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Antemortem volume loss mirrors TDP-43
staging in older adults with non-frontotemporal
lobar degeneration

(®Alexandre Bejanin,"2 Melissa E. Mur'ray,3 Peter Martin,* ®Hugo Botha,'

Nirubol Tosakulwong,4 Christopher G. Schwarz,s Matthew L. Senjem,s’6 Gael Chételat,2
Kejal Kantarci,5 Clifford R. Jack, jr,5 Bradley F. Boeve,I David S. Knopman,I

Ronald C. Petersen,' Caterina Giannini,’ Joseph E. Parisi,” (®Dennis W. Dickson,3
Jennifer L. Whitwell® and Keith A. Josephs'

Over the past decade, the transactive response DNA-binding protein of 43 kDa (TDP-43) has been recognized as a major protein
in normal and pathological ageing, increasing the risk of cognitive impairment and dementia. In conditions distinct from the
frontotemporal lobar degenerations, TDP-43 appears to progress in a stereotypical pattern. In the present study, we aimed at
providing a better understanding of the effects of TDP-43 and other age-related neuropathologies on cross-sectional grey matter
volume in a cohort of non-FTLD subjects. We included 407 individuals with an antemortem MRI and post-mortem brain tissue
from the Mayo Clinic Alzheimer’s Disease Research Center, Mayo Clinic Alzheimer’s Disease Patient Registry, or the Mayo Clinic
Study of Aging. All individuals were assigned pathological stages for TDP-43, tau, amyloid-f, Lewy bodies, argyrophilic grain
disease and vascular pathologies. Robust regressions were performed in regions of interest and voxel-wise to explore the relation-
ships between TDP-43 stages and grey matter volume while controlling for other pathologies. Grey matter volumes adjusted for
pathological and demographic variables were also computed for each TDP-43-positive case to further characterize the sequential
involvement of brain structures associated with TDP-43, irrespective of the TDP-43 staging scheme. Robust regressions showed
that the extent of TDP-43 pathology was associated with the extent of grey matter atrophy. Specifically, we found that the volume
in medial temporal regions (i.e. amygdala, entorhinal cortex, hippocampus) decreased progressively with advancing TDP-43 stages.
Importantly, these effects were of similar magnitude to those related to tau stages. Additional analyses using adjusted grey matter
volume demonstrated a sequential pattern of volume loss associated with TDP-43, starting within the medial temporal lobe,
followed by early involvement of the temporal pole, and eventually encompassing additional temporal and frontal regions.
Altogether, this study demonstrates the major and independent contribution of TDP-43 pathology on neurodegeneration and
provides further insight into the regional distribution of TDP-43 in non-FTLD subjects. Along with previous studies, these findings
emphasized the importance of targeting TDP-43 in future clinical trials to prevent its detrimental effect on grey matter volume and,
eventually, cognition.
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Introduction

In 2006, the pathological transactive response DNA-bind-
ing protein of 43 kDa (TDP-43) was shown to be the major
disease protein in amyotrophic lateral sclerosis and in fron-
totemporal lobar degeneration (FTLD) with ubiquitin-posi-
tive inclusions (Arai et al., 2006; Neumann et al., 2006).
Subsequently, TDP-43 was found to be present in the
brains of patients with Alzheimer’s disease (Amador-Ortiz
et al., 2007; Higashi et al., 2007) and other neurodegen-
erative diseases such as Lewy body disease (Higashi et al.,
2007; Nakashima-Yasuda et al., 2007), hippocampal scler-
osis (Amador-Ortiz et al., 2007) or argyrophilic grain dis-
ease (Fujishiro et al., 2009). Additionally, ~20% of older
adults with normal cognition and low Alzheimer’s disease
neuropathology present with TDP-43 inclusions (for meta-
analysis, see Nascimento et al., 2018).

Across these conditions, TDP-43 appears to develop in a
stereotypical pattern (Hu et al., 2008; Josephs et al., 2014a,
20165 Nag et al., 2015, 2018; Tan et al., 2015). Indeed,
TDP-43 inclusions are first deposited in the amygdala, fol-
lowed by the entorhinal cortex and hippocampus, and then
neocortical regions in Alzheimer’s disease (Hu et al., 2008;
Josephs et al., 2014a) or primary age-related tauopathy
(Josephs et al., 2017b, 2019b; Zhang et al., 2019), and
Lewy body disease (Arai et al., 2009; Yokota et al.,
2010). The topography of TDP-43 inclusions was further
shown to follow a six-stage scheme in Alzheimer’s disease
that starts in the amygdala (stage 1), followed by the subi-
cular region of the hippocampus and/or entorhinal cortex
(stage 2), the dentate gyrus of the hippocampus and/or oc-
cipitotemporal cortex (stage 3), the ventral striatum, basal
forebrain, insular and/or inferior temporal cortex (stage 4),
the substantia nigra, inferior olive and/or midbrain tectum
(stage 5), and finally the middle frontal cortex and/or basal
ganglia (stage 6) (Josephs et al., 2016). This staging was
also used to characterize the regional distribution of TDP-
43 pathology in older adults with normal cognition or
Lewy body dementia (McAleese et al., 2017), and in
cases with primary age-related tauopathy (Josephs et al.,
2017h, 2019b).

The relevance of this pathological staging scheme was
emphasized by associations with clinical features (Josephs
et al., 2014a, 2016) but little is known about the relations
with antemortem brain structure. Previous studies reported
that the presence of TDP-43 pathology is associated with
medial temporal lobe atrophy in Alzheimer’s disease

(Josephs et al., 2008a, 2014b, 2015) and in heterogeneous
pathological cohorts (Kovacs et al., 2013; Hanko et al.,
2018). With increasing TDP-43 stages, individuals with
Alzheimer’s disease have more atrophy in the entorhinal
cortex and hippocampus (Josephs et al., 2014a).
Furthermore, TDP-43 in and beyond the hippocampus
(stage >2) was found to increase the longitudinal rate of
hippocampal atrophy in Alzheimer’s disease (Josephs et al.,
2017a). Yet, the relative effect of TDP-43 staging compared
to other age-related neuropathologies is still unclear in
more heterogeneous populations.

