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Abstract

Retinal Vasculopathy with Cerebral Leukoencephalopathy and Systemic manifestations (RVCL-S) is a small vessel disease
caused by TREX| mutations. RVCL-S is characterized by retinal vasculopathy and brain white matter lesions with and
without contrast enhancement. We aimed to investigate cerebrovascular reactivity (CVR) in RVCL-S. In this cross-
sectional observational study, 21 RVCL-S patients, 23 mutation-negative family members, and 31 healthy unrelated
controls were included. CVR to a hypercapnic challenge was measured using dual-echo arterial spin labeling magnetic
resonance imaging. Stratified analyses based on age were performed. We found that CVR was decreased in gray and
white matter of RVCL-S patients compared with family members and healthy controls (ANCOVA; P < 0.05 for all
comparisons). This was most noticeable in RVCL-S patients aged >40 years (ANCOVA, P < 0.05 for all comparisons).
In RVCL-S patients aged < 40 years, only CVR in white matter was lower when compared to healthy controls (P < 0.05).
Gray matter CVR was associated with white matter lesion volume in RVCL-S patients (r=-0.527, P=0.01). In con-
clusion, impaired cerebrovascular reactivity may play an important role in the pathophysiology of RVCL-S and may be an
useful early biomarker of cerebrovascular disease severity.
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Introduction

Retinal Vasculopathy with Cerebral
Leukoencephalopathy and Systemic manifestations
(RVCL-S) is an autosomal dominantly inherited
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small vessel disease caused by heterozygous C-terminal
frameshift mutations in the TREX gene."> How exact-
ly TREX I mutations lead to disease is still unresolved,
but vasculopathic changes seem the cornerstone behind
most features. These features include almost always
vascular retinopathy and multifocal brain white
matter lesions (WMLs). Brain WMLs may show con-
trast enhancement, implicating disruption of the
blood-brain barrier of the local vasculature. Brain
WMLs may have associated vasogenic and/or cytotox-
ic edema and may change in size, incidentally leading to
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the formation of a “pseudotumor”. Other RVCL-S
features include migraine, kidney and liver disease,
anemia, hypertension, subclinical hypothyroidism,
and Raynaud’s phenomenon.'®

The underlying systemic vasculopathy of medium
and small caliber arteries in RVCL-S is pathologically
characterized by irregular thickening and splitting of
basement membranes, smooth muscle cell and pericyte
degeneration, fibrinoid necrosis, adventitial fibrosis,
and mural hyalinization with collagenous material.?
These changes lead to vessel wall thickening, luminal
narrowing, and vessel obliteration. Brain WMLs
around such blood vessels are characterized by areas
of ischemic necrosis, reactive chronic inflammatory
cell infiltrates, reactive astrocytosis, and myelin and
axonal loss.”

A previous study showed reduced vascular reactivity
and increased vascular stiffness in the brachial arteries
of RVCL-S patients.” But up until now, no study
has evaluated cerebrovascular reactivity (CVR) in
RVCL-S. We hypothesized that TREX [-related vascul-
opathy gradually leads to global reduced CVR. CVR is
known as the cerebrovascular reserve capacity and is a
marker for cerebrovascular health. It can be measured
as change in cerebral blood flow (CBF) to a hypercap-
nic stimulus.®” While blood oxygenation level depen-
dent (BOLD) magnetic resonance imaging (MRI) has
been the most commonly used readout marker, it is not
a direct measure of CBF. Arterial spin labeling (ASL)
MRI directly measures CBF but a drawback is that it
suffers from a low signal-to-noise ratio. ASL-MRI with
a dual-echo readout module provides simultaneous
acquisition of ASL and BOLD images.

To test the hypothesis of reduced CVR in RVCL-S
patients, we assessed global and regional CVR to
hypercapnia using ASL and BOLD MRI in RVCL-S
patients with a proven TREX I mutation and compared
results to TREX1 mutation-negative family members
and healthy unrelated controls.

