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The spectrum of MR detectable cortical microinfarcts: a
classification study with 7-tesla postmortem MRI and

histopathology

Susanne J van Veluw', Jaco JM Zwanenburg?, Annemieke JM Rozemuller?, Peter R Luijten?, Wim GM Spliet® and

Geert Jan Biessels'

Cerebral microinfarcts (CMls) are common neuropathologic findings in aging and dementia. We explored the spectrum of cortical
CMls that can be visualized with 7T magnetic resonance imaging (MRI). Thirty-three coronal brain slices of 11 individuals with
neuropathologically confirmed dementia were subjected to a high-resolution postmortem 7T MRI protocol. First, we identified all
visible small (<5 mm) intracortical and juxtacortical lesions on postmortem MRI. Lesions were classified as CMI or nonCMI based on
histology, and their MR features were recorded. Thirty lesions were identified on the initial MRI evaluation, of which twenty-three
could be matched with histology. Histopathology classified 12 lesions as CMlIs, all of which were located intracortically. On the basis
of their MR features, they could be classified as chronic gliotic CMIs—with or without cavitation or hemorrhagic components—and
acute CMls. Eleven MRI identified lesions were not of ischemic nature and most commonly enlarged or atypically shaped
perivascular spaces. Their MRI features were similar to gliotic CMIs with or without cavitation, but these ‘CMI mimics’ were always
located juxtacortically. 7T postmortem MRI distinguishes different histopathologic types of cortical CMIs, with distinctive MR
characteristics. On the basis of our findings, we propose in vivo rating criteria for the detection of intracortical CMls.
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INTRODUCTION

Cerebral microinfarcts (CMIs) are common neuropathologic
findings in the aging human brain."? They are manifestations of
small vessel disease and show a strong association with ante-
mortem cognitive decline and dementia.>* A systematic review of
autopsy studies reported frequencies of 43% in patients with
Alzheimer’s disease, 62% in patients with vascular dementia, and
24% in nondemented older individuals.? Due to their widespread
and numerous appearance, they are increasingly recognized as
substantial contributors to aging-related cognitive decline and
dementia. Cerebral microinfarcts are hardly visible on gross
pathology, but on routine pathologic examination of microscopic
sections they can be identified as small delineated regions of
tissue pallor. They are characterized by neuronal death and gliosis,
and sometimes they are accompanied by cavitation or macro-
phages, that may contain hemosiderin. Their reported sizes vary
between 50 um and a few mm, making them hard to detect in vivo
with conventional magnetic resonance imaging (MRI).

Recently, we have shown that cortical CMIs can be visualized
in vivo with high-field 7-tesla MRI.” In that study, we developed an
operational MRI definition for these lesions that proved to be
specific for cortical CMIs on postmortem MRI guided histopatho-
logic examination. According to that definition, cortical CMIs are

intracortical lesions, hyperintense on fluid-attenuated inversion
recovery (FLAIR) and on T2, hypointense on T1, <3 mm in size,
and distinct from perivascular spaces (PVSs).” In this initial study, we
purposefully devised a definition that was likely to be specific for
CMls, because our intention was to show feasibility of in vivo CMI
detection. It could well be, however, that this definition misses
certain cortical CMls that are visible on MRI, but have different MRI
characteristics. Therefore, the current study was designed to
explore the whole spectrum of cortical CMIs that can be captured
with 7-tesla MRI. First, we identified all MRI-visible small (<5 mm)
intracortical as well as juxtacortical lesions on postmortem MRI of
human brain tissue. Only lesions that were obviously an artifact or
regularly shaped PVSs were discarded. The MR features of these
lesions were noted and their histopathologic substrate was verified.
All lesions that proved to be CMIs were classified in different
subtypes. All lesions that proved to be of nonischemic nature were
also classified based on their histology and MRI appearance, to
identify potential CMI mimics and their distinguishing features.

