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ORIGINAL ARTICLE

Digital Histological Study of Neocortical Grey and White
Matter Tau Burden Across Tauopathies

David G. Coughlin , MD, MTR, Annie Hiniker , MD, PhD, Claire Peterson , BSc,
Yongya Kim, Sanaz Arezoumandan , MD, Lucia Giannini , MD, Donald Pizzo, PhD,

Daniel Weintraub, MD, Andrew Siderowf, MD, MSCE, Irene Litvan , MD,
Robert A. Rissman , PhD, Douglas Galasko, MD, Lawrence, Hansen, MD, PhD,

John Q. Trojanowski, MD, PhD, Edward Lee , MD, PhD, Murray Grossman, MD, and
David Irwin , MD, MTR

Abstract
3R/4R-tau species are found in Alzheimer disease (AD) and

�50% of Lewy body dementias at autopsy (LBDþtau); 4R-tau accu-

mulations are found in progressive supranuclear palsy (PSP) and

corticobasal degeneration (CBD). Digital image analysis techniques

can elucidate patterns of tau pathology more precisely than tradi-

tional methods but repeatability across centers is unclear. We calcu-

lated regional percentage areas occupied by tau pathological

inclusions from the middle frontal cortex (MFC), superior temporal

cortex (STC), and angular gyrus (ANG) from cases from the Univer-

sity of Pennsylvania and the University of California San Diego with

AD, LBDþtau, PSP, or CBD (n¼ 150) using QuPath. In both

cohorts, AD and LBDþtau had the highest grey and white matter tau

burden in the STC (p� 0.04). White matter tau burden was rela-

tively higher in 4R-tauopathies than 3R/4R-tauopathies (p< 0.003).

Grey and white matter tau were correlated in all diseases (R2¼0.43–

0.79, p< 0.04) with the greatest increase of white matter per unit

grey matter tau observed in PSP (p< 0.02 both cohorts). Grey matter

tau negatively correlated with MMSE in AD and LBDþtau

(r¼�4.4 to �5.4, p� 0.02). These data demonstrate the feasibility

of cross-institutional digital histology studies that generate finely

grained measurements of pathology which can be used to support

biomarker development and models of disease progression.

Key Words: Alzheimer disease, Corticobasal degeneration,

Dementia with Lewy bodies, Digital histology, Neuropathology,

Progressive supranuclear palsy, Tau.

INTRODUCTION
Alzheimer disease (AD), Lewy body diseases ([LBD]:

Parkinson disease [PD] and dementia with Lewy bodies
[DLB]), progressive supranuclear palsy (PSP), and cortico-
basal degeneration (CBD) are heterogeneous disorders and
definitive diagnosis is obtained only upon postmortem exami-
nation at autopsy (1–4). While 3R/4R tau accumulations in
neurofibrillary tangles are a defining feature of AD and 4R tau
species are a defining pathological feature of PSP and CBD,
AD-related 3R/4R tau copathology is also commonly
observed in LBD cohorts at autopsy in approximately 30%–
50% of PD with dementia patients and 70% or more of patients
with DLB (5–11). The presence of AD-related tau co-
pathology has been related to faster time to dementia in PD,
overall decreased survival in LBD, and altered motor, neuro-
psychiatric, and cognitive phenotypes (5, 6, 12–21). More-
over, the presence of co-occurring AD-related pathology
decreases the likelihood of patients with DLB exhibiting core
features of visual hallucinations, making diagnosis of mixed
features more difficult (22). Some clinical syndromes are
highly specific for particular pathologies, such as Richardson
syndrome for PSP 4R tauopathy and amnestic AD for 3R/4R
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tauopathy of AD (3). However, other pathologies like PSP and
CBD tauopathy may present with other clinical phenotypes
including PSP-CBD overlap syndromes, frontal presentations
of behavioral variant FTD, and nonfluent or atypical variants
of primary progressive aphasia (3, 23). Tau-directed positron
emission tomography offers the potential ability to observe the
presence and distribution of tau pathology during life (24),
with initial tracers having more affinity for 3R/4R tau species
but with second generation tracers showing greater promise
for use in 4R tauopathies (25–34).

