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A B S T R A C T

Postmortem (PM) magnetic resonance imaging (MRI) can serve as a bridge between in vivo imaging and histology by connecting MRI
observed macrostructural findings to histological staining and microstructural changes. Data were acquired from 20 formalin-fixed brains
including T2, T1, PD, and T2*-weighted images of left hemispheres and 6-mm-thick coronal slices. Tissue slices were bisected, aligned to
MR images and used to guide histological sampling. Markers of myelin and oligodendroglia alterations were semiquantitatively rated and
compared within white matter hyperintensities (WMHs) and normal-appearing white matter. Tissue priors were created from 3T in vivo
data and used to guide segmentation of WMH. PM WMH and hemisphere volumes were compared to volumes derived from in vivo data.
PM T2 WMH and T1 hemisphere volumes were correlated with in vivo 3T FLAIR WMH and T1 hemisphere volumes. WMH showed sig-
nificant myelin loss, decreased GFAP expression and increased vimentin expression. MR-visible perivascular spaces and cortical microvascu-
lar lesions were successfully captured on histopathological sections. PM MRI can quantify cerebrovascular disease burden and guide tissue
sampling, allowing for more comprehensive characterization of cerebrovascular disease that may be used to study etiologies of age-related
cognitive change.
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I N T R O D U C T I O N

Cerebrovascular pathologies are common in older adults and
are related to poorer cognitive outcomes, including increased
risk of mild cognitive impairment and dementia (1–4). Vascu-
lar pathologies often co-occur with Alzheimer disease and syn-
ergistically lower the threshold for conversion to dementia (5,
6). The full contribution of vascular disease to cognitive
impairment is likely underestimated because histopathological
sampling strategies may be biased towards neurodegenerative
diseases (7), because of variability of observed lesions, and
because of a lack of consensus on the significance of neuropa-
thological criteria in the assessment of vascular dementia, vas-
cular cognitive impairment, and related lesions on specific
clinical phenotypes (8–12).

Postmortem (PM) magnetic resonance imaging (MRI) is
increasingly recognized as a tool for bridging the gap between
macrostructural areas of interest observed on in vivo MRI and
underlying microstructural pathology (13–18). Compared
with in vivo protocols, PM MR sequences can be conducted
for longer time periods and at higher resolution, allowing for
identification of smaller and more subtle pathology than
observed on in vivo scans, which are limited by patient com-
fort and specific absorption rate concerns. In addition, PM
imaging precludes artifacts due to overt motion or motion
associated with respiration and vascular pulsatility and enables
MRI acquisition in subjects who may not have been able to
undergo in vivo imaging due to any number of common exclu-
sions, such as claustrophobia, inability to lie still for prolonged
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periods of time, or the presence of implanted metal devices
(i.e. permanent pacemaker, etc.).

For those with in vivo MRI, additional PM imaging can cap-
ture structural changes that have occurred during the interval
between in vivo MRI and death. The importance of the above
advantages of PM brain imaging becomes ever more evident in
the context of highly characterized research cohorts with longitu-
dinal clinical data who have consented to brain autopsy at death.
Conventional histopathological evaluations for cerebrovascular
disease (CVD) consist of systematic sampling of standardized
brain regions (19), regardless of lesion location, which can vary
amongst individuals. PM MRI can identify pathology of interest
that may be missed in routine histopathological sampling as well
as provide a global survey to accurately assess total brain CVD
burden. PM imaging can be used to identify and localize neuro-
logical markers of CVD including lacunar infarct, stroke, micro-
bleeds, and white matter hyperintensity (WMH) (20).

WMH are commonly observed on T2-weighted MRI of
older individuals and their presence and volume are associated
with cognitive and motor impairment, and increased risk of
cognitive decline (2, 3, 21). Their etiology has been demon-
strated to be primarily vascular in origin although the mecha-
nistic pathogenesis is likely multifactorial and shares
relationships with Alzheimer disease pathology (22–24). An
MRI pathology study from our group has shown that MRI
WMH progression is associated with the presence of cortical
neurofibrillary tangles (25), and a subsequent study has sup-
ported this relationship (26), reinforcing the notion that both
subcortical and cortical pathological states correspond to MR-
visible white matter lesions. A more detailed characterization
of white matter disease at the cellular level, and how it relates
to macroscopic MRI signal change, would facilitate a clearer
understanding of these commonly observed in vivo MR find-
ings, and better elucidate WMH as a potentially modifiable
biomarker of cognitive impairment in older individuals.