The main objective of this cross-sectional study was
therefore to provide a better understanding of the topog-
raphy of grey matter loss associated with TDP-43 inclu-
sions in a large cohort (n = 407) of older adults without
FTLD. Specifically, we first assessed the effect of the re-
gional distribution of TDP-43 pathology on antemortem
grey matter volumes. To do so, we used robust regressions
to explore the pattern of grey matter atrophy related to
TDP-43 stages while controlling for other pathological
variables such as tau (i.e. Braak stage), amyloid-f (i.e. dif-
fuse and neuritic plaques), Lewy bodies, argyrophilic grain
disease and vascular pathologies. We then computed grey
matter volumes adjusted for pathological (except TDP-43)
and demographic variables to further determine the sequen-
tial involvement of brain structures in TDP-43-positive
cases, irrespective of their TDP-43 stage. This latter ap-
proach was aimed at better describing the volume loss
related to TDP-43 while compensating for some limitations
of pathological examinations, such as the fact that only one
hemisphere is usually screened and only a limited number
of brain regions are assessed.

Materials and methods

Participants

For the present study, we identified all individuals who had
(i) been prospectively followed up in the Mayo Clinic
Alzheimer’s Disease Research Center (ADRC), Mayo Clinic
Alzheimer’s Disease Patient Registry (ADPR), or the Mayo
Clinic Study of Aging (MCSA); (ii) had died with a brain aut-
opsy; (iii) had one usable antemortem volumetric MRI scan
acquired after 1 January 1999; and (iv) had a complete set
of available paraffin blocks of brain tissue for TDP-43, tau,
amyloid and Lewy body analysis. Individuals with a patho-
logical diagnosis of FTLD or primary tauopathies were
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excluded. Specifically, individuals were excluded if they had
unequivocal evidence of focal frontal or temporal lobe neur-
onal loss or gliosis and met published criteria for FTLD
(Cairns et al., 2007). The Mayo Clinic ADRC recruits patients
with mild cognitive impairment or dementia from the
Department of Neurology, Mayo Clinic. The ADPR is a com-
munity-based study of cognitive ageing, while the MCSA is a
prospective population-based study of cognitive ageing
(Roberts et al., 2008), with both studies recruiting from
Olmsted County, Minnesota. For each participant, determin-
ation of cognitively unimpaired status was based on consensus
agreement between the study coordinator, examining phys-
ician, and neuropsychologist who evaluated the participant,
taking into account education, prior occupation, visual or
hearing deficits, and other available clinical information. All
participants underwent apolipoprotein E (APOE) genotyping.
This study was approved by the Mayo Clinic Institutional
Review Board. Before death, all participants or their proxies
provided written consent for brain autopsy examination.

Pathological examination

All individuals underwent a pathological examination accord-
ing to the recommendations of the Consortium to Establish a
Registry for Alzheimer’s disease (CERAD) (Mirra et al., 1991).
Each individual was assigned a Braak neurofibrillary tangle
stage (Braak and Braak, 1991), a Lewy body stage [0: no
Lewy body pathology, 1: brainstem predominant, 2: limbic
(transitional), 3: neocortical (diffuse), 4: amygdala predomin-
ant] (Montine et al., 2012), a score for neuritic amyloid-f
plaques (0: none, 1: sparse neuritic plaques, 2: moderate neur-
itic plaques, 3: frequent neuritic plaques) (Mirra et al., 1991),
diffuse amyloid-B plaques (0: none, 1: sparse diffuse plaques,
2: moderate diffuse plaques, 3: frequent diffuse plaques), ar-
gyrophilic grain disease (0: absent, 1: present) and vascular
pathology (0: no vascular infarcts, 1: microinfarcts or lacu-
nar/large infarcts, 2: both microinfarcts and lacunar/larger in-
farcts) (Wennberg et al., 2019). Note that given the small
number of individuals at Braak stages 0 and I, these stages
were pooled together with Braak stage II to better estimate
the effects of more advanced Braak stages.

In addition, all individuals were assessed for the presence of
TDP-43 independent of TDP-43 type (Josephs et al., 2019¢) in
the amygdala as previously described (Josephs et al., 2016).
For all individuals in whom TDP-43 was observed in the
amygdala, the presence of TDP-43 was subsequently assessed
in 13 additional brain regions: entorhinal cortex, subiculum,
dentate gyrus of the hippocampus, occipitotemporal cortex,
insula, ventral striatum, basal forebrain, inferior temporal,
substantia nigra, inferior olive, midbrain tectum, basal ganglia,
and middle frontal. A region was considered TDP-43-positive
if there were any TDP-43 immunoreactive neuronal cytoplas-
mic inclusions, dystrophic neurites, neuronal intranuclear in-
clusions or neurofibrillary tangle-associated TDP-43 identified
at x 400 magnification. Following previous criteria (Josephs et
al., 2016), all individuals were staged with the following rule:
only one region from a specific stage needs to be involved in
order to attain that stage, and the highest region involved de-
termines the stage (for further details and the specific involve-
ment of the inferior olive, see Josephs et al., 2016). Cases were
classified as follows: TDP-43-negative (no inclusion in the
amygdala), TDP-43 stage 1 (amygdala only), TDP-43 stage 2
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(entorhinal cortex and/or subiculum), TDP-43 stage 3 (dentate
gyrus of the hippocampus and/or occipitotemporal cortex) and
TDP-43 stage 4 + (inclusions beyond the medial temporal lobe,
i.e. brain regions associated with stage 4-6). We included only
individuals for whom TDP-43 was screened in at least one
brain region of each stage above their own stage (e.g. a subject
at stage 2 was included if the presence of TDP-43 was assessed
in at least one region of stage 3 and one region of stage 4 +).
This way, we avoided underestimating the stage of an individ-
ual. It is also worth mentioning that (i) TDP-43 was assessed
for all TDP-43-positive cases in the amygdala, entorhinal
cortex, subiculum and dentate gyrus of the hippocampus,
and middle frontal gyrus; (ii) >97% of the cases were
screened in the occipitotemporal cortex, insula, basal fore-
brain, midbrain tectum, and basal ganglia; and (iii) all TDP-
43 stage regions were assessed in 102 TDP-43-positive cases.

