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Abstract

Background and Objective: Neurovascular coupling is the complex biological

process that underlies use-dependent increases in blood flow in response to

neural activation. Neurovascular coupling was investigated at the early stage of

CADASIL, a genetic paradigm of ischemic small vessel disease. Methods: Func-

tional hyperemia and evoked potentials during 20- and 40-sec visual and motor

stimulations were monitored simultaneously using arterial spin labeling-func-

tional magnetic resonance imaging (ASL-fMRI) and electroencephalography.

Results: Cortical functional hyperemia differed significantly between 19 patients

and 19 healthy individuals, whereas evoked potentials were unaltered. Func-

tional hyperemia dynamics, assessed using the difference in the slope of the

response curve between 15 and 30 sec, showed a time-shifted decrease in the

response to 40-sec neural stimulations in CADASIL patients. These results were

replicated in a second cohort of 10 patients and 10 controls and confirmed in

the whole population. Interpretation: Alterations of neurovascular coupling

occur early in CADASIL and can be assessed by ASL-fMRI using a simple mar-

ker of vascular dysfunction.

Introduction

The cerebral microvasculature is responsible for delivering

a continuous supply of energy to brain cells through two

major, intricately regulated mechanisms: cerebral autoreg-

ulation and functional hyperemia.1 These mechanisms are

engaged in response to complex signaling pathways eli-

cited at the level of the neurovascular unit, comprising

neuron terminals and astrocytes, as well as endothelial

cells, smooth muscle cells and pericytes within the wall of

microvessels.2 The biological processes underlying the

changes in vascular diameter and resulting hyperemia

during neural activation are referred to as neurovascular

coupling (NVC).1

CADASIL (Cerebral Autosomal Dominant Arteriopathy

with Subcortical Infarcts and Leukoencephalopathy) is the

most frequent mendelian type of cerebral small vessel dis-

ease (SVD) and represents a unique model for studying

NVC in ischemic SVDs.3,4 Preclinical studies recently

showed that all mutations in CADASIL lead to aggregation

of NOTCH3 extracellular domains (ECD) into multimeric

species that form complexes with different binding partners
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in the wall of microvessels.5 An early reduction in func-

tional hyperemia in response to whisker stimulation has

consistently been observed in CADASIL mice prior to overt

smooth muscle cell loss.6,7 Importantly, recent studies have

shown that these NVC alterations result from the disrup-

tion of signaling pathways secondary to NOTCH3-ECD

accumulation.6,8 Alterations in NVC may therefore repre-

sent one of the earliest physiological manifestations of the

disease.

Changes in NVC in vivo can be probed using functional

magnetic resonance imaging (fMRI) techniques.9 A reduc-

tion in the blood oxygenation level-dependent response

(BOLD) after various stimulations has been recently

reported in patients with probable cerebral amyloid

angiopathy (CAA)10 and in few individuals with sporadic

SVD.11 However, there are many hurdles for interpreting

these previous fMRI data. For example, the use of BOLD

contrast precludes determination of whether the reduced

response is attributable solely to local changes in blood flow

or to altered oxygen use or exchange.12 The BOLD response,

which presumably originates from changes in blood volume

in the venous compartment, also appears to be relatively

insensitive to increases in capillary blood flow.13,14 In addi-

tion, the possibility that a diminished neural response is the

main driver of the reduced increase in flow observed in pre-

vious studies cannot be excluded in the absence of a sepa-

rate, independent evaluation of neuronal activity.

Other fMRI methods allow the observation of purely

hemodynamic changes at the cerebral level that are not

sensitive to oxygenation level. Among them, arterial spin

labeling (ASL) can be easily used to measure variations in

cerebral blood flow (CBF), although at lower temporal

resolution than is possible with BOLD fMRI.15–17 Impor-

tantly, electroencephalography (EEG) can now be per-

formed simultaneously with ASL-fMRI to provide an

independent measure of neural activity at the cortical

level in parallel with hemodynamic changes.18

In this study, we used ASL-fMRI combined with EEG

to investigate NVC responses to two types of neural stim-

ulations – visual and motor – obtained over short and

long-time frames at an early stage of CADASIL.

Materials and Methods

Subjects

CADASIL patients were included in the study based on the

following criteria: (1) age between 30 and 60 years, (2) no

current cognitive or motor complaints, (3) no significant

disability and a modified Rankin Scale (mRS) of 0 or 1,

and (4) no focal neurological deficits at clinical examina-

tion. Age- and sex-matched healthy controls without any

history of neurological disorder were recruited in parallel

(see results paragraph). Neither patients nor controls had

been treated with any antihypertensive agents or drugs

with vasoactive properties (serotonin, dopamine, nore-

pinephrine, phenylephrine or adrenaline) prior the MRI

examination. The use of aspirin, clopidogrel, or antidepres-

sant drug was tolerated. Current smokers could participate

in the study, but only if they agreed to discontinue their

tobacco use at least 1 day before the examination.

Informed and written consent was obtained from all sub-

jects. The study protocol was approved by an independent

Medical Ethics Committee.

