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Abstract

INTRODUCTION: Typical Alzheimer’s disease (AD) and limbic-predominant age-
related TAR DNA-binding protein 43 (TDP-43) encephalopathy (LATE) are two neu-
rodegenerative diseases that present with a similar initial amnestic clinical phenotype
but are associated with distinct proteinopathies.

METHODS: We investigated white matter (WM) fiber bundle alterations, using fixel-
based analysis, a state-of-the-art diffusion magnetic resonance imaging model, in early
AD, presumed LATE, and controls. We also investigated regional cortical atrophy.
RESULTS: Both amnestic AD and presumed LATE patients exhibited WM alterations
in tracts of the temporal and limbic lobes and in callosal fibers connecting superior
frontal gyri. In addition, presumed LATE patients showed alterations in callosal fibers
connecting the middle frontal gyri and in the cerebello-thalamo-cortical tract. Cortical
thickness was reduced in regions connected by the most altered tracts.

DISCUSSION: These findings, the first to describe WM fiber bundle alterations in
presumed LATE, are consistent with results on cortical atrophy and with the staging

system of tau or TDP-43 accumulation.

KEYWORDS
Alzheimer’s disease, diffusion magnetic resonance imaging, fixel-based analysis,
limbic-predominant age-related TAR DNA-binding protein 43 encephalopathy, white matter

Highlights

* Fixel-based analysis revealed white matter (WM) fiber bundle alterations in pre-
sumed limbic-predominant age-related TAR DNA-binding protein 43 encephalopa-
thy (LATE) patients identified by isolated episodic/limbic amnesia, the absence of
positive Alzheimer’s disease (AD) biomarkers, and no other neurological diagnosis

after 2 years of follow-up.
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atrophy.

1 | BACKGROUND

Limbic-predominant age-related TAR DNA-binding protein 43 (TDP-
43) encephalopathy (LATE) is a recently described entity, neuropatho-
logically characterized by the aggregation and accumulation of abnor-
mal neuronal TDP-43 protein with or without coexisting hippocampal
sclerosis.»2 Clinically, this entity is characterized by a progressive
amnestic syndrome, consistent with limbic/episodic amnesia, mimick-
ing early Alzheimer’s disease (AD).>* While it is currently impossible to
diagnose LATE in vivo with certainty, as TDP-43 in vivo biomarkers are
not currently available, Nelson et al.3 proposed to use a combination
of biomarkers to rule in the diagnosis of LATE. In this perspective, the
absence of positive AD biomarkers (plasma, cerebrospinal fluid (CSF),
molecular positron emission tomography (PET) imaging) in individu-
als with isolated amnestic syndrome and medial temporal lobe atrophy
would most likely signify LATE +/— hippocampal sclerosis.

Because AD and LATE have distinct underlying biological mech-
anisms leading to different therapeutic strategies, it is important to
better understand how LATE differs from AD. A growing body of
experimental evidence supports the hypothesis that neurodegener-
ative proteinopathies, such as amyloid, tau, or TDP-43, could share
similar propagation mechanisms, such as the ability to spread from
cell to cell within anatomically interconnected neurons, exhibiting
prion-like properties.>~” The involvement of white matter (WM) fiber
bundles in this propagation can be questioned: early WM alterations
are observed in neurodegenerative diseases, marked by myelin degen-
eration and axonal loss.2719 In this context, investigating WM as an
ensemble of fiber bundles connecting gray matter regions could pro-
vide crucial information for delineating the propagation pathways of
specific proteinopathies.!12

Diffusion magnetic resonance imaging (MRI) is a widely known
technique that enables the study of WM fiber bundles in vivo. This
technique has already been used to study AD in numerous works.13-16
Recently, a technique called fixel-based analysis has been developed
to analyze diffusion MRI at a within-voxel level. It is a state-of-the-art
method that enables the characterization of multiple fiber orientations
within voxels, providing information on the microstructure, with a mea-

sure of fiber density, and on the macrostructure, with a measure of fiber

cognitive phenotype.

* Presumed LATE and amnestic AD shared similar patterns of WM alterations in fiber

bundles of the limbic and temporal lobes, in congruence with their similar limbic

* Presumed LATE differed from AD by the alteration of the callosal fibers connecting
the middle frontal gyri and of the cerebello-thalamo-cortical tract.

* WM fiber bundle alterations were consistent with results on regional cortical

* The different anatomical patterns of WM degeneration could provide information

on the propagation pathways of distinct proteinopathies.

bundle atrophy.1”18 This method overcomes a major confound of clas-
sic diffusion MRI models in the presence of crossing fibers, by defining a
new basic element called fixel, representing one fiber population within
a voxel. Metrics can then be derived for each fixel, enabling the def-
inition of metrics specific to each fiber population, thus avoiding the
confound that results from averaging fiber populations in voxel-based
methods. This method has shown reliable results, notably for the study
of AD.1%:20

In the present study, for the first time to the best of our knowledge,
we investigated WM fiber bundle alterations in presumed LATE and we
explored how these alterations can differ from those in early AD, using
fixel-based analysis. We included patients who all present an amnestic
syndrome of the hippocampal type and strict pathophysiological cri-
teria, including the positivity of AD pathophysiological markers (CSF
biomarkers and both amyloid and tau PET imaging) for AD patients.
Patients with presumed LATE were defined as a diagnosis of exclu-
sion, by their amnestic limbic cognitive phenotype, the negativity of
AD pathophysiological markers, and a 2-year clinical and MRI follow-
up allowing to exclude another neurological diagnosis. Control subjects
were also included. We first computed a whole-brain fixel-based analy-
sis to explore differences between groups and identify WM tracts that
are altered in each group. We then performed a tract-based analysis to
further investigate the alteration of each identified tract in presumed
LATE patients compared to controls and in AD patients for whom cog-
nitive impairment was limited to an amnestic syndrome. Finally, we

investigated regional cortical atrophy.