Neuroimaging data

The MRI closest to death was selected for each subject to
correspond to the pathological data (time delay between
MRI and death = 3.6 + 2.4 years). All MRI scans were
done with a standardized protocol that included a T;-weighted
3D volumetric sequence. Subjects were either scanned at 1.5 T
(n =239) or 3T (n = 168), and the MRI field strength was
included as a covariate in all analyses. All images underwent
corrections for gradient non-linearity (Jovicich et al., 2006),
and were corrected for intensity inhomogeneity, segmented
and normalized to the Mayo Clinic Adult Lifespan Template
(MCALT) (Schwarz et al., 2017) (https://www.nitrc.org/pro-
jects/mcalt/) using the SPM12 Unified Segmentation
(Ashburner and Friston, 2005) with MCALT priors and set-
tings. Grey matter probability maps were then smoothed using
a 6 mm full-width at half-maximum Gaussian kernel. Grey
matter volumes for specific regions of interest were computed
using MCALT atlases. Normalization parameters were com-
puted between each image and the MCALT template using
ANTs software (Avants et al., 2008) and the MCALT atlases
were propagated to native image space and used to compute
the regional values. Finally, raw and preprocessed images were
checked visually to assess data quality, and 16 cases were
excluded because of acquisition or segmentation issues.

Statistical analyses

The relationships between pathological TDP-43 staging and
antemortem grey matter volumes were assessed using robust
regressions (robustbase package) (Maechler ez al., 2018) in R
(R Core Team, 2014). Robust methods are particularly useful
when a large number of regressions are tested and assumptions
cannot be evaluated for each individual regression.
Furthermore, robust regressions are relatively insensitive to
the presence of one or more outliers in the data and provide
more accurate coefficients. Analyses were performed in regions
of interest that match those screened for the presence of TDP-
43: amygdala (stage 1), entorhinal cortex and hippocampus
(stages 2 and 2-3, respectively), fusiform gyrus (stage 3),
insula, inferior temporal and middle frontal gyri (stage 4 +).
Robust regressions were performed using the volume of each
region of interest as the dependent variable and the TDP-sta-
ging (five levels: 0, 1, 2, 3, 4+) as the independent variable.
Statistical models were adjusted for the other pathological
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variables: Braak stage (five levels: O-IL, III, IV, V, VI), Lewy
body stage (five levels: 0, 1, 2, 3, 4), neuritic (continuous) and
diffuse (continuous) amyloid-B plaques, argyrophilic grain dis-
ease (two levels: 0, 1) and vascular pathology (continuous).
The time delay between MRI and death (continuous), age at
MRI (continuous), sex (two levels: male, female), total intra-
cranial volume (continuous) and MRI field strength (two
levels: 1.5 T, 3 T) were also regressed out in all models. The
same analysis was then performed voxel-wise using the oro.-
nifti (Whitcher et al., 2011) package to import nifti files.
Voxel-wise analyses were performed in a mask excluding
non-grey matter voxels. To correct for multiple comparisons,
we used thresholds of false discovery rate (FDR)-corrected P
< 0.001 and cluster extent k > 500 mm’® for voxel-wise
analyses (using the fdr function implemented in FSL-5.0.10),
and Bonferroni-corrected P < 0.05 for region of interest ana-
lyses. To detect more subtle effects, voxel-wise results were
additionally presented at an uncorrected threshold of P <
0.001 (k > 500 mm?). Finally, volume was log-transformed
in all analyses so that estimated change could be interpreted on
a percentage scale. Results for pathological staging are pre-
sented in comparison to the group with no or low pathology
(e.g. TDP-43-negative, Braak stage O-II, and Lewy body-
negative groups) and we additionally showed between-stage
comparisons for TDP-43 pathology.

To overcome some limitations of the neuropathological
examination (e.g. only one hemisphere screened, a limited
number of regions assessed, and a possible underestimation
of the pathological burden) and provide a deeper understand-
ing of the relationship between volume and TDP-43, we as-
sessed the frequency of regional grey matter atrophy in all
TDP-43-positive cases, irrespective of their TDP-43 stage. To
do so, we first computed volumes adjusted for pathological
(except TDP-43) and nuisance variables for a total of 43
MCALT regions of interest (41 non-cerebellar cortical regions
of interest, and the hippocampus and amygdala) and for each
TDP-43-positive case (i.e. W-scores) (Jack et al, 1997).
Specifically, we performed robust regressions in the TDP-43-
negative group to estimate the effect of Braak and Lewy body
stages, neuritic and diffuse amyloid-B plaques, argyrophilic
grain disease, vascular pathology, the time delay between
MRI and death, age at MRI, sex, total intracranial volume
and MRI field strength on volume. We then used the coeffi-
cients and residuals of these regressions to compute W-scores
for each TDP-43-positive case using the following formula:

W-score =[(patient’s raw value)—(patient’s expected value)]/
standard deviation of the residuals in the (1)

TDP-43-negative group

where patient’s expected value corresponded to the predicted
value in the TDP-43-negative group given cases’ Braak stage,
Lewy body stage, age at MRI, etc. Using this procedure, we
obtained a W-score for each region of interest and each TDP-
43-positive case that represents how much the volume differs
from the TDP-43-negative group taking into account the
pathological and demographic variables of the subject.
Similarly to Z-scores, W-scores have a mean value of 0 and
a standard deviation (SD) of 1 in the reference group (i.e.
TDP-43-negative group), and values of —1.65 correspond to
the Sth percentiles. Note that as robust regressions assign dif-
ferent weights to each subject to limit the weight of outliers
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and better estimate regression coefficients, the mean of the W-
scores was slightly different from 0 (range: —0.04 to 0.05) but
would be theoretically 0 if data did not contain any outliers.