Stimulation protocol

The functional MRI study was based on repeated visually

cued motor tasks (Fig. 1A). The subject was asked to per-

form simple opening-closing hand movements during the

period when a flickering (6 Hz) black/white (100% con-

trast) checkerboard was displayed on a screen and to stop

these movements as soon as a white cross was displayed

on the black background. The subject had to use his/her

nondominant hand during all stimulation sequences and

was trained for a few minutes to perform the hand move-

ments at a stable frequency of 1 Hz prior to commencing

acquisitions. A total of six, 5-min stimulation sequences

were performed. Each sequence was composed of four

activation periods lasting 20 sec (n = 2) or 40 sec

(n = 2), randomly distributed and interleaved with four

rest periods (Fig. 1B). The rest periods lasted 40 sec plus

a random jitter varying from 0 to 2.76 sec.

Electroencephalography

During ASL-fMRI experiments, electrical activity of the

brain was recorded in all participants using electroen-

cephalogram (EEG). Before the subject was placed inside

the MRI scanner, they were equipped with an MRI-com-

patible, head-size–adjustable electrode cap (BrainCap-MR

64Ch-standard; EASYCAP Gmbh; Fig. 1C). This cap

allowed recording of 63 EEG (10–20 system) channels

and contained a reference and a ground electrode posi-

tioned over the fronto-central cortex. Impedance between

electrodes and the reference was kept below 10 kO. Elec-
trical signals were recorded at 5 kHz using two 32-chan-

nel amplifiers, with the battery placed close to the subject

(BrainAmp MR plus; Brain Vision LLC) and linked to

the BrainVision acquisition software. Electrophysiological

recordings were performed during all fMRI sequences.

MRI acquisition

Subjects were placed in a 3T MRI scanner (Magnetom

Verio; Siemens Healthcare, Erlangen, Germany) and were
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first trained to perform hand movements while lying

inside the MRI scanner. After subjects were positioned in

the scanner, a full brain T1-weighted magnetization-pre-

pared rapid gradient echo (MPRAGE) was acquired. CBF

and BOLD signal variations were simultaneously moni-

tored using pseudo-continuous ASL (pCASL) with T2*-
weighted echo planar imaging (EPI) (1) using the follow-

ing settings: label duration = 1500 msec; postlabeling

delay = 900 msec; TR = 2760 msec; TE = 10 msec. For

each subject, the field of view (FOV; 6 slices, thick-

ness = 7 mm, gap = 0.35 mm; 4 mm² 64 9 64 matrix)

was positioned using the T1 volume containing both the

primary motor (M1) and visual (V1) areas (Fig. 1D, left).

Blood flow measurements were calibrated on a voxel-by-

voxel basis using proton-density images (EPI; TR =
10,000 msec; TE = 10 msec) obtained in the previous

FOV T2*-weighted EPI images were obtained using the

pCASL acquisition parameters (TR = 2760 msec; TE =
10 msec) over the entire brain (20 slices).

MRI Data Analysis

Preprocessing

MRI preprocessing was performed using MATLAB with

the SPM12 toolbox. All fMRI data were first realigned to

correct for head movements that occurred during the

study. The corresponding images were registered to T1-

weighted images (anatomy) using the full brain T2*
sequence (see MRI acquisition, above). Calculation of

blood flow signals was performed by subtracting the pre-

vious and subsequent tagged image from each control

image, thereby preserving time sampling. CBF signals

were then expressed as milliliters per gram per minute

(mL/100 g/min), assuming a blood-brain partition of

0.9 mL/g, a blood T1 of 1650 msec, and a labeling effi-

ciency of 0.68.15

Regions of interest

An ROI was delineated in both V1 and M1 areas based

on the detection of blood flow changes that correlated

with the stimulation paradigm (Fig. 1D, right). This

detection was automated and was obtained separately for

each subject using a spatial independent component anal-

ysis. First, merged blood flow series were bandpass filtered

(cutoff frequencies: [0.01; 0.1] Hz) to eliminate remaining

motion noise and slow variations. Filtered signals were

then decomposed into 40 independent time-domain com-

ponents based on the Infomax algorithm.19 The correla-

tion of each component with the stimulation paradigm

was then calculated. For the most-correlated components,

Figure 1. Neural stimulation procedures, acquisition protocol and selection of regions of interest. (A) Visual and motor cortex areas were

simultaneously activated with a visually cued motor task. The visual stimulation used was a black and white checkerboard flickering at 6 Hz. The

motor task was an open-close hand movement performed at 1 Hz. (B) 20- and 40-sec stimulation blocks were randomly distributed and

interleaved with 40-sec rest periods. (C) EEG recording during the fMRI experiment allowed measurement of the P100 wave (at 100 msec) from

visual evoked potentials during visual stimulations. (D) Schematic summary of the pseudo-continuous arterial spin labeling (pCASL) fMRI imaging

protocol and processing procedure. Labeling slice and imaged field of view of the pCASL sequence are shown projected on a T1-weighted image

from a control subject. ICA: independent component analysis.
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the map of their distribution at the voxel level was used

to determine activated voxels. The center of the FOV on

the anteroposterior axis was used to separate the anterior

and posterior parts of the stimulus-related map. Each part

was then normalized separately and used to build two z-

score maps; this separation was performed based on the

assumption that, with normalization, visual activation

might alter the detection of motor activation, and vice

versa. A Z-score threshold > 3 was chosen for delineating

motor and visual ROIs in activated motor and visual

areas in each subject. The detection of ROIs was per-

formed using the MATLAB Software and the NEDICA

toolbox.20 The sizes of ROIs in patient and control popu-

lations were compared using a two-sided Student’s t-test.

Statistical analysis of baseline blood flow

Resting state CBF during fMRI experiments was measured

by averaging values obtained at all time points during

baseline periods. These periods were defined as the time

span from 30 to 40 sec after the end of each stimulus.

