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Abstract
Objective

To characterize lesion evolution and neurodegeneration in retinal vasculopathy with cerebral
leukoencephalopathy and systemic manifestations (RVCL-S) using multimodal MRL

Methods

We prospectively performed MRI and cognitive testing in RVCL-S and healthy control cohorts.
Gray and white matter volume and disruption of white matter microstructure were quantified.
Asymmetric spin echo acquisition permitted voxel-wise oxygen extraction fraction (OEF)
calculation as an in vivo marker of microvascular ischemia. The RVCL-S cohort was included in
a longitudinal analysis of lesion subtypes in which hyperintense lesions on fluid-attenuated
inversion recovery (FLAIR), T1-postgadolinium, and diffusion-weighted imaging were de-
lineated and quantified volumetrically.

Results

Twenty individuals with RVCL-S and 26 controls were enrolled. White matter volume and
microstructure declined faster in those with RVCL-S compared to controls. White matter
atrophy in RVCL-S was highly linear (p = —0.908, p < 0.0001). Normalized OEF was elevated in
RVCL-S and increased with disease duration. Multiple cognitive domains, specifically those
measuring working memory and processing speed, were impaired in RVCL-S. Lesion volumes,
regardless of subtype, progressed/regressed with high variability as a function of age, while
FLAIR lesion burden increased near time to death (p < 0.001).

Conclusion

RVCL-S is a monogenic microvasculopathy affecting predominantly the white matter with
regard to atrophy and cognitive impairment. White matter volumes in RVCL-S declined
linearly, providing a potential metric against which to test the efficacy of future therapies.
Progressive elevation of white matter OEF suggests that microvascular ischemia may underlie
neurodegeneration in RVCL-S.
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Glossary

CADASIL = cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; CBF = cerebral
blood flow; ¢SVD = cerebral small vessel disease; DSST = Digit Symbol Substitution Test; DWI = diffusion-weighted imaging;
FA = fractional anisotropy; FCSRT = Free and Cued Selective Reminding Test; FLAIR = fluid-attenuated inversion recovery;
MD = mean diftusivity; MoCA = Montreal Cognitive Assessment; NAWM = normal-appearing white matter; nCBF = CBF
normalized to gray matter; nOEF = OEF normalized to gray matter; OEF = oxygen extraction fraction; RVCL-S = retinal
vasculopathy with cerebral leukoencephalopathy and systemic manifestations.

Retinal vasculopathy with cerebral leukoencephalopathy and
systemic manifestations (RVCL-S) is a familial micro-
vasculopathy leading to early vision loss and progressive neu-
rocognitive deterioration in the fourth to sixth decades,
ultimately fatal within =10 years of symptom onset." The au-
tosomal dominant disease is caused by a C-terminal frameshift
mutation in TREXI (a 3'-5' repair exonuclease 1),> with 40
families identified worldwide (M.K.L. and J.P.A., unpublished,
2018-2020). In 2016, a multicenter study defined the genetic
and clinicopathologic spectra of the disease on the basis of
aggregate data in 78 TREXI mutation carriers from 11 unrelated
families, proposing diagnostic criteria to increase recognition
and to facilitate future studies.’

Despite recent progress, disease mechanisms in RVCL-S remain
poorly defined. The TREXI frameshift mutations produce a trun-
cated TREX1 protein that lacks its anchor to the endoplasmic re-
ticulum.” A recent study described interactions between the TREX1
carboxy-terminal region and oligosaccharide transferase at the en-
doplasmic reticulum (organelle that promotes normal N-linked gly-
cosylation).* Experiments with knock-in mice and human cell lines
demonstrated that expression of the truncated TREX1 protein dys-
regulated the oligosaccharide transferase complex, resulting in free
glycan release, immune activation, and autoantibody production.*®
Alternatively, the relatively small nudlear proportion of the truncated
TREX1 protein, which harbors a functional 3" DNas, is increased
after apoptotic or genotoxic stress’; thus, genome stability may be
compromised by unregulated activity of the misplaced DNase in its
untethered state. Despite these potential disease mechanisms, it is
unclear why the microvasculature is most markedly affected in
RVCL-S. Immunohistochemistry studies in postmortem brain tissue
from patients with RVCL-S and patients with stroke without RVCL-
S demonstrated that TREX1 localizes predominantly to white matter
Ibal+ microglia in association with the microvasculature near ische-
mic lesions, suggesting a role for TREX1 in response to ischemia.”

Due to the rarity of RVCL-S, it has been challenging to evaluate
therapeutic efficacy when only a few patients can be tested and
without a contemporaneous placebo arm. From the aggregate data
above,” cognitive and psychological impairments have been defined
as present or absent by history and examination. MRI findings
demonstrated (1) small/medium T2 hyperintense white matter
lesions in all but 1 patient (97%), noting that some were associated
with diffusion restriction or postcontrast enhancement, and (2) ring-
enhancing pseudotumor lesions in 84%, which are frequently ob-
served with advanced disease and may cause life-threatening mass
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effect due to vasogenic edema. Imaging studies in RVCL-S have
been limited to small case series without controls,® > including a
recent study of pseudotumor lesions in 6 patients that quantified the
duration of diffusion restriction and ring enhancement across serial
MRI scans."!