MATERIALS AND METHODS
Patients and Tissue

Brain specimens of patients who had undergone autopsy in the preceding
2 years at the University Medical Center Utrecht (UMCU) were included in
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this study. After autopsy, the brains were fixated in 10% formalin before
they were cut into 10-mm-thick coronal brain slices. Standard neuro-
pathologic examination was performed to establish a diagnosis. Cases
were selected from the database of the neuropathology department based
on recorded presence of considerable Alzheimer pathology (Braak & Braak
(BB) stage >1ll), cerebral amyloid angiopathy (CAA), or vascular dementia
(Supplementary Table 1). Hence, 11 cases were eligible for inclusion. From
each case, three brain slices were selected for postmortem imaging. They
were taken from the frontal, temporo-parietal, and occipital lobes
(Supplementary Figure 1). For each scan session, three slices submerged
in 10% formalin were placed in a purpose-built Perspex container that was
designed to fit in the head coil of the MR scanner. Care was taken to avoid
air bubbles. The use of the brain specimens of these patients for this study
was in accordance with local regulations and approved by the medical
ethics committee of the UMCU. Informed consent was obtained before
autopsy, according to local (UMCU) ethical guidelines.

Study Design

In total, 33 brain slices were scanned and evaluated for intracortical and
juxtacortical lesions. All identified lesions were sampled and subjected to
histopathologic examination. Finally, we also explored areas in which no
lesions were identified on MRI. These ‘MR negative control areas’ were
sampled, subjected to histopathologic examination, and screened for CMIs
histopathologically. More details are provided below.

Postmortem Magnetic Resonance Imaging Protocol

Scans were acquired overnight on a whole-body 7-tesla MR system (Philips
Healthcare, Cleveland, OH, USA) with a volume transmit and 32-channel
receive head coil (Nova Medical, Wilmington, MA, USA). The specimen
remained embedded in formalin during scanning. The protocol, optimized
for postmortem imaging, included the following sequences:

1. 3D FLAIR with an acquired isotropic resolution of
400 x 400 x 400 um?, repetition time (TR)=8,000 ms, nominal
echo time (TE) =164 ms using constant low refocusing angles
of 40°, inversion time (TI)=1,600 ms (for nulling the formalin
surrounding the tissue), matrix size =500 % 280, 100 slices, no
sensitivity encoding (SENSE) acceleration was applied. Scan
duration 4 hours 16 minutes 8 seconds.

2. 3D T2-weighted turbo spin echo (TSE) with an acquired
isotropic resolution of 400 x 400 x 400 um>®, TR=3,500 ms,
nominal TE=164 ms using constant low refocusing angles of
40°, matrix size=500x 280, 100 slices, no SENSE acceleration
was applied. Scan duration 1 hour 52 minutes 3 seconds.

3. 3D T1-weighted sequence with an acquired isotropic resolution
of 400 x 400 x 400 um>, TR=7.7 ms, TE =3.5 ms, post-inversion
delay 280 ms, TR between inversion pulses 2,000 ms, matrix
size =348 x 348, 80 slices, no SENSE acceleration was applied.
Scan duration 55 minutes 38 seconds.

4. 3D T2*-weighted sequence with an acquired isotropic resolu-
tion of 180 % 180 % 180 um>, flip angle 25°, TR=75ms, TE=20
ms, matrix size =832 x 834, 278 slices, no SENSE acceleration
was applied. Scan duration 4 hours 59 minutes 31 seconds.

Magnetic Resonance Imaging Rating and Sampling

The acquired postmortem FLAIR and T2 MRI scans were screened for
intracortical and juxtacortical (i.e.,, adjacent to and in direct contact with
the cortex) small lesions <5 mm by an experienced rater. To ensure that
the whole spectrum of MRI detectable CMIs was captured, we did not limit
sampling to lesions with prespecified MRI features regarding signal
intensity or shape. In other words, we did not limit sampling to lesions with
imaging features considered to be typical for ischemic lesions. Hence,
hypointense lesions possibly reflecting cortical microbleeds were also
sampled. Regularly shaped extensions from a PVS, or evident postmortem
tissue damage were not considered for sampling. Widely enlarged or
otherwise atypically shaped PVSs in direct contact with the cortex was
sampled. A juxtacortical PVS was regarded widely enlarged, if it stood out
from the other PVSs in the same tissue, or if the signal intensity matched
that of a possible cavitated ischemic lesion. The location of the lesions
within the cortex, size (as measured on T2 in the greatest dimension of the
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lesion), and appearance on all MRI sequences were noted. To obtain
accurate histologic sampling, the sampling was guided by the estimated
depth of the lesion from the slice thickness of the MR images, and tissue
architecture.