2 | METHODS
2.1 | Study participants

This study includes 64 participants from the SHATAU7-IMATAU cohort
(EudraCT: 2015-000257-20). All subjects provided informed written
consent. The study was approved by a French Ethics Committee
(CPP lle-de-France VI). All participants underwent complete clinical
and neurological assessment, 3-tesla brain MRI, lumbar puncture for
AD biomarker measures (except for controls), and [11C]-Pittsburgh
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
using traditional sources (e.g., PubMed). Prior studies
using fixel-based analysis in Alzheimer’s disease (AD) did
not provide conclusive results on early stages of amnestic
AD. White matter (WM) fiber bundle alterations have not
yet been investigated in presumed limbic-predominant
age-related TAR DNA-binding protein 43 encephalopa-
thy (LATE) patients.

2. Interpretation: Presumed LATE and amnestic early AD
shared similar temporal and limbic WM alterations. They
differed by the involvement of both middle frontal callosal
fibers and the cerebello-thalamo-cortical tract in pre-
sumed LATE. These results are consistent with regional
cortical atrophy and with the staging system of the cor-
responding proteinopathies. It questions the possible
association between WM alterations and the propagation
of specific proteinopathies.

3. Future directions: Our findings revealed the alteration
of specific WM fiber bundles in presumed LATE patients.
Further studies in confirmed LATE are needed to better
understand the role of these tracts and the regions they
connect in the pathophysiology of the disease.

compound B PET imaging (missing data for 2 AD patients and 3
controls) and [*8F]-Flortaucipir PET imaging (missing data for 3 AD
patients, 1 presumed LATE patient, and 3 controls), and were followed
up annually with repeated standardized clinical and neuropsychologi-
cal assessments for 2 years, including a second MR at the last visit.
Patients with AD (n = 27) at the stage of mild cognitive impair-
ment or mild dementia were included according to clinical-biological
criteria, including (1) predominant amnestic clinical phenotype of AD;
(2) Clinical Dementia Rating (CDR) scale = 0.5 or 1; (3) AD CSF
biomarkers suggestive of AD process (phosphorylated-tau/amyloid-
beta 42 > 0.08);21 (4) both positive amyloid PET (global cortical
index > 1.45) and tau PET imaging (standardized uptake value ratio
in a temporal meta volume of interest composed of the entorhinal
cortices, parahippocampi, fusiform gyri, inferior and middle temporal
cortices) when available, as described in a previous study.?? In a subset
of AD patients (n = 20), cognitive impairment was limited to an amnes-
tic syndrome of the hippocampal type, without alteration of parietal
functions; they were therefore referred to as amnestic AD patients.
Patients with presumed LATE (n = 18) were included according
to the following criteria: (1) progressive amnestic syndrome of the
hippocampal type; (2) CDR = 0.5 or 1; (3) CSF biomarkers not sug-
gestive of AD; (4) negative amyloid PET and/or tau PET imaging;??
(5) no extrapyramidal signs or other neurological signs suggestive
of Parkinson’s disease, progressive supranuclear palsy, corticobasal

degeneration, frontotemporal dementia, dementia with Lewy bodies;
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and (6) absence of neurological diagnoses other than presumed LATE
after 2 years of clinical follow-up, including a second MRI (n = 13/18)
and a second negative tau PET scan when available (n = 12/18).
Note that three patients had positive amyloid PET imaging despite
normal CSF biomarkers and negative initial and longitudinal tau PET
imaging. They were considered presumed LATE patients with amyloid
copathology and included in the study.

Healthy controls (n = 19) were recruited according to the follow-
ing criteria: (1) Mini-Mental State Examination (MMSE) score > 27/30
and normal neuropsychological assessment; (2) CDR = 0; (3) no mem-
ory complaints, or history of neurological or psychiatric disorders; and
(4) negative amyloid and tau PET imaging when available.

Patients with (1) sleep apnea, (2) systemic illnesses that could inter-
fere with cognitive functioning, (3) suspicion of alcohol or drug abuse,
(4) history of psychiatric disorders, (5) history of stroke or severe

cortical or subcortical vascular lesions, and (6) epilepsy were excluded.