Materials and methods

Participants

We included 47 family members from three Dutch
RVCL-S families. TREX] mutation status was deter-
mined in all individuals: 23 subjects had a mutation in
the TREX! gene and 24 did not. The genetic status of
individuals was not disclosed to participants, unless
clinically requested by a clinical geneticist or neurolo-
gist. Family members who proved not to have a
TREXI mutation served as a control group. Thirty-
two healthy volunteers were included as an additional
control group to exclude that other genetic variants
than the mutations in the TREX/ gene might influence

results for the family members without a TREX] muta-
tion. Exclusion criteria were age younger than 18 years,
severe asthma and chronic obstructive pulmonary dis-
ease, and any contraindication to MRI. Additional
exclusion criteria for healthy controls were (i) primary
headache syndrome, (ii) history of transient ischemic
attack or ischemic or hemorrhagic brain infarct, (iii)
presence of multiple sclerosis, (neuro-)systemic lupus
erythematosus, brain tumor, vascular malformation,
or vasculitis, (iv) presence of hypertension, (v) presence
of diabetes mellitus, (vi) history of severe carotid artery
stenosis, (vii) kidney or liver disease, (viii) Raynaud’s
syndrome, and (ix) presence of malignancy. All partic-
ipants were asked not to eat or drink (except for water)
at least four hours prior to the measurements and to
refrain from smoking at least two hours before meas-
urements. All participants were scanned between 17:00
and 21:00h. The medical ethics committee of the
Leiden University Medical Center approved the
study, and all participants gave written, informed con-
sent. Study was performed according to guidelines of
the Declaration of Helsinki.

MRI data acquisition

All imaging procedures were performed on a 3.0 T clin-
ical MRI system (Philips, Best, The Netherlands).
A dynamic dual-echo pseudo continuous ASL scan
was employed to monitor the response to the CO,
challenge with the following scan parameters:
TR =4100ms, TE1/TE2=13/35ms, label duration/
post-label delay = 1650/1525 ms, multi-slice single shot
EPI with background suppression (inversion pulses at
1680 and 2760 ms), 15 slices, voxel-size =3 x 3 x 7mm,
75 pairs of label and control images, ascending slice
acquisition-order. The labeling plane was placed per-
pendicular to the internal carotid arteries and the ver-
tebral arteries. We further acquired a dual-echo MO
scan (TR=2000ms, TE1/TE2=13/35ms, resolution
of 80 x 80, flip angle 90°, voxel-size 3 x 3mm, 15
slices of 7mm), a Tlyuoq scan (TR=150ms, TE=
11 ms, resolution 240 x 240, flip angle 95°, voxel-size
1 x 1mm, I slice of 2mm),'” and a 3D Tl-weighted
anatomical scan (TR =9.8ms, TE=4.6ms, flip angle
8°, voxel-size 1.15 x 1.15mm, 130 slices of 1.2 mm).
CBF was calculated using the following equation'’

6000 - /.- AASL - e(tfia)

CBF = T
2q- Tiblood - M0 - (1 — (= i)

where partition coefficient 2=0.9; post-label delay
(PLD)=1.525 s (for the first acquired slice; the PLD
was adjusted for subsequent slices according to the
inter-slice interval) and t=1.65s. AASL 1is the
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difference in signal intensity of the control image minus
label image. M, is the longitudinal magnetization of
arterial blood and was obtained by the MO scan. To
correct for potential differences in hematocrit, the T1
relaxation time of blood was obtained from the T1y,0q

scan.lo

CO; reactivity experiment

During the MRI session, subjects wore a close-fitting
gas mask over the mouth and nose with a constant gas
delivery at 50 L/min. Gas composition was monitored
using an O, and CO, analyzer (Datex Capnomac
Ultima™). The paradigm of this 10-min CO, reactivity
experiment consisted of three alternating blocks of
normocapnia (21% O,, 79% N,) with two blocks
of hypercapnia (21% O,, 74% N,, 5% CO,). Values
for end-tidal partial pressure of CO, (PetCO,) were
extracted from respiratory data. Blood pressure and
heart-rate were measured during 0, 3, 5, 7, and 9 min.
Before MRI measurements started, a test run of the
CO; experiment was completed outside the MRI room.

