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Abstract  1 

Alzheimer’s disease and cerebral small vessel disease are the two leading causes of cognitive 2 

decline and dementia and co-exist in most memory clinic patients. White matter damage as 3 

assessed by diffusion MRI is a key feature in both Alzheimer’s and cerebral small vessel disease. 4 

However, disease-specific biomarkers of white matter alterations are missing. Recent advances 5 

in diffusion MRI operating on the fixel level (fiber population within a voxel) promise to 6 

advance our understanding of disease-related white matter alterations. Fixel-based analysis 7 

allows to derive measures of both white matter microstructure, measured by fiber density, and 8 

macrostructure, measured by fiber-bundle cross-section. Here, we evaluated the capacity of these 9 

state-of-the-art fixel metrics to disentangle the effects of cerebral small vessel disease and 10 

Alzheimer’s disease on white matter integrity.  11 

We included three independent samples (total n=387) covering genetically defined cerebral small 12 

vessel disease and age-matched controls, the full spectrum of biomarker-confirmed Alzheimer’s 13 

disease including amyloid- and tau-PET negative controls and a validation sample with 14 

presumed mixed pathology. In this cross-sectional analysis, we performed group comparisons 15 

between patients and controls and assessed associations between fixel metrics within main white 16 

matter tracts and imaging hallmarks of cerebral small vessel disease (white matter hyperintensity 17 

volume, lacune and cerebral microbleed count) and Alzheimer’s disease (amyloid- and tau-PET), 18 

age and a measure of neurodegeneration (brain volume).  19 

Our results showed that i) fiber density was reduced in genetically defined cerebral small vessel 20 

disease and strongly associated with cerebral small vessel disease imaging hallmarks, ii) fiber-21 

bundle cross-section was mainly associated with brain volume, and iii) both fiber density and 22 

fiber-bundle cross-section were reduced in the presence of amyloid, but not further exacerbated 23 

by abnormal tau deposition. Fixel metrics were only weakly associated with amyloid- and tau-24 

PET.  25 

Taken together, our results in three independent samples suggest that fiber density captures the 26 

effect of cerebral small vessel disease, while fiber-bundle cross-section is largely determined by 27 

neurodegeneration. The ability of fixel-based imaging markers to capture distinct effects on 28 

white matter integrity can propel future applications in the context of precision medicine. 29 

Running title: Disentangling effects on white matter 30 
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 3 

Abbreviations: A = amyloid-beta; AD = Alzheimer’s disease; ADNI = Alzheimer’s Disease 4 

Neuroimaging Initiative; BrainV = brain volume; CADASIL = Cerebral Autosomal Dominant 5 

Arteriopathy with Subcortical Infarcts and Leukoencephalopathy; fixel = (specific) fiber 6 

population within a voxel; SVD = cerebral small vessel disease; WMH = white matter 7 

hyperintensity. 8 

  9 

ACCEPTED M
ANUSCRIP

T D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ac265/6647593 by guest on 23 August 2022



4 

Introduction  1 

Alzheimer’s disease (AD) and cerebral small vessel disease (SVD) are the two most frequent 2 

causes of dementia.
1,2

 AD is a proteinopathy characterized by the cortical accumulation of 3 

amyloid-beta (A) plaques and neurofibrillary tau tangles that lead to neurodegeneration, which 4 

can be assessed using PET and MRI.
3
 In contrast, SVD is associated with pathologic alterations 5 

of small penetrating vessels that manifest on MRI mainly as white matter hyperintensities, 6 

lacunes and cerebral microbleeds.
4,5

 While AD and SVD are distinct diseases with different 7 

etiologies and pathomechanisms, the majority of patients who seek clinical care in memory 8 

clinics present with both AD- and SVD-related brain alterations to varying degrees. 9 

Histopathology studies have shown that up to 80% of patients with prodromal AD show 10 

cerebrovascular alterations upon autopsy.
6
 This suggests substantial overlap between both 11 

disease entities in clinical populations, probably due to shared risk factors.
6–8

 Hence, there is a 12 

great need for biomarkers that capture both AD and SVD and describe the extent and 13 

contribution of each disease within the individual patient. 14 

 15 

In recent years, diffusion MRI has evolved as the method of choice to quantify white matter 16 

alterations in SVD, with most studies relying on diffusion tensor imaging.
9,10

 Diffusion 17 

alterations in the white matter are also frequently observed across the AD continuum.
11,12

 Global 18 

white matter diffusion metrics seem largely determined by SVD-related white matter damage, 19 

masking any white matter damage that might occur due to AD pathology.
13

 Studies using 20 

regions-of-interest or tract-based analysis suggest different spatial patterns of diffusion MRI 21 

alterations in AD and SVD, which warrants to study regional effects on white matter fiber 22 

tracts.
14,15

 However, specific biomarkers for AD-related and SVD-related white matter damage 23 

are still missing. 24 

 25 

A potential reason why previous diffusion models failed to disentangle white matter alterations 26 

due to different pathologies is their incapacity to account for the complex anatomy of brain white 27 

matter.
16

 Histology studies show that the brain’s white matter architecture is highly complex with 28 

up to 98% of the white matter consisting of multiple fibers with crossing fiber orientations.
17,18

