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Abstract

Introduction: Cerebral perforating arteries provide blood
supply to the deep regions of the brain. Recently, it became
possible to measure blood flow velocity and pulsatility in
these small arteries. It is unknown if vascular risk factors are
related to these measures. Methods: We measured perfo-
rating artery flow with 2D phase-contrast 7 Tesla MRI at the
level of the centrum semiovale (CSO) and the basal ganglia
(BG) in seventy participants from the Heart Brain Connection
study with carotid occlusive disease (COD), vascular cog-
nitive impairment (VCI), or no actual cerebrovascular dis-
ease. Vascular risk factors included hypertension, diabetes,
hyperlipidemia, and smoking. Results: No consistent rela-
tions were found between any of the vascular risk factors
and either flow velocity or flow pulsatility, although there
was a relation between lower diastolic blood pressure and

higher pulse pressure and higher cerebral perforator pul-
satility (p = 0.045 and p = 0.044, respectively) at the BG level.
Results were similar in stratified analyses for patients with
and without a history of cardiovascular disease, or only COD
or VCl. Conclusion: We conclude that, cross-sectionally,
cerebral perforating artery flow velocity and pulsatility are
largely independent of the presence of common vascular
risk factors in a population with a mixed vascular burden.

© 2024 The Author(s).
Published by S. Karger AG, Basel

Introduction

Cerebral perforating arteries are distal arterial
branches that supply blood to the deep regions of the
brain [1]. In healthy people, the flow in these small ar-
teries is kept stable by the vasomotor response, but in
elderly people or in participants with cerebrovascular
disease, this protective reflex may fail [2, 3]. Recently, it
has become possible to visualize cerebral perforating
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arteries with 7 Tesla MRI and to perform flow measures
on them [3-6]. There is emerging evidence that these flow
measures are abnormal in patients with small vessel
disease [7]. Yet, it is unknown which factors can affect
these flow measures in perforating arteries. From autopsy
studies we know that perforating arteries may remodel in
the presence of vascular risk factors [8]. Increased oxi-
dative stress, endothelial damage, apoptosis, and in-
flammation may play a role in this process and as such
may cause impaired vascular dilation resulting in altered
pulsatility. In large vessels, this phenomenon is an early
marker of vascular pathology, even before structural
changes to the vascular wall are visible in both patho-
logical and in vivo imaging [8-11].

Studies about the relation between vascular risk factors
and flow velocity and pulsatility in large intracranial vessels
(ie., internal carotid arteries, middle cerebral artery) have
shown that these vascular risk factors were associated with
altered flow velocity and pulsatility. This suggests that these
risk factors can lead to altered hemodynamics within the
brain [3, 12, 13]. Hypertension has been associated with a
decrease in cerebral perfusion and diabetes, hyperlipidemia,
and smoking have been associated with higher pulsatile and
lower mean flow velocity [3, 9, 14]. Whether these asso-
ciations also exist in the small perforating artery function is
unknown (online suppl. Fig. 1; for all online suppl. material,
see https://doi.org/10.1159/000537709). The aim of the
current cross-sectional study is to investigate the relation-
ship between presence and levels of traditional vascular risk
factors (hypertension, diabetes, hyperlipidemia, and
smoking) and flow velocity and pulsatility in cerebral
perforating arteries in a population with a mixed burden of
cerebrovascular disease.

Methods

Study Population

The Heart-Brain Connection (HBC) study is a multicenter
study that investigates relationships between (cardio)vascular risk
factors, the hemodynamic status of the heart and the brain, and
cognitive impairment in four participant categories (carotid oc-
clusive disease [COD], vascular cognitive impairment [VCI], heart
failure, and a reference group) [13]. Patients with heart failure were
not included in the current study because no 7 Tesla MRI scanning
was performed in this group.

For the present 7 Tesla MRI study, 95 participants included
between 2019 and 2021 qualified and provided written informed
consent. After exclusion of participants with unusable 7 Tesla MRI
data at the level of both the centrum semiovale (CSO) and the basal
ganglia (BG), due to either participant movement during scanning
or erroneous slice planning, data of 70 participants, COD (n = 24),
VCI (n = 10), and reference group (n = 36), remained. From the 70
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included participants, MRI scans of 10 participants were excluded
from analysis at the CSO level due to subject motion. At the BG
level, MRI scans of 19 participants could not be analyzed: 7 due to
subject motion and 12 due to erroneous slice planning. Infor-
mation about vascular risk factors was complete in all participants.
Patients and controls were matched for age and sex through
frequency matching (online suppl. Fig. 2).

