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In this pilot study, we investigated microvascular impairment in patients with cerebral
small vessel disease (CSVD) using non-invasive arterial spin labeling (ASL) magnetic
resonance imaging (MRI). This method enabled us to measure the perfusion parameters,
cerebral blood flow (CBF), and arterial transit time (ATT), and the effective T1-relaxation
time (T1eff) to research a novel approach of assessing perivascular clearance. CSVD
severity was characterized using the Standards for Reporting Vascular Changes on
Neuroimaging (STRIVE) and included a rating of white matter hyperintensities (WMHs),
lacunes, enlarged perivascular spaces (EPVSs), and cerebral microbleeds (CMBs). Here,
we found that CBF decreases and ATT increases with increasing CSVD severity in
patients, most prominent for a white matter (WM) region-of-interest, whereas this relation
was almost equally driven by WMHSs, lacunes, EPVSs, and CMBs. Additionally, we
observed a longer mean T1eff of gray matter and WM in patients with CSVD compared
to elderly controls, providing an indication of impaired clearance in patients. Mainly
T1eff of WM was associated with CSVD burden, whereas lobar lacunes and CMBs
contributed primary to this relation compared to EPVSs of the centrum semiovale. Our
results complement previous findings of CSVD-related hypoperfusion by the observation
of retarded arterial blood arrival times in brain tissue and by an increased T1eff as potential
indication of impaired clearance rates using ASL.

Keywords: cerebral small vessel disease, perfusion, cerebral blood flow, arterial transit time, clearance, arterial
spin labeling, magnetic resonance imaging, T1-relaxation

INTRODUCTION

In cerebral small vessel disease (CSVD), the physiology of small arteries (arterioles), capillaries, and
venules is pathologically affected (Pantoni and Garcia, 1997; Wardlaw et al., 2013). Main subtypes
of CSVD comprise hypertensive arteriopathy (HA) and cerebral amyloid angiopathy (CAA). Major
risk factors for its sporadic forms are arterial hypertension and aging (de Leeuw et al., 1999;
Dijk et al., 2008). CSVD is a pivotal cause for all-cause dementia and vascular contributions to
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cognitive decline (Zlokovic et al,, 2020). In vivo, CSVD is
diagnosed through magnetic resonance imaging (MRI) applying
the Standards for Reporting Vascular Changes on Neuroimaging
(STRIVE; Wardlaw et al, 2013). Increased frequencies of
enlarged perivascular spaces (EPVSs) in the basal ganglia (BG),
hippocampus, and white matter (WM; centrum semiovale, CSO)
have been suggested as a common CSVD feature, probably
indicating more early disease stages (Wardlaw et al., 2020; Gertje
et al., 2021).

Perivascular spaces (PVSs) surrounding the perforating
vessels are part of the brain’s outflow routes, in which fluid
transport takes place through arterial pulsation to remove
metabolic by-products and proteins aiming to maintain tissue
homeostasis (Rasmussen et al, 2021). Any dysfunction of
that perivascular clearance has been linked to the aggregation
of potentially toxic substances (Mucke and Selkoe, 2012),
which has drawn the attention to drainage failure along the
perforating vessels as a common mechanism underlying several
neurovascular, neurodegenerative, or neuroimmunological
disorders (Rasmussen et al., 2021).

It is possible to assess (perivascular) clearance function
in humans by applying MRI, but thus far several suitable
approaches demand the invasive intravenous or even intrathecal
application of gadolinium compounds (Eide and Ringstad, 2015;
Taoka and Naganawa, 2020). To facilitate larger cohort studies
aiming to depict and understand clearance in vivo in older,
and thus often much more vulnerable populations, there is
an imperative need for new time-efficient and noninvasive
approaches. Recently, Joseph et al. demonstrated the usage of an
arterial spin labeling (ASL) MRI technique to determine impaired
clearance rates in patients with Alzheimer’s disease (AD; Joseph
et al., 2020). ASL is a noninvasive imaging method, that uses
magnetically labeled blood water as an endogenous tracer instead
of exogenous contrast-agents (Williams et al., 1992). Images
with a prior labeling of arterial blood (so-called tag images)
are subtracted from images without labeling (control images).
The resultant difference image is perfusion-weighted as signal
contributions from tissue cancel out due to image subtraction.
In pulsed ASL (PASL), blood water spins of a typically large
slab outside the imaging slab are inverted simultaneously by
a single radiofrequency (RF) pulse (Wong et al., 1998). This
procedure generates a magnetically labeled blood bolus, which
reaches regions (voxels) in the imaging slab after a certain time,
called arterial transit time (ATT). Using multiple inversion times
(TTs) to readout the signal, the inflow and outflow of the bolus can
be sampled, whereas the curve is not only related to the shape of
the bolus but also to the decay of signal after inversion.

In the study published by Joseph et al., the ASL signal
decay over time was fitted linearly as an approximation of the
exponential decay described by the Bloch equations (Bloch,
1946; Joseph et al., 2020). In this case, the referred ASL signal
decay, called longitudinal or T1-relaxation, reflects interactions
of labeled blood water protons with surrounding molecules. If
the metabolic clearance is impaired, fluid from the (E)PVSs
will retard the decay of the ASL signal, resulting in an
increased effective longitudinal relaxation time (T1eff) compared
to unimpaired clearance functions (Joseph et al., 2020).

There is overall growing evidence, that CSVD can be
considered as a model disease of perivascular clearance failure,
an assumption that is also based on the frequent detection of PVS
enlargement in different regions of the microvascular diseased
brain (Carare et al., 2020). To the best of our knowledge, there
are, however, so far no studies applying ASL in patients with
CSVD to determine regional drainage function at all and relate
it to local perfusion and EPVS frequency in particular.

We here thus present a pilot study in patients with CSVD,
showing, that noninvasive ASL MRI has the potential to assess
impaired tissue clearance in patients with small vessel disease by
fitting the ASL signal decay rate over time.

MATERIALS AND METHODS

Participants

In total, 14 elderly participants (10 patients with CSVD and
four controls) participated in this study approved by the Ethics
Committee of the Otto-von-Guericke University Magdeburg,
Germany (93/17). Signed informed consent was provided by
each participant. CSVD diagnosis was based on the existence
of cerebral microbleeds (CMBs), either in lobar or in deep
and mixed regions, detected on prior 1.5 Tesla (T) iron/blood-
sensitive MRI conducted for diagnostic work-up (Mugler and
Brookeman, 1990; Linn et al, 2010). CAA was diagnosed
according to the modified Boston criteria (Linn et al., 2010), and
HA was evident in case of either deep or mixed, i.e., deep and
lobar CMBs. Patients with CSVD had no neurological symptoms
at all [modified Rankin Scale (mRS) 0] or no significant disability
despite slight symptoms, and were able to carry out all usual
duties and activities (mRS 1). The CSVD cohort included five
cognitively normal subjects [mini mental state examination
(MMSE) > 26], four of the patients fulfilled the criteria for
mild cognitive impairment (MCL; 18 < MMSE < 26), and in
one patient MMSE data were missing (Supplementary Table 1).
None of the patients suffered from large-artery stroke or any
pathology of the large brain-supplying arteries. Controls were
age-, sex-, and education-matched community dwelling elderly
without CMBs and were cognitively normal, with one subject
having missing MMSE scores (Table 1, Supplementary Table 1).
Participants did neither have a history of a psychiatric disease, of
a genetic neurological disease, nor of alcohol or drug abuse, and
those with contraindications for MR measurements at 3-T field
strength were excluded from this study.