Detailed neuropathologic study of postmortem brain tis-
sue can elucidate disease-specific patterns of tau pathology
that may be useful to the continued development of imaging
biomarkers. Indeed, PSP and CBD tauopathy has considerable
white matter tau pathology in glia and axonal threads. Study
of in vivo white matter connectivity using diffusion tensor
imaging suggests white matter degeneration in PSP and CBD,
which in comparative studies, is more severe than that in LBD
(35, 36). However, dedicated studies of white matter histology
in these disorders are rare. Additionally, standard neuropatho-
logical assessments using ordinal semiquantitative scores may
have limited statistical power for comparative studies (37–40).
Histological assessments using digital image analysis techni-
ques offer the potential for greater objective measurements on
a continuous spectrum with a greater dynamic range; while
prior studies have shown excellent correlations of digital
measurements and semiquantitative ordinal scores and manual
counts, it has not been definitively shown that such approaches
reliably scale to multicentered studies in which there may be
methodological differences in tissue processing and immuno-
histochemical techniques between labs (41–49).

Here we use validated digital histological techniques in
2 autopsy cohorts from the University of Pennsylvania and the
University of California San Diego to test the hypothesis that
PSP and CBD tauopathies have greater relative cortical white
matter tau compared to AD and LBD with co-occurring AD
tauopathy (LBDþtau).

MATERIALS AND METHODS

Participants
From the University of Pennsylvania (UPenn), partici-

pant’s data were obtained from UPenn Integrated Neurodege-
nerative Disease Database (50). Patients selected were
clinically evaluated and followed at the UPenn Parkinson’s
disease and Movement Disorder Clinic, Frontotemporal
Dementia Center, Alzheimer’s disease Core Center, or the
Michael J. Crescenz VA Medical Center’s Parkinson’s Dis-
ease Research, Education, and Clinical Center. From the Uni-
versity of California San Diego (UCSD), participants and data
were abstracted from the UCSD Shiley Marcos Alzheimer’s
Disease Research Center (UCSD-ADRC) and their accompa-
nying database. Patients were clinically evaluated and fol-
lowed at the UCSD-ADRC, UCSD memory disorders clinic,
and or the UCSD Parkinson’s Disease and other Movement
Disorders Center.

UPenn and UCSD autopsies were performed using simi-
lar standardized tissue sampling and processing protocols,

including fixation in 10% neutral buffered formalin and tissue
processing (51, 52).

Expert neuropathologists at each institution (EL, JQT,
LH, AH) applied current diagnostic criteria to assign Thal
phases (53), Braak tau stages (37), CERAD neuritic plaque
stages (54), a-synuclein Lewy body stages (55), the presence
of TDP-43 (56), and aging-related tau astrogliopathy
(ARTAG) copathology (57) at the time of autopsy. Final neu-
ropathology diagnosis for each case was rendered using stand-
ard semiquantitative assessments for each pathology in each
brain region (58). All procedures were performed with prior
informed consent in accordance with UPenn and UCSD Insti-
tutional Review Board guidelines. Cases were selected that
had available digital pathology images and either: 1) met clini-
cal criteria for amnestic AD or amnestic MCI with autopsy
conformation of intermediate or high degree of AD neuropa-
thological change (58), 2) met clinical criteria for Lewy body
dementia (PD dementia [59] or DLB [22]) with autopsy con-
firmation of LBD synucleinopathy (limbic/transitional or neo-
cortical/diffuse stage [55]) and accompanying moderate to
high levels of AD-related tau copathology (Braak stage III/VI
and above [37]: LBDþtau), 3) met clinical criteria for PSP
(either PSP-Richardson syndrome or a phenotype known to be
associated with PSP pathology) (3) with autopsy confirmation
of PSP tauopathy (60), or 4) met clinical criteria for an FTD-
spectrum phenotype associated with CBD pathology with
autopsy confirmation (4, 61). For the PSP and CBD groups,
subjects with intermediate or high degrees of AD neuropatho-
logical change were excluded for the primary reason that dif-
ferentiating AD-related tau pathology and PSP-related tau
pathology by the applied digital methodologies is not currently
possible (58). Cases with other secondary neuropathologic
diagnoses were excluded (MSA, TDP-43, ARTAG, AGD,
severe CVD). The selection criteria above yielded 36 AD, 20
LBDþtau, 23 PSP, and 10 CBD cases from UPenn and 21
AD, 16 LBDþtau, 17 PSP, and 7 CBD cases from UCSD for
study (Table).

