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Objective: To measure postmortem burden of frontotemporal lobar degeneration (FTLD) with TDP-43 (FTLD-TDP) or
tau (FTLD-Tau) proteinopathy across hemispheres in primary progressive aphasia (PPA) using digital histopathology
and to identify clinicopathological correlates of these distinct proteinopathies.
Methods: In an autopsy cohort of PPA (FTLD-TDP = 13, FTLD-Tau = 14), we analyzed laterality and regional distribution
of postmortem pathology, quantified using a validated digital histopathological approach, in available brain tissue from
up to 8 cortical regions bilaterally. We related digital pathology to antemortem structural neuroimaging and specific clini-
cal language features.
Results: Postmortem cortical pathology was left-lateralized in both FTLD-TDP (beta = —0.15, standard error [SE] = 0.05,
p = 0.007) and FTLD-Tau (beta = —0.09, SE = 0.04, p = 0.015), but the degree of lateralization decreased with greater
overall dementia severity before death (beta = —8.18, SE = 3.22, p = 0.015). Among 5 core pathology regions sampled,
we found greatest pathology in left orbitofrontal cortex (OFC) in FTLD-TDP, which was greater than in FTLD-Tau
(F=47.07, df = 1,17, p < 0.001), and in left midfrontal cortex (MFC) in FTLD-Tau, which was greater than in FTLD-TDP
(F =19.34, df = 1,16, p < 0.001). Postmortem pathology was inversely associated with antemortem magnetic resonance
imaging cortical thickness (beta = —0.04, SE = 0.01, p = 0.007) in regions matching autopsy sampling. Irrespective of PPA
syndromic variant, single-word comprehension impairment was associated with greater left OFC pathology (t = —3.72,
df = 10.72, p = 0.004) and nonfluent speech with greater left MFC pathology (t = —3.62, df = 12.00, p = 0.004) among the
5 core pathology regions.
Interpretation: In PPA, FTLD-TDP and FTLD-Tau have divergent anatomic distributions of left-lateralized postmortem
pathology that relate to antemortem structural imaging and distinct language deficits. Although other brain regions
may be implicated in neural networks supporting these complex language measures, our observations may eventually
help to improve antemortem diagnosis of neuropathology in PPA.
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n primary progressive aphasia (PPA), neurodegeneration statistically with specific neuropathological substrates: the
of the perisylvian language network is most often caused nonfluent/agrammatic variant (naPPA) with tauopathies
by frontotemporal lobar degeneration (FTLD) p:althologies.l’2 (FTLD-Tau), the logopenic variant with Alzheimer disease
Clinical syndromic variants of PPA have been associated (AD) pathology, and the semantic variant (svPPA) with
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FTLD with transactive response DNA binding protein of
~43 kDa (TDP-43) inclusions (FTLD-TDP).>® However,
these syndromic variants do not predict pathology with suffi-
cient reliability for clinical trials, as FTLD-Tau with clinical
svPPA or FTLD-TDP with clinical naPPA are not
uncommon.” Moreover, many patients have features that
overlap with different PPA variants,>* making implementa-
tion of clinical criteria challenging even at specialized centers.
Finally, AD pathology may mimic any of the PPA syn-
dromes.>*° These factors limit the utility of current clinical
variant criteria’ for predicting underlying neuropathology.

The anatomic distribution of disease is highly influen-
tial for the clinical manifestations of PPA. Recent work has
studied hemispheric and regional brain involvement in PPA
variants using in vivo techniques of neuroimaging,®’ but
postmortem studies characterizing regional pathology are
very rare, and antemortem imaging is seldom cross-validated
with postmortem pathologic burden. Left-hemisphere laterali-
zation of cortical disease has been demonstrated in vivo'®!!
and confirmed qualitatively postmortem,’ yet right-
hemisphere disease appears to contribute to language defi-
cits in antemortem imaging of autopsy-confirmed PPA.'?
Postmortem lateralization of pathology has been measured
in limited PPA cases with FTLD-TDP,'>"'° whereas distri-
bution of pathology in PPA with FTLD-Tau is under-
studied. Furthermore, despite the limited reliability of
clinicopathological correlations using PPA syndromic vari-
ants, individual clinical features of PPA have only rarely
been related to specific anatomic distributions of disease in
patients with presumed proteinopathies during life,'”'® or
with a categorical neuropathological diagnosis.4’19 Here we
use a digital approach to perform a fine-grained compara-
tive study of postmortem FTLD-TDP and FTLD-Tau
proteinopathies in PPA, and integrate antemortem clinical
features and structural magnetic resonance imaging (MRI)
with digital pathology. We test the hypotheses that (1) post-
mortem pathology in PPA is lateralized to the left hemi-
sphere regardless of molecular pathology; (2) FTLD-TDP
and FTLD-Tau have divergent, pathology-specific patterns
of disease; and (3) the anatomic distribution of pathology is
related to distinct antemortem linguistic and imaging fea-
tures in PPA.

Materials and Methods

Patients

Experienced cognitive neurologists (M.G., D.A.-W., D.J.1) evalu-
ated patients at the Penn Frontotemporal Degeneration Center or
Alzheimer’s Disease Center, and selected cases meeting criteria
from the Penn Integrated Neurodegenerative Disease Database.”®
We identified patients with FTLD pathologies that meet modern
clinical PPA criteria’ based on systematic chart review and extrac-

tion of clinical features by a consensus panel of experienced

investigators (C.T.M., D.AW., D.J.I., KR., LAAG., M.G,,
S.A.) established prospectively and prior to neuropathological
diagnosis. Details on patient inclusion/exclusion are described in
Figure 1. Patients with primary AD pathology or medium/high-
level secondary AD copathology were excluded. Our final cohort
consisted of 27 PPA patients with autopsy-confirmed FTLD-
TDP (n = 13) or FTLD-Tau (n = 14). We previously reported
clinical and qualitative pathology data for 12 of these patients as
a reference group for a study of PPA with AD pathology.* All
procedures were performed with informed consent in accordance
with the regulations of the Penn Institutional Review Board.

Neuropathological Examination

Fresh tissue was sampled at autopsy in standardized regions for
diagnosis and fixed overnight in 10% neutral buffered formalin.!
Tissue was processed as described,”> embedded in paraffin blocks
and cut into 6 pm sections for immunohistochemical staining for
tau, AP, TDP-43, and alpha-synuclein with well-characterized
antibodies.”" Neuropathological diagnosis was performed by expert
neuropathologists (E.B.L., J.Q.T.) using established criteria. >4
Patients were classified based on primary neuropathological diag-
nosis as FTLD-TDP (ie, subtypes A, B, or C) or FTLD-Tau (ie,
Pick disease [PiD], progressive supranuclear palsy [PSP], or cor-
ticobasal degeneration [CBD]).

