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Abstract 

Postmortem neuropathological examination, while the gold standard for diagnosing neurodegenerative diseases, 
often relies on limited regional sampling that may miss critical areas affected by Alzheimer’s disease and related 
disorders. Ultra-high resolution postmortem MRI can help identify regions that fall outside the diagnostic sampling 
criteria for additional histopathologic evaluation. However, there are no standardized guidelines for integrating histol-
ogy and MRI in a traditional brain bank. We developed a comprehensive protocol for whole hemisphere postmortem 
7T MRI-guided histopathological sampling with whole-slide digital imaging and histopathological analysis, providing 
a reliable pipeline for high-volume brain banking in heterogeneous brain tissue. Our method uses patient-specific 3D 
printed molds built from postmortem MRI, allowing standardized tissue processing with a permanent spatial refer-
ence frame. To facilitate pathology-MRI association studies, we created a semi-automated MRI to histology registration 
pipeline and developed a quantitative pathology scoring system using weakly supervised deep learning. We validated 
this protocol on a cohort of 29 brains with diagnosis on the AD spectrum that revealed correlations between corti-
cal thickness and phosphorylated tau accumulation. This pipeline has broad applicability across neuropathological 
research and brain banking, facilitating large-scale studies that integrate histology with neuroimaging. The inno-
vations presented here provide a scalable and reproducible approach to studying postmortem brain pathology, 
with implications for advancing diagnostic and therapeutic strategies for Alzheimer’s disease and related disorders.
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Introduction
Neurodegenerative diseases are a clinically and patholog-
ically heterogeneous group of disorders characterized by 
distinct protein aggregates such as amyloids, tau, α-synu-
clein, and TDP-43 [1, 2]. Obtaining a molecular diagnosis 
of underlying pathologies in living patients is challenging 
due to frequent co-occurrence of multiple pathologies, 
clinical convergence of disparate pathologies within the 
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same clinical syndrome (e.g. frontotemporal dementia 
due to tau or TDP-43 pathology) and a lack of established 
biomarkers for some forms of neurodegenerative disor-
ders that can be detected in vivo [3, 4]. As such, autopsy 
remains the gold standard to confirm the underlying 
distinct pathologies. Understanding the neuropathologi-
cal pathways, interactions, and clinical manifestations 
of these co-pathologies is crucial to developing targeted 
therapies [5] for specific disorders such as Alzheimer’s 
disease (AD) [6], frontotemporal dementia (FTD) [7], 
Parkinson’s Disease [8], Lewy body disease (LBD) [2], 
limbic predominant age-related TDP-43 encephalopathy 
(LATE) [9], small vessel disease (SVD) [10], etc. Moreo-
ver, neurodegenerative dementias affect large scale neu-
rocognitive networks and complex human behaviors that 
are difficult to study in animal/cell models, making it 
essential to have human brain tissue samples for repre-
sentative studies of their natural progression and effects. 
Hence, brain banks are a vital resource that provide 
access to high quality, donated postmortem brain tissue 
samples for Alzheimer’s disease and related dementia 
(ADRD) research [11, 12].

Digital histopathology of the brain tissue enables us 
to study diseases on a cellular level [13]. We can use 
dedicated stains that specialize in delineating cytoarchi-
tectural structures with high contrast or use specific anti-
bodies to study certain proteins and molecules in great 
detail. This has accelerated advances in knowledge about 
etiology and underlying pathological mechanisms of a 
range of diseases [14–16]. However, histology is inher-
ently a two-dimensional imaging modality and limited in 
thickness of a given sample for histopathological staining, 
necessitating time and resource intensive stereological 
method to examine depth of tissue that are prohibitive 
for a whole-hemisphere approach. Magnetic Resonance 
Imaging (MRI) is an important, non-invasive imaging 
method that is used to diagnose and track the progres-
sion of various neurodegenerative diseases in  vivo [17]. 
MRI allows us to study the brain while preserving its 
three-dimensional structure. However, standard clini-
cal MRI protocols imaged at 1.5T and 3T (0.5 to 1 mm3 
resolution) are not sufficient to understand the pathol-
ogy on a deeper level. Ex vivo (postmortem) MRI benefits 
from extended scanning time without significant motion 
artifacts and high signal-to-noise ratio [18]. Ex vivo MRI 
imaging performed at 7T gives higher spatial resolution 
(0.16 to 0.3 mm3) and is capable of laminar resolution 
while also preserving the gross anatomic orientation of 
the brain regions [19, 20]. Together, MRI and histology 
provide complementary insights about disease pathways 
[21], with MRI offering morphometric information while 
histology reveals the cellular details of tissue pathol-
ogy for direct radiographic-pathological correlation and 

validation. Ex vivo MRI provides us with the brain scan 
at a time point closer to the when the histological sam-
pling is done versus antemortem MRI scan which might 
be done months or years prior to the histopathological 
assessment [22]. The long delay between antemortem 
MRI and histology processing can weaken MRI-pathol-
ogy correlations due to potential of untracked patho-
logical changes in the interim. Nonetheless we have 
correlated antemortem MRI measurements with cor-
responding postmortem digital pathology data within 
the same subjects while carefully accounting for disease 
duration from MRI to autopsy [23–27]. Thus, ex  vivo 
MRI guided histopathology provides a critical means of 
bridging the gap between antemortem imaging and his-
tology on the macroscale. Specifically in ADRD, previous 
works have mapped the neurofibrillary tangle burden in 
the medial temporal lobe (MTL) [16], studied the rela-
tionship of cortical thickness measurements in ex  vivo 
MRI to amount of phosphorylated tau [28], and studied 
differences in tau and TDP-43 pathology [29].

Linked MRI and histology studies are fundamental 
to studying neurodegenerative diseases on a micro and 
macro scale [30]. Beyond histopathological validation 
of radiological findings, these studies are key to devel-
oping non-invasive imaging biomarkers for a differen-
tial diagnosis of diseases [22]. But there are a number 
of challenges that prevent scaling up these multi-modal 
imaging pipelines. Processing brain tissue for histol-
ogy is a resource-intensive task. Traditional stereology 
using serial histology (e.g. with sections acquired every 
500 µ m as in [16] or every 250 µ m for denser protocols 
as in [31]) makes it possible to reconstruct histologi-
cal images in 3D. Assuming a brain hemisphere to span 
20 cm, this would mean generating at least hundreds, if 
not thousands, of slides for each hemisphere [19] to build 
a complete histological picture and additional immuno-
histochemical processing which would take months. Pre-
vious studies that have used stereology were either in a 
small region such as the MTL [16] or only used two to 
five subjects for whole hemispheres [19, 31]. Moreover, 
thicker tissues often require free-floating staining meth-
ods which utilize a large amount of antibody and rea-
gents, which precludes large-scale work. On the other 
hand, in the absence of serial histology, registration 
(accurate alignment) of histology to MRI is an extremely 
challenging problem. For larger brain areas, the tissue 
may be cut into several segments to fit the blocks on his-
tology slides, which makes it a part-to-whole registration 
challenge [32]. Registration is made further difficult by 
the disparate nature of the two modalities. There are large 
differences in the contrast and resolution of MRI and his-
tology - depending on the stain used, histology may not 
always shows clear boundaries between white matter and 
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gray matter that are a distinct feature of MRI. Fixation 
and embedding steps, done before histological process-
ing, cause non-uniform shrinkage of the tissue. Cutting 
and sectioning this paraffin-embedded block introduces 
further distortions like cuts and folds in the tissue. Previ-
ous works have used serial histology for 3D histological 
reconstruction of the brain and then registered this to the 
3D ex vivo MRI [16, 33, 34]. However, for a sparse sam-
pling scheme, it becomes a 2D histology to 3D MRI reg-
istration problem in addition to all the existing challenges 
[35].

