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ABSTRACT

Background and objective Retinal vascular density

(VD) measured using optical coherence tomography with
angiography (OCTA) has been suggested as a potential
marker of intracerebral vascular changes in Cerebral
Autosomal Dominant Arteriopathy with Subcortical Infarcts
and Leukoencephalopathy (CADASIL). We aimed to
determine whether VD is related to the clinical and imaging
manifestations of the disease.

Methods OCTA was performed in 104 CADASIL patients
(parallel to their clinical and imaging assessment) and in
83 healthy individuals.

Results A significant reduction of VD related to age was
detected in patients and controls in the superficial and
deep vascular plexus of the whole foveal or parafoveal
retinal area (p<0.0001). After adjustment for age, these
parameters were found significantly lower in patients than
in controls (p<0.03). Multivariable analysis did not show
any association between retinal VD and history of stroke,
modified Rankin Scale or Mini-Mental Status Examination
scores. No significant association was found with MRI
lesions either .

Conclusion In CADASIL, retinal VD is decreased early and
progresses with ageing but does not appear related to the
severity of clinical or imaging manifestations.

INTRODUCTION
Various abnormalities of retinal vessels have
been observed in Cerebral Autosomal Domi-
nant Arteriopathy with Subcortical Infarcts
and  Leukoencephalopathy = (CADASIL)
patients. Several authors have reported
sheathed arteries, tortuous vessels, arteriove-
nous nicking, arteriolar narrowing or venous
enlargement at retinal level.! 2 However,
in most reports, these findings were found
largely heterogeneous and inconsistent.”
Recently, a decreased density of retinal
vessels in the deep retinal plexus was reported
using optical coherence tomography with
angiography (OCTA) in CADASIL patients
and considered as a promising biomarker to
follow directly the progression of the vessel

3,4

disease in-vivo.” These data were obtained
in a small sample and the analysis did not
include exact measures of cerebral lesions or
consider key factors modulating the disease
severity.

In thisstudy, we aimed to determine whether
retinal vascular density (VD) measured using
OCTA is independently related to the clinical
severity and to the main imaging manifesta-
tions of CADASIL.

METHODS

Patients

A total of 104 patients (53.8+11.9 years; range
27-83; 66 (64%) women) participating in the
French Cohort study of CADASIL patients
were recruited consecutively for optical
coherence tomography angiography (OCTA)
assessment from 2019 up to 2021. The diag-
nosis of the disease was confirmed in all indi-
viduals by genetic testing.

Data obtained in parallel from 83 ambula-
tory individuals (mean age=41.1+15.7 years;
range 22-76) consulting for their current eye
examinations and visual tests in the ophthal-
mology department were used as controls.
These individuals, who did not have MRI
examination, were selected after verifying
the absence of vascular risk factor, cardiovas-
cular disease, stroke events or neurological
disorder.

Optical coherence tomography with angiography
OCTA examination was performed with
the AngioVue-Imaging System (RTVue-XR-
Avanti, Optovue); a spectral-domain OCT
that enables simultaneous three-dimensional
(3D) structural imaging of the retina and
generation of en face maps of blood flow
through a dedicated algorithm.”*
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Left side: lllustration of OCTA measurement of macular VD on a 3x3 mm angiogram of a CADASIL patient. (A-D):

OCT-angiograms and B-scans showing segmentation boundaries (red and green lines) of the superficial vascular plexus
(A-C) and the deep capillary complex (B-D); E: inner 1 mm diameter ring centred on the fovea. The parafoveal area is included
between the inner ring and outer 3mm ring. VD whole is calculated in the total area; F: contour of the foveal avascular

zone (inner yellow ring); G, H: angiograms with colour-coded VD (H) (colour bar: warmer colours for higher VD). Right side:

VD measured in patients and controls in the deep parafoveal vascular plexus according to age. OCT, optical coherence
tomography; OCTA, optical coherence tomography with angiography; VD, vascular density.