2.2 | Image acquisition

MRI was acquired using a 3-tesla Siemens Magnetom Prisma scanner
with a 64-channel coil. Data were acquired at the Paris Brain Institute
(Centre de Neuroimagerie de Recherche, ICM, Paris). For each sub-
ject, diffusion-weighted images were acquired using a pulsed gradient
spin echo single-shot echo planar imaging sequence with anteroposte-
rior phase encoding (echo time (TE) = 77 ms, repetition time (TR) = 7s,
voxel size = 1.3 mm isotropic, acquisition matrix = 184x184, 110 axial
slices, multiband acceleration = 2, generalized autocalibrating partial
parallel acquisition acceleration = 2, partial Fourier factor = 0.625).
Using a partial Fourier factor enables us to decrease the echo time
and therefore, to enhance the signal-to-noise ratio of the images, but
it probably decreases the effective spatial resolution in the phase
encoding direction. Each diffusion acquisition comprised three shells of
diffusion with b-values of 200, 1700, and 4200 s/mm?, with 60 direc-
tions per shell, and three volumes without diffusion weighting (b = 0
s/mm?2). T1-weighted images were also acquired for each subject with
a magnetization-prepared rapid acquisition gradient echo sequence
(voxel size = 1 mm isotropic, TE = 2.15 ms, TR = 2400 ms, inversion

time = 1000 ms, flip angle = 9°).

2.3 | Image preprocessing

T1-weighted images were controlled for quality visually, guided
by MRIQC.2® We then extracted the brain using HDBET?* and
registered these anatomical images onto the preprocessed diffusion-
weighted images using the ‘epi_reg’ tool, which uses boundary-based
registration,?> from FMRIB’s Software Library (FSL, version 6.0.5).2¢
T1-weighted images were then processed using FreeSurfer 6.0.0
‘recon-all’ algorithm?728 to segment subcortical areas and parcellate
the cortex with the Desikan-Killiany atlas?? at the subject level.
Results were visually inspected to identify global segmentation

abnormalities and manual edits were performed on the brain mask
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(pial surface errors) or on the WM volume (segmentation errors)
when necessary. We then extracted the mean cortical thickness for
the 68 cortical regions of the atlas to investigate regional cortical
atrophy.

Preprocessing of diffusion-weighted images included visual quality
control, denoising®° using the ‘dwidenoise’ tool from MRtrix3 (version
3.0.2),3 and dynamic correction of susceptibility-induced distortion
artefacts, eddy current-induced distortions, and head motion, using

L32 with replacement of outliers3 and

the ‘eddy_openmp’ tool from FS
susceptibility-by-movement correction options.3* Prior to eddy, we
used Synb0-DisCo3° to estimate the susceptibility-induced distortion
artefacts, due to the lack of a By field map or blip-down acquisitions.
We, therefore, used this algorithm on each acquired b = 0 volume to
synthesize a corresponding undistorted b = 0 image, and we then per-
formed the estimation using the ‘topup’ algorithm from FSL®¢ and all
reconstituted pairs of each subject. After eddy, we verified the quality
of the data using the ‘eddyqc’ tool.3”

We followed the fixel-based analysis pipeline recommended by the
authors of the method,?” unless otherwise stated. All steps were per-
formed using commands implemented within MRtrix3 (version 3.0.2).
The pipeline used is described in supporting information. We first
obtained three-tissue response functions for each subject using the
‘dhollander’ algorithm®8 for the gray and white matter response func-
tions and the ‘msmt_5tt’ algorithm3? for the CSF response function,
as this algorithm provided a better voxel selection for the CSF. Mean
response functions of the healthy controls were used in the follow-
ing. Analysis was performed at the native image resolution (1.3 mm
isotropic). Fiber orientation distributions (FODs) were then estimated
for each subject using multi-shell multi-tissue constrained spherical
deconvolution.? Joint bias field correction and global intensity nor-
malization of multi-tissue compartment parameters were applied to
the results. A group-specific population FOD template was created
using the FODs of 32 randomly selected participants (8 AD patients,
8 presumed LATE patients, and 16 healthy controls), and the FODs
of each subject were then registered to the population template. We
found that the default regularization parameters resulted in a subop-
timal alignment, namely an extensive residual variability in ventricular
size. As aresult, we decided to decrease the regularization parameters,
which successfully reduced the variability in ventricular size after reg-
istration. Despite this optimization, limited but observable registration
inaccuracies remained in the periventricular area (between one and
two voxels).

A brain mask of the template was then obtained by intersecting all
subject masks in the template space. To minimize spurious results due
to remaining periventricular registration inaccuracies, we additionally
excluded from the mask the areas where the confusion between WM
and CSF compartments among subjects was too extensive. Finally,
we segmented the registered FODs from each subject into fixels and
calculated the three metrics in each fixel: fiber density (FD), fiber bun-
dle cross-section (FC), and combined fiber density and cross-section
(FDC = FD x FC). These three metrics provide complementary infor-
mation: FD can be interpreted as a relative measure of axonal density,

FC provides a measure of macroscopic atrophy, and FDC captures the

effects of fiber loss due to either reduction in fiber density and/or
atrophy.

2.4 | Whole-brain fixel-based analysis

We first performed an exploratory whole-brain fixel-based analysis
to identify tracts of interest without anatomical a priori. To do so,
we generated a tractogram on the FOD template using probabilistic
whole-brain tractography with twenty million fibers, which were
subsequently filtered to two million fibers using the ‘sift’ algorithm.*®
For each of the three metrics, we tested for group differences using
regularized fixel-wise statistical tests, which are described in more
detail in Section 2.6 below. It allowed us to delineate brain areas where
a statistically significant difference was found for at least one of the
three metrics in at least one disease. We then identified the fiber
bundles passing through these areas to compute tract-of-interest

analyses.