Cortical areas without lesions on MRI were also sampled, to identify
additional CMIs that might have been missed by initial visual inspection of
the MR images. Eleven samples were taken from the cortex (1 sample per
case), at locations where no lesions were seen on MRI, preferably in a brain
slice where no other samples were taken (Supplementary Figure 1). These
comprised the ‘MR negative control samples’ (measuring approximately
30x20%X5mm).

Histology and Immunohistochemistry

All samples were dehydrated, embedded in paraffin, and cut into 4-um-
thick sections. Standard Hematoxylin & Eosin (HE) and Luxol Fast Blue-
Periodic Acid Schiff (LP) staining was performed on the first two adjacent
sections. All HE and LP sections were examined by an experienced
neuropathologist, blinded to the postmortem MR images. Next, histologic
sections were compared with the MR images. In case the MR identified
lesion was not found on the first section, three additional serial 4-um-thick
sections with a slice gap of 500 um were cut. At each level, the first two
adjacent sections were stained with HE and LP. When a CMI was identified,
standardized immunohistochemistry (CD68, glial fibrillary acidic protein
(GFAP), and B Amyloid) and histochemistry (Iron) was performed
on adjacent sections. Lesion characteristics such as size (as measured on
the HE section in the greatest dimension of the CMI), the presence of
ischemic neurons, gliosis, cavitation, or hemosiderin-containing macro-
phages were noted.

RESULTS

Patient and brain tissue characteristics and results are provided in
Supplementary Table 1. The patients had a mean age at death of
779 years (SD 7.9), 3 were men. One patient had a pathologic
diagnosis of vascular dementia and three patients had Alzheimer
pathology (BB > V). The other patients had mixed pathologies;
three patients Alzheimer pathology (BB >1l) with CAA, two
patients Alzheimer pathology (BB >1V) with Lewy bodies, one
patient Alzheimer pathology (BB II/lll) with hypoxic-ischemic
damage, and one patient Alzheimer pathology (BB IV) with both
CAA and Lewy bodies. In total, 33 brain slices dissected from 11
whole brains were subjected to postmortem MRI. On the obtained
MR images, 30 lesions were marked. Eighteen were located
intracortically and 12 juxtacortically.

Intracortical Lesions

In all, 13 out of 18 intracortical lesions could be matched on the
corresponding histologic sections, of which 12 proved to be a CMI.
These CMls could be classified into different types, based on their
MRI features. These types include chronic gliotic CMIs—with or
without cavitation or hemorrhagic components—and acute CMls.

Chronic CMIs.  Chronic gliotic CMIs were always hyperintense on
T2-weighted and FLAIR images (Figure 1). On T1 they were generally
hypointense. On MRI their mean size was 2.4+ 0.5 mm (n=5). Upon
histopathologic examination, these gliotic CMIs appeared as
demarcated regions of tissue pallor, accompanied by neuronal loss
and gliosis. Sometimes a vessel could be discerned in the core of the
gliotic CMI. On histology the mean size of these five CMIs was
1.7+£0.6 mm.

Chronic gliotic CMIs with cavitation were hyperintense on T2,
and hypointense with a hyperintense rim on FLAIR (Figure 2). On
T1 they appeared isointense with the surrounding fluid. On MRI
their mean size was 3.0+ 0.8 mm (n=3). These CMIs were gliotic
CMIs with an old, fluid-filled cavity on the histological and
adjacent immunohistochemical sections. On histology their mean
size was 1.3+04 mm (n=3).

Chronic gliotic CMIs with hemorrhagic components always
appeared hypointense on T2-, FLAIR, and T2*-weighted images
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Figure 1.

Intracortical chronic gliotic noncavitated microinfarct (indicated by arrow), identified on magnetic resonance imaging (MRI), in

postmortem brain of a 78-year-old female with mild Alzheimer pathology (Braak & Braak (BB) Il) and cerebral amyloid angiopathy (CAA). The
intracortical gliotic microinfarct appeared hyperintense on T2 (A, enlarged in B) and FLAIR (C), and hypointense on T1 (D). On T2* a vessel
(possibly filled with air or clotted blood) could be seen at the same location (E; broken arrow). On Hematoxylin & Eosin (HE) the microinfarct
was identified as a region of tissue pallor, accompanied by neuronal death and gliosis (F). The adjacent section was GFAP positive, indicating
the presence of astrogliosis (G; inset is enlargement of area indicated with white square). FLAIR, fluid-attenuated inversion recovery; GFAP,

glial fibrillary acidic protein.

