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Protein contributions to brain atrophy
acceleration in Alzheimer’s disease and
primary age-related tauopathy

®Keith A. josephs,I Peter R. Martin,? Stephen D. Weigand,2 Nirubol Tosakulwong,2
(®Marina Buciuc,I Melissa E. Murray,3 Leonard Petrucelli,4 Matthew L. Senjem,""6
Anthony J. Spychalla,>® David S. Knopman,' Bradley F. Boeve,' Ronald C. Petersen,’'
Joseph E. Parisi,” (®Dennis W. Dickson,? Clifford R. Jack, Jr® and Jennifer L. Whitwell®

Alzheimer’s disease is characterized by the presence of amyloid-f and tau deposition in the brain, hippocampal atrophy and
increased rates of hippocampal atrophy over time. Another protein, TAR DNA binding protein 43 (TDP-43) has been identified in
up to 75% of cases of Alzheimer’s disease. TDP-43, tau and amyloid-p have all been linked to hippocampal atrophy. TDP-43 and
tau have also been linked to hippocampal atrophy in cases of primary age-related tauopathy, a pathological entity with features
that strongly overlap with those of Alzheimer’s disease. At present, it is unclear whether and how TDP-43 and tau are associated
with early or late hippocampal atrophy in Alzheimer’s disease and primary age-related tauopathy, whether either protein is also
associated with faster rates of atrophy of other brain regions and whether there is evidence for protein-associated acceleration/de-
celeration of atrophy rates. We therefore aimed to model how these proteins, particularly TDP-43, influence non-linear trajectories
of hippocampal and neocortical atrophy in Alzheimer’s disease and primary age-related tauopathy. In this longitudinal retrospect-
ive study, 557 autopsied cases with Alzheimer’s disease neuropathological changes with 1638 ante-mortem volumetric head MRI
scans spanning 1.0-16.8 years of disease duration prior to death were analysed. TDP-43 and Braak neurofibrillary tangle patho-
logical staging schemes were constructed, and hippocampal and neocortical (inferior temporal and middle frontal) brain volumes
determined using longitudinal FreeSurfer. Bayesian bivariate-outcome hierarchical models were utilized to estimate associations be-
tween proteins and volume, early rate of atrophy and acceleration in atrophy rates across brain regions. High TDP-43 stage was
associated with smaller cross-sectional brain volumes, faster rates of brain atrophy and acceleration of atrophy rates, more than a
decade prior to death, with deceleration occurring closer to death. Stronger associations were observed with hippocampus
compared to temporal and frontal neocortex. Conversely, low TDP-43 stage was associated with slower early rates but later accel-
eration. This later acceleration was associated with high Braak neurofibrillary tangle stage. Somewhat similar, but less striking,
findings were observed between TDP-43 and neocortical rates. Braak stage appeared to have stronger associations with neocortex
compared to TDP-43. The association between TDP-43 and brain atrophy occurred slightly later in time (~3 years) in cases of pri-
mary age-related tauopathy compared to Alzheimer’s disease. The results suggest that TDP-43 and tau have different contributions
to acceleration and deceleration of brain atrophy rates over time in both Alzheimer’s disease and primary age-related tauopathy.
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Introduction

Alzheimer’s disease is a neurodegenerative disorder charac-
terized by the accumulation of two abnormal proteins, amyl-
0id-B and tau (3 + 4 repeat paired helical filament tau), that
are detected in post-mortem brain tissue. Hippocampal atro-
phy is one of the characteristic features of typical
Alzheimer’s disease, and cross-sectional MRI histological
studies of Alzheimer’s disease have found smaller hippocam-
pal volumes to be associated with amyloid-B (Zarow et al.,
2005) and tau deposition (Jack et al., 2002; Zarow et al.,
2005). Over time, subjects with Alzheimer’s disease almost
invariably show increased rates of hippocampal atrophy
(Jack et al., 1998). Intriguingly, no relationship was identi-
fied between hippocampal neuronal cellular organelle activ-
ity and neurofibrillary tangle (NFT) burden (Salehi et al.,
1995). Furthermore, two longitudinal MRI pathological
studies have assessed whether rates of hippocampal atrophy
are associated with amyloid-B and tau, and neither study
found an association with either protein (Silbert et al., 2003;
Erten-Lyons et al., 2013).

Transactive response DNA binding protein 43 (TDP-43)
(Ou et al., 1995) accumulation occurs in almost 75% of
brains of subjects with Alzheimer’s disease neuropathologic-
al changes (ADNC) (Arai et al., 2009; Josephs et al., 2015;
McAleese et al., 2017). TDP-43 is also associated with clin-
ical features including memory loss (Josephs ef al., 2008,
2014b; James et al., 2016) and genetic risk factors for
Alzheimer’s disease, such as the apolipoprotein epsilon 4 al-
lele (APOEA4) (Josephs et al., 2017a; Wennberg et al., 2018,
Yang et al., 2018). In neuroimaging studies, TDP-43 in the
presence of ADNC has also been associated with smaller
hippocampal volume on MRI closest to death (Josephs
et al., 2008, 2014b; Bejanin et al., 2019) and faster rates of
hippocampal atrophy prior to death (Josephs et al., 2017a;
Buciuc et al., 2020). TDP-43 has also been associated with
smaller hippocampal volumes in primary age-related tauop-
athy (PART) (Josephs et al., 2019b); a pathological entity
that strongly overlaps with Alzheimer’s disease (Crary et al.,
2014; Duyckaerts et al., 2015).