W-scores were then used to define the brain regions most
frequently atrophied in TDP-43-positive individuals when
pathological features and covariates were regressed out. W-
scores were binarized using a threshold of <-1.65 (corres-
ponding to a regional volume lower than 95th percentiles of
the TDP-43-negative group) to examine the brain regions
showing the highest percentage of TDP-43-positive cases
with significant atrophy compared to the TDP-43-negative
group. To assess if a brain region was more likely to present
with atrophy than another, we performed conditional prob-
ability analyses. The theoretical background and details of
this method for determining the sequential order of two con-
ditions have been described in a previous article (Josephs et al.,
2016). In brief, we used McNemar’s test to assess the evidence
against the null hypothesis that the probability that (Region X
presents with atrophy but not Region Y) is equally likely than
(Region Y presents with atrophy but not Region X). This
testing was performed for all combinations of regions of inter-
est to generate a probabilistic sequential ordering for all 43
regions of interest. We used an uncorrected (P < 0.01) thresh-
old to determine whether we had sufficient evidence to reject
the null hypothesis that two regions of interest were equally
likely to be atrophied in the TDP-43-positive group.

Finally, we also assessed voxel-wise which brain regions
were most likely to be atrophied in the TDP-43-positive
group when accounting for pathological and demographic
variables. To do so, we used the same procedure to compute
voxel-wise W-scores (La Joie ef al., 2012). The W-score maps
of the TDP-43-positive group were binarized using a thresh-
old of < -1.65 and used to compute a frequency map of grey
matter atrophy (Ossenkoppele et al., 2015; Perry et al.,
2017).

Data availability

Mayo Clinic ADRC, ADPR and MCSA data used in this study
are not currently publicly available for download.

Results

Population

A total of 407 individuals had complete pathological data
and an antemortem MRI that passed visual quality control.
Demographic data for the TDP-43-negative (n = 252) and -
positive (7 = 155) cases are presented in Table 1. Note that
we added more than 200 new cases compared to previous
studies from our laboratory assessing the relationship be-
tween TDP-43 and structural MRI [#n = 93 TDP-43-posi-
tive subjects overlap with Josephs et al. (2014a), and n =
103 TDP-43-negative and 102 TDP-43-positive subjects
overlap with Josephs et al. (2017a)].

Individuals with TDP-43 inclusions were older at the age of
MRI and death than TDP-43-negative cases (Table 1). In agree-
ment with previous studies, they were more likely to carry the
APOE ¢4 allele (Josephs et al., 2017a; Wennberg et al., 2018;
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Table | Demographic and pathological data by TDP-43 status

TDP-43-negative (n = 252) TDP-43-positive (n = 155) P-value
Gender, female/male 105/147 87/68 0.006
Education, years 1454+3.1* 14.6 + 3.1 0.698
Age at MR, years 784+10.6 827 + 78 <0.001
Age at death, years 81.8+10.8 865 £+ 82 <0.001
Time MRI to death, years 34423 38 £ 25 0.194
Clinical status, CUI/CI 85/167 25/130 <0.001
APOE €4 carrier 101 (40.2%)* 89 (57.4%) 0.001
Braak stage <0.001
0l 58 (23.0%) 13 (8.4%)
n 33 (13.1%) 10 (6.5%)
v 43 (17.1%) 15 (9.7%)
\% 36 (14.3%) 50 (32.3%)
\ 82 (32.5%) 67 (43.2%)
Neuritic amyloid-B plaques 0.004
0 45 (17.9%) 21 (13.5%)
| 47 (18.7%) I (7.1%)
2 53 (21.0%) 40 (25.8%)
3 107 (42.5%) 83 (53.5%)
Diffuse amyloid-f plaques 0.145
0 18 (7.1%) 10 (6.5%)
[ 17 (6.7%) 9 (5.8%)
2 42 (16.7%) 14 (9.0%)
3 175 (69.4%) 122 (78.7%)
Lewy body stage 0.305
0 165 (65.5%) 88 (56.8%)
| 12 (4.8%) 5 (3.2%)
2 24 (9.5%) 21 (13.5%)
3 36 (14.3%) 30 (19.4%)
4 15 (6.0%) I (7.1%)
Argyrophilic grain disease 0.264
0 215 (85.3%) 139 (89.7%)
| 37 (14.7%) 16 (10.3%)
Vascular pathology 0.252
0 144 (57.1%) 81 (52.3%)
| 85 (33.7%) 64 (41.3%)
2 23 (9.1%) 10 (6.5%)

Unless otherwise indicated, values are mean =+ SD. P-values refer to analyses of chi-squared and two-sample t-tests for categorical and continuous variables, respectively. Note that
similar results were obtained when neuritic and diffuse amyloid-f plaques, and vascular pathology were treated continuously (as in the robust regressions). Refer to the ‘Materials and
methods’ section for further details about the pathological stages. Cl = cognitively impaired; CUl = cognitively unimpaired.

Missing data for one participant.

Yang et al., 2018) and be cognitively impaired at the time of
MRI (Josephs et al, 2015; James et al., 2016).
Comparisons of pathological variables revealed that
TDP-43-positive cases had higher Braak stages and more
neuritic amyloid-B plaques than TDP-43-negative cases.
No significant difference was observed for diffuse amyl-
oid-B plaques, Lewy body stage, argyrophilic grain disease
and vascular pathology. Among the 155 TDP-43-positive
individuals, 34 (21.9%) were at TDP-43 stage 1, 32
(20.6%) at stage 2, 14 (9%) at stage 3, and 75 (48%) at
stage 4+ (32 at stage 4, 26 at stage 5 and 17 at stage 6).
Demographic and pathological data by TDP-43 stages are
presented in Supplementary Table 1, and details regarding
regional TDP-43 distribution for each subject are provided
in Supplementary Fig. 1.