Genetic Analysis
Patients were genotyped for pathogenic mutations in GRN,
C90rf72, and MAPT as described®® based on family history risk

from structured pedigree analysis.*®

Digital Image Analysis

For this study, we used tissue fixed in formalin in an identical man-
ner as outlined above,”' except for a minority of slides (n = 10)
fixed in 70% ethanol with 150 mmol NaCl to supplement regions
missing formalin-fixed tissue as previously validated.” Tissue was
immunostained for phosphorylated TDP-43 (rat monoclonal
TARS5P-1D3, p409/410; Ascenion, Munich, Germany)27 or tau
(AT8; Millipore, Billerica, MA)28 as described.? Digital image
analysis was performed with Halo software v1.90 (Indica Labs,
Albuquerque, NM) with validated sampling and thresholding algo-
rithms for FTLD-TDP and FTLD-Tau.”> We measured percentage
of area occupied (%AO) by TDP-43 or tau inclusions in gray mat-
ter regions of interest (ROIs) as described.?*?® To reduce batch
effects of immunohistochemical staining, all slides were stained in
the same batch or %AO measurements were transformed using lin-
ear regression derived from a subset of slides run in duplicate. We
validated %AO scores by comparison to traditional ordinal scores
(ie, 0-3), obtained blinded to quantitative pathology measurements,
as previously done.”

Pathology data (see Fig 1) included 5 standard “core”
regions, which were sampled from a random hemisphere at
autopsy according to standardized National Institute on
Aging/Alzheimer’s Association diagnostic guidfslines24 in the total
cohort. These core regions include anterior cingulate gyrus
(ACG; Brodmann area [BA] 24), angular gyrus (ANG; BA 39),
midfrontal cortex (MFC; BA 46), orbitofrontal cortex (OFC; BA
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(A)Inclusion/exclusion process

Autopsy-confirmed FTLD pathelogy and a clinical diagnosis of PPA or
“frontotempeoral dementia”

(n=63)
Exclusion criteria:
) Prominent behavioral impairment (n = 13)
Prominent episedic memory impairment (n = 7)
v Undetermined/unclear language prominence (n = 16)

Included patients: PPA as per modern criteria (Mesulam, 2001)
with autopsy-confirmed FTLD pathology
FTLD-TDP =13, FTLD-Tau = 14

(B).Autopsy tissue availability l
Conventional autopsy procedures with random-hemisphere FTLD-related autopsy procedures with bilateral sampling in extended
sampling in the total cohort regions from 2005 onwards and core regions in more recent autopsies
(n=27) (n=13
Standard "core" regions "Extended" regions
ACG ANG MFC OFC STG INS SPL VLT
N=29 N =28 N =34 N =35 N =28 N =22 N=24 N=19
Hemisphere: Hemisphere: Hemisphere: Hemisphere: Hemisphere: Hemisphere: Hemisphere: Hemisphere:
Left N =16 LeftN =17 LeftN =19 LeftN = 20 LeftN =17 Left N =12 LeftN =13 LeftN=11
RightN = 13 Right N = 11 Right N = 15 Right N = 15 Right N = 11 Right N = 10 Right N = 11 Right N =8
EXTENDED-REGION SUBSET
CORE-REGION SUBSET TOTAL N =154 TOTAL N = 65
Left N = 89, Right N = 65 =
Left N = 36, Right N = 29

Within-brain bilateral region-pairs

BILATERAL SUBSET TOTAL N = 106

v

FULL DATASET TOTAL N =219
Left N = 125, Right N = 94

FIGURE 1: Flow-chart depicting patient inclusion/exclusion and pathology data availability. Flow-chart shows (A) our inclusion/exclusion
process and (B) the final availability of autopsy tissue. (A) Of all patients with autopsy-confirmed frontotemporal lobar degeneration
(FTLD) pathology and a clinical diagnosis of primary progressive aphasia (PPA) or "frontotemporal dementia” (n = 63) for those
evaluated prior to modern criteria, we excluded those who did not qualify as PPA" because of prominent behavioral (n = 13) or episodic
memory (n = 7) impairments, or insufficient evidence to verify prominence of language impairment at onset (n = 16). Our final cohort
consisted of 27 patients, of whom 13 patients had FTLD with inclusions of the transactive response DNA-binding protein 43 (FTLD-TDP)
and 14 patients had FTLD with inclusions of the tau protein (FTLD-Tau). (B) Available autopsy tissue included 5 standard “core" regions
(ie, anterior cingulate gyrus [ACG], angular gyrus [ANG], midfrontal cortex [MFC], orbitofrontal cortex [OFC], superior-temporal gyrus
[STG]), that is, regions that were sampled at autopsy in the total cohort following conventional autopsy procedures with random
hemisphere sampling®* (ie, core-region subset). Additionally, our laboratory recently expanded pathology protocols to improve the
neuropathological characterization of patients with FTLD?® by collecting tissue from both hemispheres in 3 “extended” regions (ie,
insular cortex [INS], superior parietal lobule [SPL], ventrolateral temporal cortex [VLT]) in 13 recent PPA brains (ie, extended-region
subset), and more recently implemented bilateral sampling in core regions as well. In total, we collected 219 tissue samples (ie, full
dataset), comprising tissue from core (n = 154) and extended regions (n = 65), and including the subset of bilateral data with
106 matched left-right tissue samples (ie, bilateral subset). n = number of patients; N = number of slides.

11), and superior—temporal gyrus (STG; BA 22). Additional data 8) to capture anatomic substrates associated with language and
were available from “extended” regions sampled from both hemi- behavior in FTLD as described,?’ that is, anterior insular cortex
spheres in autopsies since 2005 (FTLD-TDP = 5, FTLD-Tau = (INS; BA 13), ventrolateral temporal cortex (VLT; BA 20), and
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a control region less involved in FTLD, that is, superior parietal
lobule (SPL; BA 5). We have 29 within-brain bilateral region-
pairs from extended regions, and more recently we collected
bilateral sampling in standard core regions as well, obtaining an
additional set of 24 within-brain bilateral region-pairs. To ana-
lyze pathology burden between hemispheres across brain regions,
we used all available bilateral data uniquely collected at our cen-
ter (ie, bilateral subset), comprising 53 bilateral region-pairs for a
total of 106 individual tissue samples. To analyze pathology bur-
den between brain regions within each hemisphere, we used data
from core regions sampled in all autopsies (ie, core-region sub-
set), including 89 left-hemisphere and 65 right-hemisphere sam-
ples. Our total dataset including tissue from both standard core
(n = 154) and extended regions (n = 65) amounted to 219 sam-
ples (e, full dataset). Please see Figure 1 for an overview of avail-
able sampled tissue. Missing data and damaged tissues were
excluded from analyses.

