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Abstract

Background and Purpose—~Pathologic diagnosis is the gold standard in evaluating imaging
measures developed as biomarkers for pathologically defined disorders. A brain MRI atlas
representing autopsy-sampled tissue can be used to directly compare imaging and pathology
findings. Our objective was to develop a brain MRI atlas representing the cortical regions that are
routinely sampled at autopsy for the diagnosis of Alzheimer’s disease (AD).

Methods—Subjects (n=22; ages at death=70-95) with a range of pathologies and antemortem 3T
MRI were included. Histology slides from 8 cortical regions sampled from the left hemisphere at
autopsy guided the localization of the atlas regions of interest (ROIs) on each subject’s
antemortem 3D T4-weighted MRI. These ROIs were then registered to a common template and
combined to form one ROI representing the volume of tissue that was sampled by the pathologists.
A subset of the subjects (n=4; ages at death=79-95) had amyloid PET imaging. Density of -
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amyloid immunostain was quantified from the autopsy-sampled regions in the 4 subjects using a
custom-designed ImageScope algorithm. Median uptake values were calculated in each ROI on
the amyloid-PET images.

Results—We found an association between -amyloid plaque density in 8 ROIls of the 4 subjects
(total ROI n=32) and median PiB SUVR (r2=0.64; p<0.0001).

Conclusions—In an atlas developed for imaging and pathologic correlation studies, we
demonstrated that antemortem amyloid burden measured in the atlas ROIs on amyloid PET is
strongly correlated with f-amyloid density measured on histology. This atlas can be used in
imaging and pathologic correlation studies.
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Introduction

Methods

Subjects

Pathologic diagnosis is the gold standard in the evaluation of imaging markers developed for
specific pathophysiologic processes.! Existing studies investigate imaging-pathology
correlations in individual subjects or, in cohort studies, use anatomic atlases developed for
antemortem MRI studies. Some even limit their MRI analysis to global measures or standard
biomarkers such as whole brain, ventricular, and hippocampal volumes.2 A brain MRI atlas
composed of ROIs that correspond to the standard anatomic tissue blocks sampled at
autopsy has an advantage in that it can be utilized in direct image to tissue comparisons
between the imaging and pathology findings. Since AD pathologies have a regional pattern
of spread,3 4 if an ROI does not encompass the area that is sampled for histology, the
imaging measure might not reflect the level of pathology measured histologically. Therefore,
an atlas enabling direct regional comparisons between imaging and pathology findings is
crucial. Our objective was to develop a brain MRI atlas representing 8 cortical regions that
are routinely sampled at autopsy in our institution for the pathologic diagnosis of
Alzheimer’s disease (AD).

The subjects (n=22; ages at death=70-95) used to generate the atlas were selected from an
autopsy cohort. They were participants in one of three prospective studies during the years
of 1999 through 2014:1) dementia clinic-based Mayo Clinic Alzheimer’s Disease Research
Center; 2) community clinic-based Alzheimer’s Disease Patient Registry; 3) population-
based Mayo Clinic Study of Aging.% 7 Individuals participating in these prospective cohorts
on aging and dementia undergo approximately annual MRI, clinical and neuropsychological
examinations. Inclusion criteria were: patients with 3T MRI acquired within 4.5 years before
death, with the left brain hemisphere sampled at autopsy, and with a range of AD pathology,
Lewy body pathology and microinfarcts (Table 1). Participants with conditions such as
epilepsy, tumors, or severe head trauma were excluded because these may cause focal
structural changes on MRI. The limit of MRI acquisition occurring 4.5 years before death

J Neuroimaging. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raman et al. Page 3

was chosen to remain close to the time of death, while allowing for a large enough sample
size.

Standard Protocol Approvals, Registrations, and Patient Consents

This study was approved by the Mayo Clinic Institutional Review Board and all subjects or
appropriate surrogates provided informed consent for participation.

Image Acquisition
All subjects underwent MRI at 3 Tesla (GE Healthcare, Milwaukee, WI). 3D T;-weighted
images (Magnetization Prepared Rapid Acquisition Gradient Echo, 8 channel head coil, slice
thickness=1.2mm, FOV=26cm, matrix=256x%256, bandwidth=31.25, TR=2300 msec,
TE=3.044, scan time=9:17) were acquired for all patients.

