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Abstract.
Background: Neuroimaging bears the promise of providing new biomarkers that could refine the diagnosis of dementia.
Still, obtaining the pathology data required to validate the relationship between neuroimaging markers and neurological
changes is challenging. Existing data repositories are focused on a single pathology, are too small, or do not precisely match
neuroimaging and pathology findings.
Objective: The new data repository introduced in this work, the South Texas Alzheimer’s Disease research center repository,
was designed to address these limitations. Our repository covers a broad diversity of dementias, spans a wide age range, and
was specifically designed to draw exact correspondences between neuroimaging and pathology data.
Methods: Using four different MRI sequences, we are reaching a sample size that allows for validating multimodal neuroimag-
ing biomarkers and studying comorbid conditions. Our imaging protocol was designed to capture markers of cerebrovascular
disease and related lesions. Quantification of these lesions is currently underway with MRI-guided histopathological exami-
nation.
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Results: A total of 139 postmortem brains (70 females) with mean age of 77.9 years were collected, with 71 brains fully
analyzed. Of these, only 3% showed evidence of AD-only pathology and 76% had high prevalence of multiple pathologies
contributing to clinical diagnosis.
Conclusions: This repository has a significant (and increasing) sample size consisting of a wide range of neurodegenerative
disorders and employs advanced imaging protocols and MRI-guided histopathological analysis to help disentangle the effects
of comorbid disorders to refine diagnosis, prognosis and better understand neurodegenerative disorders.

Keywords: Alzheimer’s disease, dementia, histopathology, magnetic resonance imaging, neuroimaging, postmortem diag-
nosis

INTRODUCTION

A diagnosis of dementia is often difficult for
patients and their families. They face complex deci-
sions regarding patient autonomy, caregiver needs,
and potential financial concerns [1]. Furthermore,
it is essential to identify the underlying patho-
physiology to guide patient management accurately.
Unfortunately, early clinical diagnosis of dementia is
challenging. Histopathology at autopsy has long been
the gold standard for the diagnosis of Alzheimer’s
disease (AD) [2–5], frontotemporal lobar degenera-
tion (FTLD) [6], and Lewy body dementia (LBD) [7].
Still, these postmortem guidelines are challenging to
translate into in-vivo biomarkers, which are critical
for early and accurate dementia diagnosis.

Several reasons explain the challenges for accu-
rate diagnoses of dementia. First, neurodegenerative
processes often begin with an early phase marked
by insidious progression or lack of symptoms [8]
that may not alert patients and healthcare providers
until a diagnosis of mild cognitive impairment (MCI)
or even more advanced stage. A second issue is
the prevalence of comorbid conditions [9]. Cere-
brovascular diseases (CVD) are the most common
concomitant pathologies alongside AD in patients
with cognitive impairment, and the respective con-
tributions of vascular dementia (VaD) and AD to
cognitive impairment are challenging to disentangle
[10–14]. The prevalence of mixed pathological diag-
noses (combinations of AD, VaD, LBD, FTLD) has
been reported to be as high as 70% [15].

New investigations are required to develop in
vivo biomarkers better reflecting clinical presentation
and postmortem pathology, to understand the patho-
physiological processes underlying dementias, and
to refine dementias’ diagnosis. Neuroimaging could
potentially bridge these gaps as it can detect tissue
damage in a non-invasive way and is increasingly
available in clinical care [16]. Several brain banks
have thus been established, to create postmortem
data repositories describing both normal aging and

neurodegenerative disorders with the hope of discov-
ering new disease biomarkers. Unfortunately, most
repositories either lack postmortem imaging to cor-
relate with histopathological findings [17–20] or are
restricted to a specific population, healthy brains, or a
single disorder [21, 22]. These limitations primarily
reduce the possibilities of understanding similarities
between neurodegenerative pathologies and develop-
ing more specific markers.

The Biggs Institute Brain Bank was designed to
overcome these limitations by developing a data
repository where brain imaging and histopathology
closely correspond. Our repository provides unique
opportunities for radiological images to identify
potential biomarkers to guide histopathological sec-
tioning and provide context for the diagnostic utility
of the imaging biomarkers (Fig. 1). This approach
offers crucial information for the validation of future
dementia biomarkers.

