter and WMH) 
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and the presence of vessel-clusters. However, changes in CVR are subtle and the 

influence of different factors might not be easy to control in global analysis.22 For this 

reason, we assessed the values of CVR measures in per-cluster analysis, using the 

corresponding volume in contralateral brain white matter area as a reference. This 

showed that CVR magnitude depended on the degree of cavitation: in the subgroup of 

vessel-clusters with complete cavitation, as expected, CVR in the vessel-cluster volume 

was lower than contralateral white matter due to CSF content. However, the 

surrounding white matter up to 4 voxel concentric shells had also lower CVR than 

corresponding contralateral volumes. The presence of a linear gradient increasing 

centrifugally from the vessel-cluster through the penumbral shells confirmed that CVR 

was impaired around cavities with vessel-clusters. In clusters with incomplete 

cavitation, we did not find reductions in CVR across the volume. These results suggest 

that CVR is reduced in the tissue surrounding cavities due to exhausted vasodilatory 

reserve while the visibility on SWI indicates that they contain deoxyhemoglobin 

resulting from maximum oxygen extraction,23,24 representing concurrent factors 

contributing to blooming effect on SWI enabling the cluster visualization. On the other 

hand, it is possible that the non-cavitated and early-cavitated vessel-clusters still 

maintain CVR but are approaching a stage where vascular function fails. Hence, the 

results from the CVR analysis have to be interpreted cautiously because of the cross-

sectional design, the small sample size and variability of vessel-clusters in terms of size 

and corresponding tissue characteristics, and require confirmation in longitudinal and 

larger cohorts.  

 

Vessel-clusters were associated with a range of stages of cavity formation in the white 

matter, adding further complexity to the theories of lacune formation. It is generally 
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thought that most lacunes are the result of ischemic necrosis after infarction due to a 

perforating arteriolar occlusion.25 However, incident lacunes in CADASIL 

predominantly appear on the edges of WMH rather than following a distal vascular 

distribution, thus supporting the concept of alternative mechanisms.26 Lacunes have also 

been related to progressive pathological changes in deep venule walls in venous 

collagenosis.27,28 As suggested in the current analysis, microvascular dysfunction could 

lead to gradual tissue damage ending in lacune formation that could be less 

symptomatic due to its gradual occurrence than in acute infarctions.29,30 In this scenario, 

vessel-clusters might represent over-dilated vessels (i.e. post-capillary venules) that 

cannot respond further to vasoactive stimuli in regions showing tissue degeneration. 

Unfortunately, the cross-sectional design of our study precludes the assessment of 

causal or longitudinal relationships between the vessel-clusters and white matter 

cavitation. However, the association of vessel-clusters with low CVR is consistent with 

focal loss of homeostasis and worthy of future longitudinal studies to determine the 

pathophysiological significance and hypothetical role in cavitation processes leading to 

lacune formation.   

The main associations of some structural radiological SVD markers such as lacunes and 

WMH with vessel-clusters presence were confirmed in ordinal regression analysis for 

the number of vessel-clusters, while CVR magnitude was no longer significant but still 

showed a negative trend. Interestingly, we observed a significant association between 

male sex and the number of vessel-clusters, which might reflect different severity and 

SVD patterns depending on specific genetic and hormonal profiles. However, the 

differences in SVD radiological and clinical manifestations attributable to sex are still 

largely unknown. 31  
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The homogeneity of the imaging acquisition and processing across all enrolling centres 

represent major strengths of this study. This study also included patients with sporadic 

and genetic SVD, which allowed us to assess the new feature on SWI in patients 

thought to have different SVD mechanisms.   

 

This study also has some limitations. Firstly, the size sample might not have been 

sufficient to detect subtle differences in vascular function measures. However, the 

patients of this cohort presented moderate to severe SVD, thus mitigating the effect of 

the small sample and increasing the likelihood of SVD related findings. Secondly, the 

interrater agreement was ‘good’, not excellent, and external validation in independent 

cohorts is warranted. Third, the nature of the vessel clusters is open to many 

interpretations, some of them discussed above. However, the main aim of this study was 

to describe the prevalence, associations and characteristics of this new radiological sign. 

Further correlates including on pathology can now be examined in further studies. 

