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Abstract

Background: Hypertensive arteriopathy (HA) and cerebral amyloid angiopathy (CAA) may
contribute to the development of mixed cerebral microbleeds (CMBs). Recently, the total small
vessel disease (SVD) scores for HA and CAA were proposed, which are determined by a
combination of MRI markers to reflect overall severity of these microangiopathies.

Objective: We investigated whether or not total HA-SVD and CAA-SVD scores could be used to
predict overlap of HA and CAA in patients with mixed CMBs.

Methods: Fifty-three subjects with mixed CMBs were retrospectively analyzed. MRI markers
(CMBs, lacunes, perivascular space, white matter hyperintensity [WMH] and cortical superficial
siderosis [cSS]) were assessed. The HA-SVD score and CAA-SVD score were obtained for each
subject. Anterior or posterior WMH was also assessed using the age-related white matter changes
scale.

Results: The two scores were positively correlated (o = 0.449, p< 0.001). The prevalence of
lobar dominant CMB distribution (p < 0.001) and lacunes in the centrum semiovale (p < 0.001)
and the severity of WMH in the parieto-occipital lobes (p = 0.004) were significantly higher in
the high CAA-SVD score group. ¢SS was found in four patients with high CAA-SVD score who
showed lobar-dominant CMB distribution and severe posterior WMH.

Conclusion: Mixed CMBs are mainly due to HA. Assessing both two scores may predict the
overlap of HA and CAA in individuals with mixed CMBs. Patients with a high CAA-SVD score
may have some degree of advanced CAA, especially when lobar predominant CMBs, severe
posterior WMH, lobar lacunes, or ¢SS are observed.
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INTRODUCTION

Hypertensive arteriopathy (HA) (also known as arteriolosclerosis, deep perforator
arteriopathy, or sporadic non-amyloid microangiopathy) and cerebral amyloid angiopathy
(CAA) are two representative forms of cerebral small vessel disease (SVD) [1, 2]. HA is
associated with deep/infratentorial (i.e., non-lobar) cerebral microbleeds (CMBSs), lacunar
infarction, enlargement of the perivascular space in the basal ganglia (BG-PVS), and white
matter hyperintensity (WMH) with no predilection for brain region including peri-basal
ganglia [3]. On the other hand, CAA is associated with multiple strictly lobar CMBs,
cortical superficial siderosis (cSS), enlargement of the PVS in the centrum semiovale (CSO-
PVS), and a posterior distribution of WMH [4]. Recently, the concept of a total SVD score
reflecting the severity of HA has been proposed (i.e., the HA-SVD score). This score is
determined from four major MRI markers of HA; lacunes, CMBs, BG-PVS, and WMH
[5,6]. Subsequently, the SVD score for CAA (i.e., the CAA-SVD score) was also proposed,;
it is determined based on lobar CMBs, ¢SS, CSO-PVS, and WMH [7].

Although a pathological assessment of CAA is the gold standard for the diagnosis of CAA,
probable CAA can be diagnosed noninvasively according to the modified Boston criteria in
the setting of cortical hemorrhages including lobar intracerebral hemorrhage (ICH), lobar
CMBs, and ¢SS [8]. However, these CAA markers do not strictly fulfill the modified Boston
criteria for probable CAA, if there is even one hemorrhage (ICH/CMB) in the deep brain
area. Therefore, mixed (deep with lobar) CMBs are thought to reflect HA [9], but the
synergistic effects of HA and CAA may also contribute to the development of mixed CMBs
[10,11].

Whether patients with mixed CMBs have advanced HA, CAA, or both remains
controversial. Understanding the background microangiopathy has important clinical
implication for medical intervention in patients with SVD. Although some studies using
amyloid imaging to examine underlying SVD in patients with subcortical vascular cognitive
impairment or mixed cerebral hemorrhage (ICH/CMBs) have been reported [10-12], not all
institutions are able to conduct amyloid imaging. Therefore, we wondered whether or not
the coexistence of HA and CAA in patients with mixed CMBs could be predicted from MRI
findings alone.

