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ARTICLE INFO ABSTRACT
Keywords: Objective: In cerebral small vessel disease (CSVD), compromised arterial supply to the deep gray matter con-
Cerebral small vessel disease tributes to cognitive decline. While CSVD frequently involves lenticulostriate arteries supplying the putamen, the

Vessel distance mapping functional consequences of altered putaminal vascular architecture remain unclear. We hypothesized that a less

Cognition . . . . S . . L.

Ler?ticulostriate arteries homogeneous arterial network in the putamen is associated with impaired perfusion and worse cognitive per-
formance in CSVD.

Putamen

Basal ganglia Methods: We enrolled 16 CSVD patients with cerebral microbleeds and 21 age-matched controls (mean age 71

Arterial spin labelling years; 38 % female). High-resolution 7 T time-of-flight angiography was used to segment all visible intra-
putaminal vessels. For each voxel in the putamen, the distance to its nearest segmented vessel was computed to
generate a vessel distance map; the mean vessel distance reflects the homogeneity of the arterial network.
Putaminal perfusion was quantified via multi-inversion time pulsed arterial spin labeling (ASL) at 3 T, and CSVD
severity was scored on clinical 3 T MRI. All participants completed a comprehensive neuropsychological battery
to derive a global cognition composite score.
Results: Linear regression revealed that higher CSVD MRI scores predicted larger mean vessel distance, reflecting
a sparser arterial network, in both the right (B = 0.12, § = 0.42, p = 0.010) and left putamen (B = 0.13, § = 0.43,
p = 0.014). Across all participants, increased vessel distance was also associated with prolonged arterial transit
time in the right (B = 0.044, § = 0.50, p = 0.009) and left putamen (B = 0.042, p = 0.49, p = 0.009). Finally, in a
multivariable linear regression adjusting for demographics, vascular risk factors, and CSVD severity, greater
vessel distance in the right putamen was associated with lower global cognitive performance (B = -1.26, f =
-0.34, p = 0.012).
Conclusion: This study demonstrates the impact of an impaired arterial network in the putamen on blood supply
and cognitive function across the continuum of CSVD.

Abbreviations: RAH, recurrent artery of Heubner; LSA, lenticulostriate artery; MMSE, Mini Mental status examination; MoCA, Montreal Cognitive Assessment;
ADAScog, Alzheimer’s Disease Assessment Scale cognitive subscale; CSVD, cerebral small vessel disease; ToF, time-of-flight; VDM, vessel distance mapping; CMB,
cerebral microbleeds; MRI, magnetic resonance imaging; ICH, intracerebral haemorrhage; WMH, white matter hyperintensities; PVS, perivascular spaces; BG, basal
ganglia; MPRAGE, magnetization-prepared rapid gradient echo; SD, standard deviation; IQR, interquartile range.
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1. Introduction

Cerebral small vessel disease (CSVD) affects the microvasculature of
the brain and is characterized by haemorrhagic and non-haemorrhagic
lesions on magnetic resonance imaging (MRI) (Duering et al., 2023).
Ischemic and haemorrhagic stroke and cognitive impairment are major
consequences of CSVD (Li et al., 2018). Of these sequelae, cognitive
impairment represents an important clinical outcome, with impact on
quality of life and a significant socio-economic burden (Fernando et al.,
2021; Meng et al., 2019; (stergaard et al., 2016). Despite its clinical
relevance, the precise pathomechanisms leading to cognitive impair-
ment in CSVD remain incompletely understood.

Recent advances in high-resolution neuroimaging have provided
novel insights into the role of neurofluid circulation and vascular
integrity in maintaining cognitive function. The morphology of small
arteries in deep brain regions, such as the hippocampus, is emerging as a
critical contributing factor to cognitive resilience, especially in in-
dividuals with CSVD (Perosa et al., 2020; Vockert et al., 2021). Simi-
larly, morphological changes in the lenticulostriate arteries (LSA),
which supply the basal ganglia, have been observed in CSVD and are
thought to contribute to the disease’s pathophysiology (Chen et al.,
2019). These perforating arterioles are particularly susceptible to arte-
riolosclerosis and lack effective collaterals, making deep brain regions
vulnerable to downstream consequences of microvascular pathology,
including lacunar infarcts, cerebral microbleeds (CMB), and enlarged
perivascular spaces (PVS), ultimately leading to tissue damage (Cho
et al., 2008; Marinkovic et al., 2001; Mehrnoosh Ghandili and Sunil
Munakomi, 2022; Perosa et al., 2020).

Microvascular pathologies on MRI are typically found in the puta-
men and have been linked to cognitive impairment in CSVD (Huijts
etal., 2014; Li et al., 2021; Patel and Markus, 2011). While the putamen
is classically associated with motor execution and motor learning,
accumulating evidence highlights its role as a key hub in neuronal
processing, contributing to higher-order cognitive functions such as
global cognition, memory, attention, executive function, and reward
processing (Afifi, 2003; Ell et al., 2011; Max et al., 2002; Schultz, 2016;
Tortorella et al., 2013; Vinas-Guasch and Wu, 2017). Functional MRI
studies have demonstrated that neural activity in the putamen is
reduced in CSVD and correlates with cognitive impairment (Feng et al.,
2021; Zhang et al., 2023). However, whether reduced arterial vascu-
larization of the putamen underlies cognitive dysfunction via impaired
neurofluid circulation remains unclear.