In summary, the primary goals of this manuscript
are threefold:

1. To describe the South Texas ADRC Brain Bank
postmortem database, a unique data repository
of postmortem imaging and histopathology of
patients with a wide range of neurodegenerative
disorders, filling a critical gap in AD research
with the lack of joint imaging-pathology dataset
in a population with diverse and often overlap-
ping neurodegenerative disorders [21, 22].

2. To introduce novel techniques developed by our
group for performing MR-guided pathological
analysis of near microscopic lesions through
a newly developed 3D printed cutting guide
pipeline. Our repository, to our knowledge, is
one of the first with the capacity to perform
histopathological analysis of a specified MRI-
visible lesion of any size.

3. Demonstrate potential avenues of novel method
development and new lines of investigation
with this unique cohort, with a particular
focus on vascular brain lesions, iron deposition,
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Fig. 1. Overview of MR-guided histopathological examination within the South Texas Alzheimer’s Disease Research Center Repository.
Perivascular (green), deep (yellow), and normal appearing (magenta) white matter examples are identified in the MRI image.

hippocampal segmentation, and volumetric
measures quantification in relation to varying
pathologies.

MATERIAL AND METHODS

Brain samples

The brains collected in this work are all donated
at our institution, the University of Texas Health

Science Center at San Antonio. Our brain bank
accepts donations from patients with clinically
diagnosed neurodegenerative disorders (Table 1).
Once consent is obtained (the consent form can
be found at https://biggsinstitute.org/research/brain-
donation/enroll/), a diener is dispatched to collect the
brain, brain stem, and spinal cord. The right hemi-
sphere is frozen to be preserved for future analysis,
while the left hemisphere and the spinal cord are
fixed in a 10% neutral buffered formalin solution

https://biggsinstitute.org/research/brain-donation/enroll/
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Table 1
South Texas Alzheimer’s Disease research center cohort. In addition to these 139 patients, 8 patients (2 men and 6 women) were diagnosed
with rare disorders: frontotemporal dementia and multiple sclerosis (1 man, 78 years old), anorexia nervosa (1 woman, 57 years old),
Alzheimer’s disease and Creutzfeldt-Jakob disease (1 woman, 79 years old), Huntington’s disease (1 woman, 64 years old), amyotrophic
lateral sclerosis (1 woman, 62 years old), multiple system atrophy (1 man, 77 years old), and multiple sclerosis (2 women, 57 and 66 years

old). An additional 13 patients’ records are pending for diagnosis

Diagnosis Total Men Women Mean age (min-max age)

Total 139 69 70 77.9 (54–97)
Alzheimer’s Disease (AD) 65 34 31 78.8 (56–95)
Frontotemporal Dementia (FTD) 10 3 7 69.7 (61–75)
Lewy Body Dementia (LBD) 9 8 1 76.2 (63–88)
Vascular Dementia (VaD) 4 3 1 83.0 (74–97)
Parkinson’s Disease (PD) 8 4 4 75.2 (70–78)
AD & LBD 9 3 6 75.8 (55–87)
AD & LBD & FTD 1 1 0 73.0 (73–73)
AD & LBD & VaD 2 1 1 68.0 (58–78)
AD & LBD & VaD & PD 1 1 0 88.0 (88–88)
AD & VaD 8 3 5 81.9 (61–94)
AD & PD 2 1 1 81.0 (72–90)
Dementia not specified 20 7 13 78.4 (54–91)

[23] and kept in refrigerated conditions for subse-
quent imaging and histopathology. So far, 139 brains
have undergone postmortem imaging.

In addition, family interviews are conducted by
our team and medical records are collected to aid
in the understanding of how the pathology corre-
sponds to clinical presentation, and they are reviewed
by a team including members from psychiatry,
neurology, and pathology. Collection of medical
records involves contacting all medical and imag-
ing providers visited by the donor once consent is
given, although collection of records from some facil-
ities can be unsuccessful despite this. Antemortem
clinical magnetic resonance imaging (MRI) includ-
ing T1-weighted, T2-weighted, Fluid Attenuation
Inversion Recovery (FLAIR), Diffusion Weighted
Imaging (DWI), and Susceptibility Weighted Imag-
ing (SWI) have been collected in 52 donors and
counting with consent for comparisons between ante-
and postmortem imaging (Fig. 2). An additional
eight antemortem fluorodeoxyglucose positron emis-
sion tomography (PET) scans and one amyloid PET
scan are also available for future investigation of
PET biomarkers. Other images, including computer-
ized tomography scans and X-Ray images, were also
stored in case of future utility.