Group-specific inclusion and exclusion criteria for the overall
HBC study have been described in detail previously [13]. COD was
defined as a 100% occlusion of the internal carotid artery assessed
with magnetic resonance angiography. VCI and inclusion criteria
were cognitive complaints, a Clinical Dementia Rating scale score
of <1, and a Mini-Mental State Examination score of >20 (i.e., we
included patients with subjective cognitive decline, mild cognitive
impairment, or mild dementia). Patients with VCI had moderate
to severe vascular disease on MRI, namely white matter lesion
(Fazekas >1) and/or lacunar infarct(s) and/or intracerebral (mi-
cro)hemorrhage(s); or mild white matter lesions (Fazekas = 1) in
combination with at least one vascular risk factor. The participants
in the reference group did not have a history COD or VCI.

This study was approved by the Institutional Review Board of
the University Hospital Leiden and Utrecht. All patients provided
written informed consent. The study was conducted in accordance
with the declaration of Helsinki and the medical Research In-
volving Human Subjects Act (WMO).

Vascular Risk Factors

Blood Pressure

Systolic and diastolic blood pressure (in mm Hg) was acquired
in a standardized way. During the study visit, the patient was asked
to sit for 5 min, after which the blood pressure was measured on
each arm and repeated at least 1 min later. Mean systolic and
diastolic blood pressure was averaged out of these four mea-
surements. The pulse pressure was calculated by subtracting the
mean diastolic blood pressure from the mean systolic blood
pressure. The criteria for hypertension were: use of antihyper-
tensive medication, a mean systolic blood pressure above 140 mm
Hg, or a mean diastolic blood pressure above 90 mm Hg.

Diabetes Mellitus Type 2

The criteria for diabetes mellitus type 2 were: use of antidiabetic
medication or a diagnosis of diabetes by a physician (even if a
patient did not use medication, but, e.g., would adhere to a diet).

Hyperlipidemia

The criteria for hyperlipidemia were: use of cholesterol-
lowering medication or a diagnosis of hyperlipidemia by a phy-
sician based on earlier blood cholesterol and LDL levels (even if a
patient did not use medication, but, e.g., would adhere to a diet) or
a present LDL above 3.5 mmol/L.

Smoking
Both current and a history of smoking were noted, as well as the
number of pack-years.

7 Tesla MRI Data Acquisition and Processing

7 Tesla MRI data were acquired on a Philips Achieva MRI
system in Leiden or Utrecht. Flow velocity and pulsatility in ce-
rebral perforating arteries were measured at two levels: the CSO
and the BG [13].

Onkenhout et al.
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Fig. 1. Planning of the two-dimensional (2D) quantitative flow
(Qflow) slices and regions of interest (ROIs). a Planning of the BG
and CSO slices on a sagittal T1-weighted image. The slice planning
is indicated by the yellow lines. For the BG, a 2D slice is planned
through the anterior commissure, parallel to the genu aligned to
the splenium of the corpus callosum (dotted line) and aligned in
the horizontal plane for the left/right axis; CSO planning is parallel

Cerebral perforating artery flow velocity and pulsatility 2D
phase-contrast (PC) acquisitions were performed on 7T MRI,
aimed at small perforating arteries in an axial slice at the level of
the CSO (arterial diameter approx. 100-300 pm) and the BG
(approx. 200-800 pm). We used a previously published sequence
which has been described in more detail elsewhere [4, 5]. In brief,
the 2D PC acquisition was time-resolved over the cardiac cycle
with the following parameters: 0.3 x 0.3 x 2.0 mm? resolution,
velocity encoding strength (Venc) = 4 cm/s for the CSO, and
Venc = 20 cm/s for the BG (online suppl. Table 1; Fig. 1). Slice
planning of the PC acquisitions was individually adapted, based on
a T1 image. A peripheral pulse oximeter was used for retrospective
gating and cushions were placed beside the subject’s head to
minimize head movement during scanning.