To address this gap, we investigated the relationship between intra-
putamen arterial vascularization, perfusion dynamics, and cognitive
performance in patients with CSVD and cognitively unimpaired con-
trols. This study aligns with the scope of the special issue on "Emerging
Methods for Mapping Neurofluid Circulation and Exchange", as it ap-
plies advanced high-resolution 7T MRI techniques to assess microvas-
cular structure, function and its impact on cognition. Specifically, we
leveraged 7T time-of-flight (ToF) MR angiography to visualize intra-
putamen arteries and employed vessel distance mapping (VDM) - an
innovative image post-processing technique that quantifies the shortest
distance of each voxel to its nearest artery (Garcia-Garcia et al., 2023).
This approach enables a novel, tissue-centered perspective of vascular-
ization, shifting focus from vessel morphology alone to the spatial dis-
tribution of arteries relative to brain tissue, which is critical for effective
fluid circulation and tissue supply.

2. Material and methods
2.1. Study design and participants

A total of 51 older adults were included in this prospective 7T brain
MRI study. The scans were acquired between December 2016 and July

2018. Details on inclusion and exclusion criteria have been explained
recently (Perosa et al., 2020). In short, patients were recruited from a
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longitudinal 3T MRI study on the pathophysiology of CSVD conducted at
the University Clinic of Magdeburg and the German Center for Neuro-
degenerative Disease (DZNE), Magdeburg. Inclusion criteria for CSVD
patients were the presence of haemorrhagic CSVD markers, including
CMB or intracerebral haemorrhage (ICH) on iron-sensitive MRI se-
quences (GRE T2*-weighted or susceptibility-weighted imaging). Con-
trols were considered as such if they had no haemorrhagic markers on
3T MRI and were recruited from an already existing pool of cognitively
normal community-dwelling elderly study participants of the DZNE
Magdeburg. Out of 51 participants, 37 (16 CSVD patients, 21 controls)
were included for the final analysis (Fig. 1). Three were excluded due to
missing data for neuropsychological tests, four due to MRI sequences for
arterial segmentation with motion artifacts and in seven no suitable
arterial segmentation could be created, since the sequence originally
covered only a certain part of the brain (for details see below). All
participants provided written informed consent according to the
Declaration of Helsinki and were compensated for travel costs. The study
was approved by the local Ethics Committee (93/17; 28/16).

2.2. Clinical data

Participants were characterized with regard to a history of symp-
tomatic ischemic stroke or symptomatic intracerebral haemorrhage.
Data on age, sex, years of education were available for all participants;
data of vascular risk factors were missing for two participants. Vascular
risk factors were defined by prior diagnosis of arterial hypertension,
dyslipidemia and type 2 diabetes or antihypertensive, lipid lowering or
antidiabetic medication. Additionally, we considered clinical laboratory
blood tests for dyslipidemia (total cholesterol > 5.2 mmol/L, LDL
cholesterol > 2.6 mmol/L, HDL cholesterol < 1.0 mmol/L or tri-
glycerides > 1.7 mmol/L) and type 2 diabetes (HbAlc > 6.5 % or fasting
plasma glucose level > 7.0 mmol/L).

2.3. Neuropsychological testing

All participants underwent a neuropsychological test battery
comprising Clinical Dementia Rating (CDR) (Morris, 1993), Mini-Mental
State Examination (MMSE) (Folstein et al., 1975), Montreal Cognitive
Assessment (MoCA) (Nasreddine et al., 2005) and Alzheimer’s Disease
Assessment Scale-Cognitive Subscale (ADAS-Cog) (Rosen et al., 1984).
According to MMSE and CDR, all controls and 7 CSVD patients were

7 Tesla Brain MRI Study
December 2016 - July 2018
51 older participants recruited

Excluded Participants

Muissing neuropsychological data (n = 3)
Motion artifactsin MRI (n = 4)

No suitable arterial segmentation(n=7)

Putamen Vessel Distance Study
37 participants for final analysis
(21 controls and 16 with CSVD)

27 participants with available 3T
ASL data
(16 controls and 11 with CSVD)

Fig. 1. Flowchart of participant inclusion and exclusion for the study
cohort. A total of 51 older adults were initially recruited for this study. Of
these, 3 participants were excluded due to missing neuropsychological data, 4
were excluded due to motion artifacts in MRI sequences, and 7 were excluded
because no suitable arterial segmentation could be created. The final analysis
included 40 participants (16 CSVD patients and 21 controls). In a subset of 27
participants 3T ASL data were available to assess perfusion in the putamen.
Detailed inclusion and exclusion criteria are described in the methods section.
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cognitively unimpaired (MMSE > 26, CDR = 0), 8 CSVD patients ful-
filled the criteria for mild cognitive impairment (MMSE 21 to 26, CDR
0.5 to 1) and one patient had mild dementia (MMSE = 19; CDR = 0.5).
Neuropsychological testing and MRI were performed a median of 63
days apart (IQR 31-152 days).

