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Abstract

MRI-visible perivascular spaces (PVS) in the semioval centre are associated with cerebral amyloid angiopathy (CAA), but it
is unknown if PVS co-localize with MRI markers of CAA. To examine this, we assessed the topographical association
between cortical cerebral microbleeds (CMBs) —as an indirect marker of CAA —and dilatation of juxtacortical perivascular
spaces (jPVS) in 46 patients with amnestic mild cognitive impairment (aMCI) or early Alzheimer’s disease (eAD). The
degree of dilatation of jPVS <| cm around each cortical CMBs was compared with a similar reference site (ho CMB) in the
contralateral hemisphere, using a 4-point scale. Also, jPVS dilatation was compared between patients with and without
cortical CMBs. Eleven patients (24%) had cortical CMBs [total=35, median=1, range=1—-14] of whom five had > | cortical
CMBs. The degree of jPVS dilatation was higher around CMBs than at the reference sites [Wilcoxon signed rank test,
Z =22, p=0.03]. Patients with > | cortical CMBs had a higher degree of jPVS dilation [median=2.2, IQR = 1.8-2.3] than
patients without cortical CMBs [median=1.4, IQR = 1.0-1.8], p =0.02. We found a topographical association between a
high degree of jPVS dilatation and cortical CMBs, supporting a common underlying pathophysiology — most likely CAA.
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Alzheimer’s disease (AD).>? Lobar cerebral micro-
bleeds (CMBs), i.e. CMBs in the cortical-subcortical
regions of the supratentorial brain and the cerebel-
lum,'® are a radiological hallmark of CAA'' and also
have a relatively high prevalence among patients with
AD."? The location of lobar CMBs may reflect a high
local burden of CAA, as positron emission tomography
(PET)-based amyloid burden was increased around
lobar CMBs in patients with probable CAA'? and in
older adults.'® Recently, an ex vivo MRI study showed
a topographical association between the MRI-observed
degree of juxtacortical PVS (jPVS) dilatation and CAA
severity in the overlying cortex on histopathology.'
This study provided a histological confirmation of the
possible etiological link between CAA and PVS, indi-
cating that the degree of jPVS dilatation may reflect
local CAA severity. However, a topographical relation
between CAA and jPVS has not yet been established
in vivo.

With 7 tesla (7T) T2-weighted MRI, high resolution
3D imaging of PVS is now possible.'®!” In addition, 7T
MRI has a high sensitivity for the detection of CMBs.'®
We hypothesized that cortical CMBs — as a marker of
CAA — would be related to a high local degree of jJPVS
dilatation in patients with early Alzheimer’s disease
(eAD) or amnestic mild cognitive impairment (aMCI).

Methods
Participants

Patients with eAD or aMCI (which can be considered a
transitional stage between normal ageing and AD,
although AD biomarkers were not available in our
cohort) were recruited from the memory clinic of the
University Medical Center Utrecht, The Netherlands
between November 2009 and October 2015. Patients
with eAD had a diagnosis of possible or probable AD
according to the clinical criteria of the National
Institute of Neurological Disorders and Stroke-
Alzheimer’s  Disease and  Related  Disorders
Association.'” A diagnosis of aMCI was based on the
Petersen criteria®® as follows: (1) acquired memory
complaints, (2) normal daily functioning, (3) abnormal
memory performance compared with age-matched con-
trols (defined as a score <the 5th percentile on memory
tasks). All diagnoses were made by a multidisciplinary
team. For all patients, additional exclusion criteria
were: (1) major depression, or a history of alcohol or
substance abuse, (2) contra-indications for 7T MRI, (3)
7T MRI of insufficient quality, for the detection of
CMBs and jPVS. From 83 prospectively included
memory clinic patients with 7T MRI, 70 had a diagno-
sis of AD or aMCI, of which 11 were excluded due to
incomplete scans and 13 due to movement artifacts

(Figure 1). Hence, 46 patients were included; 21 with
eAD and 25 with aMCI. The study was approved by
the local ethics committee (METC UMC Utrecht).
The guidelines of the Declaration of Helsinki of 1975
(and as revised in 1983) were followed. Written
informed consent was obtained from all participants.

