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Abstract

Background and Objectives

HTRA1-related cerebral small vessel disease (HRSVD) is a rare hereditary form of cerebral small
vessel disease (CSVD) caused by HTRAI pathogenic variants. Diagnosing HRSVD without
genetic testing is challenging because of the lack of distinctive imaging features and clinical
symptoms, and even family history can be unclear in some cases with HRSVD. This study
investigates whether susceptibility-weighted imaging (SWI) can identify useful diagnostic findings
for HRSVD.

Methods

This retrospective study included 8 patients with HRSVD, 12 with cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), and 14 with spo-
radic CSVD (sCSVD). Two neurologists blinded to clinical data counted the number of hypo-
intense dots around the midbrain on SWIL Receiver operating characteristic curve analysis
evaluated the optimal threshold of the number that can distinguish HRSVD and CADASIL or
sCSVD. In addition, histopathologic analysis including measurement of leptomeningeal vessel

diameter and type III collagen deposition was performed on autopsied brains from 3 cases each of
HRSVD, CADASIL, and sCSVD and control participants.

Results

Patients with HRSVD exhibited a significantly higher number of hypointense dots around the
midbrain on SWI compared with CADASIL and sCSVD groups. A threshold of 5 or more dots,
termed the “Chocolate Chip Sign,” well distinguished HRSVD from CADASIL and sCSVD
(area under the curve: 0.817, 95% confidence interval: 0.624—1.00). Three-dimensional SWI
reconstruction and 7T MRI confirmed these dots as dilated extraparenchymal vessels. Histo-
pathologic analysis revealed pronounced dilation of leptomeningeal veins with type III collagen
accumulation specifically, in HRSVD brains.

Discussion

The Chocolate Chip Sign on SWI represents a novel and promising neuroimaging biomarker
for HRSVD. This finding holds significant potential for facilitating early diagnosis, prompting
timely genetic testing, and appropriate family screening for this rare genetic disorder.
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Glossary

ANOVA = analysis of variance; AUC = area under the curve; CADASIL = cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy; CARASIL = cerebral autosomal recessive arteriopathy with subcortical infarcts
and leukoencephalopathy; CSVD = cerebral small vessel disease; FLAIR = fluid-attenuated inversion recovery; GRE = gradient-
echo sequence; H&E = hematoxylin and eosin; HTRAI = high-temperature requirement Al; HRSVD = HTRAI-related
cerebral small vessel disease; LMA = leptomeningeal artery; ROC = receiver operating characteristic; sSCSVD = sporadic
cerebral small vessel disease; SWI = susceptibility-weighted imaging; T2WI = T2-weighted imaging.

Introduction

Cerebral small vessel disease (CSVD) encompasses a range
of disorders affecting the small vessels of the brain, which
can be either hereditary or sporadic.' The sporadic form is
more common in the older population. One of the
inherited forms of CSVD is cerebral autosomal recessive
arteriopathy with subcortical infarcts and leukoencephal-
opathy (CARASIL). CARASIL is a rare, early-onset CSVD
resulting from loss-of-function variants in both alleles of
the HTRAI gene, which encodes a serine protease.2 Fur-
thermore, pathogenic variants in a single allele of HTRAI
can contribute to late-onset CSVD.>” Consequently,
CSVD associated with CARASIL and heterozygous
HTRAI pathogenic variants is collectively termed HTRAI-
related cerebral small vessel disease (HRSVD).

Imaging findings in HRSVD are generally nonspecific and
resemble other forms of CSVD®, whereas advanced CAR-
ASIL cases exhibit a distinctive “arc sign” on T2-weighted
imaging.8 Moreover, patients with HRSVD often lack char-
acteristic clinical features such as alopecia and low back pain,
commonly associated with CARASIL.>® In addition, family
history is frequently unclear, especially in CSVD cases with
heterozygous HTRAI pathogenic variants. Therefore, it is
challenging to identify CSVD patients with high prior prob-
ability of an HTRAIl-positive result who should undergo
genetic testing.