In order to obtain a robust measure of global cognitive function, we
constructed a composite score using z-scores for MMSE, MoCA, and
ADAS-Cog. For each participant, z-scores were calculated (individual
test score minus the mean test score of the control group, divided by the
control group’s standard deviation). ADAS-Cog z-scores were multiplied
by -1 to align the direction of scoring with MMSE and MoCA, where
higher values indicate better performance. The composite score was
then derived by averaging the three z-scores of each test for each indi-
vidual (Prins et al., 2005).

2.4. MRI

To diagnose or exclude CSVD, all participants underwent a 3T scan
prior to 7T MRI (mean interval 62 days). Measurements were performed
in a Siemens Verio scanner. The protocol included a structural whole-
brain T1-weighted magnetization prepared rapid acquisition gradient
echo (MPRAGE) sequence, a whole-brain 3D fluid attenuated inversion
recovery sequence to localize lacunes and evaluate white matter
hyperintensities (WMH) (Fazekas et al., 1987) with 1 mm? isotropic
resolution, a susceptibility-weighted 3D gradient-echo pulse sequence to
count CMB (voxel size 1 x 1 x 2 mm® and a high-resolution
T2-weighted turbo spin echo sequence with 0.5 mm x 0.5 mm
in-plane resolution and slices of 2 mm thickness to rate PVS (Potter et al.,
2015).

CSVD was evaluated according to standards for reporting vascular
changes on neuroimaging (STRIVE) criteria and whole brain CSVD
severity was assessed based on an established scale from 0 to 6, with one
point being allocated for the presence of (i) lacunes, (ii) 1 to 4 CMB, (iii)
moderate to severe basal ganglia PVS (>10), and (iv) moderate WMH
(sum of deep and periventricular WMH grade 3 to 4). Two points were
allocated for the presence of (i) >5 CMB or (ii) severe WMH (sum of deep
and periventricular WMH grade 5 to 6) (Pasi et al., 2021).

2.5. 7T MRI

All participants underwent a 7T ultrahigh-field MRI scan using a
Siemens MAGNETOM 7T scanner equipped with a Nova Medical 32-
channel head-coil. The protocol included a T1-weighted 3D MPRAGE
1 mm?® isotropic resolution, TE 2.89 ms, TR 2250 ms, inversion time
1050 ms, band width 130 Hz/pixel, echo spacing 8.3 ms, 3D matrix
dimensions 256 x 256 x 176) and a ToF angiography (0.28 mm?>
isotropic resolution, 5 imaging slabs each with 48 slices, TR 22 ms, TE
4.59 ms, band width 142 Hz/pixel, sparse venous saturation (Mattern
etal., 2018)). The ToF covered a certain part of the brain only: the origin
of the slab was set at the bottom of the hippocampus and extended 5 cm
in the dorsal direction, allowing depiction of the circle of Willis and the
entire putamen in 47 of 51 participants. Thin pillows were placed at the
sides of the participant’s head to minimize head motion.

2.6. 7T MRI image processing and analysis

7T T1l-weighted MPRAGE and ToF images were converted from
DICOM to NIFTI format using the dem2nii routine of the MRIcron
software package (https://www.nitrc.org/projects/mricron). Subse-
quently, inhomogeneities in the MPRAGE images were corrected using
SPM12 (Statistical Parametric Mapping Software, Wellcome Trust
Centre for Neuroimaging, London, UK) and MATLAB R2014b (Math-
works, Sherborn, MA, USA). To determine the location of blood vessels
in relation to the putamen, an anatomical reference was required. For
this purpose, a putamen mask was created for each subject. The struc-
tural images were segmented automatically using the subcortical
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segmentation pipeline (Fischl et al., 2004) of FreeSurfer 6.0 (https
://surfer.nmr.mgh.harvard.edu). A visual inspection of the results was
conducted to ensure accurate segmentation of the putamen. The puta-
men region (left and right) was extracted as a mask and registered to the
corresponding ToF images using Advanced Normalization Tools (Avants
et al., 2011).

2.7. Arterial segmentation

The vasculature in the putamen was investigated using Mango soft-
ware, allowing a detailed examination of ToF images in sagittal, coronal,
and axial planes. The axial view was used for vessel tracking. The LSA
originates from the middle cerebral artery (Seo et al., 2012) and the RAH
originates from different segments of the anterior cerebral artery (El
Falougy et al., 2013). We assessed for each participant whether the RAH
contributed to putamen vascularization in one or both hemispheres.

A comprehensive approach was then employed for manual vessel
delineation, using both forward and backward methods to verify
truthful segmentation performance (performed by S.B. and B.G.G. with
4 years of experience). This involved locating the origin of each vessel,
tracking its branches layer by layer, and confirming complete segmen-
tation through reverse tracking. Complex cases were discussed until
reaching a consensus. The precision of this delineation was crucial for
subsequent VDM calculations, because VDM is computing distances with
respect to the segmented vasculature. Fig. 2 shows the segmented, color-
coded vasculature and its trajectory within the putamen. A meticulous
retrospective review ensured that no arteries within or in proximity to
the putamen were left unsegmented, considering the spatial resolution
of the 7T ToF imaging. This methodology aimed to provide a thorough
understanding of the vascular architecture within the putamen.