Fourthly, the limited z definition (3 mm) of the SWI sequences precluded a 3-

dimensional analysis of the findings, and the spatial resolution of the CVR BOLD 

sequence limits precise geographical localization and values within the cavitated vessel-

clusters may have been affected by CSF in cavities. However, CVR magnitude values 

were also lower in the tissue surrounding cavities, demonstrating the impairment in 

vascular reserve in these penumbral areas. Finally, the presence of vessel-clusters has 

not been assessed in a control group without SVD. However, the likelihood of finding 

vessel-clusters in brains without small vessel lesions is expected to be extremely low, 

since none of the vessel-clusters in our series corresponded to normal appearing white 

matter, their presence was highly dependent of burden of lacunes and WMH, and 
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furthermore we have not observed similar findings on SWI in any of our healthy 

research volunteers over many years of MRI scanning.  

 

 

Conclusions 

Vessel-clusters may be observed in up to half of patients with moderate to severe SVD, 

including both sporadic and genetic types. The vessel-clusters are related to damaged 

tissue showing different grades of cavitation in WMH. The properties of deoxygenated 

blood on susceptibility-weighted sequences and the association with lower CVR in the 

white matter and in the surrounding tissue in clusters with cavities suggest that the 

vessel-clusters represent maximal a) dilatation of small deep vessels and b) oxygen 

extraction in white matter that is approaching terminal injury and cavitation. The 

pathophysiological significance of this new feature warrants confirmation in imaging 

techniques with higher resolution (i.e. 7 Tesla MRI), pathology studies and further 

longitudinal investigation that should assess whether vessel-clusters predict cavitation 

in SVD and even contribute to lacune formation, or are an epiphenomenon of white 

matter injury.  
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Table 1. Per-patient analysis. Clinical and radiological features of patients in the whole 

cohort and according to sporadic small vessel disease (SVD) and Cerebral Autosomal 

Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy 

(CADASIL).  

  Whole cohort  

N=76  

Patients with 

sporadic SVD, 

n=45 (59%)  

Patients with 

CADASIL, 

n=31 (41%)  

P value 

Age, y, mean (SD)  57 (12)  64 (11) 53 (11) <0.001 

Male sex, n (%)  41 (54)  26 (58) 15 (48) 0.420 

Smoking habit, n (%)  40 (53)  23 (51) 17 (55) 0.749 

Ischaemic heart disease, 

n (%)  

8 (11)  7 (16) 1 (3) 0.131 

Peripheral vascular 

disease, n (%)  

2 (3)  2 (4) 0 (0) 0.511 

History of diabetes, n 

(%)  

10 (13)  9 (20) 1 (3) 0.041 

History of hypertension, 

n (%)  

46 (61)  35 (78) 11 (35) <0.001 

Antihypertensive 

treatment, n (%)  

46 (61) 35 (78) 11 (35) <0.001 

Systolic blood pressure, 

mmHg, mean (SD) 

144 (24) 157 (23) 128 (14) <0.001 

Diastolic blood 

pressure, mmHg, mean 

82 (12) 87 (13) 76 (9) <0.001 
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Hyperlipidemia, n (%)  45 (59)  33 (73) 12 (39) <0.001 

Statin use, n (%) 57 (75) 41 (91) 16 (52) <0.001 

Alcohol use, n (%)  54 (71)  31 (69) 23 (74) 0.616 

Antiplatelet use, n (%)  61 (80)  43 (96) 18 (58) <0.001 

History of stroke, n (%) 55 (72) 45 (100) 10 (32) <0.001 

Time from stroke to 

MRI, days, median 

(IQR) 

188 (88-846) 144 (87-623) 706 (188-1646) 0.050 

Lacunes, median (IQR)  3 (0-6.5)  1 (0-4) 5 (1-9) <0.001 

PVH Fazekas score, 

median (IQR)  

2 (1-3)  2 (1-2) 3 (3-3) <0.001 

DWM Fazekas score, 

median (IQR)  

2 (1-3)  1 (1-2) 3 (2-3) <0.001 

PVH + DWMH 

Fazekas score, median 

(IQR) 

5 (3-6) 3 (2-4) 6 (5-6) <0.001 

Basal ganglia PVS, 

median (IQR)  

2 (1-3)  2 (1-2) 3 (2-4) <0.001 

Centrum semiovale 

PVS score, median 

(IQR)  

2 (1-3)  2 (1-3)  3 (2-4) <0.001 

Basal ganglia + centrum 

semiovale PVS score, 

median (IQR) 

5 (3-6) 4 (3-5) 6 (4-8) <0.001 
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Cerebral microbleeds, 

median (IQR)  

0 (0-3.5)  0 (0-1) 1 (0-7) 0.030 

Intracranial volume, 

mL, mean (SD)  

1412 (134)  1425 (152) 1391 (101) 0.276 

WMH, mL, median 

(IQR)  

13.9 (5.6-

53.7)  

12.0 (18.2) 81.3 (58.2) <0.001 

normalized WMH 

volume, %, median 

(IQR)  

