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Abstract  Aging-related neurocognitive disorders,
including Alzheimer’s disease (AD) and mild cogni-
tive impairment (MCI), have been characterised by
altered brain white matter (WM), relying widely on
diffusion tensor imaging (DTI). DTT’s limited accu-
racy in assessing crossing fibres prompted novel
methods that distinguish fibres crossing through
same voxel-spaces, such as fixel-based analysis
(FBA), highlighting subtle macrostructural and

Key points

o Fixel-based metrics were reduced in the fornix and the
medial temporal lobe in AD and MCI.

o Fixel-based reductions are related to worse memory
performance.

o Fixel-wise metrics give better anatomical specificity than
tensor-derived measures.

Data used in preparation of this article were obtained from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
database (adni.loni.usc.edu). As such, the investigators
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Acknowledgement_List.pdf.
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microstructural alterations in AD and MCI. We exam-
ined the FBA and DTI’s specificity in determining
WM features relevant to memory in the neurocogni-
tive aging spectrum. Diffusion-weighted images were
analysed in 560 participants with various neurocogni-
tive diagnoses from the Alzheimer’s Disease Neuro-
imaging Initiative (F:297; mean age: 73.2+8). Ver-
bal memory was measured in 488 participants using
the Rey Auditory Verbal Learning Test. FBA-derived
measures of fibre density (FD), fibre-bundle cross-
section (FC), and their combination (FDC), DTT frac-
tional anisotropy (FA) and mean diffusivity (MD)
were examined in relation to diagnoses and memory
scores, controlling for age, sex, and intracranial vol-
ume. MCI and AD groups significantly differed from
controls, with lower FD and FDC in the fornix and
bilateral fibres extending to the medial temporal lobes
(MTL). Memory was positively associated with FD
and FDC in the fornix and MTL fibres, and FC in
the anterior commissure (AC). Widespread FA reduc-
tions and MD increases were observed in AD and
MCI and widely associated with memory. Fixel-wise
measures highlight fibre tracts that are altered dis-
tinctly at the macroscopic and microscopic level in
neurocognitive aging, and reveals structures associ-
ated with memory performance that are more specifi-
cally located than tensor-derived measures.

Keywords Fixel-based - White matter -
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Introduction

Cerebral white matter (WM) is known to be altered
in age-related neurocognitive disorders, including
individuals with Alzheimer’s disease (AD) as well
as mild cognitive impairment (MCI) [1, 2]. Stud-
ies of WM have widely relied on diffusion weighted
magnetic resonance imaging (MRI) a non-invasive
method able to measure the motion of water mol-
ecules in the brain tissues; and in turn assess the
microstructural integrity of WM fibres (diffusion ten-
sor imaging, DTT) [3].

DTI approach has been recognised to lack accu-
racy and reliability within image voxels contain-
ing multiple crossing fibres in different directions,
which is estimated to represent up to 90% of WM
voxels [4, 5]. To this end, the “fixel-based” analy-
ses approach was recently conceived to focus on
fixels, i.e., specific fibre populations within voxels,
and allows to identify and describe multiple cross-
ing fibres contained inside a voxel [6, 7] without
averaging the voxel’s content indiscriminately [4].
In fixel-based analyses (FBA), the “connectivity”
of a given fixel, i.e., its ability to transmit infor-
mation, can be measured by: the apparent fibre
density (referred here as FD), estimated from the
radial water diffusion approximately proportional to
the intra-axonal volume [8], which reflects micro-
structural alterations; the fibre-bundle cross-section
(FC), estimating the macrostructural alteration of
the fibre bundle along the fixel’s orientation; and a
metric combination of both independent measures
(FDC) [6, 7]. These measures were used to high-
light WM atrophy in specific tracts in neurocogni-
tive disorders such as AD and MCI [5, 9, 10], and
were able to shed light on altered fibres in WM vox-
els defined unaffected in a conventional DTI voxel-
averaging [5].