Work in this area has referenced in vivo imaging to examine
WMH histology observed in subsequent PM samples (27–33).
Early studies describing histological correlates of PM MRI
WMHs relied on descriptive MRI WMH measures of presence
and location (32, 33). More recent work has quantified WMH
PM using visual rating scales on 1.5 or 3T data (28, 30). One
study more directly examined histopathological correlates of
3T PM fluid-attenuated inversion recovery (FLAIR) derived
WMH, which were found to be spatially related to decreased
myelination and vessel density (27). Acquiring data at field
strengths higher than 3T would permit for higher resolution
acquisitions with shorter scan times, allowing for more precise
WMH volumetric quantification and histological targeting of
both WMH lesions and its corresponding normal appearing
white matter (NAWM) penumbra (34).

Although direct pathological sampling of MR-visible WMH
remains infrequent, there is evidence that in addition to axonal
loss and white matter rarefaction, WMH may be associated
with reactive gliosis (35). Astrocytes in white matter are speci-
alized to support and maintain myelin by secreting pro-
myelinating factors and clearing extracellular substances (36).
The structural integrity of astrocytes is supported by filamen-
tous proteins, including vimentin and glial acidic fibrillary pro-

tein (GFAP), which show increased expression in response to a
wide range of neurological diseases and brain damage (37).
Increased expression of GFAP has been observed in the WM
of patients with CADASIL (cerebral autosomal dominant arte-
riopathy with subcortical infarcts and leukoencephalopathy),
which is characterized by diffuse WMH lesions and multiple
infarcts (38). One study directly compared GFAP expression
between WMH and NAWM and found increased expression in
WMH (39). Despite their potential to elucidate the patho-
physiology of WMH, these types of studies remain rare in part
due to the methodological difficulty of matching MRI observed
lesions with pathology. The precise targeting of tissue guided
by MRI is necessary in order to attain the required accuracy to
investigate cellular and architectural changes that may differ
between the core and the leading edge of MRI-visible WMH or
to target other MRI-visible pathologies that are extremely small,
such as MRI-visible perivascular spaces (PVS). Furthermore,
this type of methodology allows for the direct characterization
of areas of interest often observed with in vivo imaging, while
avoiding the pitfalls of subjectivity when sampling tissue based
solely on pathological abnormalities. Finally, WMH and PVS
are just 2 examples of MRI-visible pathologies that are not
exclusive to a single neurodegenerative disease; in order to be
able to completely differentiate the cellular underpinnings of
pathologies that may appear exactly the same on MRI, a
streamlined tissue and data handling flow must be employed in
order to collect enough objective data in enough subjects to
truly provide a complete portrait of the MR-visible pathology
in question and make population-wide inferences.

The objective of this study was to optimize a novel 7T pro-
tocol for high throughput imaging of PM hemispheres in order
to guide histological staining in brain tissue samples obtained
from previously active National Institute of Aging (NIA)—
Layton Oregon Alzheimer’s Research Center (OADRC) par-
ticipants and to develop a systematic method of presenting his-
topathologic outcomes. We present a method by which a vast
array of MRI-visible pathologies may be isolated and investi-
gated by histopathology using targeted PM 7T MRI, and
present results intended to both validate the method as well as
pilot results confirming previously detailed characteristics of
WMH and enlarged PVS visible on MRI.

M A T E R I A L S A N D M E T H O D S
Samples

Left brain hemispheres were obtained from 20 older adults
(mean age at death¼ 94 years; 30% male) who were previ-

Table 1. Subject clinical characteristics

Age at death (years) 94 6 3.6
Male sex (%) 6 (30)
Education (years of schooling) 15.9 6 2.3
Alzheimer disease (%) 12 (60)
Vascular dementia (%) 2 (10)
Mixed dementia (%) 5 (25)
Lewy body disease 1 (5)
Postmortem interval (hours) 12.5 6 20
Fixation to scan interval (months) 7.2 6 2.3
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ously participating in a longitudinal aging study through the
OADRC at Oregon Health & Science University. Both the
study participant and their next of kin completed signed
autopsy consent, as well as consent for tissue to be used for
research purposes. The longitudinal aging study included
annual cognitive assessments and the last cognitive assessment
for these subjects occurred 0.2–8 years before death (mean-
¼ 1.3 years, SD¼ 1.77 years). At that assessment 11 (55%)
were cognitively intact with a clinical dementia rating (CDR)
of 0, 4 had mild cognitive impairment (20%, CDR¼ 0.5) and
5 had dementia (25%, CDR�1). Demographic information
for study participants including neuropathological diagnoses
from the right hemisphere are provided in Table 1.