1.0 (0.4-3.9) 0.6 (0.3-0.9) 5.3 (2.6-8.5) <0.001 

CVR magnitude in 

normal appearing white 

matter CVR, %/mmHg, 

mean (SD)  

0.0351 

(0.0359)  

0.0347 (0.0362) 0.0356 (0.0362) 0.923 

CVR magnitude in 

WMH, %/mmHg,  

mean (SD)  

0.0569 

(0.0692)  

0.0715 (0.0787) 0.0389 (0.0664) 0.051 

 CVR delay in normal 

appearing white matter, 

seconds, mean (SD) 

38.9 (23.8) 43.5 (26.7) 33.3 (18.6) 0.076 

CVR delay in WMH, 

seconds, mean (SD)  

44.54 (29.61)  45.4 (31.2) 43.4 (28.0) 0.780 

SVD: small vessel disease; CADASIL: Cerebral autosomal dominant arteriopathy with 

subcortical infarcts and leukoencephalopathy; PVH: periventricular hyperintensities; 

DWMH: deep white matter hyperintensities; EPVS: enlarged perivascular spaces; 
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normalized WMH volume: WMH volume /intracranial volume; CVR: cerebrovascular 

reactivity 
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Table 2. Per-patient analysis. Clinical and radiological features of patients according to 

the presence of any vessel-cluster on susceptibility weighted imaging (SWI).  

  Patients 

without vessel-

clusters  

N=40 (52.6%)  

Patients with one 

or more vessel-

clusters  

N=36 (47,4%)  

P value  

Age, y, mean (SD)  61 (15)  58 (9)  0.221  

Male sex, n (%)   18 (45) 23 (64) 0.099  

CADASIL (vs. sporadic SVD), n 

(%)  

10 (25)  21 (58)  0.003  

Smoking habit, n (%)  21 (53)  19 (53)  0.981  

Ischaemic heart disease, n (%)  5 (13)  3 (8)  0.715  

Peripheral vascular disease, n (%)  1 (3)  1 (3)  1.000  

History of diabetes, n (%)  7 (18)  3 (8)  0.317  

History of hypertension, n (%)  25 (63)  21 (58)  0.711  

Antihypertensive treatment, n (%) 25 (63) 21 (58) 0.711 

Systolic blood pressure, mmHg, 

mean (SD) 

148 (28) 140 (20) 0.151 

Diastolic blood pressure, mmHg, 

mean 

83 (13) 81 (11) 0.503 

Hyperlipidemia, n (%)  25 (63)  20 (56)  0.538  

Statin use, n (%) 32 (56) 25 (44) 0.289 

Alcohol use, n (%)  25 (63)  29 (81)  0.083  

Antiplatelet use, n (%)  33 (83)  28 (78)  0.774  
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History of stroke, n (%) 30 (75) 25 (69) 0.589 

Time from stroke to MRI, days, 

median (IQR) 

134 (87-559) 252 (93-846) 0.250 

Lacunes, median (IQR)  1 (0-3)  6 (2.5-9)  <0.001  

PVH Fazekas score, median (IQR)  2 (1-2)  3 (2-3)  <0.001  

DWM Fazekas score, median (IQR)  1.5 (1-2)  3 (2-3)  <0.001  

PVH + DWMH Fazekas score, 

median (IQR) 

3 (2-4.5) 

 

6 (4-6) 

 

<0.001 

Basal ganglia PVS, median (IQR)  2 (1-2.5)  4 (2-4)  0.006  

Centrum semiovale PVS score, 

median (IQR)  

2 (1.5-3)  3 (2-4)  0.188  

Basal ganglia + centrum semiovale 

PVS score, median (IQR) 

4 (3-6) 6 (4-7) 0.004 

Cerebral microbleeds, median (IQR)  0 (0-0)  2.5 (0-7)  0.038  

Intracranial volume, mL, mean (SD)  1399 (139)  1426 (127)  0.374  

WMH, ml, median (IQR)  8.6 (3.9-17.5)  46.3 (12.4-102.3)  <0.001  

normalized WMH volume, %, 

median (IQR)  

0.6 (0.3-1.4) 3.1 (0.9-6.7) <0.001 

CVR magnitude in normal appearing 

white matter CVR, %/mmHg, mean 

(SD)  

0.0429 

(0.0276)  

0.0275 (0.0415)  0.075  

CVR magnitude in WMH, 

%/mmHg, mean (SD)  

0.0768 

(0.0599)  

0.0376 (0.0728)  0.018  

 CVR delay in normal appearing 41.4 (25.6) 36.5 (22.0) 0.405 
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white matter, seconds, mean (SD) 