Clinical Data

Available clinical records were reviewed blinded to neuropathologi-
cal diagnosis. All patients had >1 visit with a comprehensive, formal
language evaluation performed by an experienced cognitive neurol-
ogist at our outpatient cognitive neurology clinic using a validated
protocol,””?® or similar bedside assessment in patients evaluated
prior to modern PPA criteria. We abstracted the presence of clinical
features systematically tested and reported in the record by the clini-
cian as binary variables (ie, presence/absence of specific features)
using a standardized chart review and discussed in a weekly consen-
sus panel as described.**>*" Nonfluent speech was defined as the
presence of slowed and/or effortful speech with reduced word out-
put as described.*?" Clinical data were categorized into early discase
(0-3 years after onset) and late disease (>3 years after onset).
Patients with missing data in early (n = 6) or late (n = 7) disease
periods were excluded from these analyses. Patients were classified
into clinical PPA variants when consistent with current criteria,” or
defined as unclassifiable due to concurrent semantic and non-
fluent/agrammatic features. Classification details for individual
patients are specified in Table 1. Additionally, we retrospectively
scored the sum of boxes of the extended Clinical Dementia Rating
(CDR) scale including frontotemporal dementia (FTD)-related
behavior and language subfields,?? at first and last available visits.

Neuroimaging

A subset of patients (n = 11) had research-quality T1 structural MRI
data. Quantitative MRI data were processed using ANTS.>>** We
measured cortical thickness in each hemisphere using multiatlas seg-
mentation with joint label fusion® in ROIs approximating regions
sampled at autopsy, as described.”** To determine cortical thinning
in each ROV, we derived z scores based on a demographically compa-
rable healthy control cohort without psychiatric or neurological
history (male = 47, female = 66, average education = 16.0 years,
average age = 65.2 years).

Statistical Analysis

Categorical clinical features were compared between groups using
Fisher exact test, whereas non-normally distributed demographic
variables were compared using Mann-Whitey U test.

Neuropathology and neuroimaging data were tested using para-
metric statistics as described below. We used linear mixed effects
(LME) modeling with random intercepts for individual patients to
account for interdependency of multiple measurements from the
same patient and for missing data.>® To assess the effect of a mul-
tilevel categorical variable on the model, type III analysis of vari-
ance with Satterthwaite approximation was employed. Planned
post hoc comparisons for LME outcomes were performed on
LME-derived least-square means with Tukey correction for multi-
ple comparisons. All analyses were 2-sided, with significance level
set at 0.05, and were performed using R Statistical Software 3.4.1.

Because the absolute %AQO varied due to differences in mor-
phological inclusions,”> %AQ scores were scaled to a comparable
range [0;1] (ie, normalized %AO) using min—max normalization: '
= (x — min) / (max — min). To maximize biological accuracy, this
normalization step was performed within pathology subtypes
(FTLD-TDP: type A/B, type C; FTLD-Tau: CBD, PiD, PSP).

Lateralization of pathology was tested using an LME analysis
of normalized %AO across all available bilaterally sampled region-
pairs (ie, bilateral subset) in FTLD-TDP and FTLD-Tau, covarying
for disease duration at autopsy and mutation status in FTLD-TDP.
For a direct measure of laterality, an asymmetry index (AI) was calcu-
lated in bilateral region-pairs using raw %AO scores®: Al = (left %
AO — right %AO0) / (average left %AO & right %A0) X 100. We
tested regional Al with a 1-sample ¢ test against the null-hypothesis
that mean Al = 0 (ie, no lateralization), and we assessed the relation-
ship between CDR score at last visit and Al using an LME model
across all regions.

Within-group analysis of regional pathology was performed
using an LME model testing the effect of region on normalized %
AO in left- and right-hemisphere standard core regions (ie, core-
region subset), covarying for disease duration at autopsy, and
mutation status in FTLD-TDP. We defined greatest core-region
pathology as the region with the highest least-square mean derived
from LME modeling in each hemisphere in FTLD-TDP and
FTLD-Tau. Between-group comparisons of pathology burden
were performed using analysis of covariance with normalized %
AO as outcome variable, covarying for disease duration at autopsy.

We tested the relationship between normalized %AO and
MRI cortical thickness in the full dataset with an LME model
comprising ROIs matching available regional pathology data,
covarying for time from scan to autopsy. We used independent
samples # tests to compare normalized %AO measurements in
greatest core-pathology regions between patients with and with-
out clinical language features characteristic of naPPA and svPPA.

Results

Clinical Characterization

The cohort comprised 13 patients with FTLD-TDP and
14 with FTLD-Tau (see Table 1), who did not differ in
demographic characteristics. All but 2 patients were right-
handed. FTLD-TDP and FTLD-Tau differed in the fre-
quencies of clinical variants (p = 0.007, Fisher exact test).
FTLD-TDP was associated with svPPA in 8 of 13 patients
(61.5%), whereas 3 of 13 (23.1%) patients had naPPA
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TABLE 1. Cohort Characteristics and Demographics

ID Sex Education, Handedness PPA Path Gene Brain PMI, Braak CERAD Age at Disease CDR CDR

yr Variant Subtype Mutation wt,g h Onset, yr  Duration, First Last
yr Visit"  Visit®
FTLD-TDP 1 M 12 R svPPA®  C 1,053 4 0 B 62 18.8 1.5 19
2 F 12 R svPPA  C 1,003 20 0 0 62 6.7 2.5 na
3 M 20 L svPPA  C 1,359 6 1 0 55 8.0 6.5 20
44 F 18 R svPPA® A GRN 790 8 0 0 56 5.7 14 23
59 F 18 R Uncls A GRN 742 45 1 0 52 10.5 105 175
64 F 12 R Unclas A GRN 1,055 8.5 1 0 65 3.5 4.5 23
7 M 16 R svPPA  C 1,390 165 1 A 62 10.3 4.5 9.5
8 M 16 R svPPA  C 1,060 20 0 0 65 11.4 3 21
9 M 18 R naPPA A GRN 866 18 1 0 56 10.3 4 22
10° M 22 R svPPA A 1,090 16 1 0 59 11.6 3 13.5
11 M 16 R naPPA A 1,160 6.5 0 0 52 3.4 3.5 21
12 M  na R svPPA  C 1,157 125 0 0 50 13.5 1 11.5
13 F 18 L naPPA’ B 1,069 17 1 A 69 1.4 9 17.5
FTLD-Tau 14° F 12 R naPPA  CBD 902 14 0 A 66 11.1 2 19
15 F 16 R naPPA  CBD 1,149 195 0 0 52 4.8 4.5 16
164 F 12 R naPPA PSP 1,035 17 2 A 63 7.7 1.5 na
17 M 20 R Unclas CBD 1,085 17 1 A 63 5.6 4 20
18 M 12 R naPPA PSP 1,100 13 0 0 71 10.0 3.5 20
19° F 16 R naPPA  CBD 906 4 1 0 58 8.3 2 22
200 M 20 R svPPA  PiD 1,049 4 0 0 54 17.2 6 24
21 F 12 R naPPA  CBD 1,340 19 0 0 74 5.9 2 14
22° F 16 R Unclas  PiD 1,053 14 0 0 57 9.1 3.5 21
23 M na R naPPA PSP 1,310 4 2 0 76 7.9 4.5 20.5
24 F na R Unclas CBD 1,080 15 0 0 65 5.7 2 20
25 M 16 R naPPA PSP 1,014 155 1 A 67 5.7 4.5 na
264 M 16 R naPPA PSP 1,297 5 1 0 70 9.6 5 15.5
27° F 16 R naPPA  CBD 1,162 10 1 A 58 9.5 2.5 8

*The CDR scale was scored at first available visit for all patients, and at last visit for patients with >1 available visits.