Susceptibility-weighted imaging (SWI) has proven to be
valuable in detecting vessel changes in CSVD. For instance,
the “vessel-cluster sign,”*° dilated small deep parenchymal
vessels, has been reported in cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephal-
opathy (CADASIL), and reduced visibility of deep med-
ullary veins has been observed in CSVD."! However, SWI
findings in HRSVD have not been comprehensively
evaluated.

This study aims to investigate the potential diagnostic
utility of a novel imaging marker, the “Chocolate Chip
Sign,” characterized by multiple hypointense dots around
the midbrain on SWI, observed in patients with HRSVD.
We also extended 7T high-resolution SWI and histopath-
ologic study to explore the underlying pathophysiology
of “Chocolate Chip Sign.”
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Methods

Patients for MRI Analysis

This study retrospectively analyzed 350 patients with CSVD
who were referred for genetic analysis at the Brain Research
Institute, Niigata University, from October 2010 to March
2022 (Figure 1). First, patients were classified into 3 groups:
NOTCH3-positive group, HTRAI-positive group, and
NOTCH3 and HTRAI NOT-confirmed group. In the
NOTCH3-positive group, the cysteine-sparing variants were
excluded except for p.R75P.12 In the HTRAI-positive group,
the variants without previous confirmation of reduced pro-
tease activity*®'* were excluded except for HTRAI p.V221A
specifically confirmed in this study (eFigure 1, A and B). In
the NOTCH3 and HTRA1 NOT-confirmed group, only pa-
tients who underwent whole-exome sequencing (WES) and
showed no pathogenic variants related to CSVD were in-
cluded. Exclusion criteria throughout the groups were as
follows: no SWI or fluid-attenuated inversion recovery/
T2-weighted imaging (FLAIR/T2WI) data, large cerebral
hemorrhagic lesions (>15 mm), Fazekas grade <2 for both
periventricular and deep white matter hyperintensities,'* and
arterial stenosis of the main trunk (if MR angiography data
were available). The final patient cohort is presented in
eTable 1.

Analysis of Hypointense Dots Around the
Midbrain on SWI

Two board-certified neurologists (S.A. and S.K.) blinded to
the patients’ clinical details conducted the analysis. The
number of hypointense dots was counted at a single midbrain
level in 2 steps: 2 raters independently counted the number of
dots, and then, the statistical analysis was performed using
their lower values to avoid overestimating the number of dots.
A comparison of the FLAIR/T2WI images confirmed that the
hypointense dots were outside the parenchyma. The number
of hypointense dots around the midbrain for each case is
provided in eTable 2. Inter-rater reliability was evaluated us-
ing the weighted kappa coefficient.

Three-Dimensional Reconstruction of SWI Data
Three-dimensional (3D) reconstruction of the low signal on
the brain surface was performed using SWI in the cases of
HRSVD and CADASIL. The brains were extracted from the
SWI scans using HD-BET. The extracted brain images were
analyzed using a 3D Frangi vesselness filter in MATLAB
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Figure 1 Flowchart of Selection of Patients

All patients
(N =350)

| !

|

NOTCH3-positive group (n = 64)

HTRAT-positive group (n = 28)

NOTCH3 and HTRAT NOT-confirmed group (n = 258)

Excluded (n = 244):

Excluded (n = 52):

+ Cysteine-sparing mutations?® (5)

* Not satisfying MRI sequence® (45)
* Large ICH® (2)

Excluded (n = 20):

protease activity (3)

» No confirmation of reduced

* Not satisfying MRI sequence® (17)

» WES not performed (122)

+ Other pathogenic variants (25)

+ Not satisfying MRI sequence® (89)
+ Positive family history (3)

* Large ICH®(2)

+ Mild leukoencephalopathy® (2)
» Main trunk stenosis (1)