Post-processing of imaging data

For the measurement of WMLs, tools of the FSL soft-
ware package (Functional MRI of the Brain (FMRIB)
Software Library v5, www.fmrib.ox.ac.uk/fsl) were
used.'? Tl-weighted and Fluid Attenuated Inversion
Recovery (FLAIR) images were brain extracted using
the brain extraction tool and co-registered using
FMRIB’s linear image registration tool to the MNI
standard space (MNI152, Montreal Neurological
Institute). WMLs in a conservative MNI white matter
mask were automatically identified using a threshold of
three standard deviations above the mean FLAIR
signal intensity.

An in-house MATLAB (MathWorks, Natick, MA,
USA) script was used to separate the acquired dual-
echo pseudo continuous ASL data into distinct ASL
and BOLD files. Motion correction was performed
using the software Statistical Parametric Mapping
(v12, http://www.fil.ion.ucl.ac.uk/spm). Further pre-
processing of 3D Tl-weighted, ASL and BOLD
images was performed using FSL.'? First, images
were brain-extracted using the brain extraction tool.
CBF was based on the sinc-subtracted first echo
images, while BOLD was based on the surround aver-
aged second echo images, i.e. for every image (control
or label), a weighted average of the image and its two
neighboring images was taken. The BOLD images were
high-pass filtered (240s) and ASL and BOLD images
were spatially smoothed using a Gaussian kernel (full-
width half-maximum =5mm). The ASL and BOLD
were registered to the 3D Tl-weighted images using

the linear registration tool. The 3D Tl-weighted
image was then transformed using FMRIB’s nonlinear
image registration tool into the MNII52 space.
ASL and BOLD images were nonlinearly registered
to the MNI152 template by applying the transforma-
tion parameters of the normalized 3D T1-weighted
images. These transformations were concatenated
and then inverted to enable the conversion of gray
and white matter masks obtained from tissue segmen-
tation of the T1-weighted images using FMRIB’s auto-
mated segmentation tool, and the WML mask into the
functional space of every subject. The WML mask was
used to mask the gray and white matter segmentations
to avoid inclusion of WML.

CO, CVR calculation

CBF and BOLD time-courses were extracted from the
gray matter and the normal appearing white matter
using the gray and white matter segmentation images
(without WMLs). Because of the low signal-to-noise
ratio of ASL in white matter, white matter CVR was
not evaluated for CBF. The corresponding sampled
PetCO, waveform was temporally aligned to the gray
matter BOLD time-course by computing the delay
between the PetCO, measures and changes in BOLD
signal. CVR was calculated performing a least-squares
fit of the CBF or BOLD signals and the PetCO, time-
course to a linear model. The computed slope was nor-
malized to the baseline CBF or BOLD signal to express
CVR in units of %ACBF/mmHg CO, or %ABOLD/
mmHg CO,. Baseline CBF was defined as the mean
CBF during the three normocapnic blocks, while
excluding the first 16 s from every block. Likewise, nor-
mocapnic and hypercapnic PetCO» values were defined
from the normocapnic or hypercapnic blocks respec-
tively, while excluding the first 16 s of every block.

Voxel-wise maps of CVR were acquired by perform-
ing a least-squares fit of the CBF and BOLD maps to
the shifted PetCO, time-course.

Statistical analysis

Data are presented as mean +SD or as number (per-
centage). For the demographic and clinical continuous
variables, differences between groups were assessed by
one-way analysis of variance; categorical variables were
compared by the Kruskal-Wallis test. CVR data were
compared between RVCL-S patients, mutation-
negative family members, and healthy controls using
analyses of covariance controlling for age and sex. To
determine whether CVR is altered before development
of characteristic RVCL-S features, analyses were
repeated after stratification by age, i.e. splitting the
subjects into a group aged < 40 years (generally without
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or with only few clinical RVCL-S features) and aged
>40 years (usually with characteristic clinical RVCL-S
features).>¢

WML volumes were skewed and therefore logarith-
mically transformed. Correlation analyses were used
to assess the association between CVR and WML
volumes in the RVCL-S patients. Two-tailed
P-values < 0.05 were considered significant.