Magnetic Resonance Imaging
All participants underwent an MRI acquisition at a 3-T
Siemens MAGNETOM Skyra MRI Scanner (Siemens,
Erlangen, Germany) with a 32-channel head coil (Nova
Medical, Wilmington, Massachusetts, USA). The MRI protocol
included a structural whole-brain T1-weighted MPRAGE
sequence (Mugler and Brookeman, 1990) with 1 mm? isotropic
resolution, repetition time (TR) = 2,500 ms, echo time (TE) =
3.47 ms, and TI = 1,100 ms.

Additionally, a multi-inversion time (mTI) PASL scan with
FAIR labeling, 3D-GRASE (Guinther et al.,, 2005) readout and
a suppression of background signal contributions with Q2TIPS
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TABLE 1 | Demographical information of the study groups.

Group Controls CSVD
n=4 n=10
Females, n (%) 2 (50%) 4 (40%)
Median age (P25, P75) in [years] 71.0 (68.3, 76.8) 70.0 (62.5, 77.0)
Median education (P25, P75) in 15.5(13.5, 16.0) 13.0(11.8, 13.8)
[years]
Median MMSE-score* (P25, P75) 30.0 (30.0, 30.0) 27 (25, 28)
Median CSVD-score (P25, P75) 8.0(7.9, 9.5) 23.4 (16.3, 28.7)
Hypertension yes/ no 2/ 2 10/ 0

Median systolic blood pressure
(P25, P75) in [mmHg]
Median diastolic blood pressure
(P25, P75) in [mmHg]

131.5(130.0, 151.8)  130.0 (120.0, 157.5)

80.0(77.0, 89.8) 80.0(78.0, 80.5)

“For one participant of the control group and for one participant of the CSVD group
MMSE-score was missing.

to limit the bolus duration was obtained for every participant.
Further imaging parameters of the PASL scan were: TR/TE =
3,800/22.32 ms, 16 slices with 5.5 mm thickness and 4 x 4 mm?
in-plane resolution, 256 x 192 mm? field-of-view, band width =
2,298 Hz/Px, EPI factor 32, turbo factor = 12, two segments, two
averaged measurements of 13 different TIs starting from 300 ms
with an increment of 250 ms, and bolus length = 1,400 ms.
The PASL scan included 5 MO0-scans with TR = 4,360 ms and
opposing phase encoding directions, respectively, for a distortion
correction and cerebral blood flow (CBF) quantification. The
acquisition time of the PASL scan was 7:08 min.

Cerebral small vessel disease markers according to STRIVE
were evaluated visually based on a fluid-attenuated inversion
recovery (FLAIR) sequence with 1 mm? isotropic resolution,
a T2-weighted TSE sequence with 0.5 x 0.5 mm® in-plane
resolution and 2 mm slice thickness, and a susceptibility weighted
imaging (SWI) sequence with 0.6 x 0.6 x 2 mm? voxel size (see
“Visual MRI Analysis According to STRIVE” section).

All' MRI measurements were conducted before noon
to minimize perfusion signal variations caused by diurnal
fluctuations (Ssali et al., 2016).

Structural Pre-processing and
Region-of-Interest Definition

Individual structural T1-weighted scans were pre-processed
using tools of the Oxford Centre for functional MRI of the
BRAIN (FMRIB) Software Library (FSL; Jenkinson et al., 2012).
A tissue-type segmentation was done with the FAST tool
(Zhang et al., 2001). Resulting tissue-type density maps were
thresholded with a value of 0.9 and binarized to obtain gray
(GM) and white matter (WM) masks of each participant. A
subcortical structure segmentation [with FIRST tool (Patenaude
et al., 2011)] was used to define additional regions-of-interest
(ROIs) for the left (HCI) and right hippocampus (HCr) and
for the BG. Structural segmentation results were also used
for a partial-volume correction (Chappell et al., 2011) of the
perfusion estimates.

Arterial Spin Labeling Perfusion Analysis
Arterial spin labeling control and tag images, and related
reference scans (MO scans), were registered (Jenkinson et al.,
2002) with FSLs FLIRT tool. A correction of a susceptibility-
induced distortion was done with the help of related MO scans
with opposing phase encoding directions using FSLs TOPUP tool
(Smith et al., 2004). For the estimation of quantitative perfusion
parameters, CBE and AT, the BASIL toolkit was used (Chappell
et al., 2009, 2010; Groves et al., 2009), which is based on the
general kinetic model (Buxton et al., 1998) and a variational
Bayes approach. This step included a partial volume correction
based on tissue-type density maps calculated from individual
structural data (Chappell et al., 2011). Proton density weighted
MO scans constitute the equilibrium magnetization and were
used to transform estimated perfusion values from arbitrary to
quantified physiological values [(ml/100 g/min) for CBFE, and (s)
for ATT].

Estimation of the Effective T1-Relaxation

Rates to Assess Perivascular Clearance
Arterial spin labeling MR images were used to evaluate a novel
approach of assessing differences in the clearance rates between
patients with CSVD and healthy elderly controls.

Therefore, individual ASL control and tag images were
subtracted to obtain perfusion-weighted difference images for
every TI. Only the ASL difference signal of the last three TIs (TI =
2,800/3,050/3,300 ms) was considered for this analysis, to reduce
the impact of the bolus decay, or rather the arterial input function
as much as possible. Mean signal intensities of the difference
images of those TIs were calculated using individual masks for
the BG, and for GM and WM.

The signal decay of the ASL difference signal over time
for the last three TIs (Figure 3) was fitted exponentially using
MATLAB R2017b (MathWorks, Sherborn, MA, USA). In cases
with impaired clearance rates, a larger effective exponential
coefficient (T1leff) is expected compared to unimpaired cases,
as the exponential coefficient of the decay reflects the signal
relaxation rate to thermal equilibrium, which differs between
blood, tissue, and cerebrospinal fluid (CSF; see Macintosh and
Graham, 2013; Bojorquez et al., 2017 for estimated values of T1).

Visual MRI Analysis According to STRIVE

An MRI analysis of all subjects was performed in a
semiquantitative manner according to STRIVE by a trained
investigator (SS), blinded to all demographics and clinical
information (Wardlaw et al., 2013). The images were evaluated
using specific software (Mango for Dicom images; https://ric.
uthscsa.edu/mango/) and established methods and scales (see
below). With the exception of EPVS (see below), per participant,
all available MRI slices were analyzed, respectively.