Digital Histology
Six-micrometer-thick sections from formalin-fixed par-

affin-embedded sections from middle frontal cortex (MFC),
superior temporal cortex (STC), and the angular gyrus (ANG)
were immunostained for phospho-tau (AT8, Thermofisher
MN1020). Regions were selected that were most consistently
sampled across sites with the most available samples available
for analysis. Primary antibody concentration and antigen
retrieval methods were optimized per center (UPenn Digital
Pathology Lab: 1:1000, no antigen retrieval. UCSD: 1:500,
formic acid antigen retrieval). The immunohistochemistry
protocols were performed at each laboratory were otherwise
identical (see Supplementary Data). Digital images of histol-
ogy slides were taken at 20� magnification (UPenn: Lamina
slide scanning system PerkinElmer [Waltham MA], .mrxs file
type. UCSD: Zeiss AxioScan Z1, [Oberkochen Germany], .czi
file type). Pixel size of 6.5 lm2 (i.e. pixel resolution of
0.325 lm), camera resolution of 2560� 2160, and a bit depth
of 16 was the same with both devices.
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Digital measurements of pathological burdens were
derived using the open source program QuPath (0.2.0m2 Bel-
fast, Northern Ireland [62]) which calculated percent area
occupied (%AO) for pathological tau accumulations (Fig. 1)
(62). A single trained rater (DGC) selected grey matter and
white matter regions of interest from the images derived at
both sites using previously validated sampling methods (42,
43, 46, 63). Briefly, for grey matter annotations, a modified
belt-transect method was used to select the longest region of
representative parallel-oriented cortex using parallel lines
drawn at the pial surface and grey-white junction to generate a
rectangular region of interest (64). For white matter sampling,
a rectangular area of deep white matter, away from U-fiber
tracts was selected as regions of interest. Next random sam-
pling was applied to each region using 175 lm2 tiles with 70%
dropout to reduce sampling bias (42, 43, 46, 63). Color decon-
volution intensity thresholds were optimized per each staining
run at each site by averaging values of red-blue-green color
vectors and optimal minimal optical density values visually
tuned from 3 to 5 representative slides per staining run (see
Supplementary Data) (Fig. 1) as previously validated (46).

Red-blue-green vectors and optical density were
recorded (see Supplementary Data). The same Gaussian sigma
and downsample values were used for both sets of images (1
and 2, respectively). For both cohorts, the percent area-
occupied by regional tau %AO (tau burden) was compared to
gold-standard ordinal scores of pathological severity (0: none,
1: mild, 2: moderate, 3: severe) that were blindly assigned as
previously described (42). For both cohorts, highly significant
differences in tau burden were observed across traditional
ordinal pathological severity scores (UPenn ANOVA:
F(244,3): 430, p< 0.001. UCSD ANOVA: F(137,3)¼106,
p< 0.001) (Fig. 2).

Clinicopathological Correlations
We focused on the Folstein Mini Mental State exam

(MMSE) score obtained closest to autopsy, as was sufficient
data from both sites included in this study. Testing was admin-
istered by trained psychometrists. The MMSE closest to death
was used to compare to the neocortical average grey matter
and white matter tau burden as MMSE is a test of global cog-

nitive function (time from testing to death: UPenn:
2.9 years62.4 years, UCSD: 3.1 years63.3 years). PSP and
CBD groups from both institutions had <10 observations and
were therefore excluded from this analysis (UPenn AD n¼ 35
(97%), LBDþtau n¼ 18 (90%), UCSD AD n¼ 20 (95%),
LBDþtau n¼ 14 (88%)).

