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Fibre density and cross-section associate @
with hallmark pathology in early Alzheimer’s
disease
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Abstract

Background Tau pathology in Alzheimer’s disease (AD) propagates trans-synaptically along structurally connected
brain networks and in synergy with amyloid pathology it induces synaptic damage. However, the in vivo relationship
of amyloid, tau and synaptic density with white matter (WM) structural changes has been studied rather limitedly.
Recent advances in diffusion MRI processing allow quantification of apparent fibre density and fibre cross-section on
the fixel level, i.e, individual fibre populations within one voxel. The aim of this study was to investigate the hypothesis
of axonal loss due to tau propagation and amyloid pathology and its association with synaptic density in early disease
stages.

Methods Twenty-four patients with amnestic mild cognitive impairment (aMCl) and 23 healthy controls (HC)
underwent baseline amyloid (''C-PiB/"8F-NAV4694), tau ('®F-MK-6240) and synaptic density (''C-UCB-J binding to
SV2A) PET/MR in combination with diffusion MRI and cognitive assessments. A subset of 14 aMCl patients underwent
follow-up visits after 2 years. First, a whole-brain fixel-based analysis was performed to identify differences in fibre
density and fibre cross-section between HC and aMCl and longitudinally in the aMCl group. Next, a tract-of-interest
analysis was performed, focusing on the temporal-cingulum bundle where most alterations have been shown in early
AD. Tau and SV2A PET were quantified in the connected regions, i.e., hippocampus and posterior cingulate/precuneus
(PCC-P). Amyloid PET centiloids were measured in the commonly used cortical composite volume-of-interest.

Results At baseline, multiple WM tracts showed lower fibre density and lower fibre cross-section in aMCl compared
to HC, and these parameters further decreased longitudinally in the aMCl group. In the temporal cingulum bundle,
reduced fibre density was significantly associated with reduced hippocampal synaptic density while increased
hippocampal and PCC-P tau specifically correlated with reduced fibre cross-section. Increased global amyloid burden
was associated with reduced fibre density and fibre cross-section in the temporal cingulum bundle.

Conclusions Our results suggest that WM degeneration already occurs in the aMCl stage of AD and alterations in
apparent fibre density and fibre cross-section of the temporal cingulum bundle are associated with AD hallmark
pathology.
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Background
Alzheimer’s disease (AD) is characterized by the accu-
mulation of amyloid-f (Ap) plaques that spread from
the neocortex to the mesiotemporal cortex [1, 2]. A sec-
ond AD hallmark is the deposition of tau neurofibrillary
tangles (NFTs) that starts in the (trans)entorhinal cortex,
spreading first to other mesiotemporal brain regions such
as the hippocampus and parahippocampal gyrus, before
migrating towards neocortical areas [1]. In early disease
stages, AP plaques induce functional network hyperex-
citability [3-5] and facilitate the trans-synaptic spread
of pathological tau out of the mesiotemporal cortex into
neocortical brain regions [6—11]. Tau binding to presyn-
aptic vesicles causes presynaptic dysfunction by lower-
ing neurotransmission and ultimately results in synaptic
loss [12, 13]. As the disease progresses and pathological
tau is propagated along brain networks [14, 15], func-
tional as well as structural network connectivity starts
to decrease [16—18]. This network disconnection in AD
has been confirmed by functional MRI studies [16, 19,
20]. Moreover, the analysis of the underlying structural
connections has been performed by diffusion tensor
imaging (DTI). Using this technique, Vogel et al. showed
that highly connected regions are affected sooner by tau
pathology along a structural network starting from the
mesiotemporal cortex [9]. Additionally, DTI has been
used to quantify fractional anisotropy (FA) and mean dif-
fusivity (MD) as indications of white matter (WM) struc-
ture. Many studies have shown widespread FA decreases
as well as MD increases in both patients with mild cog-
nitive impairment (MCI) and AD [21-24]. Some stud-
ies have also demonstrated a relationship of these WM
structural changes with AP plaque and tau NFT load
[25-31]. However, a crucial shortcoming of DTI is its
inability to account for crossing fibres within WM voxels.
As most of the brain’s WM voxels contain crossing fibres
[32], the physiological interpretation of FA and MD mea-
sures is not entirely straightforward [33]. To overcome
this, constrained spherical deconvolution (CSD) has been
proposed for processing of diffusion-weighted magnetic
resonance images (dMRI) to obtain fibre orientation
distribution functions [34]. This method can tackle the
problem of crossing fibres and can detect specific fibre
bundles within a voxel (i.e. fixels) [35]. Correspondingly,
measures of apparent fibre density (FD), fibre cross-sec-
tion (FC) or a combination of both apparent fibre density
and cross-section (FDC) can be derived from a fixel-
based analysis (FBA) to investigate microstructural (FD)
and macroscopic (FC) differences in WM bundles [35].
Recent studies have focused on this fixel-based
approach to study WM structural changes in MCI and