2.8. Vessel density and vessel distance mapping

Vessel density was computed as the relative volume occupied by
arterial voxels with respect to the putamen volume. VDM calculates the
Euclidean distance of each voxel to its nearest blood vessel by applying
distance transformation to the vessel segmentation. The distance mea-
sure determines, for each voxel, how close the nearest blood vessel is in
millimetres. Similar to vessel densities, VDM captures the abundance of
detected/segmented vessels while simultaneously considering the
spatial patterns of blood vessels as well (Garcia-Garcia et al., 2023). One
has to keep in mind that all identified vessels were included, regardless
of their specific origin, such as LSA or recurrent artery of heubner
(RHA). Resilient tissue voxels should have low VDM values, indicating
that they are close to a vessel

(Garcia-Garcia et al., 2023). All VDM metrics are pure distance
metrics and are based on the processing of structural data. VDM was
averaged per putamen. Hence, VDM is based on the premise that spatial
proximity correlates with the probability of vascular supply (Feekes
et al., 2005; Garcia-Garcia et al., 2023).

2.9. Cerebral blood flow and arterial transit time

For a subgroup of 27 participants, a multi-inversion time pulsed
arterial spin labelling (ASL) sequence was available with FAIR labelling,
3D-GRASE readout and Q2TIPS background suppression. The pulsed
ASL protocol included the following parameters: 4 mm x 4 mm in-plane
resolution, TR/TE = 3600/22.82 ms, 16 slices of 5.5 mm thickness,
bolus length = 1400 ms, 13 TIs ranging from 300 ms to 2700 ms with an
increment of 200 ms and five proton density weighted MO calibration
scans with TR = 4360 ms. ASL MRI data analyzed using the FSL's BASIL
tool (Chappell et al., 2010, 2009; Groves et al., 2009) employing the
general kinetic model (Buxton et al., 1998). This step included a regis-
tration of all tag-control image pairs and reference scans (Jenkinson
et al., 2002), a partial volume correction (Chappell et al., 2011) which
incorporates the different temporal characteristics of the ASL signal for
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Mean vessel distance: 2.27 mm
Vessel density: 1.8%
Putamen volume: 5957 mm3
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Mean vessel distance: 3.82 mm
Vessel density: 1.2%
Putamen volume: 4884 mm3

Fig. 2. Arterial Segmentation within the putamen. Two exemplary images presenting participants with high (left) and low (right) vessel density. The images
represent two-dimensional maximum intensity projections of time-of-flight angiography signal in the putamen with a color-coded overlay of vessel segmentation
(lenticulostriate arteries in red, recurrent artery of Heubner in green). The numerical values for mean vessel distance, vessel density, and putamen volume are shown

as well.

different tissue-types obtained from structural T1 weighted images, and
a calibration with MO scans to quantify CBF in mL/100 g/min and ATT in
s.

To calculate mean perfusion (CBF, ATT) values for the putamen, 7T
TOF sequences were co-registered to the respective 3T MPRAGE space
using the co-registration algorithms provided in SPM 12, applying the
normalized mutual information cost function and nearest neighbor
interpolation. The resulting transformation was consequently applied to
the binarized Putamen mask used in the 7T TOF analysis. These masks
were then applied to the prior estimated perfusion maps. For illustra-
tion, a representative example of the CBF and ATT maps is provided in
Supplementary Figure 1.

2.10. Statistical analysis

Results of continuous or ordinal variables were expressed as mean
(standard deviation, SD) or median (IQR); results of categorical vari-
ables were expressed as proportions. Intergroup comparisons between
CSVD patients and controls were performed in univariate analyses, using
the y2-test, Man-Whitney U test or 2-sample t-test, as appropriate. For all
analyses, right and left putamen were considered separately. Right and
left hemispheric putamen vessel distance was compared with a paired t-
test to test for differences within participants.

To investigate whether the CSVD severity (MRI score, independent
variable) was independently associated with vessel distance in the left
and right putamen (dependent variable), multivariate linear regression
analyses were performed and adjusted for age, sex, years of education,
and number of vascular risk factors.

We next investigated the relationship between putamen vasculari-
zation and perfusion applying linear regression analysis in a subset of 27
participants (16 controls, 11 CSVD patients) with available data.

Finally, we hypothesised an independent effect of putamen vascu-
larization on cognition. Therefore, we tested whether putamen vascu-
larization (independent variable) was related to the global cognition
composite score (dependent variable) in multivariate linear regression
models, adjusted for age, sex, years of education, vascular risk factors,
and CSVD MRI score. The analyses were repeated within subgroups to
identify drivers of the association.

Within each hypothesis set p-values were additionally adjusted for
multiple testing using the Benjamini-Hochberg false discovery rate (BH-
FDR) procedure. The corresponding g-values were calculated based on
(i) 2 tests for CSVD severity — vessel distance, (ii) 4 tests for vessel
distance — perfusion, and (iii) 2 tests for vessel distance — cognition,
and are reported in Supplementary Table 1.