Statistical Analysis
Independent sample t-tests and v2 tests were used to

assess differences in demographics and neuropathological fea-
tures between groups as appropriate. Natural log transforma-
tion of %AO data allowed for the appropriate use of
parametric tests. Linear mixed effects models, which account
for repeated measures within cases, were used to investigate
differences in regional tau burden in grey matter (GM) and
white matter (WM) within AD, LBDþtau, PSP, and CBD
groups using the following model: tau burden¼regionþran-
dom intercept for each disease group for white matter and
grey matter. Reference regions were adjusted to account for
all regional comparisons. Ratios of white matter to grey matter
tau burden ([white matter tau burden]/[grey matter tau bur-
den]) were calculated in each region and for the average of all
regions for each patient for direct comparisons between dis-
ease groups using ANOVA with post hoc t-tests with Bonfer-
roni correction. Linear regression was used to assess the
relationship between the independent variable of neocortical
average grey matter tau burden on the dependent variable
white matter tau burden using grey matter�pathology group
as an interaction term to assess for differential association
grey and white matter tau burdens for each disease group.
MMSE was compared to neocortical grey and white matter
tau pathology using Pearson correlation.

RESULTS

Patient Demographics
One hundred fifty patients from UPenn and UCSD

(UPenn n¼ 89, UCSD n¼ 61) were studied with minimal dif-
ferences in demographics across disease groups (Table). The
UPenn AD cohort had a younger age at death than the UCSD

FIGURE 1. Tau histopathology. Representative images from AD (A), LBDþtau (B), PSP (C), and CBD (D) cases. Low-
magnification images (scale bar: 1 mm), show the higher grey matter pathology in AD and LBDþtau and higher degrees of white
matter tau pathology in PSP and CBD. Higher-magnification images (scale bar: 40mm) show neurofibrillary tangles in (A) and
(B) with a tufted astrocyte in (C) and an astrocytic plaque in (D) with the digital detection overlay for the same image
immediately below.
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FIGURE 2. Semiquantitative ordinal scores and digital histological measurements. The relationship between traditional
semiquantitative ordinal scores (0: none, 1: mild, 2: moderate, 3: severe) and the corresponding regional natural log tau % area
occupied measurements (ln Tau %AO) in the cohort from University of Pennsylvania (A) and University of California San Diego
(B). Highly significant differences were observed between ordinal scores using ANOVA with post hoc Bonferroni corrected t-
tests. **p<0.01.

FIGURE 3. Heatmap of grey and white matter tau pathology. Regional grey matter (GM) and white matter (WM) tau burden (%
area occupied: %AO) from UPenn (A) and UCSD (B) cohorts of AD (purple), LBDþtau (blue), PSP (red), and CBD (green).
Similar patterns of GM and WM pathology are observed between institutions. Color gradient scale is the same for UPenn and
UCSD and is shown at the right. *Grey matter tau burden with p<0.05 compared to reference region using linear mixed effects
models. †White matter tau burden with p<0.05 compared to reference region using linear mixed effects models. Reference
region for AD and LBDþtau: MFC, reference region for PSP and CBD: STC. See Supplementary Data for full comparisons.
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AD cohort (p< 0.05). Otherwise, there was no significant dif-
ferences in sex, age at death or disease duration between
LBDþtau and PSP groups or between UCSD and UPenn
cohorts. The UPenn cohort had a higher proportion of AD
cases with high degrees of AD neuropathological change than
the UCSD cohort (p¼ 0.02) (Table).

Regional Grey Matter and White Matter Tau
Pathology in AD, LBD1Tau, PSP, and CBD

Heatmaps for grey matter and white matter tau pathol-
ogy for the pathological groups are shown in Figure 3. In both
AD and LBDþtau, the highest degree of grey matter tau was
found in the STC in both cohorts (UPenn: AD Wald v2¼6.2,
p¼ 0.03; LBDþtau Wald v2¼25.5, p< 0.001. UCSD AD
Wald v2¼15.3; p< 0.001; LBDþtau Wald v2¼26.9,
p< 0.001). See Supplementary Data for full regional compari-
sons. In PSP, STC had the lowest degree of grey matter tau
pathology in the UCSD cohort (Wald v2¼8.0, p¼ 0.02), but
this did not reach statistical significance in the UPenn cohort.
CBD had similar high-levels of grey matter tau pathology
observed across regions sampled in both cohorts (p> 0.05)
(Fig. 3 and Supplementary Data).