CADASIL group (n=12) HRSVD group (n = 8)

sCSVD group (n = 14)

(A) Except for NOTCH3 p.R75P. (B) Susceptibility-weighted imaging (SWI) and fluid-attenuated inversion recovery (FLAIR) or T2-weighted imaging (T2WI) are
required. (C) More than diameter of 15 mm. (D) Fazekas grade <2 in both deep white matter hyperintensities and periventricular hyperintensities. CADASIL =
cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; HRSVD = HTRA1-related cerebral small vessel disease; ICH =
intracranial hemorrhage; sCSVD = sporadic cerebral small vessel disease; WES = whole-exome sequencing.

(MathWorks, Natick, MA).">"” The parameters were set to
default values. To generate high-quality images in TIFF for-
mat, we multiplied the voxel values of the analyzed data with
the Frangi filter by a factor of 1000. The integer values were
determined using the cast function in MATLAB, and any
structures deemed to be venous sinuses or veins were re-
moved manually. The resulting data were converted into
TIFF images and loaded into Imaris 9.9.0 (Oxford Instru-
ments, Abingdon, United Kingdom).

7-T High-Resolution MRI Study
High-spatial-resolution SWI using 7T MRI was conducted
for HRSVD (Case 6 in eTable 1). The mesoscopic SWI
study used a 7T Signa Horizon LX MRI system equipped
with a 32-channel multielement coil for radiofrequency
transception.'®'®  High-resolution ~T2*-weighted
dimensional (2D) gradient-echo sequence (GRE) images
were obtained using the following parameters: repetition
time = 280 ms, echo time = 31.5 ms, flip angle = 40°, field of
view = 80 x 80 mm, and matrix size = 512 x 512 with 3-mm
thickness and 1-mm gap (0.156 x 0.156 x 3 mm in spatial
resolution). The SWI scans were obtained by postprocessing
the T2*-weighted 2D GRE imageszo’21 using in-house soft-
ware written in MATLAB 2019b on a window-based
computer.

two-

Pathologic Study

Immunohistochemical analysis was conducted for each of the 3
autopsied patients with HRSVD, CADASIL, and sporadic
CSVD (sCSVD) and non-CSVD control participants without
neurologic disorders. The profiles of these patients are sum-
marized in eTable 3. Brains were fixed with 10% buffered for-
malin, and multiple tissue blocks were embedded in paraffin.
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Histologic examination was performed on 4-pm thick sections
using hematoxylin and eosin (H&E) and Kliiver-Barrera
staining, Selected sections were immunostained with anti-
bodies against type III collagen (Abcam, Cambridge, United
Kingdom; 1:1000) and ferritin light chain (Abcam; 1:100).
Antibodies against amyloid p 11-28 (IBL, Gunma, Japan; 1:
50), phosphorylated tau (Fujirebio, Gent, Belgium; 1:200), and
phosphorylated a-synuclein (Wako, Saitama, Japan; 1:1000)
were used to assess senile pathologic changes and cerebral
amyloid angiopathy (CAA) based on the ’ABC’ score,”* the
fourth consensus report of the Dementia with Lewy Bodies
Consortium, and the CAA score.** Bound antibodies were
visualized by a peroxidase polymer-based method using a
Histofine Simple Stain MAX-PO kit (Nichirei, Tokyo, Japan),
with diaminobenzidine as the chromogen. Immunostained
sections were counterstained with hematoxylin.

We quantified venous diameter in the subarachnoid space of
the midbrain. The veins were observed using Elastica-
Goldner-stained sections under a X10 objective lens, and
images of all areas were digitized using an automated imaging
system (NanoZoomer S60, Hamamatsu, Japan). In S of the 12
cases, sections were prepared from the half-cut midbrain, and
the total number of leptomeningeal veins taken from the
sections in each case was 583. Subsequently, the outer di-
ameter of the veins in the subarachnoid space (lep-
tomeningeal veins) was measured at 2 different points as
previously described,” and the diameter was calculated as the
average of the 2 measurements.