Perforating artery flow was assessed within a 2D white matter
mask at the CSO level and a manually delineated 2D mask at the
BG level, both excluding infarcts [13]. White matter masks and
infarcts in these regions were delineated from 3 Tesla MRI T1-
weighted and FLAIR images with the Quantib Brain Segmentation
Tool (FSL version 6.0.1, Oxford, UK). Registration of these masks
to 7 Tesla space was done with FMRIB Software Library (FSL
version 6.0.1, Oxford, UK). The infarct masks were dilated with a
3 x 3 mm kernel. Only the central white matter (further than
16 mm away from the outer rim of the brain on the PC slice) was
included because the poor gray/white matter contrast in these
regions on the PC image makes it difficult to recognize inclusion of
gray matter into the white matter mask. The assessed slice of the
CSO and BG is based on the field of view of the specific slice, which
is 250 x 250 mm at the CSO level and 250 x 169 mm at the BG
level; each slice is 2.0 mm thick.

Cerebral perforating arteries in the CSO and BG were detected
as previously published, also automatically excluding CSO per-
forating arteries located in regions with ghosting artifacts and
perforating arteries in the BG oriented nonperpendicularly to the
scanning plane [10]. In brief, the algorithm identifies perforating

Cerebral Perforating Artery Flow Measures
and Vascular Risk Factors

to the BG plane located 15 mm above the corpus callosum. b ROI
(border indicated by the black line; see methods for details) on the
2D Qflow image in the CSO slice, cerebral perforating arteries
detected circled in green. A larger surface area was measured
compared to the BG slice and more perforators detected in
comparison due to natural anatomy (c) ROI in the BG slice,
cerebral perforating arteries detected circled in green [15].

arteries by pixels with a mean velocity over the cardiac cycle that is
significantly different from the static background tissue. In ad-
dition, apparent perforating arteries located within a 1.2-mm
radius from each other were excluded, as these are mostly “false
detections” located on larger and nonperpendicular vessels.

Blood flow velocity (cm/s) and pulsatility ([Vmax—Vminl/Vmeans
based on the normalized velocity curves) were assessed by aver-
aging over all detected cerebral perforating arteries [5, 10]. Per-
forating artery count within the regions of interest was expressed
as a density (Ngensity> the number of perforating arteries per cm?
mask).

Statistical Analysis

Data are presented as mean + SD or proportions, as appro-
priate. The relations between the vascular risk factors and per-
forating artery flow and pulsatility were assessed with linear re-
gression analyses, adjusted for age and sex, and presented as an
unstandardized beta {B (95% confidence interval [CI])} for di-
chotomous risk factors (i.e., hypertension, diabetes mellitus type 2,
hyperlipidemia, and current or previous smoker) and as a stan-
dardized beta (B [95% CI]) for continuous risk factor measures
(i.e., systolic and diastolic blood pressure and pulse pressure,
HbA1c and LDL cholesterol).

Additional analyses addressed the presence of one or more risk
factors (0 vs. 21 and 0 vs. >2; independent of the type of risk
factor). In sensitivity analyses, to rule out that our findings were
driven by a clinical manifestation of vascular pathology, we
performed three post hoc analyses: first excluding 37 participants
with a history of transient ischemic attack or ischemic stroke, or
cardiovascular disease defined as angina pectoris, ischemic heart
disease, dotter treatment, bypass, or peripheral arterial disease;
second, with analyses only including the COD group; and third,
with only including the VCI group. Adjusting for multiple
comparisons was not conducted since all analyses were explor-
atory, also due to the limited significant findings; therefore, there
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Table 1. Demographics, MRI features,

and vascular risk factors (N = 70) Demographics

Age, years 6518
Male sex (%) 44 (63)
Group
COD (%) 24 (34.3)
VCl (%) 10 (14.3)
Controls (%) 36 (51.4)
Vascular risk factors
Hypertension (%) 37 (53)
Systolic blood pressure, mm Hg 140420
Diastolic blood pressure, mm Hg 83%11
Pulse pressure, mm Hg 5714
Hyperlipidemia (%) 41 (59)
LDL cholesterol, mmol/L 3.1+1.0
Type 2 diabetes (%) 7 (10)
HbA1c, mmol/mol 38+5.9

Current smoking/pack-years
History of smoking/pack-years

10 (14)/31£16
41 (59)/24+23

Perforating artery measures

No. of perforating arteries detected CSO (N = 60)
No. of perforating arteries detected BG (N = 51)
Ngensity of CSO (# perforating arteries/cm?) (N = 60)
Ngensity Of BG (# perforating arteries/cm?) (N = 51)
Pulsatility (PI) CSO (N = 60)

Pulsatility (PI) BG (N = 51)

Flow velocity CSO, cm/s (N = 60)

Flow velocity BG, cm/s (N = 51)

36+20
16£5
24+1.0
0.7+0.2
0.43+0.16
0.42+0.14
0.71+0.16
3.7+£0.75

Data are presented as mean = standard deviation or as N (%). COD, carotid oc-
clusive disease; VCI, vascular cognitive impairment; CSO, centrum semiovale; BG, basal

ganglia; N, number.

was no need to protect against false positives. Medication use was
not taken into account in the analyses in this explorative study.
Data analyses were performed in IBM SPSS statistics (v. 22, SPSS
Inc., Chicago, IL, USA). A p value <0.05 was considered statis-
tically significant.