White matter tau burden in AD and LBDþtau was also
greatest in STC for both cohorts (UPenn AD: Wald v2¼18.5,
p< 0.001; LBDþtau Wald v2¼6.23, p¼ 0.04. UCSD AD:
Wald v2¼45.0, p< 0.001; LBDþtau Wald v2¼11.9,
p¼ 0.003) while region was not a significant factor in PSP,
suggesting similar relatively high burden among white matter
regions sampled (p> 0.3) (Fig. 3 and Supplementary Data).
CBD WM pathology in the UPenn cohort was highest in the
MFC (MFC v STC p¼ 0.02) but this was not observed in the
UCSD cohort. An analysis controlling for disease duration,

sex, and age at death did not change any of the relationships
observed above (data not shown).

Comparative Burden of Regional Grey Matter
and White Matter Tau Pathology

Since varied morphology of tau inclusions between
tauopathies can influence measurements using these methods
we calculated a ratio of tau pathology in white matter over
grey matter for direct comparisons between groups of the rela-
tive burden of pathology and found overall an increased white
matter/grey matter ratio across the diseases studied with AD<
LBDþtau < the 4R tauopathies (PSP and CBD); although, a
larger difference was noted between 3R/4R tauopathies and
4R tauopathies (Fig. 4 and Supplementary Data).

Association of Grey Matter and White Matter
Tau Pathology

There were significant correlations between GM and
WM neocortical average tau burdens in all diseases studied in
both cohorts (R2¼0.43–0.79, p¼ 0.04 to <0.001, Supplemen-
tary Data). Because the slope of the association between grey
matter tau and white matter tau appeared to be greater for PSP
than the other disease groups, we used a linear regression
model with an interaction term for disease group�grey matter
tau burden to test for differences in the associations of grey
matter and white matter tau burden between the diseases. The
slopes of the grey and white matter tau associations were sig-
nificantly less in AD and LBDþtau than PSP in both cohorts
(UPenn: AD p¼ 0.002, LBDþtau p< 0.001. UCSD: AD,
p¼ 0.02, LBDþtau p¼ 0.004) suggesting that for every unit
of grey tau pathology increase there was a higher amount of

FIGURE 4. White matter/grey matter ratios of Tau burden in LBD and PSP. Box-plots depict the median, interquartile range, and
range of the ratio of the natural log of white matter (WM) tau % area occupied (%AO) to grey matter (GM) tau % area occupied
in AD (purple), LBDþtau (blue), PSP (red), and CBD (green) groups in the UPenn (A) and UCSD cohorts (B). Relative white
matter burden is consistently higher in PSP and CBD and in some regions LBDþtau has a higher WM/GM ratio than AD, likely
driven by higher degrees of GM tau pathology in AD. *p<0.05 and **p<0.01 for post hoc Bonferroni corrected t-tests.
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white matter tau pathology increase seen in PSP than in AD or
LBDþtau. CBD grey matter tau did not have an increased
slope compared to the 3R/4R tauopathies in either cohort in
this study (Fig. 5 and Supplementary Data).

Clinicopathological Correlations
Significant negative correlations were observed with in

AD and LBDþtau neocortical average grey matter tau burden
and performance on the MMSE (UPenn AD R¼�0.44,
p¼ 0.008; UCSD AD R¼�0.52, p¼ 0.02. UPenn LBDþtau
R¼�0.45, p¼ 0.06; UCSD LBDþtau R¼�0.70,
p¼ 0.006). Some trend level associations were observed
between neocortical white matter tau burden and MMSE per-
formance as well (UPenn AD R¼�0.29, p¼ 0.08; UCSD
AD R¼�0.32, p¼ 0.2; UPenn AD R¼�0.44, p¼ 0.06;
UCSD LBDþtau R¼�0.55, p¼ 0.04) (Fig. 6 and Supple-
mentary Data).