There are many biological unknowns linking proteins,
including TDP-43, to brain atrophy over time. These

unknowns are important knowledge gaps to be investigated.
First, it is unknown whether TDP-43 associated rate of atro-
phy in the hippocampus is linear (constant) over time,
including over the disease course, whether there is evidence
for acceleration or deceleration, or whether faster rates of
hippocampal atrophy is a relatively early or later feature.
Second, it is unknown whether TDP-43 is associated with
rates of brain atrophy or acceleration of rates of atrophy, in
neocortical regions specifically associated with these diseases
and how the relationships between TDP-43 and the hippo-
campus compare to the relationships between TDP-43 and
neocortical regions. To address these unknowns, we per-
formed an MRI-histological-Bayesian analysis allowing for
the potential of non-linearity of volume loss over time. We
hypothesize that TDP-43 would be associated with acceler-
ation of rates of atrophy of hippocampi and neocortex, and
that the association of TDP-43 with hippocampal atrophy
would be an early, rather than a late, feature of the
Alzheimer’s disease neurodegenerative process, as previously
hypothesized (Josephs et al., 2014b).

Materials and methods

Subjects

We identified all subjects who had been prospectively followed
in the NIH-funded Mayo Clinic Alzheimer’s Disease Research
Center or Mayo Clinic Alzheimer’s Disease Patient Registry/
Study of Aging, had died with a brain autopsy between 1
January 1992 and 31 December 2015, had ADNC according to
diagnostic criteria (Group, 1997; Montine et al., 2012), avail-
able paraffin blocks of brain tissue for TDP-43 analysis and at
least one usable antemortem volumetric head MRI. Cases with a
pathological diagnosis of a neurodegenerative disease other than
ADNC, including frontotemporal lobar degeneration (FTLD),
amyotrophic lateral sclerosis, or a primary tauopathy such as
corticobasal degeneration or progressive supranuclear palsy
were excluded (7 = 114). For FTLD, specifically, we excluded all
cases with degeneration of the frontal and/or temporal lobes, on
gross examination or histologically on haematoxylin and eosin
showing microvacuolation, neuronal loss and astrogliosis prom-
inently in laminar II or transcortical, in the presence of low
ADNC, as previously described (Josephs et al., 2019¢). These
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FTLD exclusion criteria are based on published criteria for diag-
nosing FTLD (Cairns et al., 2007; Mackenzie et al., 2009). We
identified 557 autopsied cases meeting these criteria with a total
of 1638 usable MRI scans, spanning 1.0-16.8 years of disease
duration prior to death. As part of the enrolment protocol,
APOE genotyping (Corder et al., 1993; Schmechel et al., 1993)
was performed. Demographic features of the 557 cases are
shown in Table 1.

This study was approved by the Mayo Clinic Institutional
Review Board. All subjects or their proxies had provided written
consent for brain autopsy examination, which was reaffirmed
upon death.

Pathological analyses

All 557 cases had undergone standardized neuropathological
examination including tissue sampling and semiquantitation of
Alzheimer’s disease pathology according to the recommenda-
tions of the National Institute on Aging and Alzheimer’s
Association (NIA-AA) criteria (Hyman et al, 2012; Montine
et al., 2012). Each case had been assigned a Braak NFT stage
using anti-tau antibodies (clone AT8, 1:1000 dilution; Endogen)
(Braak and Braak, 1991). For this study we followed the recom-
mendations of the NIA-AA for the staging of NFT deposition
(Hyman et al., 2012; Montine et al., 2012). Hence, all cases
were classified as NFT stages B1, B2 or B3 based on the follow-
ing: B1 (transentorhinal stage) = Braak stages I + II; B2 (limbic
stage) = Braak stages Il + IV; and B3 (isocortical stage) =
Braak stages V + VI. We had only a few cases of BO and,
hence, they were not included in the study. Each case was also
assigned a score for neuritic plaque burden in the neocortex
using thioflavin-S microscopy, modified Bielschowsky silver

Table | Demographics of subjects by TDP-43 stages
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impregnation and antibodies to amyloid-p (clone 6F/3D, 1:10
dilution; Novocastra Vector Labs). Here again we followed the
recommendations of the NIA-AA for the Consortium to
Establish a Registry for Alzheimer’s disease (CERAD) (Mirra
et al., 1991) scoring of neuritic plaques in neocortex: CO = no
neuritic plaques; C1 =sparse neuritic plaques; C2 = moderate
neuritic plaques; and C3 = frequent neuritic plaques (Hyman
et al., 2012; Montine et al., 2012). These schemes were specific-
ally selected given the design of our study with focus on hippo-
campal, temporal and frontal neocortical atrophy. To adjust for
vascular disease severity, we created a five-point vascular com-
posite score (0—4) based on published guidelines (Skrobot et al.,
2016) and accounting for the presence or severity of four vascu-
lar lesion types: arteriolosclerosis, cerebral amyloid angiopathy
(CAA), cortical microinfarcts and lacunar or large infarcts
(Deramecourt et al., 2012). A score of 0 =no vascular lesions
present; 1 = mild arteriolosclerosis or CAA only; 2 = moderate-
severe arteriolosclerosis or CAA only; 3 = presence of cortical
microinfarcts without lacunar or large infarcts; and 4 = presence
of lacunar or large infarcts.