Results

Fifty-three percent of the 70 participants had hyper-
tension, 59% had hyperlipidemia, 10% had diabetes mellitus
type 2, 14% were current smokers, and 59% had a history of
smoking (Table 1). At the CSO and at the BG level, the
mean number of detected cerebral perforating arteries was
36 + 20 and 16 * 5, respectively. None of the vascular risk
factors was related to the density of perforating arteries at
the CSO nor at the BG level (data not shown).

No consistent relations were found between the
presence of any of the vascular risk factors and either flow
velocity or pulsatility at the CSO or BG level (Table 2). At
the BG level, an association was found between higher
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diastolic blood pressure and (1) lower cerebral perforator
pulsatility (standardized beta: -0.29, 95% CI: -0.57
to —0.01; p = 0.045) and (2) lower flow velocity (stan-
dardize beta: —0.26, 95% CI: —0.52 to 0.00; p = 0.052) and
also between higher pulse pressure and a higher cerebral
perforator pulsatility (beta: 0.30, 95% CI: 0.01-0.59; p =
0.044).

In the prespecified additional analyses, we did not
find a relation between the presence of multiple vas-
cular risk factors (regardless of type) and measures of
perforating artery flow (Table 3). The three subgroups
showed no significant differences in either flow velocity
or pulsatility in the CSO or in the BG (online suppl.
Table 2).

Discussion

We did not observe consistent relations between the
presence or level of individual vascular risk factors and
flow velocity and pulsatility in cerebral perforating
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G20z Atenigad 6 U0 Jasn wnujuad Yasipay Aissaaiun usple Aq jpd 60.2£5000/0L0181L/LZ L/ LIvS/Pd-Blo1ue/pad/woo 1abiey//:dpy woly papeojumoq


https://doi.org/10.1159/000537709

Table 2. Relationship between vascular risk factors and cerebral perforating artery flow

Vascular risk factor  Pulsatility index p Pulsatility index p Flow velocity p Flow velocity BG p
CSO N = 60 value BG N = 51 value CSO (cm/s) value (cm/s) N = 51 value
N = 60
Hypertension? —-0.02 [-0.10 0.63  0.00 [-0.08 096  -0.01 [-0.09 088 -0.32[-0.72 0.11
to 0.06] to 0.08] to 0.08] to 0.07]
Systolic blood —-0.14 [-0.41 030 -0.03[-0.33 087  -0.03 [-0.31 084 -0.22 [-0.50 0.14
pressure to 0.13] to 0.28] to 0.25] to 0.07]
Diastolic blood -0.19 [-0.44 0.16  -0.29 [-0.57 0.045* 0.05 [-0.22 0.70 -0.26 [-0.52 0.052
pressure to 0.07] to —0.01] to 0.32] to 0.00]
Pulse pressure 0.13 [-0.14 0.14 030 [0.01-0.59] 0.044* —-0.04 [-0.32 0.79 -0.01 [-0.30 0.94
to 0.40] to 0.25] to 0.27}
Diabetes mellitus 0.02 [-0.13 0.75 0.10 [-0.03 0.12 —0.09 [-0.25 024 -0.04 [-0.72 0.90
type 22 to 0.18] to 0.23] to 0.07] to 0.64]
HbA1c 0.17 [-0.09 0.19 -0.01 [-0.30 0.95 0.04 [-0.23 0.76  0.02 [-0.25 0.86
to 0.43] to 0.29] to 0.31 to 0.30]
Hyperlipidemia? 0.02 [-0.06 0.63 0.03 [-0.05 0.48 -0.04 [-0.13 0.39 -0.26 [-0.68 0.23
to 0.10] to 0.11] to 0.05] to 0.17]
LDL cholesterol 0.02 [-0.25 087 -0.19 [-0.50 0.22 —0.08 [-0.35 0.58 0.18 [-0.11 0.21
to 0.28] to 0.12] to 0.20] to 0.47]
Current or previous —0.00 [-0.12 096 0.03 [-0.07 0.59 -0.11 [-0.23 0.09 -0.17 [-0.67 0.50
smoker? to 0.12] to 0.12] to 0.02] to 0.33]

Continuous data are presented as a standardized beta [95% Cl]. CSO, centrum semiovale; BG, basal ganglia. 2Dichotomous data
are presented as an unstandardized beta [95% Cl]. All data are adjusted for age and sex. p < 0.05 was considered significant and

marked*.