HTRA1 Digestion Assay
Full-length human type III collagen Al (Novus Biologicals,
H00001281-P01) and C-terminal myc-His6-tagged full-
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length human HTRALI protein (expressed in FreeStyle 293
cells and purified as previously described) were used in this
study.* In brief, collagen Al (100 ng) and varying concen-
trations of HTRAI were incubated in the digestion buffer at
37°C for 6 hours. Cleavage activity was assessed by immu-
noblotting as previously described.*

Statistical Analysis

Statistical analysis was performed using Shapiro-Wilk, Welch,
Kruskal-Wallis, Fisher exact, and Mann-Whitney U tests, as
appropriate for data type and distribution. The Spearman rank
correlation coeflicient between disease duration and the
number of hypointense dots in the HRSVD group was calcu-
lated. Receiver operating characteristic (ROC) curve analysis
was used to assess the discriminative power of hypointense dots
on SWI for predicting Chocolate Chip Sign positivity, and
binomial logistic regression was used to adjust for disease
duration and hypertension. Missing data were excluded for
these statistical analyses. Statistical significance was set at p
< 0.05. All analyses were conducted using EZR version
4.2.2 (Jichi Medical University, Saitama, Japan), XLSTAT
(Denver, CO), and GraphPad Prism software version 9.5.1
(Boston, MA).

Ethics Approval

This study was approved by the Ethics Board of Niigata
University (approval ID numbers 801, 802, and G2020-
0032). Informed consent was obtained from all the
participants.

Guidelines

We prepared our article in accordance with the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) cross-sectional study guidelines. A checklist is
provided in eAppendix 1.

Data Availability
The corresponding author provides data related to this study
on reasonable request.

Results

Clinical and Genetic Characteristics

Thirty-four patients were included in this study (HRSVD, n =
8; CADASIL, n = 12; and sCSVD, n = 14). The average age at
onset was 37.6 years for HRSVD (range: 22-53 years), 45.7
years for CADASIL (range: 32-66 years), and 48.9 years for
sCSVD (range: 30-64 years). The number of women was 2
(25.0%) in HRSVD, 5 (42.0%) in CADASIL, and 3 (21.0%)
in sCSVD. The study participants were predominantly Japa-
nese, except for one patient from Korea in the CADASIL
group and 3 patients from India in the HRSVD group. De-
tailed clinical and genetic characteristics are presented in
Table 1 and eTable 1. Data on hypertension, diabetes melli-
tus, dyslipidemia, smoking, and alcohol use were missing for
one patient with sCSVD (Case No. 34). No significant dif-
ferences were observed in the age at onset or the time from
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onset to MRI between the groups. Hypertension was more
common in patients with sCSVD (p = 0.008), and dementia
was more frequent in patients with CADASIL (p = 0.026).

Hypointense Dots Around the Midbrain

in HRSVD

On SWI, numerous small, round-to-oval hypointense dots
were predominantly observed surrounding the midbrain in
patients with HRSVD (Figure 2, A and B, eFigure 2, A and B).
This pattern, resembling scattered chocolate chips, was
quantified at a single midbrain level by 2 independent raters
(weighted x = 0.970). Patients with HRSVD exhibited a sig-
nificantly higher number of hypointense dots compared with
patients with CADASIL or sCSVD (p < 0.001; Figure 2C).
However, no significant correlation was found between
disease duration and the number of hypointense dots in the
HRSVD group (rs = 0.187, 95% confidence interval:
-0.601-0.791, p = 0.703). A threshold of S or more dots,
termed the Chocolate Chip Sign, demonstrated optimal
sensitivity and specificity for differentiating HRSVD (area
under the curve [AUC]: 0.817; 95% confidence interval
[CI]: 0.624-1.00; Figure 2D, eTable 4), which remained
significant even after adjusting for disease duration and

hypertension (Table 2).