We hypothesized that the total HA-SVD score and total CAA-SVD score in patients with
mixed CMBs could potentially indicate the combined entity of HA and CAA. Furthermore,
we asked whether each MRI marker could suggest CAA rather than HA in mixed CMBs
patients with high CAA-SVD score. We therefore conducted a retrospective analysis of
both the total HA-SVD score and the total CAA-SVD score in patients with mixed CMBs
collectively, and characterized the significance of each neuroimaging marker for HA and
CAA.
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MATERIALS AND METHODS

Study subjects and data collection

We performed a retrospective analysis of our database of 426 patients who underwent
cognitive impairment workup using 3-T MRI. All patients were recruited from the
Department of Neurology and Memory Clinic of Mie University Hospital between January
2014 and July 2018. The topographical distribution of CMB was evaluated using the
microbleed anatomical rating scale (MARS) [13]. We defined case of mixed CMBs in
patients with both lobar and deep and/or infratentorial CMBs according to the CMBs
distribution by the MARS. Patients with multiple (=2) strictly lobar CMBs were classified
as probable CAA (P-CAA) per the modified Boston criteria [8]. Patients with strictly

deep and/or infratentorial CMBs were classified as D-CMBs. P-CAA and D-CMBs were
selected as comparator cases. Patients with single lobar CMB (i.e., possible CAA) were
excluded because possible CAA carries less diagnostic certainty than probable CAA [8].
Demographic and clinical information were obtained by a review of the medical records.
The presence of hypertension, dyslipidemia, and diabetes was determined based on a prior
medical diagnosis and treatment among all patients. Smoking was defined by a history of
tobacco use.

The study was approved by the ethical review board of Mie University Hospital and

the requirement for written informed consent was waived because of the retrospective
study design. The present study was performed in accordance with the ethical standards
established in the 1964 Declaration of Helsinki and its subsequent amendments.

Neuroimaging data and analyses

The MRI studies were performed with a 3T MR unit (Ingenia, Philips Medical System, Best,
The Netherlands). The pulse sequence parameters were as follows. 3D-T1WI: field of view,
260 mm; matrix, 288x288; section thickness, 0.9 mm; TR (ms)/TE (ms) ratio, 7.6 (shortest);
TE (shortest), 3.6 ms; flip angle, 10°; and an acquisition time of 4 min 42 s. T2WI: field

of view, 220 mm; matrix, 384x345; section thickness, 3.0 mm; gap, 0.5 mm; TR (ms)/TE
(ms) ratio, approximately 7,000 (shortest)/90; and acquisition time, 2 min 43 s. 3D-FLAIR:
field of view, 250 mm; matrix, 256x184; section thickness, 1 mm with 0.57 mm overlap;

no parallel imaging; TR/TE ratio; 6,000/378 (shortest); TI, 2,000 ms; number of signals
acquired, 2; and acquisition time, 4 min 42 s. SWI: field of view, 230 mm; matrix, 320x251;
section thickness, 0.8 mm over contiguous slices; minlP, 5 mm,; repetition time (ms)/echo
time (ms) ratio, 22/11.5 (in-phase), 37 (shifted); number of signals acquired, one; flip angle,
20°; and acquisition time, 6 min 42 s.

MRI markers

CMB, WMH, PVS, and lacunes were defined according to the Standards for Reporting
Vascular changes on Neuroimaging (STRIVE) consensus [14]. Deep and periventricular
WMH were both coded from 0 to 3 according to the Fazekas scale [15]. WMH was also
assessed using the age-related white matter changes (ARWMC) scale [16] to investigate the
distribution and severity of WMH according to the cerebral lobes because the Fazekas scale
does not consider this point. PV/S was rated from 0 to 4 on a previously described, validated
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semiquantitative scale in the basal ganglia and centrum semiovale [17]. Lacunes were
classified as deep (basal ganglia, thalamus, internal capsule, and pons) and lobar (centrum
semiovale) according to a previous study [18]. ¢SS was defined as linear residue of chronic
blood products in the superficial layers of the cerebral cortex showing a characteristic
gyriform pattern of a low signal on SWI [19].