(Figure 3). On MRI their mean size was 2.3+ 0.6 mm (n=3). The
same hemorrhagic CMIs were seen, on histopathologic examina-
tion, as focal accumulations of hemosiderin-containing macro-
phages, accompanied by gliosis and neuronal loss. The adjacent
sections were positive for iron. On histology their mean size was
1.2+0.7mm (n=3).

Acute CMIs. One CMI was slightly hypointense—isointense with
the adjacent white matter—with a subtle surrounding hyper-
intense rim on both T2 and FLAIR (Figure 4). On MRI this CMI
measured 4.0mm (n=1). The same CMI was identified upon
histopathologic examination as a delineated area containing red
neurons, but without astrocytes and macrophages, indicating it
was an acute (< 24hours) ischemic lesion. The area was
demarcated by a region of tissue pallor. This acute CMI measured
4.4 mm on histology.

On MRI CMIs were located in all cortical layers, usually
comprising multiple layers. Several CMls however were typically
restricted to the upper cortical layers, causing a localized dip (i.e.,
focal thinning) of the cortical surface.

It should be noted that some chronic gliotic CMIs were
accompanied by incomplete cavitation on histology, not large
enough to yield the characteristic hypointense signal with a
surrounding hyperintense rim on FLAIR.

One intracortical MR identified lesion proved to be tissue
rarefaction upon histopathologic examination (i.e., altered staining
density of unknown nature). This ‘lesion’ had different MR
characteristics than the CMI subtypes described above. It was
rather inconspicuous on MR, irregularly shaped, and had a patchy
appearance (both in shape and in signal intensity), and hence
could be distinguished from CMls.
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The MR features (i.e., location, size, and signal intensities) of the
five intracortical lesions that could not be retrieved on histology
were not clearly different from the lesions that were retrieved.
Failure to retrieve these lesions was probably due to sampling
errors, which can occur due to the small size of CMIs.

Juxtacortical Lesions

Ten out of 12 juxtacortical lesions could be matched on the
corresponding histologic sections. None of these lesions proved to
be a CMI on histologic examination.

Two lesions were hypointense on T2* of which one was
identified on histology as a primary hemorrhage, and one as a
venous angioma. Their MR features were distinctive from the
above described intracortical CMI subtypes. The primary hemor-
rhage was not well circumscribed or round with some penetration
into the cortex. The venous angioma appeared as a cluster of
tubular-shaped structures, hypointense on T2*.

Eight lesions proved to be PVSs. The PVSs had similar MR signal
intensities as chronic gliotic CMIs with or without cavitation
(Figure 5). Four appeared as small round lesions, located on the
gray/white matter border, and were not readily identified as PVS
based on their MR features alone. The other four had a tubular
shape, were located perpendicular to the cortex, and appeared
widely enlarged on MRI. Although the PVSs had similar MR signal
intensities as chronic gliotic CMIs with or without cavitation, they
could be discerned from the intracortical CMls identified in this
study either based on their shape (tubular) and location
(juxtacortical), or just their location (gray/white matter border).
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Intracortical chronic gliotic microinfarct with cavitation (indicated by arrow), identified on magnetic resonance imaging (MRI), in

postmortem brain of an 86-year-old female with moderate Alzheimer pathology (Braak & Braak (BB) IV). The intracortical gliotic microinfarct
with cavitation appeared hyperintense on T2 (A, enlarged in B), and hypointense surrounded by a hyperintense rim on FLAIR (C). On T2* the
lesion was visible as a formalin filled cavity (D). This microinfarct was visible on gross pathology (E). On Hematoxylin & Eosin (HE) the
microinfarct was identified as a region of tissue pallor, with neuronal death, gliosis, and accompanied by a cavity (F). The cavity was
surrounded by a rim of gliosis, as indicated on the adjacent GFAP-positive section (G), corresponding to the hyperintense rim on FLAIR (C).
FLAIR, fluid-attenuated inversion recovery; GFAP, glial fibrillary acidic protein.

The two juxtacortical lesions that could not be retrieved on
histology appeared on MRI just like the other PVSs on the gray/
white matter border.

Histopathologic Evaluation of Magnetic Resonance-Negative
Control Samples

In the 11 MR-negative control samples that were taken from
cortical areas without lesions on MRI, one intracortical CMI (size
1.0mm) was identified upon microscopic examination of the
histologic section. Upon re-evaluation of the MRI, this CMI could
not be identified on T2, FLAIR, and T1, but could be matched with
a hypointense alteration on T2*.