MR imaging

All subjects underwent 7T MRI scanning (Philips
Healthcare, Cleveland, OH, USA). The 7T MRI scan-
ner had a volume transmit and 16 or 32-channel receive
head coil (Nova Medical, Wilmington, MA, USA).
In brief, the 7T scan protocol included: (i) a 3D
T2-weighted turbo spin echo (TSE) sequence, used for
assessing jPVS, with an acquired resolution of
0.7 x 0.7 x 0.7mm’® (matrix size =356 x 357 (FHxAP),
272 slices), reconstructed to 0.35 x 0.35 x 0.35mm’,
repetition time (TR)=3158 ms, TSE factor 182, nom-
inal echo time (TE) =301 ms, with a variable refocusing
flip angle sweep leading to an equivalent TE (for T2
contrast) of approximately 58ms for white matter,
image acceleration by sensitivity encoding (SENSE)
with a factor of 2x2.8 (APxRL), scan duration
10min 155, (i) a dual echo 3D T2*-weighted sequence,
used for assessing CMBs, with TR/first TE/second
TE 20/6.9/15.8ms, an acquired voxel size of
0.5x0.5%x0.7 mm3, reconstructed to 0.39 x 0.39 x
0.35 mm?, scan duration 9min24s, and (iii) a 3D TI-
weighted sequence, which was used for mirroring
CMBs to the other hemisphere to generate reference
sites, TR/TI/TE =4.8/1240/2.2 ms, acquired voxel size
of 1.0x 1.0 x 1.0 mm?, reconstructed to 0.7 x 0.7 x
0.5mm?, scan duration 1 min 37s.

MRI ratings
jPVS

Comeparison between cortical CMBs and reference
sites. The degree of jPVS dilatation within a spherical
area with a radius of 1cm around cortical CMBs was
compared with the degree of jPVS dilatation in a simi-
lar-sized and anatomically corresponding reference
area in the contralateral hemisphere (Figure 2).
Of note, only the selected spherical area was shown to
the rater, thereby blinding the rater for jPVS dilatation
and vascular lesions outside the small area that was
graded. Furthermore, because CMBs may yield a
signal void on T2-weighted images, the center of the
sphere (i.e. the location of the CMB or reference
marker) was masked out as well (Figure 3) to ensure
that the rater was blinded for CMB or reference site.
CMBs were excluded from the analysis if another CMB
was present within their reference area.
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Number of patients with 7T MRI = 83

4 Diagnosis MCl, but memory performance

> 5th percentile

I 4 Subjective cognitive complaints

5 Other diagnosis
1 No classification possible
1 Alcoholism

1 Semantic dementia
1 Vascular dementia
1 Parkinson dementia

11 Incomplete scan and / or no T2-weighted
sequence available

7 No T2
4 Incomplete scan

! 13 Ungradable due to movement artefacts

Eligible: 70
33 aMcClI 37 Possible/probable AD
26 probable AD
11 possible AD
Total: 46
25 aMCl 21 Possible/probable AD

10 probable AD
11 possible AD

Figure |. Flowchart showing the selection of patients.

JPVS were graded on a 4-point scale using a reference
template (Figure 3). The jPVS grading scale was con-
structed by initially sampling two areas per patient with
varying In figure 5 X- and Y-axes are very faint. degrees
of jJPVS dilatation in a random subset of 15 patients.
Because we observed that the number and width of
jPVS tended to increase together, a 4-point rating scale
taking both into account was developed: (0) no PVS vis-
ible, (1) some small caliber PVS visible, (2) several mod-
erately dilated PVS visible, and (3) many severely dilated
PVS visible. Next, a scoring template was constructed,
with three examples of jJPVS per category, and all ratings
were performed using this reference template (Figure 3).
JPVS were graded by two raters who showed excellent
agreement (ICC=0.91). The average score of the two
raters was used in the analysis.

CMBs. CMB rating was performed on 3D T2*-weighted
MR images assisted by a previously described
semi-automatic method based on the radial symmetry
transform (RST),”" > which yields greater sensitivity
compared to human visual rating alone. To select
CMBs, visual censoring of CMBs flagged by the RST
was performed by two experienced raters (WHB and
SJvV) who showed good inter-rater agreement (intra-
class correlation coefficient (ICC) =0.77, dice similarity
coefficient 0.68**). CMBs were divided into deep, lobar,
and infratentorial CMBs according to the microbleed

anatomical rating scale criteria.”> For CMBs that were
identified by only one rater, a consensus meeting was
held in which a final decision was made by both raters.
Deep and infratentorial CMBs were discarded for fur-
ther analysis. Only lobar CMBs located within the cor-
tical ribbon (i.e. strictly cortical) were included in the
subsequent analysis.

Comparison of jPVS dilatation between patients with
and without cortical CMBs. To examine jPVS dilatation
between patients with and without cortical CMB:s,
jPVS dilatation was also graded on six standard pre-
defined locations in the frontal, parietal and occipital
lobe by a single rater (WHB) (Figure 4). Per
region, two identical locations in each hemisphere were
selected in the Montreal Neurological Institute (MNI)-
152 template, and the MNI-152 template was co-regis-
tered to the T2-weighted scan using elastix.>® jPVS were
graded within a 2cm radius around the selected loca-
tions, using the same method as for the within-subject
analysis. The average score over all six locations was
calculated per patient and used in the analysis, as a
global marker of jPVS dilatation in the CSO.