Despite the established importance of linked postmor-
tem MRI and histology studies in ADRD research, there 
are no standard guidelines for neuropathology research-
ers to process and integrate postmortem imaging in their 
research pipeline [36]. Until recently, most brain banks 
did not collect ex  vivo MRI, making it an understudied 
approach [11, 37]. Traditional brain banking has relied on 
sparse diagnostic histological sampling from tissue blocks 
extracted from the brain at the time of autopsy. Neuro-
pathological assessment of diagnostic samples is usually 
done in semi-quantitative manner where severity scores 
are assigned by visual inspection by expert raters [28, 38]. 
Semi-quantitative ratings do not fully capture the extent 
and load of pathology, nor do they typically distinguish 
between different types of pathology such as neurofi-
brillary tau threads and tau tangles, and manual ratings 
suffer from inter and intra-rater variability. Thus, digital 
histopathology has proven to be an effective means for 
performing more fine grained clinical and radiographic 
correlation studies but lacks standardization. We present 
a reproducible pipeline integrating ex vivo MRI and MRI-
guided quantitative histopathology in high volume brain 
banking to acquire reliable data for linked morphometry 
and pathology correlation studies [30].

Our center has developed a high-throughput, ultra-
high resolution whole hemisphere MRI scanning proto-
col [29] that involves scanning intact brain hemisphere 
in every brain donation after 60 days of formalin fixation 
with low occurrence of MRI inhomogeneity artifacts due 
to air bubbles and other factors. The ability to establish 
homologies between locations on these MRI scans and 

histopathology measures is critical for conducting studies 
that associate 3D MRI features such as volume, thickness, 
and texture changes in brain structures to pathologies, 
and through such studies, improving MRI-based bio-
markers that address ADRD pathologic heterogeneity. 
In this work, we introduce our whole hemisphere MRI-
guided histology sampling protocol that can be used 
for any general study of brain disorders. The workflow 
overview is shown in Fig. 1. We label cortical landmarks 
which are prospective histological sampling locations in 
the ex  vivo MRI and use a patient-specific 3D printed 
mold created from the MRI scan to guide the sampling 
for histology. The mold acts as a frame of reference for 
initializing the MRI to histology registration process. Fol-
lowing standard histological tissue processing, the result-
ing formalin-fixed, paraffin-embedded (FFPE) blocks can 
be stored indefinitely at room temperature with no extra 
equipment. Thus, our methods are flexible to facilitate 
a relatively high-throughput whole-hemisphere histol-
ogy sampling at 1  cm intervals in our 50×75  mm slides 
at 30 µ m thickness, while the preserved FFPE block per-
mits a traditional stereologic approach with serial sec-
tions in select regions of interest for future studies. We 
section the FFPE blocks that contain a region of interest 
using a standard microtome. We section at 30 µ m thick-
ness for greater resolution of cytoarchitectural structure 
and optimized on-slide immunohistochemistry to avoid 
laborious and cost-prohibitive free-floating staining 
methods. Whole-slide images are acquired from each 
section with meta-data stored in unique barcodes for 
each slide. The images are uploaded to our custom-built 
open-source archive (PICSL histology annotation server, 
or PHAS) that allows for collaboration and data sharing 
across research centers. Whole hemisphere MRI is then 
iteratively registered to the histology slides sampled from 
the regions containing the cortical landmarks. This regis-
tration provides us the region of interest on the histology 
tissue which can be studied in greater detail for neuro-
pathology. We also introduce our quantitative pathology 
scoring scheme using a weakly supervised deep learn-
ing algorithm and demonstrate a use case of our pipe-
line for studying association of phosphorylated tau with 

Fig. 1  Workflow for MRI-guided histological sampling. T2-weighted and CISS protocl scans of the hemisphere are obtained using a 7T MRI scanner. 
Green box shows the steps involved in histological processing of the hemisphere. The hemisphere is cut into uniform 1 cm thick slab using a 3D 
printed mold created from the hemisphere segmentation. Slabs containing cortical landmarks of interest (obtained from the corresponding 
MRI scan) are processed for histological sectioning and staining. We use standard anatomical stains like LFB-CV and H&E and anti-tau AT-8 
immunohistochemistry stain for all sections. Blue box shows the steps in processing the T2-weighted MRI scan. Cortical landmarks are marked 
on the hemisphere and then the hemisphere is virtually slabbed into uniform 1 cm thick slabs. This virtual slabbing tells us the slabs that contain 
the cortical landmarks. Only those corresponding slabs are processed for histology. Orange box shows the registration pipeline. Either 
LFB-CV or H&E stain is chosed as the reference slide. MRI and remaining histology slides are both registered to the reference slide. The result 
of the registration gives us the location of the cortical landmarks on the histology slides

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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cortical thickness with both measurements obtained 
from homologous locations in the same hemisphere.

Methods
In this section, we describe the MRI-guided histological 
sampling protocol followed by the registration methods, 
and lastly introduce our weakly supervised deep learning 
algorithm for quantitative scoring of pathology in digital 
histology.

Data acquisition
Patients were followed clinically and invited to partici-
pate in the brain donation program by the University 
of Pennsylvania’s Alzheimer’s Disease Core Center, the 
Penn Memory Center, the Frontotemporal Degenera-
tion Center, the ALS center, the Parkinson’s Disease and 
Movement Disorder Clinic, and the Penn Udall Center 
for Parkinson’s Research. Brain autopsies were performed 
at the University of Pennsylvania Center for Neurode-
generative Disease Research. The multidimensional data 
collected under the biobank protocols is stored in the 
Integrated Neurodegenerative Disease Database (INDD) 
as described previously [39]. All participants agreed to 
participate in the research study according to the Univer-
sity of Pennsylvania Institutional Review Board and the 
the next-of-kin provided consent for autopsy.

One hemisphere was used for diagnostic sampling and 
neuropathological analysis which involved staining with 
antibodies for detection of abnormal proteins following 
the NIA-AA protocol [38]. In AD patients, this included 
a random mix of right and left hemispheres. Since FTD 
is often asymmetric, we choose the most atrophic hemi-
sphere for imaging (e.g. left hemisphere for primary pro-
gressive aphasia) and performed small in  situ sampling 
with uniform fixation from up to 15 regions [25] which 
facilitated inter-hemispheric comparisons [25, 26] with 
standard uniform fixed 25×75  mm sections while pre-
serving the intact hemisphere for ex  vivo MRI. These 
samples were reviewed by board-certified neuropatholo-
gists and assigned semi-quantitative pathological scores 
in each diagnostic region. The remaining tissue from the 
diagnostic hemisphere is frozen at - 80◦ C for biochemical 
studies [39]. The other hemisphere was fixed in 10% neu-
tral buffered formalin for at least 60 days prior to further 
imaging.

MRI imaging
Our center has successfully implemented a high-
throughput, ultra-high resolution, whole hemisphere 

MRI scanning protocol. Over the last 4 years, we have 
scanned over 125 brain hemispheres using this protocol. 
Hemispheres were placed in Fomblin (California Vacuum 
Technology; Fremont, CA), an MRI-neutral recycled 
industrial oil, and scanned using a 7T scanner (MAG-
NETOM Terra, Siemens Healthineers; Erlangen, Ger-
many). The acquisition protocol included 3D-encoded 
T2-weighted sequence with 3 s repetition time (TR), 383 
ms echo time (TE), turbo factor of 188, echo train dura-
tion of 951 ms, bandwidth of 348 Hz/px with four aver-
ages, and providing 0.28 mm3 isotropic resolution in 
approximately 2  h. The vendor’s on-scanner correction 
was applied during reconstruction to correct global fre-
quency drift, merge signal averages in k-space, and gen-
erate magnitude images for each echo. We obtained 4 
repeated measurements and averaged them to generate 
the final image [40].

In larger hemispheres, there was common signal drop-
out at the poles in the T2 sequence, as shown in Fig. 2a 
and 2b, which made it difficult to obtain a clear segmen-
tation of the tissue in these regions. To overcome this 
problem, we used the Constructive Interference in Steady 
State (CISS) protocol, shown in Fig. 2d, to obtain a bet-
ter SNR at the poles which gives an excellent contrast 
between the tissue and the background. Following the T2 
acquisition, in the same scanning session, we performed 
a 3D-encoded CISS scan sequence with 7.8 ms TR, 3.9 
ms TE, bandwidth of 302 Hz/px, and providing 0.5 mm3 
isotropic resolution in approximately 9 min.