"Patient 1 had a logopenic presentation in early disease (IWVPPA—, ie, meeting ancillary clinical features of IvPPA but not core features due to preserved repetition®), and
progressed to an svPPA phenotype as per clinical criteria.

“These patients (n = 11) had available antemortem magnetic resonance imaging data.

Low levels of secondary copathologies were present in a minority of patients with no or rare cortical involvement. Patients 4 and 5 had hippocampal sclerosis. Patient
6 had secondary argyrophilic grain disease with rare cortical pathology. Patients 16 and 26 had secondary Lewy body disease (limbic stage).

“Patient 4 met core criteria for svPPA, but there was insufficient data to determine whether this patient fulfilled ancillary svPPA criteria.

fPatient 13 had naPPA at onset and thereafter developed motor neuron disease features leading to a diagnosis of amyotrophic lateral sclerosis.

A-C = FTLD-TDP subtypes according to current neuropathological criteria?®; CBD = corticobasal degeneration; CDR = Clinical Dementia Rating including
frontotemporal dementia (FTD) subfields*?>; CERAD = Consortium to Establish a Registry for Alzheimer’s Disease; F = female; FTLD-Tau = frontotemporal lobar
degeneration with inclusions of the tau protein; FTLD-TDP = frontotemporal lobar degeneration with inclusions of the transactive response DNA-binding protein 43;
GRN = progranulin gene; L = left-handed; IvPPA = logopenic PPA; M = male; na = not available; naPPA = nonfluent/agrammatic variant of PPA; PiD = Pick disease;
PMI = postmortem interval; PPA = primary progressive aphasia; PSP = progressive supranuclear palsy; R = right-handed; svPPA = semantic variant of PPA; Unclas =

unclassifiable primary progressive aphasia with concurrent nonfluent/agrammatic and semantic features; wt = weight.
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and 2 of 13 (15.4%) had an unclassifiable phenotype with
mixed semantic and nonfluent/agrammatic features. FTLD-
Tau was associated with naPPA in 10 of 14 patients
(71.4%), whereas 1 of 14 (7.1%) had svPPA, and 3 of
14 (21.4%) were unclassifiable. Four FTLD-TDP patients
carried a GRN mutation. Likewise, 8 of 9 (88.9%) svPPA
patients had FTLD-TDP pathology, whereas 10 of 13
(76.9%) naPPA patients had FTLD-Tau pathology. Thus,
clinical syndromes did not consistentdy predict expected
pathology, and 5 of 27 (18.5%) patients could not be classi-
fied due to mixed features.

We compared clinical language features between FTLD-
TDP and FTLD-Tau independently of clinical syndrome
(Table 2; statistics: Fisher exact test). In early disease (0-3 years
after onset), 9 of 10 (90.0%) FTLD-Tau patients had non-
fluent speech, which was more frequent than 4 of 11 (36.4%)
patients with FTLD-TDP (p = 0.024), and impairment of
single-word comprehension in 7 of 10 (70.0%) patients with
FTLD-TDP approached significance when compared to 2 of
9 (22.2%) patients with FTLD-Tau (p = 0.070). In late dis-
ease (>3 years after onset), 11 of 12 (91.7%) of FTLD-Tau
patients had nonfluent speech compared to 2 of 8 (25.0%)
with FTLD-TDP (p = 0.004). Additionally, FTLD-Tau
patients had higher frequency of agrammatism (p = 0.005),
dysarthria (p = 0.028), phonemic paraphasias (p = 0.019), and
impaired sentence repetition (p = 0.018) than FTLD-TDP
patients. Conversely, 7 of 7 (100.0%) patients with FTLD-
TDP in late disease had single-word comprehension difficul-
ties, greater than 5 of 12 (41.7%) in FTLD-Tau patents
(p = 0.017), and were more often impaired in object knowl-
edge (p =0.009) and meaningful content of speech
(p = 0.019) than FTLD-Tau patients. Thus, distinctive lan-
guage features, that is, nonfluent speech in FTLD-Tau and
impaired single-word comprehension in FTLD-TDP, were
relatively more reliable than syndromic variants.

Neuropathological Analysis: Lateralization

We studied the interhemispheric distribution of TDP-43 and
tau across all bilaterally sampled region-pairs. Cortical pathol-
ogy was lateralized to the left hemisphere in both FTLD-TDP
(beta = —0.15, standard error [SE] = 0.05, p = 0.007) and
FTLD-Tau (beta = —0.09, SE = 0.04, p = 0.015). The
2 left-handed patients of our cohort did not have bilateral
sampling and were not included in this analysis.

We used the Al as a direct measure of laterality in
each region (Fig 2A). FTLD-TDP showed region-specific
left lateralization of OFC (mean Al = 60.9 & 41.0,
t =332, df = 4, p = 0.029) and SPL (mean Al = 150.9
+ 55.6, t = 4.70, df = 2, p = 0.042), whereas FTLD-Tau
had region-specific left lateralization of MFC (mean Al =
79.0 & 46.8, r = 3.37, df = 3, p = 0.043). Furthermore,
Al was negatively associated with full CDR at last visit

(beta = —8.18, SE = 3.22, p = 0.015) across all regions
and irrespective of pathology group (see Fig 2B), suggesting
that increased overall clinical dementia severity before death
was associated with reduced left lateralization of pathology.

Neuropathological Analysis: Within-Group
Regional Burden

We analyzed within-group regional burden of pathology in
the 5 standard core regions. In left-hemisphere FTLD-TDP,
we found a significant effect of region on pathology burden
(F = 9.46, df = 4,29, p < 0.001). Among the 5 core regions
sampled, left OFC had the greatest core-region pathology
(Fig 3A). Planned post hoc comparisons showed significantly
higher burden in left OFC compared to left MFC (p < 0.001)
and ANG (p < 0.001), and in left STG compared to left
MEFC (p = 0.027). In lefe-hemisphere FTLD-Tau, we found a
significant effect of region on cortical pathology (F = 7.92,
df'= 4,33, p < 0.001). Among the 5 core regions sampled, left
MFC had greatest core-region pathology (see Fig 3A).
Planned post hoc comparisons showed significantly higher
burden in left MFC compared to left OFC (p < 0.001), STG
(p = 0.004), and ANG (p = 0.024), and in left ACG com-
pared to left OFC (p = 0.006) and STG (p = 0.022).