For voxel-wise statistics, the FSL randomize tool
with threshold-free cluster enhancement was used to
perform permutation-based nonparametric testing
(n=15000 permutations). Voxel-wise analyses of CVR
were performed using a whole brain (gray and white
matter) approach on the BOLD data. Voxel-wise anal-
yses of CVRpr were restricted to gray matter because
of the low signal-to-noise ratio of ASL in white matter.
In order to exclude RVCL-S lesions from the analyses,
the lesion masking tool was applied using the individ-
ual WML masks. Significance was set at a family wise
error corrected P < 0.05.

Results

Of 47 RVCL-S family members, 23 subjects had a
TREXI mutation. Two RVCL-S mutation carriers,
one mutation-negative family member, and one healthy
control were excluded from analyses because of coinci-
dental (RVCL-S unrelated) findings on MRI or incom-
plete measurements. Thus, 21 RVCL-S patients, 23
mutation-negative family members, and 31 healthy
controls were included for analyses. Baseline character-
istics were compared (Table 1) and showed that hyper-
tension was different between the groups (P =0.002;
Table 1), mainly due to fact that hypertension was an
exclusion criterion for healthy controls and hyperten-
sion is a feature of RVCL-S. Age, sex, BMI, and
WMLs were similar between the groups.

RVCL-S patients had on an average a higher mean
normocapnic CBF and higher systolic and diastolic
blood pressure during normocapnia and hypercapnia

compared to their mutation-negative family members
and healthy controls (Table 2). PetCO, values were
comparable between the groups. CVR in gray matter
as measured with both CBF (CVRcgg) and BOLD
(CVRporp) were different between the three groups
after controlling for age and sex (respectively F(2,
70)=3.54, P=0.03; F(2, 70)=6.66, P=0.002; Table
3). Post-hoc tests revealed that RVCL-S patients had
lower gray matter CVRcpr and CVRyorp compared
to both their mutation-negative family members and to
healthy controls. CVRgorp in the normal appearing
white matter was also different between the groups (F
(2, 70)=10.33, P < 0.001); this was lower in RVCL-S
patients compared to their mutation-negative family
members and compared to healthy controls (Table 3).

In the RVCL-S patients aged >40 years, gray matter
CVRcpr and CVRporp (respectively F(2, 44)=4.31,
P=0.02; F(2, 44)=6.30, P=0.004) were lower com-
pared to both mutation-negative family members and
healthy controls in the same age group (Table 3).
Similarly, white matter CVRgorp (F(2, 44)=38.50,
P=0.001) was lower in the RVCL-S patients aged
>40 years compared to both mutation-negative family
members and healthy controls. In the younger age
group of RVCL-S patients (< 40years), only white
matter CVRporp (F(2, 21)=7.50, P=0.003) was
lower compared to healthy controls but not when com-
pared to mutation-negative family members. Gray
matter CVRcepr (F(2, 21)=0.50, P=0.6) and
CVRgorp F(2, 21)=1.92, P=0.2) were not different
between the younger groups.

The relation of CVR with age in the different groups
is illustrated in Figure 1. Gray matter CVRcgp was
significantly associated with age in RVCL-S patients
(r=-0.688, P=0.001), but not in mutation-negative
family members (= 0.085, P =0.7) or healthy controls
(r=-0.247, P=0.2). Gray matter CVRgo p Was sig-
nificantly associated with age in RVCL-S patients
(r=-0.434, P=0.049) and healthy controls (r=-
0.473, P=0.007) but not in mutation-negative family

Table |I. Baseline characteristics of study participants (n =75).

RVCL-S Family members Healthy controls

(n=21) (n=23) (n=3l) P-value
Age (y) 445+ 15 434+ 12 454+ 14 NS
Female, n(%) 11 (52) I (52) 18 (58) NS
Body mass index (kg/m?) 23.7+3 259+4 23.8+3 NS
Hypertension, n(%) 8 (43) 6 (22) 0 0.002
WMLs (mL), median (range) 0.4 (0-26.8) 0.4 (0.1-2.5) 0.8 (0-7.2) NS?

Note: Data represent mean == SD unless specified otherwise.

