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RESEARCH ARTICLE

CADASIL Affects Multiple Aspects of
Cerebral Small Vessel Function on 7T-MRI

Hilde van den Brink, MSc 1T Anna Kopczak, MD 2T Tine Arts, PhD St
Laurien Onkenhout, MD," Jeroen C.W. Siero, PhD ®,** Jaco J.M. Zwanenburg, PhD 3
Sandra Hein, BSc,” Mathias Hibner, MSc,? Benno Gesierich, PhD,*®
Marco Duering, MD >® Michael S. Stringer, PhD © Jeroen Hendrikse, MD, PhD,?
Joanna M. Wardlaw, MD ©,° Anne Joutel, MD, PhD ®,” Martin Dichgans, MD,%8? and
Geert Jan Biessels, MD, PhD," on behalf of the SVDs@target group

Objective: Cerebral small vessel diseases (cSVDs) are a major cause of stroke and dementia. We used cutting-edge 7T-
MRI techniques in patients with Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy (CADASIL), to establish which aspects of cerebral small vessel function are affected by this
monogenic form of cSVD.
Methods: We recruited 23 CADASIL patients (age 51.1 £ 10.1 years, 52% women) and 13 age- and sex-matched con-
trols (46.1 £ 12.6, 46% women). Small vessel function measures included: basal ganglia and centrum semiovale perfo-
rating artery blood flow velocity and pulsatility, vascular reactivity to a visual stimulus in the occipital cortex and
reactivity to hypercapnia in the cortex, subcortical gray matter, white matter, and white matter hyperintensities.
Results: Compared with controls, CADASIL patients showed lower blood flow velocity and higher pulsatility index
within perforating arteries of the centrum semiovale (mean difference — 0.09 cm/s, p = 0.03 and 0.20, p = 0.009) and
basal ganglia (mean difference — 0.98 cm/s, p = 0.003 and 0.17, p = 0.06). Small vessel reactivity to a short visual stim-
ulus was decreased (blood-oxygen-level dependent [BOLD] mean difference —0.21%, p = 0.04) in patients, while reac-
tivity to hypercapnia was preserved in the cortex, subcortical gray matter, and normal appearing white matter. Among
patients, reactivity to hypercapnia was decreased in white matter hyperintensities compared to normal appearing white
matter (BOLD mean difference —0.29%, p = 0.02).
Interpretation: Multiple aspects of cerebral small vessel function on 7T-MRI were abnormal in CADASIL patients, indic-
ative of increased arteriolar stiffness and regional abnormalities in reactivity, locally also in relation to white matter
injury. These observations provide novel markers of cSVD for mechanistic and intervention studies.
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Introduction

Cerebral small vessel diseases (cSVDs) are a major cause of
stroke and dementia.' cSVD related lesions on brain MRI
can be found in roughly 70% of 65-year-old individuals
and in almost all 90-year-olds.” Despite the profound
health impact of cSVDs, there is no specific treatment,
likely due to our limited understanding of undetlying dis-
ease mechanisms. Because of the small diameter of affected
blood vessels in cSVDs and the limited resolution of con-
ventional techniques for 7z vivo imaging in humans, cSVDs
have been mostly studied through markers of parenchymal
injury (e.g., lacunes, white matter hyperintensities [WMH],
microbleeds, enlarged perivascular spaces,” microstructural
white matter changt:s,4_6 blood based markers of neuro-
axonal damage’). While these markers are important
because of their association with major clinical outcomes
including stroke, cognitive decline, and dementia, they rep-
resent downstream consequences of cSVDs. To understand
underlying mechanisms of ¢SVDs, it is essental to study
the disease at its core, the vessels themselves.

Cerebral Autosomal Dominant Arteriopathy with
Subcortical Infarcts and Leukoencephalopathy
(CADASIL) is a monogenic form of ¢SVD caused by
mutations in the NOTCH3 gene. Previous studies on the
brain vasculature in CADASIL have been mostly restricted
to the examination of autopsy material.*> ° Pathology in
pial and small perforating cerebral arteries is an important
feature, including degeneration of vascular smooth muscle
cells and thickening of the arteriolar wall.*”'* This likely
has an impact on small vessel function, which has indeed
been observed in pial and perforating arteries in experi-

112 and also in small vessels out-

mental animal models
side of the brain in humans, for example in the heart."?
Ultra-high field imaging with 7T-MRI now provides
in vivo measures that inform on several aspects of cerebral
small vessel function in humans, including perforating
artery flow velocity and stiffness, and endothelium depen-
dent and independent vascular reactivity in different brain
regions.14’ !> These measures may provide leads on disease
mechanisms in CADASIL and other forms of c¢SVDs.