Labeling cortical landmarks: On the 3D hemisphere 
segmentation, we marked the following 18 cortical land-
marks by placing a 3 ×3× 3 voxel dot - orbitofrontal gyrus, 
middle frontal gyrus, anterior cingulate gyrus, posterior 
cingulate gyrus, motor cortex, primary visual cortex, 
superior temporal gyrus, inferior temporal gyrus, inferior 
frontal cortex (Broca’s area), insular gyrus, temporal pole, 
angular gyrus, superior parietal lobule, entorhinal cortex, 
Broadmann Area 35 (BA35), Cornu Ammonis 1 (CA1), 
subiculum, and parahippocampal cortex. These regions 
were selected based on the areas typically sampled by 
neuropathologists for AD pathology and importance for 
ADRD symptoms [41]. The landmarks were marked by 
a manual labeler in ITK-SNAP [42]. The landmarks are 
shown in Fig. 3 and the detailed standard operating pro-
cedure (SOP) for annotating them is included in the sup-
plementary material.

3D printing hemisphere mold: The CISS scan was rig-
idly registered to the T2 scan using ITK-SNAP to correct 
any residual settling of the hemisphere between the two 
scans. For the CISS scan, a 3D tissue mask was created by 
segmenting the tissue voxels from the background using 
the semi-automated segmentation module from ITK-
SNAP [43]. We created a custom, open-source software1 1  https://​github.​com/​pyush​kevich/​brain​mold.

https://github.com/pyushkevich/brainmold
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Fig. 2  MRI acquisition protocols and virtual slabs. We used two different protocols during MRI scanning for this pipeline. a, b, c We obtained 
a high-resolution T2-weighted sequence that was used for labeling cortical landmarks and obtaining cortical thickness measurements. However, 
there was common signal dropout at the poles as shown in (a) and (b) which made it difficult to obtain a clear segmentation. d, e, f Constructive 
Interference in Steady State (CISS) protocol overcomes this issue and provides excellent contrast between tissue and background. We use this scan 
to generate a complete 3D segmentation of the tissue. g, h Virtual slabs used to create a frame of reference between the 3D hemisphere scan 
and histology tissue blocks. The red lines correspond to the cuts made in the brain tissue using a 3D printed mold
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using Insight Toolkit (ITK), Visualization Toolkit (VTK), 
and standard C++ libraries to create 3D printable molds 
from the hemisphere MRI. The 3D printed mold has 
notches at every 1 cm which were used to guide the knife 
during cutting as shown in Fig. 4e. This ensured parallel 
cuts and coronal slabs of uniform thickness. The mold 
also established a reference system to know the plane 
of histology section relative to the whole hemisphere 
MRI. This helped with initializing the MRI to histol-
ogy registration. The mold was printed using Ultimaker 
3 Extended 3D printer (Ultimaker B.V.; Utrecht, The 
Netherlands).

Virtually, we also divided the 3D hemisphere segmen-
tation into corresponding 1  cm thick coronal slabs as 
shown in Fig.  2h. We documented the distance of the 
cortical landmark label dots from the anterior and pos-
terior of each 1  cm thick slab face. Since each coronal 

slab tissue would be cut starting from the anterior face 
for histological staining, we ensured that the dots were 
placed as anterior to the slab face as possible. We gener-
ated a printout with the outline of each slab and marked 
the positions of the label dots, as shown in Fig. 5a, that 
would be used as reference while slabbing the tissue.

MRI cortical landmarks‑guided histological processing
To make the subsequent sections easier to follow, we use 
the following terminology: slab is the 1 cm thick coronal 
slab of brain tissue cut using the 3D printed mold; if a 
slab was cut into multiple parts, a segment refers to the 
part (superior, middle, or inferior); block refers to the 
processed and paraffin-embedded slab; section is the 30 
µ m thick piece of the block cut using a microtome; slide 
refers to a section mounted on a glass slide.

Fig. 3  Cortical landmarks. The 18 regions of interest were used to guide the histological sampling. We obtained cortical thickness measurements 
at all these landmarks. The MRI-guided histology protocol was used to obtain quantitative pathology scores at these locations to facilitate 
pathology-morphometry association studies. Figure adopted from [28] with permission
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Brain slabbing: For cases with a diagnosis of AD or 
LBD, the medial temporal lobe (MTL) was dissected 
from the hemisphere and then scanned in a 9.4T MRI 
scanner, slabbed using a MTL-specific 3D printed mold, 
and underwent serial histological sectioning that enables 

three-dimensional mapping of pathology. The MTL pro-
cessing and analysis is described in [16, 44]. The remain-
ing tissue in the hemisphere was processed in a manner 
similar to the other whole hemisphere specimens. The 
notches in the 3D mold were used to guide the knife 

Fig. 4  Custom 3D printed mold-guided slabbing of brain hemisphere. Postmortem whole hemisphere brain tissue of a donor, deceased at age 69 
years, with a diagnosis of Pick’s disease - a type of frontotemporal dementia. a Lateral view of the hemisphere. b Medial view of the hemisphere. 
c Custom, subject-specific 3D printed mold created using a segmentation of the MRI scan. d Hemisphere fits seamlessly inside the mold 
and is ready to be slabbed. e The notches in the mold guide the knife to ensure uniformly parallel and equidistant cuts of the tissue. f Hemisphere 
inside the mold after the slabbing is complete

Fig. 5  Histological tissue processing. a Reference diagram shows an approximate outline of the tissue for a given slab. The cortical landmark 
positions are marked using the red markers. The figure shows inferior frontal gyrus (dot 8), insula (dot 9), and the ventrolateral part of the inferior 
temporal gyrus (dot 10). b 1 cm slab of hemisphere tissue placed on the reference outline. c If a slab is too big to fit in the 2 × 3 inch cassette, it 
is further cut into two or three segments. Cuts are made while keeping the dots in mind and documented for aligning the tissue during registration. 
d The superior segment of the tissue placed in the 2 × 3 inch cassette. e Blockface photo of the paraffin embedded block mounted 
on the microtome (microtome not pictured). f Digital scan of an LFB-CV stained 30 µ m thick slide
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during cutting of the hemisphere. Figure 5 shows the fol-
lowing details of processing a tissue slab. The slabs were 
cut into segments that fit in 2 × 3 inch biopsy cassettes 
and placed with the anterior side facing downwards and 
immersed in 10% neutral buffered formalin. Whole coro-
nal slabs in the first and last third of the brain usually fit 
within the dimension of a single cassette. Larger slabs in 
the middle of the brain were further cut into two (supe-
rior and inferior) or three (superior, middle, and infe-
rior) parts to ensure optimal fit in the cassettes. The cuts 
were made while keeping in mind the position of the dots 
marking the regions of interest and each cut was docu-
mented on the printout with the tissue outline to help 
with manual initialization for registration later. More 
recently, we also started documenting pictures of the 
anterior face of the cut slab with an overhead mounted 
camera set up with the result as shown in Fig.  5c. Cas-
settes were labeled with the INDD ID (anonymized ID 
assigned to each autopsy patient in the Integrated Neu-
rodegenerative Disease Database), slab number, segment 
(superior, middle, or inferior, if applicable), and an aster-
isk if the slab contained a region of interest.

Tissue processing: The tissue slab cassettes were pro-
cessed at the Pathology Core Laboratory within the Chil-
dren’s Hospital of Philadelphia Research Institute and the 
CNDR at the University of Pennsylvania. A 54-h program 
was followed using the Thermo Scientific Shandon Excel-
sior ES tissue processor to get paraffin embedded slabs. 
This included a 60-minute formalin fixation step to pre-
serve the cut tissue structure and prevent degradation. 
Next, the tissue was dehydrated to remove any water and 
prepare it for embedding. To avoid any tissue distortion, 
this was done gradually by immersing the tissue in six 
increasing concentrations of ethanol for increasing dura-
tions (70% for 2 h, 80% for 3 h, 90% for 3 h, 95% for 4 h, 
100% for 5  h, and 100% for 5  h). The dehydrated tissue 
was then processed with xylene as a clearing agent three 
times - 4  h, then another 4  h, and lastly 6  h. This step 
removed all the ethanol and the removal is essential for 
the paraffin to embed in the tissue correctly. The above 
steps were all carried out at room temperature. The wax 
infiltration, which requires the paraffin to be liquid, was 
done at 64◦ C. The infiltration sequence included waxes 
with increasing melting points and processing for 5  h, 
then 6 h, and another 6 h to ensure complete infiltration. 
After this, we embedded the samples in paraffin using 
stainless steel molds.