In short, CMBs were defined as small (2-10 mm), round,
or oval hypointense lesions visible on SWI, categorized into
lobar (frontal, temporal, parietal, occipital, and insula), deep
(BG, thalamus, internal capsule, external capsule, corpus
callosum, deep and periventricular WM), and infratentorial
(cerebellum and brainstem) applying the Microbleed Anatomical
Rating Scale (MARS; Gregoire et al, 2009). Intracerebral
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hemorrhages (ICHs; >10mm) was classified as lobar or deep
according to the Cerebral Hemorrhage Anatomical RaTing
inStrument (CHARTS; Charidimou et al.,, 2017a), visible on
SWI. Subarachnoid hemorrhages (SAHs) and cortical superficial
siderosis (cSS) were defined as SWI hypointensities either in the
subarachnoid space or in the superficial cortical layers. SAH/cSS
was scored per hemisphere according to the ¢SS multifocality
scale as absent (0), focal (1), or multifocal/disseminated (2),
and the sum score of both hemispheres is given (Charidimou
et al., 2017b). WM hyperintensities (WMHs) of vascular origin
were graded in FLAIR images applying the FAZEKAS scale
(WMH_Faz), considering the deep WM and periventricular WM
separately (0 = absent, 1 = punctuate foci/pencil-thin lining,
2 = beginning confluence/smooth halo, 3 = large confluent
areas/irregular periventricular signal extending into the deep
WM; Fazekas et al., 1987). Patterns of WMHs were further
assessed according to Charidimou et al. (WMH_Cha) comprising
multiple (10+4) subcortical spots, peri-BG WMHs, large posterior
subcortical patches, and large anterior subcortical patches, each
as existent or not (Charidimou et al., 2016a). Lacunes were
defined as round or ovoid, fluid-filled (similar signal as CSF)
cavities, 3-15mm in diameter, visible in FLAIR images as a
hypointense lumen surrounded by a hyperintense margin. They
were categorized as lobar, deep, or infratentorial according to
MARS. EPVSs were rated in T2-weighted images and were
defined as fluid-filled hyperintense structures surrounded by
small vessels with a maximum diameter of 3 mm. To increase
variance, we decided to count each single EPVS. EPVSs were
counted in the CSO, BG, and both hippocampi. For CSO and
BG EPVS, analysis was conducted in one slice (for CSO in plane
directly superior to the lateral ventricles/corpus callosum, and
for BG in plane of the anterior commissure) reviewing both
hemispheres, and the more severe affected side was chosen for
final counting. The hippocampus was considered as a whole
anatomical region, and its EPVS number is given as sum for the
right and left hemisphere.

The CSVD sum score was modified from Charidimou et al.
[CAA score, (Charidimou et al., 2016b)] and Staals et al. [more
specific for HA (Staals et al., 2015)], which likewise take into
account CMBs, ¢SS, WMHs, lacunes, and EPVSs. We combined
both scores (Vockert et al., 2021) and extended that sum score
by WMH patterns according to Charidimou et al. (2016a),
hippocampal EPVSs and ICHs. The number of CMBs and EPVSs
span a wide range of values, and their presence is currently
predominantly rated on an ordinal scale like, e.g., the scale
applied by Doubal et al. (2010) for EPVSs or Charidimou et al. for
CMBs (Charidimou et al., 2016b). In detail, the CSVD sum score
(CSVD-score) comprises the following variables: number of all
ICHs, logarithm base 2 of number of all (whole-brain) CMBs
plus one, SAH/cSS multifocality scale, FAZEKAS score (deep
WMHs and periventricular WMHs separately; maximum score
6), sum of WMH patterns according to Charidimou (maximum
score 4), number of all (whole-brain) lacunes, and logarithm
base 2 of number of all (CSO, BG, and hippocampus) EPVS plus
one. The log-transformation enabled us to differentiate between
patients with medium, high, and highest count values in an
unambiguous, continuous scale, while giving the CMB and EPVS

components of the CSVD-score a similar weight compared to,
e.g., the FAZEKAS score for WMHs. The resulting CSVD-scores
were highly correlated with the results for the Charidimou (r =
0.93, p < 0.001) and Staals scores (r = 0.88, p < 0.001) extracted
for our cohort, while incorporating a more diverse range of
microvascular pathologies.

Statistical Analysis

IBM SPSS Statistics 23 was used for statistical analysis. Because of
the small sample size, Kruskal-Wallis tests were chosen to obtain
group differences between patients with CSVD and healthy
controls. Pearson’s correlations were used for a comparison of
continuous data, and Spearman’s correlation coefficients were
calculated for ordinal data. CBE, ATT, and Tleft values, which
differed for more than 1.5 times the interquartile range from the
median, were removed from further analysis.

RESULTS

Sample

Tablel and Supplementary Table1 list demographical
information of the study groups. Clinical diagnoses of the
CSVD participants comprised cognitive decline (n = 3),
transient ischemic attack (TIA, n = 2), or lacunar stroke (n =
2; BG and thalamus; one took place 3 years before the current
MRI study), former ICHs (n = 2; right temporo-parietal and
right parietal, respectively; both ICHs took place 4-5 years
before the current MRI study) or transient focal neurological
episodes (TFNEs, n = 1). Probable CAA was diagnosed in n = 4
patients, whereas n = 6 suffered from HA. Diagnosis of arterial
hypertension was based on 24-h ambulatory blood pressure
monitoring.

As expected, overall CSVD burden, e.g., the CSVD-score, was
significantly higher in the CSVD group compared to controls
[H(1) = 8.0, p = 0.005]. Global cognitive performance, assessed
through the MMSE, was worse in the patient group [H(1) =
6.387, p = 0.011].

Perfusion
We first compared CBF and ATT between CSVD and controls.
Two outliers from the CSVD group were excluded for statistical
analysis of GM, WM, and HCr CBE, and one additional CSVD
outlier was excluded for BG CBF analysis (see Section Statistical
Analysis for exclusion criteria). Supplementary Figure 2 shows
an axial slice of the CBF result from a representative patient.
Our data showed a significant CBF decrease in the CSVD
group compared to controls affecting the GM, WM, BG, and
the hippocampus (Figure 1, Table 2). This confirms previous
findings of hypoperfusion in patients with CSVD, reviewed by Shi
et al. (2016). Additionally, we found a significant ATT increase
in patients with CSVD compared to controls in the GM, WM,
and HCr ROI (Figure 2, Table 2), pointing toward a widespread
impaired perfusion in patients with small vessel disease. This
result correlates to findings of Dai et al. (2017), who considered
the relation of increased ATT values to cerebrovascular disease.
Relating perfusion results to CSVD markers, we
found moderate-to-large effect size correlations between
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FIGURE 1 | Mean cerebral blood flow (CBF) differences between patients with
cerebral small vessel disease (CSVD) and controls (CON) for several
regions-of-interest. Significant group differences (p < 0.05) of mean gray
matter (GM), basal ganglia (BG), left hippocampus (HCI), and right
hippocampus (HCr) CBF are marked with *; highly significant group difference
(o < 0.01) of mean white matter (WM) CBF is marked with *'; outliers are

not included.