We set out to evaluate cerebral small vessel function
in CADASIL patients using 7T-MRI. Specifically, we
assessed which measures of small vessel function on 77T-
MRI are affected in CADASIL patients compared with
controls and if small vessel dysfunction on 7T-MRI is
associated with WMH in CADASIL.

Methods

Study Design and Participants
Participants in this study were recruited through the
ZOOM@SVDs study, a prospective observational cohort
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study.”” At University Hospital Ludwig-Maximilians-
University (LMU) Munich, 23 CADASIL patients and
13 individually age- and sex-matched controls were rec-
ruited between October 2017 and July 2019. CADASIL
was either confirmed by mutation in the NOTCH3 gene
(n = 20) or by skin biopsy (z = 3). Controls were rec-
ruited among partners or relatives of the patients and
through flyer advertisement. Participants underwent clini-
cal assessment and 3T brain MRI at the LMU and trav-
elled to the University Medical Center (UMC) Utrecht in
the Netherlands to undergo 7T brain MRI. Participants
travelled to Utrecht through their preferred means and
were offered a 1 night stay in a hotel. All travel expenses
were covered. Participants received no further financial
compensation. Detailed inclusion and exclusion criteria
and study procedures are published elsewhere. '’

The Medical Ethics Review Committees of the
LMU (Project Number 17-088) and UMC Utrecht
(Project number NL62090.041.17) approved the study.
Weritten informed consent was obtained from all partici-
pants. The study was registered in the Netherlands Trial
Register; NTR6265.

Clinical Assessment

Demographics and vascular risk profiles were recorded for
all participants. Stroke, hypertension, and diabetes
mellitus were recorded based on presence in medical his-
tory. Current systolic and diastolic blood pressure were
based on 7-day blood pressure measurements done three
times a day at home with a telemetric blood pressure
device (Tel-O-Graph® GSM Plus, graded A/A by the
British Hypertension Society). Smoking was based on self-
report.

3T Brain MRI

Participants underwent 3T brain MRI at the LMU on a
Siemens Magnetom Skyra 3T scanner with a 64-channel
head coil. The scan protocol included 3D T1-weighted
gradient echo, 3D T2*-weighted multi-echo gradient
echo, and 3D fluid-attenuated inversion recovery (FLAIR)
scan (sequence details Table 1). Lacunes (on T1-weighted
and FLAIR scan) and microbleeds (on longest echo time
of T2*-weighted scan) were manually counted according
to the STRIVE-criteria.'® Segmentations of WMH,
lacunes, intracranial volume, and total brain volume, were

assessed as previously published.'”

7T Brain MRI

All participants underwent 7T-MRI at the UMC Utrecht
(Philips Healthcare, Best, The Netherlands) using a
32-channel receive head coil with a quadrature transmit
coil (Nova Medical, MA, USA) (sequence details
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TABLE 1. Brain MRI Scan Parameters

MR Sequence Acquired Resolution mm® Time min:s
3T-MRI
T1-weighted GE 1.0 x 1.0 x 1.0 05:08
T2*-weighted GE 0.9 x 0.9 x 2.0 05:56
FLAIR 1.0 x 1.0 x 1.0 06:27
7T-MRI
T1-weighted 1.0 x 1.0 x 1.0 01:59
2D-Qflow CSO 0.3 x03x 2.0 03:24°
2D-Qflow BG 0.3 x 03 x 2.0 03:47¢
BOLD visual cortex” 1.3 x13x 13 10:05
BOLD whole-brain® 2.0 X 2.0 x 2.0 10:00

TI = inversion time; TR = repetition time.

*The participant is presented with a short visual stimulus.

to put on the mask for the hypercapnic challenge.

“Total scan time for a heart rate of 80 bpm.