In AD, decreases in FC, reflecting macroscopic
degeneration, and decreases in FD, reflecting micro-
scopic degeneration, have been observed in various
tracts including the corpus callosum (CC), splenium
and genu, arcuate fasciculus, superior/inferior lon-
gitudinal fasciculus, uncinate fasciculus, dorsal/ven-
tral cingulum, inferior frontal-occipital fasciculus,
posterior thalamic radiation, column and body of
the fornix [5, 9—13]. In one AD study, FC decrease
was associated with whole-brain volume atrophy
[12], which suggests AD neurodegeneration is tied
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to macroscopic WM alterations. FBA in MCI also
highlighted decreases in FDC affecting the poste-
rior cingulum, the right uncinate fasciculus [5] and
reduced FD and FC affecting the cingulum, uncinate
fasciculus, anterior thalamic radiation, and forceps
minor [14].

Fixel-wise microstructural and macrostructural
features may be related to cognitive performance
in neurocognitive aging, but few have investigated
neuropsychological measures. Most studies includ-
ing AD and MCI so far have only looked at meas-
ures of disease severity such as the mini-mental state
examination (MMSE) or the clinical dementia rating
(CDR), which have been associated with conven-
tional voxel-wise measures with DTI [1], and also
with FC and FD alterations in the CC, the fornix,
posterior thalamic radiation, bilateral dorsal cingu-
lum fasciculus/inferior frontal-occipital fasciculus
[10, 13], which suggests these features of WM anat-
omy may be tied to neurocognitive decline. In typical
aging, FD in the cerebello-thalamo-striatal tract and
the fornix (but not FC) has been found to decrease
with age [15, 16] and the fornix FD was corre-
lated with worse memory performance in RAVLT’s
delayed recall [15]. One MCI study to date has veri-
fied an association between decreased FBA metrics
in tau-associated tracts (parahippocampal segment
of the cingulum and inferior longitudinal fascicu-
lus) and worse memory performance in a ten-word
delayed recall test [14].

To expand the current scientific literature and help
determine fibres relevant to cognitive decline across
the neurocognitive aging spectrum, we aimed at inves-
tigating whole-brain fixel-wise measures in the neu-
rocognitive aging spectrum, comparing cognitively
normal (CN) aging individuals to individuals with
AD, MCI, and subjective memory complaint (SMC).
Another objective was to assess the overall associa-
tion of fixel-wise and memory performance. To sup-
plement the FBA analysis, we have also included a
similar conventional whole-brain TBSS analysis to test
FA and MD across groups and in relation to memory.
We tested the hypotheses that FD, FDC, FC, and FA
are decreased, and that MD is increased in AD, MCI,
and SMC compared to cognitively normal aging indi-
viduals, particularly in the fornix and the hippocampal
formation, and that patterns of decreases are associated
with lower memory performance in the neurocognitive
aging spectrum.
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Materials and methods
Participants

A dataset of participants was obtained from the Alz-
heimer’s Disease Neuroimaging Initiative (ADNI,
adni.loni.usc.edu). The ADNI is a partnership started
in 2003 under the direction of Michael W. Weiner,
MD, to investigate the combination of serial MRI,
positron emission tomography (PET), other biologi-
cal markers, as well as clinical and neuropsychologi-
cal assessment to measure the progression of MCI
and early AD (see www.adni-info.org for complete
and up-to-date information). Details regarding the
criteria for dementia and MCI used in the ADNI are
available at  https://adni.loni.usc.edu/wp-content/
uploads/2008/07/adni2-procedures-manual.pdf. Ethi-
cal approval for the ADNI study was obtained by the
ADNI investigators.

Participants from the ADNI-3 database [17] were
selected across the neurocognitive aging spectrum
(cognitively normal, with subjective memory com-
plaints, and meeting diagnostic criteria for MCI and
AD) to maximize variability in the cognitive and
neuroimaging measures. Inclusion criteria required
a valid Tl MPRAGE, ‘ADNI-3 Basic’ diffusion
scans. Participants who were scanned only with the
‘ADNI-3 Advanced’ diffusion protocol were not
included due to incompatibility in the protocols.
In the sample, participants who had completed the
Rey Auditory Verbal Learning Test (RAVLT) were
selected.