Tissue preparation
Brains were fixed in a volume approximately equivalent to 4
times the weight of the brain of 13% formalin and imaged in 2
separate scanning sessions, the first sagittally as an intact left
hemisphere and then as serial 6-mm-thick coronal tissue slabs.

Hemispheres
Tissue was placed in a plastic vacuum-sealed container for
MRI. The hemispheres were oriented within the container so
that the sagittal midline of the brain was parallel with the axis

of the B0 field and the anterior portion of the brain was
upright (mimicking the orientation of supine in vivo imaging).
This orientation was maintained using custom fabricated inter-
locking plastic struts, as shown in Figure 1. The container was
filled with Fluorinert (3M, 3M Center, St. Paul, MN) which
has the advantage of appearing dark in all MRI sequences. To
minimize the presence of bubbles it was vacuum sealed by
pumping air out of the container, manually agitated and then
left overnight to settle. Manual agitation included turning the
sample such that the midline surface was upward and shaking
gently to allow air trapped in the anterior portion of the ven-
tricle to escape.

Slices
Following intact hemisphere imaging, the sample was coro-
nally sectioned at 6-mm slices and stored in 13% formalin sol-
ution until the sliced tissue imaging session. The 6-mm slices
were held in place using a custom fabricated series of 2.38-
mm-thick plastic disks threaded onto nylon rods with 6 mm
spacers between them (Fig. 1, bottom). The alternating plastic
disks and tissue slices were oriented to mimic the intact hemi-
spheres orientation and were held in place by tightening nylon
wingnuts onto the ends of the threaded rods. Sixteen 6-mm sli-
ces fit into the container, which was enough to include �65%

Figure 1. Whole hemisphere sample preparation for MRI (top) and sliced hemispheres (bottom). Samples are submerged in Fluorinert
inside a vacuum sealed container (The ConBrainer). Sample orientation is maintained with interlocking plastic struts (whole hemisphere)
or plastic disks with 6-mm spacers (slices.).
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of all slices from a hemisphere. The container size was con-
strained by the size of the available head coil. In the absence of
specific lesions of interest observed on whole hemisphere
images, we chose to image contiguous slices centered on the
ventricles and forego imaging the most anterior and posterior
coronal slices in order to retain spatial consistency of the intact
hemisphere and maximize the volume of tissue imaged.

Image acquisition
MRI protocol development and acquisition were performed
using a Siemens 7 Tesla (T) MAGNETOM. Our 7T imaging
protocol was designed to be used to guide targeted histological
sampling as well as facilitate coregistration to in vivo data while
minimizing scan time. A primary objective was to use MRI of
whole hemispheres to scout potential pathology of interest to
guide histological sampling, and to quantify total hemisphere
CVD burden. This necessitated developing sequences with full
hemisphere coverage without slice gaps. Intact hemispheres
were imaged sagittally to reduce scan time while sliced tissue
was imaged coronally so that the higher in plane resolution
matched the coronal tissue slabs (Fig. 2A, B). Full sequence
parameters can be found in Table 2.

To allow for coregistration to in vivo data a 0.7-mm iso-
tropic T1-weighted sequence was developed that required
shorter inversion and repetition times to account for the
shorter T1 of fixed brain tissue. Whole hemisphere coverage of
192 slices were acquired in 11:31 minutes. Additionally, a
reference proton density (PD) scan with no inversion pulse
was developed and used to correct the T1 volume for B1 inho-
mogeneities and T2* contamination (40).

A 2D T2-weighted turbo spin echo sequence was developed
with a relatively low turbo factor to minimize blurring from T2
decay and was acquired in 2 runs of 22:55 minutes each for
coronal sliced tissue or a single 22:55 minute sagittal run for
whole hemisphere coverage.

A 2D T2*-weighted gradient recalled echo sequence was
developed with 0.6-mm3 isotropic resolution to reduce sus-
ceptibility artifacts from remaining air bubbles. We also used a
high-bandwidth multiecho acquisition (TE1¼ 6.89 ms
TE2¼ 15.8 ms) to further reduce susceptibility artifacts. A
monopolar readout gradient was used to avoid susceptibility-
induced distortion mismatch between echoes. It was run in
17:24 with 128 slices for sagittal single-hemisphere coverage.
We evaluated incorporating a third, longer echo time (TE) at
24.79 ms, but observed qualitatively that the increased extent
of artifact due to air bubbles was too severe. This sequence
was run exclusively on hemispheres because the artifact from
air bubbles trapped between sliced tissue and the supporting
plastic was extensive.