BG = basal ganglia; BOLD = blood-oxyen-level dependent; CSO = centrum semiovale; FOV = field of view; GE = gradient echo; TE = echo time;

"The participant undergoes a /ypercapnic challenge. Between the two BOLD sequences the participant is taken out of the scanner for a short break and

Parameters

FOV 256 x 256 x 192 mm?; TR 2500 ms; TE
4.37 ms; TT 1100 ms; flip angle 7°

FOV 230 x 160 x 187 mm? TR 35 ms; TE
4.9-29.5 ms, deltaTE 4.9 ms; flip angle 15°

FOV 250 x 250 x 176 mm?; TR 5000 ms; TE
398 ms; TI 1800 ms

FOV 250 x 250 x 190 mm® TR 4.2 ms; TI
1297 ms; shot interval 3,000 ms; flip angle 5°

FOV 230 x 230 mm?; reconstructed resolution
0.18 x 0.18mm?; TR 29 ms; TE 16 ms; Venc
4 cm/s; temporal resolution 116 ms; flip angle 50°

FOV 170 x 170 mm?; reconstructed resolution
0.18 x 0.18mm? TR 28 ms; TE 15 ms; Venc
20 cm/s; temporal resolution 112 ms; flip angle
50°

FOV 140 x 140 x 11 mm?; TR 880 ms; TE
25 ms

FOV 224 x 256 x 101 mm?; TR 3000 ms; TE
25 ms

Table 1). Three complementary aspects of small vessel

function were investigated.

1. 7T-MRI allows to assess blood flow velocity and

pulsatility within perforating arteries at the level of the
basal ganglia (known diameter 200-800 pm) and cen-
trum semiovale (100-300 pm), indicative of perforating
artery stiffness.'® % Flow velocity data were acquired
with two, single-slice 2D-Qflow velocity mapping
acquisitions, and a peripheral pulse unit was used for
retrospective cardiac gating. Mean blood flow velocity
and pulsatility index in perforating arteries in the basal
ganglia and centrum semiovale were calculated (see
supplementary table for exact processing pipeline).

. Reactivity in response to a short visual stimulus was
assessed in the visual cortex with the blood-oxygen-
level dependent (BOLD) response. Participants were
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presented with a 8 Hz blue-yellow reversing checker-
board using very short (0.5 s) and long blocks (16.7 s)
of visual stimulation, during a 10-min experiment
(for detailed parameters see design paper'”). Neuronal
activation to these stimuli induces vasodilation via
neurovascular coupling and signalling from capillaries
to pre-capillary arterioles to increase blood flow to the
activated cortex.”’ The activation pattern in response
to the long blocks of visual stimulation for each subject
served as region of interest. The BOLD signal on 7T-
MRI is weighted more towards signals from the micro-
vasculature (e.g., capillaries, small venules) than on
lower field strength,”” which allows us to measure
BOLD reactivity in small vessels as long as the large
pial veins are removed from the region of interest.'” In
addition, the high temporal resolution on 7T-MRI
provides a precise estimate of the hemodynamic
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response function (HRF) within the region of interest
in response to very short visual stimulation (see supple-
mentary table for exact processing pipeline). The
BOLD% signal change and full width at half maxi-
mum of the HRF estimate are the main outcome
variables.

3. Whole-brain reactivity to a hypercapnic stimulus was
measured with the BOLD response. The participants
wore a face mask to breathe medical air and premixed
6% CO; in air in alternating blocks: 3 x 2-min blocks
of medical air with 2 x 2-min blocks of 6% CO, in air
in between (for detailed parameters see design paperls).
The hypercapnic stimulus causes relaxation of the vas-
cular smooth muscle cells, primarily at the level of the
arterioles, thereby causing endothelium independent
small vessel vasodilation.”® ** Monitoring equipment
recorded pulse rate and end-tidal CO, (40 Hz, CD3-A
AEl Technologies, Pittsburgh, PA, USA) (based on
Thrippleton et al,® as specified in van den Brink
et al'). Signal from large pial veins was again excluded
so the remaining BOLD signal primarily represents
small vessel reactivity (see supplementary table for exact
processing pipeline). The high spatial resolution of
BOLD on 7T-MRI permits regional analyses. The
BOLD% signal change in the cortical gray matter, sub-
cortical gray matter, and white matter are the main

outcome measures.

The order of MRI scans was strictly adhered
to. After the first BOLD scan with visual stimulation,
every participant was taken out of the scanner. After a
short break of at least 5 minutes, the participant put on
the breathing mask and the protocol was continued with

the hypercapnic challenge.