Twelve additional intracortical CMIs (mean size 0.6 +0.3 mm)
were found in the MR-negative areas of (n=7) samples that
targeted MRI identified lesions. These CMls were not identified on
the initial MRI evaluation. All of these 12 intracortical CMIs were
found in a single case (number 6), with severe CAA. None of these
lesions could be identified with certainty upon re-evaluation of
the corresponding MR images, but one could be matched with a
hypointense lesion on T2* (Figure 3).

The 13 CMiIs in the MR-negative areas were all characterized by
tissue pallor on HE, and were accompanied by gliosis, and
occasionally by cavitation or hemosiderin-containing macrophages.

Examples of Microinfarct Subtypes on In Vivo Magnetic Resonance
Imaging

After completing the ex vivo experiments, we performed an
exploratory survey to see whether the different CMI subtypes that
were discernible on the postmortem MR images can also be found

© 2015 ISCBFM

on in vivo 7 tesla MRI scans. We screened MR images of subjects
with known cortical CMIs from previous 7-tesla studies.>® These
studies comprised MRI scans of subjects with early Alzheimer’s
disease, intracerebral hemorrhage, type 2 diabetes, and controls.
Chronic gliotic CMIs with and without cavitation could be
identified on in vivo 7-tesla MRI (Figure 6). However, chronic
gliotic CMIs with hemorrhagic components could not be
distinguished from cortical microbleeds. Both lesions seem to
appear hypointense on T2-weighted images, and on T2*.

DISCUSSION

Postmortem MRI at 7 tesla is able to distinguish different
histopathologic types of intracortical CMIs; chronic gliotic CMls
—with and without cavitation or hemorrhagic components—and
acute CMIs. We did not observe CMIs in juxtacortical areas.
Particularly in juxtacortical areas, PVSs can have MRI features that
are very similar to those of CMls.

All intracortical lesions that appeared hyperintense on T2 and
FLAIR, and hypointense on T1, proved to be chronic gliotic CMls
on the retrieved histologic sections. This is in line with results from
our previous MRI—histopathology study on 7-tesla MRI> Appar-
ently, these MRI features are specific for intracortical CMIs. When a
chronic gliotic CMI is accompanied by cavitation or hemorrhagic
components, this can be discerned on MRI. Chronic gliotic CMIs
with cavitation were previously observed in a study that assessed
cortical CMIs on in vivo 7-tesla MRI, in patients with spontaneous
intracerebral hemorrhage.® Cerebral microinfarcts with cavitation
are isointense with the surrounding fluid on T1. Because the brain
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Figure 3.

Intracortical chronic gliotic microinfarct with hemorrhagic components (indicated by arrow), identified on magnetic resonance

imaging (MRI), in postmortem brain of a 78-year-old male with moderate Alzheimer pathology (Braak & Braak (BB) IV), Lewy body dementia (B
V), and severe cerebral amyloid angiopathy (CAA). The intracortical gliotic microinfarct with hemorrhagic components appeared hypointense
on T2 (A), FLAIR (B), and T2* (C) where it was enlarged due to the so-called ‘blooming effect’ This microinfarct was already visible on gross
pathology (D, arrow). On Hematoxylin & Eosin (HE) the microinfarct was identified as a region of tissue pallor, with neuronal death, gliosis, and
accompanied by hemosiderin-containing macrophages (not shown here). The adjacent sections were positive for GFAP (E), CD68 (not
depicted here), and iron (F). We did not observe any collapsed or ruptured vessels in the close proximity of the lesion. An additional
microinfarct (indicated by broken arrow) was visible in the same section. This microinfarct was seen on gross pathology, but on MRI it could
retrospectively only be matched to a hypointense lesion on T2* (broken arrow). This particular case showed severe CAA, as confirmed by A
immunohistochemistry (G; inset is enlargement from area indicated with white square). FLAIR, fluid-attenuated inversion recovery; GFAP, glial
fibrillary acidic protein.