Region of interest analyses

Robust regressions explaining grey matter volume by
pathological and demographic variables were performed
in the brain regions targeted by TDP-43 pathology. These
models fit the data well, as r-squared values ranged be-
tween 0.36 and 0.58 (mean: 0.51 + 0.07) and adjusted
r-squared values between 0.32 and 0.56 (mean: 0.48 +
0.07) (Supplementary Table 2). Compared to the TDP-43-
negative group, TDP-43 stage 1 was associated with bilat-
eral loss of grey matter volume in the amygdala and
entorhinal cortex (see Fig. 1 and Table 2 for estimates
and P-values). Both TDP-43 stages 2 and 3 showed
decreased grey matter volume in the entorhinal cortex
and hippocampus. Individuals at TDP-43 stage 4+ pre-
sented with bilateral volume loss in the amygdala,
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TDP Stage 2

TDP Stage 3

TDP Stage 1
Amygdala Left- .
Amygdala Right-
Entorhinal Cortex Left
Entorhinal Cortex Right
Hippocampus Left
Hippocampus Right
Fusiform Left

Fusiform Right

Insula Left

Insula Right

Temporal Inf Left
Temporal Inf Right
Frontal Mid Left

Frontal Mid Right

—

TDP Stage 4+

+
{441

-20 -10 [} -20 ~10

-20 -10 0 -20 -10

Percentage of volume change (%)

Figure | Results of robust regressions showing the effect of TDP-43 stages on grey matter volume. Values represent the per-
centage of volume change, with 95% confidence intervals, associated with TDP-43 stages compared to the TDP-43-negative group. Colours
indicate results that survived Bonferroni correction for multiple comparisons (orange, o = 0.05, P < 0.004, 14 models considered) or an
uncorrected threshold of P < 0.05 (blue). Columns indicate the pathological staging, and rows show the brain regions (i.e. dependent variables)
ordered according to their progressive involvement with TDP-43 pathology.

entorhinal cortex, and hippocampus compared to TDP-43-
negative cases. We also observed trends for volume loss in
the fusiform and insula at TDP-43 stages 3 and 4+, al-
though these findings did not survive Bonferroni correction.
As shown in Fig. 1 and Table 2, the percentage of volume
loss tended to increase in the entorhinal cortex and hippo-
campus with higher TDP-43 staging (i.e. ranging from
-10.3% to -5.4% at stage 1 versus —15.7% to -13.4%
at stage 4+). Estimates from the comparisons between
the different TDP-43 stages further supported this effect
(Supplementary Table 3). Yet, only the difference in hippo-
campal volume between TDP-43 stages 1 and 4 + survived
the corrected statistical threshold [left hippocampus: =9.6%
(-14.5, -4.5), P < 0.001; right hippocampus: -9.2%
(-14.6, =3.4), P = 0.002].

The effects of Braak and Lewy body stages are presented
in Table 2. In brief, Braak stage IV was associated with
decreased volume in the amygdala, entorhinal cortex, and
hippocampus compared to Braak stage O0-II. Braak stage V
further involved the fusiform gyrus and insula, and Braak
stage VI additionally involved the inferior temporal gyrus.
Compared to individuals with no Lewy body pathology,
cases with neocortical Lewy bodies (stage 3) showed
decreased volume in the amygdala and entorhinal cortex.
Finally, the presence of argyrophilic grain disease was asso-
ciated with decreased volume in the amygdala
(Supplementary Table 4). The effects on volume of Braak
stage III, Lewy body stage 1, 2 and 4, diffuse and neuritic
amyloid-B plaques, and vacular pathology did not reach the
statistical threshold (Table 2 and Supplementary Table 4).

Given that TDP-43-positive and -negative cases differed
by Braak stage and neuritic plaque stage (Table 1), robust

regressions were repeated using a subsample of TDP-43-
negative cases matched for pathological and demographic
variables with the TDP-43-positive group. Specifically, we
used the R package €1071 (Meyer et al., 2018) to find
TDP-43-negative individuals that matched as accurately as
possible to TDP-43-positive cases for Braak and Lewy body
stages, diffuse and neuritic amyloid-f plaques, argyrophilic
grain disease, vacular pathology, age at MRI, delay be-
tween MRI and death, sex and MRI field strength. The
final matched subsample of TDP-43-negative cases (n =
155/252) remained younger at the time of MRI (P <
0.001) and death (P < 0.001) than the TDP-43-positive
group, but did not differ significantly for any other vari-
ables. Robust regressions in this subgroup (n = 310)
showed very similar results to those identified in the
entire cohort (Supplementary Fig. 2).

Voxel-wise analyses

Similar robust regressions assessing grey matter volume by
pathological and demographic variables were performed
voxel-wise. No significant differences were found at an
FDR-corrected P < 0.001 threshold between the TDP-43-
negative group and either TDP-43 stage 1 or stage 2. When
the statistical threshold was lowered (P < 0.001 uncorrected,
k > 500 mm?®), TDP-43 stage 1 showed bilateral volume
loss in the amygdala and anterior hippocampus, and in the
right more than left entorhinal cortex and ventral temporal
pole (Fig. 2). TDP-43 stage 2 showed volume loss in the left
amygdala, entorhinal cortex, anterior and posterior hippo-
campus, and ventral temporal pole. Compared to the TDP-
43-negative group, TDP-43 stage 3 showed volume loss in


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awz277#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awz277#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awz277#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awz277#supplementary-data
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Figure 2 Results of voxel-wise robust regressions showing the effect of TDP-43 stages on grey matter volume. Values represent
the percentage of volume change associated with TDP-43 stages compared to the TDP-43-negative group. Coronal slices show both P < 0.001
FDR-corrected (yellow) and P < 0.001 uncorrected (red) results (k > 500 mm?). Results are presented in neurological convention. L = left; R =

right.

the right anterior hippocampus that extended, at an uncor-
rected threshold (P < 0.001), into the right posterior hippo-
campus, amygdala, entorhinal cortex, ventral pole, and
parahippocampal gyrus, and into the left hippocampus,
amygdala and entorhinal cortex. Finally, the TDP-43 stage
4+ group was characterized by the bilateral involvement of
the whole hippocampus and amygdala, the entorhinal cortex,
ventral temporal pole, and right parahippocampal gyrus. At
an uncorrected threshold, this pattern extended into the tem-
poral pole and further encompassed the fusiform gyrus, left
parahippocampal gyrus and right thalamus.