Continuous Characteristics of Hypointense
Dots on SWI

3D reconstruction of hypointense signals in HRSVD and
CADASIL revealed continuous, partially dilated structures,
suggesting a vascular origin (Figure 3, A and B, Videos 1 and 2).
High-resolution 7T SWI in a patient with HRSVD further
demonstrated the extraparenchymal location of these hypo-
intense dots (Figure 3C), supporting that hypointense dots seen
on SWI represent superficial vessels.

Venous Dilation in Autopsied Brain

With HRSVD

Histologic examinations were performed for the HRSVD,
CADASIL, sCSVD, and control groups. In HRSVD, lep-
tomeningeal veins exhibited partial dilation and wall thick-
ening compared with the arteries (Figure 4A). Conversely,
veins in CADASIL and sCSVD groups were uniformly and
only slightly dilated with wall thickening relative to the ar-
teries (eFigure 3, A-C). Dilated and thickened venous walls
were also observed in the leptomeningeal region at the tem-
poral tip (Figure 4B). Leptomeningeal venous diameter
around the midbrain was significantly dilated in the HRSVD
group compared with sCSVD and control groups
(Figure 4D). It is important to note that the arterial di-
ameter did not differ between HRSVD and the other 3
groups (CADASIL, sCSVD, and control) (Figure 4E).
Ferritin staining of leptomeningeal vessels was performed
to investigate whether the hypointense signal on SWI
resulted from paramagnetic elements. Ferritin deposition
in the leptomeningeal vessels in HRSVD was unremark-
able compared with that in CADASIL and sCSVD
(eTable 5).
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Table 1 Clinical Characteristics of the Participants in the MRI Study

HRSVD CADASIL Sporadic CSVD p Value
Total number 8 12 14
Age at onset (y/o) 37.6 (+11.4) 45.7 (+8.50) 48.9 (£10.3) 0.1342
Disease duration (y) 7.75 (+8.00) 3.10 (+3.00) 2.20 (+3.70) 0.092°
Sex (female) 2 (25.0%) 5 (42.0%) 3(21.0%) 0.629¢
Hypertension 1(12.5%) 2 (16.7%) 9 (64.3%) 0.008°
Diabetes mellitus 0 (0%) 1(8.30%) 1(7.10%) 1.000¢
Dyslipidaemia 0 (0%) 3 (25.0%) 4(28.6%) 0.237¢
Alcohol 0 (0%) 0 (0%) 2 (14.2%) 0.326°
Smoking 3(37.5%) 7 (58.3%) 7 (50.0%) 0.747°¢
Gait disturbance 7 (87.5%) 5 (42.0%) 10 (71.4%) 0.113¢
Dementia 1(12.5%) 7 (58.3%) 2 (14.2%) 0.026°
Symptomatic CI 3(37.5%) 8 (66.7%) 8 (57.1%) 0.467¢
Symptomatic ICH 1(12.5%) 1 (8.30%) 1(7.10%) 1.000°¢
Fazekas grade (PVHs) 2: 0 (0%) 2:2(16.7%) 2:1(7.10%) 1.000¢

3: 8 (100%) 3:10(83.3%) 3:13(92.9%)
Fazekas grade (DWMHs) 2: 0 (0%) 16.7%) 2:1(7.10%) 1.000¢

3:8(100%)

2:2(
3:10(83.3%)

3:13(92.9%)

Abbreviations: CSVD = cerebral small vessel disease; Cl = cerebral infarction; DWMHSs = deep white matter hyperintensities; HRSVD = HTRA1-related cerebral

small vessel disease; ICH = intracranial hemorrhage; PVHs = perivascular hyperintensities; y/o = years old.

Data are presented as the mean + SD or number of cases and percentages.

@ Welch test for normally distributed variables.
b Kruskal-Wallis test for non-normally distributed variables.
¢ Fisher exact test for categorical variables.