Image acquisition

Before dissection for histopathology, a post-
mortem MRI is performed on the left half of the
brain, including the cerebral hemisphere, cerebel-
lum, and brain stem down to approximately the
cervicomedullary junction. Brain halves are first

submerged in a bag filled with formalin and kept
refrigerated for two weeks to eliminate air bubbles.
The bags containing the brains are then placed inside
a Siemens TimTrio 3T scanner and imaged using an 8-
channel knee coil. The first 101 brains were scanned
following the original imaging protocol presented in
Table 2 and lasting 2.5 h. Subsequently, a postmortem
Diffusion-Weighted Fast Imaging with Steady-state
free Precession (DW true FISP) sequence was added
to the protocol in order to characterize white matter
tissue integrity through diffusion metrics such as frac-
tional anisotropy and mean diffusivity, and replaced
the gradient echo sequence. The T2-weighted turbo
spin echo sequence (TSE) was modified to reduce
slice thickness and improve the scan resolution. The
revised sequence takes approximately 14 hours and
was used to scan the next 59 brains in the repository
(Table 2).

Quality control

After initial testing of the scanning parameters
to optimize image quality for a limited scan time,
imaging quality across brains generally did not vary
greatly. The 8-channel knee coil was selected after
comparisons with other coils to maximize overall
contrast-to-noise (CNR) of the brain, though the CNR
did drop near the edges of the image. The CNR is
defined by [24]:

CNR =
∣
∣
∣
∣

MeanGM − MeanWM

Standard DeviationAIR

∣
∣
∣
∣
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Fig. 2. Example of lesion progression. The antemortem clinical scan was performed in 2014, while the postmortem scan was completed in
2020, several months after passing. The WMH around the frontal horn of the lateral ventricle has increased during this time. The total WMH
volume increased from 10.2 cm3 (in 2014) to 14.5 cm3 (in 2020) during this time.

Table 2
Imaging protocols. The first 101 brains were scanned using the original imaging protocol. The revised protocol incorporating a new

diffusion-weighted sequence as well as a higher resolution T2 TSE sequence was used for the next 59 brains

Original TR (ms) TE (ms) Flip Angle Resolution (mm3) Scan Time
(min)

Other parameters

SWI/QSM 39 6.72, 12.79, 21.29,
29.79

15◦ 0.5 × 0.5 × 0.5 61 6 averages

T1-Weighted 2200 3.25 13◦ 0.5 × 0.5 × 0.5 24 4 averages
T2 TSE 3750 20, 30, 50 120◦ 1.5 × 0.6 × 0.6 40 4 averages
Multi-Echo GRE 35 5, 10, 15, 20, 25,

30
20◦ 1.0 × 1.0 × 1.0 5

Revised TR (ms) TE (ms) Flip Angle Resolution (mm3) Scan Time
(min)

Other parameters

SWI/QSM 39 6.72, 12.79, 21.29,
29.79

15◦ 0.5 × 0.5 × 0.5 61 6 averages

T1-Weighted 2200 3.25 13◦ 0.5 × 0.5 × 0.5 24 4 averages
T2 TSE 9790 23, 34, 68 120◦ 0.8 × 0.6 × 0.6 293 14 averages
DW True FISP 29.77 23.89 35◦ 1.0 × 1.0 × 1.0 472 b-value

1 = 0 s/mm2

b-value
2 = 18000 s/mm2

44 diffusion
directions
8 B0 images

T1-weighted images generally had a CNR in the
range of 40–50 at the center of the coil while T2-
weighted images generally had a CNR in the in the
range of 20–30 at the center of the coil.