A subset of the subjects (n=4; ages at death=79-90) had 11C Pittsburgh compound-B (PiB-
PET) amyloid imaging acquired within 2.5 years before death. PiB-PET imaging consisted
of 4x5 minute serial image frames acquired from 40 to 60 minutes after injection of 292- to
729-MBq 11C-PiB.8

Neuropathology

Neuropathologic sampling followed recommendations of the Consortium to Establish a
Registry for Alzheimer’s disease (CERAD),? and in addition included the posterior
cingulate gyrus because it is a region that is affected early in AD.® The 8 sampled cortical
regions included in the atlas were: anterior cingulate, posterior cingulate, posterior
hippocampus, primary motor cortex, midfrontal gyrus, inferior parietal lobule, superior
temporal gyrus, and primary visual/visual association cortices. All regions are from the
sampled left brain hemisphere.

Atlas Generation

For each subject, five-micrometer-thick tissue sections (Figure 1A) from all 8 regions were
stained with hemotoxylin and eosin and the slides were digitally scanned at 20x using
ScanScope XT (Aperio, Vista, CA). These digital images were compared to photographs
(Figure 1B) of 3-centimeter-thick gross tissue slabs taken during the autopsy. The tissue slab
photographs then guided the visual localization of the sampled regions on each subject’s
antemortem 3D T4-weighted image (Figure 1C). Reorientation of the MRI so that the angle
of the MRI slices matched the angle and positioning of the tissue slabs was performed
manually in Analyze version 12.0 (Mayo Clinic) software. Sampled regions were then
manually drawn as a single-slice mask on each subject’s reoriented 3D T1-weighted image
in FSLView version 3.2.0 (Figure 1D). Each mask was assigned a different number. Figure
1A is a diagram of this process.

The 8 ROIs in each subject’s native space image were then registered to a common
population-specific template generated in-house from 202 adults ranging from ages 30-89
with cognitive statuses ranging from cognitively normal to Alzheimer’s disease (colored
masks on common template in Figure 1E). For each of the 8 cortical regions, the smallest 3D
convex envelope that encompassed all of the 22 subjects’ sampled regions (the convex hull)
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was calculated and used as that region’s ROl (Figure 1F). The resulting ROI represents the
volume of tissue from which pathologists would likely sample for that region (Figure 2).

Atlas Validation

Results

Atlas validation was performed using a subset of the subjects (h=4) who had PiB-PET
amyloid imaging acquired within 2.5 years before death and comparing median standard
uptake value ratio (SUVR) of PiB with regional -amyloid plaque density.

PiB-PET images were registered to each subject’s corresponding T1-weighted MR image
using SPM12 with 12 degrees of freedom and resampled using 3rd-order B-Spline
interpolation.19 Segmentation of the T;-weighted images was performed using SPM12.11
The population-specific template was warped to each T-weighted image using the ANTs
SyN algorithm and atlas ROIs were transformed using nearest-neighbor interpolation.12 The
median PiB standard uptake value ratios (SUVRs) were calculated from voxels segmented as
either gray matter or white matter within each atlas ROI, partial-volume corrected,3 and
using the cerebellar gray matter as a reference region.

Regional f-amyloid plaque densities were determined immunohistochemically. Serial 5-um-
thick sections of the 8 regions of interest were analyzed using a custom-designed color
deconvolution ImageScope algorithm after immunostaining for amyloid  (33.1.1).

Correlation analysis between B-amyloid plaque density and median PiB SUVR was
performed using JMP software with an adjustment for the time interval between image
acquisition and death.

The median time interval between image acquisition and death in the subjects that were used
to make the atlas was 1.59 years with a range of 0.14-4.1 years (Table 1).

The cases used for validating the atlas had varying levels of AD pathology and densities of
neuritic plaques of p-amyloid (Table 2). In the validation test, a correlation of r2=0.64
(p<0.0001) was found between p-amyloid plaque density from the pathologically sampled
region and median PiB SUVR from the corresponding atlas ROI after adjusting for time
from PET scan to death (Figure 3).