To verify whether these findings were consistent within
pathology subtypes, we performed a subanalysis comparing
regions of greatest core-region pathology, and found that left
OFC was more affected than left MFC in both FTLD-TDP
type A/B (beta = 0.24, SE = 0.02, p < 0.001) and type C
(beta = 0.41, SE = 0.08, p = 0.008), whereas left MFC was
more affected than left OFC in both CBD (beta = 0.21, SE =
0.05, p = 0.023) and PSP (beta = 0.23, SE = 0.07, » = 0.010).
We could not perform this subanalysis in PiD because of the
limited sample (n = 1).

Considering the well-established association between
FTLD-TDP and svPPA*™ with focal anterior temporal
atrophy,”” we examined the limited left VLT data avail-
able in FTLD-TDP (n =4) and found relatively high
pathology burden (0.76 % 0.12).

Although the right hemisphere had less pathology, the
findings of greatest core-region pathology were similar to the
left hemisphere (see Fig 3B). In FTLD-TDP, region had a sig-
nificant effect on right-hemisphere pathology (F = 4.39,
df = 4,26, p = 0.008), and OFC was the region of greatest
core-region pathology in the right hemisphere. Planned post
hoc comparisons showed greater burden in right OFC com-
pared to right ANG (p = 0.009), and in right ACG compared
to right ANG (p = 0.019). In FTLD-Tau, right-hemisphere
pathology differed by region (F = 3.51, df= 4,17, p = 0.029),
and MFC was the region of greatest core-region pathology in
the right hemisphere. Although planned post hoc comparisons
failed to show significant pairwise contrasts between regions,
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we observed a trend for greater pathology in right MFC com-
pared to right OFC (p = 0.059).

Neuropathological Analysis: Between-Group
Comparisons of Pathology Burden

We directly compared burden in left-hemisphere core-regions
with greatest pathology (ie, OFC, MFC) between FTLD-
TDP and FTLD-Tau (Fig 4). FTLD-TDP had significandy
higher pathology than FTLD-Tau in left OFC (FTLD-
TDP = 0.88 &+ 0.07, FTLD-Tau = 0.57 &+ 0.11; F=47.07,
df=1,17, p < 0.001), whereas FTLD-Tau had higher pathol-
ogy in left MFC (FTLD-TDP = 0.57 = 0.09, FTLD-Tau =
0.79 £ 0.11; F = 19.34, df = 1,16, p < 0.001). In a sub-
analysis in pathology subtypes, we found that both FTLD-
TDP type A/B and type C had greater pathology in left OFC
than CBD (p < 0.006) and PSP (p < 0.004), whereas CBD
and PSP had greater pathology in left MFC than FTLD-TDP
type A/B (p < 0.03) and type C (p < 0.02). In the single PiD
patient with left-hemisphere sampling, left MFC burden
(0.90) was greater and left OFC burden (0.50) was smaller
compared to all individual measurements in FTLD-TDP sub-
types. Thus, there was a double dissociation of left-hemisphere
pathology, distinguishing OFC as the greatest core-region
pathology in FTLD-TDP and MFC as the greatest core-region
pathology in FTLD-Tau, consistent across morphological sub-
types of these proteinopathies.

Clinicopathological Association: Neuroimaging

We tested the association of postmortem pathology with ante-
mortem cortical thinning in corresponding ROIs in 11 patients
with available MRI (FTLD-Tau = 6, FTLD-TDP = 5).
Pathology burden was inversely associated with MRI cortical
thickness across all available tissue regions and corresponding
MRI ROIs (beta = —0.04, SE = 0.01, p = 0.007; Fig 5A).
Next, we examined cortical thinning in left-hemisphere ROIs
corresponding to the 5 standard core regions to mirror our
within-group regional analysis. Among these 5 core ROls, left
OFC was the region of greatest core-region atrophy in FTLD-
TDP (mean = —3.78 & 2.25), whereas left MFC was the
region of greatest core-region atrophy in FTLD-Tau (mean =
—2.10 £ 1.53). Thus, the antemortem distribution of disease
on MRI matched postmortem findings in core regions (see
Fig 5B). Similarly, in the right hemisphere, OFC and MFC
were the regions of greatest core-region atrophy in FTLD-
TDP and FTLD-Tau, respectively (FTLD-TDP right OFC =
—2.89 £ 0.80; FTLD-Tau right MFC = —2.06 + 1.26),

consistent with postmortem findings.

Clinicopathological Association: Language
Features

Finally, we related the most robust clinical language features,
that is, nonfluent speech and single-word comprehension, to
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pathology in core-regions with greatest pathology (Fig 6).
Across the cohort, patients with early nonfluent speech had
higher left MFC burden than patients without such impair-
ment (= —3.62, df = 12.00, p = 0.004). Patients with early
impairment of single-word comprehension showed a trend
for greater burden in left OFC (z = —-2.01, 4f = 7.89,
2 = 0.080). As several patients developed comprehension dif-
ficulties only later in the disease (see Table 2), we looked at
late impairment (ie, >3 years after onset) of single-word com-
prehension, and found that it significandy associated with
left OFC pathology (r = —3.72, df'= 10.72, p = 0.004). We
did not find an association of single-word comprehension
impairment with left STG pathology (p > 0.5), nor did we
find an association of right-hemisphere OFC or MFC
pathology with single-word comprehension or nonfluent
speech, respectively (p > 0.05).

Because the left anterior temporal lobe has been impli-
cated in semantic deficits in syPPA®*® and we had limited
availability of autopsy tissue in this region, we performed an
exploratory analysis of a left-hemisphere anterior temporal
ROI in antemortem MRI. We found that FTLD-TDP had
prominent cortical thinning in left anterior temporal cortex
(FTLD-TDP = —4.49 £ 1.53), which did not differ from
left OFC cortical thinning in FTLD-TDP (¢ = 1.16, 4f = 4,
p =0.310). Left anterior temporal cortical thinning was
greater in FTLD-TDP than FTLD-Tau (FTLD-Tau =
—2.11 £ 1.66; ¢ = —2.47, df = 8.86, p = 0.036). Finally,
MRI cortical thinning was associated with early single-word
comprehension deficits in both anterior temporal (¢ = 3.03,
df = 5.88, p = 0.024) and orbitofrontal (¢ = 5.05, df = 5.08,
2 = 0.004) cortices.