WNMLs: white matter lesions; RVCL-S: Retinal Vasculopathy with Cerebral Leukoencephalopathy and Systemic manifestations.

*Kruskal-Wallis test.
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Table 2. Blood pressure, PetCO,, and CBF values at normocapnia and hypercapnia in RVCL-S patients, mutation-negative family

members, and healthy controls.

Family Healthy
RVCL-S members controls
(n=21) (n=23) (n=31) P-value
Systolic BP, normocapnia (mmHg) 1326 £ 19 125.6 + 14° 125.0+ 13* 0.02
Diastolic BP, normocapnia, (mmHg) 76.0+ 11 77418 732+7 0.05
Systolic BP, hypercapnia (mmHg) 135.9+24 1287 £ 15 128.0 + 147 0.03
Diastolic BP, hypercapnia (mmHg) 80.1 =12 81.8+9 76.5+8" 0.03
PetCO,, normocapnia (mmHg) 37.6+3 383+4 385+3 0.33
PetCO,, hypercapnia (mmHg) 468 +3 475+3 482+2 0.07
A PetCO; ( mmHg) 92+1 92+1 9.7+£1 0.35
CBF, normocapnia (mL/100 g/min) 553+8 49.3+8° 463+ 6° <0.001
BP: blood pressure; PetCO,: partial pressure of end tidal CO,; CBF: cerebral blood flow; RVCL-S: Retinal Vasculopathy with Cerebral
Leukoencephalopathy and Systemic manifestations.
Note: P-values are calculated using ANCOVA corrected for age and sex.
?P < 0.05 compared to RVCL-S patients.
P <0.001 compared to RVCL-S patients.
Table 3. Cerebrovascular reactivity in RVCL-S patients, mutation-negative family members, and healthy controls.
RVCL-S Family member Healthy control P-value
All, n 21 23 31
Gray matter
CVRcgr 29+1.0 3.6+1.2° 3.4+ 1.0° 0.03
CVRgop 0.16 +0.05 0.19 +0.04° 0.18+0.04* 0.002
White matter
CVRgoLo 0.06 + 0.02 0.08-£0.02° 0.08+£0.02° <0.001
< 40 years, n 10 6 10
Gray matter
CVRcgr 3.6+ 1.0 3.7+04 38£13 0.6
CVRgop 0.18 +0.04 0.20 +0.05 0.22 +£0.05 0.2
White matter
CVRgob 0.07 +0.01 0.07 £0.02 0.09 +0.02* 0.003
> 40 years, n 11 17 21
Gray matter
CVRcgr 23+08 3.6+ 1.4 32+0.9% 0.02
CVRgop 0.134+0.05 0.194+0.03* 0.16 +£0.03* 0.004
White matter
CVRgoib 0.05+0.03 0.08 +0.02° 0.08 £ 0.02* 0.001

RVCL-S: Retinal Vasculopathy with Cerebral Leukoencephalopathy and Systemic manifestations; CVR: cerebrovascular reactivity; CBF: cerebral blood

flow; BOLD: blood oxygenation level dependent.

Notes: Data represent mean =+ SD. P-values are calculated using ANCOVA corrected for age and sex.

P < 0.05 compared to RVCL-S patients.
®P < 0.001 compared to RVCL-S patients.

members (r=-0.254, P=0.2). White matter CVRpo1.p
was not associated with age in RVCL-S patients (r =—
0.275, P=0.2), mutation-negative family members
(r=0.286, P=0.2), or healthy controls (r=-0.293,
P=0.1). An outlier was found in the mutation-
negative family member group for gray matter
CVRcgr and white matter CVRporp. Exclusion of

this outlier changed the direction of the association
between CVRcpr and age in mutation-negative
family members (r=-0.260, P=0.2), but otherwise
did not influence the results (data not shown).

We assessed the association between WML volume
and CVR within the RVCL-S group. The association
between WML volume and gray matter CVRpor p was
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significant (r=-0.527, P=0.01) and there was a trend
for gray matter CVRcpp (r=-0.408; P=0.07).
The association between WML volume and white
matter CVRcpp did not reach statistical significance
(r=-0.317, P=0.2) (Figure 2).