DISCUSSION
In this study of tau pathology in AD, LBD, PSP, and

CBD using validated digital histological methods across 2
centers, we report several findings of interest that highlight
different patterns and relationships of grey and white matter
tau which may have relevance for mechanisms of propagation.
We observe that the temporal lobe has the highest degree of
GM and WM tau pathology in AD and LBDþtau, while the
relative burden of WM tau pathology is overall higher in the
PSP and CBD groups. These observations are reflections of
the progression of AD-related tau pathology and tau pathology
distribution in different cell populations in 4R tauopathies, but
this study extends this knowledge in using quantitative digital
image analysis methods across 2 institutions which allow for
novel statistical modeling to explore these relationships. We
find a stronger association between the burden of grey matter
tau and adjacent white matter tau pathology in the PSP com-

pared to the 3R/4R groups. Together these results suggest
white matter tau pathology may be an important contributor to
the spread of PSP tauopathy. Importantly, these findings were
robustly replicated across both institutional cohorts studied.
Our data also have important implications for models of dis-
ease progression in the human brain and provide new method-
ology to harmonize digital pathological assessment across
centers.

Tau pathology has been extensively studied in PSP. The
specific species of tau aggregates include 4R isoforms and
occur in astroglia (tufted astrocytes), oligodendroglia (coiled
bodies), and neuronal cell populations (globose tangles)
throughout regions of the brainstem, basal ganglia, and neo-
cortical areas (38, 65, 66). The cortical distribution of tau path-
ology may partially relate to clinical cognitive dysfunction, as
not only patients with classical Richardson syndrome (PSP-
RS), but also those with clinical syndromes of behavioral var-
iant frontotemporal dementia, corticobasal syndrome, or pri-
mary progressive aphasia may also harbor PSP pathology at
autopsy (3, 38, 67). Indeed, a histopathological staging system
for PSP has recently been proposed which finds similar high
burden of deep grey matter and brainstem pathology across
clinical subgroups with varying cortical involvement most
prominent in motor cortex and frontoparietal lobes with rela-
tive sparing of the temporal cortex (38). Here, we found simi-
lar results of high burdens of grey matter tau pathology
throughout our regions sampled, most notably in ANG which
was greater than temporal cortex in the UCSD cohort. White
matter tau pathology was similarly distributed across the 3
cortical regions we examined in both cohorts, but there was
relatively lower burden in STC. Focused studies of white mat-
ter tau in PSP are less common, although oligodendroglial tau
progression is accounted for in the recent proposed staging
system (38). We recently examined regional white matter tau
in PSP tauopathy associated with clinical frontotemporal
dementia and found relatively high burden of tau in white mat-

FIGURE 5. White matter and grey matter Tau correlations. Scatter plots and lines of best fit depict the relationship between the
grey matter (GM) neocortical average tau % area occupied and white matter (WM) neocortical average tau % area occupied
(%AO) in AD (purple) LBDþtau (blue), PSP (red), and CBD (green). Highly significant correlations are noted for all disease groups
in both the UPenn (A) and UCSD (B) cohorts. The interaction term of pathology group* grey matter tau %AO finds for each unit
GM tau pathology added, there is a significantly greater amount of WM pathology noted in PSP than AD or PSP compared to
LBDþtau as well. This interaction was not found for CBD compared to AD or LBDþtau. **p<0.01.
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ter of ANG with relative sparing of STC (68). Others have
examined deep white matter tau in PSP and other tauopathies
and found relative divergent distributions in those with
dementia compared to motor phenotypes (69). Moreover,
white matter disease in vivo has been linked to clinical fea-
tures in PSP (35, 70, 71). Thus, the prominent white matter tau
pathology in PSP may play an important role in the propaga-
tion of tau in the cerebrum and expression of clinical symp-
toms. In CBD, tau pathology primarily occurs in astrocytic
plaques, coiled bodies in oligodendroglial cells and in neurons
(72); however, no unified staging system related to CBD path-
ology has been proposed to date. Some studies would suggest
more cortical involvement in CBD than PSP relative to brain-
stem pathology (73). While both CBD and PSP are 4R tauopa-
thies, there are distinct ultrastructural differences in tau
conformations that have been shown by electron microscopy
experiments that may have relevance to pathogenesis (74, 75).
In this study, CBD had the highest degrees of white matter tau
pathology, in some cases with higher burdens in white matter
than grey matter in the same regions. This observation may
lead to a ceiling effect of some of these analyses which, along
with a lower number of cases, may have led to some of the dif-
ferences in grey matter-white matter correlations between

institutions and when comparing the grey matter-white matter
associations in CBD to the other diseases studied here. Future
directed studies of larger cohorts of CBD subjects will be of
interest.

