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Abstract

Small subclinical hyperintense lesions are frequently encountered on brain diffusion-weighted imaging (DWI) scans of
patients with cerebral amyloid angiopathy (CAA). Interpretation of these DWI+ lesions, however, has been limited by
absence of histopathological examination. We aimed to determine whether DWI+ lesions represent acute microinfarcts on
histopathology in brains with advanced CAA, using a combined in vivo MRI—ex vivo MRI—histopathology approach.
We first investigated the histopathology of a punctate cortical DWI+ lesion observed on clinical in vivo MRI 7 days prior
to death in a CAA case. Subsequently, we assessed the use of ex vivo DWI to identify similar punctate cortical lesions post-
mortem. Intact formalin-fixed hemispheres of 12 consecutive cases with CAA and three non-CAA controls were subjected
to high-resolution 3 T ex vivo DWI and T2 imaging. Small cortical lesions were classified as either DWI+/T2+ or DWI—/
T2+. A representative subset of lesions from three CAA cases was selected for detailed histopathological examination. The
DWI+ lesion observed on in vivo MRI could be matched to an area with evidence of recent ischemia on histopathology.
Ex vivo MRI of the intact hemispheres revealed a total of 130 DWI4/T2+ lesions in 10/12 CAA cases, but none in controls
(p=0.022). DWI+/T2+ lesions examined histopathologically proved to be acute microinfarcts (classification accuracy
100%), characterized by presence of eosinophilic neurons on hematoxylin and eosin and absence of reactive astrocytes on
glial fibrillary acidic protein-stained sections. In conclusion, we suggest that small DWI+ lesions in CAA represent acute
microinfarcts. Furthermore, our findings support the use of ex vivo DWI as a method to detect acute microinfarcts post-
mortem, which may benefit future histopathological investigations on the etiology of microinfarcts.
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Introduction

Cerebral amyloid angiopathy (CAA) is a common type of
cerebral small vessel disease (SVD) in the elderly, charac-
terized by the deposition of amyloid § (Ap) in the walls of
pial arteries and cortical perforators [40]. Besides being an
important risk factor for intracerebral hemorrhage (ICH),
CAA is associated with a high prevalence of microinfarcts,
especially in the cortex [1, 40]. Microinfarcts have been
suggested as an important mechanism for vascular cogni-
tive impairment and dementia [40]. However, studies on
the role of microinfarcts in cognitive decline suffer from
the limited detectability of microinfarcts in vivo [37].

One candidate approach for in vivo detection of micro-
infarcts is the use of diffusion-weighted imaging (DWI)
[33]. Small punctate hyperintense lesions on DWI (i.e.,
DWI+ lesions) are frequently found in patients with
CAA (15-27%) as compared to healthy older individuals
(£1.5%) (2,3, 10, 12, 18, 36]. These DWI+ lesions, which
often have a low signal on the apparent diffusion coeffi-
cient map, are thought to reflect acute (micro)infarcts [36,
37]. However, due to their subclinical nature and transient
visibility up to 4 weeks after onset [28], histopathologi-
cal evidence confirming the acute ischemic basis of small
DWI+ lesions is still lacking, which limits their interpreta-
tion. It is especially unclear whether these DWI+ lesions
represent microinfarcts that are frequently observed at
neuropathological examination in cases with CAA.

In this study, we aimed to determine whether small DWI+
lesions represent acute microinfarcts in the context of CAA,
using a combined in vivo MRI—ex vivo MRI—histopathol-
ogy approach. First, we investigated the histopathology of a
cortical DWI+ lesion observed on in vivo MRI 7 days prior
to death in a CAA case, hypothesizing that it would show
typical histopathologic features of an acute ischemic infarct,
such as shrunken, eosinophilic and pyknotic neurons with no
or only early glial inflammatory response [22, 30]. Second,
we assessed the use of ex vivo DWI to detect acute microin-
farcts post-mortem in intact hemispheres of 12 consecutive
cases with CAA, and explored factors associated with their
occurrence, including demographics, ICH as cause of death
and post-mortem characteristics.

Methods

The study was embedded in an ongoing ex vivo MRI—his-
topathology study at the Massachusetts General Hospital
(MGH), aimed at investigating the etiology of microvas-
cular lesions in CAA [35, 38, 39]. Study approval was
obtained from the MGH’s institutional review board [39].
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Cases

To investigate the histopathology of an in vivo DWI+ lesion
(objective 1), one female case with definite CAA [9], and an
in vivo cortical DWI+ lesion identified on clinical MRI per-
formed 7 days prior to death at age 87 were included from
a previous study [35]. As part of this previous study, five
contiguous coronal brain slabs (0.5-1.0 cm thick) from the
left occipital lobe (including the DWI+ lesion location) were
subjected to ex vivo MRI. Slabs were fixed and scanned in
10% formalin.

To assess the use of ex vivo DWI to detect acute micro-
infarcts post-mortem in intact hemispheres (objective 2), 13
cases with clinically possible or probable CAA (according
to the modified Boston criteria [9]) were included. Cases
were either enrolled through an ongoing brain donation pro-
gram led by the MGH hemorrhagic stroke research group
or came to autopsy through the MGH’s neuropathology
service. The cerebral hemisphere least affected by recent
hemorrhages was selected for ex vivo scanning. On rou-
tine neuropathological examination performed on the other
hemisphere, definite CAA was confirmed in 12 cases [9].
The other case with no CAA on pathology was included as a
control case. In addition, two other consecutive control cases
without neurological disease were included from the local
MGH neuropathology service, for which one hemisphere
was randomly selected. Informed consent was obtained prior
to autopsy from a legal representative or next of kin [38,
39]. After fixation in 10% formalin for at least 4 weeks, each
intact hemisphere was vacuum packed in periodate-lysine-
paraformaldehyde (PLP) and kept at 4 °C. One day prior to
the ex vivo MRI the cerebral hemispheres were kept at room
temperature, and any remaining air bubbles were removed
prior to scanning. The cerebral hemispheres were cut in
1.0 cm-thick coronal slabs after scanning.