AD. Mito et al. [36] identified the temporal cingulum
bundle as the only WM bundle with decreased FDC in
MCI whereas patients with AD showed decreased FDC
in many more tracts, with largest effect sizes in the poste-
rior parietal WM and parahippocampal aspect of the cin-
gulum bundle. Giraldo et al. [37] demonstrated decreased
FD and FC in the splenium, cingulum and longitudinal
fasciculi in a combined cohort of AD and MCI compared
to cognitively unimpaired subjects. However, longitudi-
nal evaluations of FD, FC and FDC have not been inves-
tigated and their associations with tau, amyloid, synaptic
density and cognition remain elusive.

In this work, we aimed to investigate the hypothesis
that spreading of pathological tau through WM bundles
in the presence of amyloid pathology would be associated
with WM micro- and macrostructural alterations that are
also related to loss of synaptic density. Therefore, we first
assessed to what extent WM micro- and macrostructural
alterations were present in our cohort. We evaluated FD,
FC and FDC in a whole-brain FBA, both cross-section-
ally comparing patients with amnestic MCI (aMCI) ver-
sus healthy controls (HC), as well as longitudinally within
the cohort of aMCI patients over a 2-year follow-up
period. Second, we performed a tract-of-interest analy-
sis, focusing on the temporal cingulum bundle that con-
nects the hippocampus and posterior cingulate cortex/
precuneus, both of which are regions implicated in early
tau pathology [38] and synaptic loss [39]. This enabled
the investigation of our study hypothesis evaluating the
relationship of mean FD, FC and FDC across the tempo-
ral cingulum bundle with tau and synaptic density PET
measures in the adjacent brain regions and with cerebral
amyloid load.

Methods

Participants

Eligible patients were diagnosed with aMCI accord-
ing to the clinical Albert criteria [40], and were referred
by a neurologist or psychiatrist from the tertiary mem-
ory clinic of the Leuven University Hospital or from an
independent neurology practice specialized in dementia
between April 2018 and December 2021. All patients had
a clinical dementia rating (CDR) score of 0.5 at inclu-
sion. HC between 50 and 85 years old were recruited
through local newspapers and internet advertisements.
Physical and mental health was thoroughly assessed
by urine and blood analysis as well as by neuropsycho-
logical testing. Exclusion criteria for HC were history
of major neurologic, psychiatric or internal pathology,
history of alcohol or other drug abuse and MR abnor-
malities including brain white matter disease Fazekas
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3. All subjects underwent cognitive screening covering
domains of global cognition (Mini-Mental State Exami-
nation (MMSE)), memory (Rey Auditory Verbal Learn-
ing test (RAVLT)), attention and executive functioning
(Trail Making Test (TMT) A and B, animal verbal flu-
ency (AVF) and Raven’s coloured progressive matrices
(RCPM)) and language (Boston Naming Test (BNT)).
Depressive symptoms were assessed using the Beck
Depression Inventory (BDI) and the Geriatric Depression
Scale (GDS). All cognitive screening tests were repeated
in aMCI patients at the 2-year follow-up study visits.

The study was approved by the local Ethics Commit-
tee UZ/KU Leuven and was conducted according to the
latest version of the Declaration of Helsinki. Written
informed consent was signed by all participants prior
to study inclusion. This study is part of a larger, multi-
modal, multitracer imaging study which also included
other patient populations (on ClinicalTrials.gov since
2018-05-02 as NCT03514524). Tau and synaptic vesicle
2 A (SV2A) PET data in a subset of this study population
have been published previously [39].

Image acquisition

PET tracers were synthesized as previously described
[41, 42]. All participants underwent a 30-min 8F-MK-
6240 PET-MR (tau), acquired 90-120 min post-injection
(injected activity 142424 MBq) and a 30-min "'C-UCB-
] PET-MR (synaptic density), acquired 60—90 min post-
injection (injected activity 221+65 MBq). All scans were
performed on an integrated timeofflight 3T PET-MR
scanner (Signa, GE Healthcare, Milwaukee, WI, USA).
Participants also underwent an amyloid *F-NAV4694
or 'C-Pittsburgh compound B (}!C-PiB) PET scan on
the same PET-MR scanner or on a PET-CT scanner
(Biograph TruePoint, Siemens, Erlangen, Germany),
respectively.