Diagnostic subclassification

All 557 cases with ADNC were subclassified (grouped) by utiliz-
ing the NIA-Reagan criteria (Hyman and Trojanowski, 1997)
and Braak stage and CERAD score recommendations from the
NIA-AA criteria (Hyman et al., 2012; Montine et al., 2012). We
also incorporated the autopsy criteria for PART (Crary et al.,
2014; Jellinger et al., 2015) to account for cases without amyl-
oid-B neuritic plaques (CERAD = 0). This allowed us to cover
the entire spectrum of ADNC cases. As a result, all cases were
subclassified into  high probability ~Alzheimer’s disease

TO (n=309) Tl (n=59) T2(n=74) T3 (n=52) T4 (n=63) Total (n =557)

Female sex 138 (45%) 29 (49%) 48 (65%) 34 (65%) 35 (56%) 284 (51%)
Education 14 (12, 16) 15 (12, 16) 15 (12, 16) 14 (12, 16) 14 (12, 16) 14 (12, 16)
APOE4 carrier 121 (39%) 36 (61%) 44 (60%) 29 (56%) 32 (50%) 261 (47%)
Age at first scan 78 (71, 83) 78 (70, 82) 80 (76, 85) 79 (74, 83) 81 (77, 85) 79 (72, 84)
Age at last scan 81 (73, 87) 80 (76, 85) 83 (78, 87) 82 (76, 86) 84 (81, 88) 82 (75, 87)
Age at death 84 (76,91) 84 (78, 88) 88 (83, 92) 86 (81,92) 89 (85, 94) 86 (79,91)
No. scans/subject 2(1,4) 32,4 2(1,4) 3(2,5) 2(1,4) 3(1,4)
First to last scan, years 2(0,4) 3(1,4) 2(0,4) 3(1,5) 2(0,4) 2(0,4)
First scan to death, years 6(4,8) 64,9 7(5,10) 8(6,I1I) 8(4,11) 6(4,9)
Last scan to death, years 32,5 3(1,4) 4(2,7) 4(2,7) 52,7 4(2,6)
MMSE at first scan® 26 (23,28) 26 (23,28) 25 (21,28) 25 (20, 27) 24 (22,27) 26 (22, 28)
MMSE at last scan® 24 (17,28) 23 (17, 26) 21 (15, 26) 20 (16,24) 21 (16, 25) 23 (16, 27)
Braak stage

Bl 71 (23%) 11 (19%) 3 (4%) 2 (4%) 7 (11%) 94 (17%)

B2 95 (31%) 10 (17%) 9 (12%) 10 (19%) 14 (22%) 138 (25%)

B3 143 (46%) 38 (6%) 62 (84%) 40 (77%) 42 (67%) 325 (58%)
CERAD score

Co 61 (20%) 11 (19%) 3 (4%) 4 (8%) 10 (16%) 89 (16%)

Cl 52 (17%) 4 (7%) 9 (12%) 4 (8%) 5 (8%) 74 (13%)

C2 68 (22%) 15 (25%) 17 (23%) 9 (17%) 18 (29%) 127 (23%)

c3 128 (41%) 29 (49%) 45 (61%) 35 (67%) 30 (48%) 267 (48%)

Summaries are median (QI, Q3) for continuous variables, n (%) for categorical variables. MMSE = Mini-Mental State Examination.
2MMSE scores are shown at the median time of the first MRI scans which is 6 years from death and at the median time of the last MRI scan, which is 3 years from death. Hence, the

interval between the first-to-last MMSE is ~3 years.
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(high-ADNC), low-intermediate probability Alzheimer’s disease
(low-ADNC) and PART: high-ADNC = cases with C3/B3 com-
binations (1 = 244; MRI scans = 800); low-ADNC = C1/C2
with all B-stages; C3/B1B2 combinations (1 = 224; MRI scans =
633); and PART = C0/B1-B3 combinations (7 = 89; MRI scans
= 2095).

Assessment of TDP-43

TDP-43 appears to be first deposited in the amygdala (stage 1),
followed by the subicular region of the hippocampus and ento-
rhinal cortex (stage 2), then the dentate gyrus of the hippocam-
pus and occipitotemporal cortex (stage 3), then ventral striatum,
basal forebrain, insular cortex and inferior temporal cortex
(stage 4), then brainstem regions (stage 5) and ultimately middle
frontal cortex and basal ganglia (stage 6) (Hu et al, 2008;
Josephs et al., 2014a, 2016). This staging scheme has been inde-
pendently validated (Tan et al., 2015) and supported by consen-
sus recommendation for research purposes (Nelson et al., 2019).

For this study, all 557 cases were assessed for the presence of
TDP-43 as previously described (Josephs et al., 2014b). Briefly,
amygdala blocks were sectioned and immunostained for TDP-
43 using a polyclonal antibody (MC2085, from Professor
Leonard Petrucelli) (Zhang ez al., 2009) that recognizes a pep-
tide sequence in the 25-kDa C-terminal fragment on a Dako-
Autostainer (Dako-Cytomaton) and 3,3’-diaminobenzidine as
the chromogen. Sections were lightly counterstained with
haematoxylin. Amygdala sections were screened (by D.W.D.,
M.E.M. and K.A.].) to assess for the presence of any TDP-43
immunoreactive neuronal cytoplasmic inclusions, dystrophic
neurites, neuronal intranuclear inclusions, perivascular inclu-
sions, fine neurites in hippocampus (Hatanpaa et al., 2008) or
NFT-associated TDP-43 (TDP-43 type-B) (Josephs et al., 2019d)
(Fig. 1). We screened the amygdala as it has been shown to be
first affected in Alzheimer’s disease (Higashi et al., 2007; Hu
et al., 2008; Arai et al., 2009; Josephs et al., 2014a, 2016). For
all cases in which TDP-43 was observed in the amygdala, we
subsequently assessed 14 additional brain sections for the pres-
ence of TDP-43 in the hippocampus (subiculum, CA1 and den-
tate fascia), entorhinal, occipitotemporal, inferior temporal,
basal forebrain, insular, ventral striatum and middle frontal cor-
tices, as well as basal ganglia and brainstem regions, as previ-
ously described (Josephs er al., 2014a, 2016). All cases were
then classified to generate a TDP-43 stage to best capture associ-
ations with our regions of interest (hippocampus and temporal
and frontal neocortices) as follows: TO (those without any TDP-
43 immunoreactivity = TDP-43 stage 0); T1 (TDP-43 restricted
to the amygdala = TDP-43 stage 1); T2 (TDP-43 extending into
hippocampus but not beyond = TDP-43 stages 2 + 3); T3
(TDP-43 extending into temporal cortex but not frontal lobe =
TDP-43 stage 4 + 5); and T4 (TDP-43 extending into frontal
cortex = TDP-43 stage 6). This categorization was based on a
modification of the full TDP-43 staging scheme (Josephs et al.,
2016) and is in line with recent recommendations to use this
scheme given that these regions are commonly obtained at aut-
opsy in aged individuals (Nelson et al., 2019).