Between TDP-43 stage comparisons did not reveal signifi-
cant differences at the FDR-corrected P < 0.001 threshold.
At an uncorrected threshold (P < 0.001), comparisons
with TDP-43 stage 1 showed volume loss in the right
hippocampus at TDP-43 stage 3, and in the bilateral

hippocampus and right thalamus at TDP-43 stage 4+
(Supplementary Fig. 3). Finally, the relationships between
grey matter volumes and Braak and Lewy body stages, and
argyrophilic grain disease are presented in Supplementary
Figs 4 and 5. Briefly, volume loss was mainly found in
medial temporal structures at Braak stage IV, additionally
included the posterior cingulate at Braak stage V and most
temporo-parietal, lateral occipital and frontal regions at
Braak stage VI. Lewy body stage 2 (limbic stage) was asso-
ciated with decreased volume in the left parietal cortex, and
stage 3 (neocortical stage) with volume loss in the left
amygdala and anterior hippocampus. The presence of ar-
gyrophilic grain disease was associated with decreased
volume in the left amygdala and anterior hippocampus.
No associations were obtained with diffuse and neuritic
amyloid-p plaques, and with vascular pathology.


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awz277#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awz277#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awz277#supplementary-data

Effect of TDP-43 on antemortem MRI

Regions most frequently atrophied
with TDP-43

Grey matter volumes were converted, for each region of
interest and each TDP-43-positive case, into W-scores ad-
justed for pathological (i.e. Braak and Lewy body stages,
diffuse and neuritic amyloid-p plaques, argyrophilic grain
disease and vascular pathology) and nuisance variables. We
then used a threshold of W-score < —1.65 to determine the
presence of significant atrophy compared to the TDP-43-
negative group. Note that a W-score < -1.65 corresponds
to a volume below the 95th percentile of the TDP-43-nega-
tive cases after taking into account the pathological scores
and demographic features of the subject.

Results showed that the hippocampus was the most fre-
quently atrophied brain region of interest in TDP-43-positive
cases (32.9%, Fig. 3). It was followed by the amygdala
(24.5%), entorhinal cortex (22.6 %), middle (20%) and super-
ior (13.5%) temporal poles, inferior temporal gyrus (12.9%),
fusiform (12.9%) and parahippocampal (11.6%) gyri. When
we used a dynamic range to define the presence of atrophy (W-
scores < —0.5 to W-scores < -2), we consistently observed
that (i) the hippocampus was the most atrophied brain region;
(i) followed by either the amygdala or the entorhinal cortex;
and then (iii) the middle temporal pole (Fig. 3). The order be-
tween the other regions of interest was more threshold-de-
pendent but the superior temporal pole, inferior temporal,
fusiform and parahippocampal gyri tended to be systematic-
ally more atrophied than any other regions of interest.

Conditional probability analyses

The W-scores were then used to compute pairwise condi-
tional probability to further understand the sequential grey

=) 8 g

Atrophy greater than TDP-43 negative individual (%)
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matter atrophy associated with TDP-43 pathology.
Specifically, this analysis used individual profiles to deter-
mine the likelihood of one brain region to be atrophied
before another. Results showed that the hippocampus had
a significantly higher probability to show grey matter loss
before any other regions except the amygdala (Fig. 4). The
amygdala, entorhinal cortex, and middle temporal pole did
not differ in their probability to be atrophied first but were
significantly more likely to be atrophied before most other
brain regions (except the superior temporal pole, the fusi-
form and inferior temporal gyri for the entorhinal cortex
and middle temporal pole). Finally, a third cluster of re-
gions of interest, including the superior temporal pole, fu-
siform, inferior temporal and parahippocampus gyri,
appear more likely to show grey matter loss than several
other brain regions.

Frequency map

W-scores adjusted for pathological scores and covariates
were also computed voxel-wise for each TDP-43-positive
case and used to create a frequency map of grey matter
atrophy (using, as previously, a threshold of W-score <
-1.65 to determine significant atrophy compared to the
TDP-43-negative group). Results showed that the hippo-
campus (especially its anterior portion) and the amygdala
were the regions that most frequently showed atrophy
(>30%) in the TDP-43-positive group (Fig. 5). These re-
gions were followed by the ventral temporal pole and
entorhinal cortex (25-30%), and then by the dorsal tem-
poral pole, parahippocampus, anterior inferior temporal
and fusiform gyri (15-25%). Finally, the posterior insula
(at the junction of the superior temporal gyrus),

-1.65

Brain Regions

= Hippocampus
Aneggdalap

= Entorhinal Cortex

= Temporal Pole Mid

= ParaHippocampal

— Temporal Pole Sup

= Temporal Inf

= Fusiform

— Others

B N T P

Threshold (W-Scores)

Figure 3 Effect of W-score threshold on the percentage of TDP-43-positive cases showing more grey matter atrophy than
TDP-43-negative cases. W-scores were computed using the TDP-43-negative cases (n = 252) as the reference group, and represent grey
matter volume adjusted for Braak stage, Lewy body stage, diffuse and neuritic amyloid-3 plaques, argyrophilic grain disease, vascular pathology,
and covariates. Colours were used for the regions showing most frequently grey matter atrophy in the TDP-43-positive versus TDP-43-negative
cases. Brain regions on the right are ordered by the area under the curve.
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Figure 4 Pairwise conditional probability matrix showing the probability of grey matter volume loss in each brain region
compared to other brain regions in TDP-43-positive cases. Reading the plot from left to right, the conditional probability estimates (%)
show the estimated probability that the region on the left shows grey matter volume loss before the region on the right. Reading from top to
bottom, the entries show the estimated probability that the region below shows grey matter volume loss before the region above. Dots indicate
results that were statistically significant at the P < 0.0l level (black) and that survived Bonferroni correction for multiple comparisons (red, o =
0.05, P < 0.00006, 903 models considered). P-values were assessed using exact McNemar’s test, and a region was considered having grey matter
volume loss when W-score < —1.65 (i.e. volume below the 95th percentiles of the TDP-43-negative group after accounting for pathological

scores and covariates).

orbitofrontal cortex and gyrus rectus were involved in
~15% of the cases.

Discussion

In the present study, we aimed at better characterizing the
pattern of grey matter loss associated with the pattern of
TDP-43 spread independently of other age-related neuro-
pathologies in a heterogeneous cohort of non-FTLD cases.
We found that the extent of TDP-43 pathology is related to
the extent of grey matter atrophy. Specifically, our results
showed a gradual loss of volume in medial temporal lobe
regions associated with increasing TDP-43 stage. We also
observed the progressive involvement of lateral temporal,
insular and frontal regions with TDP-43 advancement.