Figure 4. Intracortical acute microinfarct, identified on magnetic resonance imaging (MRI), in postmortem brain of a 76-year-old female with
severe Alzheimer pathology (Braak & Braak (BB) IV/V). The microinfarct had the same signal intensity as the white matter on T2 (A) and FLAIR
(B). On Hematoxylin & Eosin (HE) red neurons (indicative of acute neuronal injury) could be discerned in the area of infarction (C; arrow in
inset). Furthermore, the adjacent sections were negative for both CD68 and GFAP (not depicted here), indicating that this microinfarct was
approximately < 24 hours old. The white rim of tissue pallor surrounding the acute microinfarct corresponds to the subtle hyperintens rim on

T2 and FLAIR (A and B). FLAIR, fluid-attenuated inversion recovery; GFAP, glial fibrillary acidic protein.

slices in the present postmortem study were scanned in formalin,
gaining a high signal intensity of the fluid, CMIs with cavitation
appeared hyperintense. On in vivo T1, cerebrospinal fluid is
hypointense, resulting in a hypointense signal for cavitated CMIs
on in vivo T1. Of note, cavitation can sometimes be very subtle,
resulting in a hyperintense signal on FLAIR due to partial volume
effects. This effect is probably larger on lower resolution images
such as for in vivo 3-tesla MRI, implying that limited or partial
cavitation is probably difficult to recognize on in vivo scans.

The MRI characteristics of CMIs with histopathologically
confirmed hemorrhagic components, as described in this study
overlap with the MRI characteristics of cerebral microbleeds
(i.e., small areas of signal void with associated blooming seen on
T2*-weighted MRI or other sequences that are sensitive to
susceptibility effects®). Although the name ‘microbleeds’, puts
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emphasis on the ‘hemorrhagic nature of these lesions’, the few
postmortem MRI studies that have examined the histopathologic
correlates of MRI detected microbleeds report that the histo-
pathology is heterogeneous (as reviewed by Shoamanesh et a/l'°).
Microbleeds were found to correlate with hemosiderin-containing
macrophages (49%), old hemorrhages (16%), no specific pathol-
ogy (15%), or intact erythrocytes (13%). One study'' mentions that
hemosiderin-containing macrophages in the basal ganglia were
sometimes associated with minute areas of tissue necrosis. In
another postmortem study of MRI detected microbleeds in the
context of CAA,'? some gliotic lesions with hemosiderin-laden
macrophages were observed, which were interpreted as old,
healed hemorrhage sites. However, it was noted that based on
that study it could not be determined whether those lesions
represent a primary ischemic pathology with secondary

© 2015 ISCBFM



The spectrum of cortical microinfarcts on 7T MRI
SJ van Veluw et al

Figure 5.

Two juxtacortical perivascular spaces (PVSs), identified on magnetic resonance imaging (MRI), in postmortem brain of a 78-year-old

female with Alzheimer pathology (Braak & Braak (BB) Il) and moderate cerebral amyloid angiopathy (CAA) (top row), and in postmortem brain of
a 68-year-old female with Alzheimer pathology (BB VI) and severe CAA (bottom row). The first PVS was located on the gray/white matter border
and had the same MRI features as chronic gliotic microinfarcts (A). On Hematoxylin & Eosin (HE) there was no evidence of neuronal death or
gliosis (B, enlarged in C). The second enlarged-appearing tubular-shaped PVS was located perpendicular to the cortex and had the same MRI
features as chronic gliotic microinfarcts with cavitation (D). On HE there was no evidence of neuronal death or gliosis (E, enlarged in F).

Figure 6. Cortical microinfarct subtypes on in vivo 7-tesla FLAIR (0.8 mm isotropic voxels) magnetic resonance imaging (MRI). A chronic gliotic
microinfarct in a 76-year-old healthy male (A). A chronic gliotic microinfarct with cavitation in a 42-year-old female with spontaneous
intracerebral lobar hemorrhage (indicated by broken arrow) (B; courtesy of Dr CJM Klijn, UMCU, The Netherlands). Insets in upper right corner
are T1-weighted images (1.0 mm isotropic voxels). Chronic gliotic microinfarcts with and without cavitation are both hypointense on in vivo

T1-weighted images. FLAIR, fluid-attenuated inversion recovery.

hemorrhage or tissue necrosis secondary to hemorrhage. The same
holds true for the CMIs with hemosiderin-containing macrophages
observed in our study. Further studies, both autopsy- and MRI-
based, are needed to determine the exact histopathology of such
lesions.