MRI analyses

All MRIs were performed using a standardized protocol that
included a Ti-weighted 3D volumetric sequence (Jack et al.,
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Figure | Histological assessment of TDP-43 immunoreac-
tive inclusions in two cases with Alzheimer’s disease neuro-
pathological changes (ADNC). Both cases were Braak NFT
stage VI. TDP-43 inclusions included small, round and grain-like
neuronal cytoplasmic inclusions, short dystrophic neurites, pre-
inclusions, and NFT-associated inclusions. TDP-43 immunoreactivity
magnification x 20.

2008a). All subjects were scanned with one of two GE scanners
(DISCOVER MR750 or Signa HDxt) using the same standar-
dized protocol. There were no significant differences between
TDP-43 groups as to which GE model was used and all of our
scanners undergo a standardized quality control calibration pro-
cedure daily, which monitors geometric fidelity over a 200 mm
volume along all three cardinal axes, signal-to-noise, and trans-
mit gain, and maintains the scanner within a tight calibration
range. While some subjects had been scanned at 1.5 T and
some at 3 T (Table 1), longitudinal analyses were always run
using sets of serial scans performed at the same field strength.
That is, subjects with 1.5 and 3.0 T scans were considered to
have two independent series. All images underwent preprocess-
ing that included corrections for gradient non-linearity and in-
tensity inhomogeneity using both the N3 bias correction (Sled
et al., 1998) followed by the SPM12-based bias correction.

Serial volumes were calculated using FreeSurfer version 5.3.0
(http://surfer.nmr.mgh.harvard.edu/) (Fischl et al., 2002). All
scans were first run through the FreeSurfer cross-sectional pipe-
line, which includes intensity normalization and skull-stripping,
automated Talairach transformation, segmentation, tessellation
of the grey-white matter boundary, automated topology correc-
tion, surface deformation, and registration to a spherical atlas to
match cortical geometry across subjects. Once these procedures
were completed, an unbiased template was created using all
time-points for each subject, and the longitudinal FreeSurfer
pipeline was run using the unbiased template and 9 degrees of
freedom registration to account for scaling fluctuations. For sub-
jects with only one MRI, volumes were calculated from the
cross-sectional FreeSurfer pipeline.
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Statistical analyses

The broad goal of this analysis was to describe and compare
volume, early rate of atrophy and a modification to the early
rate of atrophy (acceleration/deceleration) across brain regions
in an autopsy cohort with TDP-43, as well as ADNC data, and
to describe the relationships between TDP-43 (TDP-43 stage),
as well as tau (Braak NFT stage) and neuritic amyloid-B neocor-
tical burden (CERAD plaque score) with volume and atrophy.
To do this, we fit two bivariate outcome Bayesian models that
jointly model the longitudinal change in two regions simultan-
eously, which allowed us to directly compare volume, rate of at-
rophy, and acceleration in rate of atrophy in the hippocampus
to those in the inferior temporal and middle frontal regions.
Bayesian methods are well suited to address complex questions
such as these by using the idea of shrinkage and partial pooling
of variances to obtain more stable and thus generalizable esti-
mates while managing the collinearity when multiple observa-
tions (regions and scans) come from a single experimental unit
(subject), as well as addressing the problem of multiple compari-
sons by creating comprehensive hierarchical models that can an-
swer many questions simultaneously (Gelman and Hill, 2006;
Gelman et al., 2014).

Each bivariate outcome model included the hippocampus and
either the inferior temporal or middle frontal region. Both model
formulations were analogous; the outcome in each model was
volume expressed in terms of standard deviations of young,
healthy volume predicted by T (TDP-43), B (tau) and C (neuritic
plaques) stages or scores, including region-specific adjustments
for vascular disease (vascular composite score), total intracranial
volume (TIV), sex, age at death, and field strength. The models
also included person-specific regional intercepts and person-spe-
cific slopes. The decision to use two bivariate-outcome models
rather than a single trivariate-outcome model was based on
computational tractability; these pairwise models used ~1-week
of computation time each due to the large number of subjects
and scans available in this cohort.

Of particular interest in these models was how volume (inter-
cept), early atrophy rate (slope), and modification of this early
atrophy rate (acceleration) were associated with TDP-43 stage.
As a secondary assessment we also looked at how these meas-
ures are associated with ADNC group. For interpretability, we
assessed these relationships for three groups: high-ADNC, low-
ADNC and PART.