Statistical analysis

The jPVS scores around CMBs and at reference sites
were compared with the Wilcoxon-signed rank test.
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CMB

Reference
location

Figure 2. Creating reference areas by mirroring CMB location
through the midsagittal plane.

The reference areas were created by automatically placing a
marker in the contralateral hemisphere by mirroring the location
of the CMB through the midsagittal plane (solid blue line), which
was automatically generated.>® This way, each cortical CMB cor-
responded with one reference location at the same position in
the contralateral hemisphere. The reference sites were visually ~ Figure 4. The six locations in the frontal, parietal and occipital
checked, and if the automatically placed marker was not within  lobe on which jPVS were graded. This figure shows the six

the cortex, it was manually moved to the closest location within  |ocations (with a radius of 2 cm) on which jPVS were graded in all
the cortical ribbon. Of note, the figure displays a 2D schematic patients. The average score was used in the analysis.

example of the mirroring: the mirroring procedure was per-

formed in 3D in the analysis.

Grade 3

Grade 2

Grade 0

Figure 3. The reference template used for the grading of jPVS. An example of the templates that were used for assessing jPVS. From
above to below, one out of the three original templates is shown for each category of jPVS dilatation. Each row represents a single
location displayed in three directions (from left to right: sagittal, coronal and axial). This template reflects exactly how the actual CMBs
and reference areas were shown to the raters; the center has been masked out as was also done in the analysis.
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The degree of jPVS dilatation between patients with
and without cortical CMBs was compared with the
Mann—Whitney U test.

Results
Participants

Mean age+SD was 74.7+8.6 years [range 50-90],
median score on the Mini-Mental State Examination
was 26 [interquartile range (IQR) 24-28], and 49%
were female. Sixteen (35%) patients had one or more
CMBs, of whom eight had strictly lobar CMBs,
three had mixed CMBs, and five had strictly deep
or infratentorial CMBs. Three of the patients with
strictly lobar CMBs had multiple CMBs. Of the 11
patients with strictly lobar or mixed CMBs, the
median number of cortical CMBs was 1 [range 1-14],
and the total number of cortical CMBs in these patients
was 35.

Comparison of jPVS dilatation between cortical
CMBs and contralateral reference sites

Two CMBs were excluded because they were located in
the temporal lobe (image contrast is low in the tem-
poral lobe at 7T, which hampered reliable assessment
of jPVS) and two were excluded because a CMB was
also present at their reference site in the contralateral
hemisphere, leaving a total of 31 cortical CMBs in 10
patients for the analysis. The degree of jJPVS dilatation
was higher around cortical CMBs than at reference
sites in the contralateral hemisphere (Wilcoxon signed
rank test, Z=2.2, p=0.03, see Figure 5). The median
jPVS score was 1.75 (interquartile range 1-2.5) around

cortical CMBs and 1.25 (interquartile range 0.6-2.4) at
reference sites. A sensitivity analysis excluding patients
with mixed CMBs showed a roughly similar difference
between jPVS scores around CMBs and reference areas

(p=0.12).

Comparison of jPVS dilatation between subjects with
and without cortical CMBs

Compared to patients without cortical CMBs, the aver-
age degree of jPVS dilatation in the frontal, parietal
and occipital lobe was higher (median 2.2, IQR 1.8—
2.3) in patients (n=15) with > 1 cortical CMBs than in
patients (n=35) without cortical CMBs (median 1.4,
IQR 1.0-1.8), p=0.02 (Mann—Whitney U test). No
statistically significant difference was observed between
patients without cortical CMBs and patients with one
cortical CMB. A boxplot showing the distribution
among patients with no, 1 and > 1 cortical CBMs is
shown in Figure 6.

Discussion

In patients with aMCI or eAD, we found that jPVS
were more severely dilated adjacent to cortical CMBs
than at anatomically corresponding reference sites in
the contralateral hemisphere. Also, we found that the
overall degree of jPVS dilatation was higher in patients
with multiple cortical CMBs than in patients without
cortical CMBs. These findings support a common
underlying pathology, topographically linking CMBs
and jPVS. As cortical CMBs may be indicative of
CAA, this link could well reflect impaired drainage of
interstitial fluid in the area around cortical CMBs due
to perivascular amyloid deposition.

Juxtacortical PVS scores
® No difference between CMB
3 4 oseee and reference site
A A [_J
2 A oo0 ® jPVS dilation higher at
g o i reference site
Q
1 A A iy n [ |
A = 4 jpvs dilation higher around
0 e CMB
0 1 2 3
Reference site

Figure 5. The degree of jPVS dilatation at CMB locations versus reference sites. Each marker corresponds to an individual patient.
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Global PVS score per patient

T T T
No CMBs 1CMB >1 CMBs

Figure 6. The distribution of the average jPVS scores in the
frontal, parietal and occipital lobe. Boxplots showing the distri-
bution of the average jPVS score per patient (over the six loca-
tions, see Figure 4) between subjects without, with one and with
multiple cortical CMBs.