Tissue sectioning: The paraffin-embedded blocks were 
processed at the Penn Digital Neuropathology Lab 
(PDNL). A deionized water bath was prepared and set to 
42

◦ C. A 25% glycerol tray was floated on the water bath 
to be used as a softening agent. Blocks were mounted on 
a sliding microtome and paraffin sections were defaced 

until the full tissue cross-section of each block was fully 
exposed. The block face was then soaked in the 25% glyc-
erol to soften the wax and excess liquid was carefully 
removed using KimWipes. The block was remounted on 
the microtome and 30 µm-thick sections were cut and 
floated on the water bath. Before cutting each section, 
we took a blockface photograph of the paraffin-embed-
ded slab with an overhead mounted camera as shown in 
Fig. 5e. Charged microscope slides (Histobond® + Supa 
Mega Slides, catalog number 71881-60) pre-labeled with 
the corresponding INDD ID, slab number, and segment 
were used to pick up the tissue sections. We generally 
created 5 to 6 slides from consecutive sections per block 
to ensure continuity and be used for various histological 
and immunohistochemical staining. Tissue slides were 
left to air dry for 2–3 h and then placed in the oven over-
night at 60◦ C. The remaining paraffin-embedded tissue 
block is stable can be stored at room temperature for any 
future use.

Histological staining and immunohistochemistry: We 
used two routine histological stains (1) LFB-CV - Luxol 
Fast Blue (0.1% in 95% alcohol; Electron Microscopy Sci-
ences, catalog number 26056-15) counterstained with 
Cresyl Violet (Sigma-Aldrich, catalog number C0775) 
and (2) H&E - Hematoxylin & Eosin (Fisher Scientific, 
catalog number 6765001) which provide a good visuali-
zation of the cytoarchitecture. Additionally, we used dif-
ferent immunohistochemical (IHC) stains based on each 
project’s requirements. Specifically for this study, we 
used the AT-8 antibody (Thermo Fisher Scientific, cata-
log number MN1020) for phosphorylated tau.

Digitization: Slides were then scanned using a Tis-
sueScope LE120 scanner (Huron Digital Pathology; St. 
Jacobs, Ontario, Canada) at 0.4×0.4 µm2 resolution, 20× 
magnification. Each scanner tray has 6 tray slots and the 
scanner can hold 10 trays. The total scanning time for a 
full set of slides was 6 h. Information such as date, type of 
staining, and antibody concentration was documented in 
a Huron database and barcodes linking the information 
to corresponding slide were attached to each slide. The 
images were also uploaded to PHAS2 which allowed for 
easy visualization and annotation of large-scale histology 
databases via a web browser. The annotation feature was 
used to mark sampling regions for quantitative pathology 
analysis and creating labeled training data for deep learn-
ing networks as described in later sections.

2  https://​github.​com/​pyush​kevich/​histo​annot.

https://github.com/pyushkevich/histoannot
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MRI to histology registration to obtain cortical landmark 
locations on IHC slides
After obtaining the hemisphere MRI and requisite histo-
logical data, we used the following computational pipe-
line to register the MRI to histology. We use open-source 
medical image processing packages Convert3D3 and 
greedy4 for the registration. The aim of the registration 
process is to obtain the exact region on the IHC slide 
that corresponds to the cortical landmark in the MRI. 
The AT-8 IHC antibody marks tau pathology, primarily 
observed in the cortex, but it is not a direct metric to seg-
regate white matter (WM) and gray matter (GM). In case 
of no pathology, it does not show any contrast between 
the GM and WM as seen in Fig.  7c. This makes it very 
hard to perform registration between MRI and the AT-8 
stained slide directly. Instead, we opted to reconstruct 
both the MRI scan and the IHC slide in a common ref-
erence space of a cytoarchitectural histology slide such 
as H&E or LFB-CV which more clearly define GM-WM 
boundaries. These stains show the most contrast between 
the white matter and gray matter regions, as seen in 
Fig. 7a, and hence provide better features to match with 
the MRI scan during registration. We first registered the 
MRI to the reference histology slide and then also regis-
tered the IHC slide to the same reference histology slide. 
Once in this common space, the segmentation containing 
the cortical landmark, when overlaid on the IHC slide, 
mapped the dots from MRI space to the IHC slide.

MRI to reference histology registration: The 3D printed 
mold-guided slabbing and the cortical landmark labels 
gave us an approximate reference location for the histol-
ogy slide in the hemisphere scan. We used these virtual 
slabs shown in Fig. 2h to obtain a 1 cm thick region of the 
MRI corresponding to tissue slab of the reference histol-
ogy slide. We initialized the registration with this smaller 
MRI region instead of the entire hemisphere. Each land-
mark label in the original hemisphere segmentation was a 
3 ×3× 3 dot. To account for the out of plane deformations 
during the registration process, we dilated each labeled 
dot throughout the coronal plane in the 1 cm thick slab 

segmentation. We used simple thresholding and random 
forest classifier to obtain a tissue mask from the reference 
histology slide. The mask was used to define the bounda-
ries for registering the tissue.

First, the MRI slab was rotated and translated into the 
space of the reference slide based only on the image cent-
ers. An ITK-SNAP workspace was created with this ini-
tial alignment of the two images and we used the manual 
registration tool from ITK-SNAP to refine this alignment. 
We set the skew ratios of all axes to 1.1 to account for tis-
sue shrinkage during histological processing. Next, we 
aligned the MRI coronal plane to best fit the reference 
tissue. This best alignment was used as the starting point 
for the following automatic registration steps.

All automatic registration steps were performed 
sequentially in a coarse-to-fine fashion. The manual 
alignment was used to initialize rigid registration, the 
rigidly registered image used to initialize affine registra-
tion, and finally affine registered image was used to ini-
tialize deformable registration. The number of iterations 
for multi-resolution schedule was derived empirically 
by running a few test cases and comparing registration 
results. As seen in Fig.  6, the reference histology slide, 
and the MRI are quite disparate in appearance. To close 
this gap, we used a simple strategy of only using a single 
channel from the RGB histology slide image (empirically, 
green channel in case of LFB-CV or H&E) to create an 
“MRI-like” image for registration purposes. This trans-
formation allowed us to use the weighted normalized 
cross-correlation metric which better accounts for 
non-overlapping regions between the fixed and moving 
images during registration. There are other, more com-
plex strategies like using MIND (modality independent 
neighborhood descriptors) [45], color deconvolution 
[46], or contrastive learning [47] for better image repre-
sentation. But we found that using a single channel from 
RGB histology image in lieu of the original image was 
sufficient for our use case. Some results using this pipe-
line are shown in Fig. 6.

(See figure on next page.)
Fig. 6  MRI to reference histology registration. a The coronal plane of the MRI scan with the regions of interest marked with the colored dots (boxes 
shown for emphasis). The white line denotes the cut in the tissue made during the slabbing process. See Fig. 5c for reference. b The reference 
histology slides roughly aligned with the MRI scan. Top photo is the original RGB reference histology slide. We used either the H&E or LFB-CV stain 
as the reference slide. We used a single channel (green) from the RGB image to mimic an “MRI-like” appearance of the histology slides. The MRI 
slab was registered to this single-channel image. c Reference histology slide overlaid on the registered MRI. After succesful registration, we get 
the corresponding regions of interest on the histology slide

3  https://​github.​com/​pyush​kevich/​c3d.
4  https://​github.​com/​pyush​kevich/​greedy.

https://github.com/pyushkevich/c3d
https://github.com/pyushkevich/greedy
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Fig. 6  (See legend on previous page.)
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We manually validated the results of the registration 
pipeline. We saved registration outputs after every stage 
(manual alignment, rigid, affine, and deformable reg-
istration) of the MRI to reference histology registration 
pipeline. For this, we used a contour tracing strategy used 
and validated in [16, 34]. We generated the contours for 
the reference histology image and overlaid the contours 
in red on all the output images. We visually compared 
these images laid side-by-side to decide the best result. 
The best resulting transform was applied to the segmen-
tation containing the dot label for the cortical landmark. 
Examples for this validation scheme are included in sup-
plementary figure 2.