Demographics information on the sample is sum-
marised in Table 1. The participants’ age ranged
from 55.1 to 95.4 years. 79 participants out of the

560 participants were under 65 years of age (5 AD,
32 MCI, 1 SMC, and 41 CN). Across participants
who completed the RAVLT, no significant difference
in age across groups was observed (F(df)=0.665
(3), p=0.574). There was a significant difference in
sex distribution in the sample (X? (df)=10.372 (3),
p=0.016), with “cognitively normal” controls having
significantly higher proportion of female participants
compared to the other groups (adjusted standardised
residual =2.9).

Neuropsychological tests

The RAVLT completed by the aforementioned sub-
group of 488 participants is a validated measure of
declarative memory [18]. In the RAVLT, each par-
ticipant is given a list (list A) of 15 unrelated words
to learn and recall immediately aloud over five trials
(Immediate recall test). Each is then given an interfer-
ence list (list B) of 15 unrelated words once, to learn
and immediately recall; after that the participant is
required to recall aloud list A’s words. After a 30 min
delay, each is asked again to recall list A’s words (30-
min delay recall). Finally, a 50 words list is given to
each participant, including words from list A and B,
and 20 new distractor words, from which each had to
identify words of list A (Recognition).

Neuroimaging acquisition

The neuroimaging acquisition protocol is summarised
in Table 2. ADNI3 data varied across scanners and
protocols (https://adni.loni.usc.edu/), with b=1000 s/
mm?2 volumes in 16 to 55 directions (mean=44.5), and
1 to 7 =0 s/mm? values (mean=4.3) per DWI scan.

Table 1 Demographic

characteristics of the sample

AD, Alzheimer’s disease;
MCI, mild cognitive
impairment; SMC,
subjective memory

complaint; CN, cognitively

normal; MMSE, mini-
mental state examination;
RAVLT, Rey Auditory
Verbal Learning Test

2 scores missing, 1 MCI
and 1 CN

Overall sample
Age in years (m +sd)
Sex F:M
MMSE (m +sd)
Education years (m +sd)
Completed the RAVLT
Age in years (m +sd)
Sex F:M
MMSE (m #+sd)
Education years (m +sd)

Total CN MCI SMC AD
N=560 N=288 N=211 N=22 N=39
73.2+8 72.6+8 73.6+8 75.6+£5 74+8
297:263 175:113 98:113 11:11 13:26
27.8+3% 29+1°% 27 +3% 29+1 22.5+3
16.4+2 16.6+2 16.2+3 164+2 15.6+2
N=488 N=257 N=180 N=22 N=29
73.3+8 73.1+8 73.4+38 75.6+5 73.5+8
258:230 152:105 85:95 11:11 10:19
27.8+3% 29+1° 26.9+4* 29+1 22.1+3
16.4+2 16.7+2 16+3 16.4+2 15.6+2
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Table 2 Neuroimaging protocol

Sequence Dimensions Parameters Time
(mm)
T1 (Acceler- 208 x 240x256 TE =min 6:20
ated Sagittal full echo
MPRAGE) TR=2300
TI=900
Diffusion 232x232x160 TE=56; 7:30
weighted TR =7200;
single-shell
b=1000 s/
mm?

Refer to ADNI3 (https://adni.loni.usc.edu/) for complete infor-
mation on MRI protocols:

https://adni.loni.usc.edu/wp-content/themes/freshnews-dev-v2/
documents/mri/ADNI3_MRI_Analysis_Manual_20180202.pdf

Diffusion weighted imaging preprocessing

The diffusion weighted images (DWI) were preproc-
essed using MRTrix v3.0.4 (https://www.mrtrix.org/)
[7, 19, 20]. MP-PCA denoising was done on the dif-
fusion weighted images [21], with Gibbs-ringing arti-
fact removal [22], distortion correction, and N3 bias
field correction [23].