Table 3. Relationship between the presence of one or more vascular risk factor(s) and cerebral perforating artery flow

Vascular risk factor Pulsatility index p Pulsatility p Flow velocity p Flow velocity BG p
CSO N =60 value index BG value CSO (cm/s) value (cm/s) N = 51 value
N = 51 N = 60

Presence of one risk —-0.01 PI 0.82 —0.03 PI 0.57 —-0.05 cm/s 042 —0.07 cm/s 0.83
factor compared to [-0.13 to 0.11] [-0.15 to 0.09] [-0.18 to 0.08] [-0.68 to 0.53]
none

Presence of two or more 0.01 PI 086 0.00 PI 093 —-0.04 cm/s 037 -0.35cm/s 0.12
risk factors compared [-0.08 to 0.09] [—0.08 to 0.09] [-0.13 to 0.05] [-0.79 to 0.09]
to none

CSO, centrum semiovale; BG, basal ganglia. Data in the presence of risk factor are dichotomous and presented as an un-
standardized beta [95% confidence interval]. All data are corrected for age and sex. p < 0.05 was considered significant and

marked*.

arteries. Prior studies that investigated the relation be-
tween blood pressure, diabetes mellitus type 2, (LDL)
cholesterol and smoking, and functional measures of
large intracranial vessels, i.e., internal carotid artery and
primary branches of the circle of Willis, found that these

Cerebral Perforating Artery Flow Measures
and Vascular Risk Factors

risk factors are associated with changes of the blood
pulsatility and decreased flow velocity [9, 11, 14]. A study
of ultrasound and CT angiography of the carotid artery
has shown that the presence of vascular risk factors is
associated with reduced blood flow velocity, increased
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pulsatility, and impaired cerebrovascular reactivity [11].
Common vascular risk factors are associated with in-
creased pulse pressure indicating arterial stiffness, and
decreased blood flow in the middle cerebral artery
[16-18]. Several MRI studies with arterial spin labeling
have demonstrated that vascular risk factors may be
associated with overall reduced cerebrovascular perfusion
[9, 19-21].

Our observed values for perforating artery flow ve-
locity and pulsatility in the CSO and BG are largely in
agreement with previous literature, and only velocities in
the BG are slightly lower but not significant [4-6]. The
number of detected perforating arteries in our study was
lower than previously reported, probably due to more
rigorous exclusion of nonperpendicular perforating ar-
teries in the BG and the exclusion of perforating arteries
located in ghosting regions in the CSO. The exclusion of
nonperpendicular perforating arteries at the level of the
BG may also explain why velocities in that region are
slightly lower than in previous studies [4-6] because
nonperpendicular perforating arteries are somewhat
larger with higher blood flow velocities. This approach of
the perforating arteries gives better and more specified
results, since measurements in nonperpendicular arteries
can be unreliable.

Hypertension is known to induce adaptive changes in
cerebral arteries such as hypertrophy in smooth muscle
cells, impaired endothelial function, increase of the
vascular wall thickness, and vasomotor dysfunction [22,
23]. Hyperlipidemia, type 2 diabetes, and smoking are
also associated with endothelial dysfunction [24, 25].
Furthermore, diabetes mellitus type 2 and specifically the
associated hyperglycemia are considered major stimuli
for oxidative stress and are associated with increased
inflammation [24, 25].