Determining the total HA-SVD score and the CAA-SVD score

The total HA-SVD score was calculated according to the previously described scoring
system [5,6]. The presence of one or more lacunes in the basal ganglia, internal capsule,
centrum semiovale, or brainstem gave one point on the total HA-SVD score burden. The
presence of one or more CMBs in the cerebellum, brainstem, basal ganglia, white matter, or
cortico-subcortical junction gave one point as well. One point was awarded for the presence
of moderate to severe PVS at the basal ganglia if it was grade 2 to 4. The presence of
periventricular WMH extending into the deep white matter (Fazekas score 3) and/or (early)
confluent deep WMH (Fazekas score 2 or 3) gave one point on the total HA-SVD score
burden. Thus, the total HA-SVD score ranged from 0 to 4.

The CAA-SVD score was also calculated according to a previously described scoring
system [7]. Each MRI marker (lobar CMBs, ¢SS, CSO-PVS, and WMH) was categorized
as follows: lobar CMBs (1 point if 2—4 are present; 2 points if 5 or more are present); ¢SS
(1 point if focal; 2 points if disseminated); CSO-PVS (1 point if 20 or more CSO-PVS are
present); WMH (1 point if the score on the Fazekas scale is 3 for periventricular WMH
and/or scoring 2 or 3 for deep WMH). Both HA-SVD and CAA-SVD scores were obtained
from each subject.

For the purpose of the analysis, a total CAA-SVD score of 3 or more was rated as moderate
to severe CAA and classified as “high CAA-SVD score”, while a total CAA-SVD score of
2 or less was classified as “low CAA-SVD score”. Similarly, a total HA-SVD score of =3
was rated as moderate to severe HA and classified as a “high HA-SVD score”, while a total
HA-SVD score of <2 was classified as a “low HA-SVD score”.

Statistical analyses

All statistical analyses were performed using the SPSS software program (version 25

for Windows IBM Corp.). The /1/2 test or Fisher’s exact test were used for categorical
variables. Student’s #test, the Mann-Whitney U test or the Kruskal-Wallis test with post hoc
Bonferroni adjustment were used for continuous variables. Spearman’s correlation was used
to analyze the relationship between the HA-SVD score and the CAA-SVD score. p values of
< 0.05 were considered to indicate statistical significance in all analyses.

RESULTS

Of the 426 patients, 20 with a poor imaging quality or insufficient sequences and 178
without CMB were excluded. Fifty-one patients with possible CAA were also excluded. Of
the remaining 179 patients, 53 with mixed CMBs were included in this analysis. Thirty-five
patients with D-CMBs and 89 with P-CAA were selected as comparator cases. A flowchart
of the patient selection is shown in Figure 1. The clinical diagnoses of the patients with
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mixed CMBs were as follows: mild cognitive impairment (MCI), 7= 17 (amnestic type, n=
15; non-amnestic type, 7= 2); Alzheimer’s disease (AD), n = 20; vascular dementia (VaD),
n=11; and other disorders, 7= 5. All diagnoses were based on respective pre-established
criteria [20-22]. The clinical characteristics and HA-SVD and CAA-SVD scores among the
groups are shown in Table 1. In the scatterplot of the association between the total HA-SVD
score and the total CAA-SVD score, the mixed CMBs group showed distribution across both
the D-CMBs and P-CAA groups with a positive correlation between these two total scores
(p=0.449, p<0.001) (Fig. 2).

Comparing the mixed CMBs and D-CMBs groups (Table 1)

Compared to the D-CMBs group, the mixed CMBs group was significantly older (p= 0.040)
and had a lower male frequency (p = 0.017) and lower MMSE scores (p = 0.047). Regarding
the HA-SVD score, the scores for BG-PVS and WMH in the mixed CMBs group were
significantly higher than those of the D-CMBs group (BG-PVS, p< 0.001; WMH, p<
0.001). The total HA-SVD score in the mixed CMBs group was also significantly higher
than that in the D-CMBs group (o < 0.001). Regarding the CAA-SVD score, the scores for
lobar CMB and WMH in the mixed CMBs group were significantly higher than those in the
D-CMBs group (lobar CMB, p< 0.001; WMH, p< 0.001). The total CAA-SVD score in

the mixed CMBs group was also significantly higher than that in the D-CMBs group (o <
0.001).