TABLE 2 | Group comparison between patients with cerebral small vessel disease
and controls of the mean cerebral blood flow (CBF) and mean arterial transit time
(ATT) in several regions-of-interest (ROIs).

ROI CBF ATT

Gray matter H(1) = 4.875, p = 0.027 H(1) = 5.780, p = 0.016
White matter H(1) = 7.385, p = 0.007 H(1) = 5.780, p = 0.016
Basal ganglia H(1) = 4.024, p = 0.045 H(1) =0,p=1

Left Hippocampus H(1) = 4.5, p = 0.034 H(1) = 0.720, p = 0.396
Right Hippocampus H(1) = 6.49, p = 0.011 H(1) = 5.120, p = 0.024

H-test results and related p-values are listed for each perfusion parameter and ROI.

ATT in [s]

0.2

GM WM BG HCI HCr

FIGURE 2 | Mean arterial transit time (ATT) differences between patients with
cerebral small vessel disease (CSVD) and controls (CON) for several
regions-of-interest. Significant group differences (p < 0.05) of mean gray
matter (GM), white matter (WM), and right hippocampus (HCr) ATT are marked
with *; there were no significant ATT group differences for the basal ganglia
(BG) and left hippocampus (HCI) ROI (p > 0.05).

widespread hypoperfusion and greater CSVD burden
(Supplementary Figure 1). This relationship was most
pronounced for the WM, and there it was rather equally
driven by WMHs (-Faz, -Cha), EPVSs, lacunes, and CMBs

(for CBE, r = —0.81/—0.78/—0.70/—0.80/—0.81; for ATT, r =
0.66/0.60/0.68/0.67/0.77). This partially confirms findings of
Rane et al. (2018) and Dolui et al. (2019), who related reduced
CBF values to WMHs.

When considering lobar lacunes, lobar CMBs and CSO
EPVSs separately, lacunes and CMB, but not EPVSs were
driving WM/GM hypoperfusion. Conversely, for deep lacunes
and CMBs, and BG EPVSs, CMBs and EPVSs were explaining
BG CBF reduction (Supplementary Figure 1). As there was
no consistent relationship between age, sex, and CBF or ATT
(Supplementary Table 1), we did not control for these variables
in our analysis.

ASL Signal Decay Rate T1eff

Arterial spin labeling data of one participant from the CSVD
group was excluded from this analysis of the signal decay rate,
because of unphysiologically estimated, negative effective T1
values (probably induced by participant’s motion during ASL
imaging). Additionally, for the analysis of the mean signal decay
rate of WM, one, and for the mean BG signal decay rate, two
outliers from the CSVD group were excluded, as related values
differed for more than 1.5 times the interquartile range from
the median. The mean goodness (R?) of the fitting of the signal
decay rate was R* = 0.84 &+ 0.19/0.86 + 0.24/0.94 % 0.09 for
the GM/WM/BG RO, respectively. Fit goodness was comparable
between groups (p > 0.05).

We found significant group differences of the estimated T1eff
in GM [H(1) = 4.024, p = 0.045] and WM [H(1) = 5.654, p =
0.017], whereas results for the BG [H(1) = 2.286, p = 0.131] did
not reach a level of significance (Figures 3, 4). This corresponds
to results of Joseph et al. (2020), who found a decelerated signal
decay in patients with AD.

Relating T1eff results to CSVD markers, we found moderate-
to-large effect size correlations between greater Tleff in the WM
and GM and higher CSVD burden (Supplementary Figure 1). In
the WM, this association was rather equally driven by WMHs
(-Faz, -Cha), EPVSs, and CMBs (r = 0.88/0.84/0.90/0.89), and in
the GM mainly WMH-Faz and CMBs (r = 0.72/0.75) contributed
to this relation.

When considering lobar lacunes, lobar CMBs and CSO EPVSs
separately, lacunes and CMBs, but not EPVSs were driving
Tleff in the WM. Additionally, there was a moderate effect size
correlation between T1leff and perfusion in the WM and GM ROI
(Supplementary Figure 1).

DISCUSSION

In this pilot study, we investigated a noninvasive ASL MRI
technique to simultaneously assess brain perfusion and Tleff in
patients with CSVD.

Our main findings comprise widespread hypoperfusion in
the GM, WM, and subcortical regions (BG, hippocampus) in
CSVD, which was related to greater small vessel disease burden,
especially in the WM, where it was rather equally driven by
several CSVD features. Considering EPVS region-wise, in the BG,
they were related to local flow reduction, whereas CSO EPVSs
did not account for GM/WM hypoperfusion. T1eff, as a potential
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measure of clearance, was increased in the GM and WM of
patients with CSVD, but not in their BG, which was—again—
related to several CSVD markers, but not necessarily to CSO
EPVS burden.

Most previous studies focused on the relation of greater WMH
severity and CBF decrease in CSVD (Shi et al., 2016; Rane et al,,
2018; Dolui et al.,, 2019). However, we here found that regional
hypoperfusion was also strongly related to other CSVD markers,
like CMBs, EPVSs, and lacunes. A manifested CBF reduction
might therefore be an indicator for total CSVD burden.

Additionally, we observed increased mean ATT in GM and
WM in the CSVD group compared to controls. These longer
ATTs may not only reflect micro- but also macrovascular changes
(Dai et al., 2017) due to an age- and/or disease-related reduction

of the alongside vessel wall stiffness (Agarwal and Carare, 2020)
and associated increases of the vessel curvature. Indeed, at
least stenoses/occlusions of the brain-supplying large arteries
have been excluded in our cohort, which therefore did not
drive the hemodynamic changes. An increase of this vessel
tortuosity was found to raise severely from an age of 40 on
and older (Wenn and Newman, 1990), and also typically in
SVD (Agarwal and Carare, 2020). Moreover, Chen et al. found
that the tortuosity of the internal carotid artery was strongly
related to the number of EPVSs in the BG (Chen et al., 2020).
We here could complement this finding, as in our study, the
number of BG EPVSs correlated positively with ATT and also
negatively with CBF. Pathological CBF reductions will change the
brain’s homeostasis, which leads to a degeneration of neurons
and eventually to dementia (Agarwal and Carare, 2020). Future
CSVD perfusion studies should therefore include microvascular
arterial tortuosity measures such as a high-resolution time-of-
flight angiography.

The quantification of CBF was based on the general kinetic
model. The ASL difference signal of an imaged voxel is related
to the amount of labeled arterial blood water delivered to this
voxel by venous outflow (although usually negligible) and by
T1-relaxation, whereas the latter is affected by the blood water
extraction within the capillaries and the exchange with tissue
water (Buxton et al., 1998). Assuming that (parts of) the labeled
blood water molecules pass the blood-cerebrospinal fluid barrier
and enter perivascular clearance pathways, any retardation in
clearance will lead to changes in the T1-relaxation, and thus to
a decelerated signal decay.