Processing
Image processing was completed using tools from the AFNI
(41) and FSL (42) packages as specified. T2-weighted images
were concatenated in the slice direction to form one contigu-
ous volume. The T1-weighted image was divided by the PD
volume (40). N4 Bias field correction was implemented with
Slicer (43) and applied separately to the T1 and T2-weighted
images. FMRIB’s Automated Segmentation Tool (FAST, FSL)

was used to isolate the hemisphere from the background of
the PD corrected T1 image (44). The sample in the T2-
weighted image was segmented from the background using
3dAutomask (AFNI). FMRIB’s Linear Image Registration
Tool (FLIRT) with 6 degrees of freedom (DOF) was used to
coregister T2 to T1 (45).

WMH segmentation
To aid WMH segmentation a T2-weighted template hemi-
sphere and associated tissue priors were created from in vivo
data comprised 88 MR datasets (average age at MRI of
85.9 years, 77.3% female) acquired from subjects participating
in an OADRC longitudinal aging study, obtained using 3T
MRI (TIM Trio, Siemens Medical Solutions, Malvern, PA).
T1-weighted images were acquired using repetition time
(TR)¼2300 ms, TE¼ 3.4 ms, inversion time (TI)¼1200 ms,
spatial resolution of 1 mm isotropic, and 128 slices. Axial 2D
FLAIR data sets were acquired using TR¼ 9000 ms,

Figure 2. (A) T2 sliced tissue MRI, Green lines indicate the center
slice used for ROI selection. (B) Postmortem T2 MRI montage of
slices with selected ROIs. (C) Transparencies with ROI cut outs.
(D) Three-mm-thick coronal tissue slices. (E) Tissue with
transparency overlay and cutting tool.

60 � Journal of Neuropathology & Experimental Neurology, 2023, Vol. 82, No. 1



TE¼ 87 ms, TI¼ 2500 ms, in-plane resolution was
0.969 mm�0.969 mm, slice thickness¼ 2 mm, 95 slices. A sub-
set of these subjects (n¼ 62, mean age at baseline 83.8 years,
SD¼ 8.5 years, 29% male) had longitudinal WMH volumes
available from FLAIR based segmentation described previously
(46). The WMH growth rate between the first and last visit
(mean 2.68 years, SD¼ 1.7 years) for this cohort was calcu-
lated to be 19.9% using a compounding interest formula:

r ¼ F

B

� �1=t

� 1

r ¼ WMH growth rate

F ¼ Followup WMH volume

B ¼ Baseline WMH volume

t ¼ time

T2-weighted datasets were linearly coregistered to T1-
weighted images from the same scanning session using FLIRT
with 6 DOF. T1-weighted images were segmented into tissue
type using Freesurfer (V6.0) and linearly coregistered to the
MNI template with 12 DOF. These transforms were then
combined and applied to bring T2 data into MNI space for
each subject. The coregistered T2 images from all subjects
were averaged to form a template and the right hemisphere
and the ventricles were removed to mimic the appearance of a
PM left hemisphere. Transforms from T1 to MNI space were
applied to WM masks which were averaged together creating a
WM tissue probability distribution in the same space as the T2
hemisphere template.

Datasets from each subject’s PM hemisphere were affine
coregistered to the T2 template using FLIRT (FSL) with 12
DOF. T2-weighted images were then multiplied by the WM
probability mask resulting in a T2-weighted volume in which
voxels unlikely to be in WM appeared darker. Using this data-
set as an overlay and the unmodulated but coregistered T2-
weighted volume as an underlay, a manual threshold wasT
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Table 3. ROIs sampled histologically using MRI guidance

A Posterior most slice or horn of the lateral ventricle
with nearby white matter and overlying cortex

B Posterior (to the thalamus) lateral ventricle surface
with nearby (periventricular) white matter and
overlying cortex

C Posterior (in same slice as B) PV normal appearing
WM with overlying cortex from parietal lobe

D Posterior (in same slice as B) DEEP normal appearing
WM with overlying cortex

E Globus pallidus, left striatum at anterior commissure
F Anterior lateral ventricle surface with left cingulate

gyrus and corpus callosum (in same slice as E)
G Anterior relative to “F” PV normal appearing WM

with overlying cortex
H Anterior (in same slice as G) DEEP normal appearing

WM with overlying cortex
I Anterior most slice or horn of the lateral ventricle

with nearby white matter and overlying cortex
J The healthiest white matter from anywhere in the

brain
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chosen so that WMH were mostly included while minimizing
GM inclusion. This mask was manually corrected for misclassi-
fication errors and brought into native PM hemisphere space
to determine WMH volume.