Comparing the mixed CMBs and P-CAA groups (Table 1)

There were no significant differences in age, sex, MMSE score, or the prevalence of vascular
risk factors between the mixed CMBs and P-CAA groups. Regarding the HA-SVD score,
the scores for lacune and BG-PVS in the mixed CMBs group were significantly higher than
those in the P-CAA group (lacune, p=0.003; BG-PVS, p< 0.001). The total HA-SVD
score in the mixed CMBs group was also significantly higher than that in the P-CAA group
(p<0.001). Regarding the CAA-SVD score, the score for CSO-PVS in the P-CAA group
was significantly higher than that in the mixed CMBs group (p < 0.001). There was no
significant difference in the total CAA-SVD score between these two groups (p = 0.396).

Comparing the high and low CAA-SVD score groups in the mixed CMBs group

In the mixed CMBs group, thirty-five patients (66%) showed a total CAA-SVD score of 3
or more (i.e., the high CAA-SVD score group) and 18 showed a score of 2 or less (i.e., the
low CAA-SVD score group). The clinical characteristics and imaging findings between the
groups are shown in Table 2. The comparison between the high CAA-SVD score and low
CAA-SVD score groups revealed no significant differences in demographic characteristics,
with the exception of age. The scores for lacunes and WMH in the high CAA-SVD score
group were significantly higher than those in the low CAA-SVD score group (lacunes: p
=0.023; WMH: p=0.013). The high CAA-SVD score group also showed a significantly
higher total HA-SVD score than the low CAA-SVD score group (o= 0.003).

In terms of the CMB distribution, the prevalence of lobar dominant CMB distribution
(i.e., more number of lobar CMBs than deep CMBs) was significantly higher in the high
CAA-SVD score group (80.0% versus 27.8%, p< 0.001).
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The comparison between the anterior and posterior severity of WMH revealed that the
severity of the parieto-occipital lobes on the ARWMC score was significantly higher in the
high CAA-SVD score group than in the low CAA-SVD score group (p = 0.004); however,
the severity of the frontal lobe did not differ between the two groups to a statistically
significant extent (p = 0.105) The severity of WMH in the basal ganglia also did not differ
markedly between the two groups (p = 0.648).

Thirty-two patients (high CAA-SVD score group, n=25; low CAA-SVD score group, 7=
7) had at least one lacune. Among them, the prevalence of lacunes in the centrum semiovale
(i.e., lobar lacunes) was significantly higher in the high CAA-SVD score group than the

low CAA-SVD score group (51.4% versus 5.6%, p=0.001), although the prevalence of
exclusively deep lacunes in these two groups did not differ to a statistically significant extent
(33.3% versus 20%, p = 0.326).

Although the grade of severity of BG-PVS tended to be higher in the high CAA-SVD
score group than in the low CAA-SVD score group (p= 0.051), the BG-PVS scores of the
high and low CAA-SVD score groups did not differ to a statistically significant extent (p
= 0.201). On the other hand, the grade of severity of the CSO-PVS in the high CAA-SVD
score group was significantly greater than that in the low CAA-SVD score group (o =
0.009), and the score of CSO-PVS (p = 0.003). There was no significant difference of PVS
degree predominance patterns between high and low CAA-SVD score groups.

Four patients in the high CAA-SVD score group (11.4%) had cSS. In contrast, no patients
in the low CAA-SVD score group had cSS. All of the four patients with ¢SS showed
lobar-dominant CMB distribution and the grade of severity of WMH on the ARWMC scale
was higher in the parieto-occipital lobes than in the frontal lobe. Three of the four patients
had hypertension, and two of them had both deep and lobar lacunes.

Sub-analyses of the WMH distribution

Since the WMH scoring method is the same for both the HA-SVD and CAA-SVD scores,
sub-analyses were performed to predict whether HA and CAA are dominant or additive
depending on the WMH lesion. We focused on the high HA-SVD score group, in which HA
was considered to be more severe than the low HA-SVD score group. In the mixed CMBs
group, 43 patients (81%) showed a total HA-SVD score of =3 (i.e., the high HA-SVD score
group). First, we investigated whether or not there were differences in the ARWMC score in
the frontal lobe, parieto-occipital lobe and basal ganglia between the high and low total HA-
SVD score groups. The ARWMC scores in each of the 3 regions were significantly higher in
the high HA-SVD score group than in the low HA-SVD score group (frontal lobe, p=0.001;
parieto-occipital lobe, p = 0.002; basal ganglia, p=0.032). These results suggested that the
more severe the HA, the more severe WMH. Subsequently, we conducted analyses in the
high HA-SVD score group, which included 32 patients with a high CAA-SVD score and 11
with a low CAA-SVD score. The clinical characteristics and imaging findings between the
groups are shown in Table 3. There were no significant differences in vascular risk factors