 29 

State-of-the-art constrained spherical deconvolution algorithms yield promise since they allow to 30 
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derive diffusion measures specific to underlying fiber populations, i.e. on the fixel level (fiber 1 

population within a voxel) instead of the voxel level (Figure 1).
19

 Using this framework, one can 2 

simultaneously derive tract-specific measures of fiber density and fiber-bundle cross-section. 3 

Fiber density is a fixel-specific feature of white matter microstructure, approximately 4 

proportional to the total intra-axonal volume.
20

 Fiber-bundle cross-section is a fixel-specific 5 

macroscopic feature, presumably reflecting the accumulated axon loss.
19,21

 6 

 7 

The first fixel-based study in clinical AD and mild cognitive impairment reported reductions in 8 

both fiber density and fiber-bundle cross-section of main fiber tracts compared with cognitively 9 

healthy controls.
22

 However, it remains elusive, 1) whether amyloid and tau pathology is 10 

associated with fiber density or fiber-bundle cross-section and 2) whether this association is 11 

altered in sporadic AD with comorbid SVD. Eventually, the ability of fiber density and fiber-12 

bundle cross-section to describe and disentangle the effects of SVD and AD pathology on white 13 

matter integrity within the same patient has not been explored so far. 14 

 15 

To address the need for disease-specific markers, the first aim of this study was to assess the 16 

effects of both SVD and biomarker-confirmed AD on both fiber density and fiber-bundle cross-17 

section of major white matter fiber tracts compared with age-matched controls. Our second aim 18 

was to explore the relationship between well-established SVD MRI and AD PET imaging 19 

hallmarks with tract-specific measures of fiber density and fiber-bundle cross-section. We 20 

addressed these aims using three independent samples (total n=387) covering genetically defined 21 

SVD (cerebral autosomal dominant arteriopathy with subcortical infarcts and 22 

leukoencephalopathy [CADASIL]) and age-matched controls, sporadic AD with full amyloid- 23 

and tau-PET-based biomarker characterization including controls without amyloid and tau 24 

pathology as well as a validation sample with mixed pathology. We combined conventional MRI 25 

markers and PET data with state-of-the-art fixel-based analyses of advanced diffusion MRI data. 26 

Our main goal was to disentangle white matter damage due to AD and SVD using fixel-based 27 

metrics, opening the road for disease-specific white matter characterization towards precision 28 

medicine.  29 

 30 
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Materials and methods  1 

Participants 2 

We included three independent samples with 3 Tesla multi-shell diffusion MRI (Figure 2). First, 3 

to study the effect of SVD in isolation, we included patients with genetically defined SVD and 4 

age-matched controls. Second, the effect of AD was studied across the full spectrum of sporadic 5 

AD pathology, ranging from age-matched controls without evidence of amyloid or tau pathology 6 

(Aβ–T–), to patients with amyloid pathology only (Aβ+T–), and patients with both amyloid and 7 

tau pathology (Aβ+T+). Lastly, we used a third study sample with presumed mixed pathology 8 

for independent validation.  9 

Study protocols were in accordance with the declaration of Helsinki and approved by local ethics 10 

committees. Written informed consent was obtained from all participants. 11 

Small vessel disease sample 12 

We included in total 95 participants with identical MRI acquisition on the same scanner from a 13 

single-center cohort in Munich
10

 (n=79) and the ZOOM@SVDs study
23

 (n=16), of which 73 14 

were patients with  genetically defined SVD (CADASIL), and 22 were healthy controls matched 15 

for age and sex on the group level. CADASIL patients were symptomatic, but in an early disease 16 

stage (i.e., functionally independent). 17 

Alzheimer’s disease sample  18 

Participants from the Alzheimer’s Disease Neuroimaging Initiative 3 (ADNI) database were 19 

selected based on availability of multi-shell diffusion MRI and structural MRI, as well as 
18

F-20 

florbetapir or 
18

F-florbetaben amyloid-PET and 
18

F-flortaucipir tau-PET within 6 months of the 21 

MRI visit (n=106).
24

 17 participants were excluded due to relevant diffusion MRI protocol 22 

deviations (n=16) or a cropped field of view (n=1). Controls were matched for age and sex on 23 

the group level.  24 

We used a biological definition of AD following NIA-AA guidelines
3
 and assigned participants 25 

as Aβ+ when surpassing a global pre-established Aβ positivity standardized uptake value ratio 26 

(SUVR) threshold of 1.11 for 
18

F-florbetapir and 1.08 for 
18

F-florbetaben amyloid-PET.
25

 Tau 27 
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positivity was assigned when surpassing a pre-established 
18

F-flortaucipir SUVR threshold of 1.3 1 

in any of the pre-defined Braak stage regions (Braak1, Braak3, Braak3/4, Braak4, Braak5, 2 