Discussion

This comparative, bihemispheric, digital pathology study of
FTLD-TDP and FTLD-Tau in PPA presents several novel
and important findings. First, our digital approach provides
expected evidence of left-lateralized pathology in PPA, but
some of the observed heterogeneity in laterality may partly
be explained by advancing overall dementia severity at end-
stage disease (see Fig 2). Next, we find a double dissociation
in patterns of cortical pathology in ventral-frontal and tem-
poral regions in FTLD-TDP as opposed to dorsolateral
frontal regions in FTLD-Tau (see Figs 3 and 4), and these
appear to be common across morphological subtypes of
each proteinopathy. Moreover, we find converging evi-
dence for these regional patterns in antemortem MRI, with
a direct association between antemortem cortical thinning
and postmortem digital pathology (see Fig 5). Finally, this
regional susceptibility to distinct proteinopathies directly
relates to clinical language features, irrespective of PPA syn-
dromic variants (see Fig 6). We conclude that divergent
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TABLE 2. Comparison of Clinical Language Features between FTLD-TDP and FTLD-Tau Groups
Language Features Early, 0-3 Years Late, >3 Years
FTLD-TDP, n (%) FILD-Tau, n (%) p FTLD-TDP, n (%) FTLD-Tau, n (%) p

Imp single-word retrieval 11/11 (100) 10/10 (100.0)  na 8/8 (100.0) 12/12 (100.0)  na
Imp naming 9/10 (90) 8/9 (88.9) 1.000 8/8 (100.0) 12/12 (100.0)  na
Imp sentence repetition 5/9 (55.6) 3/8 (37.5) 0.637 2/5 (40.0) 11/11 (100.0) 0.018*
Nonfluent speech 4/11 (36.4) 9/10 (90.0) 0.024* 2/8 (25.0) 11/12 (91.7) 0.004*
Agrammatism 4/11 (36.4) 7/10 (70.0) 0.198 1/8 (12.5) 10/12 (83.3) 0.005*
Dysarthria 3/11 (27.3) 5/10 (50.0) 0.387 1/8 (12.5) 8/12 (66.7) 0.028*
Empty speech content 2/11 (18.2) 2/10 (20.0) 1.000 6/8 (75.0) 2/12 (16.7) 0.019*
Semantic paraphasias 5/11 (45.5) 3/10 (30.0) 0.659 5/8 (62.5) 7/12 (58.3) 1.000
Phonemic paraphasias 2/11 (18.2) 5/10 (50.0) 0.183 2/8 (25.0) 10/12 (83.3) 0.019°
Imp gramm compr 6/7 (85.7) 5/10 (50.0) 0.304 3/8 (37.5) 10/12 (83.3) 0.062
Imp single-word compr 7/10 (70) 2/9 (22.2) 0.070 7/7 (100.0) 5/12 (41.7) 0.017°
Imp object knowledge 5/9 (55.6) 2/9 (22.2) 0.335 6/6 (100.0) 3/12 (25.0) 0.009°
Surface dyslexia 1/8 (12.5) 1/9 (11.1) 1.000 4/4 (100.0) 2/7 (28.6) 0.061

Categorical binary dlinical features were compared between FTLD-TDP and FTLD-Tau groups using the Fisher exact test independently of clinical

phenotype.

compr = comprehension; FTLD-Tau = frontotemporal lobar degeneration with inclusions of the tau protein; FTLD-TDP = frontotemporal lobar

degeneration with inclusions of the transactive response DNA-binding protein 43; gramm = grammatical; Imp = impaired; na = not available.

*Significant at p < 0.05.

patterns of cortical pathology in PPA with underlying
FTLD-TDP or FTLD-Tau may be helpful to improve
antemortem diagnosis of neuropathology based on specific
regional burden and associated language features.
Histopathological comparisons across hemispheres in
FTLD are very rare due to the lack of bilateral sampling in
standard neuropathological protocols.”*?* Lateralization of
postmortem disease has been shown in rare prior postmor-
tem studies, either qualitatively” or quantitatively in a small
sample of FTLD-TDP."*>'® Imaging studies suggest that
there may be regional specificity to language-related areas in
the rate of atrophy progression and lateralization in PPA,'>"!
but these studies lack autopsy data. In our rare bilateral
dataset, we found overall left lateralization of cortical pathol-
ogy in FTLD-TDP and FTLD-Tau, consistent with previ-
ous reports.>* Moreover, our digital approach enabled us to
detect novel evidence of regional and individual-patient vari-
ability (see Fig 2). We observed region-specific lateralization
of postmortem pathology in regions with high burden, that
is, OFC in FTLD-TDP and MFC in FTLD-Tau, and in a
relatively spared region in FTLD-TDP (ie, SPL). In our recent
postmortem study in behavioral variant FID (bvFID),
our digital approach also revealed that lateralization varied

depending on region.*® Although autopsy data are inherently
cross-sectional, our examination of overall dementia severity
before autopsy suggests that pathology may become more
evenly distributed across hemispheres with advancing disease
in PPA. Because all patients had severe language impairment
at last visit (score = 3/3 on CDR language subscale), we could
not relate laterality to end-stage language impairment specifi-
cally, and decreasing lateralization at end-stage disease may
reflect the emergence and progression of nonlanguage features
captured by the CDR contributing to global disease severity.
Although we observed this relationship across FTLD-TDP
and FTLD-Tau, FTLD proteinopathies may differ in the rate
of neurodegeneration,” and future work will help clarify the
progression of lateralization in these pathologies. In our study,
FTLD-TDP and FTLD-Tau had divergent regional distribu-
tions of postmortem pathology, which were consistent across
hemispheres and among morphological subtypes of each
proteinopathy. FTLD-TDP had greatest core-region pathol-
ogy in left OFC. Postmortem work identifies OFC as a likely
site of early TDP-43 pathology in bvFTD.*® We are unaware
of any large-scale study of regional TDP-43 distribution spe-
cifically in PPA, yet one reported PPA patient with GRN
mutation showed relatively high TDP-43 counts in OFC."?
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FIGURE 2: Region-specific lateralization of cortical disease and
association with clinical dementia severity. (A) Box-plots depict
asymmetry index (Al) values calculated in available bilaterally
sampled region-pairs. An Al greater than zero (on the left side of
the red dashed line) indicates left lateralization of pathology
burden. Overall, we find left lateralization of cortical pathology in
both frontotemporal lobar degeneration (FTLD) with inclusions of
the transactive response DNA-binding protein 43 (FTLD-TDP) and
FTLD with inclusions of the tau protein (FTLD-Tau), but individual
and regional patient data may have variable degrees of
hemispheric laterality. In FTLD-TDP, orbitofrontal cortex (OFC)
and superior parietal lobule (SPL) are significantly left-lateralized
(ie, asymmetry index >0; p < 0.05); in FTLD-Tau, midfrontal cortex
(MFC) is significantly left-lateralized (p < 0.05). Blue asterisks
indicate significant findings in FTLD-TDP, whereas the red asterisk
indicates a significant finding in FTLD-Tau. ACG = anterior
cingulate gyrus; ANG = angular gyrus; INS = insular cortex;
STG = superior-temporal gyrus; VLT = ventrolateral temporal
cortex. (B) Scatterplot shows an inverse linear relationship
between clinical dementia severity proximal to autopsy and
degree of lateralization (ie, Al) across all bilaterally sampled
regions (beta = —8.18, standard error = 3.22, p = 0.015). Data
were analyzed using linear mixed effects analysis to account
for interdependency of multiple measurements from the
same individuals. CDR = Clinical Dementia Rating including
frontotemporal dementia subfields.3?
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FIGURE 3: Regional distribution of pathology in five standard
core regions in frontotemporal lobar degeneration (FTLD) with
inclusions of the transactive response DNA-binding protein
43 (FTLD-TDP) and FTLD with inclusions of the tau protein
(FTLD-Tau) in left and right hemispheres. Heat-map portrays
regional distribution of cortical pathology in left and right
hemispheres in FTLD-TDP (blue) and FTLD-Tau (red). Here we
display regional least-square means of normalized percentage
area occupied by pathology after normalization [0;1] (%AO)
from linear mixed effects within-group regional analysis in
5 standard core regions. (A) In the left hemisphere, we found
greatest core-region pathology in left orbitofrontal cortex
(OFC) in FTLD-TDP and left right midfrontal cortex (MFC) in
FTLD-Tau. (B) In the right hemisphere, we found similar
findings of greatest core-region pathology in right OFC in
FTLD-TDP and MFC in FTLD-Tau. Regions of greatest core-
region pathology in each hemisphere are marked with an
asterisk. ACG = anterior cingulate gyrus; ANG = angular
gyrus; STG = superior-temporal gyrus.