Finally, to verify the ability of ex vivo DWI to detect
the presence of DWI+ lesions post-mortem (objective
3), we included two intact contiguous coronal brain slabs
(each~ 1 cm thick) of a 30-year old non-CAA case with mul-
tiple small cortical and subcortical DWI+ lesions on MRI
performed < 2 weeks prior to death (Supplementary mate-
rial). Because of the presence of DWI+ lesions on in vivo
MRI, we considered this case as our positive control case.
A flow chart summarizing the three study objectives can be
found in the Supplementary material (Supplemental Fig. 2).

Ex vivo MRI protocol and image processing

To guide sampling of the identified in vivo DWI+ lesion
in a previously reported CAA case we used T2-weighted
turbo-spin echo (TSE) images that had been acquired on
a7 T MRI scanner (MAGNETOM, Siemens Healthineers,
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Erlangen, Germany) equipped with a 32-channel head coil
[sequence parameters: 0.3 0.3 x 0.3 mm? voxels, repetition
time (TR) 1000 ms, echo time (TE) 63 ms, flip angle 120°,
turbo factor 9, acquisition time ~ 1 h] [35].

The whole hemispheres were scanned overnightona 3 T
MRI scanner (MAGNETOM Trio, Siemens Healthineers,
Erlangen, Germany) equipped with a 32-channel head coil.
Amongst others, the protocol included a high-resolution
diffusion-weighted gradient-echo true fast imaging with
steady-state free precession sequence [21] (True FISP,
1.0x 1.0 1.0 mm?> voxels, 44 diffusion-weighted directions,
estimated effective b value ~ 1000 s/'mm?, 8 b=0 images, TR
29.77 ms, TE 23.89 ms and acquisition time ~ 8 h). A steady-
state free precession sequence is preferred over a spin echo
echo-planar imaging sequence, when imaging an entire brain
or whole hemisphere, due to a drop in the diffusion coef-
ficient and T2 relaxation times in fixed tissue [21]. Further-
more, the protocol included a T2-weighted TSE sequence
(0.5x0.5%0.5 mm? voxels, TR 1800 ms, TE 61 ms, flip
angle 150°, turbo factor 15, acquisition time ~ 3 h).

Raw images were converted to 3D volumes using Free-
Surfer (https://surfer.nmr.mgh.harvard.edu/) [4].

Ex vivo diffusion data were corrected for motion, signal
drift and eddy currents and mean diffusivity maps were gen-
erated using ExploreDTI (http://www.exploredti.com) [19].
Subsequently, diffusion-weighted trace images were calcu-
lated based on the geometric mean across diffusion direc-
tions. To account for the difference in resolution between the
DWI and 3 T T2 scans, we down sampled the T2 scans to a
1.0 mm? isotropic resolution using FLIRT within the Func-
tional Magnetic Resonance Imaging of the Brain (FMRIB)
Software Library (FSL; v5.0) [14].

Ex vivo image analysis

Utilizing MRIcron (https://www.nitrc.org/projects/mricr
on), one rater (AtT), who was blinded for clinical charac-
teristics, screened the diffusion-weighted trace images for
hyperintense, cortical lesions <5 mm in diameter (i.e.,
DWI+ lesions), as previously defined [37]. A second rater
(SJvV) assessed the same scans. Cohen’s kappa was 0.73
(95% CI 0.39-1.00) and Dice similarity coefficient was 0.67,
indicating good inter-rater agreement. Using a previously
developed in-house tool in MeVisLab (MeVis Medical Solu-
tions AG, Bremen, Germany), one rater (SJvV) screened
the T2 0.5 mm resolution scans for hyperintense cortical
lesions <4 mm in diameter (i.e., T2+ lesions) [39]. Previ-
ously, it has been demonstrated that these lesions correspond
to microinfarcts on histopathology [35, 37, 39]. Rating of
the T2 scans had been performed in the context of a pre-
vious study on microinfarcts [39], and as such was done
independently of the DWI scans. Subsequently, the DWI
and T2 ratings were combined in MeVisLab, resulting in a

set of DWI+/T2+ lesions (presumed acute cortical microin-
farcts), and DWI—/T2+ lesions (presumed chronic cortical
microinfarcts). Finally, per case the lesion annotations were
projected on whole-hemisphere surface renderings to allow
for a qualitative assessment of the topographical distribution
of DWI+/T2+ vs. DWI—/T2+ lesions throughout the brain.

Three CAA cases with many cortical microinfarcts on T2
were selected for further histopathological analysis. A subset
of representative and isolated DWI+/T2+ and DWI-/T2+
lesions was selected. Care was taken to include enough ana-
tomical landmarks in the sampled tissue blocks to enhance
successful lesion retrieval. To avoid potential selection bias
due to the difference in resolution between the DWI and T2
scans, we only targeted DWI—/T2+ lesions for histopathol-
ogy that were also visible on the down sampled 1.0 mm?
T2 scan.

Histopathological analysis

Serial 6 pm-thick sections stained for hematoxylin & eosin
(H&E) and glial fibrillary acidic protein (GFAP), collected
within a previous study, were assessed to determine the his-
topathological features of the in vivo DWI+ lesion observed
in a CAA case from that study [35].