Likewise, MRI detected microbleeds can have different under-
lying etiology. It has been suggested that intracortical microbleeds
on MRI are associated with CAA,'*'* whereas MRI microbleeds in
subcortical areas are related to hypertension.'” In light of these
observations, it remains currently not feasible to distinguish a
chronic gliotic CMI with hemorrhagic components from a primary
hemorrhage on MRI. More studies should look into the histo-
pathologic correlates and underlying etiology of MRI identified
‘microbleeds’. The same applies to the underlying etiology of CMls.

© 2015 ISCBFM

There is increasing evidence that CMIs are the result of severe
CAA."®8 Other studies have suggested that CMIs may also be the
result of hypoperfusion, or are caused by occlusions in small
penetrating cortical vessels.'” The latter may be due to abnor-
malities in the small vessels themselves or (micro)emboli. More
studies are clearly needed to unravel the underlying etiology of
CMIs, which seems to be heterogeneous.

Acute CMIs have previously been described on in vivo MRI as
incident diffusion-weighted hyperintensities in the white
matter."?>?" It is known that hyperacute ischemic lesions can
only appear on diffusion-weighted imaging and not on FLAIR. A
multicenter study identified ischemic stroke patients within 4.5
hours of symptom onset based on a diffusion-weighted imaging
—FLAIR mismatch with 62% sensitivity.>? The acute CMI observed
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Table 1. Proposed in vivo imaging criteria for cortical® microinfarcts in the context of aging and dementia
Type T2 FLAIR T T2* DwI
1. Chronic
a. Non-cavitated / non-hemorrhagic gliotic N Pl
CMI, limited to the cortex, small H H H | T
er er 0 SO
(operationalized as <5 mm) (Fig. 6A) L b i
b. Cavitated / non-hemorrhagic gliotic CMI, - PN PRl
limited to the cortex, small T
onali Fig. 65 Hyper Hypo + Hypo Iso
(operationalized as <5 mm) (Fig. 6B) hyper rim
c. Hemorrhagic gliotic CMI, limited to the - - -
cortex, small (operationalized as <5 mm)”*
Hypo Hypo Hypo
2. Acute
Non-gliotic CMI, limited to the cortex,
small (operationalized as <5 mm) H.ypo (Iso Hypo (Iso Hyper®
with WM + with WM +
hyper rim) hyper rim)
Abbreviations: CMI, cerebral microinfarct; DWI, diffusion-weighted imaging; FLAIR, fluid-attenuated inversion recovery; MRI, magnetic resonance imaging.
High-resolution 7-tesla 3D FLAIR, T2, and T1 currently offer the highest sensitivity and specificity for rating microinfarcts in vivo. Microinfarcts can also be
detected on high quality 3D images at lower field strength (i.e., 3-tesla MRI), albeit with lower sensitivity than 7-tesla. *These criteria are only applicable for
intracortical microinfarcts. Juxtacortical hyperintense lesions should best be discarded (see main text). ... no data available yet. *Hemorrhagic gliotic CMls can
currently not be distinguished from primary microhemorrhages on MRI. Both will have the appearance of a ‘microbleed’ on MRI.

in our postmortem study was rather inconspicuous (i.e, not
hyperintense) on FLAIR and would most likely escape detection on
in vivo FLAIR. It would be interesting to follow acute CMIs over
time, to see whether they change into chronic gliotic CMls.
Likewise it would be interesting to see whether chronic gliotic
CMIs evolve into CMIs with cavitation longitudinally.

It is notable that we did not observe any lesions that proved to
be CMls in juxtacortical areas. Importantly, this observation is also
corroborated by a re-evaluation of cases from pathologic studies
(two community cohorts and one clinic cohort). On the basis of
our observations, the exact locations of 80 CMIs in cortical areas
from these cohorts were verified. None of these CMls involved the
white matter in juxtaposition to the cortex (personal communica-
tion, Julie Schneider, Rush University Medical Center, Chicago).
The observation that juxtacortical areas appear to be spared from
CMIs might be explained by the fact that the juxtacortical u-fibers
receive blood supply from more than one source, namely the long
penetrating medullary vessels and strictly cortical vessels. Also, the
u-fibers are frequently spared in the case of widespread white-
matter lesions.>® Enlarged PVSs are a common finding in the white
matter, especially in the context of CAA2* In our study, MR
identified ‘lesions’ in juxtacortical areas that had similar appear-
ance as intracortical CMls proved to be PVSs on histology. When
rating CMIs on in vivo MRI, juxtacortical hyperintense lesions
should best be discarded.