IHC to reference histology slide registration: This was 
a fully automated registration process similar to the 
coarse-to-fine scheme used for MRI to reference histol-
ogy registration. A piecewise registration approach made 
this step more robust to the frequent tearing, folding, or 
shearing of tissue that can occur during slicing histology 
slides. It ensured that any local deformities in the slides 
were confined to a single region and did not affect the 
entire registration. We partitioned the binary tissue seg-
mentation, obtained in the previous step, using image-
graph-cut5 an open-source utility that applies the METIS 
graph partition algorithm [48], as shown in Fig. 7b. The 
number of chunks were decided based on the area of the 
segmented tissue while ensuring each chunk is at least 
10% of the total foreground. Each individual piece in the 
multi-chunk segmentation mask was used as the region 
of registration and registered independently of each 
other. A regularization term was used to penalize the 
overlap between the various separate chunks of the mask.

Both the slides were first converted to grayscale. We 
initially performed global rigid registration that only 
accounted for the image centers. Next, we performed 
piecewise rigid registration on the globally registered 
images and lastly, performed piecewise deformable reg-
istration. We again used the weighted normalized cross-
correlation metric for all registration steps. We validated 
the results of the registration using the same contour 
tracing approach. The results of the registration, along 
with the validation contours, are shown in Fig. 7.

Cortical landmark regions on the IHC slide: As the 
final step, to get the region of interest on the IHC slide, 
we used the slab segmentation containing the labels 
obtained after the manual validation of the MRI to his-
tology registration. We overlaid this segmentation on the 
registered IHC slide which gave us the location of the 
cortical landmark in the IHC space. The locations of the 
cortical landmarks were uploaded to our histology anno-
tation server. Using these locations as a guide, we marked 
up to 5 patches in the same and/or neighboring gyri (to 
avoid sampling bias) which would be used for quantita-
tive pathology measurements as shown in Fig. 9B, a. All 
the sampled patches only included the GM cortex tissue.

Quantitative measures of pathology using weakly 
supervised learning
We used Wildcat [49], a weakly supervised deep learn-
ing based approach for classifying neuronal tangles and 
threads in the AT-8 IHC slides. This method has been 
previously trained and validated for measurements of 
neurofibrillary tangle burden [16, 44], and phosphoryl-
ated tau and TDP-43 pathology [14] in the MTL. Wildcat 
architecture is based on the ResNet-101 but we replaced 
the last fully-connected layer with a class pooling and a 
spatial pooling layer. This provided a convenient way 
to get pointwise object localization and visualize the 
heat maps for multiple classes. We modified the Wild-
cat architecture with a U-Net like structure by adding 
upsampling layers with skip connections [50] to generate 
higher resolution heat maps - our heat maps are 1/2 the 
input image size versus the original architecture’s 1/16 
original size. We used the bounding boxes we placed on 
the AT-8 slides after registration to sample patches of the 
histology slide for inference as shown in Fig. 9B. We inte-
grated over the heat map for each class to obtain a quan-
titative score of pathology for that region.

Labeled training data generation: We trained users of 
various levels of training (post-docs, doctoral students, 
and pre-doctoral researchers) on key morphological fea-
tures of tau inclusions across ADRD in a series of group 
meetings using whole-slide images (WSI) of digital his-
tology images of AT-8 stained tissue sections. After a 

Fig. 7  IHC to reference histology registration. a Reference slide (either H&E or LFB-CV stain) with its contours traced in red. The contours are 
obtained using Canny edge detection and used as a reference to visually assess the quality of registration. b Tissue segmentation mask divided 
into parts using the METIS graph partitioning algorithm. Each part is registered separately and there is a regularization term to reduce overlap 
of the individual parts. c IHC slide (AT-8 antibody) after registration. The red contours are the same as (a) obtained from the reference slide and are 
overlaid on the IHC slide. We see good registration performance even in cases with less than ideal tissue e.g. row 2

(See figure on next page.)

5  https://​github.​com/​pyush​kevich/​image-​graph-​cut.

https://github.com/pyushkevich/image-graph-cut
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Fig. 7  (See legend on previous page.)
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series of real-time training sessions led by expert review-
ers (E.B.L., D.J.I., D.T.O., P.A.Y.) trainees annotated exam-
ple patches from a random series of WSI on their own 
time using the online PHAS tool which keeps a visual 
record of exemplar patches which were reviewed for 
accuracy by expert raters. This process resulted in 70,000 
examples of tangle-like objects (tangles, pre-tangles, Pick 
bodies, and ballooned neurons), threads (tau threads, 
neuritic plaques, tangle-associated neuritic cluster, tau 
grains, and tau threads in white matter axons) and back-
ground (healthy neurons, normal-appearing tissue, arti-
facts, dirt, etc.) classes across 261 AT-8 IHC slides from 
139 autopsied brains, that were used for training our clas-
sifier. A patch of size 512×512 was extracted from around 
the labeled boxes. Note that, we only used 4000 samples 
of each class for training so labeling 70,000 examples was 
probably more than necessary.

The training data was labeled on slides sectioned from 
the diagnostic sampling hemisphere and their process-
ing slightly differed from our whole hemisphere IHC 
slides. The training data slides were 20 µ m thick and were 
scanned using Aperio ScanScope digital scanner (Leica 
Biosystems; Nussloch, Germany) at 0.5×0.5 µm2 resolu-
tion as compared to our slides with 30 µ m thickness and 
scanned with TissueScope LE120 at 0.4 µm2 resolution. 
However, the IHC staining was done in the same way and 
their visual appearance was similar enough for the model 
to show comparable performance on both the data.

Training and validation: We trained the model using 5 
fold cross-validation - we randomly divided the 139 spec-
imens into mutually exclusive training (111 specimens) 
and test (28 specimens) set. The model was trained on 
4000 samples of tangles, threads, and background class 
and these samples came only from the 111 specimens in 
the training set. We also used a validation set of 400 sam-
ples per class to determine training progress and early 
stopping criteria to prevent the model from overfitting. 
The model was tested on patches from the 28 specimens 
in the test data. We repeated this process 5 times by ran-
domly generating the training and test splits and picked 
the model with the highest test accuracy among them. 
The chosen model could classify tangles with 96.32% ± 
1.1% (95% CI) accuracy and threads with 95.74% ± 0.57% 
(95% CI) accuracy.

Generation of pathology burden maps: We applied the 
trained Wildcat model on the sampled regions from the 
IHC slides. The class activation maps were extracted from 
the class pooling layer and thresholded at zero. To get a 
cumulative, quantitative measure of pathology, we tried 
various methods of aggregating the image level statistics. 
This included taking the mean, median, and various per-
centiles. Since our sampling here is optimized to match 
specific GM cortex on MRI, we have a relatively focused 

region of interest for digital histology. Thus, lower quan-
tiles did not accurately capture the full pathological bur-
den in the given region. We performed a detailed analysis 
using different summary measures (mean, median, maxi-
mum, 25th, 75th, 90th, 95th, and 99th quantiles) in our 
previous work [14] and based on that chose to use to 99th 
quantile of intensity values as a quantitative measure of 
pathology.

Measuring cortical thickness at landmarks
We used the previously labeled cortical landmarks in the 
whole hemisphere segmentation. All steps in this process 
are illustrated in Fig. 8. A small isotropic neighborhood 
of the surrounding gray matter of these cortical land-
marks was semi-automatically segmented in ITK-SNAP 
using the active contour segmentation [43, 51]. A 3D 
segmentation was obtained from this regional segmenta-
tion and we created a “skeleton” of this 3D shape using 
Voronoi skeletanization [52]. This technique uses Voro-
noi diagrams, which partition a space based on distances 
to a specific set of points, to derive the central structure 
(skeleton) or medial axis of a shape. This medial axis is a 
reduced, simplified surface representation that maintains 
the topology and general layout of the original shape. The 
skeleton captures the connectivity and main form with-
out excess details. For a 3D shape, the skeleton points 
are centers of the biggest sphere that can completely fit 
inside the shape (maximally inscribed) at that point. The 
diameter of the sphere gives us the local thickness of the 
structure (Fig.  9). We used this Voronoi skeletanization 
to compute the cortical thickness measurements at ana-
tomical landmarks in the hemisphere. This approach has 
been previously used and validated in [28, 53].