Ex vivo DWI+/T2+ and DWI—/T2+ lesions were, guided
by the T2 scan, localized on the brain slabs and sampled
within tissue blocks measuring 2.0 x 1.0 0.5 cm, corre-
sponding to the size of a standard tissue cassette. The depth
of the lesion within the block was estimated. Samples were
dehydrated overnight through immersion in graded series of
ethanol and embedded in paraffin and cut on a microtome
into 6 um-thick sections. More specifically, at the estimated
lesion depth we alternately collected six sections on a glass
slide and skipped the next 30 sections, until we were sure
the entire lesion was captured. The first sections of each
series of six were stained for H&E using standard histol-
ogy protocols. On adjacent sections, bright field immuno-
histochemistry was performed for GFAP to detect reactive
astrocytes (rabbit, G9269; Sigma St Louis, MO; 1:1000) fol-
lowing previously described protocols [38, 39], and Clus-
ter of Differentiation 68 to detect reactive microglia/mac-
rophages (CD68, mouse, GA609; Dako, Santa Clara, CA;
1:500) using a fully automated stainer (Bond Rx, Leica). A
Perls’ iron stain was included to assess the presence of iron
deposits. All stained sections were scanned on the Nano-
Zoomer™ whole slide scanner (Hamamatsu Photonics K.
K., Japan) using a 20X objective, and the obtained images
were assessed using the NDP.view?2 viewing software (ver-
sion 2.7.39). Sections containing the core of the lesion were
included in the analysis and used to assess the pathological
features and lesion size (largest diameter in um as measured
on H&E at 2.5x magnification).
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Lesions were defined as acute microinfarcts if on H&E
they were characterized by a focal area of tissue pallor con-
taining eosinophilic (“red”) neurons, in combination with no
or only minimal reactive astrocytes in the lesion periphery
based on GFAP immunohistochemistry. Chronic microin-
farcts were defined as areas of tissue loss with “puckering”
or cavitation, without evidence of eosinophilic neurons on
H&E, together with many reactive astrocytes in the lesion
periphery based on GFAP. In addition to these core patho-
logical findings, we assessed all microinfarcts for evidence
of reactive microglia/macrophages with CD68 staining
and hemosiderin deposits with Perls’ iron, which are both
indicative of subacute to chronic microinfarcts. In case of
uncertainty, microinfarcts were discussed with a board-cer-
tified neuropathologist (MPF) blinded to MRI and clinical
data, and the study hypothesis. Subsequently, to assess the
performance of ex vivo DWI to detect acute microinfarcts
post-mortem, we performed a retrospective analysis in which
the included sections were assessed for additional microin-
farcts. For these microinfarcts we reported their pathological
features, size as measured on H&E and appearance on the
ex vivo DWI, T2 0.5 mm? and T2 1.0 mm? scans.

Statistical analysis

We compared data on the presence and number of DWI+/
T2+ and DWI—-/T2+ lesions and demographics between
the CAA and control cases using Mann—Whitney U test for
continuous outcome variables and Fisher’s exact test for
categorical outcome variables. Using Spearman correla-
tion, the relationship between the number of DWI+/T2+ and
DWI—/T2+ lesions was assessed. Within cases with CAA,
we explored associations between the number of DWI+/
T2+ lesions and demographic, clinical and ex vivo MRI
characteristics using Spearman correlation or Mann—Whit-
ney U test. To evaluate the performance of ex vivo DWI to
detect acute microinfarcts post-mortem, we calculated its
classification accuracy (total number of correct predictions/
total number of predictions) and performed a sensitivity and
specificity analysis using MEDCALC (https://www.medca
lc.org/calc/diagnostic_test.php). Statistical analyses were
performed in R (version 3.5.3; https://www.R-project.org),
and a was set at 0.05, two-tailed.

Results

Histopathology underlying in vivo DWI+ lesion
Results on the histopathological analysis of the cortical
DWI+ lesion detected on in vivo MRI 7 days before death

in a CAA case are shown in Fig. 1. On the high-resolution
ex vivo T2 scan a hyperintense lesion was detected, possibly
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corresponding to the in vivo DWI+ lesion. On H&E, the
corresponding area was characterized by tissue pallor and
showed evidence of eosinophilic neurons. The adjacent
GFAP stained section revealed no severe astrogliosis, imply-
ing that recent ischemic injury had occurred in this area.

Ex vivo MRI observations

Because of the relatively low spatial resolution of in vivo
DWI, we subsequently explored DWI+ lesions on high-
resolution ex vivo DWI as a more reliable and direct way to
investigate the histopathology of DWI+ lesions. Evaluating
the ex vivo 3 T DWI and T2 scans, a total of 130 DWI+/
T2+ lesions were identified in 10/12 (83%) cases with CAA
(Table 1). The median [IQR] number of ex vivo DWI+/T2+
lesions was 1.5 [1.0-6.75]. In contrast, no ex vivo DWI+/
T2+ lesions were observed in control cases (p =0.022).
Since cases with CAA were significantly younger than
controls (p=0.014), the increased DWI+/T2+ lesion bur-
den in CAA cases relative to controls could not be attrib-
uted to increased age. DWI—/T2+ lesions (total number of
370) were present in all CAA and control cases, though the
number of these lesions was significantly higher in cases
with CAA (median 23.5 vs. 3.0, p=0.030). The number of
DWI+/T2+ and DWI—/T2+ lesions was positively corre-
lated (Spearman p =0.84, p <0.001). Furthermore, within
cases, DWI+/T2+ lesions showed a similar topographical
distribution throughout the brain as the DWI—/T2+ lesions,
suggesting a shared pathogenesis between these lesions
(Fig. 2).