While in AD 3R/4R tau accumulations primarily in neu-
rofibrillary tangles are a pathological hallmark of the disease
and progress in a largely stereotypic fashion in typical amnes-
tic AD (37), in LBD, 3R/4R AD-related tau-positive neurofi-
brillary tangles and AD neuropathological changes sufficient
for a secondary pathological diagnosis of AD are observed in
approximately 50% of autopsy cohorts (PD without dementia
�10%, PDD �30%–50%; and DLB �70%) (6, 8, 10, 14, 76,
77). The presence of AD copathology in LBD is associated
with faster time to dementia in PD, decreased overall survival
but also specific motor and cognitive profiles (6, 13, 17, 18,
42, 55, 78). The greatest grey matter tau burden was observed
in the temporal lobes of LBDþtau subjects which is consistent
with the traditional neocortical spread of AD tau-related
changes and has been shown in several neuropathological and
imaging studies (26, 28, 31, 37, 42, 45). Of interest though is
that there are multiple pathological and imaging studies that
suggest a temporo-parietal focus with relative hippocampal
sparing of tau pathology in LBD that may differ from patterns

FIGURE 6. Neocortical grey matter Tau and cognition. Scatter plots and lines of best fit with shaded standard deviation
predictions depict the relationship between neocortical grey matter tau burden and performance on the Folstein Mini Mental
State exam in AD and LBDþtau. Significant negative correlations were found in each disease in both cohorts (p<0.05).
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seen in AD (26, 28, 31, 41, 42, 45). This has clinical relevance
for language features of naming difficulties and episodic
memory deficits less commonly found in LBD but recently
linked to AD tau pathology and biomarkers (12, 17, 42, 79,
80). Tau-positive inclusions in white matter in LBD are under-
studied although their presence has been documented in AD
(81). Here we find similar tau pathology in WM as previously
described in AD, largely restricted to axonal threads in
LBDþTau. Imaging studies, predominantly using diffusion
tensor imaging, have shown decreases in WM integrity in
LBD and PSP in cross-sectional and longitudinal studies in
unique patterns (70, 71, 82–84). It is interesting to hypothesize
that axonal WM tau pathology in AD and LBD may be more
closely linked to neuronal degeneration and tau NFTs in
degenerating neurons, as compared to PSP which has addi-
tional glial tau in white matter.

In many instances, patients with overlapping motor phe-
notypes especially who are early in their disease course can be
difficult to differentiate (67), but the continued study of tau-
directed imaging and biofluid biomarkers offers the potential
future ability to differentiate these patients using molecularly
specific methods (25, 27, 30, 31, 45, 85). A detailed under-
standing of the neuropathological distribution of pathology
can help in interpreting these studies as tau-directed imaging
biomarkers continue their development and understanding for
their relevance to different tau species increases. Using digital
measures, we could directly compare the relative grey and
white matter tau burden in AD, LBDþtau, PSP, and CBD. We
found overall white matter tau pathology is more severe in
PSP and CBD than AD and LBDþtau groups. Indeed, white
matter astroglial and oligodendroglial pathology is a core neu-
ropathological feature of PSP and CBD and our data suggests
the development of white matter-directed imaging biomarkers
may aid in differentiating these patients (38, 65, 70, 71, 86,
87). Using these digital histological methods, we were able to
demonstrate a differential relationship between grey and white
tau pathology in PSP and the other diseases where there was a
correspondingly higher amount of white tau pathology
increase for each unit of grey matter tau pathology increase in
PSP compared to LBDþtau and AD. These data suggest white
matter glial tau in PSP may be influential in cortical spread of
PSP in a manner distinct from tau in AD and LBD. There was
not a statistically different relationship observed in the CBD
cases when compared to the 3R/4R cases and we speculate
that this may be due to low number of cases or a ceiling effect
of relatively high grey and white matter tau burdens in CBD.
Interestingly, novel animal studies have suggested that differ-
ent tauopathy strains have unique transmission patterns and
ability to affect neuronal, oligodendroglial, and astrocytic cell
populations differentially (38, 88–91). In PSP, some studies
suggest that tau pathology originates in neurons and then
spreads to glial cells and others show that oligodendroglial
pathology can propagate in the absence of neuronal tau pathol-
ogy (38, 88, 89). Detailed study may also inform future
hypothesis of models of disease pathogenesis and spread
within the human brain.