The most consistent artifact to appear are bubbles
in the formalin that at times get trapped within the
ventricles and cause artifacting due to the sudden sus-
ceptibility change at the air-fluid interface. To address
this issue, each brain undergoes a short 5-min pre-
liminary low-resolution scan to visually assess for
the presence of bubbles. If present, the brains are
shifted and then stored back in refrigeration to allow
the bubbles to pass with time.

Image processing

Brain scans are processed as follows. Due to the
amorphous shape of the formalin containing bag,
the alignment of scans was inconsistent due to a
desire to minimize field of view to minimize scan
time. This required reorientation of the brain post
scan for consistent axes across all scans. This issue
was gradually improved upon with increasing expe-
rience in bag placement within the coil for consistent
orientation of the brain, and efforts are currently
ongoing to design custom MR-compatible brain hold-
ers. The N4 bias field correction algorithm provided
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with the Advanced Normalization Tools (ANTs) soft-
ware library version 2.2.0 [25] is then used to correct
MRI intensity to remove artifacts induced by inhomo-
geneities in the magnetic field generated by the MRI
scanner [26]. ANTs is then used to register the T2-
weighted scan in the space of the T1-weighted scan,
and the registered T2-weighted scan is used to seg-
ment brain tissues by using the FSL FAST software
version 5.0.11 [27]. The workflow is summarized in
Fig. 3 (top).

SWI is a high-resolution, 3D imaging sequence
where the image contrast is enhanced by combining
the magnitude and phase data [28, 29]. A homo-
dyne high-pass filter [30] with a predefined k-space
window size was applied to the raw phase image to
generate a negative phase mask. This phase mask was
raised to power 4 and multiplied with the magnitude
image to generate the SWI. Quantitative susceptibil-
ity mapping (QSM) is a post-processing method for
mapping the magnetic susceptibility of local tissue
and is useful for quantifying biomarkers such as iron
distribution, calcification, and demyelination [31].
QSMs were generated using the Morphology Enabled
Dipole Inversion method [31, 32]. A non-linear fitting
was used to estimate the total field followed by spatial
unwrapping. Then background fields were removed
with the Projection onto Dipole Fields method [33]
and the final susceptibility map was calculated with
the Morphology Enabled Dipole Inversion with zero
referencing using cerebral spinal fluid method [34].
The workflow is summarized in Fig. 3 (bottom) and
an example of SWI/QSM is shown in Fig. 4.

Standard histopathological examination

Microscopic sections are prepared from 23 brain
regions according to NIA Alzheimer’s Association
guidelines [35]. All brains are evaluated according
to the most current diagnostic criteria for AD. Hema-
toxylin and eosin stains [36], Thioflavin-S [37], p-tau
(AT8) [38], and amyloid-� (4G8) [39] immunohis-
tochemistry are routinely used for AD and cerebral
amyloid angiopathy (CAA) [40]. Examination for
other contributing factors, including cerebrovascu-
lar injury [41], tauopathies, �-synucleinopathies [42],
and p-TDP-43 is also undertaken. Additional stains
include ubiquitin (p62) [43], fused-in-sarcoma pro-
tein (FUS) [44], and �-internexin [45] to detect
inclusions for various other types of neurodegener-
ative disorders were performed as well.

Neuropathological indicators of AD degenera-
tive change include determining the Thal phase

of amyloid-� plaque deposition [46], Braak neu-
rofibrillary tangle stage [47], and the Consortium
to Establish a Registry for Alzheimer’s Disease
(CERAD) neuritic plaque score [3]. A composite
“ABC” score is determined using the three indicators
to assess the extent of AD neuropathological change
[35]. Other neurodegenerative changes include loca-
tions of Lewy body pathology spread for LBD
staging [48], evidence of tau pathology for deter-
mining presence of FTLD-tauopathies [49], and
TDP-43 inclusions for FTLD-TDP subtype [50] as
well as Limbic-predominant Age-related TDP-43
Encephalopathy (LATE) [51]. For this study, cases
with high AD degenerative change were counted
as having AD, cases with evidence of Lewy bodies
above the brain stem were counted as LBD, cases with
stage 2 spread of argyrophilic grains (to beyond the
ambient gyrus and immediate vicinity) were counted
as having argyrophilic grain disease [52], and cases
with the corresponding tauopathy or TDP-43 pro-
teinopathy were counted as FTD-Tau or FTD-TDP.