Histological ROI selection and tissue sampling
For each hemisphere, a mosaic image was created from the
sliced imaging session by selecting the coronal T2 MRI slice in
the center of each 6-mm-thick tissue slab, approximately 3 mm
from the outer edges (Fig. 2A). These slices were chosen for
ROI selection to: (1) minimize partial volume effects and sur-
face interface artifact because they are furthest from the tissue/
plastic surface, and (2) this MR “slice” is most closely spatially
related to histological sampling following bisection of the tis-
sue slab. We created a custom cutting tool by sharpening one
edge of a sheet of 22-gauge stainless steel and then folding and
cutting it down to the size of a histological cassette and affixing
a handle. The folding was done so that the cutter had irregular
side lengths to aid determination of ROI orientation and then
glued together with epoxy. The dimensions of this cutter were
converted into MRI voxel dimensions and overlaid on the
mosaic image to create a rectangular frame to guide histologi-
cal sampling (Fig. 2B). The mosaic was then printed to scale
on a transparency and the individual ROIs were subsequently

cut out with a hobby knife creating a precise guide for our cus-
tom tissue cassette cutter (Fig. 2C–E).

Ten regions of interest to be sampled from all brains on the
basis of anatomical landmarks were chosen to ensure consis-
tent sampling from each brain (Table 3). Specifically, these
consistently sampled regions included those from the anterior
and posterior horns of the lateral ventricles, given studies sug-
gesting there may be a pathologically distinct etiology of
WMH in anterior vs posterior brain (47). A control region of
NAWM was obtained for each sample. Additional samples
were chosen based on MRI-identified lesions of interest
including WMH, MR-visible PVS, and microvascular lesions
(infarcts <2 mm in diameter located in cortex).

Coregistration of PM MRI hemispheres and slices
The average MR signal intensity of each MRI slice parallel to
the tissue slabs was calculated using 3dmaskave (AFNI) and
slices with average intensity of at least 120% of the minimum
average slice intensity were concatenated to form a contiguous
volume effectively removing MR slices containing primarily
Fluorinert (3M, 3M Center, St. Paul, MN) and plastic
(Fig. 3A, B). N4 Bias field correction was applied to both the
hemisphere and the concatenated sliced data using Slicer (43).
Individual slices in the sliced dataset were registered for slab
misalignment with the Fiji (48) plugin StackReg (49) and the

Figure 3. (A) postmortem T2 sagittal view of sliced tissue images. (B) T2 sagittal view of sliced tissue images after removal of empty slices
and concatenation. (C) Sliced tissue images coregistered to the whole hemisphere. (D) Overlay of sliced tissue images coregistered to the
hemisphere underlay. (E) WMH mask derived from hemisphere segmentation, coregistered to sliced data for subsequent MRI-guided
histopathological sampling.
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Figure 4. MRI-guided IHC regions of interest selected from white matter hyperintensity and normal appearing white matter.

Figure 5. Whole hemisphere postmortem data acquired at 7T and coregistered.
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center of mass of the slice dataset was aligned to that of the
hemisphere dataset with @Align_Centers (AFNI). The slice
dataset was registered to the hemisphere dataset using the
ANTS program antsRegistrationSyNQuick (50) (Fig. 3C, D).
The inverse transformation was then applied to the hemi-
sphere and associated WMH mask (Fig. 3E).

In vivo coregistration
A subset of study participants with PM MRI had also under-
gone in vivo 3T MRI as part of their participation in an
OADC longitudinal neuroimaging study (n¼ 6), with acquisi-
tion parameters as previously described (34). PM images were
coregistered to in vivo data to test the stability of WMH, hemi-
spheric volumes, and enlarged PVS (ePVS) detection pre- and
postmortem. The in vivo T1 coregistration target was skull
stripped as part of the Freesurfer (v6.0) pipeline. The right
hemisphere of the image was masked out at the midline and
resampled to a higher resolution (0.3 mm isotropic). 3dAlli-

neate (AFNI) with 12 DOF was used to calculate the affine
transform from PM to in vivo T1.