18F_MK-6240 and ''C-UCB-] PET acquisitions were
rebinned into 6 frames of 5 min and reconstructed using
an ordered subset expectation maximization (OSEM)
algorithm (4 iterations and 28 subsets), with corrections
for scatter, random coincidences, deadtime and radioac-
tive decay. Attenuation correction was zero-echo time
(ZTE) MR-based as reported previously [43]. Three-
dimensional isotropic 4 mm Gaussian smoothing was
applied to reduce image noise. '*F-NAV4694 and 'C-PiB
scans were reconstructed using VPFXS and OSEM algo-
rithms (2 iterations and 32 subsets for *F-NAV4694 and
3 iterations and 21 subsets for ''C-PiB) and 3D isotro-
pic 4.5 mm and 2 mm Gaussian smoothing was applied,
respectively.

Simultaneously with the '*F-MK-6240 or 'C-UCB-
J PET, a 3D T1-weighted MRI (plane: sagittal; TE: 3.2
ms; TR: 8.5 ms; TI: 450 ms; flip angle: 12°; 1 mm iso-
tropic voxels; acquisition matrix: 166 x 256 x 256) and
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multi-shell dMRI (plane: axial; TE: 86 ms; TR: 10.34 s;
flip angle 90° 2.5 mm isotropic voxels; phase encoding:
RL; b-values: 0/700/1000/2000 s/mm?* with 16/20/32/66
uniformly distributed gradient directions respectively;
acceleration factor (ASSET): 2; acquisition matrix:
96 x96x48) were acquired using a vendorsupplied
8-channel brain phased array head coil. aMCI patients
underwent 2-year follow-up '*F-MK-6240 and 'C-UCB-
J PET scans as well as T1-weighted MRI and dMRI scans,
all acquired using the same scanning protocols and same
head coil on the same scanner that was used for baseline
acquisitions.

Image analysis

PET

Reconstructed PET images were corrected for motion
with PMOD software (v4.1, PMOD Inc. Zurich, Switzer-
land), using a rigid frame by frame co-registration to the
first frame. Subsequently, all motion-corrected frames
were averaged, and this mean image was rigidly co-reg-
istered to the corresponding T1-weighted MRI of the
corresponding timepoint. The CAT12 toolbox of SPM12
(Statistical Parametric Mapping, Wellcome Trust Cen-
tre for Neuroimaging, University College, London, UK)
was used for segmentation of T1-weighted MRI and hip-
pocampus and posterior cingulate/precuneus (PCC-P)
volumes-of-interest (VOIs) were delineated according to
the Neuromorphometrics atlas. The rationale for quan-
tifying a combined PCC-P VOI came from the pipeline
that was used for segmenting the temporal cingulum
bundle, which also includes both posterior cingulum and
precuneus as inclusion VOIs for delineation of the tract
[44]. A region-based voxelwise (RBV) partial volume cor-
rection (PVC) was applied to the standardized uptake
value (SUV) maps for *F-MK-6240 and 'C-UCB-J [45],
where the PET resolution was modelled as a 3D isotro-
pic Gaussian kernel with a full width at half maximum
(FWHM) of 5 mm. All cortical VOIs as defined by the
Neuromorphometrics atlas were provided individually as
input for the RBV while white matter VOIs and cerebro-
spinal fluid (CSF) VOIs were merged to obtain one VOI
for whiter matter and one VOI for CSE. For 8F-MK-6240,
cortical VOIs as obtained from the Neuromorphomet-
rics atlas were merged unilaterally into composite VOIs
for the frontal, temporal, parietal, mesotemporal and
occipital cortex to assure robustness of the PVC algo-
rithm. Next, SUV ratios (SUVR) were calculated using
the inferior cerebellar cortex for ®F-MK-6240 and cen-
trum semiovale for 'C-UCB-J [46, 47]. For the voxel-
based analyses, SUVR maps were spatially normalized
to Montreal Neurological Institute (MNI) space using a
non-linear registration as obtained by the CAT12 tool-
box of SPM12 and smoothed using an isotropic Gaussian
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kernel with 8 mm FWHM (voxel size: 1.5 mm x 1.5 mm
x 1.5 mm).

Amyloid '®F-NAV4694 and ''C-PiB SUVR were cal-
culated using the cerebellar cortex as a reference region
which was defined by the automated anatomical labelling
(AAL) atlas (regions 91-108). The mean SUVR was cal-
culated in a composite VOI consisting of bilateral frontal
(AAL areas 3-10, 13-16, 23-28), parietal (AAL 57-70)
cingulate (AAL 31-32 and 35-36) and lateral temporal
cortices (AAL 81-82, 85-90) and converted to centi-
loids using the formula: CL=132.53 x SUVR,,,, -147.64
for ''C-PiB and CL=107.78 x SUVR_,, —114.71 for
18F_NAV4694, both validated in-house (not previously
published). Amyloid PET scans were not corrected for
partial volume effects. Additionally, amyloid PET scans
were visually classified as being positive or negative by an
expert reader (K.V.L.).