Additional analyses revealed a sequential pattern of grey
matter atrophy related to TDP-43 pathology that starts in
medial temporal structures, with early involvement of the
temporal pole and then extension into other neocortical
regions. Together, these results demonstrate the unique
contribution of TDP-43 pathology on brain structure and
shed light on the regional distribution of TDP-43-related
atrophy, and possibly TDP-43 pathology itself, in non-
FTLD individuals.

Our findings demonstrated an early and independent
effect of TDP-43 pathology on grey matter volume of the
amygdala. Indeed, we found that individuals with TDP-43
inclusions limited to the amygdala (stage 1) presented with
less volume in this region than subjects without TDP-43
after controlling for tau, amyloid-B, Lewy body, argyro-
philic grain disease, and vascular pathologies. This result
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Atrophy greater than TDP-43 negative cases (%)
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Figure 5 Frequency map of grey matter atrophy in TDP-43-positive cases compared to TDP-43-negative cases. Values represent
the percentage of TDP-43-positive cases having significantly more atrophy than the TDP-43-negative group (W-score < —1.65) accounting for
Braak stage, Lewy body stage, diffuse and neuritic amyloid-f} plaques, argyrophilic grain disease, vascular pathology, age at MRI, time MRI to death,
sex, total intracranial volume, and MRI magnetic field. Results are presented in neurological convention. L = left; R = right.

remained significant when TDP-43-positive cases were com-
pared to a subsample of TDP-43-negative subjects matched
for pathological variables (including Alzheimer’s disease).
To our knowledge, this is the first evidence of a neuroima-
ging correlate of TDP-43 pathology in the amygdala only.
Indeed, our previous investigations in the Alzheimer’s dis-
ease spectrum did not find an effect of TDP-43 stage 1 on
grey matter volume (Josephs et al., 2014a, 2017a). This
discrepancy might be explained by the larger sample size,
the difference in population and the use of additional
pathological covariates in the present study.

Intriguingly, individuals at TDP-43 stage 1, with no TDP-
43 beyond the amygdala, showed additional grey matter
loss in the entorhinal cortex, anterior hippocampus and
ventral portion of the temporal pole. Given that neurons
in the amygdala have direct projections toward these re-
gions (Marino et al., 2016; Nelson et al., 2018), and vice
versa, it is possible that these losses of volume reflect a
distant effect of the neurodegeneration in the amygdala.
Histopathological changes in regions connected to an
injured area have been described previously following
focal cerebral infarction (Duering et al., 2012; Zhang et
al., 2012), and similar cellular mechanisms (e.g. retrograde

degeneration, anterograde trans-synaptic degeneration) may
lead to remote effects of the amygdala atrophy.
Alternatively, the TDP-43 staging may have been underes-
timated for some individuals as only one hemisphere (the
left most often) was assessed for the presence of TDP-43
inclusions. Finally, we cannot rule out that other patho-
logical variables not assessed in the present study (e.g.
arteriolosclerosis) may have influenced the volume of
these regions.

The spread of TDP-43 pathology (stage 2 to 4+) was
associated with decreased volume of the amygdala, entorh-
inal cortex and hippocampus compared to the TDP-43-
negative group. The effect of TDP-43 stage 2 and 3 on
amygdala volume did not reach significance in the region
of interest analyses when the threshold was corrected for
multiple comparisons. However, the involvement of this
structure was retrieved at a lower statistical threshold (P
< 0.05) and when analyses were performed voxel-wise.
Even though comparisons between TDP-43 stages showed
limited differences, possibly due to the lack of statistical
power resulting from the relatively small sample size for
each TDP-43 stage, our results suggest the progressive in-
volvement of the entorhinal cortex and hippocampus with
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TDP-43 advancement. Indeed, the percentage of volume
loss in these regions tended to be higher, and confidence
intervals smaller (apart for the smallest group, i.e. TDP-43
stage 3), with increasing TDP-43 stages (see also statistical
trends for difference between TDP-43 stages in
Supplementary Table 3). Moreover, voxel-wise results
showed a clear progression of hippocampal atrophy along
the anteroposterior axis with advancing TDP-43 stages: ef-
fects of TDP-43 pathology were first localized in the most
anterior portion of the hippocampus and gradually
involved more posterior regions. This is in agreement
with previous evidence showing a stronger effect of TDP-
43 on the anterior than the posterior hippocampus (Hanko
et al., 2018). Finally, when treated as a continuous vari-
able, TDP-43 staging was associated with volume change in
the amygdala, entorhinal cortex, and hippocampus (data
not shown). Altogether, these results support a progressive
effect of TDP-43 on medial temporal volumes. We hy-
pothesize that TDP-43 pathology accumulates locally
while spreading within these regions and that both phe-
nomena contribute to the gradual volume loss associated
with increasing TDP-43 stages. Future studies combining
both extent and severity measurements could provide fur-
ther insight into these pathological processes.

In a recent study on the entity limbic-predominant age-
related TDP-43 encephalopathy (LATE), Nelson and col-
leagues (2019) suggested using a collapsed three stages
scheme for routine pathological screening of TDP-43 but
supported the use of the extended TDP-43 staging schemes
(Josephs et al., 20165 Nag et al., 2018) for research. The
progressive involvement of medial temporal structures with
TDP-43 staging, together with previous evidence showing
cognitive differences between collapsed stages (Josephs et
al., 2014a; Nag et al., 2018), further emphasizes the im-
portance of not collapsing the TDP-43 staging scheme into
lesser number of stages for research (Josephs et al., 2019a).