Defining pathogenesis in RVCL-S has been challenged by the
inability of animal models to recapitulate the human disease phe-
notype.® Brain MRI findings give some insight into mechanisms:
punctate diftusion-restricting lesions support a role for microvas-
cular ischemia, while nodular and ring-enhancing lesions suggest
disruption of the blood-brain barrier. In support of ischemia, brain
pathology in RVCL-S demonstrates a microvasculopathy associ-
ated with multilaminated basement membranes, mural thickening
and hyalinization, luminal stenosis, and fibrinoid necrosis, which
can resemble radiation necrosis.”* Chronic inflammatory cells may
be seen near the microvasculature or rarely in the parenchyma.®"
In postmortem brain tissue of patients with RVCL-S, TREX1 is
readily detectable within microglia surrounding the white matter
microvasculature, suggesting that TREX1 mislocalization may play
a role in white matter vulnerability.” While immune serologies are
normal in patients, mouse models of RVCL-S induced a non-
nuclear autoimmunity that was suppressed by a chemotherapeutic
agent, suggesting that immune activation may contribute to path-

: 4S5
0genesis or progression. ’

In this study, we evaluated the temporal-spatial dynamics of
neuroimaging features and cognitive performance from a pro-
spective cohort of patients with RVCL-S compared to healthy
controls. We sought to characterize neurodegeneration and lesion
evolution to enable testing of future treatments against this natural
history, to quantify domain-specific cognitive impairment, and to
apply advanced MRI methods to reveal pathogenic mechanisms,
hypothesizing that decreased cerebral blood flow (CBF) and in-
creased oxygen extraction fraction (OEF) in RVCL-S would
support the role of chronic microvascular ischemia.

Methods

Standard protocol approvals, registrations,
and patient consents
The studies were approved by the institutional review board.

Study participants
The studies included a prospective cohort with a standard
imaging protocol and an older prospective cohort without
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standard imaging (figure 1 shows enrollment overview). For
the recent cohort with standard imaging, we enrolled adults
with genetically confirmed RVCL-S and age-matched con-
trols. Exclusion criteria included contraindications to MRI
and pregnancy. Controls were also excluded for history of
neurologic or chronic illness. While controls had a single MRI
scan, individuals with RVCL-S had 1 to S MRI scans during
the study period, typically at 6- to 12-month intervals. Vital
signs and laboratory samples, history of medications, and in-
terim illness were obtained with each scan. Image analyses to
measure atrophy, white matter microstructure, and metrics of
blood flow and oxygen metabolism were performed only on
scans acquired with the standard imaging protocol described
below. The older cohort without standard imaging included
individuals with RVCL-S who had been followed up at the
Washington University RVCL Research Center (rvcl-re-
search.wustl.edu/) over the past 2 decades in whom MRIs
were obtained as part of standard clinical care. Longitudinal
analyses evaluating lesion subtypes over time included all MRI
scans in patients with RVCL-S (those performed with and
without standard imaging).

Common disease features in patients with RVCL-S were
assessed by review of the patient’s medical record and were
present if documented by the treating physician at the Wash-
ington University RVCL Research Center. Common neuro-
radiologic features were present if described in the radiology
report. Systemic features of RVCL-S were defined as: (1) liver
disease if alanine transaminase, aspartate transaminase, or al-
kaline phosphatase was elevated beyond the laboratory refer-
ence range; (2) anemia if hemoglobin fell below the laboratory
reference range; (3) nephropathy if serum creatinine or urine
protein was elevated; (4) hypertension if the patient required
daily antihypertensive medications; (S) hypothyroidism if the
patient required thyroid replacement; and (6) Reynaud phe-
nomenon if listed as a chart diagnosis.

Cognitive and psychological assessment

On the same day as the MRI scan, cognitive assessment was
performed in participants undergoing the standard MRI
protocol. Tests were selected on the basis of demonstrated
reliability and sensitivity to decline in neurodegenerative
diseases and included the Montreal Cognitive Assessment
(MoCA), a global cognitive screening measure sensitive to
executive impairment'?; the Wechsler Adult Intelligence
Scale-Revised Digit Symbol Substitution Test (DSST),'>'
for working memory and processing speed; category
fluency’”™"® (animal and vegetable naming) and the Bushcke
and Grober Free and Cued Selective Reminding Test
(ECSRT),>**" for semantic and episodic memory, re-
spectively; and Gait Speed,” a measure of global cognitive
and motor processing. Levels of depression and anxiety were
assessed with the Geriatric Depression Scale®® and the State-
Trait Anxiety Inventory,”* respectively.

Image protocol and processing

MRI acquisition, segmentation, and coregistration

For the standard imaging protocol, controls and participants
with RVCL-S underwent brain MRI on a Siemens 3T Tim
Trio or 3T Biograph mMR scanner (Erlangen, Germany)
with a 12-channel head coil. Standard 3D magnetization-
prepared rapid gradient-echo T1 (echo time/ repetition time
2.95/1,800 milliseconds, inversion time 1,000 milliseconds,
flip angle 8°, 1.0 x 1.0 x 1.0 mm), fluid-attenuated inversion
recovery (FLAIR) (echo time/repetition time 93/9,000 mil-
liseconds, inversion time 2,500 milliseconds, 1.0 x 0.9 x
3 mm). Magnetization-prepared rapid gradient-echo images
were segmented into gray and white matter with Statistical
Parametric Mapping version 122 Using FMRIB Software
Library (FSL, Oxford University, Oxford, UK), we segmented
subcortical nuclei with the FMRIB Integrated Registration
and Segmentation Tool* and coregistered images obtained

Figure 1 Participant enrollment scheme

RVCL-S
(N = 20)

RVCL-S
(n=14)

Controls
(n=26)

RVCL-S
(n=20)

4

Participants with retinal vasculopathy with cere-
bral leukoencephalopathy and systemic mani-

Prospective cohort with
standard imaging protocol

Prospective cohort without
standard imaging

festations (RVCL-S) and healthy controls were
prospectively enrolled with a standard imaging
protocol. These participants had advanced MRI
analyses to evaluate atrophy, white matter mi-

Analyses performed:

* Normalized gray and white matter
volume for atrophy assessment

« Diffusion tensor imaging (DTI)
metrics (FA/MD) for quantifying
white matter microstructure

* Cerebral blood flow (CBF)

+ Oxygen extraction fraction (OEF)

1. All FLAIR lesions

lesions

Lesion subtype segmentation:

2. FLAIR lesions excluding pseudotumors

3. FLAIR lesions including only pseudotumors
4. All T1 post-gadolinium lesions

5. All diffusion weighted imaging (DWI)

crostructure, and metrics of tissue ischemia
(CBF, OEF). This RVCL-S cohort was enlarged to
include patients with scans dating farther back
(without standard imaging), who had been fol-
lowed over many years. Given that these scans
did not have a standard imaging protocol, only
the lesion segmentation analysis was performed
in the larger cohort. FA = fractional anisotropy;
MD = mean diffusivity.
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within a scan session with the FMRIB Linear Image Regis-
tration Tool,>”*® with accuracy confirmed by visual in-
spection. Segmented brain volumes were normalized to total
intracranial volume to adjust for head size, defined as the sum
of gray matter, white matter, and CSF volumes.*

Diffusion tensor imaging

Diffusion tensor imaging was acquired as follows: echo time/
repetition time 89/10,100 milliseconds and isotropic 2.0 x 2.0 x
2.0 mm. Twenty-five directions were acquired; b = 0 s/mm” and
b = 1,400 s/mm” (field of view 224 mm). Diffusion tensor para-
metric maps including fractional anisotropy (FA) and mean dif-
fusivity (MD) were calculated with the FSL diffusion toolbox
(Oxford University).30 Individual mean FA and MD were mea-
sured in normal-appearing white matter (NAWM) after exclusion
of voxels within the manually delineated FLAIR lesion mask (de-
scribed below), such that only nonlesioned tissue was included.

CBF and OEF image acquisition and processing

We used a pseudocontinuous arterial spin labeling sequence
(echo time/repetition time 12/3,780 milliseconds, 3.0 x 3.0 X
5.0 mm, 22 slices, number of averages 80, labeling duration 2,000
milliseconds, postlabel delay 1,500 milliseconds) to measure
CBE.* Blood T1 for CBF calculation was measured in the su-
perior sagittal sinus of each participant as previously described.*>**
An asymmetric spin echo sequence measured tissue deoxy-
hemoglobin, permitting OEF quantification.**** CBF and OEF
were calculated as previously described.*® Individual mean CBF
and OEF within gray matter and white matter were calculated. To
limit partial volume effects, voxels with <0.7 probability of being
classified correctly as gray or white matter after T1 segmentation
were removed, and a 1-voxel morphologic erosion between tissue
types was applied. To account for participant-related systemic
effects on whole-brain CBF and OEF such as anemia or age, white
matter CBF and OEF were normalized to gray matter (nCBF and
nOEF, respectively).

Lesion subtype segmentation

Five lesion subtypes were evaluated for hyperintensity: (1) all
FLAIR lesions, (2) FLAIR lesions excluding pseudotumors, (3)
FLAIR lesions including only pseudotumors, (4) all T1 post-
gadolinium lesions, and (S) all diffusion-weighted imaging (DWI)
lesions. Hyperintense lesions were manually outlined by a vascular
neurology fellow and board-certified neurologist (V.B.) and
medical student (V.W.C.) and then reviewed and edited by a
board-certified vascular neurologist (A.L.F.) using Medical Image
Processing, Analysis, and Visualization software (mipav.citnih.
gov/). Pseudotumors were defined as a central T1 ring-enhancing
lesion located near the lateral ventricles that was associated with
surrounding vasogenic edema on FLAIR. While FLAIR lesions
were separated into 2 lesion subtypes based on being a pseudo-
tumor or not (to separate out the effect of vasogenic edema on
lesion volume), T1 postgadolinium lesions, also referred to as
nodular contrast-enhancing lesions, were all included as a single
lesion group because the volumes between the ring-enhancing
central lesion of a pseudotumor and other enhancing lesions

throughout the white matter do not differ significantly.

Neurology.org/N

Statistical analysis

Statistical analyses were performed with SAS version 9.4 (SAS
Institute Inc, Cary, NC). Data are described with median
(interquartile range). A Wilcoxon rank-sum test compared
RVCL-S and control cohorts for several neuroimaging out-
comes: gray matter volume, white matter volume, FA, MD,
nCBF, and nOEF. For all imaging analyses except lesion
subtype analysis (described below) in which patients con-
tributed multiple scan time points, the median imaging value
and the corresponding median age from the scan time points
were used. Raw p values were reported with significance noted
after adjustment with the Benjamini-Hochberg procedure to
maintain a family-wise error rate <0.0S. To evaluate the in-
dependent effects of age, disease, and their interaction on
neuroimaging outcomes, linear regression was performed.
When criteria for normality were not met, data underwent
natural logarithmic transformation, and multivariate normal-
ity was retested. The interaction term was included if signif-
icant at p < 0.0S; otherwise, the interaction term was removed.

For cognitive and psychological analyses, a Wilcoxon rank-
sum test compared the RVCL-S and control cohorts. Age at
testing and years of education were compared. For partici-
pants with RVCL-S with multiple cognitive assessments
(performed before each MRI scan), the most recent test result
was used. Because underlying depression and anxiety may
affect cognitive performance,”’ > we evaluated whether
RVCL-S predicted cognitive performance after adjusting for
the Geriatric Depression Scale and State-Trait Anxiety In-
ventory scores. Two linear regression models, one adjusting
for depression and one adjusting for anxiety, as predictors of
each cognitive domain were performed separately (maximum
2 covariates per model) to avoid model overfitting.