Statistical Analysis
Differences in characteristics between CADASIL patients
and controls were tested with an independent samples
r-test for continuous normally distributed data, Mann—
Whitney U test for non-parametric continuous data and
chi-square for categorical data. Differences between
patients and controls in small vessel function measures
were tested with analysis of covariance (ANCOVA). Age
and sex were included as a covariate to accommodate
small differences in age and sex between groups. Pulsatility
index was additionally corrected for mean blood flow
velocity, and BOLD hypercapnia comparisons were addi-
tionally corrected for change in end-tidal CO, in response
to hypercapnia.

Within the patient group, mean blood flow velocity
and pulsatility index in the perforating arteries in the cen-
trum semiovale and BOLD% signal change to
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hypercapnia were compared in normal appearing white
matter (NAWM) and WMH with a paired #test. This
comparison could not be made for perforating arteries in
the basal ganglia because of limited WMH volume in that
region of interest. For the same reason NAWM versus
WMH comparisons for BOLD% signal change to hyper-
capnia could not be performed in control participants.

For measures of small vessel function that differed
between patients and controls we performed explorative
analyses in the patient group, where we related these mea-
sures to age and WMH volume. WMH volume was nor-
malized to the intracranial volume and because data were
skewed, we used the cube-root of the WMH volume.
Given the collinearity of possible confounders (e.g., age
relates to disease stage) with small vessel function mea-
sures, we did not correct for possible confounding vari-
ables in these exploratory analyses.

All statistical analyses were performed in SPSS ver-
sion 25 and p < 0.05 was considered significant.

Results

The characteristics of the 23 CADASIL patients and
13 controls are shown in Table 2. Groups were reasonably
well matched with respect to age and sex (patients: mean
age  51.1 & 10.1 years,  52%  female;  controls:
46.1 £ 12.6 years, 46% female). As expected, patients
more often had a history of stroke, more often used anti-
platelet drugs, and showed high burden of imaging
markers of ¢SVD on 3T-MRI. None of the controls was
excluded because of covert cSVD on MRI (i.e., presence
of lacunes or Fazekas >2 as defined in the protocol'”), as
expected given their age. Figure 1 lists the number of 7T
measures included in the final analysis. Participants with
missing or failed 7T measurements were no different
regarding demographics or disease severity than partici-
pants with complete 7T datasets.

Small Vessel Function in CADASIL Patients and
Controls

Perforating Artery Flow Velocity and Pulsatility. Perforating
artery density (i.e., number of perforating arteries per cm®
of the subject specific region of interest) was similar in
patients and controls both in the centrum semiovale
(2.2 4+ 0.8/cm®> and 2.2 &+ 1.0/cm? respectively,
p = 0.86) and the basal ganglia (0.9 £ 0.3/cm” and
1.0 + 0.3/cm?, p = 0.33). Figure 2A,C display the mean
blood flow velocity in perforating arteries in the centrum
semiovale and basal ganglia respectively for CADASIL
patients and controls (see Figure 2B and 2D for individual
traces). Mean perforating artery blood flow velocity was
lower, and pulsatility index higher in CADASIL patients
than in controls, both in the centrum semiovale and basal
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3T-MRI SVD markers

WMH volume, median [min-Q1-Q3-max] [%
of ICV]

Lacune presence, n (%)

Lacune count”, median [Q1-Q3]
Microbleed presence, n (%)
Microbleed count®, median [Q1-Q3]
Brain volume, M = SD [% of ICV]

and quartile 3.

*Count for participants with >1 lacune(s).

bCount for participants with >1 microbleed(s).

TABLE 2. Characteristics of CADASIL Patients and Controls

CADASIL n = 23 Control n = 13 p-Value

Demographics

Age, M £ SD 51.1 &£ 10.1 46.1 £ 12.6 0.20

Female sex, n (%) 12 (52) 6 (46) 1.00
Vascular risk profile

Stroke, n (%) 7 (30) 0 (0) 0.03

Hypertension, n (%) 4 (17) 1(8) 0.63

Current 7-day systolic BP, M £ SD [mmHg] 118.4 £+ 10.1 120.9 +10.2 0.48

Current 7-day diastolic BP, M £ SD [mmHg] 76.0 £ 8.9 79.0 + 10.6 0.37

Diabetes Mellitus, n (%) 0 (0) 1(8) 0.36

Current/ever smoker, n (%) 15 (65) 6 (46) 0.31
Medication use

Antihypertensives, n (%) 6 (26) 1(7) 0.23

Statins, n (%) 9 (39) 1(7) 0.06

Antiplatelet drugs, n (%) 14 (61) 1(7) 0.004

3.87 [0.88-2.06-5.56-7.89]