VD was automatically calculated using the phase 7.0
AngioVue analytic software in the superficial vascular
plexus and the deep capillary complex as the percentage
of the surface occupied by vessels based on adaptive
thresholding binarisation (figure 1). Vessel density was
measured in the parafoveal area (VD-para) and in the
whole area (VD-whole) (details in online supplemental
material).

Clinical and imaging parameters

OCTA examination was performed in each patient at
the time of follow-up visits. The details of the work-up
obtained at each visit have been previously reported.’
Particularly, the presence of any vascular risk factor was
systematically recorded. Disability was scored using the
modified Rankin Scale (mRS) and cognitive status using
the Mini-Mental State Examination (MMSE).

MRI data were obtained using a 3-Tesla imaging system.
All lesions (white matter hyperintensities (WMH),
lacunes, microbleeds, brain volume) were assessed as
previously detailed.® Briefly, the volume of WMH was
segmented using the Brain Intensity AbNormality Clas-
sification Algorithm (BIANCA) method and normalised
to the volume of the intracranial cavity as well as the
brain volume (providing the brain parenchymal fraction
(BPF)). Two experts assessed visually the 3DT1-weighted

and susceptibility-weighted images to obtain the total
number of lacunes and of microbleeds.

Analysis

Data obtained in patients and controls were compared
after adjustment for age and sex. Association between
clinical or imaging parameters and each retinal vascular
parameter was assessed by multivariable analyses using
generalised linear models and adjustment for age, pres-
ence of hypertension (HT), presence of other vascular
risk factors, location of mutation in EGFR domains of the
Notch3 protein, from 1 to 6 vs 7 to 34, which has been

shown to influence the severity of the CADASIL pheno-
78

type.

RESULTS

In the CADASIL sample, 58 (56%) patients had a cysteine
mutation within the epidermal growth factor receptor
(EGFR) domains from 1 to 6, 25 (24%) had a history
of HT, 68 (66%) had other vascular risk factors. At the
time of the study, 54 (52%) individuals already had a
stroke, 35% had an mRS higher than 1, the MMSE score
was less than 24 in 11 patients (10%). The mean systolic
blood pressure was 125+17and diastolic blood pressure
79+£9.5mm Hg. The mean volume of WMH was 167767
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Table 1 Results of multivariable analysis showing the significant age and group effect (between patients and controls) as well
the mean and least square (LS or adjusted) mean values obtained for each retinal vascular parameter in the two groups
Estimate SE Prob>|T| Groups Mean LS mean SE

Superficial VD-whole

Age -0.10 0.02 <0.0001 Controls 47.84 47.03 0.38

Group -0.69 0.26 0.0091 Patients 45.03 45.65 0.32
Superficial VD-para

Age -0.10 0.02 <0.0001 Controls 50.40 49.59 0.39

Group -0.59 0.27 0.0334 Patients 47.79 48.41 0.34
Deep VD-whole

Age -0.10 0.02 <0.0001 Controls 52.54 51.77 0.43

Group -0.95 0.30 0.0019 Patients 49.28 49.86 0.37
Deep VD-para

Age -0.09 0.02 <0.0001 Controls 54.15 53.39 0.44

Group -1.02 0.31 0.001 Patients 50.90 51.34 0.38

No significant effect of sex was detected (not shown).
VD, vascular density.

+ 68173 mm’, the median value and IQR were 2 and 0-7
for the number of lacunes, 0 and 0-3 for the number of
microbleeds. The mean BPF was 80.16% +3.8%.

Mean values of VD-para, VD-whole at superficial and
deep retinal levels measured in patients, and controls are
detailed in table 1. A significant reduction of VD in the
parafoveal area or in the whole foveal area was observed
with age for both the superficial and deep vascular
plexus (p<0.0001). After adjustment for age, VD-para
and VD-whole were found significantly lower in patients
than in controls both in the superficial and deep vascular
retinal plexus. No significant effect of sex on these param-
eters was detected (figure 1).