Only the participants with RVCL-S with at least 3 scan time
points over at least 30 months were included for the lesion
subtype analysis. Of these 7 patients, S had known age at
death, and 2 were still alive with age at death imputed as the
median value from all patients with RVCL-S who had died.
Repeated patient data were included as a random effect in all
models. For models not meeting normality assumptions, data
underwent transformation before regression with the natural
logarithmic function or nonlinear fits, as needed. Across all
study analyses, results were presented only if valid without
collinearity and with normal residuals.

Data availability
Data are available on request to the corresponding author.

Results

Cohort characteristics

For the prospective study with the standard MRI protocol, 14
individuals with RVCL-S and 26 age-matched healthy con-
trols were enrolled. An additional 6 patients with RVCL-S did
not have any standard imaging, and this larger cohort (n = 20)
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Table 1 Participant characteristics

Prospective cohort with standard imaging Prospective cohort with and
protocol without standard imaging
Healthy controls Patients with RVCL-S Patients with
(n=26) (n=14) RVCL-S (n = 20)
Age at baseline scan, y* 50 (38, 54) 48 (37, 54) 46 (40, 54)
Age at last scan, y — — 50 (42, 55)
Age at death, y — 59 (59, 59) 56 (53, 60)
Female sex, n (%) 18 (69) 9 (64) 14 (70)
White, n (%)° 16 (62) 14 (100) 20 (100)
No. of scans® 1.0(1.0, 1.0) 2.0(1.0,2.8) 2(1.0,4.2)
Duration between baseline and last scan, y — 1.4 (1.0, 1.9) 3.1(2.6,5.7)
Common disease features, n (%)°
Retinopathy (retinal examination not performed in one) 9 (69) 15(79)
Focal neurologic deficits® 5(36) 10 (50)
Cognitive impairment 7 (50) 13 (65)
Psychiatric disturbance 9 (64) 15 (75)
Seizures 1(7) 3(15)
Migraine headache 7 (50) 12 (60)
Common neuroradiologic features, n (%)®
All FLAIR lesions 11(79) 17 (85)
Punctate white matter lesions on FLAIR 11 (79) 17 (85)
Pseudotumor ring-enhancing lesions with vasogenic edema on FLAIR 4(29) 10 (50)
Contrast-enhancing lesions 11 (79) 17 (85)
DWI lesions 8(57) 14 (70)
Other systemic manifestations, n (%)°
Liver disease 5/11 (45) 9/16 (56)
Anemia 4/14 (29) 7/19 (37)
Nephropathy 6/14 (43) 10/19 (53)
Hypertension requiring medications 7/14 (50) 10/20 (50)
Hypothyroidism requiring medication 4/14 (29) 4/19 (21)
Raynaud phenomenon 3/14 (21) 3/20 (15)

Abbreviations: DWI = diffusion-weighted imaging; FLAIR = fluid-attenuated inversion recovery; RVCL-S = retinal vasculopathy with cerebral leukoencephal-
opathy and systemic manifestations.

Data are shown as median (25th, 75th percentile) as appropriate.

@ For controls, there was a single scan; thus, only baseline scan age is reported. For patients with RVCL-S with standard imaging, there could be single or
multiple scans, and the median imaging values were used. Thus, the median age across scan time points is reported as the age at baseline scan. For the larger
RVCL-S cohort with and without standard imaging that was used for the longitudinal lesion analysis, individual scan data were used, so both the age at
baseline and age at last scans are reported.

® There were no significant differences between patients with RVCL-S and healthy controls except for more Whites (p = 0.002) and a larger number of MRI
scans in the RVCL-S group (p < 0.001).

€ Common disease features were present if documented within the medical record by the treating physician at the Washington University RVCL Research
Center.

9 Focal neurologic deficits included any report of language, visual-spatial, motor, sensory, cranial nerve, coordination, balance, or gait deficits in the chart. The
exception was that any vision deficits were not included in this category but were included only in the retinopathy category.

¢ Common neuroradiologic features were present if described in the radiology report or identified on image review by a board-certified vascular neurologist
(A.L.F).

f Other systemic manifestations were present as follows: liver disease if alanine transaminase, aspartate transaminase, or alkaline phosphatase was elevated
beyond the laboratory reference range; anemia if either hemoglobin or hematocrit was low; nephropathy if either serum creatinine or urine protein was
elevated; hypertension if the patient required daily home antihypertensive medications; hypothyroidism if the patient was taking thyroid replacement
medication; and Raynaud phenomenon if listed as a clinical diagnosis. Smaller denominators are due to unavailability of laboratory values in some
participants.
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Figure 2 White matter, but not gray matter, atrophy is accelerated in RVCL-S
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was used for the longitudinal lesion analysis. Baseline char-
acteristics for the study cohorts are shown in table 1. Indi-
viduals from 6 unrelated families with RVCL-S were
represented, with 18 of 20 individuals carrying the most
common TREXI mutation, V235fs, while 2 individuals carried
the T250Nfs mutation.’ There were no differences in age or
sex between the controls and participants with RVCL-S;
however, there was a greater percentage of Whites (p = 0.002)
and more MRI scans performed (p < 0.001) in the RVCL-S
cohort.