Subsequently, we explored factors associated with the
number of ex vivo DWI+/T2+ lesions among cases with
CAA. Higher age at death tended to be related to more
ex vivo DWI+/T2+ lesions (Spearman p=0.49, p=0.109).
Sex, ICH as cause of death and global CAA severity score
were all not associated with the number of DWI+/T2+
lesions (smallest p=0.326). A longer post-mortem interval
tended to be related to fewer DWI4-/T2+ lesions (Spearman
p=-0.58, p=0.133), whereas a longer fixation duration
was associated with more DWI+/T2+ lesions (Spearman
p=0.60, p=0.039).

Histopathology underlying ex vivo DWI+/T2+
and DWI-/T2+ lesions

Cases 1, 2 and 4 were selected for histopathological analy-
sis, because of the presence of many ex vivo T2+ lesions
(Table 2). Across these cases, ten representative DWI+/T2+
and seven DWI—/T2+ lesions were targeted for histopatho-
logical analysis. Of these, eight (80%) and five (71%) lesions
were successfully retrieved, respectively. The remaining four
lesions could not be retrieved due to erroneous sampling.
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in vivo DWI

in vivo DWI

Fig. 1 Histopathological verification of an in vivo DWI+ lesion in
CAA. An in vivo cortical DWI+ lesion was detected in the left occip-
ital lobe of a case with CAA on clinical MRI 7 days before death (a
axial view, b coronal view). Five coronal slabs covering this region
were subjected to high-resolution 7 T ex vivo T2 to guide tissue sam-
pling as part of a previous study [35], and a T2 hyperintense lesion
which may correspond to the in vivo DWI+ lesion was identified (¢
white arrow). A small tissue block (outlined on T2 with rectangle)

Table 1 Group characteristics

CAA Controls p
n=12 n=3
Demographics
Age, years 70 [67-79] 90 [89-93] 0.014
Sex, M 8 (67%) 1 (33%) 0.525
Ex vivo DWI+/T2+ lesions
Presence, Y 10 (83%) 0 (0%) 0.022
Number 1.5 [1.0-6.75] 0 [0-0] 0.031
Ex vivo DWI—/T2+ lesions
Presence, Y 12 (100%) 3 (100%) -
Number 23.5[8.5-30.5] 3.0 [2.04.5] 0.030

Data present median [IQR] or number (%)

was cut and subjected to H&E staining (d). On H&E, a focal area of
tissue pallor (dotted square 1) was identified with evidence of eosino-
philic necrosis (inset in e), indicative of recent ischemia. In a control
cortical area nearby (dotted square 2 in d) no evidence of eosinophilic
necrosis was seen (f). Note that the chance for a false-positive find-
ing was high in this case, owing to the large difference in resolution
between in vivo and ex vivo MRI. DWI diffusion-weighted imaging,
H&E hematoxylin & eosin

On microscopic examination, all eight DWI+/T2+ lesions
proved to be acute cortical microinfarcts as reflected by a
focal area of tissue pallor containing eosinophilic neurons
on H&E and absence of or only mild reactive astrocytes
in the lesion periphery based on GFAP staining (Fig. 3).
On CD68, no or fragmented (‘“beaded”) microglia were
observed. All DWI+/T2+ lesions were negative for iron. The
median [IQR] lesion size as measured on H&E was 2.35 mm
[1.72-3.10] (in greatest diameter). On the ex vivo mean dif-
fusivity map of the eight DWI4/T2+ lesions, assessed in
retrospect in a consensus meeting between two raters (AtT,
SJvV), two appeared hypointense, five isointense, and one
somewhat hyperintense.

The five DWI—/T2+ lesions demonstrated a mixed his-
topathology. Three lesions (0.84, 1.86, and 2.23 mm) were
characterized by a focal area of tissue loss or a central
cavitation on H&E, and many reactive astrocytes in the

@ Springer
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Fig.2 Topographical distribu-
tion of ex vivo DWI+/T2+ and
DWI—/T2+ lesions. Shown are
the whole hemisphere surface
renderings of the cases selected
for the histopathological analy-
sis (a—c correspond to cases
1,2, and 4 in Table 2, respec-
tively). Within cases, DWI+/
T2+ and DWI—/T2+ lesions
show a similar topographical
distribution throughout the
brain. DWI diffusion-weighted
imaging

ODWI+/T2+

lesion periphery based on GFAP, indicative of chronic cor-
tical microinfarcts (Fig. 4). The lesions exhibited only few
reactive or amoeboid microglia on CD68, but contained
some iron-positive deposits, due to the presence of super-
ficial siderosis nearby in one. Two lesions appeared hyper-
intense on the mean diffusivity map and one isointense.
In contrast, the two other DWI—/T2+ lesions (0.56 and
1.94 mm) were suggestive of acute cortical microinfarcts,
as indicated by the presence of eosinophilic neurons, and
only mild GFAP positivity. Both lesions were almost nega-
tive for CD68, negative for iron and isointense on the mean
diffusivity map. In retrospect, the DWI signal correspond-
ing to these lesions was subtly increased.