Traditional neuropathological assessments often rely on
semiquantitative ordinal scores and scales that tend to empha-
size topography over severity of pathology. While widely

adopted, there can be inter-rater variability in assessing cases,
and the semiquantitative methodology limits statistical analy-
ses (92, 93). Digital image analysis in neuropathological tis-
sues can offer a finely grained, parametric assessments, with
good intra and inter-rater reliability within single centers that
allow for greater power to examine patterns of disease but also
clinicopathological and biomarker-pathological correlations
(41–43, 45, 48, 49); however, there is limited data to deter-
mine if methods are scalable for multisite studies. This is par-
ticularly pertinent given the potential influence of local
histological preparation techniques, immunostaining methods,
and image acquisition methods and file types on these types of
analyses (46). In this study we controlled for many of these
variables using the same commercially available reagents, the
same immunostaining protocol optimized for each site with
the same rater drawing ROIs using an open source digital his-
tological analysis platform (QuPath [62]). Some sources of
variability remained, including the use of different slide scan-
ners and file types that were analyzed. Despite these sources
of variability, we observed very consistent results of grey and
white matter tau pathology across both cohorts that were
studied that recapitulate known patterns of disease but also
raise novel findings.

There are limitations to this study. While our sample
size was comparable to standard histopathological studies, it
was relatively small to capture the full clinical spectrum of
PSP and LBD with sufficient numbers to perform detailed
exploration of PD dementia versus DLB and PSP-RS versus
other forms of PSP clinical syndromes. There was not perfect
agreement in the results of the 2 cohorts with grey tau in the
PSP group from UCSD having some regional differences that
did not reach statistical significance in the UPenn cohort. This
does not appear to be due to demographics or PSP phenotypes
given that subanalyses were performed controlling for disease
duration, age at death, and sex, as well as restricting analyses
to cases with the PSP-Richardson Syndrome phenotype. Fur-
ther study is needed, but this may reflect pathological hetero-
geneity within PSP tauopathy that need to be explored in
larger multicentered cohorts. There were small differences in
the distribution of tau in AD cases between the UPenn and
UCSD cohorts, which is likely due to the UCSD cohort having
a larger amount of cases with an intermediate stage of ADNC,
allowing for greater likelihood of being able to observe differ-
ences between regions in their tau burdens. Importantly, our
digital analyses found similar effect sizes between tissue
obtained and processed at each center, suggesting digital
measures of histopathology are feasible for large-scale multi-
center cohorts. Indeed, we were careful to control for many
preanalytical histopathological and imaging factors, but future
work is needed to establish detailed standard operating proce-
dures to coordinate large-scale multicentered harmonized
efforts. Nonetheless, our initial work is important to help
develop these approaches. The current digital method applied
here assesses for the percent area occupied by total tau pathol-
ogy. Future efforts will focus on more refined efforts using
machine learning image analysis techniques to differentiate
different inclusion types for subsequent deep pathological
phenotyping (49, 94, 95) and the clinical correlates of regional
cellular tau pathology as measured by these more granular
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methods. With these caveats in mind, in this multicentered
study using digital histological methods carefully controlling
for staining and image analysis techniques, we observe pat-
terns of GM and WM tau pathology in AD, LBDþtau, PSP,
and CBD, that conform to prior reports using traditional neu-
ropathological methods but also add new observations about
the relationship between grey and white matter tau accumula-
tions in these diseases which would not be possible without
using these methods. The use of digital histological methods
in controlled studies may offer the ability to perform detailed,
well-powered, studies across multiple sites for the continued
study of clinicopathological and biomarker pathological asso-
ciations in neurodegenerative disease.

DATA AVAILABILITY
Datasets will be made available upon reasonable

request.
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