After exclusion of WMLs, voxel-wise analyses
showed a significant reduction in CVR in multiple
normal appearing brain areas, most notably in the
frontal and parictal white matter, the thalamus and
midbrain, and frontal, insular and precuneal cortical
areas of RVCL-S patients compared to both
mutation-negative family members and healthy con-
trols (Figure 3). In gray matter, there is considerable
overlap in the voxel-wise CVRcpr and CVRpor p sta-
tistical maps. However some regional differences can
be appreciated. CVRporp findings are more explicit
in the frontal regions, while CVRcpr changes are
more present in the occipital regions (Figure 3).

Discussion

The results of the present study indicate that RVCL-S
patients are associated with impaired CVR compared
with their mutation-negative family members and
healthy controls. This was most notable in RVCL-S
patients aged >40years, when clinical symptoms usu-
ally manifest.>® However, also RVCL-S patient-
s<40years showed reduced white matter CVR
compared with healthy controls. Gray matter CVR
was inversely associated with WML volume in
RVCL-S patients. Collectively, our findings support
the notion that RVCL-S TREX mutations are associ-
ated with altered CVR which in turn may promote
development of WMLs in RVCL-S.

CVR defines the ability to change CBF in response
to vasodilatory stimuli. Increased arterial CO, levels
lead to vascular relaxation and hence vasodilata-
tion."*'* A previous study showed that CO, CVR
can be considered a surrogate marker of cerebrovascular
endothelial function.'> Thus, our findings of reduced
CO, CVR suggests endothelial involvement in RVCL-
S patients. Our data add to previous studies in RVCL-S
families where RVCL-S patients exhibited a decreased
extra-cranial flow-mediated dilation corresponding with
impaired peripheral endothelial function’ and had ele-
vated levels of circulating endothelial markers,' thereby
suggesting an important role of the endothelium in the
pathophysiology of RVCL-S. The current findings indi-
cate a similar behavior of the extra- and intracranial
vasculature in RVCL-S.

Although characteristic enhancing RVCL-S WMLs
are mostly seen after the age of 40 years, small focal
WMLs are also observed at an age when age-related
WMLs are infrequent.” We hypothesize that impaired
white matter CVR leads to development of WMLs by

poorer responses when metabolic needs require a
higher blood supply. Impaired CVR may reflect the
TREXI-associated vessel wall changes characterized
by multi-laminated capillary basement membranes
and luminal narrowing.>® These vessel wall changes
may also lead to development of WMLs by injury of
the surrounding brain tissue by toxic agents which pass
a locally impaired blood—brain barrier.

Gray matter CVR was only impaired in RVCL-S
patients >40years, but not in the younger group.
Neuropathology findings in RVCL-S show vasculo-
pathic changes notably in medium and small caliber
arteries and veins in the white matter with typical spar-
ing of cortical gray matter vessels.” Based on our find-
ings, the cortical gray matter vessels are probably
affected in later disease stages of RVCL-S. We also
know from literature that other RVCL-S features
such as chronic hypertension and anemia may contrib-
ute to decreased gray matter CVR.'”'® The increased
mean baseline CBF in the RVCL-S group might also be
explained by anemia or increased blood pressure.'!”
Since hypertension and anemia are features of RVCL-
S, we could not correct for this in our analyses nor can
we exclude that this may be (one of the) causes of the
decreased CVR.

Although only gray matter CVRpopp was correlat-
ed with WML volume, a trend was observed in gray
matter CVRcpp (Figure 2). Moreover, using additional
voxel-wise analyses, we showed that CVR is mainly
reduced in the (normal appearing) white matter of the
frontoparietal regions (Figure 3), where RVCL-S
lesions predominantly develop.”*°

In the past, BOLD has been the most commonly used
readout marker for assessing CVR. However, a well-
known concern is that the BOLD signal is not a direct
measure of CBF but is sensitive to the combined effect of
CBF, cerebral blood volume, and cerebral metabolic rate
of oxygen. In patients with known small vessel patholo-
gy, this might limit our ability to interpret the results.
ASL-MRI directly measures CBF but a drawback is that
it suffers from a lower signal-to-noise ratio. Therefore,
ASL and BOLD are complementary to each other,
which was why in our study, a dual echo ASL sequence
was employed. In Table 3, both gray matter CVRcgp
and CVRgorp were impaired in RVCL-S patients.
This suggests that CVRgorp with a hypercapnic stimu-
lus is largely related to changes in CBF and that both
measures can be used interchangeably in RVCL-S.