13 (57) 0 (0) 0.001
4 [3-8] 0 [0-0]
13 (57) 0 (0) 0.001
3 [2-8] 0 [0-0]

783+ 5.2 77.6 + 3.2 0.76

BP = blood pressure; M = mean; ICV = intracranial volume; SD = standard deviation; WMH = white matter hyperintensities; Q1-Q3 = quartile 1

0.01 [0.00-0.00-0.03-0.12] <0.001

ganglia (Table 3). When only perforating arteries in the
NAWM were considered, differences between patients
(blood flow velocity 0.55 £ 0.07 cm/s and pulsatility
index 0.62 £ 0.24) and controls (blood flow velocity
0.63 £ 0.13 cm/s and pulsatility index 0.37 £ 0.11) were
similar (p = 0.05 and p = 0.01, respectively). Among
CADASIL patients perforating artery flow velocity and
pulsatility were similarly affected in WMH (blood flow
velocity 0.48 £0.14 cm/s  and  pulsadlity  index
0.85+0.45) and NAWM (blood flow velocity
0.53 £ 0.06 cm/s and 0.60 = 0.28, p = 0.14 and p =
0.07, respectively).

January 2023

Small Vessel Reactivity in Response to a Visual
Stimulus

Figure 2E displays the mean estimate of the HRF to a
visual stimulus in the visual cortex in CADASIL patients
and controls respectively (see Figure 2F for individual
traces). Of note, the size (i.e., number of activated voxels)
of the participant-specific regions of interest in which the
HRFs were estimated was similar between patients (per-
centage activated voxels in scanning plane: 32.7 & 13.3)
and controls (30.4 £ 12.7, p = 0.54). The peak BOLD%
signal change was lower in patients compared with con-
trols (Table 3). There was no significant group difference
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2D-Qflow

2D-Qflow
centrum semiovale  basal ganglia

BOLD short BOLD
visual stimulus hypercapnia

CADASIL Control CADASIL Control CADASIL Control CADASIL Control

23 13

Measurement not 0 1
acquired Y

23 12

Technically failed 0 1
measurement Y
23 11
1 1

Movement l \
22 10

13 23 13 23 13

1 1 0 4 1
y A y Y A
12 22 13 19 12

1 1 1 2 1
y y A \ A
11 21 12 17 11
2 2 2 0 0
Y y A Y A
9 19 10 17 1n

Figure 1: Flowchart showing reasons for excluded scans per small vessel function measure. Reasons for not acquired
measurements are: technical failure on the scanner for the 2D-Qflow scans, glasses that would not fit in the head coil for the
blood-oxygen-level dependent (BOLD) short visual stimulus scan, and participants unwilling or unable to do the hypercapnia
challenge after first trying it outside the scanner for the BOLD hypercapnia scan.

in response timing parameters; full width at half maxi-
mum (Table 3), onset time (patients 2.10 £ 0.54 s; con-
trols 1.72 £0.46s, p = 0.09), and time-to-peak
(4.62 + 1.04 s; 4.39 + 0.38 s, p = 0.46).

Whole-Brain Small Vessel Reactivity to a
Hypercapnic Stimulus

There were no significant group differences in BOLD%
signal change to hypercapnia in any of the regions of
interest (Table 3). When looking in more detail, BOLD%
signal change was non-significantly higher in the cortical
gray matter, total white matter, and NAWM in patients
versus controls (Table 3). In patients, BOLD% signal
change was lower in WMH (0.24 £ 0.40) than NAWM
(0.53 £ 0.54, p = 0.02).

Small Vessel Function and Age and WMH
Volume in CADASIL Patients

Relations with age and WMH volume were explored for
7T measures that were affected in patients. There was a
trend for a negative association between blood flow veloc-
ity within perforating arteries of the centrum semiovale
and WMH volume but not age (Table 4). There was no
relation between small vessel function measures and anti-
platelet or antihypertensive drug use (all p > 0.05).

Discussion

This study found multiple abnormalities of cerebral small
vessel function in CADASIL, in a well-defined sample of
prospectively recruited patients and controls, applying
cutting-edge 7T-MRI technology. These abnormalities
involved between group differences in blood flow velocity
and pulsatility in perforating arteries, as well as in reactiv-
ity to a visual or hypercapnic stimulus, likely reflecting
changes in vascular physiology in multiple small vessel
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populations. Moreover, among patients, cortical reactivity
to a hypercapnic stimulus locally associated to white mat-
ter injury.