Diffusion MRI

Pre-processing of the diffusion-weighted images was per-
formed using MRtrix3 software [48, 49] that included
denoising [50], and corrections for Gibbs ringing [51],
subject motion, EPI distortion [52] and intensity bias
field [53]. Afterwards, data were up-sampled to an isotro-
pic resolution of 1.3 mm. Using multi-shell, multi-tissue
constrained spherical deconvolution [54], fibre orienta-
tion distributions (FODs) were calculated for each sub-
ject separately and at both timepoints for aMCI patients.

Fixel-based analysis For cross-sectional FBA, a study-
specific baseline WM FOD template was created from 30
included subjects (15 HC and 15 aMCI) and all subject-
specific WM FODs were registered to this template using
a non-linear registration as obtained by the mrregister
command in MRtrix3. A whole-brain tractogram was
created on this population template where first 20 mil-
lion streamlines were generated, which were then filtered
to 2 million streamlines by the SIFT algorithm [55, 56].
Finally, measures of FD, FC and FDC were computed for
each subject. More specifically, FD was calculated as the
apparent fibre density in the FOD lobe and FC was mea-
sured by the relative inter-subject deformation field. A
more detailed description of these measures can be found
in Raffelt et al. [35]. As recommended in the FBA pipeline,
the FC maps were log-transformed and measures of FC
reported throughout the paper are thus log-transformed
FC values.

For longitudinal FBA in the aMCI group, a previously
published workflow was followed [57]. First, we created
intra-subject templates using the WM FODs from the
two timepoints. WM FODs from both timepoints were
then rigidly registered to the intra-subject template.
Afterwards, a group- or inter-subject template was cre-
ated from all intra-subject templates and the WM FODs
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were non-linearly warped to the final group template. As
for the cross-sectional FBA, a whole-brain tractogram
with 20 million streamlines was then created from this
longitudinal population template and SIFT filtered to
2 million streamlines after which FD, FC and FDC were
computed.

Tract-of-interest analysis Similar to the creation of the
WM FOD template, a study-specific baseline T1-weighted
baseline MRI template was created which was used
for parcellation by Freesurfer v6.0 and the MultiScale
Brain Parcellator (MSBP) to obtain Volumes-Of-Interest
(VOIs). Using these VOIs as in- and exclusion regions, the
dissection pipeline FWT was used to isolate the temporal
cingulum bundle as a tract-of-interest [44]. Supplemen-
tary Fig. 1 shows the dissection of the temporal cingulum
bundle.

Statistical analysis

General statistical analyses were performed in GraphPad
Prism version 9 (GraphPad Software, La Jolla, CA). Data
are presented as mean + standard deviation (SD) unless
otherwise specified. Normality of the data distributions
was assessed by Shapiro-Wilk tests (a«=0.05). Demo-
graphic characteristics were compared between groups
using an unpaired Student t-test, unpaired Mann-Whit-
ney U-test, Fischer’s exact test, Chi-square test or Chi-
square test for trend as appropriate (a=0.05).

PET voxel-based group comparisons were performed
using an unpaired t-test in SPM with thresholds for clus-
ter height and voxel height of Ppyp < 0.05 and P, o rrected
< 0.001, respectively. To exclude extracerebral clusters,
a binary grey matter mask was applied. For correlation
analyses, mean SUVR was calculated in the hippocampus
and in a combined VOI of the posterior cingulate cortex
and the precuneus.

For dMRI analyses, FD, FC and FDC of each fixel were
compared in a general linear model between HC and
aMCI patients at baseline. For longitudinal changes in the
aMCI group, difference images were calculated for FD,
FC and FDC by subtracting the timepoint 2 image from
the timepoint 1 image and statistical inferences were per-
formed on these difference images. For all FC and FDC
analyses, total intracranial volume (TIV) was included as
a nuisance covariate [58]. Images were smoothed using
a connectivity-based smoothing with default smoothing
parameters (10 mm full-width at half-maximum). Next,
statistical inference was performed using a connectiv-
ity-based fixel enhancement (CFE) approach [59]. This
provides family-wise error (FWE) corrected P-values
for all individual fixels, based on non-parametric per-
mutation testing over 5000 permutations. For longitudi-
nal FBA, shuffling of independent and symmetric errors
was performed through sign-flipping [60]. Significant
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fixels (Ppywp < 0.05) were displayed as streamline seg-
ments on the group template and color-coded by stream-
line orientation (left-right =red; inferior-superior =blue;
anterior-posterior = green).

For the tract-of-interest analysis, mean FD, FC and
FDC were calculated using the isolated temporal cingu-
lum bundle streamlines as a mask. Group comparisons of
ED, FC and FDC in the temporal cingulum bundle were
performed using an unpaired Student t-test for baseline
comparisons, and a Paired student t-test for longitudinal
comparisons. Correlations of baseline dMRI metrics in
the temporal cingulum bundle with baseline PET out-
comes were performed in the combined cohort of aMCI
patients and HC using Pearson or Spearman correlations
as appropriate. These analyses were performed on a sig-
nificance level of a =0.05 without correction for multiple
comparisons due to the exploratory character.