Collinearity statistics were applied to identify issues of multi-
collinearity. These showed no evidence of multicollinearity in all
regression models. For all regression models, we reported unstandard-
ized (B) and standardized (f) regression coefficients. Significance level
was set at 0.05 for all analyses. IBM SPSS Statistics 24.0 software was
used for all analyses.

3. Results

We included 16 patients with symptomatic CSVD (2 with strictly
deep hemorrhages, 7 with mixed location hemorrhages and 7 with
strictly lobar hemorrhages) and 21 age-matched, cognitively unim-
paired control participants without hemorrhages. Clinical diagnoses of
CSVD patients comprised cognitive impairment (n = 9, 56 %), symp-
tomatic ischemic stroke (n = 6, 38 %) and symptomatic ICH (n = 6, 33
%). Participants had a mean age of 71.0 years and 14 (38 %) were fe-
male. Compared to controls, patients with CSVD had more vascular risk
factors (median 2 vs. 1, p = .025), driven by hypertension (88 % vs. 57
%, p = .017), and a higher CSVD MRI score (median 4 vs. 0, p < .001),
driven by higher numbers of CMB (median 0 vs. 8, p < .001), advanced
WMH (median Fazekas score 4 vs. 2, p < .001) and lacunes (present in
63 % vs. 5 %, p < .001). CSVD patients performed worse in neuropsy-
chological tests for global cognitive function when compared to controls
(mean global cognition composite score: —2.96 vs. 0.00, p < .001). Key
characteristics and statistical group comparisons between controls and
CSVD patients are shown in Table 1.

By using high-resolution ToF angiography at 7T MRI, we assessed the
arterial vascularization of the putamen qualitatively and quantitatively.
Qualitatively, the putamen is supplied by LSA and in some individuals
additionally by the RAH, contributing to the supply of both hemispheres
in 10 (27 %) participants, of one hemisphere in 17 (46 %) participants
and was absent in 10 (27 %) participants. The prevalence of none, one or
two RHA contributing to putamen vascularization did not differ between
controls and CSVD patients. Subsequently, the supplying arteries were
segmented to quantitatively assess the arterial vessel density (propor-
tion of volume) and spatial distribution (average distance of each voxel
to its nearest artery) within the putamen. Both vascular metrics were
highly related to each other across all participants (right putamen: =
—0.73, p < .001; left putamen: p = —0.79, p < .001), and within sub-
groups (controls: right putamen p = —0.51, p = .015 and left putamen p
= —0.76, p < .001; CSVD: right putamen § = —0.81, p < .001 and left
putamen: f = —0.83, p < .001). Vessel segmentations for each partici-
pant with the corresponding mean vessel distance, vessel density and
putamen volume values are shown in Supplementary Figure 2 and 3.
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Table 1

Group comparison of key patient characteristics. Data are presented as mean
(SD), median (IQR) or proportions. Significant p-values are marked in bold. IQR,
interquartile range; SD, standard deviation; VDM, vessel distance mapping. ¢
Data are available for 27 participants only (16 controls, 11 CSVD patients).

Controls CSVD test P-value
n=21 n=16 statistic
Demographics
Age 70.5 (7.6) 71.8 (6.4) T= .603
—0.53
Female sex 10 (48 %) 4 (25 %) X2 = .160
1.98
Years of education 16.1 (2.6) 14.5 (4.1) T=1.44 .164
Vascular risk factors
Number of vascular 1(1-2) 2 (1-3) Z =234 .025
risk factors
Hypertension 12 (57 %) 14 (88 %) X2 = .017
5.71
Dyslipidaemia 8 (38 %) 9 (56 %) X2 = .194
1.69
Type 2 diabetes 3 (14 %) 4 (25 %) X2 = .355
0.86
MRI CSVD markers
CSVD MRI score 0 (0-1) 4 (3-5) Z =5.03 <0.001
Total number of CMB 0 (0-0) 8(2-17) Z=5.43 <0.001
WMH Fazeka grade 2(1-3) 4 (3-6) Z=3.83 <0.001
[0-6]
Presence of lacunes 1 (5 %) 10 (63 %) X2 = <0.001
14.49
Deep lacunes 0 (0 %) 8 (50 %) X2 = <0.001
13.40
Lobar lacunes 1 (5 %) 9 (56 %) X2 = <0.001
12.21
BG PVS grade [0-4] 1(1-1) 2(1-4) Z=1.86 .089
CSO PVS grade [0-4] 2(2-3) 2(1-49 = .728
—0.367
Neuropsychological assessment
Global cognition 0.00 (0.67) —2.96 (2.25) T=5.16 <0.001
composite score
MMSE 28.8 (1.2) 25.3 (2.7) T =4.95 <0.001
MoCA 27.4 (2.5) 21.8 (4.0) T =5.00 <0.001
ADAScog 6.5 (2.1) 14.3 (6.8) = <0.001
—4.44
Putamen vascularization on 7T MRI
Volume right 5845 6188 Z =1.56 123
putamen [mms] (5356-6360) (5677-6881)
Volume left putamen 5838 5842 Z=1.04 .308
[mm®] (5265-6180) (5275-6697)
Vessel density right 1.6 (0.2) 1.6 (0.5) T=0.34 .738
putamen [ %]
Vessel density left 1.8 (0.5) 1.7 (0.5) T =0.65 .518
putamen [ %]
Vessel distance right 3.1 (0.4) 3.4 (0.8) T= .130
putamen [mm] —1.58
Vessel distance left 2.9 (0.4) 3.2(0.8) T= .155
putamen [mm] —1.48
Putamen perfusion on 3T MRI?
CBF right putamen 73.5 (16.7) 65.9 (16.8) T=1.15 .260
[mL/100 g*min]
CBF left putamen 74.3 (15.9) 69.1 (18.8) T=0.77 445
[mL/100 g*min]
ATT right putamen 0.42 (0.04) 0.46 (0.06) T= .043
[s] —-2.13
ATT left putamen [s] 0.44 (0.05) 0.45 (0.06) = .564