Reduced mean flow velocity and increased pulsatility
in CADASIL patients were observed in perforating arteries
both in the basal ganglia, fed by proximal intracranial
arteries, and the centrum semiovale, fed by distal arterial
branches. Only one previous study also reported decreased
blood flow velocity in perforating arteries in CADASIL,?®
albeit in the most proximal section of the lenticulostriate
arteries, that have a larger diameter than the perforating
arteries in our current work. We previously assessed our
7T-MRI measures of perforating artery flow velocity in a
small explorative study in patients with sporadic cSVDs
(ie., with lacunar infarction or deep intracerebral
haemorrhage) and observed increased pulsatility in
patients compared to controls but no reduction in flow
velocity."” Decreased blood flow velocity on 2D-Qflow
velocity measures can be explained by decreased total
blood flow or increase in arteriolar lumen area. The perfo-
rating arteries that we assess have a sub-voxel size diame-
ter. Therefore, we cannot actually measure lumen area or
total blood flow. Of note, a previous autopsy study in
CADASIL showed that lumen diameter is unchanged in
the basal ganglia, but is decreased due to intimal thicken-
ing and fibrosis in perforating arteries in the white mat-
ter.”” Therefore, given the current understanding of the
disease,”® decreased blood flow velocity in CADASIL is
likely attributable to decreased total blood flow in the per-
forating arteries. Of note, flow velocity and pulsatility
index in the perforating arteries are not independent of
effects up- and downstream in the vascular tree.”’
Increased pulsatility index of perforating artery flow veloc-
ity may therefore reflect changes in upstream vessels (gen-
erating a more pulsatile perfusion pressure), enhanced
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Blood flow velocity in centrum semiovale perforating arteries

A 1l B 15, 150
——— CADASIL
— Controls
2 5 -
w wv
5 £ R
= Ir ) S TN /
2 > 2 1L\ /.
3 3 3 N Vs
g 2 g \ ; /
g E _g \\ 2 /
¥ 05 b5 5 0sf
© '8 '8 0.5
o} S o
o 8 s
o
o . ) o \ 0 . ,
0 50 100 0 50 100 0 50 100
Cardiac cycle (%) Cardiac cycle (%) Cardiac cycle (%)
Blood flow velocity in basal ganglia perforating arteries
C 7+ D TF 7
——— CADASIL
=, Controls
=4 — =
wv wv
E S £
= s S 9, 3
2 > 2
5 2 2 .
e~ 3 3 ]
g g e Wy
: : : ./
0= = < 3B ~ y
= 3\/\ 2 T 3N 7
(o] (o] o v
o o s
o
L ) 1 1

10 50 100 0 100 0 50 100

50
Cardiac cycle (%) Cardiac cycle (%) Cardiac cycle (%)
Hemodynamic response function
E F s 15
15
——— CADASIL
controls
g g g
° g &
@ 2 2
® 2 2
S C 05 G 05
5 %[ T \ =
2 c \ c
o Ry Koy
& v 2 |
\ [
0 0 ) 0
I . e -0l
059 9 18 0% 9 18 %% 9 18
Time (s) Time (s) Time (s)

Figure 2: Mean and individual participant traces. The mean blood flow velocity (solid lines) and standard errors of the mean
(shaded lines) in perforating arteries in the centrum semiovale (A) and basal ganglia (C) for Cerebral Autosomal Dominant
Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL) patients and controls. Individual blood flow velocity
traces in perforating arteries in the centrum semiovale (B) and basal ganglia (D) for CADASIL patients in red and controls in blue.
(E) The mean hemodynamic response function estimates (solid lines) and standard errors of the mean (shaded areas) after
500 ms visual stimulation (black bar) for CADASIL patients and controls. (F) Individual BOLD hemodynamic response function
estimates after 500 ms visual stimulation for all CADASIL patients in red and controls in blue. [Color figure can be viewed at
www.annalsofneurology.org]
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stiffness of the pial or perforating arteries themselves, or
changes in the downstream vascular bed including abnor-
mal microvascular compliance. Autopsy studies in
CADASIL have reported vessel changes primarily in arteri-
oles, but also in capillaries and venules.”® °> °' In addi-
tion to luminal narrowing in white matter arterioles, these
changes include degeneration of smooth muscle cells and
reduced capillary length. Moreover, although changes in
small vessel function have been noted outside of the brain
in CADASIL (for example in the heart'”), indicating sys-
temic effects of the disease, systemic perfusion pressure as
reflected in blood pressure and pulse pressure, was not
affected in our patients. Hence, upstream changes in larger
vessels are unlikely to explain increased pulsatility in
CADASIL. It seems more likely that increased pulsatility
reflects vascular stiffness of the perforating arteries at the
point that they are probed with the 7T measurements or
downstream small arterioles. Of note, blood flow velocity
and pulsatility index changes in perforating arteries in
NAWM and WMH were similar. Hence, the observed
changes likely reflect generalized disease effects on these