Results

Clinical characteristics

A total of 26 HC and 30 aMCI patients underwent base-
line '®F-MK-6240 and '"'C-UCB-J PET scans of which
21 aMCI patients also underwent 2-year follow-up PET
scans. dMRI was successfully acquired in a subset of 23
HC and 24 aMCI patients at baseline and in 14 aMCI
patients at 2-year follow-up. All study analyses were per-
formed on this cohort for which *F-MK-6240, "'C-UCB-
J PET and dMRI scans were available. Demographics of
this cohort are shown in Table 1. Age and sex were not
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significantly different between the HC and aMCI groups.
Amyloid PET was acquired at baseline for all participants
except for one aMCI patient who terminated his study
participation early. Based on visual assessments, the
prevalence of amyloid positivity was higher in the aMCI
group compared to the HC group (P<0.0001). MMSE
and RAVLT scores were significantly lower in aMCI com-
pared to HC at baseline (both 2<0.0001) and a significant
longitudinal decline was present for both test scores in
the aMCI group (MMSE: P=0.04; RAVLT: P=0.03). Time
between baseline and follow-up tau and synaptic density
PET was 25 + 1 months (range: 23—-28 months) for both.

White matter structure

ED was significantly lower in aMCI patients compared
to HC in the fornix and the splenium of the corpus cal-
losum (Fig. 1A). FC was also significantly lower in aMCI
patients compared to HC in parts of the temporal cingu-
lum bundle, parts of the inferior longitudinal fasciculus,
and in parts of the uncinate fasciculi (Fig. 1B). FDC was
significantly lower in aMCI patients compared to HC in
parts of the temporal and cingulate cingulum bundle, in
parts of the inferior longitudinal fasciculus and in the for-
nix and splenium of the corpus callosum (Fig. 1C). Since
EDC and FC were significantly reduced in the tempo-
ral cingulum bundle, and this bundle connects early tau
accumulating regions [39], we isolated this tract using
the FWT pipeline [44]. In the temporal cingulum bundle,
FD was lower in aMCI patients compared to HC in the

Table 1 Demographical and clinical characteristics of included participants

Variable HC aMCl P-value
Baseline Follow-up HC vs. MClg,. MClg,e vs. MCly

N 23 24 14
Age,y 70+9 73+8 72+8 03 N.A.
Sex (F/M), n 10/13 15/9 8/6 0.2 N.A.
Education, n 0.04 N.A.

Secondary education 4 13 8

Higher education 15 8 5

University 4 3 1
APOEe4 alleles (0/1/2), n 18/3/2 6/13/5 3/8/3 0.002 N.A.
AB (+/-/unknown), n 4/19/0 23/0/1 14/0/0 <0.0001 N.A.
MMSE (0-30) 295+0.8 252422 226+2.6 <0.0001 0.03
RAVLT Sum (0-75) 533+90 29.0+938 22.7+55 <0.0001 0.04
RCPM (0-24) 217420 176+36 159+45 <0.0001 0.007
AVF 254+74 149+43 132431 <0.0001 02
BNT (0-60) 562434 502+76 482463 <0.0001 0.001
TMT, s

TMT A 334+£121 570+23.6 480+15.7 <0.0001 0.6

TMT B 83.1+757 1793+763 163.9+43.0 <0.0001 0.2
BDI (0-63) 3.6+32 69+57 6.2+44 0.02 0.8
GDS (0-30) 27+26 8.7+57 80+4.2 <0.0001 0.1

Data are presented as mean=SD. Significant findings are indicated in bolt. GDS and BDI were missing for one HC, baseline TMT A was missing for one aMCl
and baseline TMT B was missing for two aMCl patients. Follow-up TMT A and B as well as BDI were missing in one aMCl patient. AB=amyloid-beta PET status;
aMCl=amnestic mild cognitive impairment; Base =baseline; FU=follow-up; HC=healthy controls; MMSE =mini-mental state examination; N.A. = not applicable;

RAVLT =Rey auditory verbal learning test
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Fig. 1 Cross-sectional whole-brain fixel-based analysis. (A) Decreased fibre density, (B) fibre cross-section and (C) fibre density and cross-section in
aMCl patients compared to HC. Results are shown as streamline segments traversing fixels (Pr,£<0.05) and coloured by diffusion direction: red =right-
left; green=anterior-posterior; blue=inferior-superior. Images are shown in radiological convention. aMCl=amnestic mild cognitive impairment;
HC=healthy controls

left hemisphere (¢=3.01, P=0.004) and in the right hemi-
sphere (¢=3.00, P=0.004). FC was also lower in aMCI
patients compared to HC in the left hemisphere (£=3.2,
P=0.004) and in the right hemisphere (¢=2.0, P=0.05).
FDC was lower in aMCI patients compared to HC in the
left hemisphere (¢=3.8, P=0.0004) and in the right hemi-
sphere (t=3.3, P=0.002).