To identify overarching patterns of interest, we included re-
gional intercepts and region-specific terms for time to death
using a restricted cubic spline with knots 7, 5, and 3 years from
death (approximately quartiles in our data) (Harrell, 2015).
This restricted cubic spline allowed for a smooth transition be-
tween what we term an ‘early’ rate, the linear rate of atrophy in
our cohort 7 years or more before death, and a second rate
add-on term, or acceleration/attenuation, that when added to
the ‘early rate’ resulted in a ‘late rate’, i.e. a rate in the last 3
years of life. We then included region-specific intercept and rate
terms interacted with continuous predictors of TDP-43 stage,
Braak stage and CERAD score and two-way interactions be-
tween these staging variables. We also included terms for TDP-
43 stage, Braak stage and CERAD score that modified each re-
gional acceleration term. These terms can be thought of as over-
all patterns of change in volume, early atrophy, and late
atrophy associated with unit changes in TDP-43 stage and
ADNC group. To account for the imbalanced distributions
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across these stage variables in this cohort, we included pairwise
interactions between each protein stage and allow these interac-
tions to modify the intercept and early atrophy rate terms,
which accounted for the fact that Braak stage and CERAD
score may be dependent and simultaneous changes in Braak
stage and CERAD score may not result in strictly additive
effects. Thus, the basis of our model was formed by predicting
standardized volume by main effects for intercept, rate, and ac-
celeration terms, continuous protein stage modifications of these
main effects, and interactions between proteins modifying the
overall intercept and rate terms. The model also included re-
gional volume adjustments for age at death, sex, total intracra-
nial volume, field strength and vascular composite score, and
age at death and vascular composite score were also allowed to
modify the early atrophy rate term. The final terms in the
model, person-and-region deviations of the overall intercept and
person-specific rate terms, were included as random effects. See
the online Supplementary material for additional statistical
methods, including calculation of a standard outcome across
regions, mathematical notation of the model formulation, and
specification of prior distributions.

The models were fit using Markov Chain Monte Carlo simu-
lation to estimate a posterior distribution for each parameter
using R version 3.5.2 and rjags version 4-6 running JAGS ver-
sion 4.3. This process included up to 100 iterations of initial
adaptation, 10000 discarded burn-in samples, and 10000
traced samples thinned (again for computational efficiency) to
every tenth value across 50 parallel chains. Results were based
on 50000 posterior draws for each parameter and the median
and quantile intervals were used to summarize results. The
Gelman Rubin diagnostic was ~1 and visual assessment of the
trace plots indicated convergence of all parameters in both pair-
wise models. Additionally, to assess agreement of the models,
hippocampal estimates from both models were overlaid and
qualitatively followed identical distributions, also indicating sta-
ble results.

Data availability

The data that support the findings of this study are available
from the corresponding author, upon reasonable request.

Results

Subject and MRI demographics

Demographic and clinical features of the 557 subjects strati-
fied by TDP-43 stage (T-stage) are shown in Table 1. Of the
557 cases, 284 (51%) were female. Mini-Mental State
Examination score at baseline MRI was median 26 (Q1,
Q2 =22, 28) and 23 (16, 27) at the time of last MRI prior
to death. Two hundred and forty-eight cases (45%) were
TDP-43 positive. The number of MRI scans available for
analysis segregated by TDP-43 stage, Braak NFT stage and
CERAD score are shown in Fig. 2. As seen, almost 50% of
the MRI scans were performed on subjects in the B3C3 cell,
which represents cases having the highest burden and distri-
butions of both NFTs and neuritic plaques, respectively, and
hence the highest probability of having Alzheimer’s disease
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Figure 2 Data distribution by TDP-43 stage within combinations of Braak stage and CERAD score. The label in each panel indi-
cates number of scans [number of subjects] (per cent of all scans) for each combination of Braak NFT stage and CERAD score (across all TDP-
43 stages) present in the data. This distribution prompted us to form three ADNC strata: high-ADNC, low-ADNC, and PART.

(Group, 1997; Hyman et al., 2012; Montine et al., 2012).
Some cells had only a few subjects with MRI scans (e.g.
B1C3 and B3CO0) due the fact that such combinations of
neuritic plaque burden and NFT distribution are very rare
and represent the <1% extremes of the proposed staging
schemes for ADNC (Group, 1997; Hyman et al., 2012;
Montine et al., 2012). The low frequencies in these cells are
therefore not reflective of bias in our sample, but instead
highlight the fact that such combinations are rare. The
strong relationship between Braak stage and CERAD scores
was one of the main drivers behind the classification scheme
in the study (i.e. high-ADNC, low-ADNC and PART).

Trajectories of brain atrophy over
the disease course

Figure 3 shows that 15 years from death the volumes of all
three regions of the subjects with ADNC are at the lower
end of values seen in young middle-aged healthy control
subjects. The figure also demonstrates a natural ordering of
how regions are affected based on the severity of the atro-
phy—the most affected region is the hippocampus, followed

by the inferior temporal cortex and finally the middle frontal
cortex. Our model allows for non-linear rates of atrophy.
There was strong evidence for the inclusion of non-linear
terms in each region in the model, with acceleration of atro-
phy observed in the middle frontal neocortex and deceler-
ation of atrophy observed in the hippocampus. However,
the total volume loss and rate of atrophy in the neocortex
never ‘catches up’ to that of the hippocampus.

Associations between TDP-43 and
brain atrophy

Figure 4 shows the associations between TDP-43 stage and
volumes (shifted intercept; =5 years from death), early atro-
phy rate (early rate; =15 to —7 years from death), and late at-
rophy rate (early rate plus acceleration; -3 years until death)
within each of three ADNC diagnoses.