White matter volume and microstructure
decline faster in RVCL-S

While atrophy in RVCL-S has been noted qualitatively on
brain imaging, tissue-type atrophy and disruption in white
matter microstructure have not previously been quantified in
RVCL-S. Because lesions occur most commonly, yet not ex-
clusively, in white matter, we hypothesized that white matter
would demonstrate greater atrophy in RVCL-S, even after
accounting for lesion volume and that rate of decline would be
greater than that in age-matched controls. White matter vol-
umes, normalized to intracranial volume, were reduced in
patients with RVCL-S compared to controls (0.281 vs 0.316,
respectively; p < 0.0001), whereas normalized gray matter
volumes did not differ between the 2 cohorts (0.466 in pa-
tients vs 0.480 in controls; p = 0.340) (figure 2, A and B).
Because tissue segmentation techniques are based on T1
imaging and may misclassify lesioned tissue within white
matter as gray matter, we compared white matter volumes
between patients with RVCL-S and controls after adding the

Neurology.org/N

lesion volume for each participant’s scan to the white matter
volume to account for this potential misclassification (patient
example of misclassification is shown in figure S1, data avail-
able from Dryad, dryad.org/10.5061/dryad.stqjq2c0j). This
was performed in participants with RVCL-S and controls
alike, although the control participants were free of risk
factors and were not elderly and therefore had very small
lesion burden (median white matter lesion volume 0.0
[0.0-0.05] cm?). After doing so, we continued to find re-
duced normalized white matter volumes in participants with
RVCL-S compared to controls (0.283 vs 0.316, respectively;
p < 0.0001).

We next evaluated the relationship of tissue-type atrophy as a
function of age and disease status. The rate of decline in white
matter volume was faster in participants with RVCL-S com-
pared to controls (p = 0.0002 for the interaction of age and
RVCL-S status), while rate of gray matter atrophy did not
differ between the 2 cohorts (figure 2, C and D and table 2).
Furthermore, the decline in normalized white matter volume
in the RVCL-S cohort (n = 14) was highly linear (Spearman
p=-0.908, p < 0.0001) compared to controls (p =—0.051,p =
0.806). In figure 3, 3 patient examples with sequential images
spanning 5 to 10 years demonstrate cerebral atrophy quali-
tatively; however, by visual inspection, it is unclear whether
atrophy affects gray matter, white matter, or both. For these 3
patients, quantitative white matter volumes decreased over
time (relative decrease 23.5%-29.6% from baseline) com-
pared to gray matter (relative decrease —4.4% to 6.4% from
baseline).
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Table 2 White matter atrophy, disruption of white matter microstructure, and white matter OEF are increased in RVCL-S

Dependent variable Predictor B Coefficient (standard error) p Value Log-transformed? Normal®
Atrophy
nGM volume RVCL-S status -0.002 (0.012) 0.8385 No Yes
Age -0.0023 (0.000) <0.0001
nWM volume RVCL-S status -0.213 (0.081) 0.0126 Yes Yes
Age -0.006 (0.001) 0.0001
Interaction 0.007 (0.002) 0.0002
WM microstructure (DTl metrics)
FA_NAWM RVCL-S status -0.0095 (0.030) 0.0036 No Yes
Age -0.001 (0.000) 0.0138
Interaction® 0.002 (0.001) 0.0060
MD_NAWM RVCL-S status 0.153 (0.042) 0.0009 No Yes
Age 0.002 (0.001) 0.0228
Interaction® -0.003 (0.001) 0.0011
CBF
nCBF_NAWM RVCL-S status 0.0009 (0.024) 0.707 No Yes
Age 0.002 (0.001) 0.041
OEF
nOEF_NAWM RVCL-S status 0.078 (0.038) 0.0468 Yes Yes
Age 0.003 (0.001) 0.0003
Interaction® —-0.002 (0.001) 0.0103

Abbreviations: CBF = cerebral blood flow; DTI = diffusion tensor imaging; FA = fractional anisotropy; MD = mean diffusivity; NAWM = normal-appearing white
matter; nCBF = normalized CBF; nGM = normalized gray matter; nOEF = normalized OEF; nWM = normalized WM; OEF = oxygen extraction fraction; RVCL-S =
retinal vasculopathy with cerebral leukoencephalopathy and systemic manifestations; WM = white matter.

Linear regression evaluated age, RVCL-S disease status, and their interaction as predictors of brain volume, WM microstructure, CBF, and OEF.

2 Data transformation was performed when normality assumptions were not met. After transformation, normality assumptions were retested.

® Interaction term was included as the product of age and RVCL-S status. If the interaction term was nonsignificant, then it was removed from the model.

Next, we evaluated the decrease in FA and increase in MD with
age as metrics of disrupted white matter microstructure and that
have been found to precede the development of white matter
hyperintensities in sporadic cerebral small vessel disease
(cSVD).***! We measured the effect of RVCL-S disease status
on FA and MD in NAWM after adjusting for age. The reduction
in FA (p = 0.0060) and increase in MD (p = 0.0011) were faster
in participants with RVCL-S compared to controls (p values
given for interaction of age and disease status) (table 2).

White matter OEF is elevated in RVCL-S and
increases with disease duration

While the mechanisms underlying retinal and neuro-
degeneration in RVCL-S are unclear, pathologic findings con-
sistently demonstrate a small vessel vasculopathy associated
with multilaminated basement membranes, mural thickening
and hyalinization, luminal stenosis, and fibrinoid necrosis.*"*
To investigate in vivo signs of small vessel ischemia in RVCL-S,
we measured voxel-wise CBF and OEF. We hypothesized that
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white matter CBF may be decreased while OEF would be
increased in patients with RVCL-S compared to healthy con-
trols. Representative CBF and OEF maps in a patient with
RVCL-S are shown in figure 4A. While nCBF in NAWM did
not differ between the 2 cohorts, nOEF in NAWM was higher
in patients with RVCL-S compared to controls (p = 0.009;
figure 4B). We further evaluated whether nCBF decreased and
nOEF increased over time, suggestive of progressive white
matter ischemia with disease duration. The interaction of age
and RVCL-S status predicted increasing OEF in NAWM (p =
0.0103), while the interaction did not predict change in CBF
(figure 4, C and D, and table 2). The progressive elevation in
white matter OEF with disease duration may indicate chronic
small vessel ischemia as an underlying disease mechanism.