Cerebrovascular disease burden is assessed by
macroscopic and microscopic measurement of
atherosclerosis, arteriolosclerosis, and hyperten-
sive changes such as perivascular clearing and
hemosiderin-laden macrophages [53]. Amyloid-�
protein precursor and amyloid-� assess white mat-
ter (WM) ischemic pathology or axonal injury. The
degree of cerebral arteriosclerosis is assessed semi-
quantitatively in four regions of deep WM and basal
ganglia, atherosclerosis in the circle of Willis, and
CAA in the middle frontal, inferior parietal, superior
temporal, and calcarine cortices. Semi-quantitative
scores for arteriosclerosis, atherosclerosis, and CAA
range from none (0) to severe (3). A global CAA
severity is determined using NIA-AA guidelines;
absence of CAA is scored as 0, mild CAA (1) as
scattered A�-positive vessels; moderate CAA (2)
as intense A�-positivity, and severe CAA (3) as
widespread, intense A�-positive vessels in multiple
brain regions. Cases were classified as having CVD if
they had moderate or severe CAA, moderate to severe
arteriosclerosis and/or atherosclerosis, WM rarefac-
tion, infarcts, multiple microinfarcts, hemorrhages,
or hematomas.

RESULTS

Pathological findings

Figure 5 shows the breakdown of pathological
findings in 71 cases that have been fully analyzed
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Fig. 3. Flowchart of the various filters applied for the processing of structural and SWI/QSM images. Blue boxes correspond to image
inputs/outputs, while yellow corresponds to applied filters and transformations.

Fig. 4. Example of Quantitative Susceptibility Mapping (QSM) (left) and Susceptibility Weighted Image (SWI) at echo time = 29.79 ms
(right). The basal ganglia (green arrow) typically has a higher concentration of paramagnetic iron which exhibit hyperintensities on QSM,
whereas diamagnetic calcifications exhibit hypointensities (red arrow).

with the corresponding breakdown of clinical diag-
noses for those cases. They are separated into cases
demonstrating high AD neuropathological changes,
cases with moderate or severe CVD, cases with
other neurodegenerative changes (tauopathy, TDP-43
proteinopathy, �-synucleinopathy, etc.), and combi-
nations of the pathologies. There is a high prevalence
of multiple pathologies contributing to the neurode-
generative changes observed. Over three fourths of
the cases demonstrate high AD neuropathological
changes, but only 3% of that 76% only showed AD
pathology with no evidence of other neurodegener-
ative processes. Likewise, in over half of the cases,

there was a non-AD and non-CVD related neurode-
generative pathology.

Lesion characteristics in MRI

Our imaging protocol has been designed to
capture various markers of cerebrovascular dis-
ease and related lesions, including tissue volume
(Fig. 6), white matter hyperintensities (WMH),
enlarged perivascular spaces (EPVS), microbleeds,
iron deposit, and infarctions. WMH have a hyper-
intense appearance on T2 TSE, while they appear
isointense or hypointense in T1-weighted images
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Fig. 5. Breakdown of neurodegenerative pathologies found in 71 fully analyzed cases and the corresponding breakdown of their clinical
diagnoses. AD, Alzheimer’s disease; CVD, cerebrovascular disease; OD, other (non-AD/CVD) dementia; NRP, no relevant pathology.

(Fig. 7A). They are typically rounded in shape in
isolation or form a rim around the lateral ventri-
cle, and they can fuse into large confluences. With
the brains donated to our institution, most have a
Fazekas grade of 2 to 3 [54]. EPVS are hypointense
on T1 weighted images and hyperintense on T2 TSE.
They were observed around the basal ganglia and
subcortical WM. EPVS were generally observed to
have an ellipsoidal shape when viewed perpendicu-
lar to the imaging plane or a curvilinear shape when
viewed parallel to the imaging plane, though other
more complex shapes were observed depending on
blood vessel course. Infarctions were mostly isoin-
tense on T1 weighted MRI and hyperintense on T2
TSE. Infarctions have variable shapes due to the com-
plex nature of collateral blood flow and, depending
on the etiology and age of the lesion, can variably be
of any intensity on imaging.