For the FBA analysis, the Dhollander algorithm
[24] was used to estimate the average response func-
tion of WM, grey matter (GM), and cerebrospinal
fluid (CSF) from the bias corrected images, and the
images upsampled to 1.25 mm in isotropic voxel size.
Multi-shell multi-tissue constrained spherical decon-
volution was applied to estimate fibre orientation
distribution (FOD) from the WM and CSF response
functions (which works on single-shell data with
b=0 and b=1000 values) [25], and normalised with
the mtnormalise command.

Fig. 1 Fixel mask overlaid
on the white matter fibre
orientation distribution tem-
plate. Note. Displayed using
mrview tool in MRTRIX3
[20]
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In line with previous FBA studies [5, 10], a study-
specific FOD template was generated based on a rep-
resentative subset of 40 random participants includ-
ing 10 CN, 10 MCI, 10 SMC, 10 AD; each group
with 5 females and 5 males, and a similar age distri-
bution as the whole sample (Kolmogorov—Smirnov at
p>0.05). Each participant FOD was registered to the
study FOD template. A template whole brain mask
was generated to establish where fixels were to be
measured and the cerebellum was manually removed
in freeview tool in Freesurfer [26]. A fixel mask was
defined from the FOD template using connectivity-
based fixel enhancement [27] and manually visual-
ised to check for inclusion of fixels within WM and
not GM (-fmls_peak_value set at 0.15 in this dataset),
resulting in a mask of 291685 fixels (Fig. 1).

Participant’s individual fixels were matched to
the fixel mask to obtain a fixel-fixel correspondence.
Based on the defined fixels, the apparent fibre density
(FD), log of fibre-bundle cross-section (log(FC)) and
the combination of fibre density and cross-section
(FDC) measures were computed in each participant
[6]. A whole-brain fibre tractogram of 20 million
streamlines was generated based on the FOD template
at amplitude cut-off 0.15, reduced to 2 million fibres
using the Spherical-deconvolution informed filtering
of tractograms (SIFT) algorithm [28]. Based on that
tractogram, fixel-fixel connectivity matrices for each
measure were generated and used to smooth the fixel
values across connected fixel neighbours (at 10 mm
fixelfilter command).

For the DTI analysis, diffusion tensors were cre-
ated from the corrected DWI in MRTRIX, from
which fractional anisotropy (FA) and mean diffusiv-
ity (MD) metrics were extracted across WM vox-
els. The FA data was analysed with the Tract-Based
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Spatial Statistics (TBSS) tool [29] from the FMRIB
Software Library [30]. Using TBSS, the FA and MD
data were aligned across participants and registered to
the FMRIB58_FA template (which is in 1 X IxImm
MNI152 standard space). This allowed to estimate a
mean ‘“‘skeleton” (representing centre of all tracts in
the sample) was built. The cerebellum was masked
out, with the fsleyes tool in FSL using the MNI struc-
tural atlas (References: https:/fsl.fmrib.ox.ac.uk/fsl/
fslwiki/Atlases). Individual data was projected to this
common skeleton for statistical analyses, in two skel-
etons separately (FD and MD).

Statistics

A composite memory score was developed from the
Learning, Immediate, 30-min delay recall, and Rec-
ognition scores in the RAVLT, with a confirmatory
factor analysis (CFA) defining the composite score as
one latent variable explained by the four scores. The
CFA was computed with the lavaan package [31] in
R v4.3.2 [32], with the maximum likelihood ratio esti-
mation (estimator="“MLR”, missing=“ML") options
and the lavPredict function to obtain the latent vari-
able values (Rosseel, 2012). The composite score was
normalised on a scale from O to 1.
Connectivity-based fixel enhancement (CFE),
which uses information from the tractography to esti-
mate threshold-free test-statistics across bundles of
fixels estimated to be structurally connected [27], was
applied to test linear models predicting FBA measures
in individual fixels. Whole-brain fixel-wise estimates
of FD, log(FC), and FDC were included as dependent
variables in separate general linear models. The con-
trol group’s fixel-wise measures (FD, log(FC), and
FDC) were first compared against each clinical group
separately, including all 560 participants. To investi-
gate memory’s association FBA, three models were
tested including the subgroup (N=488) having com-
pleted the RAVLT. The models tested for the two-
sided association of each fixel-wise measure with the
memory composite score, controlling for age and sex.
The log of intracranial volume (log(ICV)), was also
controlled in models predicting FC and FDC, as sup-
ported by previous findings of ICV influencing these
two measures and its log being most appropriate [33].
ICV was estimated using mri_segstats in Freesurfer
as part of the processing pipeline [26, 34]. The con-
trol variables were also normalised on a scale from 0