Point‑wise cortical thickness and regional pathology 
associations
To assess the localized atrophy patterns, we performed 
point-wise surface-based thickness analyses in the fsav-
erage [54, 55] template space. In particular, we fit a gen-
eralized linear model (GLM) via threshold-free cluster 
enhancement (TFCE) [56] with cortical thickness (mm) 
as the dependent variable, and pathology measurement 
from a single region (e.g. anterior cingulate in Fig. 10a) as 
the dependent variable; age, sex, and postmortem inter-
val (PMI) were the covariates. The models were corrected 
for multiple comparisons (p<0.1) using family-wise error 
rate (FWER) [57] and permutation testing with the Freed-
man and Lane method (1000 iterations) [58]. Specifically, 
we used purple-mri6 developed in [40] to parcellate the 
whole-hemisphere using the Desikan-Killiany-Tourville 

6  https://​github.​com/​Pulkit-​Khand​elwal/​purple-​mri.

https://github.com/Pulkit-Khandelwal/purple-mri
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(DKT) altas and then computed whole-hemisphere corti-
cal thickness using FreeSurfer v7.4.0 [55]. Thickness map 
of each individual subject was then warped to fsaverage 
template space and smoothed with a Gaussian kernel of 
full-width half maximum (FWHM) of 5 mm. In our analy-
ses all the left hemisphere surfaces were flipped to match 
the orientation of the right. The t-statistic map and the 
p-value (alpha<0.05; uncorrected) for the pathology meas-
urement was visualized in the fsaverage template space.

Association of p‑tau with regional cortical 
thickness
Prior postmortem MRI studies found widespread pat-
terns of association between tau pathology in the MTL 
and structural measures, including hippocampus and 
amygdala volumes [59], MTL [13, 60], and whole-hem-
isphere cortical thickness [40]. However, the relation-
ships between tau accumulation in areas outside of the 
MTL and cortical thickness in corresponding anatomical 

Fig. 8  Cortical thickness measurement. Cortical thickness at anatomical landmarks was measured as the diameter of the maximally inscribed 
sphere using Voronoi skeletanization. Figure shows the process for three areas - middle frontal gyrus, motor cortex, and the posterior cingulate 
gyrus. a Cortical landmark labeled as a 3 ×3× 3 voxel dot in the whole hemisphere segmentation. b An isotropic region around the dot label 
is semi-automatically segmented in ITK-SNAP using the active contour segmentation. c 3D rendering of the segmented region. d Maximally 
inscribed sphere after Voronoi skeletanization inside the 3D rendering. The diameter of this sphere is used as the cortical thickness measurement 
for this anatomical landmark
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locations in the ipsilateral hemisphere has not been 
extensively studied [61]. Previous studies have linked 
tau accumulation with neuronal loss and subsequent tis-
sue atrophy which suggests that increased tau pathology 
in a region should be associated with decreased cortical 
thickness [62–64]. Using our pipeline for MRI-guided 
histology and quantitative measurements of pathology 
and cortical thickness, we present a preliminary analy-
sis comparing quantitative phosphorylated tau (p-tau) 
score with linked ipsilateral, whole hemisphere ex  vivo 
morphometry. This study examined hemispheres from 
29 brain donors (14 female, 15 male) autopsied between 
2018 and 2021, with an average age of 78.83 years (range 
63-99) at death and an average postmortem interval of 
20.22 h (range 4-58). All the brains had a primary or sec-
ondary neuropathological diagnosis of AD or primary 
age-related tauopathy (PART), without evidence of other 
tauopathies or frontotemporal lobar degeneration involv-
ing TDP-43 inclusions. The demographics and neuro-
pathological breakdown of the cohort is presented in 
Table 1. All the hemispheres followed the scanning, fixa-
tion, and histological processing described above. Since 
the MTL is excised for 9.4T MRI in AD and PART brain 
donors at our center, most hemispheres did not have an 
intact MTL. This also meant that we did not have enough 
data points for superior temporal gyrus, inferior tempo-
ral gyrus, insular gyrus, entorhinal cortex, Broadmann 
Area 35, Cornu Ammonis 1, subiculum, and parahip-
pocampal cortex. The characterization of tau pathology 
in these regions in the MTL is presented in [44].

We performed all analysis in Python using open-
source libraries scipy (version 1.12.0), statsmodels (ver-
sion 0.14.0), and pingouin (version 0.5.5). We only used 
regions of interest that had 15 or more measurements 
available. We calculated one-sided partial Spearman 
rank-order correlation coefficient to assess the correla-
tion between cortical thickness and pathology with age, 
sex, and postmortem interval (PMI) as covariates. The 
results are reported in Table  2. We also separately cal-
culated the one-sided Spearman correlation coefficient 

without any covariates; and using only sex and PMI as 
covariates (supplementary table 1).

Results
Partial Spearman correlations between cortical thick-
ness and tau tangle with age, sex, and PMI as covariates 
were significant in the middle frontal gyrus (r = −0.3961, 
p-value = 0.0419; n = 23). Partial Spearman correlations 
between cortical thickness and neuronal threads with 
age, sex, and PMI as covariates were significant in the 
posterior cingulate gyrus (r = −0.4612, p-value = 0.0270; 
n = 21), anterior cingulate gyrus (r = −0.4812, p-value 
= 0.0216; n = 21), and the middle frontal gyrus (r = −
0.4077, 0.0372; n = 23). We also report the results with 
no covariates and only sex, PMI as covariates in supple-
mentary table 1.

We also calculated surface-based point-wise correla-
tion between thickness and the regional quantitative neu-
ronal threads measurements in regions where there was 
significant correlation. The results for anterior cingulate, 
posterior cingulate, and the middle frontal gyrus (regions 
marked by the black rectangles) are presented in Fig. 10. 
The figure shows the t-statistics map on the pial surfaces. 
We see areas of high t-statistic in all the three regions 
which is in line with the Spearman correlation coeffi-
cients that we obtained previously.

Discussion
In this work, we present a general method to process 
whole hemispheres for MRI-guided histology in high vol-
ume brain banks. It is an end-to-end protocol including 
scanning the hemispheres, labeling cortical landmarks, 
generating custom 3D printed molds, slabbing the brain 
tissue, histological processing, and staining. The FFPE 
blocks of the whole hemisphere created during the pro-
cess can be stored indefinitely at room temperature and 
used in the future to analyze structure-pathology asso-
ciations in additional anatomical regions, or using new 
immunohistochemistry techniques. The virtual slabs of 
the hemisphere and slabface photographs of the tissue 
provide us a permanent frame of reference with respect to 

Fig. 9  Wildcat activation maps. A Sample patch-level activation maps of neuropathology. Each column shows a sample patch of tissue 
and the class activation maps for the patch for each class. The model produces highest activation (seen as bright spots) for areas where it detects 
an example of that particular class in the sample. For example, we see bright spots in the tangle class activation map where the model detects 
tangles in the patch. But there is no activation for tangle class in any area in the other patches. We also see little to no activation for threads 
and other class for the patch containing the tangle i.e. the model doesn’t detect any of these classes in that patch. B Wildcat applied to a sample 
patch of IHC shows how we use Wildcat to get quantitative pathology scores in our pipeline. a AT-8 IHC slide of a segment of brain tissue showing 
the anterior cingulate gyrus in the ROI. The red boxes show the areas of tissues that were sampled to get pathology scores. b, c Zoomed in views 
of the patches. d Closer look at the sampled patch. The bright rectangular patch was passed to the Wildcat model. e Output from the Wildcat 
model showing the activation map for tau tangles. The bright spots are where the model detected tangles in the patch. f Output from the Wildcat 
model showing the activation map for neuronal threads. The bright spots are where the model detected threads in the patch