perforating arteries, although it should be considered that
2D slices predominantly capture perforating arteries that
are passing through the white matter at the site of mea-
surement rather than arteries that specifically supply the
white matter contained in the slice. Finally, we found
indications that blood flow velocity in perforating arteries
of the centrum semiovale associates negatively with
WMH volume, suggesting that these measures may
become progressively abnormal in patients as the disease
evolves.

Both measures of small vessel reactivity were affected
in CADASIL patients. The neurovascular coupling depen-
dent response to a short visual stimulus elicited lower reac-
tivity in the visual cortex in patients compared with
controls. Additionally, reactivity to hypercapnia, which
acts directly on vascular smooth muscle cells in arterioles,
was decreased in WMH compared to NAWM in patients.
Similar to our result, decreased reactivity within WMH to
hypercapnia and acetazolamide was a consistent finding in
earlier studies in CADASIL that were conducted at lower
field strength.”> ** We did observe non-significant higher

TABLE 3. Small Vessel Function on 7T-MRI in CADASIL Patients and Controls
CADASIL Control p-Value
2D-Qflow centrum semiovale® n=22 n=10
Blood flow velocity [cm/s] 0.54 + 0.06 0.63 £ 0.13 0.03
Pulsatility index” 0.57 £ 0.19 0.37 £ 0.11 0.009
2D-Qflow basal ganglia® n=21 n=9
Blood flow velocity [cm/s] 3.07 £ 0.67 4.05 + 0.83 0.003
Pulsatility index” 0.46 + 0.12 0.29 £ 0.15 0.06
BOLD short visual stimulus® n=19 n=10
BOLD % signal change 0.61 £0.20 0.82 +0.25 0.04
Full width at half max [s] 3.82 + 0.65 3.94 + 0.36 0.59
BOLD hypercapnic stimulus? n=17 n=11
CGM BOLD % signal change 3.66 + 1.24 3.07 £+ 1.20 0.26
SGM BOLD % signal change 3.37 £0.98 3.45 £ 1.43 0.77
WM BOLD % signal change 0.35 £+ 0.33 0.17 £ 0.31 0.31
NAWM BOLD % signal change 0.53 £ 0.54 0.17 £ 0.31 0.18
BOLD = blood-oxygen-level dependent; CGM = cortical gray matter; NAWM = normal appearing white matter; SGM = subcortical gray matter;
WM = white matter.
Data are shown as mean = standard deviation.
*The region of interest is the entire centrum semiovale and basal ganglia excluding lacunes. Analyses are corrected for age and sex.
PAdditional correction for blood flow velocity.
“Analyses corrected for age and sex.
9Analyses corrected for age, sex and change in end-tidal CO, to hypercapnia.
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TABLE 4. Associations of Small Vessel Dysfunction
with Age and WMH Volume in CADASIL Patients
WMH
Age Volume
2D-Qflow centrum
semiovale®
Blood flow velocity B=-5125 B=-057
(cm/s)
p=0.15 p=10.05
Pulsatility index B=-962 B=-0.10
p =042 p =035
2D-Qflow basal ganglia®
Blood flow velocity B=-144 B=-0.04
(cml/s)
p=10.69 2 =0.18
Pulsatility index B =26.23 B=0.13
p»=10.20 p =048
BOLD short visual
stimulus
BOLD % signal change = B =—-2.17 B = —-0.04
p=0.87 2 =0.70
BOLD hypercapnic
stimulus
WMH BOLD % signal B = —2.46 B =0.01
change
p=0.74 p=0.87
BOLD = blood-oxygen-level dependent; CGM = cortical gray mat-
ter; WMH = white matter hyperintensities.
Note: Tested with linear regression without corrections. WMH vol-
ume was normalized for intracranial volume and cube-root trans-
formed. Sensitivity analyses on non-transformed data, with Spearman
correlations, produced similar results (data not shown).
“The region of interest is the entire centrum semiovale and basal
ganglia minus lacunes.