to 1 to avoid rank deficiency and poor design matrix
conditioning. CFE was run with 5000 permutations
and the results corrected for family-wise error (FWE)
at p=0.05.

Group differences and association with memory
were also investigated with DTI FA and MD met-
rics using FSL’s randomise permutation tool [35].
The FA and MD values were separately fit into two-
sided general linear models with 5000 permutations
and threshold-free cluster enhancement, testing for
FA and MD respective differences between the AD,
SMC, MCI groups compared to CN participants, and
FA and MD’s association with the memory compos-
ite score, all controlling for age, sex and estimated
ICV; FWE-corrected at p=0.05.

Results
Neuropsychological assessment

Figure 2 describes scores of the selected RAVLT
subtests and the estimated composite score across
groups. Six individual scores were missing for the
RAVLT learning task: 3 MCI and 3 AD. The compos-
ite score accounted for the missing data as described
in the statistics section. The SMC group was not sig-
nificantly different from the CN group in all assessed
memory scores (all #-tests p>0.12), whilst those with
MCI and AD score significantly worse in all memory
scores (all r-tests p<0.001, Cohen’s d<-0.76), with
the AD group performing the worse.

The CFA used to estimate the memory composite
score had a good model fit (X?=4.104; CFI=0.998;
RMSEA =0.046 [90% CI=<0.001-0.111];
SRMR =0.011). The beta and standardised beta coef-
ficients for each measure are depicted in Fig. 3.

Fixel-based analysis examining diagnostic group
differences

The AD group did not have a significant increase in
FD and FDC compared to controls. Significantly
lower FD in the fornix and bilateral fibres extend-
ing to the medial temporal lobes (MTL); as well as
fibres posterior to the thalamus longing the anterior
curve of the lateral ventricles (Fig. 4a). Significantly
reduced FDC had both the patterns from the for-
nix to the MTL, as well as fibres from the anterior
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MEMORY_COMPOSITE
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Fig. 3 Confirmatory factor analysis (CFA) estimating the
memory composite score. Note. Plotted using the R package
‘onyxR’ [36]. AVDEL30MIN, 30-min delay recall; AVDEL-
TOT, recognition

commissure (AC), especially in its left anterior part
(Fig. 4b). Log(FC) was significantly lower in the left
part of the AC, but significantly higher in the fornix
(extending down the left hemisphere) and in fibres
along the septum pellucidum (Fig. 4c).

No significant increase in FD, FDC, or log(FC)
was observed in the MCI group compared to controls.
In comparison to controls, MCI FD was decreased
in the fornix, with fibres extending down the MTL
bilaterally, layers of fibres longing the curve of lat-
eral ventricles both anterior and posterior to it (long-
ing the posterior horn, within tracts from splenium
of the CC), and few sparse fibres in the AC and right
tract from the anterior midbody of the CC (Fig. 4d).
FDC was significantly decreased specifically in the
bilateral columns of the fornix and fibres extending
down the MTL, the anterior midbody of the CC, and
the superior longitudinal fasciculi, especially right
(Fig. 4e). Log(FC) was significantly decreased in
parts of the bilateral cortico-spinal tracts, mostly in
the left tract and isolated to the pontine levels in the
left (Fig. 4f). No significant difference in FD, FDC,
or log(FC) was observed between the SMC group and
controls.