2.5 | Tract-of-interest analyses: Identification and
construction of the tracts

2.5.1 | Identification of tracts of interest

Based on the exploratory whole-brain fixel-based analysis, we identi-
fied 17 tracts encompassing all fixels that showed significant differ-
ences in either disease group. To do so, we first used TractSeg*! on
the FOD template, a deep-learning algorithm that performs automated
segmentation of WM tracts. It allowed us to identify the inferior lon-
gitudinal fasciculi, uncinate fasciculi, and cingulum bundles. We then
referred to the literature to identify the remaining bundles and we
identified them as being: the temporopulvinar bundle of Arnold,*2-4¢
the cerebello-thalamo-cortical tract,*” and the callosal fibers connect-
ing (1) posterior segments of the superior frontal gyri, (2) caudal middle
frontal gyri, and (3) precentral gyri. To identify the specific termination
of the cerebello-thalamo-cortical tract, which connects to many cere-
bral areas from the prefrontal to the parietal cortices, we registered
the mask of our results in the Montreal Neurological Institute space
and referred to the Jilich Brain probabilistic atlas of the human brain’s
cytoarchitecture.*® We identified that the fibers overlapping with sig-
nificant fixels appeared to be going to the 6ma area of the Jilich Brain

Atlas, which corresponds to the pre-supplementary motor area.

2.5.2 | Construction of tracts of interest

We computed the tractography on the FOD template of the infe-
rior longitudinal and uncinate fasciculi using the beginning and ending
masks provided by TractSeg, after checking that these masks were
consistent with the description of these bundles.*?->1

For each subject, we then transformed the segmentations and par-

cellations obtained from FreeSurfer into the common FOD template
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space, and we computed probabilistic maps of presence for each
region. The thresholded probabilistic maps of presence of the different
regions were then used as beginning and ending regions for the trac-
tography, on the FOD template, of the rest of the identified bundles
cited above. These regions are summarized in Table S1 in supporting
information. The cingulum was divided into dorsal and ventral parts.>?
Finally, the cerebello-thalamo-cortical tract was treated as a partic-
ular case, as we observed that the ending region of this bundle was
only one segment of the superior frontal gyrus (presumably the pre-
supplementary motor area). As the Desikan-Killiany atlas does not
provide a subdivision of the superior frontal gyrus, we truncated this
gyrus along the anteroposterior axis, leaving only the area connected
to the fibers showing a high standard effect (Figure S1 in supporting
information). The same truncated region was used for tractography of
the callosal fibers connecting the bilateral posterior segments of the
superior frontal gyri.

In summary, we reconstructed 17 bundles, directly on the com-
mon FOD template space, using the ‘tckgen’ and ‘tckedit’ tools of
MRtrix3, namely: the bilateral inferior longitudinal fasciculi, uncinate
fasciculi, dorsal cingula, ventral cingula, temporopulvinar bundles
of Arnold, cerebello-thalamo-cortical tracts which we divided into
cerebello-thalamic (inferior) and thalamo-cortical (superior) sec-
tions, the callosal fibers connecting the bilateral truncated superior
frontal gyri, the callosal fibers connecting the bilateral caudal middle
frontal gyri, and the callosal fibers connecting the bilateral precen-
tral gyri. The anatomical descriptions of the beginning and ending
regions of each identified tract are summarized in Table S1. We also
reconstructed the fornices as they overlapped with the results of
the whole-brain fixel-based analysis, but we decided not to include
them in the tract of interest analyses as they were too close to
the ventricles and therefore confounded by CSF partial volume
effects.

2.6 | Statistical analyses
2.6.1 | Whole-brain fixel-based analysis

In the first exploratory whole-brain fixel-based analysis, we computed
statistical tests for each metric FD, FC, and FDC, at each fixel, using a
general linear model including age, sex, MMSE score, and intracranial
volume (for the FC and FDC metrics only) as covariates, to compare
(1) AD patients versus controls and (2) presumed LATE patients versus
controls. Connectivity-based smoothing and statistical inference were

t33 using default

performed using connectivity-based fixel enhancemen
parameters and non-parametric permutations. The significance of the
results was assessed using family-wise error correction with a type |
error rate of 5%.

This first exploratory whole-brain analysis was meant to identify
tracts of interest that we will then study in a future tract-based anal-
ysis. We therefore conducted it on the whole group of AD patients

(n=27).

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

2.6.2 | Tract of interest analyses

Based on the exploratory whole-brain fixel-based analysis, we identi-
fied and reconstructed on the common FOD template 17 tracts, and we
performed tract-of-interest analyses. For each tract, we calculated the
mean FD, FC, and FDC for the whole tract by taking the average of each
metric over all fixels associated with the tract, weighted by track den-
sity. We performed statistical tests for each of the three metrics using
a general linear model with age, sex, MMSE score, and intracranial vol-
ume (for the FC and FDC metrics only) as covariates, to compare (1) AD
versus controls, (2) presumed LATE versus controls, and (3) AD versus
presumed LATE. The significance of the results was assessed with one-
sided t tests, performing false discovery rate correction among the 51
tests performed with a type | error rate of 5%. For each of the three
metrics and each patient group, the results were presented as the mean
metric with a 95% confidence interval, as a percentage difference with
reference to the control mean value.