CVR delay in WMH, seconds, mean 

(SD)  

42.4 (29.3)  46.7 (29.6)  0.550  

SVD: small vessel disease; CADASIL: Cerebral autosomal dominant arteriopathy with 

subcortical infarcts and leukoencephalopathy; PVH: periventricular hyperintensities; 

DWMH: deep white matter hyperintensities; PVS: perivascular spaces; normalized 

WMH volume: WMH volume /intracranial volume; CVR: cerebrovascular reactivity 
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FIGURE LEGENDS 

      

Figure 1. Vessel-clusters on Susceptibility-Weighted Imaging (SWI) and 

corresponding appearance on Fluid Attenuated Inversion Recovery (FLAIR) 

 

Vessel-clusters indicated in squares have been augmented (4x) to show details on SWI 

and FLAIR sequences, another not augmented vessel-cluster is indicated with a black 

arrow (C). For each patient (A with CADASIL, B and C with sporadic SVD), we 
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present the most informative SWI (left) and corresponding FLAIR (right) sequences to 

show vessel-cluster appearance.  Vessel-clusters are characterized by clustered small 

tubular structures visible as low-signal dots (B and C) or lines (A, B and C) on SWI not 

corresponding to normal appearing deep medullary veins (visible as mild low-signal 

parallel lines reaching the lateral ventricles from the deep white matter). Vessel-clusters 

are seen within white matter hyperintensities with different grade of cavitation: none 

(A), partial (B) or complete (C) cavitation. The schematic appearance of vessel-clusters 

on SWI and grade of cavitation on FLAIR are represented in corresponding squares 

below the augmentations. 
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Figure 2. Vessel-cluster volume masking and processing of additional volume 

expansions and contralateral corresponding volumes. 

 

 

 

A: a vessel-cluster is indicated with a white arrow on susceptibility-weighted imaging 

(SWI) in the left centrum semiovale of a patient with CADASIL. B: the volume covered 

by the vessel-cluster is shown in red on the image-processing viewer (FSL). Additional 

concentric shell volumes (at 0-2, 2-4, and 4-6 voxels from the vessel-cluster 

segmentation) represented using different colors (green, blue and yellow, respectively), 

were generated in 3 dimensions within the white matter (C represent an augmentation of 

the area including the vessel-cluster volume segmentations). Contralateral-mirrored 

volumes (represented with the same colours) were generated in the contralateral 

hemisphere for the analysis. Notice that the resolution on SWI (A) was higher than on 

the nifti-file converted image-processing viewer (FSL). The former was used for 

qualitative analysis and the latter only to obtain quantitative measures  
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Figure 3. Multivariable logistic regression analysis for the presence of vessel-

clusters. 

 

 

Multivariable analysis was adjusted for age, sex, alcohol use, log 10 normalised WMH 

volume and number of lacunes type of SVD, microbleeds, total PVS score. WM: white 

matter; WMH: white matter hyperintensities; CADASIL: cerebral autosomal dominant 

arteriopathy with subcortical infarcts and leukoencephalopathy; PVS: perivascular 

spaces.; CVR: cerebrovascular reactivity 
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Figure 4. Example of a vessel-cluster showing vessels draining to the deep venous 

system. 

 

 

Representative vessel-cluster appearance in consecutive axial slices in a patient with 

sporadic SVD. The vessel-cluster (square) is shown in two consecutive axial slices 

(superior and inferior) on Susceptibility-Weighted Imaging (SWI, A) and Maximum-

Intensity Projection (MIP, B) sequences. In the enhancements of the vessel-cluster 

regions small vessels are visible as dot-like appearance that are traceable in the 

contiguous slice, or in the MIP sequences enhancing the visibility of these structures 

through different planes. Notice that most of the vessels from the cluster converge to 

veins draining to the deep venous system, but the distribution of these vessels is 

disordered and different from the normal parallel appearance of the deep medullary 

venules visible in centrum semiovale (white arrows). 
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Figure 5. Per-cluster cerebrovascular reactivity (CVR) magnitude analysis 

compared to contralateral volumes, according to the presence or absence of 

complete cavitation. 

      

 

Forest plot analysis in the 36 vessel-clusters with complete cavitation (A) and in the 57 

vessel-clusters without complete cavitation (B). Black points (vessel-cluster volumes) 

and grey squares (contralateral volumes) represent mean CVR and bars represent 

standard deviation. * represents a level of significance (p) in 2 sample T-test <0.05. On 

the left side of the panel, the charts represent CVR within concentric expansions of the 

vessel-cluster (including it), while on the right side of the panel the charts represent 

CVR within the original cluster and concentric shells independently. 
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