Fixel-based analysis examining associations between
fixel-based metrics and memory

The whole-brain fixel based analysis shows that FD
was significantly associated with memory mainly in
WM fibres in the fornix, with fibres extending bilat-
erally down the MTL. Significant fixels longing the
anterior and posterior surface of the lateral ventricles

are also visible. A few fibres were also significant
in the left top part of the AC tract (Pgwg<0.05)
(Fig. 4g). FDC had similar associations to FD, affect-
ing the fornix, extending down in the MTLs (Fig. 4h),
with although with less fixels along the lateral ven-
tricles. Log(FC) was positively associated with the
memory score in fixels of the AC tract especially the
anterior parts of the tract leading to the bilateral tem-
poral poles (Fig. 4i). No significant negative associa-
tion with memory was detected for any of the FBA
measures. Table 3 describes the FBA values of the
positive significant fixels.

TBSS analyses examining diagnostic group
differences

In AD, there was no significant increase in FA or
decrease in MD compared to controls. Decreased FA
and increased MD were found bilaterally in the cin-
gulum bundle (Iess in the anterior part for MD), the
CC (except anterior midbody), fornix, inferior lon-
gitudinal fasciculi, the striato-parietal and occipital
radiations (Fig. 5a).

In the MCI group, there were no significant
increase in FA or reductions in MD compared to con-
trols. Widespread FA decreases were found, mostly
not significant in the bilateral internal capsules, supe-
rior corona radiatae, and parts of the superior lon-
gitudinal fasciculi. Widespread MD increases were
detected bilaterally in the posterior/temporal part of
the cingulum bundle, the CC (except splenium), for-
nix, inferior longitudinal fasciculi, the striato-parietal
radiations (Fig. 5b). For the SMC group, there were
no significant differences in MD and FA compared to
controls.

TBSS analyses examining associations between FA,
MD, and memory

Figure 5c, shows widespread clusters of FA decrease
and MD increases in the WM skeleton that are sig-
nificantly associated with lower memory scores. Of
note, there appears to be an absence of significant
MD clusters in the anterior and posterior limbs of the
bilateral internal capsule and right external capsule,
as well as in superior ends of the stratio-precentral
and prefrontal tracts, and an absence of FA clusters in
the bilateral internal capsules, as well as the bilateral
superior corona radiatae.
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AD vs CN MCl vs CN

Cohen’s d
1.56

Cohen’s d
1.40

Fig. 4 Fixel-based measures compared across controls and bined measure of FD and FC; FC, fibre-bundle cross-section.
clinical subgroups and associated with memory. Note. Fixels Red to yellow scales is an increase compared to controls and
where effect is significant at ppyg <.05. AD, Alzheimer’s dis- blue to white a decrease

ease; CN, Cognitively normal; FD, fibre density; FDC, com-

Table 3 Fixel-based descriptive stats of the significant fixels

FBA measure Mean Median std Min Max N fixels
FD 0.369653 0.346557 0.0818554 0.236804 0.714309 2658
FDC 0.37872 0.355679 0.110717 0.21183 0.776455 1391
Log(FC) 0.149354 0.137423 0.0641479 0.0297263 0.279751 930

FD, fibre density; FDC, combined measure of FD and FC; FC, fibre-bundle cross-section
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Fig. 5 Differences in
tensor-derived measures
across controls and clinical
subgroups and association
with memory. Note. AD,
Alzheimer’s disease; CN,
cognitively normal; MCI,
mild cognitive impairment;
FA, fractional anisotropy;
MD, mean diffusivity.