Median and range PiB SUVR of the 8 ROIs combined in each of the four cases were Case 1
=2.26 (1.20, 2.57), Case 2 = 1.51 (1.33, 1.86), Case 3 = 1.83 (1.36, 2.27), and Case 4 = 1.65
(1.22, 1.74). The correlation plots of the combined data and of each individual case are
shown in Figure 3. ROl PiB SUVR and histologic amyloid density were correlated in Case 1
(r?=0.57), Case 2 (r2=0.90), Case 3 (r2=0.66), and Case 4 (r2=0.71) after adjusting for time
from PET scan to death (Figure 3).

Conclusions

The atlas we have generated represents the image correlate of tissue in 8 cortical regions that
are routinely sampled by pathologists for postmortem diagnosis of AD. From our validation
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analysis, we found that the antemortem amyloid burden measured in the atlas ROIs on
amyloid PET is well correlated with p-amyloid plaque density measured on histology. Case
1 had the lowest PiB uptake to histologic amyloid density correlation (r?=0.57) and also had
the longest scan to death interval (2.33 years) and the latest stage of AD pathology. Even
though we adjusted for the scan to death interval, the adjustment assumes a linear build-up
of amyloid pathology over time, when it is more likely a sigmoidal progression with rapid
pathology build-up during disease onset and a plateauing in the later stages of disease.1*
This suggests that studies correlating imaging and histology findings in AD patients should
try to use scans that occurred as close to the time of death as possible.

The strong group-level correlation between PiB SUVR measured from atlas-derived ROIs
antemortem, and the A density measured from the histopathologically sampled tissue,
postmortem, indicates that the atlas-derived measures capture the pathologic burden in the
brain regions sampled at autopsy. Furthermore, Alzheimer’s disease pathology, which
follows a spatially and temporally dependent pattern of spread, can be captured correctly. By
choosing scans that were acquired close to the time of death (within 2.5 years) and further
adjusting for the scan to death time interval, we accounted for the temporal aspect of disease
progression and were able to highlight the regional component of pathology spread. This
atlas can be used in Alzheimer’s disease imaging-pathology correlation studies, particularly
if they are performed in large cohorts with short scan to death time intervals where manual
matching between imaging ROIs and pathologically sampled regions in each subject would
be time consuming.
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Figure 1. Diagram of atlas generation
(A) In each subject, slides from sampled regions stained with hemotoxylin and eosin were

used to identify the sampled regions on digital images of gross tissue. This then guided the
localization of the sampled regions in the left hemisphere on each subject’s antemortem 3D
T1-weighted image. Sampled regions were then drawn as a single slice mask on each
subject’s 3D Tq-weighted image in FSLView. (B) Each subject’s drawn ROl was then then
registered to a common template and the convex hull that encompassed all of the 22
subjects’ sampled regions was used to generate an ROI. The example shown in this figure is
the midfrontal gyrus ROI.
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Figure 2. Atlas ROIs overlaid on the left hemisphere of a common template
Medial (A), lateral (B), and axial (C) views of the atlas ROIs. Yellow = primary visual

cortex, Cyan = posterior hippocampus, Magenta = posterior cingulate gyrus, Green =
primary motor cortex, Blue = anterior cingulate gyrus, Orange = midfrontal gyrus, Brown =
superior temporal gyrus, Red = inferior parietal lobule.
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individual plots show correlation of histologic amyloid density to median PiB uptake in each

case.
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Table 1

Characteristics of Subjects used to make Atlas

n=22
Age at MRI, median (range) 86.5 (68,99)
Female sex, n (%) 8 (36)

Years between last MRI and death 1.59 (0.14,4.1)
Pathologic Diagnosis of likelihood AD, n (%)

Low 8 (36)

Intermediate 7(32)

High 6 (27)
Lewy bodies Present, n (%) 4 (18)
Cortical Microinfarcts Present, n (%) 16 (73)
Argyrophilic Grains Disease, n (%) 1(4)

Abbreviations: AD: Alzheimer’s disease.
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