or the HA-SVD score between the two groups. However, the scores of lobar CMBs and

total CAA-SVD were significantly higher in the high CAA-SVD score group than in the low
CAA-SVD score group (each p< 0.001). The ARWMC score in the parieto-occipital lobe
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was also significantly higher in the high CAA-SVD score group than in the low CAA-SVD
score group (p = 0.025), although there was no significant difference in the ARWMC score
in the frontal lobe (p = 0.386) and basal ganglia (p=0.651).

Comparing both SVD scores between the MCI, AD, and VaD patients in the mixed CMBs
group
There was no significant difference in the total HA-SVD or CAA-SVD scores between MCI,
AD, and VaD (total HA-SVD score, p = 0.286; total CAA-SVD score, p= 0.248).

DISCUSSION

Our study showed that the mixed CMBs group had a significantly higher total HA-SVD
score than the P-CAA and D-CMBs groups. In contrast, the total CAA-SVD score of the
mixed CMBs group was significantly higher than that of the D-CMBs group but was not
significantly different from that of the P-CAA group. In addition, mixed CMBs patients with
high CAA-SVD score showed characteristic MRI findings suggesting CAA. Unfortunately,
a major limitation of this study was the lack of the neuropathological confirmation of each
score; however, our results suggest that the background SVD of mixed CMBs is mainly
advanced HA, but in some cases, coexistence with CAA was suspected, especially when the
CAA-SVD score was high.

Histopathological studies in human brain on CAA have shown the coexistence of HA,

in which evidence of HA was found in 48% to 75% of autopsy-proven CAA patients,
especially in cases of moderate to severe CAA [7,23]. However, autopsy studies of dementia
patients have also shown the coexistence of HA and CAA in 26% to 70%, with these

two microangiopathies being found in a moderate to severe extent. [24-26]. Thus, HA and
CAA are independent processes but often coexist in the brain of subjects with cognitive
impairment.

Whether HA and CAA simply coexist or have a causal relationship remains unclear.
However, some hypotheses concerning their relationship have been proposed. The
apolipoprotein E (APOE) s4 allele is a genetic risk factor for CAA and HA [4, 27].

It is thus tempting to assume that APOE represents a pathogenic link between HA and
CAA [28]. Another possible explanation involves the failure of the perivascular drainage
system inducing vascular AR deposition [29]. A study using a transgenic mouse model
of human CAA found that cerebral arterial changes similar to those seen in aging human
arteries occur before the Ap deposition and CAA formation [30]. Another animal study
using spontaneously hypertensive stroke-prone rats recently showed that the triggering
and progression of CAA could take place earlier in the presence of significant HA [31].
Although direct observations were made using animal models in these studies, these results
suggest that the same effects may occur in humans.

Several comparative studies have been conducted on various MRI markers associated with
HA and CAA. Previous studies have shown that the presence of lobar lacunes was associated
with CAA, and deep lacunes with HA [18,32]. In our study, the prevalence of lobar lacune
was significantly higher in the high CAA-SVD score group than in the low CAA-SVD score
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group. All patients with lobar lacunes also had deep lacunes together. These findings suggest
that the patients with high CAA-SVD score with lobar lacunes may have some degree of
CAA along with HA.

In our study, the subjects with a greater number of lobar CMBs in comparison to deep
CMBs were prevalent in the high CAA-SVD score group. In accordance with this finding,
a previous positron emission topography (PET) study on subcortical vascular cognitive
impairment found that amyloid-positive subjects with mixed CMBs had greater number of
lobar CMBs than deep CMBs, whereas amyloid-negative subjects with mixed CMBs had
more numerous deep CMBs than lobar CMBs [10]. In a three-year longitudinal study by
the same research group, the baseline and longitudinal changes in the tracer uptake ratio
on amyloid PET were shown to be associated only with the progression of lobar CMBs,
suggesting that CAA and HA have synergistic effects on the progression of lobar CMBs
[11]. In contrast, a recent study using amyloid PET showed that patients with lobar and
deep intracerebral hemorrhage/microbleeds (mixed ICH) have a much lower amyloid load
than those with CAA-ICH, but a similar load to those with HTN-ICH [12]. These findings
suggest that mixed ICH is probably caused by HA.