Semiquantitative immunohistochemistry WMH analysis
Five cassettes (Table 3) each from 6 hemispheres were tar-
geted for comparison of immunohistochemistry (IHC)
markers of myelin and oligodendroglial alterations between
WMH and NAWM. Immunohistochemistry was performed
after deparaffinized sections were subjected to antigen retrieval
(5-minute treatment at room temperature with 95% formic
acid followed by incubation at 85–90�C in citrate buffer, pH
6.0 for 30 minutes) to detect glial fibrillary acidic protein
(GFAP), ionized calcium binding adapter molecule-1 (IBA1),
and vimentin using antibodies from Proteintech (Rosemont,
IL) (GFAP, vimentin) and Wako USA (Richmond, VA)
according to the manufacturer’s instructions. Slides were
scanned with Zeiss Axio Slide Scanner at 5� resolution. CZI
images were downsampled 24% and exported as PNGs. Sliced

Figure 6. (A) WMH and hemisphere segmentation from the same subject in coregistered FLAIR in vivo 3.7 years before death (left) and
T2 postmortem (right). (B) Top: Relationship between in vivo 3T MRI hemisphere volume and postmortem hemisphere volume after
correction for interval between in vivo MRI and death. Bottom: Relationship between in vivo 3T MRI WMH volume and postmortem
WMH volume after correction for interval between in vivo MRI and death.
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T2 MRI, Hemisphere T2 MRI (registered to be in Slice space)
and associated WM, GM and WMH masks and downsampled
PNGs were loaded into MATLAB and the slices and corre-
sponding PNGs were interactively aligned. Twenty-five square
(2 mm�2 mm) regions of interest were selected from within
WMH masks derived from coregistered PM MRI as well as 25
corresponding nearby ROIs of NAWM (Fig. 4). An experi-
enced neuroradiologist (R.Wo.) blinded to the WMH/
NAWM designation rated the ROIs on a 0–3 point scale for
myelin pallor (HELFB), location of astrocyte process expres-
sion (GFAP), degree of expression (IBA1), and degree of glial
expression (vimentin).

Statistics
Semiquantitative IHC ratings between WMH and NAWM
were compared using a Wilcoxon signed-rank (S-R) test. Asso-
ciations between PM hemisphere volumes and brain weight,
PM interval, and fixation duration were examined using multi-
ple linear regressions. Relationships between PM volumes of
interest (left hemisphere, WMH) and corresponding in vivo
volumetrics, were examined using multivariate linear regres-
sion models, adjusted for time interval between in vivo MRI
and death. Pearson correlation was used to test the accuracy of
PM WMH segmentations against estimates based on the
WMH growth rate for the cohort derived from in vivo data.

R E S U L T S

A sample representation of the described multimodal PM pro-
tocol can be found in Figure 5. Pathology identified on 3T
in vivo MRI was verified in PM 7T MRI, and included WMH
(Fig. 6A) and ePVS (Figs. 7 and 8). These lesions of interest,
as well as several microvascular infarcts identified on PM hemi-
sphere 7T imaging (Fig. 9), were successfully targeted using
histology with MRI guidance.

PM MRI hemisphere volumetrics
Multiple linear regression was used to predict PM hemisphere
volume based on brain weight at autopsy, time interval
between death and fixation and the duration of fixation. A sig-
nificant regression equation was found (F(3,16)¼7.302,
p< 0.003) with an R2 of 0.499 (Fig. 10). Brain weight was a
significant predictor of hemisphere volume (p<0.007). The
interval between death and fixation (p¼0.564) and the fixation
duration (p¼0.303) were not significant predictors of hemi-
sphere volume. Brain weight was found to be .241 grams
higher for each 1mm3 increase in PM fixed hemisphere
volume.

Multiple linear regression was also used to predict PM
hemisphere volume based on the in vivo hemisphere volume
(n¼ 6) and the time interval in years between in vivo MRI
and death. A significant regression equation fit
(F(2,3)¼114.286), p<0.001) with an R2 of 0.987 (Fig. 6B,
top). In vivo hemisphere volume (p<0.001) and the interval
between in vivo MRI and death (p<0.003) were significant
predictors of PM hemisphere volume.

PM MRI WMH volumetrics
Multiple linear regression was also used to predict PM WMH
volume from T2 segmentation based on in vivo FLAIR WMH
volume (n¼ 6) and the time interval between in vivo MRI
and death (Fig. 6B). A significant regression equation fit
(F(2,3)¼11.08, p< 0.041) with an R2 of 0.881. In vivo WMH
volume was a significant predictor of PM WMH volume
(p< 0.018). The time interval between in vivo MRI and death
was not significant (p¼ 0.445).