For volume -5 years from death

Higher TDP-43 stage was strongly associated with smaller
volumes across all three ADNC groups in both the hippo-
campus and the inferior temporal region. In the middle
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Figure 3 Z-scored volume of 87 young controls (35-55
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sent a 65-year-old female with total intracranial volume of 1.4 | who
died at age 80 and was scanned using 1.5 T field strength. SD =
standard deviation.

frontal region, there was moderate evidence of a similar as-
sociation in the high-ADNC group, with less clear associa-
tions in the low-ADNC and PART groups.

For early atrophy rate (=15 to -7 years from death)
We found strong evidence that higher TDP-43 stage was
associated with faster early rates of hippocampal atrophy
across the three diagnostic groups. In the inferior temporal
and middle frontal regions, there was little evidence of any
association between TDP-43 stage and early rate of atrophy
in high-ADNC, while there was some evidence (in lower
TDP-43 stages) that early rates of atrophy increase with
increases in TDP-43 stage in low-ADNC, with a more clear
association across TDP-43 stages in PART.

For late atrophy rate (-3 years until death)

In the hippocampus, there was little evidence of an associ-
ation between TDP-43 stage and late atrophy rates in all
three ADNC groups. In the inferior temporal region, there
was no evidence of an association between TDP-43 stage
and late atrophy rates in high-ADNC, but some evidence for
an association in low-ADNC and PART. In the middle
frontal region, there was again little evidence of a TDP-43
stage association with late atrophy rates in high-ADNC,
while there was moderate evidence of an association in the
low-ADNC and PART groups.

Figure 5 shows how the volume shift, early atrophy rate,
and late atrophy rate combine to create trajectories of re-
gional volumes in the three ADNC groups for each TDP-43
stage, with volume differences represented as vertical differ-
ences across TDP-43 stage and rate and acceleration repre-
sented by angle of the slopes. Incorporating what we
learned in Fig. 4, in the hippocampus we observe that
higher TDP-43 stage is associated with lower volumes in
high-ADNC and low-ADNC throughout the last 15 years
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of life, although in the 5 years before death, rates appear to
slightly accelerate in low TDP-43 stage cases and decelerate
in the high TDP-43 stage cases. In PART, the association is
similar, although smaller sample sizes preclude drawing
strong conclusions, and there is a lack of acceleration in
those with low TDP-43 stage. In the inferior temporal re-
gion, a similar association is much less marked across the
three pathological diagnoses. In the middle frontal region,
in high-ADNC there was only a minor difference in volume
anywhere over the last 15 years of life associated with dif-
ferences in TDP-43 stage, while rate of atrophy accelerated
slightly in the 5 years before death in all TDP-43 stages. In
low-ADNC, early atrophy rates were affected by differences
in TDP-43 stages, with greatest rates in cases with high
TDP-43 stage, without large volume shifts or systemic
changes in late atrophy rate (i.e. early atrophy rate is mostly
constant for 15 years) associated with changes in TDP-43
stage. In PART, early atrophy rate was affected by TDP-43
stage changes, resulting in large volume differences 15 years
before death, with high TDP-43 stage having both the larg-
est volumes 15 years before death and the fastest atrophy
rates. Proximal to death, all TDP-43 stages seem to con-
verge in terms of total volume in PART.

Relationships with Braak and CERAD

Supplementary Figs 1 and 2 show more granularity of the
data by revealing how TDP-43 stage estimates vary by differ-
ent combinations of Braak stage and CERAD score
(Supplementary Fig. 1) and how Braak stage estimates vary by
different combinations of CERAD score and TDP-43 stage
(Supplementary Fig. 2). This also allows an indirect compari-
son of TDP-43 stage versus Braak stage associations. There
was little evidence that Braak stage modified the associations
between TDP-43 stage and atrophy (Supplementary Fig. 1).
However, an observation for the hippocampus is that an accel-
eration in rates in the 5 years before death in low TDP-43
stage was predominantly observed in cases with high CERAD
score (C3), and the deceleration of rates in high TDP-43 stage
was most striking in high Braak stage (B3) (Supplementary
Fig. 1). Higher Braak stage was associated with smaller hippo-
campal and inferior temporal volumes across the 15 years be-
fore death (Supplementary Fig. 2). Braak stage was associated
with rate of atrophy in the low TDP-43 stages. In fact, in the
low TDP-43 stages the cases with higher Braak stage showed
acceleration of rates in the 5 years before death. Braak stage
did not show any association with middle frontal volumes or
rates (Supplementary Fig. 2).

Discussion

In this study we describe associations between high patho-
logic TDP-43 stage and antemortem volume, faster rates of
atrophy, and acceleration of atrophy in the hippocampus
and neocortex (inferior temporal and middle frontal gyri) in
subjects with ADNC. We identified strong associations be-
tween TDP-43 (T) stage and hippocampal atrophy in high
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and low-ADNC and PART. The evidence suggests that
TDP-43 is associated with changes early in the atrophic pro-
cess with strong relationships throughout the last 15 years
of life. We also identified less strong associations between
TDP-43 stage and neocortical atrophy. Similar to the
hippocampus, higher TDP-43 stage was associated with
smaller volumes of temporal and frontal lobes across all
ADNC groups. However, TDP-43 appears to have a role
in rates of neocortical atrophy more so in PART and those
with low-ADNC compared to those with high-ADNC,
where higher TDP-43 stages are associated with faster
rates of atrophy.