Cognitive and psychological assessment

in RVCL-S

While individuals with RVCL-S may develop lacunar
stroke with acute focal neurologic deficits, more
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Figure 3 Progression in cerebral atrophy and evolution of lesion subtypes in RVCL-S

Top row shows fluid-attenuated inversion recovery (FLAIR) images; middle row shows diffusion-weighted imaging (DWI) images; bottom row shows T1
postgadolinium images. (A) A 45-year-old woman with retinal vasculopathy with cerebral leukoencephalopathy and systemic manifestations (RVCL-S)
demonstrated a pseudotumor adjacent to the right frontal horn. The pseudotumor demonstrates an underlying ring-enhancing lesion on T1 postgadolinium
with central hyperintensity on DWI and surrounding vasogenic edema on FLAIR. MRI scan a decade later demonstrates that the previous pseudotumor is
inactive without central diffusion restriction, contrast enhancement, or significant vasogenic edema on FLAIR. Diffuse central > peripheral atrophy is
prominent, and additional white matter lesions have developed a decade after the baseline MRI. (B) MRI scan of a 54-year-old woman with RVCL-S shows
multiple subcortical and periventricular white matter lesions, several which are hyperintense on DWI and a few of which show nodular enhancement on T1
postgadolinium. Five years later, her MRI scan just before death demonstrates a relative decrease/regression in number and overall burden of white matter
lesions on FLAIR, DWI, and T1 postgadolinium, with greater lesion burden near the ventricles and less within the subcortical white matter; however,
substantial atrophy (central and peripheral) has progressed over the 5 years before death. Sequential neuroimaging on this patient never revealed any
pseudotumors. (C) A43-year-old woman with RVCL-S demonstrates periventricular and subcortical white matter lesions on FLAIR imaging, several, but not all,
of which are bright on DWI and show nodular enhancement on T1 postgadolinium. Follow-up MRI scan 7 years later near the time of death shows substantial
progression in FLAIR lesion burden with overall decrease in DWI hyperintense lesions. Furthermore, nodular enhancement of white matter lesions has
diminished, but a ring-enhancing pseudotumor lesion has appeared adjacent to the right frontal horn. Notably, there is substantial progression of atrophy

(central > peripheral) over the 7-year interval.

commonly, individuals experience subclinical cognitive decline.’
It has been unclear which cognitive domains are most affected in
RVCL-S and how underlying depression and anxiety affect cog-
nitive performance. A standard cognitive assessment was per-
formed in 12 and 11 participants in the RVCL-S and control
cohorts, respectively (table 3). There were no differences in age at
testing (p = 0.740) and years of education (p = 0.379) in the
cohorts undergoing cognitive testing. Of the items tested, se-
mantic memory (tested as category fluency or the number of
animals and vegetables named in 2 minutes) demonstrated the
greatest difference between cohorts, with a median of 27 words in
participants with RVCL-S and 42 words in controls (p = 0.0009).
Participants with RVCL-S scored lower on processing speed
measured by DSST (p = 0.005) and gait speed (p = 0.006). On
psychological evaluation, the Geriatric Depression Scale score was
higher (p = 0.008) with a nonsignificant increase in State-Trait
Anxiety Inventory scores (p = 0.056) in those with RVCL-S.
Given that increased depression and anxiety affect cognitive

Neurology.org/N

performance, we evaluated whether RVCL-S was an independent
predictor of cognitive impairment after adjusting for the Geriatric
Depression Scale and State-Trait Anxiety Inventory scores in
separate models. When adjusted for depression, RVCL-S
remained an independent predictor of semantic fluency (B
[95% confidence intervals] = —12.3 [-5.3 to —19.3], p = 0.002)
and processing speed (DSST score) (B = —13.1 [-1.4 to —24.8]; p
= 0.030) but did not independently predict MoCA score, FCSRT
score, or gait speed. When adjusted for anxiety, RVCL-S remained
independently predictive of semantic memory ( = —12.9 [-6.4 to
-19.4]; p = 0.0006), DSST score (p = -164 [-S.1 to —27.8]; p =
0.007), and gait speed ( = —0.266 [-0.025 to —0.506]; p = 0.032)
but did not independently predict MoCA or FCSRT score.

Burden of FLAIR lesions in RVCL-S increases
near time to death

To evaluate the temporal evolution of lesion subtypes in
RVCL-S, MRI scans from participants with RVCL-S (n = 20)

Neurology | Volume 95, Number 14 | October 6, 2020

e1925


http://neurology.org/n

e1926

Figure 4 White matter OEF increases with disease duration and may indicate progressive microvascular ischemia
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were evaluated for hyperintensity across S lesion types: (1) all
FLAIR lesions, (2) FLAIR lesions excluding pseudotumors,
(3) FLAIR pseudotumor lesions only, (4) T1 postgadolinium
lesions, and (5) DWI lesions. Figure 3 shows 3 individuals
with RVCL-S and MRIs spanning S to 10 years, including
representative maps for FLAIR (row 1), DWI (row2),and T1
postgadolinium (row 3). The examples qualitatively demon-
strate how FLAIR, DWI, and T1 gadolinium-enhancing le-
sions progress and regress over time.