For each ROI, differences in resting CBF between groups

were tested using the Wilcoxon nonparametric rank-sum

test.

Modeling and analysis of functional hyperemia

For analysis of functional hyperemia (i.e., local blood flow

responses to neural activation within motor or visual cor-

tex areas), CBF data were first normalized to the mean

resting CBF value obtained in each subject (percentage

increase from baseline). Thereafter, the average CBF

increase measured over the entire stimulation period

(sum of all stimulation blocks) was compared between

patients and controls using the Wilcoxon nonparametric

rank-sum test.

For further analysis of blood flow responses, functional

hyperemia dynamics was compared between patients and

controls using a piecewise linear mixed-effects model, and

CBF values were measured during the full activation peri-

ods; values obtained during the first 5 sec of stimulation

were discarded. This time-dependent model, which

allowed investigation of changes in blood flow responses

over different lengths of stimulation, is expressed as

yn t; k; að Þ ¼ m t; k; að Þ þ g t; k; að Þ:/n þ Un þ Rn, where

– yn summarizes data variations in the nth subject as the

sum of m t; k; að Þ, a function modeling CBF changes

during the different stimulation periods in each

experiment, and g(t, k, a), a function modeling the

difference in changes between patients and controls

over the entire course of the experiment according to

time (t) to stimulation sequence number k (relatively

to the start of stimulation inside each stimulation

block) and the age of the subject a (where a is

between �15 and 15 and equals 0 for

age = 45 years);

– m t; k; að Þ ¼ b0 þ k:b1 þ a:b2 þ
PNp

i¼1 mi t � tið Þþ� �
; in

which b0, b1, and b2 correspond to the initial CBF

value, the hypothetical baseline blood flow variation

along multiple repeated sequences and the effects of

age on blood flow variations, respectively, and ti rep-

resents the lower bounds of Np in 5-sec segments dur-

ing the different stimulation periods (for 20-sec

blocks: Np = 3 segments and ti ¼ 5; 10; 15f g seconds;

for 40-sec blocks, Np = 7 segments and

ti ¼ 5; 10; 15; 20; 25; 30; 35f g seconds; for the decrease

between 15 and 35 sec: Np = 1 segment and t1 = 15),

and where mi models functional hyperemia dynamics

in general;

– g t; k; að Þ ¼ c0 þ k:c1 þ a:c2 þ
PNp

i¼1 ni t � tið Þþ� �
, in

which c0, c1, and c2 corresponds to the initial CBF

difference between patients and controls, the differ-

ence in CBF changes after repeated MRI sequences

and the difference between groups of CBF variations

related to the age effect, respectively, and where ξi
models the hypothetic difference in hyperemia

dynamics between patients and controls;

– φn is a binary independent variable equal to 1 for all

patients and 0 for all controls;

– Un corresponds to the random effect for inter-subject

baseline variability, where Un �N 0; r2U
� �

;

– Rn corresponds to the residual error of each measure,

where Rn �Nð0; r2RÞ.
The difference in the dynamics of CBF changes over

time was used to test quantitative differences between

controls and patients without a priori assumptions (ex-

cept the choice of ti) using the maximum likelihood esti-

mation method. Any subject with a Cook’s distance value

greater than 1 was assigned the first position,21 after

which the likelihood ratio of the model, including those

including one or several tested parameters versus a model

that does not include these parameters, was calculated for

testing different hypotheses. The analysis was performed

using R Studio software with the “influence.ME” package

for computation of Cook’s distance and the “lme4” pack-

age for fitting linear mixed-effects models.22

EEG analysis

Preprocessing

Gradient/pulse and ballistocardiogram artifacts were first

corrected using the average artifact suppression (AAS)

method implemented in BrainVision Analyzer2 soft-

ware,23 with application of an artifact waveform template
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of 5520 msec (2TR) averaged on a sliding window over

31 artifact repetitions. Signals were also filtered (low pass

at 30 Hz with band rejection at 18 Hz) to suppress the

remaining main and harmonic gradient frequencies. The

signals were then down-sampled at 250 Hz. Ballistocar-

diogram artifacts were corrected using an artifact wave-

form template averaged on a sliding window over 21

cardiac cycles, assessed visually in the ECG channel. Eye-

blink artifacts were automatically suppressed using an

independent components analysis implemented in the

Fieldtrip toolbox for MATLAB.24 Independent compo-

nents were calculated from EEG sensors (Infomax algo-

rithm) and correlated with the frontopolar EEG electrode

with the lowest impedance between Fp1 and Fp2. The

component with the highest correlation was then sup-

pressed when reconstructing EEG signals from all compo-

nents.

Extraction of visual evoked potentials

The electrical visual response during the flickering

checkerboard stimulation was evaluated based on the

amplitude of the P100 wave extracted from the EEG sig-

nal obtained through the occipital EEG electrodes. P100

wave is a neural response that occurs around the calcarine

fissure in response to a strong contrast change in the

visual field.25–28 The signals of the three medial occipital

channels, O1, Oz, and O2, were averaged to obtain a sin-

gle signal representative of primary visual cortex activity.

For each scan of each subject, all responses evoked by

individual checkerboard reversals were averaged to obtain

the average latency of the P100 wave. The P100 amplitude

was then calculated for each subject as the mean ampli-

tude of each visual evoked potential (VEP) around the

average latency (� 5 ms).