Our analysis modelled the trajectories of volume loss of
the hippocampus and neocortex across ADNC for at least
15 years prior to death. It is clear that 15 years prior to
death, regional volumes in subjects with ADNC tend to be
much smaller than volumes in young controls, suggesting
that a significant amount of atrophy already has occurred.
In other words, the data captured do not explain the entire

Figure 4 Continued

end of life atrophy occurring in ADNC. It also appears that,
regardless of the aetiologies of atrophy, the hippocampus is
affected to a greater degree earlier in the disease course com-
pared to the inferior temporal and middle frontal gyri, and
continues to be most severely affected up to the time of
death. There was some evidence for acceleration in rates in
neocortical regions, although the acceleration was subtle
when modelled over 15 years. Previous clinical studies have
reported that rates of hippocampal atrophy accelerate during
the early clinical phases of ADNC (Chan et al., 2003; Jack
et al., 2008b; Leung et al., 2013). The findings from our
study add to those previous studies by demonstrating that
there is a subsequent slowing, or deceleration, of hippocam-
pal atrophy rate close to death. It is possible that this slow-
ing reflects burnout of the hippocampus, with little volume
left to lose late in the disease. Unlike in the hippocampus,
deceleration may have not been observed in the temporal
and frontal lobes if atrophy in those regions is occurring
relatively later in the disease compared to the hippocampus

median posterior estimate is represented by a circle, with the thick and thin bars representing 80% and 90% intervals of the posterior distribu-
tion. Comparisons between adjacent T-stages within a region and ADNC group are represented as follows: a black asterisk overlaid on the me-
dian estimate indicates strong evidence (probability > 95%) of a difference between that estimate and the immediately preceding TDP-43 stage,
while a white cross indicates moderate evidence (probability > 90%) of a difference. For example, in the middle panel and focusing on PART (third
column), early atrophy in the inferior temporal (second row), the black asterisk in T indicates strong evidence the early atrophy rate in T1 was
faster than in TO. The white cross in T4 indicates moderate evidence the atrophy rate in T4 was faster than in T3. Because no symbol is seen on
the T3 estimate, we say there was little evidence that T3 early atrophy was faster than T2 early atrophy. SD = standard deviation.
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(Whitwell et al., 2007), as both regions would be expected
to have relatively more volume left to lose.

The most striking link between TDP-43 and brain regions
is in the hippocampus. We found higher TDP-43 stages to
be clearly associated with smaller hippocampal volumes, as
we and others have previously reported in high-ADNC
(Josephs et al., 2008, 2014b, 2017a; Buciuc ef al., 2020; Yu
et al., 2020), as well as faster rates of hippocampal atrophy
in high-ADNC (Josephs et al., 2017a; Buciuc et al., 2020).
In addition, we have also reported similar cross-sectional
associations in PART (Josephs et al., 2019b). While there
are no studies to date that have reported on the influence of
TDP-43 on volume, rates of atrophy and acceleration in
low-ADNC, or rates of atrophy and acceleration in PART
as distinct groups, we previously have assessed associations
between TDP-43 and volume loss closest to death in PART
(Josephs et al., 2017b, 2019b). In the original study on
asymptomatic definite PART (no amyloid-p plaques pre-
sent), we found no TDP-43-associated cross-sectional vol-
ume loss (Josephs et al., 2017b). However, in a subsequent
study that included cases with asymptomatic and symptom-
atic definite and possible PART (scant non-neuritic plaques
present) we found TDP-43-associated hippocampal volume
loss (Josephs et al., 2019b). The findings from this study
show that TDP-43 is also associated with faster rates of at-
rophy in PART. Hence, the association between TDP-43
and faster rates of hippocampal atrophy is not specific to
cases with amyloid-B deposition, but is a feature across all
forms of ADNC, whether one agrees that PART should or
should not be a component of Alzheimer’s disease (Crary
et al., 2014; Duyckaerts et al., 2015; Jellinger ez al., 2015).

One of the novelties of this study is the determination of
whether TDP-43 is associated with acceleration of atrophy
in ADNC. An interesting trend, while not statistically signifi-
cant, was that for a one-unit change in TDP-43 stage, in
high-ADNC, there was slowing of hippocampal atrophy
rates late in the disease in higher TDP-43 stages. On the
other hand, in lower TDP-43 stages, atrophy appears to
start more slowly and later accelerates proximal to death.
Similar trends, although less striking, were observed with the
inferior temporal lobe. These results point to an early influ-
ence of TDP-43 in hippocampal atrophy with TDP-43 con-
tributing to severe loss of volume and likely burnout later in
the disease course. The late acceleration of rates in cases
with low TDP-43 stage would suggest that other factors are
contributing to the acceleration in rates 5 years before death.
The behaviours of the trajectories of hippocampal atrophy
in PART were similar to those that we observed with high-
ADNC and low-ADNC although it appears as though
TDP-43-associated atrophy in PART may be occurring later
(~3 years later) in the disease course compared to when at-
rophy begins in those with high-ADNC and low-ADNC.
The reason for a later association in PART is not clear but
may be related to lower tau burden or to the absence of
amyloid-B, which would support the argument that amyl-
oid-B influences other processes in Alzheimer’s disease, early
in the degenerative process (Gordon et al., 2018; McDade
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et al., 2018). In the inferior temporal lobe, no atrophy
occurs in the 15 years before death in the absence of TDP-
43. This is not unexpected given that PART cases have low
Braak stages with absent to minimal tau effect on lateral
temporal lobe. Volumes in PART were also generally larger
than those observed in high and low-ADNC, particularly for
the hippocampus, early over the 15-year period. It is possible
that this difference in volume reflects lower NFT stage and/
or tau burden in PART (Janocko et al., 2012), and/or
reflects more focal patterns of regional degeneration in
PART. Indeed, we have previously shown that Braak NFT
stage is related to volume loss of the head of the hippocam-
pus in PART (Josephs et al., 2017b).