We performed these analyses on the subgroup of amnestic AD
patients (n = 20) to ensure that the comparison between AD and pre-
sumed LATE was not biased by a difference in clinical phenotype and/or
severity stage, and thus to generate a more characteristic spatial dis-
tribution of WM alterations depending on each pathophysiological
process independently of the clinical phenotype. We verified that the
results were not significantly modified when all AD patients (n = 27)

were included.

2.6.3 | Regional cortical thickness

We performed region of interest analyses on mean regional cortical
thicknesses extracted for each region of the Desikan-Killiany parcel-
lation. For each of the 68 regions, we performed statistical tests using
a general linear model with age, sex, and MMSE score as covariates to
compare (1) amnestic AD versus controls, (2) presumed LATE versus
controls, and (3) amnestic AD versus presumed LATE. The significance
of the results was assessed with one-sided t tests, performing false dis-
covery rate correction among the 204 tests performed with a type |
error rate of 5%. For each patient group, the results were presented
as a percentage difference with reference to the control mean value.
One amnestic AD patient was excluded from these analyses because

of insufficient quality of the T1-weighted image.

3 | RESULTS

Demographic, clinical, and imaging data of amnestic AD patients,
presumed LATE patients, and healthy controls are summarized in
Table 1. Episodic memory deficit and hippocampal atrophy were similar
between amnestic AD and presumed LATE patients. Presumed LATE
patients were older than amnestic AD patients.

Characteristics of the whole AD group are available in Table S2 in

supporting information.
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TABLE 1 Demographic, clinical, and imaging data of participants.

Amnestic AD
(n=20)
Demographics
Age, years (SD) 72.7 (5.5)*
Males (%) 10(50)
Years of education (SD) 15.2(4.2)
Functional status
CDR (SD) 0.6(0.2)
Global cognitive efficiency
MMSE (SD) 24.5(3.2)
Verbal episodic memory
FCSRT—Free recall (SD) 10.1(7.4)
FCSRT—Total recall (SD) 24.7 (10.8)
Visual episodic memory
Rey memory (SD) 8.8(4.9)
Molecular PET imaging
Amyloid PET SUVR GCI? (SD) 2.86(0.64)*
Tau PET SUVR in a temporal 2.08 (0.74)*
meta-VOI® (SD)
MRI
Intracranial volume (SD) 1580 (159)
Hipp volume (SD) 1.94(0.31)
Fazekas score (0/1/2/3) 12/6/1/1

Presumed LATE Controls
(n=18) (n=19) Statistics
77.2(5.4)* 68.3 (4.6)* F=12.9,p<0.001
12(67) 6(32)* X2=122,p<0.01
14.4(4.5) 14.6 (3.0) F=0.18,p=0.84
0.8 (0.4) 0.0 (0.0)* F=47.8,p<0.001
24.4(3.0) 29.1(0.8)* F=19.1,p<0.001
9.7 (5.6) 33.8(4.6)" F=95.3,p<0.001
27.0(11.2) 47.2(1.0)* F=234.0,p<0.001
8.2(6.8) 18.8(5.7)* F=18.9,p<0.001
1.40(0.25) 1.28(0.10) F=78.0,p<0.001
1.20(0.10) 1.22(0.13) F=20.9,p<0.001
1695 (182) 1607 (116) F=27,p=0.08
1.75(0.34) 2.46(0.22)* F=28.0,p<0.001
7/9/1/1 12/6/0/0 -

Notes: Mean values (standard deviation) or numbers (%) are presented for each data. Statistics report p values from one-way between-groups ANOVA for con-
tinuous variables and chi-squared tests for independence for categorical variables. Post hoc Tukey honest significance difference tests were then performed

to compare each group to the others.

Abbreviations: CDR, Clinical Dementia Rating scale; FCSRT, Free and Cued Selective Reminding Test; GCl, Global Cortical Index; Hipp volume, hippocampal
volumes normalized to intracranial volumes; MMSE, Mini-Mental State Examination; SD, standard deviation; SUVR, standardized uptake volume ratio; VOI,

Volume Of Interest.
2Missing data for one AD patient and three control subjects.

bMissing data for two AD patients, one presumed LATE patient, and three control subjects; temporal meta-VOI composed of the entorhinal cortices,

parahippocampi, fusiform gyri, inferior, and middle temporal cortices.

*p < 0.05 versus the other groups (assessed with two post hoc Tukey honest significance difference tests).

3.1 | Whole-brain fixel-based analysis

The results of the first exploratory whole-brain fixel-based analysis are
shown in Figure 1 for the three metrics FDC, FD, and FC. We found
distinct spatial distributions of WM fiber bundle alterations between
the whole group of AD patients and presumed LATE patients. Alter-
ations were mainly localized in the temporal and limbic lobes in AD
(inferior longitudinal fasciculus, uncinate fasciculus, ventral and dorsal
cingulum, temporopulvinar bundle of Arnold, fornix), and in fibers of
the cerebello-thalamo-cortical tract and corpus callosum in presumed
LATE.

3.2 | Tract-of-interest analyses
The 17 tracts identified as altered in Figure 1 were reconstructed by

tractography. They are displayed in Figure 2. Figure 3 shows the results

obtained for the comparisons between (1) amnestic AD patients versus

controls, (2) presumed LATE patients versus controls, and (3) amnestic
AD patients versus presumed LATE patients, for each metric FDC
(Figure 3, graph A), FD (Figure 3, graph B), and FC (Figure 3, graph C).
Theresults of the tract-of-interest analyses performed using the whole
AD group (n = 27) are available in Figure S2 in supporting information.