The white matter skeleton
(white) is plotted on the
MNI152 standard space.
Tracts associated with
memory at prwg < .05 are
coloured: a and b red-
to-yellow for significant
increase and dark-to-light
blue for significant decrease
compared to controls ¢ red-
to-yellow for significantly
positive FA association
and dark-to-light blue for
significantly negative MD
association

AD vs CN

L

MCI vs CN

AR
N T

Association with memory
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Discussion

This study made use of FBA to investigate cerebral
WM across the age-related neurocognitive spec-
trum, at the level of neural fibre populations cross-
ing through brain image voxels (fixels), providing a
more accurate assessment of the crossing fibre tracts’
structure [4, 5, 7]. Specifically, this study analysed
the apparent density of neural population fibres, the
macrostructure of fibre-bundle cross-sections, and a
combined measure of the two previous features [7],
and tested their statistical associations with memory
performance in the neurocognitive aging spectrum.
Compared to controls, both AD and MCI had
reduced FD and FDC in the fornix and fibres extend-
ing from the fornix to the MTL, which overlaps with
previous AD and MCI FBA studies [5, 10, 11], and
may reflect a disease progress (with higher effect size
in AD). The FBA results also contrast with previous
analyses variously finding reductions in the CC, the
cingulum, the inferior longitudinal, inferior fronto-
occipital, arcuate, and/or uncinate fasciculi in AD
[5, 9, 10], cingular, uncinate, anterior thalamic radia-
tion, and/or forceps minor reductions in MCI [5, 9,
14]. Whilst this raises the question of how robust
such findings are, differences across protocols may
explain the differences, including separating late and
early onset AD [10], using multi-shell DWI images
[5, 9, 14], segmentations of tracts of interest [5] and
variation in sample size. Whilst the FC reduction in
cortico-spinal tract and AC has also been previously
reported [5, 9], this is the first observation of a FC
increase in AD to our knowledge. Increased FC con-
comitant with reduced FD has been found in other
neurodegenerative diseases, affecting the fornix in
Huntington’s disease [37], and the tapetum in Parki-
son’s disease [38]. Whilst there is no definite inter-
pretation, increased cross-section could be the result
of extra-axonal aggregates (inter-axonal space filled
with cells related to inflammation or gliosis, instead
of simply healthy axons (Raffelt et al., 2017)), and a
possible partial volume effect (due to the CSF in the
lateral ventricles) is discussed later in the discussion.
The FBA and memory analysis showed different
patterns across the measures, with log of FC being
associated with memory within the AC tract, whilst
FD and FDC were mainly associated with memory in
the fornix and extending downward fibres in the tem-
poral lobes. These fibres overlap coherently with the
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MCI and AD subgroups’ differences to controls, and
especially correspond to changes in the AD group.
Fornical WM being associated with memory is con-
sistent with previous DTI findings associating mem-
ory with decreased WM in the fornix (lower FA and
MD) [39]. This also confirms an FBA study in normal
aging where FD in the fornix (and not FC) was spe-
cifically investigated and significantly correlated with
RAVLT’s delay score [15]. The fornix may there-
fore be linked to cognitive decline in neurocognitive
aging, but more precisely drive by its microstruc-
tural deterioration (FD) rather than its macrostruc-
tural aspect (FC). Associations in the MTL can also
be linked to conventional DTI findings of disrupted
WM microstructure in the parahippocampal cingulum
[40, 41] and a previous FBA study specifically asso-
ciating various FBA metrics (i.e., FC, FC, and FDC)
in the parahippocampal and hippocampal regions
with RAVLT’s ten-word delayed recall test scores in
a MCI sample [14]. However, the associations with
memory in the present study are mostly driven by the
microstructural features (significant findings only for
FD and FDC), but not FC.

Cross-sectional macrostructure of the AC may also
explain some variability in memory scores. FDC only
overlapped in a fraction of anterior fixels, possibly
due to the AC effect being predominantly driven by
FC, as FDC combines the variance of each source [7].
AC macrostructure’s role in memory performance is
unclear, but two conventional DTI studies observed
neural (streamline-based) connectivity between the
anterior fornix body and regions supporting memory
functions in the MTL, through the AC, as a compen-
satory mechanism for brain injury [42-44]. AC may
also be sensitive to neurodegeneration, as suggested
by an FBA study showing higher AC FC in AD beta
amyloid negative patients compared to AD beta amy-
loid positive patients [12], and reduced FC and FDC
in lateral parts of the AC in another AD cohort [5].