@ Springer

DWI-/T2+

Analysis of additional cortical microinfarcts
identified on microscopy

Upon microscopic examination of the sections included
in the abovementioned analysis (n =12 sections), we
found an additional 19 cortical microinfarcts (0.63 mm
[0.43-1.19]). Of these, two lesions (0.92 and 4.41 mm)
represented acute cortical microinfarcts. However, in ret-
rospect both microinfarcts were not visible on ex vivo DWI
or T2, possibly due to the small size and a scan artifact
(i.e., an air bubble at the site of the lesion), respectively.
The remaining 17 lesions were all older cortical microin-
farcts. Interestingly, among these older microinfarcts vari-
ation was observed in the morphology and concentration
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Table 2 Case description

CaseID Sex Age at Cause of death PMI (h) Fixation 3T ex vivo 3T ex vivo CAA severity Other neuropatho-
death due to acute duration DWI+/T2+ DWI-/T2+ score logical findings
(years) ICH (days) lesions lesions

Objective 1: histopathology of in vivo DWI+ lesion in CAA

1 F 87 Unk Unk 2469 n/a n/a Vonsattel 3 [35] Braak and Braak
stage III, moder-
ate hypertensive

cerebrovascular
disease pathology
[35]
Objective 2: histopathology of ex vivo DWI+ lesions in CAA
Cases

1 M 80 No Unk 476 12 103 5 A3B3C2

2 M 70 Yes 16 377 5 29 9 A3B3C1, moder-
ate hypertensive
vasculopathy

3 M 76 No 27 43 1 20 7 A3B3C2, arteriolo-
sclerosis

4 M 65 Yes 14 498 74 83 7 A3BI1C2

5 M 81 No Unk 69 2 11 5 A3B2C2, moderate
arteriolosclerosis

6 F 70 No Unk 71 1 7 6 A3BI1ClI, mild arte-
riolosclerosis

7 M 67 No Unk 50 1 9 10 A3B3C2

8 M 69 Yes 36 27 1 4 10 A3BI1C2, mild arte-
riolosclerosis

9 F 64 Yes 30 28 0 3 8 A3B2C3

100 F 79 Yes 37 153 2 29 8 A3B3C2

11 M 67 No 24 79 0 27 5 A3BICl1, moderate
arteriolosclerosis

12 F 88 Yes 11 50 31 35 8 A2B3C2

Controls

13 M 90 No 6 58 0 3 0 A2B1C2, mild
hypertensive
disease

14 F 95 No 4 45 0 1 0 A1B2C0

15 F 88 No 9 136 0 6 0 A2B1Cl, globular
glial tauopathy,
mild to moderate
arteriolosclerosis

Objective 3: positive control

1 F 30 No 19 1278 10 13 0 Diffuse and exten-
sive microinfarcts
(ranging from
hours to weeks
old) of the white
and grey matter

After an independent rating of the lower resolution DWI (1.0 mm?) and high-resolution T2 (0.5 mm?) scans, the annotations were combined
resulting in a set of DWI+/T2+4 and DWI—/T2+ lesions. Notably, DWI+ lesions that did not correspond to a cortical microinfarct on T2 were
excluded (n=6 lesions), whereas DWI+ lesions that did correspond to a cortical microinfarct on T2, but were overlooked during rating, were
added to the final dataset (n=20 lesions). In case of uncertainty, discrepancies were resolved in a consensus meeting between both raters. Fixa-
tion duration was calculated as the number of days between death and the ex vivo MRI scan. The CAA severity score represents a cumulative
cortical CAA score which was calculated on the basis of AP stained sections retrieved from four predefined areas, including the frontal, tempo-
ral, parietal and occipital cortex. Each section was scored as follows: 0 (absence of CAA), 1 (scant AP deposition), 2 (some circumferential Ap),
or 3 (widespread circumferential Ap) [20, 39]. Neuropathology findings in addition to CAA were retrieved from the neuropathology reports after
routine neuropathological examination of the other cerebral hemisphere. The ABC score represents the NIA-Alzheimer Association score for
Alzheimer’s Disease neuropathologic changes [13]. ICH intracerebral hemorrhage, n/a not applicable, PMI post-mortem interval, Unk unknown
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Fig.3 Histopathological analysis of an ex vivo DWI4+/T2+ lesion
confirming acute cortical microinfarct. An ex vivo DWI+/T2+ lesion
with corresponding hypointense signal on MD was sampled and suc-
cessfully retrieved for histopathological analysis (white arrows, scale
bar on H&E is 5 mm). On H&E the lesion is marked by a focal area
of tissue pallor containing eosinophilic neurons (black arrows inset).
The adjacent GFAP stained section revealed only few reactive astro-
cytes in the lesion periphery (inset) and astrocytic clasmatodendro-

of CD68-positive microglia and macrophages, on the
basis of which we were able to further specify subacute
and chronic cortical microinfarcts in a consensus meet-
ing between the two raters. 8/17 microinfarcts without
central cavitation demonstrated a high concentration of
amoeboid microglia in the center of the lesion and were,
therefore, considered subacute (Fig. 5) [16]. None of the
subacute microinfarcts was hyperintense on DWI or T2
1 mm3, but four were detectable on T2 0.5 mm?>. On T2,
one subacute microinfarct was hyperintense, whereas
the remaining three appeared isointense with the white
matter at their core with or without a hyperintense rim
(Fig. 5). The remaining 9/17 chronic cortical microinfarcts
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sis within the lesion core. On CD68, a few fragmented microglia
were observed. The lesion was negative for iron. Collectively, these
pathological features are indicative of an acute cortical microinfarct.
Scale bars on sections depicting the lesion are 1 mm, and scale bars
in insets are 50 um. DWI diffusion-weighted imaging, MD mean dif-
fusivity map, H&E hematoxylin & eosin, GFAP glial fibrillary acidic
protein, CD68 cluster of differentiation 68

either contained amoeboid microglia in combination with
a central cavity or contained substantially less or almost
no amoeboid microglia (such as shown in Fig. 4). None
of these chronic microinfarcts were DWI+. 2/9 chronic
microinfarcts were detectable on T2 0.5 mm?> and 1 mm?>,
with one being hyperintense, and the other one being
isointense with the white matter.