Type lll Collagen Accumulation in HRSVD
Because venous abnormalities in CSVD are characterized by
aberrant type III collagen accumulation, immunostaining
for type III collagen was performed.””® Strong positivity
for type III collagen was observed in thickened vascular
walls on the brain surface, medullary veins, and capillaries
in HRSVD, CADASIL, and sCSVD, but not in nondisease
control (Figure 4C).

Because HTRALI partially digests type III coHagen,29 we in-
vestigated whether HTRA1 digests full-length type III colla-
gen and found that HTRAL efficiently digested type III
collagen in a concentration-dependent manner (eFigure 4).

Discussion

This study identifies a novel imaging marker for HRSVD
termed the Chocolate Chip Sign. This sign, characterized by
multiple hypointense dots surrounding the midbrain on SWI,
exhibits potential for both the diagnosis and understanding of
the pathophysiology of HRSVD. Our findings demonstrate
that the Chocolate Chip Sign effectively differentiates
HRSVD from CADASIL and sCSVD, thereby highlighting its
utility as a diagnostic tool.

Neurology.org/NG

The evidence shown in this study suggests that these hypo-
intense dots on SWI represent dilated veins rather than micro-
bleeds. First, 3D reconstructions revealed a linear and tubular
morphology that traces anatomical venous courses, in contrast to
the typical punctate appearance of microbleeds. Second, high-
field 7T MRI confirmed their extraparenchymal location, con-
sistent with venous anatomy and aligning with histologic
observations of venous dilation. Third, the pronounced hypo-
intensity on SWI aligns with the known paramagnetic properties
of deoxyhemoglobin, which are amplified in dilated veins.***
This observation is further supported by the abundant superficial
venous network around the midbrain,®® making it an atypical
location for marked presence of microbleeds.

While the Chocolate Chip Sign shows promise as a diagnostic
marker for HRSVD, it is crucial to consider other conditions
that may present with similar SWI features. CAA can exhibit
multiple hypointense dots on SWI, typically representing
microbleeds. However, they are usually distributed more
diffusely throughout the cerebral cortex and subcortical white
matter. The presence of lobar intracerebral hemorrhage or
cortical superficial siderosis can also be a clue for dis-
tinguishing CAA from HRSVD.?! In addition, other rare ge-
netic small vessel diseases, such as COL4Al-related CSVD,
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Figure 2 Hypointense Dots on Susceptibility-Weighted Imaging in Patients With HTRA1-Related Cerebral Small Vessel

Disease
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(A) Multiple hypointense dots are observed throughout the
brain on susceptibility-weighted imaging (SWI); however,
this finding is more prominent around the midbrain in a
patient with homozygous HTRA1 p.E247Rfs. (B) The number
of hypointense dots around the midbrain is counted at a
single midbrain level by 2 board certified neurologists.
The white asterisks indicate the actual counted dots. (C) The
number of hypointense dots significantly increases in the
HRSVD group (asterisks represent p < 0.05). (D) Receiver
operating characteristic (ROC) curve of the number of
hypointense dots is shown. The most suitable number of
hypointense dots distinguishing HRSVD and non-HRSVD is
found to be 5, with an area under the curve (AUC) of 0.817
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(95% Cl, 0.624-1.00), which is named as Chocolate Chip Sign.
CADASIL = cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy; HRSVD =
HTRA1-related cerebral small vessel disease; sCSVD = spo-
radic cerebral small vessel disease.
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may occasionally present with multiple hypointense dots on
SWL>** To avoid misdiagnosis, it is essential to evaluate the
Chocolate Chip Sign alongside other clinical and imaging
features, family history, and, when appropriate, genetic test-
ing. The presence of alopecia, spondylosis, or a family history
of early-onset stroke would further support the diagnosis of
HRSVD over other CSVDs.