Multivariable analysis did not show any association
between VD measured in parafoveal retinal areas in both
the superficial and deep vascular plexus and each of the
following clinical parameters: past occurrence of stroke,
mRS and MMSE scores (online supplemental table).
There was also no significant association at cerebral MRI
level with the number of lacunes, that of microbleeds,
the normalised WMH and brain volumes (online supple-
mental table). In contrast, a strong age-related decrease
of VD was measured in the deep and superficial plexus.
The results were exactly similar when the analysis was
performed using VD-whole (data not shown).

DISCUSSION

Our results show that there is a significant reduction
of retinal vessel density in a large cohort of CADASIL
patients in comparison to non-hypertensive and non-
diabetic controls. Our findings confirm the significant
decrease of the retinal vascular network density using
OCTA previously detected in 11 CADASIL patients
compared with 21 age-matched controls® and are in line
with the fractal dimension changes of the retinal vascular

network already detected in another sample.” They also
further emphasise the strong reduction of retinal VD
recently reported with normal ageing.'’ In this study, this
reduction is observed both in the superficial and deep
vascular plexus and seems to evolve in the same way as
with normal ageing, in patients and in healthy individ-
uals. After age adjustment, a 2%—4% reduction of retinal
VD is measured in patients (see table 1). Our data suggest
that this difference might occur since the early stage of
the disease.

The lack of correlation with the clinical and imaging
features of the disease contradicts some initial results in
the literature using the same technology.'' Retinal VD
was previously found lower in stroke than in non-stroke
CADASIL patients and correlations have been high-
lighted with gait speed and the number of lacunes.'
These discrepancies might be related to the different
age, ethnic origin, prevalence of HT or mutation loca-
tion in the previous studies. We think however that our
findings are reliable for multiple reasons. First, the size
of our sample is at least two times larger than in all
previous studies. Our clinical scales are currently used
to assess clinical severity in this disorder.” Both quan-
tified and validated measures of cerebral lesions were
obtained in contrast with most previous reports. Finally,
the analysis was performed separately for each clinical or
imaging marker with taking into account key modifiers
of the disease phenotypic variability such as age, sex, HT,
vascular risk factors and the location of NOTCH3 gene
mutation. Due to the cross-sectional nature of the study,
however, one limitation is that, we cannot exclude small
changes that may also occur during the course of the
disease.

These results are important because they show that
significant changes in the vascular network within
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extracerebral tissues such as those detected in the retina
do not necessarily have clinical or pathogenic correlates
at cross-sectional level in CADASIL. Although the retinal
VD may be reduced at the outset in such condition, we
think that our results indicate that this alteration should
not be necessarily considered as a mirror of the cerebro-
vascular alterations leading to tissue lesions and subse-
quently to disability and dementia in CADASIL. Other
retinal vessel structural or functional markers should
be investigated to link cerebral lesions to retinal vessel
changes in this disorder.
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Appendix:

Additional Table: : Multivariate analysis of the different clinical and imaging parameters related to the
severity of the disease after adjustment using 4 covariates: age, hypertension, other vascular risk factors
and location of the NOTCH3 mutation inside or outside the EGFR domains 1 to 6. The results obtained
using in the whole fovea are close and nearly overlapping.