Modeling and analysis of P100 amplitude

To evaluate possible alterations of the P100 wave ampli-

tude, we applied the piecewise linear mixed-model as

used for blood flow analysis and described above, but

where yn t; k; að Þ is the P100 wave amplitude of the nth

subject.

Results

Study design

A total of 19 CADASIL patients (11 females, eight

males) and 19 control subjects (12 females, 7 males)

were initially included in the study, which followed the

protocol detailed in Figure 1. Mean age was 43.6 �
6.7 years (range, 33–57 years) in patients and 43.2 �

8.0 years (range, 30–58 years) in controls; all subjects

but one, were right-handed. Rankin score at the time of

MRI was 1 in eleven patients and 0 in the others; all

control subjects had a Rankin score of 0. All patients

presented with confluent white-matter hyperintensities

on FLAIR (fluid attenuation inversion recovery) images,

but showed no visually detectable regional or global

cerebral atrophy on 3D-T1 images. Fifteen patients

lacked lacunes, and four had from 1 to 3 lacunes.

Microbleeds were absent except in one individual, who

had two microbleeds. These signal abnormalities were

absent in all healthy individuals.

Subjects performed a simple motor task with their

nondirective hand that was visually cued by a flickering

checkerboard (Fig. 1A and B) while undergoing an ASL

sequence with simultaneous EEG recording (Fig. 1C).

Activated voxels were detected individually in all subjects

using a specific automatic method (Fig. 1D). Voxels that

showed significant activation in response to visual stim-

ulations were detected within the primary visual cortex,

around and above the calcarine fissure, in all subjects

(Fig. 2A). The size of visual regions of interest (ROI)

was 70.5 � 18.9 voxels (range, 36–100) in the patient

group and 67.3 � 25.1 voxels (range, 29–105) in the

control group (P = 0.664, Student’s test). Motor cortex

activity was always detected in the contralateral hemi-

sphere (Fig. 2B). In each case, the ROI observed around

the central sulcus included a part of the primary motor

cortex area and spread posteriorly to the central sulcus

in the somatosensory area. The mean size of motor

ROIs was 25.9 � 9.1 voxels (range, 9–49) in patients

and 28.6 � 13.8 voxels (range, 3–60) in controls

(P = 0.484).

Comparison of mean variations in CBF
between patients and controls over 20- and
40-sec stimulations in visual and
sensorimotor cortexes

Resting CBF did not differ between patients and controls

in the visual (56.5 � 20.5 and 54 � 13.5 mL/100 g/min,

respectively) or motor (52.8 � 19.2 and 53.3 � 15.8 mL/

100 g/min, respectively) cortex (P = 0.587). Changes in

CBF in response to stimulations were calculated only in

visual and motor ROIs. The mean increases in CBF over

20- and 40-sec stimulations in visual and sensorimotor

cortexes are shown in Figure 2C and D. Although there

was a trend toward diminished functional hyperemia in

patients compared with control subjects over 20-sec

stimulation blocks, these differences did not reach statis-

tical significance (visual, P = 0.151; motor, P = 0.181).

During 40-sec stimulations, a small, but significant,

reduction in the blood flow response was observed in
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motor ROIs (P = 0.027), but not in visual ROIs

(P = 0.189).

Analysis of functional hyperemia dynamics
over 20- and 40-sec stimulations in visual
and sensorimotor cortexes using a
piecewise linear mixed-effects model

Despite the small difference in mean CBF change and

large variability of CBF values measured during the exper-

iment, we noted that the largest differences between

patients and controls occurred predominately after 20 sec

in both the visual and motor cortex (Fig. 2E and F, see

bar plots of differences vs. time). Thus, we hypothesized

that the dynamics, rather than the amplitude, of CBF

increases in response to motor or visual stimulation was

particularly altered in CADASIL. To analyze the dynamics

of blood flow responses in patients and controls in a

time-independent manner, we built a piecewise, linear

mixed-effects model to fit functional hyperemia. In this

model, the dynamics of the blood flow response was

defined as the slopes over successive 5-sec time segments

Figure 2. Mean amplitude of functional hyperemia in visual and motor cortexes. (A and B) ROIs projected on the surface of the primary visual

cortex and motor (hand) cortex (B) in a representative control subject. The ROI selected is shown in green, and calcarine and central sulci are

marked by white dashed lines. (C and D) Average increase in CBF during 20- and 40-sec stimulations in visual (C) and motor (D) ROIs are

presented as violin plots for controls and patients, where points and lines represent means and standard deviations, respectively, and the width

represents the frequency of data at different values. (E and F) Time series of functional hyperemia during 20- and 40-sec stimulations in visual

ROIs (E) and motor ROIs (F). Error bars represent standard deviations between subjects in each group. Dark gray bars represent the observed

differences between mean values in control subjects and patients over each time frame.
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(the limit of the time resolution of our recordings). Vari-

ous potential nondynamic effects on mean CBF measures

due to age, the number of MRI sequences or inter-subject

variability (modeled as a random effect) were thus con-

sidered with no other assumptions regarding the intrinsic

dynamics of data aside from time sampling (Figure 3).

This analysis, which focused on changes detected during

activation periods from the initial CBF rise (assumed to be

complete 5 sec after stimulation onset) to the end of neu-

ral stimulation, showed that functional hyperemia dynam-

ics differed between patients and controls (Table 1). This

difference was significant in both visual (P = 0.000736,

likelihood-ratio test) and motor (P = 0.000001) ROIs over

40-sec stimulation periods but not over 20 sec (Fig. 3A

and B and Table 1). Blood flow responses related to the

repetition of motor-stimulation sequences over 40 sec also

significantly decreased in patients (P = 0.0011), but no

such decrease was detected for long (40 sec) visual stimu-

lations.