Lesion quantification

Manual quantification of a rich set of imaging
biomarkers, including WMH (Fig. 7A), cerebral
microbleeds, iron deposition, mineralization, EPVS
(Fig. 7B), hippocampal volume, and hippocampal
subfields (Fig. 8) is currently underway. The goal of
identifying lesions, is to investigate via histopathol-
ogy during the dissection, and providing brain masks
that will be used to train deep learning models and
automate future segmentations. Manually segmented
masks are systematically checked by a second expert
to ensure quality and consistency.

Postmortem MRI-guided histopathological
examination

Additionally, through postmortem MRI scanning,
we can investigate the histopathological substrates of
age-related lesions, including pathological measures
of tissue rarefaction, gliosis, and myelin and axonal
density, assessed using a combination of cell counts
and stain intensity of light microscopy samples as
well as immunofluorescent samples. For earlier spec-
imen that have already been cut, by identifying
macroscopic landmarks, target sites on imaging can
be localized and sectioned in the preserved specimen
(Fig. 9).

CSVD lesions such as EPVS whose size can be
just a few millimeters across can be difficult to locate
during brain sectioning [55, 56], as the lesion may
not be macroscopically visible to ensure accuracy.
More recently, our BrainBank has adopted 3D scan-
ning of the hemisphere to be cut in order to print
a brain holder with cutting guides, allowing the co-
registration of the MRI with the 3D scanned brain
for precise identification of micro-lesions in the brain
(Fig. 10A). With the MRI registered to be aligned
with the coronal cutting plane of the brain, the exact
brain slab (corresponding to a traditional y coordi-
nate) and a slab cutting guide can be printed to cut a
small block centered around the lesion to guarantee
accuracy (Fig. 10C). Figure 10B shows one hyperin-
tense lesion on T2-weighted MRI embedded within a
large confluence of WMH, most likely corresponding
to a small EPVS. The lesion was chosen such that it
would likely to be just barely macroscopically visible
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Fig. 6. T2-weighted MRI registered in the space of the T1-weighted MRI scan, unprocessed T1-weighted MRI scan, and brain tissues
segmentation derived from the T2-weighted scan (white matter is colored in green).

Fig. 7. Examples of lesions captured on ex-vivo T1-weighted and T2-TSE MRI. A) (Top row) MRI showing white matter hyperintensities
in the occipital and parietal regions, and a small infarction in the frontal lobe. (Middle row) manual segmentation of the white matter
hyperintensities (blue) and infarction (green). (Bottom row) Magnified view of the infarction, indicated by the green arrow. B) (Top row)
MRI showing enlarged perivascular spaces (EPVS) throughout the brain. (Middle row) manual segmentation of EPVS (red) by an expert.
(Bottom row) Magnified view of EPVS in the frontal lobe.

Fig. 8. Hippocampus segmentation. The hippocampus is segmented into anterior (green), posterior (yellow), dentate gyrus (blue), and middle
non-dentate hippocampus (red). The orientation of the hippocampus is such that its longest axis is horizontal to facilitate segmentation of
hippocampal head, body, and tail [107, 108].

for the reader to demonstrate the capacity for locat-
ing such small lesions (Fig. 10D). In turn, we seek

to use the precision of the MRI guided histopathol-
ogy to locate small MRI biomarkers such as EPVS
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and microbleeds that may not be macroscopically
visible to aid in better understanding the underlying
pathological processes.

DISCUSSION

As neurologists’ understanding of the pathology
underlying brain injury keeps improving [57–59]
there is a growing need to investigate clinical find-
ings on a comprehensive and representative sample.
An increasing number of studies are using imaging
biomarkers for the predictive modeling of neu-
rodegenerative diseases, including the prediction of
progression from MCI to AD [60, 61] and demen-
tia risk [13, 62]. Postmortem MRI cohorts, where
neuroimaging findings can be validated by pathol-
ogy data will be crucial to generate and test the
models. Our study aims to establish an extensive
repository covering a wide range of conditions that
can be shared for the validation of neuroimaging
signals. Using this resource our team and any collabo-
rators can investigate imaging biomarkers developed
to reflect pathological burden related to neurodegen-
eration. Our repository and the processing pipelines
under development to automate brain injury and
lesion quantification will provide a great platform,
enabling the investigation of multimodal neuroimag-
ing and pathology data. To that end, we have been
investigating the pathological correlates of a num-
ber of lesion types associated with neurodegenerative
pathology.