TDP-43 copathology may occur in aged AD or cognitively
normal patients, and relatively mild TDP-43 pathology is
found in OFC,*! as opposed to our data in PPA and in our
previous study of bvFTD.” This suggests that TDP-43
copathology in advanced aging may be distinct from primary
TDP-43 pathology in FTLD. Although our findings point to
OFC as a key disease area in PPA with FTLD-TDP, we had
limited tissue outside of our core-regions, and we cannot
exclude anterior temporal regions having high TDP-43 bur-
den. We found preliminary evidence of reladvely high
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FIGURE 4: Regional comparisons of cortical neuropathological burden in greatest core-region pathology regions. (A) Boxplots
portray direct within-group and between-group comparisons of cortical pathology (ie, normalized percentage area occupied by
pathology after normalization [0;1] [%AQ]) in greatest core-region pathology regions. Within frontotemporal lobar degeneration
(FTLD) with inclusions of the transactive response DNA-binding protein 43 (FTLD-TDP), left (L) orbitofrontal cortex (OFC) had
greater pathology than left midfrontal cortex (MFC; p < 0.001), whereas within FTLD with inclusions of the tau protein (FTLD-Tau),
left MFC had greater pathology than left OFC (p < 0.001). Between pathologies, FTLD-TDP had greater pathology in left OFC than
FTLD-Tau (mean FTLD-TDP = 0.88 + 0.07; mean FTLD-Tau = 0.57 + 0.11; F = 47.07, df = 1,17, p < 0.001), whereas FTLD-Tau had
greater pathology in left MFC than FTLD-TDP (mean FTLD-TDP = 0.57 + 0.09; mean FTLD-Tau = 0.79 + 0.11; F = 19.34,
df= 1,16, p < 0.001). Subanalyses showed consistent results across pathology subtypes. Here, digital pathology measurements are
color-coded by pathology subtypes. Significant findings with p < 0.001 are marked with 3 asterisks. Type A/B and type C are FTLD-
TDP subtypes. CBD = corticobasal degeneration; PiD = Pick disease; PSP = progressive supranuclear palsy. (B) Images show
pathology burden in left OFC and left MFC comparatively in a case of FTLD-TDP type A with a GRN mutation and clinical semantic
primary progressive aphasia and in a case of FTLD-Tau PSP with nonfluent/agrammatic primary progressive aphasia (scale
bar = 100 pm). We include both raw images with immunohistochemical staining of TDP-43 (rat monoclonal TARSP-1D3, p409/410,
Ascenion)?’ and tau (ATS, MiIIipore),28 as well as digital images with thresholding parameters for digital detection of TDP-43 and
tau inclusions. Whereas the FTLD-TDP case has relatively high burden of TDP-43 inclusions in OFC and relatively low burden in
MFC, the FTLD-Tau case has relatively low burden of tau inclusions in OFC and relatively high burden in MFC.

pathology in left VLT (0.76 £ 0.12) in our limited sample
with available tissue (n = 4) that was similar to mean TDP-43
burden in left OFC (see Fig 3), but a larger sample would be
necessary to more reliably assess pathology burden in this area.
Relatively high temporal burden in FTLD-TDP was also
found in left STG (see Fig 3A), yet this region is more poste-
rior compared to areas typically associated with semantic
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knowledge in PpA 3842 Nevertheless, with increasing severity,
the distribution of pathology may spread from anterior tem-
poral to more posterior temporal regions.9

FTLD-Tau is known to affect frontal areas,® but
regional burden of FTLD-Tau in PPA is understudied. In
a cohort of PiD, mostly with clinical bvFTD, we found
the highest levels of pathology in frontal and limbic
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regions.31 Furthermore, significant frontal disease in PSP
has been linked to cognitive features.** Here, FTLD-Tau
showed greatest core-region pathology in MFC bilaterally,
greater in the left hemisphere than the right hemisphere,
consistent with the idea that both frontal cortices may con-
tribute to language deficits in naPPA.'? However, only left-
hemisphere MFC burden directly associated with nonfluent
speech. We cannot, however, rule out other indirect contri-
butions of right-hemisphere disease to language deficits, or
the involvement of other regions outside of our sampling.

Regional patterns of specific proteinopathies likely
influence the clinical manifestations of PPA. In our cohort,
8 of 9 svPPA patients had FTLD-TDP pathology, whereas
10 of 13 naPPA patients had FTLD-Tau pathology.
Although this is consistent with previous associations,” a
considerable subset of the cohort (19%) was unclassifiable
due to concurrent nonfluent/agrammatic and semantic fea-
tures (2/5 FTLD-TDP, 3/5 FTLD-Tau), similar to previ-
ous reports of PPA with mixed features.>* Due to these
ambiguities of PPA syndromic variants,” we compared spe-
cific language features between proteinopathies irrespective
of clinical syndromes. We found a double dissociation, with
greater single-word comprehension difficulties in FTLD-
TDP as opposed to nonfluent speech in FTLD-Tau (see
Table 2), and this was associated with increased burden in
specific neuroanatomical regions, that is, left OFC and left
MFC, respectively. Distinct regional patterns of FTLD-
TDP and FTLD-Tau (see Figs 3 and 4) thus directly relate
to language deficits (see Fig 6).