Another novel aspect of this study was the use of an
approach that regressed out the effect of pathological vari-
ables (i.e. Braak neurofibrillary tangle and Lewy body
stages, diffuse, and neuritic amyloid-p plaque burden, ar-
gyrophilic grain disease, and vascular pathology) on grey
matter volume in order to examine the sequential grey
matter loss related to TDP-43. These analyses confirmed
the particular vulnerability of medial temporal structures
to TDP-43 pathology, with the amygdala, entorhinal
cortex and hippocampus being the most frequently atro-
phied regions of interest. Even though the conditional prob-
ability analyses did not reveal any significant difference
between the hippocampus and the amygdala in their prob-
ability to be atrophied one before another, the hippocam-
pus was the most frequently atrophied brain region in
TDP-43-positive cases and the effect of TDP-43 staging
appears to be more gradual in this region than in the amyg-
dala. This result may reflect the distinct vulnerability of
these structures to TDP-43-related toxicity, i.e. the subpo-
pulations of neurons most prone to shrink or death in re-
sponse to the presence of any TDP-43 pathology might be
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more prevalent in the hippocampus than in the amygdala.
The particular vulnerability of the hippocampal region is
further supported by the well-established co-existence of
hippocampal sclerosis with TDP-43 pathology (Amador-
Ortiz et al., 2007; Nelson et al., 2016). Alternatively, in-
clusions of TDP-43 in the amygdala may be confined to
some subnuclei which, in turn, limit the sensitivity to detect
progressive grey matter atrophy with standard structural
MRIL

Beyond these structures, previously identified as altered
by the presence of TDP-43 pathology (Josephs et al.,
2008a, 2014a, b, 2015, 2017a; Kovacs et al., 2013;
Hanko et al., 2018; Makkinejad et al., 2019), our results
highlighted the early involvement of the middle temporal
pole. Indeed, this region was the fourth region of interest
most frequently atrophied in the TDP-43-positive group
and was more likely to demonstrate volume loss before
most other regions of interest. The voxel-wise frequency
map further showed that it is especially the ventral portion,
adjacent to the amygdala, that is most frequently damaged
in TDP-43-positive subjects. According to Nag et al.
(2018), TDP-43 affects the temporal pole early in the pro-
gression of TDP-43 pathology, shortly after the involve-
ment of medial temporal structures and before other
neocortical areas. Given that the temporal pole is highly
interconnected to the amygdala (Olson et al., 2007,
Marino et al., 2016), it is plausible that TDP-43 pathology
develops early in this region while spreading in parallel into
other medial temporal structures. This may explain why
each TDP-43 stage was associated with volume loss in
this region in the voxel-wise regressions.

Our results also revealed the deleterious effect of TDP-43
in other temporal and frontal regions. We found decreased
volume in the parahippocampal gyrus at TDP-43 stage 3
and 4+, and in the fusiform gyrus and thalamus at stage
4+ only. The posterior insula, orbitofrontal cortex, and
gyrus rectus also presented with relatively frequent grey
matter loss (+15% of the TDP-43-positive cases) despite
not being significantly associated with any TDP-43 stages.
All these regions have been shown to be targeted by TDP-
43 pathology in non-FTLD cases (Josephs et al., 2014a,
2016; Nag et al., 2018). TDP-43 inclusions were previously
reported in the thalamus (Cykowski et al., 2016), but this
region has not yet been associated with a specific stage.
Our results suggest it is involved relatively late.

To our knowledge, few studies assessed voxel-wise effects
of distinct pathologies on grey matter volume (for a review
on radiological-pathological findings, see Dallaire-Théroux
et al., 2017). In agreement with those related to tau
(Whitwell et al., 2008, Josephs et al., 2014b; Kotrotsou
et al., 2015), we found a progressive involvement of
medial temporal structures at Braak stage IV, that extended
into temporal and medial parietal regions at Braak stage V,
and finally encompassed most temporo-parietal regions at
Braak stage VI. Interestingly, this pattern partially overlaps
with the one related to TDP-43 pathology. This is not
surprising given that both pathologies target common
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brain regions such as the amygdala, entorhinal cortex,
hippocampus, or inferior temporal gyrus. Yet, the specifi-
city of our results is supported by the lack of significant
association between volume and TDP-43 in brain regions
targeted by tau but not by TDP-43. Hence, only tau path-
ology was associated with volume loss in medial and lateral
parietal cortex, and these regions did not show frequent
atrophy in the TDP-43-positive group once the effect of
pathological variables (including tau) was regressed out
(Fig. 5). In line with previous studies (Josephs et al.,
2008b; Burton et al., 2012), our results further showed
decreased medial temporal lobe volume in the presence of
argyrophilic grain disease and Lewy body pathology (at the
neocortical stage but note also trends for effects at the
limbic stage). By contrast, we did not find an effect of
amyloid-p and vascular pathologies on grey matter
volume. Importantly, the percentage of volume loss asso-
ciated with TDP-43 and tau were comparable, and the ear-
liest TDP-43 stages appeared to have at least similar, and
possibly more, influence on medial temporal volume than
the earliest Braak stages. It is worth mentioning, however,
that, unlike TDP-43, Braak stage estimates were not com-
puted as compared to a tau-negative group as very few
individuals (nz = 2) were at Braak stage 0. Additional stu-
dies are therefore needed to better compare the relative
effects of each pathology on grey matter volume.

This study has some limitations. First, despite a large
pathological cohort, the relatively small sample size for
some TDP-43 stages (n = 14 to 34 for stages 1-3) may
have prevented us from detecting the effect of TDP-43 in
some brain regions. Second, we used cross-sectional Ty-
structural images acquired on MRI scanners with different
field strength and sometimes several years before death.
Nonetheless, we controlled for these variables in all our
analyses and results remained highly similar when groups
were matched. Third, while we regressed out several patho-
logical variables, we used some measurements of extent
(e.g. Braak staging for tau pathology) or presence/absence
(e.g. argyrophilic grain disease) that do not account for the
burden of pathology. Future studies could, therefore, in-
clude more refined pathological scores to further disentan-
gle the specific effect of each pathology on grey matter
atrophy. Finally, we interpreted our results in a causal per-
spective where pathologies (e.g. TDP-43, tau) lead to neu-
rodegeneration. Yet, the exact processes that relate these
pathologies to neurodegeneration remain unclear and fur-
ther investigations are required to support this causality.

In summary, this study demonstrated the detrimental and
independent effect of TDP-43 on grey matter volume in
non-FTLD brains. These effects likely explain the associ-
ations between TDP-43 and both decreased cognitive per-
formances and increased likelihood of dementia (Josephs et
al., 2008a; Nag et al., 2015; Boyle et al., 2018). Together,
these findings highlight that TDP-43 is a major cause of
neurodegeneration in older adults and a crucial target for
future disease-modifying drugs.
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