(See figure on next page.)
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Fig. 9  (See legend on previous page.)
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MRI for these FFPE blocks. We also presented a prelimi-
nary computational pipeline to perform MRI to histology 
registration, obtain quantitative measures of pathology 
from histology, and cortical thickness measurements 
from the MRI scans. Beyond enabling spatially-linked 
morphometry-pathology associations, our postmortem 
hemisphere processing protocol lays a foundation for 
improving neuropathological sampling for any future 
studies. The pipeline will be especially advantageous for 
studying spatially heterogeneous, “patchy” pathologies 
– such as cerebrovascular small vessel disease (CSVD), 
chronic traumatic encephalopathy (CTE), aging-related 
tau astrogliopathy (ARTAG), argyrophilic grain disease 
(AGD) – precisely and at a scale that was previously not 
feasible. The fact that the whole hemisphere is preserved 
as paraffin-embedded blocks with known spatial corre-
spondence to the ex vivo MRI makes it possible to retro-
spectively map lesions or regions of interest observed on 
MRI (either in vivo or ex vivo) to corresponding locations 
in histology (and vice versa). For example, white matter 
hyperintensities (WMH) observed on in vivo FLAIR MRI 
can be investigated histologically, as shown in Fig. 11, by 
cutting additional sections from the corresponding par-
affin block and applying appropriate histological stains. 
Conversely, the protocol makes it possible to study the 
spatial distribution of pathologies such as ARTAG and 

AGD that are “MRI-invisible” but are prominently vis-
ible on histology. By mapping the distribution of these 
pathologies into ex  vivo MRI space, and registering 
ex vivo MRI to a population template [53], it will be pos-
sible to characterize the variability in the distribution and 
spread of these pathologies, perhaps eventually leading 
to MRI-based biomarkers for their detection. Thus, by 
providing a scalable method for anatomically informed, 
MRI-guided sampling, this work paves the way for refin-
ing neuropathological diagnostic criteria and sampling 
protocols to capture both known and novel patterns of 
regional pathology. Once scaled up, the far-reaching 
applications of this work could include creating norma-
tive and disease phenotype maps of pathology as well as 
MRI-derived signatures of pathology even applicable to 
in vivo studies and biomarker development.

Necessity of postmortem imaging: Postmortem whole 
brain or whole hemisphere MRI scans are not a com-
mon procedure in most brain banks that serve AD 
and FTLD research centers in the United States [65]. 
However, postmortem MRI is necessary to get the 3D 
printed mold used in our protocol and establish the 
one-one reference system between MRI and tissue for 
histological processing. Antemortem MRI cannot be a 
substitute for this as fixation-induced deformation and 
the long interval between antemortem imaging and 

Fig. 10  Template-space point-wise morphometry-pathology correlations. Point-wise correlation between thickness and the regional quantitative 
neuronal threads measurements in the a, b anterior cingulate, b, e posterior cingulate, and c, f middle frontal gyrus. Generalized linear model (GLM), 
using threshold-free cluster enhancement (TFCE), was fit to correlate point- wise thickness (mm) with average neuronal threads ratings for each 
group. The models were covaried for age, sex, and PMI. Shown are the t-statistics maps after multiple comparisons (p ≤ 0.1) using family-wise 
error rate (FWER) and permutation testing with the Freedman and Lane method (1000 iterations). The black rectangle in the medial view marks 
the location of each region in the brain. We see areas of high t-statistic in all the three regions which is in line with the Spearman correlation 
coefficients that we obtained previously
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time of death result in significant anatomical changes 
that prevent reliable alignment between antemortem 
MRI and histological tissue. Among centers that do 
perform postmortem imaging, there is a great deal of 
variation in laboratory procedures, and registration 
between histological images and MRI is rarely the driv-
ing factor for tissue processing. Custom 3D printed 
molds based on the MRI scans have ben successfully 
used for high volume histological processing in smaller 
organs such as the prostate [66]. A previous study used 
brain-specific 3D printed molds for rat and macaque 
brains [67]. The grooves in the mold were created using 
species-specific anatomical information from stereo-
taxic atlases and used to localize the anatomy. [68] have 
used a custom 3D printed cutting box for cutting whole 
human brains. A recent pre-print [69] used a reusable 
container with agar medium for scanning and cutting 
postmortem brains. However, the set up required a 
custom-made Tic-Tac-Toe head coil radiofrequency 
system in the MRI scanner. Agar is also not an ideal 
medium as it sticks to tissue and cannot be completely 
removed. Our pipeline improves on these approaches 
by also including MRI-based patient-specific cortical 
landmarks and mapping them to the cut sections. This 

speeds up our downstream registration pipeline com-
pared to the visual matching done in [68]. Our design 
of the 3D mold also uses less raw material compared to 
[68] while still having the grooves that ensure parallel 
cuts.

On the other hand, MRI-guided histology protocols 
that don’t use custom 3D molds have used intermedi-
ate modalities such as blockface imaging [19] or MRI 
scans of the cut brain slabs [15, 70]. Blockface imaging 
can complement the registration pipeline but cannot do 
much in case of unevenly cut brain tissue. Re-scanning 
the cut brain slabs is a delicate, resource-intensive pro-
cess and also requires the use of a custom container 
for scanning. [71] have investigated WMH and normal 
appearing white matter (NAWM) with targeted histo-
pathological sampling using postmortem MRI. How-
ever, they did not use any mold and re-scanned each 
of the coronal slabs of cut tissue in addition to whole 
hemisphere MRI. As we show in Fig.  11, our protocol 
can be used to study WMH in a similar manner but 
without the need for rescanning cut tissue. Our 3D 
printed mold ensures even cuts and does not require 
further MRI scanning while also being modular enough 
to include blockface imaging in the future.

Fig. 11  White matter hyperintensities across modalities. White matter hyperintensities (WMH) are the most prominent MRI markers for vascular 
pathology. Cerebrovascular pathology (CSVD) is a type of spatially heterogeneous pathology that can greatly benefit from MRI-guided histology 
sampling. Here we track the locations of WMH across a ex vivo whole hemisphere MRI b in vivo FLAIR MRI that is registered to the ex vivo MRI c 
ex vivo MRI that is registered to the LFB-CV histology slide and lastly d LFB-CV histology slide. LFB-CV (Luxol Fast Blue counterstained with Cresyl 
Violet) is a stain that enables simultaneous visualization of myelinated fibers and neuronal cell bodies. Myelin appears blue and neurons purple. 
This dual staining technique enables us to assess both white matter integrity and neuronal density in the brain tissue. In the last column e we see 
the 25x zoomed in tissue regions. Red box shows demyelinated tissue and the green box shows normal control tissue. The regions are marked 
with boxes on the other modalities as well
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Other postmortem pathology-morphometry asso-
ciation studies, which do not use any specialized cut-
ting devices, have used in  situ MRI [72], regional tissue 
sample MRI [73–75] whole brain scans [69], and whole 
hemisphere scans [76–78]. Most studies did not perform 
any registration between the histology and MRI. Our 
work also uses higher resolution 7T 0.28 mm3 isotropic 
resolution MRI scans compared to the lower resolution 
3T 0.6×0.6×1.5 mm3 MRI scans used in some other large-
scale postmortem studies [77, 79]. [74] used a special his-
tological readiofrequency coil to get around it. [73, 75] 
visually picked the MRI slice that was closest in appear-
ance to the histology slide and then performed non-
linear registration. For quantitative pathology in whole 
hemispheres, a previous study [80] used high-throughput 
digital histopathology to algorithmically quantify amy-
loid and tau tangle pathology in over 600 brain autopsies. 
However, the study did not include MRI correlates. Our 

deep learning-based pipeline can also provide more fine-
grained quantification of heterogeneous pathology in 
digital slides as compared to some of these methods.

A previous work from our group studied the associa-
tion of phosphorylated tau pathology with whole-hem-
isphere ex  vivo morphometry [28]. However, the work 
used semi-quantitative pathology ratings from the con-
tralateral hemisphere as measures of pathology. Another 
limitation of the study was the unavailability of exact 
homologues for pathology-thickness measurements. 
Out of the 16 regions used for the study, only seven 
regions had paired thickness and histopathology scores. 
For the remaining nine “exploratory” regions, pathol-
ogy measurements from proximal regions were used for 
the analysis. Compared to these proximal regions, our 
model showed significant correlation in the anterior and 
posterior cingulate gyrus, and middle frontal gyrus. Our 
study also suffered from a lack of measurements from the 
MTL region where these associations are observed most 
strongly. Despite this, the stronger correlations in the 
paired regions demonstrate the utility and importance of 
studying ipsilateral, quantitative morphometry-pathol-
ogy association in postmortem tissue.