The single-compartment model assumes that there is an
instantaneous exchange of labeled blood water and tissue in the
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capillaries and that the signal of labeled blood water therefore
decays with T1 of tissue. The mean WM Tleff of the control
group in this study confirmed reported values for WM T1-
relaxation times at 3T (Bojorquez et al, 2017) and would
therefore support this model assumption. However, due to a
finite permeability of the capillary walls, labeled blood water
does not exchange immediately with tissue. Furthermore, some
labeled blood water protons may even not exchange with tissue
at all, resulting in a water-extraction fraction < 1 (Parkes
and Tofts, 2002). Yet, blood-brain barrier (BBB) disruptions
increase the permeability of capillary walls, thus increase the
water-extraction fraction, which is additionally associated with
perfusion decreases (Silva et al., 1997). Cerebral capillaries are
also involved in the CSF and interstitial fluid (ISF) production
(Agarwal and Carare, 2020), which are essential for the brain’s
clearance (Xie et al., 2013). We, therefore, suggest that observed
Tleff increases are related to clearance impairments. Future
studies should address the question, whether the decelerated
signal decay originates from a hampered extraction of water due
to a reduction of the capillary density, so that more labeled blood
water spins remain in the blood compartment.

For the estimation of the effective T1-relaxation, we only
considered the last three TIs (TI = 2,800/3,050/3,300 ms), as
a trade-off between acquisition time and an accurate perfusion
estimation, to omit signal contributions of the arterial input
function including bolus dispersion effects and variances of the
estimated bolus arrival in the voxel. Although the T1-relaxation
time of blood is shorter in men compared to women (Zhang et al.,
2013), we did not incorporate any sex factors into the model of
the ASL signal decay. Individual differences of the shape of the
magnetically labeled blood bolus within the vessels, dependent
on the labeling process and dispersion (Zhang et al., 2021), may
have contributed to the total variance. Compared to Joseph et al.,
we fitted the ASL signal decay exponentially in respect to the
Bloch equations instead of linearly. Although the T1-relaxation
dominated in ASL acquisitions of this study, due to its short TE,
simultaneously occurring spin-spin interactions, reflected as T2-
relaxation, contributed to the overall signal decay as well. Future
studies using T2-weighted ASL sequences might strengthen the
hypothesis of labeled blood water spins exchanging with tissue
and/or CSF.

Here, we found a relation of Tleff (perivascular clearance)
and overall CSVD severity. But, there might even be regional
differences of the clearance function between CAA and HA,
which could be potentially resolved in future studies with larger
sample sizes. In relation to the literature, could comparable
studies on a larger size of patients with CAA possibly even
show an association between clearance failure and CSO EPVS.
Another approach of restricting T1eff analysis to the location of
PVSs could be evaluated using high-resolution T2-weighted and
high-resolution ASL images obtained with high-field 7T MRI.

Benefits of this ASL approach to assess impaired clearance in
patients with CSVD are its noninvasiveness, the short acquisition
time, the possibility to estimate yet cerebral perfusion, which
might be of high interest in CSVD examinations, and the
relatively simple procedure of fitting the ASL signal decay. If just
clearance rates are of interest, the acquisition time could even be

reduced to the later inversions times, making an application in a
hospital environment for patients even more suitable.

Limitations of this pilot study are its small sample size. With a
larger sample size and increased statistical power, we will be able
to draw more precise and reliable conclusions, which will deepen
our knowledge of microvascular impairments in patients with
CSVD. In addition, the individual caffeine uptake before the MRI
examinations was not controlled for, although it is well-known
that caffeine alters cerebral perfusion (Mutsaerts et al., 2015) and
might therefore also have an influence on clearance functions, yet
T1eff. Additionally, individual hematocrit values have an impact
on the T1-relaxation (Lu et al., 2004; Rosmini et al., 2019), which
was not considered in this study. Furthermore, future analysis
should include a potential effect of serum albumin, a substance
that reduces due to inflammatory processes and is associated with
increases of the vascular permeability (Fleck et al., 1985; Rozga
et al., 2013). Although Rosmini et al. did not find a relation
between T1-relaxation and serum albumin levels, it might have
an impact to the clearance process (Rosmini et al., 2019). Further
factors that contribute to the perfusion signal variance are serum
glucose, blood viscosity, and the arterial pressure (Schaeffer and
Iadecola, 2021). Future studies may also include the APOE4
status due to its association with BBB disruptions (Jackson et al.,
2021).

This pilot study was aimed to investigate the feasibility
to use a noninvasive ASL MRI approach to assess TI-
relaxation times of labeled blood water, which possibly reflect
clearance dysfunction in CSVD. Here, we found indications
that the presented ASL method is indeed able to depict
perfusion and Tleff differences in patients compared to elderly
controls, and that Tleff is highly associated with perfusion and
CSVD severity.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of the Otto-von-Guericke
University Magdeburg, Germany. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

KN analyzed the data and wrote this article. MG generated
the used PASL sequence. ED supervised this work. SS
performed clinical (inclusive MRI
analysis according to STRIVE) and supervised this study.
All authors discussed the results and proofread this article.
All authors contributed to the article and approved the
submitted version.

examinations visual

Frontiers in Aging Neuroscience | www.frontiersin.org

May 2022 | Volume 14 | Article 871612


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Neumann et al.

Microvascular Impairment in CSVD

FUNDING

Funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) — Project-ID 425899996, and the
Federal Ministry of Education and Research (BMBF).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2022.871612/full#supplementary-material

Supplementary Figure 1 | Correlation matrix of the CSVD sum score
(CSVD-score), white matter hyperintensities (WMHs) related to FAZEKAS scale

REFERENCES

Agarwal, N., and Carare, R. O. (2020). Cerebral vessels: an overview of anatomy,
physiology, and role in the drainage of fluids and solutes. Front. Neurol.
11:611485. doi: 10.3389/fneur.2020.611485

Bloch, F. (1946). Nuclear
doi: 10.1103/PhysRev.70.460

Bojorquez, J. Z., Bricq, S., Acquitter, C., Brunotte, F., Walker, P. M., and Lalande, A.
(2017). What are normal relaxation times of tissues at 3 T? Magn. Reson. Imag.
35, 69-80. doi: 10.1016/j.mri.2016.08.021

Buxton, R. B, Frank, L. R., Wong, E. C,, Siewert, B., Warach, S., and Edelman, R. R.
(1998). A general kinetic model for quantitative perfusion imaging with arterial
spin labeling. Magn. Reson. Med. 40, 383-396. doi: 10.1002/mrm.1910400308

Carare, R. O., Aldea, R., Agarwal, N., Bacskai, B. J., Bechman, I., and Boche,
D. (2020). Clearance of interstitial fluid (ISF) and CSF (CLIC) group-part
of Vascular Professional Interest Area (PIA): cerebrovascular disease and the
failure of elimination of Amyloid-B from the brain and retina with age and
Alzheimer’s disease-Opportunities for Therapy. Alzheimers Dement. 12:¢12053.
doi: 10.1002/dad2.12053