Consider first semantic deficits in FTLD-TDP. Left
OFC burden, prominent in FTLD-TDP, was associated
with antemortem semantic difficulties across the cohort.
OFC may play a specific role in the semantic network such
as lexical search®; orbitofrontal areas have been implicated
in semantic studies in syPPA and bvFTD,*”* and atrophy
in svPPA has been shown to extend to OFC.” Additionally,
the left uncinate fasciculus connecting anterior temporal
and ventral-frontal areas may contribute to semantic
retrieval and semantic association tasks.”” Although we had
limited anterior temporal tissue (ie, VLT), in antemortem
MRI we found an association of anterior temporal and
orbitofrontal atrophy, greater in FTLD-TDP, with single-
word comprehension difficulties. Thus, alongside the anterior
temporal cortex, OFC appears to be intimately associated
with TDP-43 pathology and may contribute to semantic def-
icits in PPA. By comparison, patients with nonfluent speech
had greater left MFC pathology than patients with intact
fluency, consistent with previous antemortem work, 124849
We could not test the reported association between non-
fluent speech and left INS pathology' in our dataset
due to limited data in this region. However, our findings
of a double dissociation in language features between
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FIGURE 5: Magnetic resonance imaging (MRI) cortical thinning is
reflective of cortical neuropathological burden at autopsy.
(A) Scatterplot portrays a significant negative relationship
between pathology burden (ie, normalized percentage area
occupied by pathology after normalization [0;1] [%AO]) and
cortical thickness z scores from antemortem MRI in regions
matching autopsy sampling across pathology groups (beta =
—0.04, standard error = 0.01, p = 0.007). The fit line represents
the linear association between cortical thickness z scores (x-axis)
and normalized %AO (y-axis) in corresponding regions, and has
been derived in a linear mixed effects model®® accounting for
multiple measurements from the same patient as well as
1 covariate (ie, time from scan to autopsy), which may confound
the linear association between the 2 measurements. Data points
are colorcoded by pathology (ie, frontotemporal lobar
degeneration [FTLD] with inclusions of the transactive response
DNA-binding protein 43 [FTLD-TDP] = blue, FTLD with inclusions
of the tau protein [FTLD-Tau] = red). (B) Heat-map shows relative
MRI cortical thinning in left-hemisphere regions of interest (ROls)
matching 5 standard core regions sampled at autopsy in FTLD-
TDP and FTLD-Tau. Regions are color-coded by relative severity of
cortical thinning as compared to healthy controls (scale bars = z
scores) within pathology groups. Group means are obtained from
11 patients (5 FTLD-TDP, 6 FTLD-Tau) with available antemortem
structural MRI. Among these core ROIls, FTLD-TDP has greatest
core-region atrophy in left orbitofrontal cortex (mean =
—3.78 + 2.25), whereas FTLD-Tau has greatest core-region
atrophy in left midfrontal cortex (mean =-2.10 + 1.53),
validating our postmortem findings. Regions of greatest core-
region atrophy are marked with an asterisk.
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FIGURE 6: Clinicopathological associations of left-hemisphere greatest core-region pathology regions with clinical language
features. Boxplots show correlations of cortical pathology burden (ie, normalized percentage area occupied by pathology after
normalization [0;1] [%AQ]) in greatest core-region pathology regions with clinical language features. Data points are color-coded
by pathology group (ie, frontotemporal lobar degeneration [FTLD] with inclusions of the transactive response DNA-binding
protein 43 [FTLD-TDP] = blue, FTLD with inclusions of the tau protein [FTLD-Tau] = red) and shape-coded by clinical phenotype
(ie, circle = nonfluent/agrammatic primary progressive aphasia [naPPA], triangle = semantic primary progressive aphasia [svPPA],
square = unclassifiable with mixed features). Irrespective of primary progressive aphasia clinical variant, patients with single-
word comprehension impairment in late disease (ie, >3 years after onset) had more severe cortical disease in left
(L) orbitofrontal cortex (OFC) than patients with sparing of this language function (t = —3.72, df = 10.72, p = 0.004); patients
with nonfluent speech in early disease (ie, 0-3 years after onset) had more severe cortical disease in left midfrontal cortex (MFC)
than patients with fluent speech (t = —3.62, df = 12.00, p = 0.004). Statistical significance (p < 0.05) is indicated with an asterisk.

Unclass = unclassifiable primary progressive aphasia with concurrent nonfluent/agrammatic and semantic features.

FTLD-TDP and FTLD-Tau highlight the potential role
of these linguistic features that can serve as inexpensive
screening tools for diagnostic markers that predict
pathology in PPA, while avoiding some of the ambigui-
ties associated with syndromic variants.>®

This is, to our knowledge, the first attempt to integrate
evidence from antemortem MRI with postmortem pathology
in PPA. We found that pathology measurements are reflected
in the degree of antemortem cortical thinning during life in
corresponding regions, while accounting for the time period
between scanning and autopsy. Greatest core-region pathol-
ogy regions in FTLD-TDP and FTLD-Tau corresponded to
areas of greatest core-region atrophy on MR, in both left and
right hemispheres. Our study in bvFTD also associated
regional pathologic burden with antemortem MRI cortical
thinning®; this was achievable partly because of our digital
histopathological approach. These novel findings of concor-
dance between postmortem pathology and antemortem atro-
phy are an important first step for pathologic-imaging
validation in PPA, and provide proof-of-concept evidence that
tissue-guided imaging approaches may eventually help estab-
lish diagnostic biomarkers during life.

Some caveats should be considered when interpreting
these data. We had insufficient harmonized neuropsychologi-
cal assessments for quantitative analysis of language and had
missing data for some patients; however, we used a validated
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chart extraction method including a consensus panel, most
patients had detailed longitudinal assessments with structured
language evaluations, and > 75% were seen within 3 years of
onset. Comprehensive standardized neuropsychological assess-
ments in PPA patients followed to autopsy are needed to con-
firm our clinicopathological associations. Although we have
strong rationale to compare FTLD-TDP and FTLD-Tau
based on current nomenclature™ and shared genetic risk,”">*
our cohort was neuropathologically and genetically diverse.
The few GRN carriers and left-handed individuals did not
appear to deviate substantially from typical PPA with FTLD-
TDP and FTLD-Tau. We carefully identified patients with a
monoproteinopathy, not confounded by vascular or signifi-
cant AD copathology. Although we were underpowered to
evaluate all genetic and pathological subgroups, we accounted
for morphological differences by normalizing %AO measure-
ments within proteinopathy subtypes, and subanalyses in
these subtypes showed consistent findings (see Fig 4). We per-
formed rigorous validation of our digital algorithms and sam-
pling approach®* to minimize (pre-)analytical bias. Due to the
rarity of antemortem research-quality MRI in autopsy cohorts,
our MRI subset was relatively small (n = 11). Finally,
although we sampled several “extended” regions important for
FTLD, this represents only an approximation of the wide-
spread language network described in whole-brain neuroimag-
ing.*”'* Therefore, other regions in the language network,

Volume 00, No. 0



such as the left anterior temporal lobe, may show stronger
associations with semantic comprehension and TDP-43
pathology in future studies.

With these limitations in mind, we demonstrate that
postmortem pathology is left-lateralized in PPA regardless
of underlying pathology, that lateralization diminishes with
increasingly severe dementia, that FTLD-TDP and FTLD-
Tau have doubly-dissociated, pathology-specific patterns of
disease, and that the anatomic distribution of pathology is
related to distinct antemortem linguistic and imaging fea-
tures in FTLD-TDP and FTLD-Tau with clinical PPA.
We thus propose that distinct FTLD proteinopathies
underlying PPA may eventually be detected during life with
the help of tissue-guided imaging and neuropsychological
linguistic markers reflecting divergent microscopic patterns

of TDP-43 and tau.
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