The mean size of the CMIs on MRI was approximately 2 to 3 mm.
Due to the small sample size, we were unable to compare lesion
size between CMI subtypes. An interesting observation was that
the size of CMIs was almost always larger on MRI than on the
corresponding histologic section. This is likely due to a
discordance in resolution. The voxel size of the T2 image is 0.4
mm?, whereas the resolution of a microscopic section is much
higher, allowing a more precise measurement of the size of a
lesion. However, the 3D information in the MR image allows you to
measure the lesion at its greatest dimension, whereas a 2D
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histology section is not always cut at the level of the greatest
dimension of the lesion. Hence, a histologic section might
underestimate the actual size of a CMI. This underlines the added
value of postmortem (3D) MRI for the detection of CMIs. Other
factors that might have a role in this discrepancy are the choice of
MRI sequences, and the dehydration process before histopatho-
logic preparation.

The majority of CMIs that were identified in the MR-negative
histologic sections and proved to be invisible (i.e., too small) also
on re-examination of the MRI, were observed in a single case, with
severe CAA. Our findings suggest that only the larger CMIs (on
average >2mm) can be observed with high-resolution MRI. The
CMls that escaped detection were on average < 1mm. Extra-
polating these findings to in vivo (i.e., lower resolution) MRI it is
assumed that only the top of the iceberg of total CMI burden can
be visualized. Estimates from neuropathological studies indicate
that sizes of CMIs vary between 50 um and 5mm.2 Hence, the
CMIs that can be captured on MRI are likely to represent only a
small fraction of the largest CMIs, probably with a much broader
underlying lesion burden. However, this limitation is compensated
by the fact that MRI allows whole brain coverage, while in autopsy
studies typically only a small part of the brain is examined
histopathologically. A recent study showed that observing one or
a few CMIs on standard histopathologic examination is indicative
for hundreds or even thousands of CMls throughout the whole
postmortem brain.? Probably, the observation of one or a few
CMIs on in vivo MRI could indicate the presence of more
smaller CMls.

Our postmortem study supports and further refines previously
applied criteria for the detection of CMIs on in vivo MRL”® On the
basis of these findings, we propose in vivo rating criteria for
intracortical CMIs and their subtypes (Table 1). Chronic gliotic CMls
are hyperintense on T2 and FLAIR, and hypointense on TI1.
Cavitated CMls are hypointense on FLAIR with a hyperintense rim.
Despite lower signal-to-noise ratio and resolution, it seems
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feasible to recognize chronic gliotic CMIs on 3-tesla MRI as
well %572 Hemorrhagic CMIs cannot currently be distinguished
from primary hemorrhages, both will be regarded as cerebral
microbleeds on in vivo MRI. Juxtacortical hyperintense lesions
should best be discarded.

The strength of this study is that we used high-resolution
postmortem brain MRI, combined with a direct histopathologic
validation of observed lesions. Moreover, these findings are
translated to in vivo MRI, which warrants the study of different
types of CMls, possibly with a different underlying etiology, and
their role in aging and dementia in living patients. The clinical
relevance of the different CMI subtypes has to be determined in
studies—both in vivo and ex vivo—involving larger patient samples.

This study has some limitations. First of all, the sample size is
relatively small. Because long tissue storage influences MR
quality,®® only recent cases were selected. However, with high-
resolution images of whole coronal sections, even a small sample
size allowed us to study many lesions. Second, several possible
CMlis could not be matched on the corresponding histologic
sections, even after serial sectioning. Although we aimed for a
precise localization of the CMls, based on the detailed MR images,
retrieving the corresponding CMls on a histologic section proved
to be challenging. This was probably due to the applied slice gap
(of 500 um) for serial sectioning. Ideally, one would cut the entire
tissue block, but this would be very time consuming and costly. Of
note, however, the MR features of the lesions that were missed on
histology were not typically different from the lesions that could
be retrieved.

CONCLUSIONS

In conclusion, postmortem MRI at 7-tesla distinguishes different
histopathologic types of intracortical CMIs, with distinctive MRI
characteristics. On the basis of our findings, we propose in vivo
rating criteria for the detection of intracortical CMIs. Caution is
warranted with rating CMIs in juxtacortical regions, as these
regions may contain fewer CMIs, but do contain important CMI
mimics, in particular PVSs.
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