Putamen volume, vessel density and mean distance to arteries did
not differ between the groups, but in a subgroup of 27 participants with
available 3T ASL data (16 controls and 11 patients with CSVD) ATT in
the right putamen was significantly increased in CSVD patients
compared to controls (mean 0.46 vs 0.42, p = .043). There were no
significant differences in CBF and ATT in the left putamen (Table 1).
Within participants, there were no significant differences in mean vessel
distance between left and right hemisphere (data not shown).
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3.1. CSVD severity predicts larger vessel distance in the putamen

To investigate whether CSVD is independently associated with larger
vessel distance in the putamen, linear regression analyses were con-
ducted. The CSVD MRI score, a measure of brain-wide CSVD severity,
was significantly associated with larger vessel distance in the right and
left putamen across all participants. For each one-point increase in the
CSVD score, the mean vessel distance increased by 0.12 to 0.13 mm
(right putamen: B =0.12, p = 0.42, p = .010; left putamen: B=0.13, =
0.43, p = .014), independent of demographics and vascular risk factors,
which were controlled for as confounding variables between CSVD pa-
tients and controls (Table 2). Including putamen volume as a covariable
in the model, the association between the CSVD MRI score and larger
vessel distance was no longer significant (right putamen: p = .093; left
putamen: p = .116) but notably, putamen volume itself was no signifi-
cant predictor of vessel distance (right putamen: p = .077; left putamen:
p = .082) as well.

3.2. Vessel distance is associated with compromised perfusion

3T ASL MRI data were available for a subgroup of 27 participants (16
controls, 11 CSVD patients) and were used to estimate mean CBF and
ATT in the putamen. To support our premise that poor vascularization is
related to compromised perfusion, we conducted a linear regression
analysis of vessel distance and perfusion parameters in the putamen.
Vessel distance was positively associated with ATT in the right (B =
0.044, p = 0.50, p = .009) and left putamen (B = 0.042, § = 0.49, p =
.009), but not with CBF (right putamen: B = —10.36, § = —0.38, p =
.053; left putamen: B = —6.12, = —0.25, p = .219) (Fig. 3). This in-
dicates that poor vascularization leads to a prolonged delivery time of
blood to reach the tissue, but it might not impact the overall quantity of
blood.

3.3. Larger vessel distance is associated with poor cognitive function

Increased mean putamen vessel distance seems to be related to
altered blood supply and could in that influence neuronal and subse-
quently cognitive function. Linear regression across all individuals was
utilized to determine whether vessel distance in the putamen is also
associated with the cognitive composite score. Indeed, larger mean
vessel distance in the right putamen was independently associated with
lower scores in global cognition (per increase of 1 mm: B = —1.26, § =
—0.34, p = .012), accounting for demographics, vascular risk and CSVD
severity (Table 3, Fig. 4). There was no significant association between
vessel distance in the left putamen and cognitive performance (p = .680,

Table 2

Associations of CSVD severity with vessel distance in the right and left putamen.
The linear regression analysis evaluated the association of CSVD severity (MRI
sum score) with vessel distance in the right putamen. The model was adjusted for
demographics and vascular risk.

Dependent Independent B (95 % CI) B P-
Variable Variable value
Vessel distance Age 0.03 (0.00, 0.05) 0.32 .024
right putamen Male sex 0.26 (—0.09, 0.60) 0.22 142
Years of education —0.07 (—0.12, —0.42  .006
—0.02)
Vascular risk —0.25 (—0.46, -0.38 .021
factors —0.04)
CSVD MRI score 0.12 (0.03, 0.22) 0.42 .010
Vessel distance Age 0.03 (0.00, 0.05) 0.29 .050
left putamen Male sex 0.36 (—0.02, 0.74) 0.29 .063
Years of education —0.01 (-0.07, —0.06 711
0.05)
Vascular risk —0.35 (-0.59, -0.52 .004
factors —0.12)
CSVD MRI score 0.13 (0.03, 0.23) 0.43 .014
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Fig. 3. Associations between vessel distance and perfusion in the putamen. Scatter plots display measures of perfusion on the y-axis, i.e. arterial transit time (A,
B) and cerebral blood flow (C, D) and the corresponding vessel distance data on the x-axis. Test statistics are related to a linear regression model. The regression lines

are related to all participants, i.e. controls and CSVD patients.

data not shown). This suggests that in terms of poor arterial vasculari-
zation participants perform worse in tests for global cognition, even
independently of CSVD severity on MRI.