PM WMH values were not significantly correlated with the
projections based on baseline in vivo WMH volumes and the
growth rate for this cohort (n¼ 6, p¼ 0.074, Pearson
R¼ 0.769). However, upon closer examination one sample
was found to have significantly larger WMH PM than pre-

Figure 7. Enlarged perivascular space in in vivo 3T T1 (left), postmortem 7T hemisphere T2 (center) and postmortem 7T slice T2 (right).
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dicted due to a large stroke (the cause of death). With this
subject excluded the WMH projections were significantly cor-
related with PM MRI segmented volumes (n¼ 5, p< 0.026,
Pearson R¼ 0.922) (Fig. 11).

Region of interest analysis
WMH evidenced significantly higher myelin pallor on H&E-
LFB (p¼ 0.0008), more proximal GFAP expression
(p¼ 0.009), and increased vimentin glial expression
(p¼ 0.0001) compared to NAWM (Fig. 12). No significant
difference was observed in IBA1 expression between NAWM
and WMH regions of interest.

D I S C U S S I O N
Acquisition

We present a PM high-field 7T MR data acquisition protocol
that can detect CVD-associated pathology including WMH,
ePVS, and microvascular lesions at high resolution as well as
quantify WMH and hemisphere volumes, using a relatively

short acquisition time of 62 minutes. T1 data were susceptible
to fixation artifact and B1 inhomogeneity, which, while partially
corrected for using a PD reference scan, could not be entirely
accounted for. The T2-weighted sequence in particular
allowed for the greatest clarity of pathological identification of
CVD as it had the highest in plane resolution and demon-
strated less fixation artifact and artifact from air bubbles.

Processing
Coregistration of PM to in vivo T1-weighted data using pub-
licly available, commonly used algorithms was generally suc-
cessful at accounting for shape changes with 2 notable
exceptions. Poorer registration around the ventricles was
observed, which is likely the result of both ventricular expan-
sion encountered in older populations, especially with neuro-
degenerative diseases, and the absence of CSF pressure PM
making the tissue susceptible to physical deformation. A non-
linear compression of the PM hemisphere in the anterior to
posterior direction was inadvertently introduced when trying
to fit especially large hemispheres into the container. In these

Figure 8. Top left: Postmortem T2 with visible enlarged perivascular space (ePVS) and white matter hyperintensity (WMH). Top right:
H&E-stained histological section coregistered to postmortem T2. Bottom: increased magnification of ePVS and WMH on H&E.
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Figure 9. (A) Microvascular lesions visible in T2 postmortem MRI. (B) Coregistered H&E-stained slide. (C) Increased magnification of
coregistered H&E. (D) Microvascular lesions targeted with postmortem MRI and stained with H&E. (E, F) Increased magnification of
microvascular lesions.

Figure 10. Whole brain weight at autopsy is a significant predictor
of left hemisphere volume from postmortem imaging in a
regression model accounting for the duration of fixation and the
time interval between death and fixation.

Figure 11. Correlation between predicted postmortem WMH
volumes and measured WMH volume. Predictions were made
using baseline in vivo measurements of WMH volume, the known
WMH growth rate for this cohort and the time interval between
in vivo MRI and death. One sample (white circle) deviated
significantly from the prediction due to a large stroke at death
which increased the WMH burden.
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instances, the frontal lobe was compressed by the buoyancy
pressure on the brain against the flat plastic plate holding it
down. This type of nonlinear compression could not be
accounted for using linear coregistration methods. Using a
larger container would be ideal although the container size is
limited by the available MRI coil volume.

Volumetrics
PM hemisphere volumes were correlated with in vivo hemi-
sphere volumes as well as brain weight at autopsy. PM hemi-
sphere volumes calculated using this protocol may serve as a
useful biomarker of neurodegeneration and pathological vol-
ume loss that might be used to validate in vivo biomarkers.

WMH volumes calculated from PM MRI of brain hemi-
spheres were commensurate with in vivo WMH volumes for
the subset in which in vivo data were available. In addition, the
PM-derived WMH volumes were in line with estimates based
on WMH growth rates for this cohort derived from in vivo
longitudinal imaging. Despite the application of tissue priors
for this population derived from in vivo data, manual correc-
tion was still required to ensure accuracy of WMH masks.
Future work may be able to better automate this process using
improved multimodal tissue segmentation and deep learning
algorithms. Despite this, results from this study validates the
use of PM MRI to assess global WMH burden and cortical
microinfarcts that may not be available or observed on in vivo
MRI or fully captured on standard histopathological sections.