The fiber density and cross-section (FDC) metric (Figure 3, graph
A), which provides a measure sensitive to the number of fibers within
the fiber bundle, was decreased in amnestic AD patients compared
to controls in the right dorsal and ventral cingulum, temporopulv-
inar bundle of Arnold, and uncinate fasciculus, in the bilateral inferior
longitudinal fasciculi, and in callosal fibers connecting the posterior
superior frontal gyri. Moreover, we found a decrease in FDC in pre-
sumed LATE patients compared to controls in callosal fibers connecting
the caudal middle frontal gyri, those connecting the posterior supe-
rior frontal gyri, in all parts of the cerebello-thalamo-cortical tracts
(left and right, inferior and superior), and in the right ventral cingu-
lum, temporopulvinar bundle of Arnold, inferior longitudinal fasciculus,

and uncinate fasciculus. We did not find any significant difference
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FIGURE 1 Whole-brain fixel-based analysis: FDC, FD, and FC alterations observed for AD (bluet) and presumed LATE (red*) patients
compared to healthy controls. Significant results (p value < 0.05 after family-wise error correction) were obtained for the following three metrics:
FDC, FD, and FC, in the whole-brain fixel-based analysis for the tests AD versus controls (blue) and presumed LATE versus controls (red*). The
pink shades correspond to the overlap areas between the results obtained for each comparison. Results are displayed as cropped fibers from the
template-derived tractogram and are presented across axial slices of the mean T1-weighted image across all subjects (each T1-weighted image
was previously registered on the FOD template) on the left panel, and through a glass brain representation on the right panel to help visualize the
pathways.

in the direct comparison between amnestic AD and presumed LATE
patients.

The FDC metric, being a composite metric obtained as the product
of FD by FC, is therefore sensitive to fiber loss both at the microscopic
scale (fiber density reduction) and at the macroscopic scale (bundle
atrophy). After reporting the results obtained for FDC, it is interesting

to observe for each altered tract whether this alteration is driven

more by fiber density reduction or by fiber bundle atrophy. The results
obtained for the FD and FC metrics are shown in Figure 3, graphs B
and C. We observed that, in amnestic AD patients, alterations of the
cingulum and the temporopulvinar bundle of Arnold are driven more
by a reduction in fiber bundle cross-section (atrophy), whereas alter-
ations in the uncinate fasciculus and in callosal fibers are driven more

by a reduction in fiber density. In this disease, alterations in the inferior

55U SUOLUWIOD SAIIESIO 3 |edt|dce 3U) AQ PAUBACD 82 BRI YO 88N J0'S3INI 0} AIGIT SUIIUO /B]IAM UO (SUO 1 PUOD-PUE-SWLBILI0D A3 | 1M ARe.q1pUI U0/ STIL) SUOIIPUOD PUE SW | 84} 39S *[202/60/20] U0 AX1q1T8UlIUO 311 9100USID €80 Ad 9GTHT 'ZIB/Z00T OT/I0P/LICY" 3| 1M AfId) IBUIIUO 'S UINO -2 e/ Sl Woay papeojumoq ‘0 '6.25235T



s | Alzheimer’s & Dementia®

LEBRUNET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Tracts identified in Alzheimer’s disease

FIGURE 2 Reconstruction of the tracts
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longitudinal fasciculus are due to both fiber density and fiber bundle
cross-section reduction, with the reduction of fiber bundle cross-
section being larger. In presumed LATE patients, we observed that
alterations in the cerebello-thalamo-cortical tract, callosal fibers,
and temporopulvinar bundles of Arnold are driven more by atrophy,
whereas alterations in the ventral cingulum, inferior longitudinal
fasciculus, and uncinate fasciculus are driven more by fiber density
reduction.

In the direct comparison between the two groups of patients, we
found a significant reduction in FD in presumed LATE patients com-
pared to amnestic AD patients in callosal fibers connecting precentral
gyri. We also found a significant reduction in FC in presumed LATE
patients compared to amnestic AD patients in the left inferior part of
the cerebello-thalamo-cortical tract.

3.3 | Regional cortical thickness

The results of the regional cortical thickness analysis are shown in

Figure 4. Cortical thickness was reduced in almost all temporal regions

Tracts identified in

presumed LATE

Tracts colored by direction

—@

Y

£ v4 N

@)
Per7
o Ve

in amnestic AD patients compared to healthy controls: entorhinal
cortex; fusiform gyrus; inferior, middle, and superior temporal gyri;
transverse temporal gyrus; and temporal pole. Cortical thickness was
also reduced in amnestic AD patients compared to controls in occipi-
tal regions: lingual gyrus and lateral occipital cortex; parietal regions:
precuneus, inferior parietal, and supramarginal gyri; in the insula; and
in frontal regions: superior and caudal middle frontal gyri. In presumed
LATE patients, cortical thickness was reduced compared to controls
in the entorhinal cortex, in frontal regions: superior frontal gyrus, ros-
tral and caudal middle frontal gyrus, parsopercularis, parstriangularis,
and parsorbitalis gyri, and in supramarginal gyrus. No significant differ-
ences were observed in the direct comparison between amnestic AD
and presumed LATE patients.