Multi-pathology neurodegeneration

There are many challenges to developing effective
biomarkers to identify neurodegenerative processes
early to initiate therapies that may slow or halt disease
progression. Chief among them is the multifactorial
nature of neurodegeneration and the correspond-
ing difficulty of disentangling the various potential
underlying pathologies. As can be seen in Fig. 5, over
half of the clinical diagnoses specifying a pathology
were given as just AD, whereas pathological analysis
reveals that rarely are AD neuropathological changes
the sole contributor. The ability to identify the pres-
ence of concomitant neurodegenerative processes is
important to the clinical picture, as multiple patholo-
gies have synergistic effects that lowers the threshold
to overt clinical dementia and increases the rate of
progression of symptoms [63]. As our understanding
of neurodegeneration progresses and new patholog-
ical entities such as LATE [51] are recognized, this

repository can facilitate analyses incorporating new
methodologies or categorizations.

White matter changes

White matter changes have been associated with
the development of dementia, both in the form of
WMHs and microstructural disruptions. WMH vol-
ume is significantly greater in subjects with advanced
brain aging [13] and patients with MCI who progress
to dementia than those with stable symptoms [64].
Regional WMH in the posterior/dorsal periventric-
ular areas showed association with genetic risk
of sporadic AD [65]. WMH in the temporal and
parieto-occipital lobes are particularly associated
with processing speed [66]. WMH is associated
with cerebral microbleeds [67] and amyloid [68],
demonstrating a complex relationship between vas-
cular and AD lesions. Diffusion MRI has also
revealed increased disruption of WM microstruc-
ture as reflected by fractional anisotropy and mean
diffusivity in AD [69], FTLD [70], and LBD [71].
There are also reports of differing trajectories of
WM changes in LBD compared to AD [72], with
changes appearing early in LBD without significant
progression while WM degeneration continuously
progressed in AD, suggesting different underlying
pathophysiology that will only be distinguished by
jointly acquiring neuroimaging and pathology. As
demonstrated in Fig. 3, the combination of signal
from the T2- and T1- weighted images will enable
detection of WMHs. Our postmortem protocol pro-
vides the opportunity to investigate histopathological
substrates of these WM changes in future studies.

Iron deposition

Postmortem pathological analysis has also shown
that iron concentration is increased in the sub-
stantia nigra of patients with LBD compared to
controls or patients with AD [73]. The extent of
iron deposition has also been associated with symp-
toms presentation in both Parkinson’s disease [74]
and frontotemporal dementia [75]. Several studies
have recently investigated iron deposition as a poten-
tial biomarker for neurocognitive disorders using
quantitative susceptibility mapping (QSM) to iden-
tify regions of abnormal iron concentration [76–78],
but these studies were either restricted to small post-
mortem sample sizes or lacking histopathological
confirmation data. In general, QSM is a relatively
new methodology that uses the MRI signal phase,
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Fig. 9. A) Example of image-guided histopathology with a coronal T2 slice of a posterior WMH. B, C) H&E and LFB stains of the same
area respectively. Note the relative pallor of the stains in the same areas as the WMH in the MRI as well as the presence of numerous enlarged
perivascular spaces on the right side of the image.

a previously underutilized component of MRI, to
map the magnetic susceptibility of different tissue
[79–81]. As a result, this imaging protocol opening a
new avenue for investigating tissue biomarkers with-
out the need for new imaging technologies has never
been deployed in large postmortem studies before.
This new approach also highlights the value of large
imaging and histopathology cohorts to enable retro-
spective analysis as new innovations appear.