Histological guidance
One aim of this protocol development is to guide histological
sampling using the PM MRI by placing ROIs on the center
MRI slice of the T2 images containing MRI visible pathology
of interest (Fig. 3). This approach allowed us to identify
WMH and ePVS in regions that may have been overlooked in
a standard pathological analysis with predetermined anatomi-
cal ROI sampling. The ability to identify ePVS in intact tissue
will be important in mitigating concern over tissue retraction
in standard tissue preparation, which may create cavities
around vessels that mimic ePVS. In order to directly compare

histological images to MRI images, which are 1.2 mm thick,
one would need to average 240, 5-mm-thick histological slides.
For this reason, pathology that is MRI visible may still be miss-
ing from stained slides even with guidance; for example, a
clearly enlarged linear ePVS on MRI may be transected and
appear circular on histology. Thus, while we cannot always
precisely isolate a single vessel or WMH, this method will con-
sistently allow sampling of regions that appear enriched for the
pathology of interest and increase the likelihood that it will be
captured in a histological section.

Immunohistochemistry of MRI-guided sampling comparing
WMH and NAWM

The observed significant difference in myelin pallor as evi-
denced by HELFB staining within MRI targeted WMH and
NAWM provides confirmation of the accuracy of the sampling
method developed here. We had hypothesized that WMH
would be characterized by an increase in markers of astrocyt-
opathy. A pathological distribution of GFAP expression was
observed in the WMH compared to NAWM, with expression
of the protein being relocated to a more proximal location on
the cell processes relative to the cell body in WMH. Though
no difference in IBA1 expression was observed, an increase in
glial expression of vimentin was significant.

One plausible explanation for these findings is that MRI
visible WMH ROIs in this sample of oldest old individuals,
with the mean age at death being 94 years, represent the very
latest stages of WM tissue destruction, when cellular deteriora-
tion precludes the ability to fully interpret the lack of histo-
chemical staining. It is also possible that GFAP changes
precede changes in vimentin, which may persist for longer in
the disease process. Finally, this group and others have found
that while the overall level of GFAP staining in WMH (and in
NAWM) can be quite variable, invariably GFAP exhibits a pat-
tern in WMH much like what is shown in Figure 4, that is that
astrocyte processes have retracted towards cell bodies and
some fine processes have been lost (51, 52), resulting in a
more heterogeneous profile across the slide. Astrocyte cell
bodies and the immediate surrounding (retracted) processes

Figure 12. Wilcoxon signed-rank tests between NAWM and WMH on ratings of histological characteristics pertinent to each stain.
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exhibit increased GFAP expression in WMH than NAWM
though less of the tissue displays positive staining, as opposed
to the more diffuse and inclusive staining of extended and
undamaged astrocytic processes seen throughout the paren-
chyma in NAWM.

Future efforts will include the assessment of astrocytic
markers within the NAWM surrounding WMHs (the WMH
penumbra), where white matter tissue integrity has been
shown to be impacted to a lesser degree than WMH lesions
themselves on in vivo imaging. A likely continuum of age and
ischemia-related WM pathologies within and surrounding
WMH lesions will be better captured in this way. Future work
involving the counting of nonreactive astrocytes and compar-
ing the ratio of GFAPþ to normal astrocytes between WMH
and NAWM is also needed.

In summary, we present a 7T PM imaging acquisition and
processing framework that allows for a hemispheric survey of
areas of interest, including brain size and WMH burden on
which volumetry can be reliably performed. The described
additional imaging of sliced tissue that serves to identify ROIs
based on the presence of MRI visible pathologies and subse-
quent tissue dissection for histopathological sampling allows
for specific targeting of MRI-identified ROIs for detailed histo-
pathological characterization. This methodology allows for the
study of currently validated MRI biomarkers, such as quantifi-
cation of whole hemisphere brain volume, ePVS, microvascular
lesions or WMH in valuable research cohorts who have been
highly characterized in life, but who may not have undergone
in vivo MRI. Importantly, this methodology allows for the
more specific targeting of areas of interest that have yet to be
histopathologically defined by direct sampling. These methods
were originally developed for the purpose of studying histopa-
thological correlates of age and dementia-related PM MRI bio-
markers in an OADRC longitudinal study cohort to describe
the molecular underpinnings of CVD-related MRI markers
and their relationship to dementia risk. They are directly trans-
latable, however, into histopathological studies of other dis-
eases characterized by MRI-visible pathologies of interest (e.g.
multiple sclerosis) to facilitate a more detailed understanding
of molecular pathologies driving disease processes and under-
lying MR-observed lesions common in life, and describe an
efficient, high-throughput tissue sample and data flow regime
to facilitate objective data collection at a scale necessary for
population-wide inference.
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