Comparison of the slopes of functional
hyperemic responses in sensorimotor and
visual cortexes over the 15–30-sec time
frame between patients and controls

An analysis of the time course of functional hyperemic

responses during 40-sec stimulations in both motor and

visual ROIs showed a decrease in the CBF response in

patients during the second half of the stimulation period

(Fig. 3A and B). This difference increased after 15 sec in

both visual and motor ROIs (Fig. 3A and B, histograms).

The decrease in the CBF response was analyzed by compar-

ing the slopes of a simple, single-segment linear-regression

model applied to CBF values between 15 and 30 sec after

the stimulus onset (Fig. 3A and B, yellow time segment),

considered as a single 15-sec segment in Figure 4 (segment

with minimal P value). Slopes calculated in patients and

control groups were significantly different in both visual

(P = 0.00723) and motor (P = 0.000907) ROIs.

Analysis of P100 waves from simultaneous
evoked potentials obtained with 20- and 40-
sec visual stimulations

The neural response evoked by visual stimulations was

assessed in parallel with measures of evoked potentials and

the amplitude of their derived P100 waves, which are

known to originate from the calcarine fissure (Fig. 3C and

D). The average amplitude of P100 measured over 20 sec

after each visual contrast reversal did not differ between

patients (1.7 � 2.3 lV) and controls (1.9 � 2.1 lV;
P = 0.65; Wilcoxon signed-rank test); peak delay was

also not significantly different between patients (0.108 �

0.013 sec) and controls (0.109 � 0.0094 sec; P = 0.73).

Similarly, patients and controls showed no differences in

average amplitude (2.52 � 1.51 vs. 2.39 � 1.22 lV;
P = 0.81) or peak delay (0.110 � 0.013 vs. 0.110 �
0.009 sec; P = 0.9) over 40 sec (Fig. 3C). Using the piece-

wise linear mixed-effects model based on successive 5-sec

time frames used previously for analyzing CBF values, we

found no significant difference in the dynamics of P100

waves between patient and control groups for either 20-sec

(P = 0.329) or 40-sec (P = 0.905) stimulations (Fig. 3D).

A comparison of the slopes of P100 responses derived from

EEG records in the visual cortex over the 15–30-sec time

segment, as was previously done for CBF values in the sim-

plified model, show no significant difference (P = 0.928)

(Fig. 4).

Analysis of the slope of functional
hyperemic responses limited to the 15–30-
sec time frame in a replication sample and
data obtained in the full sample

We hypothesized that the slope of the functional hyper-

emic response could be a biomarker of NVC alterations

at an early stage of CADASIL. To test the replicability of

the slope difference between patients and controls over

the 15–30-sec time frame, we analyzed a separate sample

of 10 CADASIL patients (mean age, 47.4 � 3.5 years;

range, 42–53 years; male/female ratio = 6/4) and 10 age-

matched healthy subjects (mean age, 47.5 � 5.1 years;

range: 41–56 years, male/female ratio = 3/7) using selec-

tion criteria identical to those for the initial study popula-

tion. A similar, but shorter, experimental paradigm

composed of only four stimulation sequences was used

for these analyses; data were subsequently processed as

described for the more complex paradigm. Visual ROIs

comprised 67.4 � 19.7 voxels (range, 32–95) in patients

and 77.7 � 16.0 voxels (range, 62–102) in age-matched

controls. With visual stimulations over 40 sec, the slope

of the functional hyperemic response between 15 and

30 sec was lower in CADASIL patients (�24.4%) than in

healthy subjects (�5.2%, P = 0.0238) (Fig. 4 and

Table 2). The size of motor ROIs was 17.6 � 11.5 voxels

(range, 6–37) in patients and 23.6 � 15.4 voxels (range,

2–55) in controls, values that are smaller than those

obtained in the initial sample. With a 40-sec motor stim-

ulation, the hyperemic response between 15 and 30 sec in

the sensorimotor cortex decreased in patients (-11.9%),

but increased in controls (+ 8.9%, P = 0.0254) (Fig. 4

and Table 2). In this additional sample, neural activity,

measured using P100 amplitudes, did not differ between

patients and controls (P = 0.944) (Fig. 4). An analysis

performed as previously but using data from the entire

sample of patients and controls (n = 58) showed that the
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slope of the linear regression based on CBF values mea-

sured between 15 and 30 sec also differed between the

two groups in both visual (P = 0.00000046) and motor

(P = 0.0000012) ROIs (Table 2). Finally, the complete

piecewise model was also fitted to the full dataset (Fig. 5

and Table 3). This analysis confirmed a difference in

functional hyperemia dynamics that remained highly sig-

nificant in response to 40-sec stimulations (visual,

P = 1.28 9 10�5; motor, P = 1.18 9 10�6), but not to

20-sec stimulations (visual, P = 0.133; motor, P = 0.431).