Another novelty of this study is the assessment of relation-
ships between TDP-43 and neocortical regional volumes,
and comparing TDP-43 associations with hippocampus to
TDP-43 associations with neocortex. In one previous cross-
sectional study we found some evidence for an association
between TDP-43 stage and lateral temporal and orbitofron-
tal volume loss (Bejanin et al., 2019). In the current study
with a larger sample size, we confirm the lateral temporal as-
sociation and show that TDP-43 stage is also related to
smaller lateral (middle) frontal volumes. In addition, we
observed TDP-43 stage to be associated with faster rates of
atrophy in both neocortical regions for low-ADNC and
PART cases. The lack of association in those with high-
ADNC could reflect the fact that tau plays a bigger role in
the frontal lobe in high-ADNC cases compared to the low-
ADNC and PART cases where tau is not present in the
frontal lobes. These findings would suggest that TDP-43
may have widespread effects, outside of the hippocampus
and limbic regions (Bejanin et al., 2019; Josephs et al.,
2019a). However, when comparing across regions (Fig. 6),
the association between TDP-43 and volume and between
TDP-43 and early rate of atrophy is clearly stronger in the
hippocampus compared to the neocortical regions.

The temporal profile of the atrophy trajectories of hippo-
campus, inferior temporal lobe, and middle frontal lobe in
subjects with PART was intriguing. In PART, it appears that
volume loss of higher TDP-43 stages is comparable with vol-
ume loss of lower TDP-43 stages for hippocampus around
12 years prior to death, for inferior temporal around 10
years prior to death, and for middle frontal lobe around 4
years prior to death. This phenomenon, of ‘spread’ begin-
ning with the hippocampus, followed by the inferior tem-
poral lobe and then the middle frontal lobe, mirrors the
TDP-43 staging scheme showing TDP-43 affecting hippo-
campus prior to inferior temporal and lastly affecting the
frontal lobe (Josephs et al., 2014a, 2016; Tan et al., 2015).
For the neocortex, TDP-43 stage seems to be associated with
early atrophy rates and acceleration in PART (and perhaps
in low-ADNC), whereas there is less evidence that TDP-43
stage plays a substantial role in the neocortex for high-
ADNC.

While this study focuses on the influence of TDP-43 on
rates of atrophy, we also assessed the influence of NFTs
with the Braak stage surrogate. Consistent with previous
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Figure 6 Regions are placed next to each other to allow for better visualization and interpretation of differences in volumes,
early atrophy rate and acceleration between the three regions. As in Fig. 4, a black asterisk overlaid on the point estimate indicates
strong evidence (probability > 95%) of a difference between that estimate and the immediately preceding TDP-43 stage (T-stage), while a white
cross indicates moderate evidence (probability > 90%) of a difference, similar to Fig. 4.
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studies (Jack ef al., 2002; Whitwell et al., 2008; Apostolova
et al., 2015; Josephs et al., 2017b; Quintas-Neves et al.,
2019), we found that increasing Braak stage was associated
with reduced volumes of the hippocampus and inferior tem-
poral lobe, regardless of TDP-43 stage. We did not see
strong evidence for an association between Braak stage and
rate of hippocampal or rate of inferior temporal atrophy, ex-
cept in those cases with low TDP-43 stage where higher
Braak stage was associated with faster rates of atrophy and
acceleration in hippocampal rates late in the disease. It,
therefore, appears as though tau in NFTs—as summarized
by Braak stage—may, at least in part, be the explanation for
why cases with low TDP-43 stage show accelerating rates of
atrophy ~35 years before death. Although we did not directly
compare the influence of TDP-43 stage and Braak stage, it
seems that TDP-43 has an earlier relationship with the
hippocampus compared to tau, with higher TDP-43 stage
being associated with faster rates of atrophy 15 years before
death, with rates slowing close to death, and higher Braak
stage associated with acceleration in rates close to death. We
did not detect an association between Braak stage and rate
of hippocampal atrophy in the presence of high TDP-43
stage, except possibly in cases with low or absent amyloid.
We also did not find much association between Braak stage
and middle frontal atrophy. This may not be unexpected
given that tau pathology is predominantly associated with
atrophy of the temporal and parietal lobes in Alzheimer’s
disease (Whitwell et al., 2008). Indeed, the middle frontal
lobe showed relatively less atrophy than the hippocampus
and inferior temporal lobe in our cohort.

The strengths of the study are the large number of aut-
opsy-confirmed cases and large number of MRI studies
available to analyse. Another is the wide window of MRI
scans completed prior to death that allowed us to observe
what may be happening up to 16 years prior to death. One
of the limitations of this and any autopsy study is that not
all research subjects agree to autopsy, which may limit gen-
eralizability of the results. In addition, we had a small num-
ber of subjects with specific combinations of Braak stage,
CERAD score and TDP-43 stage. This was not a bias of the
study, as noted previously, but highlights the fact that cer-
tain combinations of pathologies are rare. Lastly, we were
unable to determine whether TDP-43 associations differ by
TDP-43 type o/p given that type and stage are not independ-
ent (Josephs et al., 2019¢) and we did not assess associations
with specific TDP-43 inclusions (e.g. neuronal cytoplasmic
inclusions, dystrophic neurites and intranuclear inclusions).
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