Limitations and caveats: There are a few shortcomings 
in our current MRI to histology registration workflow. 
The downside of using 75×50  mm slides for histology, 
compared to the more widely used 75×25 mm slides, cre-
ates more distortions like shearing, tearing, folding, and 
staining artifacts. We have also optimized our microtome 
sectioning to now create sections of 20 µ m thickness 
which has reduced folding of the tissue when mounting 
on the slides. Due to the nature of our research center 
and brain bank, we mostly deal with diseased brains with 
varying degrees of atrophy. This also means compro-
mised tissue integrity which makes it harder to perform 
consistent histological processing. We assume that the 
tissue has been cut parallel to the coronal MRI acquisi-
tion plane; which is a fair assumption given our use of 
the custom 3D molds for guiding the cuts. However, in 
reality, there may be out-of-plane distortions either dur-
ing the initial cutting of the tissue or sectioning of the 
FFPE block on the microtome. In an optimization-based 
deformable registration, we need to strike the right bal-
ance with regularization to model these out-of-plane 
deformations. In our future work, we plan to use the 
slabface (images of the cut tissue taken before paraf-
fin embedding, see Fig. 5b) and blockface (images of the 
FFPE block mounted on the microtome, see Fig. 5e) pho-
tographs as intermediate modalities in the registration 
workflow.

Our initial SOP for labeling cortical landmarks did 
not take into consideration the depth of the labels from 
the anterior face of the slab in which they were located. 

Table 2  Correlation coefficient and p-value for one-sided 
partial Spearman correlation between quantitative pathology 
score (neuronal threads and tau tangles pathology) and cortical 
thickness measurements from the ipsilateral hemisphere with 
age, sex, and postmortem interval as covariates

We report the values for 10 regions of interest in the whole hemisphere. Cortical 
thickness was measured as the diameter of the maximally inscribed sphere in 
the MRI segmentation. Quantitative pathology measurements were obtained 
using a weakly supervised deep learning algorithm. Significant correlations 
(p-value < 0.05) are shown in bold

Region of Interest
(number of data points)

Correlation coefficient (p-value) of one-
sided partial Spearman 
correlation between cortical thickness 
and quantitative pathology
measurements with age, sex, and 
postmortem interval as covariates

Tau tangles Neuronal threads

Angular gyrus
(n = 18)

0.0679 (0.5951) − 0.1346 (0.3162)

Posterior cingulate gyrus
(n = 21)

− 0.2421 (0.1665) − 0.4612 (0.0270)

Superior parietal lobule
(n = 19)

− 0.3161 (0.1165) − 0.4022 (0.0613)

Motor cortex
(n = 24)

0.4050 (0.9657) 0.2802 (0.8907)

Anterior cingulate gyrus
(n = 21)

− 0.3988 (0.0506) − 0.4812 (0.0216)

Orbitofrontal gyrus
(n = 19)

0.2432 (0.8180) 0.2754 (0.8491)

Middle frontal gyrus
(n = 23)

− 0.3961 (0.0419) − 0.4077 (0.0372)

Insular gyrus
(n = 19)

− 0.0875 (0.3737) − 0.1712 (0.2631)

Inferior frontal gyrus
(n = 19)

0.0555 (0.5805) 0.0695 (0.6009)

Primary visual cortex
(n = 15)

− 0.3936 (0.1028) − 0.3518 (0.1311)
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During manual evaluation of the registration results, we 
realized that in some cases, the cortical landmark was 
localized to a particular coronal plane that was further 
posterior than the histology section. To prevent such 
cases, we updated our labeling SOP to ensure that the 
labels were placed within 2  mm of the anterior face of 
the 1  cm thick slab. In some other cases, the histology 
tissue for the region of interest was too distorted to be 
processed for quantitative pathology measurements. As 
we have processed more cases, the frequency of such tis-
sue distortions has greatly reduced. But a workaround 
for such cases can be to use a “histology-first” approach 
to labeling regions of interest. We would use the MRI 
labels to localize the slabs to be processed, but specify 
the region of interest on the histology slide first. After 
registration, the cortical thickness measurements will be 
taken from the corresponding region on the MRI.

Finally, it’s important to note that our postmortem 
imaging studies project commenced shortly before 
the onset of the COVID-19 pandemic, and this cohort 
included specimens with higher fixation period which 
significantly affected tissue quality. Previous works have 
shown that paired helical filament (PHF) tau can undergo 
dephosphorylation over longer fixation times [81, 82], 
however, the anatomical distribution of the pathology is 
still preserved. We have also observed significant shrink-
age in the tissue volume for the brains that have been in 
fixation for a long duration. In the more recent autop-
sies at our center, we have implemented a standardized 
60-day formalin fixation period. As with other limita-
tions, we anticipate that greater consistency in formalin 
fixation would likely strengthen the observed associa-
tions between structure and pathology. Another factor to 
be considered is the postmortem interval, which is the 
period from time of death to autopsy, and can affect tis-
sue integrity and protein markers. A previous work has 
shown no detectable protein loss for a PMI of up to 22 h 
[83] and another work shows positive staining for all pro-
teins for a PMI of up to 3 days [84]. Our mean PMI of 
20.22 h is well within these estimates for postmortem tis-
sue analysis. Furthermore, as suggested in these studies, 
we have used the postmortem interval as a covariate in 
all our statistical analysis to account for the effect of vary-
ing PMI.

Future work: We want to create a high-throughput 
pipeline for MRI-guided histology processing in high 
volume brain banks. Our goal is to reliably automate all 
image processing and computational steps following the 
digitization of histology slides using a range of histo-
pathological stains for various features of neurodegen-
eration in adjacent slides. We recently developed and 
validated a surface-based, whole hemisphere parcellation 
scheme to perform point-wise morphometry analysis in 

native subject space for ex vivo hemispheres. We plan to 
use this pipeline to automate the labeling of the cortical 
landmarks for MRI-guided histology and obtain more 
accurate cortical thickness measurements. Our current 
registration pipeline involves a manual initialization step 
for the subsequent automatic registration. By incorporat-
ing intermediate modalities like slabface and blockface 
photographs, we hope to have an end-to-end automated 
registration pipeline. We also plan to train and validate 
our WSL quantitative pathology model for α-synuclein 
and TDP-43 pathologies in whole hemisphere histology. 
These are the two most frequently occurring co-patholo-
gies in AD patients. It is important to have a measure of 
all the co-pathologies to get the most accurate morpho-
metry-pathology associations in ADRD.

Conclusions
In this study, we present a standardized protocol for 
operationalizing postmortem pathology-MRI associa-
tion studies in Alzheimer’s Disease and related disorders 
through MRI-guided histology sampling. We use ultra-
high resolution 7T ex vivo MRI scans to guide the histo-
logical sampling of brain tissue. This method overcomes 
the limitations of traditional brain banking practices, 
which often rely on limited and sparse regional sam-
pling. Our approach leverages patient-specific 3D printed 
molds obtained from ex  vivo MRI scans which allows 
precise and reproducible histological sampling while 
maintaining a permanent spatial frame of reference.

Furthermore, we developed a semi-automated MRI to 
histology registration pipeline, which aligns histology 
and IHC slides to corresponding MRI coronal planes 
facilitating correlation studies between imaging features 
and neuropathological findings. We use a weakly super-
vised deep learning-based architecture to calculate quan-
titative measures of pathology, which allows for objective 
and scalable analysis of pathology. We apply this to 
analyze a cohort of 29 postmortem brains with ADRD 
neuropathological diagnosis and demonstrate correla-
tion between cortical thickness and phosphorylated tau 
pathology, thus validating our protocol for studying spa-
tially-linked quantitative morphometry-pathology asso-
ciations in postmortem whole hemisphere brains.

This work not only establishes a high-throughput and 
reproducible framework for MRI-guided histological 
sampling but also lays the foundation for future studies 
aimed at developing more accurate in  vivo biomarkers 
for neurodegenerative diseases such as creating norma-
tive and disease phenotype maps of pathology and study-
ing MRI-derived signatures of pathology. The flexibility 
of our protocol allows for its adaptation to other neu-
ropathologies such as TDP-43 and α-synuclein, thereby 
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expanding its applicability to a broader spectrum of neu-
rodegenerative conditions.
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