To investigate whether these associations are driven by controls or
CSVD patients we repeated the analyses within subgroups. The associ-
ations became stronger and remained significant in CSVD patients (B =
—1.97,=—0.66,p =.013), but not in controls (B = —0.82, = —0.47,p
=.131).

4. Discussion

This study examined the relationship between CSVD, arterial
vascularization of the putamen, and cognitive function. Utilizing high-
resolution ToF 7T MR angiography and VDM, we observed that CSVD

Table 3

Associations of vessel distance in the right putamen with cognition. The linear
regression analyses evaluated the association of vessel distance in the right
putamen with the global cognition composite score. The model was adjusted for
demographics, vascular risk and CSVD severity.

Dependent Variable Independent B (95 % CI) B P-
Variables value
Global cognition Vessel distance right — —1.26 (—2.22, —0.34 .012
composite score putamen —0.29)
Age -0.05(-0.12, -0.17 .121
0.01)
Male sex -0.38(-1.31, —-0.09 .413
0.55)
Years of education 0.01 (-0.14, 0.01 .923
0.16)
Vascular risk factors —0.71 (-1.30, -0.29 .022
0.11)
CSVD MRI score —0.46 (—0.73, —0.43 .001
—0.19)

severity is associated with greater average distance to their arteries in
the putamen. The increased distance was linked to prolonged ATT and
poorer cognitive performance across all participants. These findings
suggest that altered vascularization in the putamen contributes to
cognitive decline in CSVD.

Our study applied state-of-the-art neuroimaging techniques in com-
bination with neuropsychological testing to study microvascular arterial
architecture and neurofluid circulation in the putamen, a brain region
highly susceptible to the CSVD, and the consequences for brain function.
The combination of ultra-high-field 7T MR angiography with vessel
distance allows for a more detailed and quantitative assessment of

Control
CSVD

B=-126 ©
p=.012 °

Global cognition composite score

Mean vessel distance
right putamen [mm]

Fig. 4. Associations between vessel distance in the right putamen and the
global cognition composite score. Test statistics are related to the fully
adjusted linear regression model, accounting for demographics, vascular risk
and CSVD severity. The regression line is related to all participants, i.e. controls
and CSVD patients.
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microvascular architecture beyond conventional approaches that focus
solely on large vessel morphology.

Our results demonstrate a significant association between reduced
arterial vascularization of the putamen and CSVD severity. These find-
ings align with previous research showing rarefication of LSA branches
on invasive digital subtraction angiography or non-invasive MRI in as-
sociation with CSVD burden (Chen et al., 2019; Jiang et al., 2021; Li
et al., 2024). However, it is still uncertain whether poor vascularization
of brain tissue is a consequence of microvascular disease, such as due to
occlusion of arterial branches, or a congenital factor predisposing in-
dividuals to microvascular pathologies. Prospective studies are needed
to disentangle this association.

Prior studies assessing the LSA to evaluate deep grey matter vascu-
larization typically focussed on the number of LSA branches and their
morphological features (Chen et al., 2019; Jiang et al., 2020; Ling et al.,
2019; Wei et al., 2022). While this vessel-centred approach is reason-
able, it may overlook the specific requirements of brain tissue. Our study
is unique, in that we quantified the spatial distribution of vasculariza-
tion within a region of interest by measuring the distance of each tissue
voxel to its nearest artery. The resulting vessel distance map integrates
local vascular supply circumstances and shifts the perspective to a brain
tissue-centred view. By shifting the perspective from vessel-centered
analyses to a tissue-centered framework, our methodology provides
novel insights into how the spatial distribution of microvascular net-
works influences neurofluid dynamics, and cognition in CSVD.

Recent high-resolution imaging in healthy individuals has demon-
strated that structural arterial vascularization and proximity to arteries
are directly related to local perfusion at the voxel level in deep grey
matter regions, such as the hippocampus (Haast et al., 2024). Building
on these insights, increased distance to arteries was associated with
prolonged ATT. This association was evident in the left and the right
putamen. Interestingly, while ATT was significantly affected, we did not
observe a direct relationship between vessel distance and CBF, despite
both variables being reliable indicators of brain perfusion (Neumann
et al., 2021). This finding suggests that while arterial rarefaction pro-
longs transit time, it does not necessarily reduce overall blood volume
reaching the tissue. However, prolonged ATT could impair metabolic
homeostasis during vulnerable periods, such as fluctuations in blood
pressure, potentially leading to ischemic injury (Engedal et al., 2018;
Takata et al., 2023). Prolonged ATT may also serve as an early marker of
impaired perfusion that could precede more significant reductions in
CBF, indicating a reliance on less efficient routes or collateral circulation
due to narrowing arteries. One large study supports our results and has
also shown that reductions in the number of LSA branches are consis-
tently associated with prolonged ATT in the putamen, as measured by
computed tomography perfusion (Chen et al., 2019).