reactivity to hypercapnia in the cortical gray matter, total
white matter, and NAWM in patients compared with
controls. Whether this finding across these three different
regions represents a true phenomenon or is due to chance
remains to be determined, as earlier studies have not
reported such results.”® *> On the other hand, increased
cortical reactivity in the visual cortex was reported in
CADASIL patients versus controls in a study that used
visual stimulation, with a much longer stimulus (40 5), >
compared to our study (0.5 s). These differential findings
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are likely the result of fundamental differences in the
nature and duration of the stimuli. Clearly, responses to
different types of stimuli involve different physiological
pathways in different vessel populations. The BOLD sig-
nal to a visual stimulus depends on neurovascular cou-
pling, entailing activation of cortical neurons, which
directly initiates an endothelium dependent response of
local capillaries and upstream feeding arterioles. Hypercap-
nia, on the other hand, is a stimulus that according to cur-
rent insight directly affects smooth muscle cells in the
arterioles throughout the brain, in an endothelial indepen-
dent manner.?? In addition, the differences in stimulus
duration between different paradigms will have an effect
on the BOLD signal as well. Short stimuli (<1 second,
e.g., short visual stimulation) only engage blood flow
changes via arteriole dilation. In contrast, prolonged stim-
uli (e.g., 2 minute hypercapnia) also induce notable blood
volume changes on the venous side that will affect the
BOLD signal as well.>> Therefore, different stimulus dura-
tions will also probe different vascular pools and thus
assess vascular reactivity and signals of different vessel
populations. Our findings thus suggest that in CADASIL
patients the vascular system is unable to sufficiently
respond to quick, subtle and local demands in the cortex.
In contrast, prolonged and global stimulation by hyper-
capnia can still generate vascular responses, resulting in a
preserved response in the cortex, although not in WMH.

Taken together, these findings suggest that changes
in small vessel blood flow velocity, pulsatility and reactiv-
ity in CADASIL patients depend on the tissue type that is
assessed and the type and extent of stimulation. This likely
reflects the dynamic nature of small vessel function. These
findings warrant further studies, also with longitudinal
design and also involving patients with sporadic ¢SVDs. It
would be of particular interest to explore if these measures
of small vessel function respond to drug therapy and as
such could serve as an intermediate outcome measure in
future cSVD drug trials. Reactivity to hypercapnia at
3T-MRI is already evaluated in that context.’® Yet, for
the novel more detailed 7T-MRI measures presented here
this will first require further characterisation.

A strength of our study is that we used three mea-
sures that probe complementary aspects of small vessel
function in one patient population. The advantage of
7T-MRI is that it provides high spatial and temporal
resolution, but also enhances BOLD signal properties
improving signal to noise and permitting separation of the
signal in small vessels from that in larger draining veins.””
Additionally, investigating a pure, genetically-defined dis-
ease like CADASIL enables to study cSVD without con-
founding factors associated with aging. A limitation of our
study is potential selection bias inherent to the relatively
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demanding study protocol, which required participants to
travel from Germany to the Netherlands for 7T brain
MRI. As a consequence, patients in this study were mostly
in earlier disease stages with relatively limited lesion load
and cognitive problems. This limited the possibilities to
study the relation of small vessel function with markers of
disease severity. On the other hand, the study shows that
even in early stages, small vessel function changes are
already apparent. In addition, the control group was age-
matched and thus relatively young as well, with low burden
of ¢SVD, which may have increased the contrasts between
groups. Another limitation of the visual stimulus method is
its dependence on an intact cortical neuronal response to
the visual stimulus. Although we did not test this neuronal
response in our study, it was previously shown to be unaf-
fected in CADASIL patients.>* Last, the temporal resolu-
tion of the Qflow sequences was relatively low, which
could cause for an underestimation of the pulsatility index.
The temporal resolution however needs to be balanced with
a tolerable scan time®® and we can still reliably study rela-
tive differences between patients and controls.

In conclusion, multiple aspects of cerebral small ves-
sel function on 7T-MRI were abnormal in CADASIL
patients, indicative of increased arteriolar stiffness and
regional abnormalities in reactivity, locally also in relation
to white matter injury. These abnormalities likely reflect
dynamic changes in vascular physiology in multiple small
vessel populations. These novel functional markers help to
better understand disease mechanisms in CADASIL, but
are likely also important for sporadic ¢SVDs.
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