We observed variability in the Chocolate Chip Sign, specifically
in the number of hypointense dots around the midbrain among
HRSVD cases. A previous study showed clinical heterogeneity
of HRSVD, particularly among patients with heterozygous
HTRALI pathogenic variants. This may partially account for
the discrepancies in the number of hypointense dots between
individual HRSVD cases.’ Although a correlation between

Table 2 Binomial Logistic Regression Analysis Between
HTRA1-Related Cerebral Small Vessel Disease
(HRSVD) Group and Non-HRSVD Group

Odds ratio 95% Cl p Value
CCS positivity 0.0294 0.00171-0.500 0.0149
Disease duration 0.957 0.731-1.25 0.752
Hypertension 8.69 0.430-175 0.159
Neurology: Genetics | Volume 11, Number 2 | April 2025

disease duration and the number of hypointense dots was
suggested, no statistically significant relationship was identi-
fied. Furthermore, it is noteworthy that one rater counted zero
to 2 dots in patients with CARASIL. One possible explanation
for these results may lie in factors not assessed in this study,
including rare variants associated with monogenic hereditary
CSVD, which are known to modify CSVD phenotypes.**
Future studies exploring the association between other rare
variants and the Chocolate Chip Sign in patients with HRSVD
may provide valuable insights to address these unresolved
questions.

Beyond its diagnostic value, the Chocolate Chip Sign provides
critical insight into the pathophysiology of HRSVD. Our
study observed extensive type III collagen deposition within
the venous walls of patients with HRSVD. This aligns with
previous studies linking similar collagen accumulation to ve-
7% and is further strengthened
by the connection between matrisome protein accumulation,
a hallmark of HRSVD.?® Previous studies have shown that the
accumulation of matrisome proteins leads to reduced elas-
ticity and dilation of leptomeningeal arteries.”® A similar
mechanism may occur in the venous system, where type III
collagen accumulation could compromise the structural in-
tegrity of venous walls, resulting in venous dilation. While our
study focused on the accumulation of type III collagen in the

nous collagenosis in sCSVD
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Figure 3 Hypointense Dots on Susceptibility-Weighted Imaging Indicate the Abnormal Cerebral Surface Veins

HRSVD

CADASIL

(A) Three-dimensional (3D) reconstruction of
the hypointense dots on susceptibility-weighted
imaging (SWI) is shown. Index cases include ce-
rebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy
(CADASIL, a patient in their 40s with heterozygous
NOTCH3 p.R169C, A.a) and HTRA1-related cere-
bral small vessel disease (HRSVD, a patientin their
20s with homozygous HTRA1 p.E247Rfs, A.b). A
continuous linear structure is observed through-
out the brain in CADASIL. (A.a). By contrast, these
are interrupted and recognized as partial dila-
tions in cases of HRSVD. (A.b). The reconstructed
3D images from all angles are shown in Videos 1
and 2, respectively. (B) Magnified image of the
white dashed line in A.b. The hypointense area on
SWI shows partial continuity, suggesting that it
might be of vessel origin. These continuous
structures demonstrate partially dilated and ste-
notic changes (B, arrowheads). (C) Hypointense
dots are clearly detected on high-resolution 7T
MRI outside the brain parenchyma in a patient
with HRSVD (a patient with heterozygous HTRA1
p.R302Q) (arrowheads).

cerebral veins of patients with HRSVD, it is possible that other
matrisome proteins, including fibronectin, may also play a role
in the pathogenesis of this disease. Previous studies have
shown that fibronectin accumulation is a key feature in
HTRAI-deficient mouse models of HRSVD.?® Indeed,
immunostaining for fibronectin was also positive in venous
walls in HRSVD, CADASIL, and sCSVD (data not shown).
We propose that the loss of HTRA1 function, a key charac-
teristic of HRSVD, disrupts the degradation of its substrates,
including type III collagen, leading to excessive collagen ac-
cumulation and subsequent dilation of vascular walls. Al-
though the accumulation of type III collagen and fibronectin
within the venous walls was not limited to HRSVD in this
study, further investigation with a larger sample size is war-
ranted and the evaluation of other matrisome proteins would
be valuable. Finally, the potential of candesartan to normalize
fibronectin accumulation and vessel diameter in HTRAI-
deleted mouse models offers a promising therapeutic strategy
for HRSVD.?® In this context, the Chocolate Chip Sign, a
potential imaging biomarker reflecting this underlying path-
ophysiology, could serve as a valuable tool for monitoring
treatment response in future clinical trials of candesartan for

HRSVD.