Longitudinally, the whole-brain FBA in the aMCI
group showed fixels with significantly reduced FD in the
fornix and splenium of the corpus callosum (Fig. 2A). FC
was significantly reduced in the temporal and cingulate
cingulum bundle, in parts of the superior and inferior
longitudinal, and in parts of the left inferior fronto-occip-
ital fasciculi (Fig. 2B). FDC was significantly reduced in
a posterior part of the inferior fronto-occipital fascicu-
lus, in the splenium of the corpus callosum, fornix and
in parts of the inferior longitudinal fasciculus (Fig. 2C).
As for longitudinal structural changes in the temporal

cingulum bundle, FD further decreased significantly in
the left hemisphere (¢=2.7, P=0.02) but not in the right
hemisphere (¢=1.6, P=0.1) in the aMCI group. Longi-
tudinal FDC and FC decreases were significant in both
the left (FDC: t=3.6, P=0.003; FC: t=6.5, P<0.0001)
and right (FDC: t=2.2; P=0.04; FC: £t=3.0, P=0.01)
hemisphere.

Amyloid, tau and synaptic density PET

Amyloid load was significantly higher in aMCI patients
compared to HC in all grey matter regions (Fig. 3A)
whereas tau was significantly higher in medial tempo-
ral regions, posterior cingulate, precuneus, frontal and
lateral temporal regions (Fig. 3B). Synaptic density was
significantly lower in aMCI patients compared to HC in
the right medial temporal cortex (Fig. 3C). These results
are consistent with our pilot study that included a subset
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Fig. 2 Longitudinal whole-brain fixel-based analysis. (A) Decreased fibre density, (B) fibre cross-section and (C) fibre density and cross-section in aMCl
patients at follow-up compared to baseline. Results are shown as streamline segments traversing fixels (Pr£<0.05) and coloured by diffusion direc-
tion: red =right-left; green =anterior-posterior; blue =inferior-superior. Images are shown in radiological convention. aMCl=amnestic mild cognitive
impairment

Fig. 3 Voxel-based group comparisons. Clusters of significantly (A) increased amyloid PET, (B) increased tau PET and (C) reduced synaptic density PET
in aMCl compared to HC. Colour bars indicating SPM t-values. Thresholds for cluster height and voxel height were Py < 0.05 and P, correcteq < 0.001, re-
spectively. aMCl=amnestic mild cognitive impairment; HC = healthy controls; PET = positron emission tomography; SPM = statistical parametric mapping
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Fig. 4 Association of temporal cingulum fixel metrics with PET biomarker findings. The correlation matrix is coloured by Spearman correlation coeffi-
cients and significance is indicated by *P < 0.05, **P <0.01, ***P < 0.005, uncorrected for multiple comparisons. CompVOIl=composite volume-of-interest;
FC=fibre cross-section; FD =fibre density; FDC=fibre density and cross-section; HpC = hippocampus; PCC-P = posterior cingulate cortex and precuneus;

L=left; R=right

of this study cohort [39] and are reported in more detail
elsewhere for the full cohort [61].

Correlation of PET biomarkers with white matter structure

In the full set of aMCI and HC subjects, baseline tem-
poral cingulum FD correlated significantly with baseline
hippocampal synaptic density (left: r, = 0.29, P=0.05;
right: r, = 0.37, P=0.01) but no significant associations
were found with hippocampal tau, PCC-P tau, nor with
PCC-P synaptic density (all P>0.1). FD in the temporal
cingulum bundle was also significantly associated with
amyloid as quantified in the composite VOI (left: r, =
-0.40, P=0.006; right: r, = -0.30, P=0.04). In contrast,
temporal cingulum FC was not significantly associ-
ated with hippocampal nor PCC-P synaptic density (all
P>0.1). However, it did correlate significantly with hip-
pocampal tau in the left but not right hemisphere (left:

ry = -0.43, P=0.003; right: r, = -0.25, P=0.09). Addition-
ally, FC was significantly associated with PCC-P tau (left:
ry = -0.34, P=0.02; right: r, = -0.36, P=0.01) and also
with amyloid in the left but not right hemisphere (left:
ry = -0.35, P=0.02; right: r, = -0.26, P=0.08). FDC was
significantly associated with hippocampal tau in the left
but not right hemisphere (left: r, = -0.29, P=0.05; right:
r, = -0.18, P=0.23) and with PCC-P tau in the left but not
right hemisphere (left: r, = -0.30, P=0.04; right: r, = -0.28,
P=0.06). Moreover, FDC was significantly associated
with hippocampal SV2A (left: r,, = 0.34, P=0.02; right: r,
= 0.35, P=0.02) but not with PCC-P SV2A (both P>0.05).
Finally, FDC was significantly associated with amyloid
(left: ry = -0.45, P=0.002; right: r, = -0.35, P=0.02). These
results are summarized in Fig. 4 and individual correla-
tion plots are shown in Supplementary Figs. 2—4.
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Discussion