Previous studies have shown associations between
increased numbers or a high degree of CSO-PVS and
imaging markers of CAA. Dilated/enlarged CSO-PVS
were associated with increased Pittsburgh compound B
uptake among patients with probable CAA and healthy
adults,' with cortical superficial siderosis in patients
with possible or probable CAA,? and with a diagnosis
of CAA among patients with intracranial hemor-
rhage.>* In a study that, like the current study, also
included patients with cognitive impairment and
dementia, CSO-PVS dilatation was associated with
the presence of strictly lobar CMBs, and an increased
CMB number was an independent predictor for CSO-
PVS dilatation.” In non-demented populations, a high
number of CMBs was associated with CSO-PVS dila-
tation in patients with lobar ICH,?” and in neurologic-
ally healthy adults, a high degree of CSO-PVS
dilatation was associated with the presence of strictly
lobar CMBs.*®

Several aspects of our approach were different from
previous studies. First, we specifically zoomed in on
jPVS instead of assessing PVS throughout the CSO,
which was possible because of the high signal-to-noise
ratio and spatial resolution of the 7T T2-weighted
sequence. This has added value particularly in the con-
text of CAA, which predominantly affects small cortical
and leptomeningeal vessels, and jPVS are thus closest to
the core of the disease process. Other strengths of our
study are the sensitive detection of CMBs with 7
TMRI. Moreover, confounding was minimized by the
within-subject design, where CMB locations were com-
pared to reference areas within the same individual,
thus creating a ‘“comparator” with exactly the same

exposure to genetic and environmental risk factors.
Also, only a small area of the total scan was rated at
a time, and areas were rated in a random order, so that
both raters were blinded for PVS and vascular lesions
outside the rating area.

Several factors are suggested to be involved in the
clearance of amyloid B from the brain along perivascu-
lar drainage pathways in patients with CAA or AD,
including APOE ¢4, deposition of immune complexes,
and possibly aquaporin-4 water channels in astrocytic
endfeet.”*° Also, arterial pulsation and blood flow are
hypothesized motive forces of paravascular interstitial
fluid drainage,®' which could imply that reduced cere-
bral blood flow and vascular reactivity in CAA3* 3
may contribute to the accumulation of amyloid f.
jPVS assessed on high-resolution MRI may present a
promising neuroimaging marker to further elucidate
these associations in vivo. For example, the interaction
between jPVS dilatation and measures of vascular
function such as vascular reactivity or cerebral blood
flow could be determined. Of interest, blood flow vel-
ocity and pulsatility of individual perforating arteries
can also be measured with 7T MRI* allowing to dir-
ectly examine the interaction between arterial pulsation
and PVS.

This study also has several limitations. The sample
size was relatively small, although the number of CMBs
within our subjects was still substantial. The healthy
controls were not age-matched with the aMCI and
eAD patients. Another limitation is that we did not
have AD or CAA biomarkers of the patients such as
cerebrospinal fluid markers or amyloid imaging, to con-
firm the diagnosis of AD or to directly compare local
amyloid burden with jPVS dilatation. This lack of bio-
marker support could have led to the misclassification
of AD and even more so aMCI patients. Also, the sig-
nificance of CMBs as a MRI marker of CAA is less
clear in patients with aMCI/eAD than in patients
with intracranial hemorrhage. We also included
patients with mixed CMBs which formally do not fulfill
the Boston criteria for possible or probable CAA."
However, the Boston criteria have been developed at
lower field strength MRI and cannot be readily applied
upon 7T MRI which has a much higher sensitivity for
the detection of CMBs. The sensitivity analysis exclud-
ing patients with mixed CMBs showed a roughly simi-
lar difference between jPVS scores around CMBs and
reference areas (p =0.12). Furthermore, the translation
of our method to routine clinical 1.5 and 3 T MRI
protocols may be impeded by the lower resolutions
that can be used at these field strengths. Also, we do
not know how jPVS scores are related to the more com-
monly used CSO PVS scoring systems at 1.5 and 3T.

Of note, the CMB prevalence of 35% was relatively
low compared to the CMB prevalence in previous
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7T studies in patients with aMCI or early AD, which
ranged from 39 to 78%.°°>® This may at least par-
tially be due by the use of relatively stringent CMB
rating criteria, which were applied to prevent false posi-
tive CMBs.

In conclusion, we found a topographical association
between a high degree of jPVS dilatation and cortical
CMBs, supporting the hypothesis that jPVS dilatation
may be the consequence of impaired drainage of inter-
stitial fluid due to perivascular amyloid deposition. jPVS
present an interesting new neuroimaging marker in the
context of perivascular drainage in CAA and AD.
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