Although the importance of type III collagen accumulation
and venous dilation has been suggested, we were unable to
examine the direct relationship between the extent of these
pathologic findings and disease severity or progression be-
cause of the small sample size. A previous autopsy study
demonstrated a significant association between periven-
tricular venous collagenosis and a high prevalence of severe
white matter lesions.”” In addition, an MRI-based study
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indicated that the dilation of Rosenthal veins correlated
with an increase in white matter lesion volume.** These
observations suggest that the accumulation of type III
collagen and venous dilation in HRSVD may not be co-
incidental but could represent a pathogenic mechanism
that exacerbates the clinical severity. While the underlying
mechanisms remain unclear, one plausible explanation is
that these venous abnormalities might lead to dysfunction
of the glymphatic system, which, in turn, exacerbates CSVD
phenotypes.®® Future investigations are needed to com-
prehensively examine the relationship between type III
collagen accumulation and clinical severity or progression
in HRSVD.

This study had several limitations. First, the small sample
size of patients with HRSVD (n = 8) and the retrospective
design limit the generalizability of our findings and the sta-
tistical power of our analyses. In addition, the study pop-
ulation was limited to only 2 ethnic groups. Therefore, a
larger, multicenter, prospective study involving a more di-
verse population is required to validate the Chocolate Chip
Sign as a reliable biomarker for HRSVD. Second, a signifi-
cant limitation of our study is the inconsistency in SWI
protocols across institutions. Generally, SWI protocols and
parameters for 3T MRI include echo time of 20 ms, repeti-
tion time of 30 ms, flip angle of 15°, bandwidth of 120 Hz/
pixel, and voxel size of 0.67 x 0.67 x 1.3 mm.>*® However, it
is important to recognize that optimal SWI protocols can
vary between MRI devices and institutions, leading to dis-
crepancies in the lesion visualization and variability in
identifying the Chocolate Chip Sign. To address this issue,

future research should aim to standardize MRI device and
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Figure 4 Leptomeningeal Venous Pathology in Patients With HTRA1-Related Cerebral Small Vessel Disease
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relative to the adjacent arteries at the midbrain (A) and the temporal tip (B). (C) Type Il collagen is deposited within the venous and arterial walls. (D, E)
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autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy; ns = not significant; sCSVD = sporadic cerebral small vessel disease.

SWI protocols across institutions. It is crucial not only to
align MRI parameters but also to perform minimum in-
tensity projection to illustrate venous continuity.37 Fur-
thermore, setting a susceptibility threshold could help
differentiate veins from cerebral microbleeds and reduce
interobserver variability.>® Third, longitudinal data of
Chocolate Chip Sign are currently lacking. We were unable
to find a correlation between the number of low-signal
dots around the midbrain and disease duration in the
HRSVD group. However, caution is required when
interpreting these results because of the small sample size
and the absence of direct intrapatient measurements. The
longitudinal study incorporating clinical symptoms, other
CSVD markers on MRI, and the Chocolate Chip Sign
may help elucidate its potential utility as a prognostic
biomarker.

In conclusion, the Chocolate Chip Sign represents a signifi-
cant step toward understanding and diagnosing HRSVD. Its
potential as both a diagnostic biomarker and a window into
the underlying pathophysiology of the disease holds promise
for improving the clinical management and treatment of this
debilitating condition.
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