4 | DISCUSSION

In this study, we investigated for the first time, to the best of our
knowledge, WM alterations using a fixel-based analysis in presumed

LATE patients, who were defined by an episodic memory impairment
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FIGURE 3 Tract-of-interest analyses: significant
decreases in FDC, FD, and FC in amnestic AD and presumed
LATE patients compared to controls in selected tracts of
interest. (A) FDC results, (B) FD results, and (C) FC results.
For each metric and each tract, the mean metricin the
patient group, as a percentage difference with controls, is
represented with diamonds and confidence intervals at 95%
with lines. For each tract, the first lines are colored in blue
for the comparison between amnestic AD and controls and
second lines in red for the comparison between presumed
LATE and controls. Brighter colors highlight significant
differences between patients and controls (p < 0.05 after
false discovery rate correction). Stars highlight significant
differences between amnestic AD and presumed LATE. Inf,
inferior; L, left; MF, middle frontal gyrus; PC, precentral
gyrus; R, right; SF, superior frontal gyrus
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mimicking early AD, the absence of positivity of AD biomarkers, and
the absence of other neurological diagnosis after 2 years of follow-up.
By comparing the WM alterations in presumed LATE and amnestic
early AD, we aimed to test the hypothesis that, despite similar clinical
phenotypes, each disease alters WM differently. We found that both
amnestic AD and presumed LATE patients showed WM alterations in
tracts of the temporal and limbic lobes and in callosal fibers connecting
superior frontal gyri. In addition, presumed LATE patients showed WM
alterations in callosal fibers connecting the middle frontal gyri and in
fibers of the cerebello-thalamo-cortical tract that terminates close

to the pre-supplementary motor area. Investigating cortical thickness,
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we found that amnestic AD patients exhibited cortical atrophy mainly
localized in the temporal and parietal lobes, with the entorhinal
cortex being the most atrophied region compared to controls, while
presumed LATE patients exhibited cortical atrophy mainly localized in
the entorhinal cortex and in the frontal lobe, the entorhinal cortex also
being the most atrophied region compared to controls. These regions
correspond to the regions connected by the most altered WM tracts in
each group.

In early amnestic AD, we found alterations of WM fiber bundles in
the ventral cingulum, the inferior longitudinal fasciculus, the uncinate

fasciculus, and in callosal fibers connecting the posterior superior
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FIGURE 4 Region of interest analyses on cortical thickness: significant decreases in cortical thickness in amnestic AD (left) and presumed
LATE patients (right) compared to controls in all cortical regions of the Desikan-Killiany atlas. For each region and each comparison, the mean
cortical thickness is represented with a color code on the corresponding region on the inflated surface of the FreeSurfer fsaverage brain, as a
percentage difference with controls. Stars highlight significant differences between amnestic AD and controls, or between presumed LATE and

controls (p < 0.05 after false discovery rate correction).

frontal gyri. These results are consistent with previous studies using
various diffusion MRI methods.13-16:1%20 Two previous studies used
fixel-based analysis to explore WM fiber bundles in AD. Mito et al.1?
included patients at more advanced stages than those in our cohort,
in whom we observed more restricted topographical tract damage
in the temporal and limbic cortex. Surprisingly, Mito et al. did not
find significant results in the group of 20 amyloid-positive patients
with mild cognitive impairment, possibly because of the lack of strict
cognitive inclusion criteria, resulting in a group of patients with high
heterogeneity, as the authors themselves acknowledged. Dewenter
et al.2% did not take into account clinical status, making it difficult to
interpret their results. Our study is, therefore, the first fixel-based
analysis to obtain results on WM fiber bundle alterations in a group of
early-stage AD patients. It confirms that fiber bundles of the temporal
and limbic lobes are the primary deteriorated bundles in AD.

Interestingly, the different bundles observed as altered in the
amnestic AD group connect regions that presented cortical atrophy,
and that are known to present hyperphosphorylated tau aggrega-
tion: the ventral cingulum, inferior longitudinal fasciculus, and uncinate
fasciculus connect the temporal lobe to the cingulate, occipital, and
orbitofrontal cortices, respectively, all of which are included in the
Braak staging system.>#>>

Finally, we also highlighted the alteration of the temporopulvinar
bundle of Arnold, a tract that, to our knowledge, has not been described
in the AD diffusion MRI literature to date. This tract, initially identi-
fied as connecting the anterior temporal lobe to the pulvinar nucleus
of the thalamus,*® has subsequently been described as also connect-
ing the presubiculum to the lateral dorsal nucleus of the thalamus and
to some extent to the anterior nuclei.*>#¢>¢57 The involvement of the

temporopulvinar bundle at the early amnestic stage of AD is congruent

with neuropathological data, showing that the thalamus, particularly
the lateral dorsal nucleus, is affected by neurofibrillary tangles at the
same stage as the hippocampus.”®>? In addition, these regions are
involved in the system of recollection memory,®° which is affected in
typical AD. In conclusion, finding WM alterations in the temporopulv-
inar bundle of Arnold could be new reliable and interesting information
inthe study of AD.