When combining MRI-targeted microinfarcts and those
detected in retrospect, we observed that acute cortical
microinfarcts (n=12) were significantly larger (1.84 mm
[1.66-3.10]) compared to subacute/chronic cortical micro-
infarcts (n=20) as measured on H&E (0.74 mm [0.44-1.27],
p<0.001).
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Fig.4 Histopathological analysis of an ex vivo DWI—/T2+ lesion
confirming chronic cortical microinfarct. An ex vivo DWI-/T2+
lesion with corresponding hyperintense signal on MD was sam-
pled and successfully retrieved for histopathological analysis (white
arrows, scale bar on H&E is 5 mm). On H&E the lesion is marked
by a focal area of tissue pallor, neuronal loss and cavitation (inset).
The adjacent GFAP stained section revealed many reactive astro-
cytes (astrogliosis) in the lesion periphery (inset). On CD68 only a

Classification accuracy, and sensitivity
and specificity analysis

Next, we assessed the performance of ex vivo DWI regard-
ing the classification and detection of acute cortical microin-
farcts. All eight targeted DWI+/T2+ lesions were correctly
predicted to represent acute cortical microinfarcts, resulting
in a classification accuracy of 100%. Along with these eight
true positives, three acute cortical microinfarcts were missed
by ex vivo DWI (false negatives), resulting in a sensitiv-
ity of 73% (95% CI 39-94%). Last, all 20 chronic cortical
microinfarcts were not visible on ex vivo DWI (true nega-
tives: n=20, false positives: n=0), leading to a specificity
of 100% (95% CI 83-100%).

Iron - ; PRI g b Sen

few amoeboid microglia were observed. The lesion was mildly posi-
tive for iron. Collectively, these pathological features correspond to
a chronic cortical microinfarct. Scale bars on sections depicting the
lesion are 500 pm, scale bars in insets are 50 um. DWI diffusion-
weighted imaging, MD mean diffusivity map, H&E hematoxylin &
eosin, GFAP glial fibrillary acidic protein, CD68 cluster of differen-
tiation 68

Discussion

The present study, in which we aimed to determine whether
small DWI+ lesions represent histopathologically defined
acute microinfarcts in the context of CAA, has two key find-
ings. First, using a combined in vivo MRI—ex vivo MRI—
histopathology approach we demonstrated that small DWI+
lesions frequently observed in patients with CAA correspond
to acute microinfarcts. Furthermore, our data highlight that
multimodal ex vivo MRI can be used to distinguish differ-
ent cortical microinfarct stages in fixed human brain tissue.

Previous human studies and animal experiments have
described the histopathological changes following cerebral
artery occlusion, which become evident~ 6 h post-stroke
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Fig.5 MRI features of a histopathologically defined subacute cortical
microinfarct. On microscopic examination additional cortical micro-
infarcts were observed of which a subset was considered subacute.
These lesions appeared slit-like or as puckering, without central cav-
itation and eosinophilic neurons on H&E, but with moderate astro-
gliosis on GFAP. On CD68, these lesions were characterized by many
amoeboid microglia in the core of the lesion. The lesion depicted

[8, 41]. During the acute phase (hours—days) neurons
appear shrunken, eosinophilic and pyknotic. This phase is
followed by an inflammatory response (>3 days) as evi-
denced by reactive astrocytes and microglia, and infiltration
of macrophages. In the final phase, marked tissue loss is
observed, frequently involving a cavitation with a rim of
reactive astrocytes, but fewer macrophages [15, 17, 22, 26,
30, 42]. However, histopathological investigations of small
subclinical DWI+ lesions were still lacking. Ideally, such a
study would require cases with a subclinical DWI+ lesion
on (high-resolution) MRI acquired shortly before death, and
intact brain tissue subjected to high-resolution ex vivo MRI
to guide tissue sampling. Although the prevalence of small
DWI+ lesions is increased in CAA, their detection is lim-
ited due to their subclinical nature and the normalization of

@ Springer

here was negative for iron. Importantly, this lesion was matched to a
lesion on ex vivo T2 which appeared isointense with the white matter
at the lesion core with a hyperintense rim. The lesion was not vis-
ible on DWI. Scale bars: on sections depicting the lesion are 250 um,
on insets 50 um, and on overview H&E 5 mm. H&E hematoxylin &
eosin, GFAP glial fibrillary acidic protein, CD68 cluster of differen-
tiation 68, DWI diffusion-weighted imaging

the DWI scan within the first weeks after lesion onset. As
such, our case with CAA and an in vivo DWI+ lesion 7 days
prior to death represented a unique situation. The lesion was
matched to an area of recent ischemia, although the chance
of a false-positive finding was high, owing to the difference
in resolution between the in vivo and ex vivo MRI. Our
efforts demonstrate the challenges and requirements impli-
cated in the histopathological verification of in vivo small
DWI+ lesions, which reflects why such a study on multiple
cases has not been performed to date.