Figure 3. Analysis of functional hyperemia dynamics and P100 waves during neural tasks. (A and B) Functional hyperemia in the visual cortex (A)

and sensorimotor cortex (B) during activation (after an initial 5-sec period of rapid increase) was fitted using a piecewise (succession of 5-sec

steps) linear mixed-effects model in 19 patients and 19 controls. Likelihood ratio tests showed a significant difference in the dynamics (slopes) of

the response between patients (red) and controls (blue) that was larger at the end phase of the stimulation period for long-lasting stimulations

(**P < 0.01, ***P < 0.001). Changes in functional hyperemia dynamics were mainly detected between 15 and 30 sec (yellow). Dark gray bars

represent the difference between mean CBF values measured at different time intervals in control subjects and patients. (C) Average values (solid

line) of evoked potentials (shown with their standard deviation, dotted line) obtained after each visual reversal stimulation did not differ between

the two groups. (D) Analysis of P100 waves over 5-sec segments using the piecewise linear mixed-effects model showed no significant difference

over the entire duration of stimulation between the two groups.
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Discussion

In this study, we detected significant alterations in NVC

at an early stage of CADASIL using ASL-fMRI in combi-

nation with EEG. These results were obtained in patients

with a mean age of about 43 years, long before the occur-

rence of disability and cognitive decline that develop with

cerebral atrophy at the latest stage of the disease.3 Alter-

ations in functional hyperemia were detected with both

visual and motor stimulations, but only with longer

(40 sec) stimulations. A specific mathematical model

showed major changes in functional hyperemia dynamics

in patients, manifesting as a decrease in blood flow

response after a delay of at least 15 sec. With inclusion of

additional data from a replication sample, the slope of

blood flow curves between 15 and 30 sec emerged as a

potential biomarker of NVC dysfunction at an early stage

of the disease.

An assessment of mean changes in absolute CBF values

over 20 or 40 sec of visual or motor stimulation revealed

a significant decrease in functional hyperemia in CADA-

SIL patients only for long-lasting motor tasks. Resting

CBF values in these patients were in the normal range, as

previously reported in the cortex at the onset of the dis-

ease.29 These results were obtained despite the large inter-

subject variability of CBF measures over the cortex and

the use of variable-sized ROIs, selected from stimulus-

based maps. To assess hyperemia response dynamics, we

developed a specific mathematical model that allowed

analysis of functional hyperemic responses over successive

5-sec time frames during stimulation periods while

accounting for potential effects of age or the repetition of

tasks throughout the duration of experiment. Applying

this model, we found that the dynamics of blood flow

responses differed substantially between patients and

healthy individuals. This difference was highly significant

for both repeated visual and motor tasks, but only for 40-

sec stimulations. Notably, this decrease in functional

hyperemia was detected after a delay of 15 to 20 sec in

the patient group, both in the visual and sensorimotor

cortex. Thus, the decline in hemodynamic responses

across repetitive motor-stimulation sequences in the

patient group revealed by the statistical model cannot

account for the differences in hemodynamics. Moreover,

this effect was not detected for long-lasting visual stimula-

tions. Additional investigations are needed to determine

whether these effects in patients might be explained by a

greater fatigue factor associated with repeated hand move-

ments over a long time compared with less demanding

visual stimulations.

To assess neural activity using an independent

approach, we obtained EEG recordings from patients

Table 1. Summary of group effects tested using a piecewise linear mixed-effects model in 19 patients and 19 age-matched controls (initial sample).

Visual Motor

Effect Df Est. SE v2 P-value Est. SE v2 P-value

20-s CBF increase (%)

Group (global) 6 / / 16.59 0.0109 / / 11.46 0.0753

Group: Age 1 �1.546 1.302 1.384 0.2395 �1.113 0.993 1.234 0.2666

Group: Sequence 1 0.257 0.846 0.092 0.7614 0.837 0.793 1.116 0.2908

Group: Dynamics 3 / / 14.09 0.0028 / / 5.746 0.1246

40-s CBF increase (%)

Group (global) 10 / / 30.41 0.0007 / / 46.87 1E-06

Group: Age 1 �1.572 1.323 1.385 0.2393 �1.222 1.034 1.37 0.2419

Group: Sequence 1 0.812 0.496 2.68 0.1016 1.665 0.508 10.71 0.0011

Group: Dynamics 7 / / 25.08 0.0007 / / 29.33 0.0001

20-s P100 amplitude (lV)

Group (global) 7 / / 5.924 0.5486

Group: Age 1 �0.087 0.097 0.804 0.37

Group: Sequence 1 0.15 0.233 0.41 0.5217

Group: Dynamics 4 / / 4.614 0.3292

40-s P100 amplitude (lV)

Group (global) 11 / / 3.882 0.9733

Group: Age 1 �0.037 0.065 0.325 0.5688

Group: Sequence 1 �0.002 0.084 4E-04 0.9848

Group: Dynamics 8 / / 3.421 0.9052

CBF variations measured during 20- and 40-sec activations of the visual and sensorimotor cortex were tested. P100 amplitude in the visual cortex

in response to 20- and 40-sec visual stimulations were also tested. Df, degree of freedom. Estimated values (Est.) are only provided for effects

related to a single parameter (i.e., Df = 1). Red values indicate P-values less than 5% based on likelihood ratio tests.
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inside the MRI scanner during each visual stimulation

period. Our analysis of evoked potentials at the peak

which occurred after each visual contrast reversal (P100),

revealed no significant differences between patients and

healthy individuals with 20- or 40-sec visual tasks, a result

in line with a previous report based on three CADASIL

cases.30 Both the average amplitude and delay to the peak

were statistically indistinguishable between the two

groups. Moreover, an analysis of changes in P100 over

successive 5-sec time frames using our piecewise linear

mixed-effects model showed no significant change in

P100 waves, regardless of the duration of visual stimula-

tion. Since the P100 wave originates from the calcarine

fissure, where the largest changes in blood flow are also

detected during visual stimulations,25–28 our findings sup-

port the conclusion that the altered dynamics of blood

flow responses during neural tasks in patients is not

related to a reduction in the neural response, but may

Figure 4. Slope of functional hyperemia over the 15–30-sec time frame in patients and controls. An analysis of the CBF response, performed by

comparing the slopes between 15 sec and 30 sec (yellow segment in figure 3) after the stimulus onset using a simple single-segment linear

regression model, showed a significant difference between 19 patients and 19 controls in visual (P = 0.00723) and motor (P = 0.000907) ROIs.