The putamen as a part of the basal ganglia has traditionally been
linked to motor functions (Graybiel, 2000; Turner and Desmurget,
2010), but accumulating evidence supports its critical role in
higher-order cognitive processes (Afifi, 2003; Ell et al., 2011; Max et al.,
2002; Schultz, 2016; Tortorella et al., 2013; Vinas-Guasch and Wu,
2017). CSVD can lead to a gradual deterioration of cognitive function
(Meng et al., 2019; Ostergaard et al., 2016) and typically affects
parenchymal small arteries in the putamen (Li et al., 2018; Litak et al.,
2020). Additionally, the putamen is highly interconnected and repre-
sents a central neuronal hub for information coordination and process-
ing. Tissue damage in CSVD often affects these inter-connected central
nodes, leading to a greater disruption of network functionality (Telgte
et al., 2018). Changes in structural connectivity of the putamen are
driving cognitive impairments and motor deficits in CSVD (Telgte et al.,
2018), although the underlying mechanisms remain elusive. To better
understand the pathomechanisms contributing to cognitive decline in
CSVD, measures of vascularization and CSVD severity were combined
with neuropsychological assessments. Our results showed a significant
association between compromised arterial vascularization in the right
putamen and cognitive performance, independently of confounding
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variables such as demographics, vascular risk factors and CSVD severity.
Our results suggest that arterial vascularization within the putamen may
be closely linked to cognitive function in CSVD. While this association is
robust even after adjusting for confounding variables, it is important to
consider that vascularization and cognition may not be directly related
in a purely causal manner. For instance, shared underlying processes,
such as disruption of neuronal networks or neurovascular coupling,
could affect both vascular structure and cognitive performance simul-
taneously. Despite this complexity, our findings support the concept of
effective vascularization as a potential brain reserve mechanism. A
well-vascularized neural environment may provide better metabolic
support and enhance resilience against neurodegenerative and cere-
brovascular pathologies (Perosa et al., 2020). Notably, for the left pu-
tamen we did not observe this association and one can only speculate
that vascular rarefaction might have to reach a certain threshold to
compromise tissue supply and thereby neuronal and cognitive functions.

Of note, our study specifically focused on CSVD patients with hem-
orrhagic markers, representing an advanced and more severe stage of
disease. Because of that our findings may not be fully generalizable to all
CSVD patients. It is possible that in less advance disease stages, e.g. in
individuals with moderate WMH but without hemorrhagic markers, the
associations between putamen vascularization and cognition could
differ. Future studies in more diverse populations of CSVD patients may
investigate whether arterial vascularization differs already in early
stages of the disease and whether it may predict cognitive impairment.

4.1. Limitations

Our data are cross-sectional and derived from a small sample. Due to
the small sample size, these findings should be interpreted with caution,
and replication in larger cohorts is necessary to confirm the robustness
of these results and establish their generalizability. Further, prospective
studies are needed to understand the causal relationship between
vascularization, CSVD progression and cognitive decline. We did not
assess whether certain anatomical regions within the putamen are
especially affected by increased vessel distance. Further, metrics for
vascularization, depend on the depicted and subsequently segmented
vasculature. While 7T ToF-MRA at 0.28 mm isotropic primarily resolves
small penetrating arteries such as the lenticulostriate arteries (300-700
um) and offers substantially greater detail than clinical scanners, true
arteriolar imaging remains beyond current in-vivo resolution. Despite
rigorous segmentation checks, potential biases from imaging artifacts (e.
g., motion-induced blurring, partial voluming) represent a potential
bias. Moreover, ASL MRI suffers from an intrinsically low signal-to-noise
ratio, which might have affected the estimated mean perfusion values
(CBF, ATT) of the putamen. However, a reliability analysis in our lab
based on an identical ASL sequence and protocol on healthy young
participants found a substantial agreement of repeated measures for CBF
and ATT (e.g. within-subject coefficient of variation less than 5 % for
mean CBF and mean ATT in the hippocampus) (Neumann et al., 2021).
We did not include motor assessments and consequently we cannot
determine whether the association between putaminal vascularization
and global cognition is direct or mediated by motor or fronto-striatal
network dysfunction. Finally, the pathophysiology of CSVD is complex
and our multimodal approach that integrates disease severity, vascular
structure, resting state perfusion and cognitive function, is still limited in
making causal conclusions. Important functionally relevant variables
such as cerebrovascular reactivity and neuronal network activity based
on functional MRI and the importance of other brain regions need to be
integrated into the complex construct.

4.2. Outlook
Future studies should focus on longitudinal assessments to better

understand the causal relationships between vascularization, perfusion,
and cognitive decline in CSVD. Integrating advanced imaging
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techniques such as functional MRI to assess cerebrovascular reactivity
and neuronal network activity will provide a more comprehensive un-
derstanding of the underlying mechanisms. Additionally, using even
higher resolution, such as 0.14 mm isotropic, and the application of
motion correction would be advisable to segment vascularization even
more precisely (Bollmann et al.,, 2022; Mattern et al., 2018). The
exploration of potential therapeutic interventions with the aim to
improve vascularization could offer new avenues for mitigating cogni-
tive decline in patients with CSVD. Ultimately, a deeper understanding
of the interplay between vascular health and cognitive function could
lead to novel interventions that enhance brain resilience against CSVD
and related pathologies.
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