In this prospective longitudinal cohort study, we quanti-
fied WM micro- and macrostructural changes cross-sec-
tionally in aMCI patients versus HC and longitudinally
over 2 years in aMCI patients. We also assessed cor-
relations of WM structural changes with AD hallmark
pathology as measured by amyloid, tau and SV2A PET.
The main findings of our study are that (i) FD, FC and
FDC are reduced already in the aMCI stage of AD when
compared to HC; (ii) FD, FC and FDC further decrease
longitudinally and extensively along multiple fibre bun-
dles; and (iii) FD reduction was associated with hippo-
campal SV2A loss while FC reduction was associated
with both hippocampal and PCC-P tau pathology.

Cross-sectionally, FC and FDC were both reduced
in the temporal cingulum bundle. This result in aMCI
patients is consistent with previous FBA findings in AD
[36, 37, 62, 63]. While the microstructure of the tract
(FD) did not change significantly, morphological atrophy
as measured by FC was statistically significant and spa-
tially extensive. In contrast to our findings, Mito et al.
[36]. found no significant difference in a whole-brain FBA
in MCI versus HC, although a tract-of-interest analy-
sis showed significantly decreased FDC in the left tem-
poral cingulum bundle. In our study, all patients (except
for one with unknown amyloid status) were positive for
amyloid PET, indicating that they are on the AD con-
tinuum. Moreover, next to FDC, we investigated FD and
FC individually in contrast to comparing only FDC value
between groups. Next to the whole-brain FBA, our tract-
of-interest findings confirm that the temporal cingulum
bundle is affected in early disease stages. This is in line
with previous voxel-based DTI findings [25]. In early
disease stages, the hippocampus and posterior cingulate
cortex/precuneus, connected by the temporal cingulum
bundle, show hypometabolism [64, 65] and functional
disconnection [66] as a result of AD pathology, although
hypometabolism shows considerable variability in medial
temporal regions [67]. In addition, the temporal cingu-
lum bundle is part of the Papez circuit that is associated
with memory formation and changes in the functional
connectivity of the Papez circuit along the AD contin-
uum have been shown previously [17]. With this study,
we provide evidence for WM structural changes underly-
ing this functional disruption.

Longitudinal analyses showed further reductions in
ED, FC and FDC within the aMCI group. Nonetheless,
differences concerning the specifically affected bundles
and the spatial extent as to which they are affected, were
present. Interestingly, we found longitudinal reductions
in FD mostly in short association fibres whereas FC
was reduced in long association fibres. The more exten-
sive reductions found in FC, a marker of macroscopic
change, compared to those found on FD, a marker of
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microscopic change, indicate that axonal density loss in
AD predominantly manifests as bundle atrophy rather
than microscopic rarefaction of axonal density within
the same bundle’s cross-section. In other words, it seems
that rather than the bundle losing a number of axons but
retaining its overall size, the bundles tend to shrink.

These findings are compatible with our a priori hypoth-
esis that already in aMCI, spreading of pathological tau
through WM bundles in the presence of amyloid pathol-
ogy would lead to decreases in WM micro- and macro-
structure that are also related to loss of synaptic density.
Indeed, these findings indicate a disease-specific axonal
loss. We found that quantitative amyloid burden was
significantly associated with FD, FC and FDC. As pre-
viously highlighted by Dewenter et al. [62], the effect of
amyloid pathology on FD might be explained by con-
comitant small vessel disease that was not accounted for
in this study. However, the association of amyloid with
fixel metrics is in agreement with previous DTI stud-
ies demonstrating WM alterations in the presence of
increased amyloid burden in early AD stages [31, 68].
Moreover, single-cell transcriptomic analysis highlighted
that myelination-related processes were recurrently per-
turbed in early AD pathology, i.e., at high amyloid burden
but modest tau pathology and cognitive impairment [69].