Similar results were obtained in an analysis of a replication sample of 10 patients and 10 additional healthy individuals. Conversely, results

obtained using the same analysis of P100 amplitudes derived from EEG records in the visual cortex showed no significant difference between the

two groups (P = 0.928). *P < 0.05; **P < 0.01; ***P < 0.001

Table 2. Estimation and likelihood ratio test of the slope of the decrease in the functional hyperemic response between 15 and 30 sec after stim-

ulus onset.

Visual Motor

Sample Est. SE v2 P-value Est. SE v2 P-value

CBF (% of baseline)

Initial (n = 38) �12.26 4.56 7.214 0.00723 �14.52 4.371 11.01 0.00091

Replication (n = 20) �19.19 8.474 5.111 0.02377 �20.78 9.284 4.997 0.0254

Whole (n = 58) �14.03 4.03 12.1 0.0005 �16.03 4.05 15.63 7.7E-05

P100 amplitude (lV)

Original (n = 38) 0.072 0.8 0.008 0.92837

Validation (n = 20) �0.087 1.242 0.005 0.94431

Whole (n = 58) 0.035 0.687 0.003 0.9591

Results obtained in the initial sample (19 patients and age-matched controls) in a replication sample of 10 patients and age-matched controls,

and in the whole sample (29 patients and 29 age-matched controls) are presented. Red values indicate P-values less than 5% based on likelihood

ratio tests.

Est., estimated values.
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rather reflect a decrease in NVC efficiency originating

from the vascular bed in the context of neural stimula-

tions that extend over time.

Based on these findings, we hypothesized that the altered

NVC dynamics observed in CADASIL patients might

reflect early dysfunction of the cerebral microvasculature

Figure 5. Functional hyperemic responses in the entire population. (A and B) Functional hyperemia in the visual cortex (A) and sensorimotor

cortex (B) during activation was fitted in the whole population (29 patients and 29 controls) as was previously done using the piecewise linear

mixed-effects model. Likelihood ratio tests showed a significant difference between the dynamics (slopes) of the response obtained in patients

(red) and controls (blue) for long-lasting stimulations (***P < 0.001). Changes in functional hyperemia dynamics appeared between 15 and

30 sec (yellow). Dark gray bars represent differences between mean CBF values measured at the different time intervals in control subjects and

patients. The CBF response analyzed by comparing the slopes between 15 and 30 sec after the stimulus onset using a simple, single-segment

linear-regression model confirmed the highly significant difference between the 29 patients and 29 controls.
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at the onset of the disease, and as such could be translated

into a potential biomarker in future studies. A simplified

analysis in which the linear slope of functional hyperemia

was calculated over a single time frame from 15 to 30 sec

during stimulation periods rather than over 5-sec steps not

only confirmed these results in the original sample of 19

patients and 19 controls, but also in a replication sample

of 10 additional patients and 10 age-matched controls.

Moreover, a parallel analysis of P100 waves from visual

evoked potentials over the same time frame showed no dif-

ference between the two groups in either the initial or

replication samples. Finally, and as expected, in the whole

population (29 patients and 29 controls), considering

functional hyperemia over 15–30 sec as a single marker

confirmed a strong and highly significant difference

between the two groups. While no marker of vascular dys-

function that affects primarily smooth muscle cells and

pericytes has yet been identified in CADASIL, these data

suggest that a measure as simple as the slope of the blood

flow response obtained with fMRI over a single, delayed

time frame represents a promising biomarker of early

microvascular dysfunction in CADASIL. Additional inves-

tigations are now needed to determine whether and how

this measure could be made sufficiently robust and sensi-

tive to assess disease progression and clinical severity.

Studies have consistently reported a significant reduc-

tion in the amplitude of the CBF response in CADASIL

mouse models. For example, CBF increases in the

somatosensory cortex elicited by repeated whisker stimula-

tions over 60 sec were reported to be reduced by 30% in

these mice.7 Notably, these results were obtained from

mice that were 6 months old, simultaneously to the

appearance of cerebral tissue lesions.6,31 Accumulation of

TIMP3 (tissue inhibitor of metalloproteinases-3), a com-

ponent of the extracellular matrix in the wall of microves-

sels, was recently shown to disrupt signaling of the matrix

metalloproteinase, ADAM17, resulting in an increase in

the number of voltage-dependent potassium channels at

the membrane surface of smooth muscle cells.6,8 These

early changes likely contribute to the reduced response to

neural stimuli in CADASIL model mice.6 In this study per-

formed in CADASIL patients, all of whom were all at early

stage of the disease but showed white-matter lesions on

MRI, functional hyperemia dynamics were found to be

altered at the late phase of long stimulations, whereas the

amplitudes of responses were not different or only differed

slightly between patients and healthy individuals. The con-

trast between these findings and preclinical results might

be explained by large differences in experimental condi-

tions, stimuli, time scales, signals produced, and

Table 3. Summary of group effects tested using a piecewise linear mixed-effects model in the whole sample of 29 patients and 29 age-matched

controls.