To evaluate whether total lesion volume changed with age or
near time to death, individuals with >3 scan time points across
a minimum of 30 months were included in linear regression
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analysis, with repeated patient data included as a random effect.
Seven participants and 60 MRI scans were included with a
median (interquartile range) between scans of 0.5 (0.4-1.0)
years and total duration of imaging follow-up of S (3-6.5)
years. Age as a predictor of lesion volume did not produce valid
models with or without data transformation or nonlinear
methods (data available from Dryad, figure S2, dryad.org/10.
5061/ dryad.stqquch). However, time to death was a signifi-
cant predictor of lesion volume for all FLAIR lesions and for
FLAIR lesions excluding pseudotumors (figure S). FLAIR le-
sions including pseudotumors increased at a rate of 22%/y
closer to death (p < 0.0001). Similarly, FLAIR lesions excluding
pseudotumors increased at a rate of 15%/y closer to death (p <
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Table 3 Cognitive and psychological testing in patients with RVCL-S compared to healthy controls

Healthy controls (n = 11) Patients with RVCL-S? (n = 12) P value®
Age at testing, y 54 (50, 56) 52 (42, 58) 0.740
Education, y 16 (15, 16) 15 (12, 16) 0.379
MoCA score 29 (26, 29) 25 (24, 27) 0.055
DSST, No. of symbols completed in 90 s 52 (47, 54) 32 (21, 48) 0.00520<
Category fluency, No. of words in 2 min 42 (39, 45) 27 (24, 32) 0.0009%P<
FCSRT: free recall score 37 (34, 39) 33 (28, 34) 0.032°
Gait speed, m/s 1.32 (1.23, 1.40) 1.15(0.90, 1.2) 0.006%P
Geriatric Depression Scale score 2(0,4) 16 (5, 18) 0.008°
State-Trait Anxiety Inventory score 54 (47, 64) 78 (59, 92) 0.056

Abbreviations: DSST = Digit Symbol Substitution Test; FCSRT = Bushcke and Grober Free and Cued Selective Reminding Test; MoCA = Montreal Cognitive
Assessment; RVCL-S = retinal vasculopathy with cerebral leukoencephalopathy and systemic manifestations.

Data are shown as median (25th, 75th percentile).

2 RVCL-S disease status remained a significant predictor of cognitive test score after adjustment for State-Trait Anxiety Inventory score using multivariable

linear regression modeling.

b Significance after adjustment with the Benjamini-Hochberg procedure to maintain a family-wise error rate <0.05.
€RVCL-S disease status remained a significant predictor of cognitive test score after adjustment for Geriatric Depression Scale score using multivariable linear

regression modeling.

0.0001). Models including time to death as a predictor of
pseudotumors only, contrast-enhancing lesions, or DWI lesion
burden were invalid without meeting normality assumptions
even after data transformation. Of all lesion subtypes, DWI and
contrast-enhancing lesions were the most common to regress.

To evaluate the onset of lesion appearance in RVCL-S,
lesion volumes were plotted across lesion subtypes as a
function of age for the entire RVCL-S cohort (data avail-
able from Dryad, figure S3, dryad.org/10.5061/dryad.
stqjq2c0j). Individuals were more likely to have brain le-
sions after 40 years of age regardless of lesion subtype;
however, data are limited at younger ages. Five patients
(including 9 MRI scans) at <40 years of age showed min-
imal FLAIR lesion burden (median [interquartile range]
0.16 [0.02-0.37] cm?), with 2 individuals having no brain
lesions. Lesions were common after 40 years of age (me-
dian [interquartile range] 4.9 [1.5-18.3] cm?); 67 scans
demonstrated >1 FLAIR lesions.

Discussion

RVCL-S is devastating and untreatable. Identifying effective
therapies will likely require an in-depth understanding of
molecular mechanisms. The current study provides the early
stages of a neuroradiologic natural history of RVCL-S. By
profiling participants across a wide age range, we modeled the
rate of change in key neuroradiologic features such as cerebral
atrophy, disruption of white matter microstructure, and lesion
subtypes. Furthermore, we obtained a standard cognitive
battery in patients with RVCL-S and controls to determine
which domains are affected most by the disease.

Neurology.org/N

Prior studies have focused on lesion characterization in
RVCL-S without attention to tissue-type atrophy. Our work
reveals that white matter atrophy is a prominent feature in
RVCL-S. Indeed, the decline in white matter volumes oc-
curred earlier than expected, appearing to diverge from con-
trols between 30 and 40 years of age, before substantial lesion
development (figure 2 and table 2), suggesting earlier onset of
microstructural disease than previously known. Moreover, the
decline in white matter volume with age was highly linear,
suggesting that normalized white matter volume could pro-
vide a metric to demonstrate slowed neurodegeneration in
future clinical trials. Such a neuroimaging outcome has pre-
viously been unavailable for the therapies that have been
suggested or tried.>**

Prior studies have reported the prevalence of cognitive (56%)
and psychological (42%) impairment by chart review.” Our
findings demonstrate impairment in specific cognitive do-
mains, with the largest impairments identified for timed tests
of working memory and processing speed (table 3). It is likely
that the white matter injury observed in RVCL-S may be
contributing to deterioration in processing and psychomotor
speed, as has been shown in other neurodegenerative diseases
characterized by white matter changes.”™*® The Geriatric
Depression Scale score was significantly higher in RVCL-S,
which negatively affects processing speed, although semantic
fluency and processing speed continued to be affected by
RVCL-S even after adjustment for underlying depression and
anxiety.