Next, in agreement with the hypothesis postulated by
McAleese et al. [70]., we found that tau pathology in con-
nected regions was associated with FC and FDC of the
connecting WM bundle. Specifically in the left hemi-
sphere, stronger associations of FC were found with hip-
pocampal tau compared to PCC-P tau. These findings are
in line with the idea of axonal and trans-synaptic spread
of tau pathology along structurally connected regions in
AD [71, 72]. Interestingly, tau pathology was not signifi-
cantly associated with FD changes in WM bundles, which
is compatible with the idea that tau pathology specifically
induces morphological WM atrophy without affecting
microstructural axon density. Compared to previous DTI
studies, this finding provides new insights into the effects
of tau pathology on WM structural alterations, and has
very recently been confirmed in a larger study [73]. Our
findings are at odds with a previous study that did not
find an association of tau pathology with fixel-based met-
rics [62]. Of note, we quantified tau pathology in regions
connected by the tract-of-interest, which is different
from the tau Braak stage positivity classification that was
used in this previous study [62].

As for the association of fixel-based metrics with
SV2A PET, we found that synaptic density in the hip-
pocampus was associated specifically with FD but not
with FC. A lack of association with PCC-P synaptic loss
can be explained by the lack of SV2A group differences
in this region.Importantly, the white matter region cen-
trum semiovale was used to quantify SV2A PET data.
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The reference region was created from a combined data-
set of 78 HC that was available in-house. More detailed
information on the creation of this reference region can
be found in Michiels et al. [74] The same reference region
was used for all subjects, irrespective of the presence of
white matter lesions in this region in patients. Therefore,
we cannot exclude the possibility that WM lesions influ-
enced this association. To date, only one study investi-
gated the association of structural connectivity in AD
patients with SV2A PET and reported decreased struc-
tural connectivity in regions with lower synaptic den-
sity [75]. The association of SV2A PET with functional
connectivity on the other hand was investigated more
extensively, and studies consistently report positive asso-
ciations of synaptic density with functional connectivity,
either in the default-mode and executive control net-
works [76] or in frontal brain areas [75]. Additionally,
SV2A PET has been shown to correlate with reduced
functional connectivity in frontotemporal lobar degen-
eration [77] and in depression [78].

Interestingly, correlations of FBA metrics with PET
biomarkers seemed stronger in the left hemisphere com-
pared to the right. Upon further investigating this lateral-
ization effect, we found that FC in the temporal cingulum
bundle was not significantly different between the left
and right hemisphere (¢=1.9; P=0.07) but FD was sig-
nificantly lower in the left hemisphere compared to the
right (¢=5.4; P<0.0001). However, no significant differ-
ences were present between both brain hemispheres in
amyloid, tau and SV2A PET. A speculative explanation
could be derived from the fact that most participants
were right-handed indicating the left hemisphere to be
dominant. However, further research is needed to clarify
this finding.

Our study took a multimodal approach including
assessments of amyloid, tau and SV2A PET and cogni-
tive evaluations. The use of advanced techniques enabled
the investigation of axonal loss with increased anatomical
accuracy compared to previous voxel-based approaches.
Moreover, the longitudinal study design allowed the
assessment of changes in WM structure along the clini-
cal progression of MCI to AD. As such, we extend pre-
vious findings considerably and provide useful insights
for future research. Technically, the acquisition of multi-
shell dMRI data allowed for the application of multi-shell
multi-tissue CSD, which provides a more detailed char-
acterization of WM microstructure compared to single-
shell CSD.

However, there were a number of limitations to our
study. Our sample size, especially for longitudinal assess-
ments, was rather small which limited the power of sta-
tistical analyses. It should be noted that the correlation
analyses were regarded as exploratory and therefore not
corrected for multiple comparisons. However, as it is a
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multimodal, multitracer PET-MR study, it gives a first
and integrated evaluation of hallmark parameters for
early AD. Notably, we report the first longitudinal eval-
uation of fixel metrics in an early AD cohort. Although
prevalent in AD pathology, we did not further character-
ize WM hyperintensities on MRI although these lesions
have been shown to induce decreases in FD [62, 79].
However, as specified in the in- and exclusion criteria,
we excluded HC with a Fazekas score of 3. Although WM
hyperintensities visually seemed more prevalent in the
aMCI group, our whole-brain FBA results demonstrate
that WM macrostructural alterations as a result of axonal
atrophy constitute the main effect of WM degeneration
in aMCI. Additionally, these WM hyperintensities rarely
encompassed the temporal cingulum bundle thereby
limiting the probability for false positive findings in the
tract-of-interest analysis. Next, we did not investigate the
correlation of WM structural changes with gray matter
atrophy. Finally, amyloid PET data were not corrected for
partial volume effects.

Conclusion

In conclusion, we show widespread axonal loss already in
the aMCI stage of AD that manifests to a certain extent
as microstructural reductions but mostly as macrostruc-
tural WM reductions. The temporal cingulum bundle
plays a central role in disease progression in AD and its
structural changes are related to amyloid, tau and synap-
tic density alterations, in particular in the hippocampus
and posterior cingulate/precuneus. Future work investi-
gating larger patient cohorts and other WM tracts longi-
tudinally are warranted.
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