Chappell, M. A., Groves, A. R., MacIntosh, B. J., Donahue, M. J., Jezzard, P.,
and Woolrich, M. W. (2011). Partial volume correction of multiple inversion
time arterial spin labeling MRI data. Magn. Reson. Med. 65, 1173-1183.
doi: 10.1002/mrm.22641

Chappell, M. A., Groves, A. R., Whitcher, B., and Woolrich, M. W. (2009).
Variational Bayesian inference for a nonlinear forward model. Trans. Sig. Proc.
57,223-236. doi: 10.1109/TSP.2008.2005752

Chappell, M. A., MacIntosh, B. J., Donahue, M. J., Glinther, M., Jezzard, P.,
and Woolrich, M. W. (2010). Separation of macrovascular signal in multi-
inversion time arterial spin labelling MRI. Magn. Reson. Med. 63, 1357-1365.
doi: 10.1002/mrm.22320

Charidimou, A., Boulouis, G., Haley, K., Auriel, E., van Etten, E. S., and
Fotiadis, P. (2016a). White matter hyperintensity patterns in cerebral
amyloid angiopathy and hypertensive arteriopathy. Neurology 86, 505-511.
doi: 10.1212/WNL.0000000000002362

Charidimou, A., Boulouis, G., Roongpiboonsopit, D., Auriel, E., Pasi, M.,
and Haley, K. (2017b). Cortical superficial siderosis multifocality in
cerebral amyloid angiopathy: a prospective study. Neurology 89, 2128-2135.
doi: 10.1212/WNL.0000000000004665

Charidimou, A., Martinez-Ramirez, S., Reijmer, Y. D., Oliveira-Filho, J., Lauer,
A., and Roongpiboonsopit, D. (2016b). Total magnetic resonance imaging
burden of small vessel disease in cerebral amyloid angiopathy: an imaging-
pathologic study of concept validation. J. Am Med. Assoc. Neurol. 73,994-1001.
doi: 10.1001/jamaneurol.2016.0832

Charidimou, A., Schmitt, A., Wilson, D., Yakushiji, Y., Gregoire, S. M., and
Fox, Z. (2017a). The Cerebral Haemorrhage Anatomical RaTing inStrument
(CHARTS): development and assessment of reliability. J. Neurol. Sci. 372,
178-183. doi: 10.1016/j.jns.2016.11.021

Chen, Y. C,, Wei, X. E, Lu, J, Qiao, R. H, Shen, X. F, and Li, Y. H.
(2020). Correlation between internal carotid artery tortuosity and imaging

induction.  Phys. Rev. 70, 460-474.

(WMH-Faz) and Charidimou (WMH-Cha), lacunes, lobar and deep lacunes, total
number of enlarged perivascular spaces (EPVSs) in the basal ganglia, centrum
semiovale, and hippocampus (EPVS), EPVSs in the centrum semiovale and basal
ganglia (EPVS-CSO and EPVS-BG), microbleeds (CMBs), lobar and deep CMBs,
mean cerebral blood flow (CBF), mean arterial transit time (ATT) and mean
effective T1-relaxation time (T1eff) in gray matter (GM), WM, basal ganglia (BG),
and for the perfusion results additionally for the left hippocampus (HCI) and right
hippocampus (HCr). Shown are positive (red) and negative (blue) correlation
coefficients between all parameters.

Supplementary Figure 2 | Axial slice of the MPRAGE (A), FLAIR (B), and
cerebral blood flow (CBF) result (C) of a representative patient (ID = 5). Estimated
CBF results (in structural space) before a partial volume correction was applied are
shown, to visualize gray and white matter values within the same image.

Supplementary Table 1 | Demographical information and individual study results
used for statistical analysis.

of cerebral small vessel disease. Front. Neurol. 11:567232. doi: 10.3389/
fneur.2020.567232

Dai, W., Fong, T., Jones, R. N., Marcantonio, E., Schmitt, E., Inouye, S. K,, et al.
(2017). Effects of arterial transit delay on cerebral blood flow quantification
using arterial spin labeling in an elderly cohort. J. Magn. Reson. Imag. 45,
472-481. doi: 10.1002/jmri.25367

de Leeuw, F. E. de Groot, J. C., Oudkerk, M., Witteman, J. C.,
Hofman, A., van Gijn, J., et al. (1999). A follow-up study of blood
pressure and cerebral white matter lesions. Ann. Neurol. 46, 827-33.
doi: 10.1002/1531-8249(199912)46:6<827::AID-ANA4>3.0.CO;2-H

Dijk, E., Prins, N. D., Vrooman, H. A., Hofman, A., Koudstaal, P. J., and
Breteler, M. M. B. (2008). Progression of cerebral small vessel disease in
relation to risk factors and cognitive consequences. Stroke 39, 2712-2719.
doi: 10.1161/STROKEAHA.107.513176

Dolui, S., Tisdall, D., Vidorreta, M., Jacobs, D. R. Jr., Nasrallah, 1. M.,
Bryan, R. N, et al. (2019). Characterizing a perfusion-based periventricular
small vessel region of interest. Neuroimage Clin. 23:101897. doi: 10.1016/
j.nicl.2019.101897

Doubal, F. N., MacLullich, A. M., Ferguson, K. J., Dennis, M. S., and Wardlaw, J.
M. (2010). Enlarged perivascular spaces on MRI are a feature of cerebral small
vessel disease. Stroke 41, 450-454. doi: 10.1161/STROKEAHA.109.564914

Eide, P. K., and Ringstad, G. (2015). MRI with intrathecal MRI gadolinium
contrast medium administration: a possible method to assess glymphatic
function in human brain. Acta Radiol. Open. 4:2058460115609635.
doi: 10.1177/2058460115609635

Fazekas, F., Chawluk, J. B., Alavi, A., Hurtig, H. I., and Zimmerman, R. A. (1987).
MR signal abnormalities at 1.5T in Alzheimer’s dementia and normal aging.
Am. ]. Roentgenol. 149, 351-356. doi: 10.2214/ajr.149.2.351

Fleck, A., Raines, G., Hawker, F., Trotter, J., Wallace, P. I, and Ledingham, I. M.
(1985). Increased vascular permeability: a major cause of hypoalbuminaemia
in disease and injury. Lancet 1, 781-784. doi: 10.1016/S0140-6736(85)
91447-3

Gertje, E. C., van Westen, D., Panizo, C., Mattsson-Carlgren, N., and
Hansson, O. (2021). Association of enlarged perivascular spaces and
measures of small vessel and Alzheimer disease. Neurology 96, e193-¢202.
doi: 10.1212/WNL.0000000000011046

Gregoire, S. M., Chaudhary, U. J., Brown, M. M., Yousry, T. A., Kallis, C,,
and Jager, H. R. (2009). The Microbleed Anatomical Rating Scale (MARS):
reliability of a tool to map brain microbleeds. Neurology 73, 1759-1766.
doi: 10.1212/WNL.0b013e3181c34a7d

Groves, A. R., Chappell, M. A., and Woolrich, M. W. (2009). Combined spatial and
non-spatial prior for inference on MRI time-series. Neurolmage 45, 795-809.
doi: 10.1016/j.neuroimage.2008.12.027