We can only speculate about why consistency is
lacking in the relation between vascular risk factors and
cerebral artery flow measurements. First, we investi-
gated a patient population that received strict cardio-
vascular risk management, which overall may have
limited the effect of these risk factors (online suppl.
Table 2, specifications per group) on the cerebral
perforating arteries. Nevertheless, in post hoc analyses,
we also did not observe any relation between vascular
risk factors and cerebral artery flow measurements in
participants without a prior cerebrovascular event.
Treatment of vascular risk factors and lifestyle modi-
fications, such as medical treatments, smoking cessa-
tion, weight loss, diet change, and exercise, is known to
be effective in (partially) reversing its damaging effects
on the vessel wall [14]. These treatment effects are
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dependent on the severity of the vascular diseases.
Second, all participants in this study were able to
participate in the study and could undergo a 7T MRI
scan, arguing that we have studied participants in a
relatively good condition with stable blood flow ve-
locity and pulsatility. Finally, it could be that hyper-
tension activates autoregulation mechanisms to stabi-
lize cerebral blood flow [23, 26, 27]. Autoregulation
mechanisms involve neurovascular coupling in which
endothelium regulates vasodilation and vasoconstric-
tion to ensure appropriate cerebral blood flow resulting
in stable flow velocity and pulsatility [27]. The same
may hold true for hyperlipidemia, diabetes, and
smoking [14, 25]. The effect sizes we found were
consistent in BG and CSO except for diastolic blood
pressure and pulse pressure for which we found a small
statistical significant effect at the BG but not at the CSO
level. Our results show that at the BG level, higher
diastolic blood pressure is associated with lower pul-
satility and that a higher pulse pressure is associated
with higher pulsatility. An elevated diastolic blood
pressure is likely indicative of a accompanying decrease
in pulse pressure. Pulsatility can increase depending on
the stage of vascular alterations, but can also decrease as
a result of cerebral vascular alterations [9, 11, 14]. Pulse
pressure is an indication of arterial stiffness, higher
pulse pressure indicating more arterial stiffness and
therefore higher pulsatility [28]. Vessel dilatation can
lead to lowered pulsatility if vascular reactivity is intact
[29]. That we only find this at the BG level might be
caused by the fact that the perforating arteries at the
CSO level are smaller than the more proximally located
arteries at the BG level. Therefore, the CSO level is
further from the main cerebral arteries and the vascular
system may have had a longer trajectory to carry out the
compensating mechanisms.

It is relevant to mention that while our study focused
on the relation between vascular risk factors and cerebral
perforating artery measures, there are observations re-
garding other influential factors such as downstream
large vessel atherosclerosis. Notably, in a previous study
with 7 Tesla MRI, it was observed that measures of ce-
rebral perforating artery flow largely remained consistent
in patients with COD [15]. Focusing on upstream, pre-
vious studies have looked at the relationship between
cerebral brain perfusion and WMH severity. However,
their outcomes were inconsistent, which means that es-
tablishing causality remains a challenge. Moreover, ce-
rebral brain perfusion cannot be directly compared to
cerebral perforating artery measures. Further research is
required to understand this relationship in depth.
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An important strength of this study is the relatively
large sample size of participants who underwent a 7 Tesla
MRI allowing the measurements in such small perfora-
tors. In addition, we measured cerebral perforating artery
flow at two brain levels, i.e., the CSO and BG, which are
both fed by different arteries, allowing us to distinguish
between these two brain regions and its place in the
vascular tree.

Some limitations of our study need to be considered.
First, during scanning the PC sequence is relatively
sensitive for motion. This may result in motion artifacts
and, as such, in unreliable velocity and pulsatility
measurements. Therefore, a number of MRI scans
could not be assessed due to movement artifacts, even
though the participants were instructed to lie as still as
possible. These dropout numbers are known from
previous similar studies on 7 Tesla MRI and are in-
herent to the complexity and sensitivity of the scanning
method. The same can be said for erroneous planning
of the sequences [3, 5]. Since the presence of the dif-
ferent vascular risk factors was more or less evenly
distributed between dropouts and participants, this
probably did not cause selection bias. Second, the
heterogeneity of our population may have affected our
findings, as their underlying pathology is different, e.g.,
in participants with severe atherosclerotic large vessel
disease, or in those with cerebral small vessel disease.
However, sensitivity analyses addressing this hetero-
geneity showed similar results. Third, it is important to
acknowledge the absence of specified data on partici-
pant use of medications that may influence the car-
diovascular system. Therefore, we are unsure of pos-
sible mitigating effects of such drugs on the relationship
between risk factors and perforating artery function.
Lastly a possible limitation is that we did not have real-
time laboratory measurements such as blood glucose,
that may influence blood viscosity and flow dynamics,
at the time of the 7T MRI scans. In conclusion, this
study indicates that blood flow velocity and pulsatility
of cerebral perforating arteries are largely independent
of the concurrent presence or level of vascular risk
factors in a population above the age of 50 years with
mixed vascular burden.
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