A recent cross-sectional study of patients with spontaneous ICH has found that a high degree
and predominance of CSO-PVS was more common in CAA-ICH while a high degree and
predominance of BG-PVS was more common in hypertensive ICH [33]. Another recent
large memory clinic cohort study reported that CSO-PVS was mainly associated with CAA,
whereas BG-PVS was mainly associated with HA, and that it is likely that there is a
significant overlap between these two SVDs [34]. In the current study, the high CAA-SVD
score group tended to have more severe enlarged PVS in the CSO as well as the BG in
comparison to the low CAA-SVD score group. Both the high and low CAA-SVD groups
similarly showed a predominance in the BG. Therefore, these findings suggest that the
mixed CMBs in our study are primarily caused by HA, but that HA and CAA may overlap,
especially in subjects with high CAA-SVD score.

In the present study, the ARWMC scale was also assessed because the Fazekas scale

could not evaluate the anterior-posterior distribution of WMH. The severity of WMH in
the parieto-occipital lobes was significantly higher in the high-CAA-SVD score group than
in the low-CAA-SVD score group. Furthermore, our results for the sub-analysis of the
WMH distribution suggest that more severe posterior WMH is due to the interaction of HA
with CAA, especially in patients with high total HA-SVD and CAA-SVD scores. Occipital
predominance of WMH has been observed in CAA patients with ICH [35,36]. A previous
study has suggested that the posterior distribution of WMH is an independent predictor of
pathologically confirmed CAA, even in the absence of lobar hemorrhages [37]. As these
previous studies pointed out, a high CAA-SVD score with a posterior distribution of WMH
may indicate a higher probability of CAA pathology.

¢SS has been thought to be a potential neuroimaging marker for advanced CAA [19]. In
the present study, all four patients with ¢SS showed characteristic MRI findings suggesting
CAA, including predominantly lobar CMBs and the posterior distribution of WMH. These
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findings strongly indicated that patients with mixed CMBs with ¢SS may have advanced
CAA as an underlying SVD.

In the present study, there was no significant difference in the total HA-SVD or CAA-SVD
scores between MCI, AD, and VaD. In elderly patients in particular, there are pathological
conditions in which AD pathology and cerebral small vessel pathology overlap, and it has
been pointed out that AD and VaD fall on a continuous disease spectrum [38]. The present
findings may thus be due to limited statistical power with such a small number of cases, and
it may also reflect the continuous spectrum mentioned above due to the coexistence of HA
and CAA in our subjects with mixed CMBs.

The present study was associated with some limitations. First, the current study was
retrospective in nature. Second, the sample size was relatively small and the statistical
power was therefore limited. Third, we did not examine potential biomarkers for vascular
amyloid deposition, including amyloid-PET and the cerebrospinal fluid A4 and ABa>
values [39,40]. Fourth, there was no pathological verification. However, in the clinical
settings, the results of our study may be helpful for predicting the underling SVDs based on
MRI findings alone in cognitive decline patients who have mixed CMBs.

In conclusion, assessing both the HA-SVD and CAA-SVD scores may help predict the
overlap of HA and CAA in individuals with mixed CMBs. Mixed CMBs are thought to

be primarily caused by advanced HA. However, patients with mixed CMBs with high
CAA-SVD score burden could have some degree of advanced CAA, especially when
observed with lobar predominant numerous CMBs, WMH with posterior predominance,
lobar lacunes, and ¢SS. Further radiological-histopathological studies are required to verify
these results.
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cognitive impairment workup
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n=35) (n=53) (n=289)

Fig. 1.

Flowchart of patient selection. CAA, cerebral amyloid angiopathy; CMB, cerebral
microbleed; D-CMBs, deep and/or infratentorial cerebral microbleeds; P-CAA, probable
cerebral amyloid angiopathy.
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Scatterplot of the association between the total HA-SVD score and the total CAA-SVD
score. The mixed CMBs group shows distribution across both the D-CMBs and P-CAA

groups.
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