Superficial VD Deep VD
Estimates Std Error tvalue Pr(>|t|) | Estimates Std Error  tvalue Pr(>lt])
Stroke (Intercept) 53.4621  2.8662 18.65 0.0000 | 0.3966 0.0484 8.19 0.0000
stroke 0.3505 0.6903 051 0.6132 | 0.0149 0.0119 1.25 0.2140
Age -0.1248  0.0295 -4.23 0.0001 | -0.0006  0.0005 -1.17 0.2452
HT 0.2770 0.8443 033 07438 | -0.0302  0.0146 -2.07 0.0406
Other VR factors | 0.4062 16718 024 08087 | -0.0140  0.0279 -0.50 0.6173
Location EGFr1-6 | -0.3034  0.7184 -042 0.6741 | 0.0172 0.0128 1.35 0.1814
mRS (Intercept) 51.0034  3.5682  14.29 0.0000 | 0.4005 0.0500 8.01 0.0000
mRS score 0.4112 0.4940 083 0.4080 | -0.0002  0.0065 -0.04 0.9715
Age -0.1018  0.0349  -2.92 0.0047 | -0.0005  0.0005 -0.96 0.3399
HT 0.4884 1.0369 047  0.6391 | -0.0321 0.0148 -2.16 0.0332
Other VR factors | 2.4347 2.0488 119 0.2387 | -0.0147  0.0281 -0.52 0.6026
Location EGFr 1-6 | -0.0805  0.8930  -0.09 0.9284 | 0.0184 0.0128 1.43 0.1556
MMSE (Intercept) 543136 7.8709  6.90 0.0000 | 44.7517  9.2894 4.82 0.0000
MMSE score -0.0381 02290  -0.17 0.8685 | 0.2653 0.2702 0.98 0.3299
Age -0.1185  0.0302  -3.93 0.0002 | -0.0890  0.0356 -2.50 0.0151
HT 0.1548 09093 017 0.8654 | 0.2382 1.0732 0.22 0.8251
Other VR factors | 0.4408 18292 024 08103 | 3.4429 2.1588 1.59 0.1158
Location EGFr1-6 | -0.1566  0.7968  -0.20 0.8449 | -1.4157  0.9404 -1.51 0.1372
nb lacunes (Intercept) 53.4375  2.8943 1846 0.0000 | 53.9742  3.5128 16.37 0.0000
nb lacunes -0.0010  0.0363  -0.03 0.9776 | lacunes  -0.0637  0.0440 -1.45
Age -0.1208  0.0285  -4.24 0.0001 | -0.0955  0.0346 -2.76 0.0074
HT 0.2803 08463 033 0.7415 | 0.0668 1.0272 0.07 0.9484
Other VR factors | 0.3786 1.6800 023  0.8224 | 2.4688 2.0390 1.21 0.2300
Location EGFr1-6 | -0.3464  0.7162  -0.48 0.6302 | -0.6789  0.8693 -0.78 0.4375
nb (Intercept) 53.4854 29023 1843 0.0000 | 53.1908  3.5304 15.07 0.0000
microbleeds nb microbleeds -0.0046  0.0095 -048 06293 | -0.0036  0.0115 -0.31 0.7567
Age -0.1190  0.0294  -4.06 0.0001 | -0.0912  0.0357 -2.55 0.0129
HT 0.2640 0.8580 031 0.7592 | 0.0740 1.0437 0.07 0.9437
Other VR factors | 0.3029 1.6943 018 0.8586 | 2.7392 2.0610 1.33 0.1883
Location EGFr 1-6 | -0.2888  0.7262  -0.40 0.6921 | -0.8171 0.8834 -0.92 0.35
nWMH (Intercept) 53.7997 29761  18.08 0.0000 | 52.6789  3.6600 14.39 0.0000
nWMH -0.0311 0.0668  -0.47 0.6433 | 0.0540 0.0822 0.66 0.5129
Age -0.1235  0.0290 -4.25 0.0001 | -0.0903  0.0357 -2.53 0.0137
HT 0.3469 0.8563 041 0.6866 | 0.0053 1.0531 0.01 0.9960
Other VR factors | 0.2685 1.6895  0.16  0.8742 | 2.9109 2.0778 1.40 0.1656
Location EGFr 1-6 | -0.4475  0.7448  -0.60 0.5499 | -0.5952  0.9160 -0.65 0.5180
BPF (Intercept) 50.6604  7.7781 6.51  0.0000 | 47.4650  9.5606 4.96 0.0000
BPF BPF 0.0338 0.0884 0.38 BPF 0.0717  0.1087 0.66
Age -0.1177  0.0296  -3.98 0.0002 | -0.0884  0.0364 -2.43 0.0176
HT 0.2054 08678 024 0.8136 | -0.0406  1.0666 -0.04 0.9698
Other VR factors | 0.3711 1.6727 022 0.8251 | 2.6886 2.0561 1.31 0.1953
Location EGFr1-6 |  161-6 -0.3945 0.7240 -0.54 | -0.8674  0.8899 -0.97 0.3331
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