Guinther, M., Oshio, K., and Feinberg, D. A. (2005). Single-shot 3D imaging
techniques improve arterial spin labeling perfusion measurements. Magn.
Reson. Med. 54, 491-498. doi: 10.1002/mrm.20580

Jackson, R. J., Meltzer, J. C., Nguyen, H., Commins, C., Bennett, R. E., and
Hudry, E. (2021). APOE4 derived from astrocytes leads to blood-brain barrier
impairment. Brain 2021:awab478. doi: 10.1093/brain/awab478

Frontiers in Aging Neuroscience | www.frontiersin.org

May 2022 | Volume 14 | Article 871612


https://www.frontiersin.org/articles/10.3389/fnagi.2022.871612/full#supplementary-material
https://doi.org/10.3389/fneur.2020.611485
https://doi.org/10.1103/PhysRev.70.460
https://doi.org/10.1016/j.mri.2016.08.021
https://doi.org/10.1002/mrm.1910400308
https://doi.org/10.1002/dad2.12053
https://doi.org/10.1002/mrm.22641
https://doi.org/10.1109/TSP.2008.2005752
https://doi.org/10.1002/mrm.22320
https://doi.org/10.1212/WNL.0000000000002362
https://doi.org/10.1212/WNL.0000000000004665
https://doi.org/10.1001/jamaneurol.2016.0832
https://doi.org/10.1016/j.jns.2016.11.021
https://doi.org/10.3389/fneur.2020.567232
https://doi.org/10.1002/jmri.25367
https://doi.org/10.1002/1531-8249(199912)46:6$<$827::AID-ANA4$>$3.0.CO
https://doi.org/10.1161/STROKEAHA.107.513176
https://doi.org/10.1016/j.nicl.2019.101897
https://doi.org/10.1161/STROKEAHA.109.564914
https://doi.org/10.1177/2058460115609635
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.1016/S0140-6736(85)91447-3
https://doi.org/10.1212/WNL.0000000000011046
https://doi.org/10.1212/WNL.0b013e3181c34a7d
https://doi.org/10.1016/j.neuroimage.2008.12.027
https://doi.org/10.1002/mrm.20580
https://doi.org/10.1093/brain/awab478
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Neumann et al.

Microvascular Impairment in CSVD

Jenkinson, M., Bannister, P., Brady, M., and Smith, S. (2002). Improved
optimization for the robust and accurate linear registration and
motion  correction of brain Neuroimage 17, 825-841.
doi: 10.1006/nimg.2002.1132

Jenkinson, M., Beckmann, C. F., Behrens, T. E., Woolrich, M. W., and Smith, S. M.
(2012). FSL. Neuroimage 62, 782-790. doi: 10.1016/j.neuroimage.2011.09.015

Joseph, C. R., Benhatzel, C. M., Stern, L. J., Hopper, O. M., and Lockwood, M.
D. (2020). Pilot study utilizing MRI 3D TGSE PASL (arterial spin labeling)
differentiating clearance rates of labeled protons in the CNS of patients
with early Alzheimer disease from normal subjects. Magma 33, 559-568.
doi: 10.1007/s10334-019-00818-3

Linn, J., Halpin, A., Demaerel, P., Ruhland, J., Giese, A. D., and Dichgans, M.
(2010). Prevalence of superficial siderosis in patients with cerebral amyloid
angiopathy. Neurology 74, 1346-1350. doi: 10.1212/WNL.0b013e3181dad605

Lu, H,, Clingman, C., Golay, X., and van Zijl, P. C. (2004). Determining the
longitudinal relaxation time (T1) of blood at 3.0 Tesla. Magn. Reson. Med. 52,
679-682. doi: 10.1002/mrm.20178

Macintosh, B. J., and Graham, S. J. (2013). Magnetic resonance imaging to
visualize stroke and characterize stroke recovery: a review. Front. Neurol. 4:60.
doi: 10.3389/fneur.2013.00060

Mucke, L., and Selkoe, D. J. (2012). Neurotoxicity of amyloid P-protein:
synaptic and network dysfunction. Cold Spring Harb. Perspect. Med. 2:a006338.
doi: 10.1101/cshperspect.a006338

Mugler, J. P., and Brookeman, J. R. (1990). Three-dimensional magnetization-
prepared rapid gradient-echo imaging (3D MP RAGE). Magn. Reson. Med. 15,
152-157. doi: 10.1002/mrm.1910150117

Mutsaerts, H. J., Steketee, R. M., Heijtel, D. F., Kuijer, J. P., van Osch, M. J., and
Majoie, C. B. (2015). Reproducibility of pharmacological ASL using sequences
from different vendors: implications for multicenter drug studies. Magma 28,
427-436. doi: 10.1007/s10334-014-0480-1

Pantoni, L., and Garcia, J. H. (1997). Pathogenesis of leukoaraiosis. Stroke 28,
652-659. doi: 10.1161/01.STR.28.3.652

Parkes, L. M., and Tofts, P. S. (2002). Improved accuracy of human cerebral blood
perfusion measurements using arterial spin labeling: accounting for capillary
water permeability. Magn. Reson. Med. 48, 27-41. doi: 10.1002/mrm.10180

Patenaude, B., Smith, S. M., Kennedy, D. N., and Jenkinson, M. (2011). A Bayesian
model of shape and appearance for subcortical brain segmentation. Neuroimage
56, 907-922. doi: 10.1016/j.neuroimage.2011.02.046

Rane, S., Koh, N., Boord, P., Madhyastha, T., Askren, M. K., and Jayadev, S. (2018).
Quantitative cerebrovascular pathology in a community-based cohort of older
adults. Neurobiol. Aging 65, 77-85. doi: 10.1016/j.neurobiolaging.2018.01.006

Rasmussen, M. K., Mestre, H., and Nedergaard, M. (2021). Fluid transport in the
brain. Physiol Rev. 102, 1025-1151. doi: 10.1152/physrev.00031.2020

Rosmini, S., Bulluck, H., Abdel-Gadir, A., Treibel, T. A., Culotta, V., and
Thompson, R. (2019). The effect of blood composition on T1 mapping. JACC
Cardiovasc. Imag. 12, 1888-1890. doi: 10.1016/j.jcmg.2019.03.018

Rozga, J., Piatek, T., and Matkowski, P. (2013). Human albumin: old,
new, and emerging applications. Ann. Transplant. 18, 205-217.
doi: 10.12659/A0T.889188

Schaeffer, S., and Iadecola, C. (2021). Revisiting the neurovascular unit. Nat.
Neurosci. 24, 1198-1209. doi: 10.1038/s41593-021-00904-7

Shi, Y., Thrippleton, M. J., Makin, S. D., Marshall, I, Geerlings, M. I, de
Craen, A. J. M,, et al. (2016). Cerebral blood flow in small vessel disease:
a systematic review and meta-analysis. J. Cereb. Blood Flow Metab. 36,
1653-1667. doi: 10.1177/0271678X16662891

Silva, A. C., Williams, D. S., and Koretsky, A. P. (1997). Evidence for the exchange
of arterial spin-labeled water with tissue water in rat brain from diffusion-
sensitized measurements of perfusion. Magn. Reson. Med. 38, 232-237.
doi: 10.1002/mrm.1910380211

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E.,
and Johansen-Berg, H. (2004). Advances in functional and structural MR image
analysis and implementation as FSL. Neuroimage 23(Suppl.1), $208-5219.
doi: 10.1016/j.neuroimage.2004.07.051

Ssali, T., Anazodo, U. C., Bureau, Y., Maclntosh, B. J., Giinther, M.,
and St Lawrence, K. (2016). Mapping long-term functional changes in
cerebral blood flow by arterial spin labeling. PLoS ONE 11:20164112.-e.
doi: 10.1371/journal.pone.0164112

images.