As a more reliable and direct way to investigate the
histopathology of DWI+ lesions, we evaluated whole
hemisphere high-resolution ex vivo MRI scans of CAA
cases (and controls) with known microinfarcts [34, 35, 39].
In the current study, we identified a total of 500 cortical
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lesions that were hyperintense on ex vivo T2 in 15 cases.
In addition, using an ex vivo DWI sequence, we observed
that 130/500 (26%) of these lesions were also hyperintense
on DWI. To the best of our knowledge the detection of
DWI+ lesions in fixed post-mortem human brain tissue has
not been reported before. Our targeted histopathological
analysis confirmed that the ex vivo DWI+ lesions were
acute microinfarcts with 100% specificity.

The finding that ex vivo DWI+ lesions were also
detected in a positive control with known in vivo DWI+
lesions shortly before death suggests that DWI retains
reliable information on diffusion properties in fixed post-
mortem tissue. This is in line with previous ex vivo studies
performing successful tractography of white matter tracts
based on diffusion imaging of human brains [24, 38].
Unexpectedly, in our study, longer fixation times were pos-
itively associated with the number of DWI+/T2+ lesions,
which may reflect changes in diffusion properties after pro-
longed fixation. Previous studies have shown a decrease of
T2 relaxation times and the diffusion coefficient after fixa-
tion [24]. However, these changes occurred within the first
few days within brain areas near the surface and within the
first few weeks within deep brain areas, after which both
values stabilized [6, 24]. To account for these effects, cer-
ebral hemispheres were scanned after fixation in formalin
for at least 4 weeks. In a previous study, fixation duration
did not affect associations between diffusion metrics in
the white matter and histopathological features (such as
myelin density) [38], but the effects of fixation duration
on the detectability of ischemic lesions are completely
unknown as no prior study addressed DWI+ lesions in
an ex vivo study. Since the positive association between
fixation duration and ex vivo DWI+ lesions in our study
was only based on 12 cases, future longitudinal ex vivo
studies in larger datasets are needed to confirm if DWI+
lesions become increasingly visible after prolonged fixa-
tion and to explore potential underlying mechanisms for
this phenomenon.

Given that DWI+/T2+ lesions had the same topographi-
cal distribution as DWI—/T2+ lesions and were correlated
with the number of DWI—/T2+ lesions, we suggest that they
resemble part of the spectrum of observed microinfarcts in
the context of CAA. Whereas the number of DWI+/T2+
lesions on ex vivo MRI was not associated with global CAA
severity on histopathology, a recent study reported that
microinfarcts were found in areas with increased CAA bur-
den locally [39]. Notably, this was true for both chronic and
acute cortical microinfarcts as defined histopathologically.
Moreover, in-depth analysis at the single-vessel level identi-
fied that vessels involved in both acute and chronic microin-
farcts were characterized by severe CAA and loss of smooth
muscle cells, likely increasing the risk for ischemia in areas
perfused by these presumably dysfunctional vessels [39].

On in vivo MRI, acute infarcts are accompanied by a dis-
tinct bright signal on DWI as a result of diffusion restric-
tion due to intracellular cytotoxic edema immediately after
infarct onset [25]. Although we did not attempt to explore
whether the mechanisms underlying the increased DWI sig-
nal in vivo and ex vivo are the same, it appears from our data
that the increased concentration of water intracellularly (i.e.,
cytotoxic edema) is maintained, even after death and fixation
of the tissue. It should be noted that the number of detected
DWI+ lesions in this post-mortem dataset was much higher
than usually observed on in vivo MRI in patients with CAA.
DWI+ lesions tended to be negatively associated with post-
mortem interval and as such likely occurred pre-mortem or
in a limited post-mortem interval. They were also exclu-
sively found in patients with CAA, further suggesting that
these lesions are not simply non-specific artifacts related to
ex vivo scanning, but rather a feature of advanced SVD. A
plausible explanation is that peri-mortem events, such as
cerebral hypoperfusion, may have acted as a catalyst for the
occurrence of ischemia in areas with severe CAA.

The high sensitivity of ex vivo DWI for the detection
of acute cortical microinfarcts suggests that the number of
DWI+/T2+ lesions detected on ex vivo MRI is an accurate
representation of the total number of acute microinfarcts pre-
sent in the brain. This is probably due to two important fea-
tures of acute microinfarcts, which facilitate their detection.
First, acute microinfarcts have a distinct bright DWI sig-
nal, possibly due to cytotoxic edema. Second, we observed
that acute cortical microinfarcts are significantly larger in
size compared to subacute/chronic cortical microinfarcts,
which increases the likelihood of surpassing the threshold
of detectability. The increased DWI signal observed in these
lesions did not appear to be driven by T2-shine through
effects, since older microinfarcts were not rated as DWI+.