We defined presumed LATE patients, albeit as a diagnosis of exclu-
sion, by strict clinical (isolated amnesia) and pathophysiological criteria
(negativity of CSF AD biomarkers, and negativity of amyloid and/or tau
PET imaging), as well as the absence of other diagnoses after 2 years
of follow-up.22 As expected, patients with presumed LATE were older
than those with AD.2

To our knowledge, this study is the first diffusion MRI analysis
conducted in presumed LATE patients. We found WM fiber bundle
alterations not only in the same temporal and limbic tracts as in amnes-
tic AD, but also in the cerebello-thalamo-cortical tract and in more
spatially extended callosal fibers. These alterations occurring in tracts
connecting regions of the frontal lobe are in agreement with results
on cortical atrophy as we found that presumed LATE patients exhib-
ited cortical atrophy in the entorhinal cortex and in many regions of the
frontal lobe, including the superior and middle frontal gyri.

As both groups of amnestic AD and presumed LATE patients
had a similar clinical phenotype but distinct causal proteinopathies,
we hypothesize that the differences observed in WM fiber bundle
alterations between the two groups of patients could be explained by
the different pathophysiological processes. The spread of abnormal
TDP-43 during the course of LATE is still under investigation. The con-

2,61

sensus working group reports established the following stages for

the propagation of abnormal TDP-43 in the brain: TDP-43 deposition
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begins in the amygdala (stage 1), followed by the hippocampus (stage
2), and finally reaches the middle frontal gyrus (stage 3). More detailed
stages have been described by Nag et al.! and Young et al.®Z deriving
an empirical staging system from data-driven disease progression
modeling.

We found congruence between those regions sensitive to the
accumulation of abnormal TDP-43 proteins and the fiber bundles
that we identified as being altered in presumed LATE. Accumulation
of abnormal TDP-43 has been reported in the beginning and ending
regions of most of the fiber bundles identified in this study as altered
in presumed LATE. We can for example mention the anterior temporal
pole! and the prefrontal cortex,! which are structurally connected by
the uncinate fasciculus. The temporopulvinar bundle of Arnold and
the ventral cingulum are two limbic fiber bundles implicated in the
recollection memory system for which we can also find congruence
between their beginning and ending regions and deposition of abnor-
mal TDP-43.162 The alteration of the cerebello-thalamo-cortical tract
was more surprising. This tract passes through the red nucleus, the
lateral ventral nucleus of the thalamus, and the superior frontal gyrus
near the pre-supplementary motor area. These regions are mentioned
in staging systems of amyotrophic lateral sclerosis and frontotemporal
dementia, two neurodegenerative diseases also associated with abnor-
mal TDP-43 spreading.®3¢* Further studies are needed to confirm and
investigate the role of these regions as potential regions of interest in
LATE.

Despite the difficulty of comparing two pathologies that can some-
times occur simultaneously in the same patient, the present study
advances the distinction between AD and presumed LATE by describ-
ing different white matter alterations in each disease that are congru-
ent with their different pathological features and could contribute to
a better understanding of their mechanisms. However, the purpose of
this study is not to propose a diagnostic tool that could be used to dif-
ferentiate AD from presumed LATE, as future studies will be needed
to better understand the origins of these differences and to confirm
that they are accurate on a subject level and not only on the group
level.

One strength of this study is that the patient groups were very
precisely defined in terms of clinical phenotype and relevant patho-
physiological biomarkers. For the early amnestic AD group, this could
explain why we found significant fiber bundle alterations with a
number of patients similar to Mito et al.!? Moreover, patients from
both disease groups had similar phenotypes (neuropsychological
scores and degree of hippocampal atrophy) and were therefore
comparable in terms of disease severity.

Our study has several limitations, in particular the small sample size
and the lack of neuropathological confirmation for presumed LATE.
In the absence of specific biomarkers, the presumed LATE group is
consistent with the definition of the disease given by the consensus
working group report on LATE.1-361 Moreover, in the situation in
which the presumed LATE group we included would not exactly
overlap with the pathophysiological definition of LATE, studying WM
alterations in this clinically very homogenous group of individuals that

present an amnestic syndrome of the hippocampal type and does not

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

correspond to any other known diagnoses, is of high interest to better
understand this disorder and the differences it presents with early
AD. In addition, the presence of TDP-43 co-pathology in AD patients
cannot be excluded.’?

From a methodological point of view, we can highlight a limitation of
the fixel-based method, which is highly dependent on the registration
accuracy of the FODs to the template, whereas perfect registration
between patients and controls with broad anatomical differences is dif-
ficult to achieve. To minimize biases due to this effect, we optimized the
registration parameters and removed from the template brain mask
the regions in which we could detect residual misregistration. As in pre-

vious fixel-based analysis studies,?2°

and despite the special efforts
we made, this prevented us from investigating the fornix, which would
have been of great interest.

In conclusion, this study shows that, in agreement with their
shared limbic clinical phenotype, AD and presumed LATE have sim-
ilar anatomical patterns of WM degeneration in fiber bundles of
the limbic and temporal lobes, like the temporopulvinar bundle of
Arnold, the ventral cingulum, and the uncinate fasciculus. Further-
more, we found distinct WM alterations more specific to each disease.
This is the case in the cerebello-thalamo-cortical tract and the cal-
losal fibers connecting the middle frontal gyri, which are significantly
altered in presumed LATE. These alterations of tracts connecting
frontal regions are in agreement with the predominance of corti-
cal atrophy in these same regions. Further studies on larger cohorts
are needed to confirm these results and to investigate the rela-
tionship between these alterations and the underlying pathophysio-
logies.
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