Staals, J., Booth, T., Morris, Z., Bastin, M. E., Gow, A. J., and Corley, J. (2015).
Total MRI load of cerebral small vessel disease and cognitive ability in
older people. Neurobiol. Aging 36, 2806-2811. doi: 10.1016/j.neurobiolaging.
2015.06.024

Taoka, T., and Naganawa, S. (2020). Glymphatic imaging using MRI. J. Magn.
Reson. Imag. 51, 11-24. doi: 10.1002/jmri.26892

Vockert, N., Perosa, V., Ziegler, G., Schreiber, F., Priester, A., and Spallazzi, M.
(2021). Hippocampal vascularization patterns exert local and distant effects
on brain structure but not vascular pathology in old age. Brain Commun.
3:fcab127. doi: 10.1093/braincomms/fcab127

Wardlaw, J. M., Benveniste, H., Nedergaard, M., Zlokovic, B. V., Mestre, H,,
and Lee, H. (2020). Perivascular spaces in the brain: anatomy, physiology and
pathology. Nat. Rev. Neurol. 16, 137-153. doi: 10.1038/s41582-020-0312-z

Wardlaw, J. M., Smith, E. E., Biessels, G. J., Cordonnier, C., Fazekas, F., and Frayne,
R. (2013). Neuroimaging standards for research into small vessel disease and
its contribution to ageing and neurodegeneration. Lancet Neurol. 12, 822-838.
doi: 10.1016/S1474-4422(13)70124-8

Wenn, C. M., and Newman, D. L. (1990). Arterial tortuosity. Austral. Phys. Eng.
Sci. Med. 13, 67-70.

Williams, D. S., Detre, J. A, Leigh, J. S, and Koretsky, A. P. (1992).
Magnetic resonance imaging of perfusion using spin inversion of arterial
water. Proc. Natl. Acad. Sci. U. S. A. 89, 212-216. doi: 10.1073/pnas.89.
1.212

Wong, E. C, Buxton, R. B, and Frank, L. R. (1998). A theoretical and
experimental comparison of continuous and pulsed arterial spin labeling
techniques for quantitative perfusion imaging. Magn. Reson. Med. 40, 348-355.
doi: 10.1002/mrm.1910400303

Xie, L., Kang, H., Xu, Q., Chen, M. ], Liao, Y., and Thiyagarajan, M. (2013).
Sleep drives metabolite clearance from the adult brain. Science 342, 373-377.
doi: 10.1126/science.1241224

Zhang, L. X., Woods, J. G., Okell, T. W., and Chappell, M. A. (2021). Examination
of optimized protocols for pCASL: Sensitivity to macrovascular contamination,
flow dispersion, and prolonged arterial transit time. Magn. Reson. Med.
2021:28839. doi: 10.1002/mrm.28839

Zhang, X., Petersen, E. T., Ghariq, E., de Vis, J. B., Webb, A. G., Teeuwisse, W.
M, et al. (2013). In vivo blood T(1) measurements at 1.5T, 3T, and 7 T. Magn.
Reson. Med. 70, 1082-1086. doi: 10.1002/mrm.24550

Zhang, Y., Brady, M. and Smith, S. (2001). Segmentation of brain
MR images through a hidden Markov random field model and the
expectation-maximization algorithm. IEEE Trans. Med. Imag. 20, 45-57.
doi: 10.1109/42.906424

Zlokovic, B. V., Gottesman, R. F., Bernstein, K. E., Seshadri, S., McKee, A., Snyder,
H., et al. (2020). Vascular contributions to cognitive impairment and dementia
(VCID): a report from the 2018 National Heart, Lung, and Blood Institute and
National Institute of Neurological Disorders and Stroke Workshop. Alzheimers
Dement. 16, 1714-1733. doi: 10.1002/alz.12157

Conflict of Interest: MG receives royalties from Siemens Healthineers for
technology using ASL and was employed by mediri GmbH.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Neumann, Giinther, Diizel and Schreiber. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

May 2022 | Volume 14 | Article 871612


https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1007/s10334-019-00818-3
https://doi.org/10.1212/WNL.0b013e3181dad605
https://doi.org/10.1002/mrm.20178
https://doi.org/10.3389/fneur.2013.00060
https://doi.org/10.1101/cshperspect.a006338
https://doi.org/10.1002/mrm.1910150117
https://doi.org/10.1007/s10334-014-0480-1
https://doi.org/10.1161/01.STR.28.3.652
https://doi.org/10.1002/mrm.10180
https://doi.org/10.1016/j.neuroimage.2011.02.046
https://doi.org/10.1016/j.neurobiolaging.2018.01.006
https://doi.org/10.1152/physrev.00031.2020
https://doi.org/10.1016/j.jcmg.2019.03.018
https://doi.org/10.12659/AOT.889188
https://doi.org/10.1038/s41593-021-00904-7
https://doi.org/10.1177/0271678X16662891
https://doi.org/10.1002/mrm.1910380211
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1371/journal.pone.0164112
https://doi.org/10.1016/j.neurobiolaging.2015.06.024
https://doi.org/10.1002/jmri.26892
https://doi.org/10.1093/braincomms/fcab127
https://doi.org/10.1038/s41582-020-0312-z
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1073/pnas.89.1.212
https://doi.org/10.1002/mrm.1910400303
https://doi.org/10.1126/science.1241224
https://doi.org/10.1002/mrm.28839
https://doi.org/10.1002/mrm.24550
https://doi.org/10.1109/42.906424
https://doi.org/10.1002/alz.12157
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Microvascular Impairment in Patients With Cerebral Small Vessel Disease Assessed With Arterial Spin Labeling Magnetic Resonance Imaging: A Pilot Study
	Introduction
	Materials and Methods
	Participants
	Magnetic Resonance Imaging
	Structural Pre-processing and Region-of-Interest Definition
	Arterial Spin Labeling Perfusion Analysis
	Estimation of the Effective T1-Relaxation Rates to Assess Perivascular Clearance
	Visual MRI Analysis According to STRIVE
	Statistical Analysis

	Results
	Sample
	Perfusion
	ASL Signal Decay Rate T1eff

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