The voxel-wise analyses in Figure 3 show some
regional differences between the statistical maps of
CVRpr and CVRporp. This can be partly explained
by the fact that for the voxel-wise CVRpo p analyses,
both gray and white matter were included, whereas the
white matter was masked out for the CVR gp analyses.
In gray matter, there is considerable overlap in the
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Figure |. Cerebrovascular reactivity in relation to age in RVCL-
S patients (n=21), mutation-negative family members (n=23),
and healthy controls (n=31).

CBF: cerebral blood flow; PetCO,: partial pressure of end tidal
CO,; CVR: cerebrovascular reactivity; BOLD: blood oxygenation
level dependent; RVCL-S: Retinal Vasculopathy with Cerebral
Leukoencephalopathy and Systemic manifestations.

voxel-wise CVRcpr and CVR o p statistical maps but
there are also some regional differences. This may be
attributed to the higher signal-to-noise ratio of BOLD.
Moreover, in a previous study in healthy subjects with

a hypercapnic challenge, regional differences were
shown between CVRgpo1p and CVR(gE.
Both measures correlated well in the frontal and tem-
poral region, but were different in the parietal and
occipital regions, probably reflecting the regionally dis-
tinct physiology of ASL and BOLD.?!

In Figure 1, we show that gray matter CVRpop p but
not white matter CVRpo; p decreased significantly with
age in healthy controls, which is consistent with a pre-
vious study in healthy subjects.?> In RVCL-S patients,
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P<0.001

P=0.05

Figure 3. Voxel-wise comparison of cerebrovascular reactivity for RVCL-S patients (n=21), mutation-negative family members

(n=23), and healthy controls (n=31). (a) Regions of decreased gray matter CVRcgg in RVCL-S patients versus mutation-negative
family members; (b) regions of decreased gray matter CVRcgr in RVCL-S patients versus healthy controls; (c) regions of decreased
CVRgoip in RVCL-S patients versus mutation-negative family members; and (d) regions of decreased CVRgp p in RVCL-S patients

versus healthy controls.

Note: There were no regions of increased CVR in RVCL-S patients compared to the other groups. There were no differences in CVR

between mutation-negative family members and healthy controls.

gray matter CVRpop also decreased with age, which
can also be explained by advancing disease.

Strengths of this study include a unique sample of
patients with RVCL-S that can be considered as a
model for stroke and vascular dementia. Furthermore,
to improve the accuracy of ASL-derived CBF measure-
ments, the T1-relaxation time of blood was individually
modeled as opposed to a fixed value in order to correct
for differences in hematocrit.'® Our study also has some

limitations. Because RVCL-S is a rare disease, the
sample size is relatively small. Moreover, it is difficult
to define RVCL-S patients as asymptomatic versus
symptomatic due to the many systemic features that
may be part of the disease. Therefore, we chose to strat-
ify by the age of 40, when clinical symptoms usually
manifest.>® Finally, due to the cross-sectional design,
we cannot prove a causal relationship between CVR
and WML volume in RVCL-S patients. Future
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longitudinal studies are therefore required to assess
whether reduced CVR is a determinant of WML pro-
gression in RVCL-S.

Conclusions

In conclusion, RVCL-S patients are associated with
impaired CVR, a marker for cerebrovascular reserve
capacity and cerebrovascular health. Moreover, gray
matter CVR was inversely associated with brain
WML volume in RVCL-S patients. These results fur-
ther confirm the important role of the underlying vas-
culopathy in the pathophysiology of RVCL-S. CVR
may be a useful early biomarker of disease severity.
Future longitudinal studies are needed to assess wheth-
er CVR predicts development of typical brain RVCL-S
lesions.
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