The largest cohort of RVCL-S has previously been described
with a high prevalence of both small/medium FLAIR hyper-
intensities and ring-enhancing pseudotumors.3 We in
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Figure 5 Lesions in RVCL-S, regardless of subtype, progress/regress with high interparticipant variability
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addition found that regardless of pseudotumors, patients
demonstrate nodular contrast-enhancing lesions in 84% and
DWI hyperintense lesions in 68%. The appearance of small,
subcortical DWI hyperintense and contrast-enhancing lesions
that appear and regress over time may suggest chronic, pro-
gressive microvascular ischemia. While the contrast-
enhancing and DWI lesion burden fluctuated over time and
was not predicted by age or time to death, the FLAIR lesions
accumulated significantly and nonlinearly as time to death
decreased (figure S). Assessing the rate of FLAIR lesion
progression may assist in determining the prognosis or ap-
propriate treatments targeting later stages of disease. Finally,
we found that FLAIR lesion volumes were very low before 40
years of age (data available from Dryad, figure S3, dryad.org/
10.5061/dryad.stqjq2c0j). This finding is limited by having
only S patients imaged before 40 years of age; however, low
lesion volumes were also identified in a cohort of 33 mutation
carriers from the Netherlands in whom FLAIR lesion volume
in individuals <40 years of age (n = 11) was 0.19 cm?, similar

to our median volume of 0.16 cm>.*’

White matter OEF was elevated in the RVCL-S cohort, which
increased over time (figure 4), suggesting chronic ischemia as
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a likely pathogenic mechanism. Regional elevation in ce-
rebral OEF measured by brain MRI or PET has provided a
biomarker of ischemic vulnerability in several clinical set-
tings such as carotid occlusive disease,*®
stroke,*” and sickle cell anemia.>*° Along with other ad-
vanced MRI methods that provide biomarkers of in vivo
pathophysiology such as quantifying cerebrovascular re-
activity and white matter microstructure, we propose that
regional OEF may provide a metric of microvascular health
in RVCL-S and other forms of cSVD. In support of our
findings implicating chronic microvascular ischemia,
pathologic studies have described a small vessel vascul-
opathy in RVCL-S associated with multilaminated base-
ment membranes, mural thickening and hyalinization,
luminal stenosis, and fibrinoid necrosis. Consistent with a
selective vulnerability of white matter in RVCL-S, Kothari
et al.” demonstrated numerous TREX1-expressing micro-
glia in association with the microvasculature in both le-
sioned white matter and NAWM, but much less so in gray
matter. In support of an endothelial activation phenotype
in RVCL-S, von Willebrand factor antigen and propeptide,
and angiopoietin-2 were elevated in 3 Dutch families with
RVCL-S.°>" Another study evaluated vascular reactivity by

acute ischemic
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measuring flow-mediated dilation of the brachial artery,
finding a reduction in percent change in arterial diameter
in patients with RVCL-S.%%% Therefore, increasing evi-
dence suggests endothelial damage and ischemia as un-
derlying pathogenic mechanisms, with a potential role for
TREX1-expressing microglia or macrophages.7

Unexpectedly, we found that white matter CBF was not lower in
patients with RVCL-S compared to controls. We postulate that
ischemia early in disease leads to regions of impaired vascular
autoregulation that prevent the tissue from finely regulating
CBF, leading to greater fluctuations in CBF but not a net lower
CBF. Local inability to regulate CBF may lead to intermittent
ischemia when systemic blood pressure fluctuations drop local
CBF, leading to a compensatory elevation in regional OEF and
eventually tissue infarction. Similar to our findings, in sporadic
cSVD, CBF in NAWM has typically not been low compared to
¢3325% Measures of degree of impairment in cerebral
vasoreactivity, but not baseline CBF, have been predictive of
disease progression in sporadic and in another inherited cSVD,
cerebral autosomal dominant arteriopathy with subcortical in-
farcts and leukoencephalopathy (CADASIL).*>>™*%

controls.

As one of several monogenic microvasculopathies, RVCL-S
may provide an additional ¢SVD model to study vascular
contributions to dementia as the second leading cause of
dementia and a key contributor to Alzheimer dementia.**®
Rapid neurodegeneration in RVCL-S may facilitate studies of
the mechanisms and treatments for sporadic ¢SVD, which
progresses later in life and over a longer duration. Microvas-
cular pathology in genetic forms of cSVD such as RVCL-S and
CADASIL has demonstrated findings qualitatively similar to
those seen in sporadic cSVD but with more severe pathology
seen in the hereditary forms,*>’ suggesting that cSVD of di-
verse origins may have a common final pathway toward
microvasculopathy and white matter degeneration.

Given the rarity of RVCL-S with <200 individuals identified
worldwide, our work provides a relatively large cohort scan-
ned with standard imaging at multiple time points. However,
there are limitations to consider. First, rates of white matter
volume, DTI, CBF, and OEF change were obtained by
regressing median values per individual by age and disease
status. This analysis was chosen (1) to reduce the noise that
occurs in the setting of sequential imaging over a short du-
ration and (2) because only single imaging sessions were
obtained in the control cohort. We plan to acquire more data
in both cohorts over a longer duration to confirm and improve
the accuracy of our findings. Another limitation is that voxel-
wise measurements of CBF using pseudocontinuous arterial
spin labeling have low signal-to-noise ratio in the deep white
matter, which may limit our ability to detect differences in
white matter CBF between the 2 cohorts. Previous work has
investigated this limitation, finding that the signal remains
adequate for the majority of white matter.*®> Moreover, we
used the recommended parameters that resulted from this
work to optimize white matter signal. Future efforts to
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standardize neuroimaging protocols across RVCL-S centers
worldwide may help expand and refine our findings. For ex-
ample, in addition to white matter atrophy, there may be an
increase in the rate of gray matter atrophy that may be de-
tectable in larger cohorts. Furthermore, larger longitudinal
imaging studies in RVCL-S cohorts will allow evaluation of
the phenotypic variability such as how sex, kindred, mutation,
and other vascular comorbid conditions affect the onset and
progression of neurodegeneration and lesion evolution.
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