Effect

Visual Motor

Df Est. SE v2 P-value Est. SE v2 P-value

20s CBF increase

Group (global) 6 / / 6.781 0.3416 / / 3.522 0.7411

Group: Age 1 �1.273 1.27 0.995 0.3185 �0.449 1.047 0.183 0.6684

Group: Sequence 1 �0.386 0.809 0.228 0.6329 0.557 0.781 0.508 0.476

Group: Dynamics 3 / / 5.603 0.1326 / / 2.755 0.4309

40s CBF increase

Group (global) 10 / / 35.88 9E-05 / / 47.61 7E-07

Group: Age 1 �1.288 1.337 0.92 0.3375 �0.358 1.091 0.107 0.7432

Group: Sequence 1 0.247 0.479 0.266 0.606 1.332 0.509 6.832 0.009

Group: Dynamics 7 / / 34.68 1E-05 / / 40.15 1E-06

20s P100 amplitude

Group (global) 7 / / 5.851 0.5572

Group: Age 1 �0.118 0.098 1.428 0.232

Group: Sequence 1 �0.039 0.183 0.046 0.831

Group: Dynamics 4 / / 4.253 0.3729

40s P100 amplitude

Group (global) 11 / / 6.522 0.8364

Group: Age 1 �0.073 0.068 1.132 0.2874

Group: Sequence 1 0.013 0.076 0.028 0.8676

Group: Dynamics 8 / / 5.175 0.7388

CBF during 20- and 40-sec activation of visual and motor cortex was tested. P100 amplitude in the visual cortex in response to 20- and 40-sec

visual stimulations were also tested. Df, degree of freedom. Estimated values (Est.) are only provided for effects related to a single parameter (i.e.,

Df = 1). Red values indicate P-values less than 5% based on likelihood ratio tests.
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underlying neurophysiological characteristics. We also can-

not exclude the possibility that the much larger variability

of CBF measures obtained using ASL-fMRI techniques in

humans precluded the detection of modest differences in

local CBF changes between patients and controls. Our

innovative approach using a dedicated model for analyzing

blood flow response-time curves in humans might have

been particularly helpful in avoiding this pitfall by focusing

on early changes in the shape of the response curve that

are identifiable long before the decrease in amplitude

becomes significant. Alternatively, it is conceivable that the

reductions in blood flow responses in CADASIL patients

detected with long stimulations are related to mechanisms

that are specifically involved at a particular stage of the

NVC process. Accumulating evidence indicates that NVC

is initially composed of a fast, phasic component that

reflects a hyperpolarizing wave initiated in capillary

endothelial cells that rapidly back-propagates along the

ascendant vascular tree to arteriolar smooth muscle cells.32

This process may also be accompanied by direct hyperpo-

larization of smooth muscle cells by activated astrocytes.33

By contrast, the mechanisms involved in sustaining the

hemodynamic response during prolonged neural stimula-

tion are not fully understood, although recent data suggest

that a significant proportion of astrocytes that were not

previously involved are progressively recruited into action

by the release of glutamate from neurons within several

seconds of the stimulation onset.34–36 Alterations in com-

munication and signaling secondary to NOTCH3-ECD

accumulation between astrocytic endfeet and vascular

smooth muscle cells or pericytes37 might thus be an addi-

tional contributor to the decreased efficiency of NVC with

long neural stimulations.

This is the first report of precise CBF measures

obtained in vivo using ASL, which showed that functional

hyperemia dynamics are altered early in patients with

ischemic cerebral SVDs. In a previous, small fMRI study

of five CADASIL patients with a mean age of 55 years,

the BOLD response stimulated in cortical areas was found

to be within the normal limits, but functional hyperemia

dynamics was not specifically evaluated.38 Previous fMRI

data obtained using BOLD contrast in patients with prob-

able cerebral amyloid angiopathy, who sometimes had

severe clinical manifestations and cerebral hemorrhages,

also cannot be compared with the present results.39

Despite the lack of a large prestimulus sequence for mea-

suring resting CBF, a potential contribution of chronic

hypoperfusion to the alterations observed appear also

unlikely since resting CBF during the sampling did not

differ between patients and controls and because alter-

ations of functional hyperemia dynamics were detected in

the model independently of resting CBF measures. There

are multiple strengths of our study. Patients were selected

according to strict criteria; data were analyzed by mathe-

matical modeling, allowing an independent evaluation of

CBF dynamics along each task; measures were obtained

in two different cortical areas using two different dura-

tions of stimulation; and results obtained in an initial

group of patients were replicated in an independent sam-

ple. The limitations include the small spectrum of clinical

manifestations, which prevented an analysis of clinical

correlates; the variability of raw data, which reduced our

ability to analyze results at the individual level; and the

relative complexity of data processing pipelines and mod-

eling.

In conclusion, this study shows that NVC dynamics,

which can be assessed in vivo using ASL-fMRI and long

neural stimulations, is altered at the early stage of CADA-

SIL. A late decrease in the cortical hyperemic response

can be assessed using a simple marker calculated over a

limited time-frame during 40-sec neural stimulations.

Additional studies are warranted to determine how these

functional alterations evolve over time, correlate with dis-

ease severity, and can be used to monitor the progression

of microvascular changes and treatment effects.
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