In contrast to acute cortical microinfarcts, microscopic
examination of the sections revealed additional older corti-
cal microinfarcts. We further specified these older micro-
infarcts into subacute and chronic based on the presence of
CD68-positive amoeboid microglia covering the lesion core
(subacute) or substantially fewer CD68-positive amoeboid
microglia with or without a central cavity (chronic). This
distinction corresponds well to results of a prior study mod-
eling cerebral microinfarcts in mice that demonstrated a high
concentration of CD68-positive microglia at day 3, which
gradually decreased until day 28, the point at which some
microinfarcts had undergone cavitation [42]. Collectively,
we suggest an ante-mortem time frame of hours—days for
acute cortical microinfarcts, of days—a few weeks for suba-
cute cortical microinfarcts and of weeks for chronic cortical
microinfarcts [15, 17, 22, 26, 30, 42]. In contrast to acute
cortical microinfarcts, these older microinfarcts were largely
invisible on high-resolution ex vivo MRI suggesting that the
total number of microinfarcts present in the brain that have
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accumulated over many years remains largely invisible even
to high-resolution MRI as noted in previous studies [35,
37, 39]. While this is partly attributable to size, our novel
findings extend this notion and suggest that predominantly
older subacute or chronic microinfarcts escape detection,
whereas acute microinfarcts are more easily visible. In line
with this notion are several in vivo studies in humans and
mice that investigated the evolution of acute DWI+ lesions
and demonstrated disappearance of a subset of these lesions
on follow-up MRI [5, 11, 32, 33, 36, 43]. Two experimen-
tal studies in mice showed that microinfarcts were largest
between day 1-3 after vessel occlusion and shrank thereaf-
ter, possibly reflective of histologic evolution of the acute
infarct and/or tissue collapse [32, 42]. Remarkably, we noted
that subacute microinfarcts, that had not undergone cavita-
tion, were rather inconspicuous on MRI. Collectively, our
data may provide a mechanistic framework for the obser-
vation of disappearing DWI+ lesions on follow-up in vivo
MRI and suggest that when microinfarcts evolve, T2-based
imaging sequences may favor the detection of larger micro-
infarcts that underwent cavitation, while being insensitive
to the smaller and subacute subset. These observations
have two implications. First, future—preferably longitudi-
nal—studies are needed to determine if the current rating
criteria for microinfarcts on MRI need to be modified to
benefit the accurate detection of the subacute subset [37].
Second, because of lesion shrinkage over time, the 100%
specificity of ex vivo DWI for the detection of acute micro-
infarcts observed in the current study may have been driven
by microinfarct size as most chronic microinfarcts failed to
pass the detection limit of the 1.0 mm® DWI scan.

This study has several important clinical implications.
First, CAA is a major risk factor for ICH, but is also associ-
ated with a high prevalence of DWI+ lesions and thus acute
ischemia, within as well as beyond the acute ICH window.
This poses challenges to clinicians who must weigh the risks
of future hemorrhagic or ischemic events when deciding on
treatment strategies after ICH, including aggressive blood
pressure reduction in the acute ICH period, and use or avoid-
ance of antithrombotics [2, 23, 27]. Second, DWI+ lesions
also occur in other types of SVD and our findings on the
ischemic nature of DWI+ lesions can likely be generalized
to these conditions [33, 43]. Recently, it was shown that
small subclinical DWI+ lesions are associated with poor
clinical outcome after 2-year follow-up in memory clinic
patients with vascular disease on MRI [7]. Hence, prevention
of acute ischemia in the elderly seems to be an important tar-
get for clinicians. Last, we demonstrate that it is possible to
define microinfarct age with multimodal ex vivo MRI, which
may benefit histopathological studies investigating the etiol-
ogy of microvascular lesions [39]. As histopathology stud-
ies are inherently cross-sectional, cause—effect relationships
cannot be inferred. Yet, comparing the histopathological
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features of acute and chronic microvascular lesions may
provide new hypotheses on lesion etiology [39], and the
present study demonstrates that using post-mortem MRI
it is possible to target acute, subacute and chronic cortical
microinfarcts directly.

The present study provides the first comprehensive assess-
ment of the histopathological nature of small DWI+ lesions.
Yet, several important limitations should be addressed. First,
this study provided extensive evidence that the small DWI+
lesions seen on ex vivo MRI are indeed acute microinfarcts,
but limited evidence for the lesions seen on in vivo MRI.
While we show that demonstrating this association is highly
challenging in human studies, it could be achieved in animal
models [29]. Second, no detailed information was collected
regarding peri-mortal events for each case, which may have
influenced occurrence of acute ischemia, as discussed above.
Third, our results on the mean diffusivity remain explora-
tory, since we could not generate a reliable mean diffusiv-
ity map based on the steady-state free precession diffusion
sequence, due to absence of a quantitative T2 map [21].
Fourth, the resolution of the ex vivo DWI sequence did not
match the T2 sequence. To account for this limitation, we
down sampled the T2 scan to a 1 mm? resolution and only
targeted DWI—/T2+ lesions for histopathology that were
also visible on the down sampled T2 scan. This approach
may have resulted in a selection bias, as the DWI—/T2+
lesions that remained detectable on the down sampled
T2 scans corresponded mostly to larger cavitated chronic
microinfarcts with a distinct hyperintense signal. We can-
not exclude the possibility that some of the extra subacute/
chronic microinfarcts that were detected in the retrospective
analysis may have been DWI+ but too small to be visible
on the 1 mm? scans. Fifth, although the histopathological
features of microinfarcts were strongly suggestive of primary
ischemia, inherent to ex vivo analyses we cannot entirely
rule out that some microinfarcts may have had a hemor-
rhagic origin. Furthermore, we purposely only screened the
cerebral cortex for the presence of microinfarcts to allow
comparison with a previous study [39]. Since microinfarcts
also occur in the subcortical white matter [31], future studies
are needed to systematically assess the detection of subcorti-
cal microinfarcts on MRI. Finally, four lesions were lost for
histopathological examination due to erroneous sampling,
which reflects the technical challenges of MRI—histopa-
thology studies, especially when going directly from whole
hemispheres to histological sections. Subjecting individual
formalin-fixed cut slabs to ultra-high-resolution scanning as
an intermediate step improves sampling strategies of tar-
geted lesions [35, 39].

In conclusion, we suggest that small DWI+ lesions in
CAA represent acute microinfarcts. Furthermore, our
findings support the use of ex vivo DWI as a method to
detect acute microinfarcts post-mortem, which may benefit
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future histopathological investigations on the etiology of
microinfarcts.
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