Hippocampal subfields

Hippocampal subfields are another biomarker of
interest for dementias. Neuroimaging studies estab-
lished that hippocampus and hippocampal subfields
are significantly impacted in AD and early phases
of AD [82–85]. Despite their tight functional inter-
connection, hippocampal subfields have specialized
functions. For instance, CA1 is involved in temporal
pattern association and intermediate-term memory,
while CA3 is responsible for spatial pattern associ-
ation, detection of novelty, and short-term memory.
The atrophy of the memory-related hippocampal sub-
fields is one of the earliest macroscopic features of
AD and has been reported in both autopsies and

neuroimaging studies. When recent clinical studies
revealed unique patterns of subfield atrophy [86],
microstructural integrity [87], and pathology distri-
bution [88] in neurodegenerative diseases, the need
for an integrated systems exploiting these patterns to
explain how pathology translates to clinical presenta-
tion was pointed out. Our multimodal repository will
be perfectly suited to examine these questions.

Enlarged perivascular spaces

Perivascular spaces are cerebrospinal fluid-filled
spaces that surround brain vessels, following their tra-
jectories from the surface into the brain parenchyma
[89]. EPVS are a relatively common neuroimaging
finding with increased age [90]. However, high EPVS
burden has been associated with the presence of
cerebral small vessel disease (CSVD) [91–94]. Pre-
vious research has revealed relationships of EPVS
with hypertension [91] and other imaging markers
of CSVD, such as WMH [92], and lacunar ischemic
infarcts [92, 95]. Furthermore, EPVS have been asso-
ciated with cognitive impairment [96] and dementia
risk [97]. It has been suggested that EPVS in different
brain regions may have different pathophysiological
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Fig. 10. A) Left cerebral hemisphere prepped for cutting inside of 3D-printed brain cutting guide created using surface scanning along with
the corresponding T2 weighted MRI with fluid removed. Yellow lines included to show correspondence of MRI to actual brain. B) A lesion
small to be easily missed without MR guidance was selected. C) The corresponding coronal MRI view (cutting plane) of the lesion (circled)
with a slab cutting guide corresponding to the slab. D) Slab #22 of the brain fitted within the slab cutting guide with a small lesion near the
center of the target block that can be sampled to examine the target lesion microscopically.

basis and pathogenic mechanisms [98]. However, due
to limitations of the previously-used manual segmen-
tation methods, their study has been mostly limited
to specific brain regions such as the basal ganglia,
brainstem, and centrum semiovale [99–103]. There-
fore, there are some questions regarding their clinical
significance and the underlying pathophysiological
mechanisms that lead to their appearance that remain
unanswered. We anticipate that the combination of
our previously described fully-automated algorithm
[104], that allows for EPVS segmentation in the
whole brain, with the detailed neuropathological data
of our repository, will lead to significant insights in
the field of EPVS research, and hopefully answer
some of those open questions that would otherwise
be difficult to explore.

Future directions

Efforts are ongoing to explore new sequences to
add to our protocol in order to expand the utility of our
repository. Currently, inhomogeneous magnetization

transfer, which has shown excellent sensitivity for
myelin content validated in mice [105, 106], is being
considered as its applications move from animal mod-
els towards human imaging. New adaptations are
also being tested to improve scan quality, including
custom MR-compatible containers for standardiza-
tion of brain orientation and to facilitate the use of
gentle vacuuming to ensure bubble removal. To fur-
ther bolster MR-guided histopathology, we are also
exploring new protocols for more detailed scans of
specific slabs to better target specific lesions that may
be adjacent to or embedded within other lesions.

Conclusion

In this work, we introduce a new cohort for
the study of dementias combining multimodal neu-
roimaging and neuropathology data: the South Texas
Alzheimer’s Disease research center repository. Our
brain bank contains 139 samples, and the donations
are still ongoing. The significant sample size, the
advanced imaging protocols employed, the diversity
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of MRI sequences acquired, and the tight correspon-
dence between neuroimaging and pathology samples
in this repository will provide new insights into a large
variety of fundamental topics, such as the character-
ization of WM changes observed in dementias, the
study of iron deposits, and the investigation of the
processes underlying hippocampal atrophy. We hope
that dedicated image processing pipelines designed to
exploit the repository in its full capacity will lead to
the discovery of more robust and more specific neu-
roimaging dementia biomarkers. Our repository will
also help disentangle the effects of comorbid disor-
ders to refine diagnosis and prognosis, with the goal
of achieving accurate early diagnosis. To facilitate
these efforts, we hope to share with collaborators to
make full use of this repository to better understand
neurodegenerative disorders.
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