Fixels with significant FD and FDC were also pre-
sent along the ventricles, which is hard to interpret.
Similar patterns can be seen in previous whole-brain
MCI and AD-related results [5, 10, 11]. There is a
possibility that noise at low b-values in the present
study led to spurious estimated WM response func-
tion in voxels where CSF and WM are adjacent due
to partial volume effect [9, 25]. Furthermore, the
associations may also be driven by differences in
ventricle and/or hippocampal morphology across the



GeroScience

subgroups. In the presents results, the thin layer of
FD fixels longing the posterior surfaces of the lateral
ventricles, in the posterior CC, do not extend across
the width of the callosal tract, which suggests it could
be spurious. These fibre patterns should thus be inter-
preted with caution.

Tensor-derived measures showed more widespread
alterations in AD and MCI, affecting tracts that were
not significantly different in the FBA, such as the cin-
gulum bundle, most of the CC, the inferior longitu-
dinal fasciculi and striato-parietal/occipital radiations.
Tensor-derived metrics were widely associated with
the memory score, affecting almost all WM tracts.
Greater WM microstructural integrity (as estimated
by increased FA or decreased MD) was associated
with better memory performance. This global pat-
tern likely is driven by disease progression in MCI
or AD (and its parallel memory impairment): wide-
spread reductions in WM microstructural integrity
(measured with FA and MD) using the same TBSS
approach to be similarly observed over 1 year of dis-
ease progression in an AD cohort from the ADNI2
dataset [45]. Widespread decreases in voxel-wise
measurements of WM microstructural integrity in
AD and MCI were also reported in other cohorts
compared to controls [9]. Such pattern suggests that
tensor-derived metrics may be overly sensitive and
lack spatial specificity in relation to memory scores in
comparison to fixel-wise metrics.

The main strength of this study relates to the fixel-
wise examination of WM architecture and tracts. As
revealed by our findings, these fixel-wise metrics pro-
vide better anatomical specificity compared to con-
ventional DTI measures, accounting for both micro-
structural and macrostructural changes in fibres [5].
So far, only one study to our knowledge explored spe-
cific cognitive measures [14]. The present study also
provides a contrast with conventional DTI measures
and reinforces the idea that FBA measures exhibit
greater anatomical specificity. Another strength is
that the analyses were run on a relatively large sample
size which reinforces the reliability of the observed
effects.

The study being cross-sectional, it is not possi-
ble to establish a temporal pattern between the FBA
measures and cognitive impairment, and future stud-
ies will benefit from a longitudinal design. Another
limitation in the present analyses is that they were
done on single-shell diffusion weighted images,

which had relatively low b-values at b=1000 s/
mm?2, as well as variation in the number of direc-
tions. Analysing images with higher b-values and
more directions will return more accurate estima-
tions of apparent FD due to a stronger attenuation of
the extra-axonal water signals which prevents it from
contributing to FD estimation [6]. It is possible that
WM microstructure estimated at higher b-values may
be more sensitive to cognitive functions [14].

This study used a recently developed fixel-wise
approach to investigate fibre-specific measures of
WM macrostructure and microstructure associated
with memory performance in the neurocognitive
aging spectrum. We also compared these metrics
across different neurocognitive diagnoses. Generally,
we found decreased WM microstructural integrity in
the fornix and connected tracts in the bilateral MTL,
affecting both groups with AD and MCI. These local-
ised decreases were associated with lower memory
scores. In AD, macroscopically reduced fibre-cross
section was found in the left AC, a WM tract which
was also associated with lower memory. In compari-
son, the TBSS analyses on tensor derived metrics,
revealed a more widespread pattern of WM abnor-
malities which are associated with memory and neu-
rocognitive diagnoses (i.e., MCI and AD). Overall,
the fixel-wise approach exhibited greater anatomi-
cal specificity compared to the conventional TBSS
approach.
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