Braak5/6, Braak6).
26,27

 Of note, the hippocampus (i.e. Braak2) was excluded from all analyses, 3 

due to relevant off-target binding of the 
18

F-flortaucipir tracer in the medial temporal lobe. Since 4 

our main interest was in the neuropathological effects of amyloid and tau pathology on white 5 

matter tissue integrity, we used exclusively the biological definition of Alzheimer’s disease and 6 

did not take clinical status into account. We included 71 participants, of which 34 controls had 7 

no biomarker evidence for AD pathology (Aβ–T–) and 37 Aβ+ individuals across the AD 8 

spectrum (19 Aβ+T–, 18 Aβ+T+). 9 

Validation sample 10 

We selected participants from the 3
rd

 follow-up visit (approx. 14 years after baseline) of the RUN 11 

DMC study
28

 (Radboud University Nijmegen Diffusion tensor and Magnetic resonance imaging 12 

Cohort), based on the availability of multi-shell diffusion MRI (n=228). We excluded 6 13 

participants with infarcts of non-SVD etiology and 1 participant due to an MRI protocol 14 

deviation, resulting in a final sample of 221 participants. While the cohort recruited non-15 

demented elderly with SVD, neurodegenerative pathologies were not excluded and during the 16 

long-term follow-up, some participants were in fact diagnosed with AD dementia (Figure 2).
29

 17 

Therefore, we refer to this sample as validation sample with presumed mixed pathology. 18 

However, data on amyloid or tau, either PET or fluid biomarkers, were not available for these 19 

participants. 20 

MRI acquisition and conventional MRI markers 21 

Full sequence parameters are shown in Supplementary Table e-1. Sequence parameters varied 22 

per study, but included 3D T1-weighted, 3D fluid-attenuated inversion recovery (FLAIR) and 3D 23 

gradient echo (T2*-weighted) sequences to assess conventional MRI markers (white matter 24 

hyperintensity volume [WMHV], lacune and cerebral microbleed count, brain volume [BrainV]) 25 

as well as a multi-shell diffusion MRI sequence. Conventional MRI markers were quantified 26 

according to consensus criteria.
4
 All volumes were normalized to the intracranial volume (e.g. 27 

WMHV/intracranial volume). 28 
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Small vessel disease sample 1 

MRI scans were performed on a single 3 Tesla scanner (Magnetom Skyra with 64-channel 2 

head/neck coil; Siemens Healthineers, Erlangen, Germany). The diffusion MRI protocol 3 

comprised a multi-band echo planar imaging multi-shell diffusion-weighted imaging sequence 4 

(repetition time 3800 ms, echo time 105 ms, diffusion-encoding directions: 30 x b = 1000 s/mm
2
 5 

and 60 x b = 2000 s/mm
2
, 10 b = 0 images, multi-band factor 3). One b = 0 image with inverted 6 

phase-encoding direction was acquired for correction of susceptibility-induced distortions during 7 

processing.
30,31

 Details on the calculation of conventional MRI markers have been described 8 

previously.
10

  9 

Alzheimer’s disease sample 10 

MRI scans were performed on different (in total 13) 3 Tesla scanners (Magnetom Prisma or 11 

Magnetom Prisma Fit with 20-, 32- or 64-channel coils; Siemens Healthineers). The diffusion 12 

MRI protocol comprised a multi-band echo planar imaging multi-shell diffusion-weighted 13 

sequence (repetition time 3400 ms, echo time 71 ms, diffusion-encoding directions 48 x b = 1000 14 

s/mm
2 
and 60 x b = 2000 s/mm

2
, 13 b = 0 images, multi-band factor 3). 15 

White matter hyperintensities were segmented using a deep-learning algorithm based on multi-16 

dimensional gated recurrent units (https://github.com/zubata88/mdgru).
32

 An expert rater blinded 17 

to biomarker status determined the number of lacunes on FLAIR and T1-weighted images and 18 

the number of cerebral microbleeds on T2*-weighted images. Brain and intracranial volumes 19 

were estimated from the T1-weighted image with the cross-sectional Sequence Adaptive 20 

Multimodal SEGmentation (SAMSEG) Pipeline (FreeSurfer software suite, version 7.1).
33

  21 

Validation sample 22 

MRI scans were performed on a single 3 Tesla scanner (Magnetom Prisma with 32-channel head 23 

coil; Siemens Healthineers). The diffusion MRI protocol comprised a multi-band echo planar 24 

imaging multi-shell diffusion-weighted imaging sequence (repetition time 3220 ms, echo time 74 25 

ms, diffusion-encoding directions 30 x b = 1000 s/mm
2
 and 60 x b = 3000 s/mm

2
, 10 b = 0 26 

images, multi-band factor 3). One b = 0 image with inverted phase-encoding direction was 27 

acquired for correction of susceptibility-induced distortions during processing. Details on the 28 

calculation of conventional MRI markers have been described previously.
34,35

  29 
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Diffusion MRI preprocessing 1 

Preprocessing steps included visual quality control, Marchenko-Pastur principal component 2 

analysis-based denoising, Gibbs artefact removal, and dynamic correction for susceptibility-3 

induced distortions, eddy current-induced distortions, as well as head motion using tools from 4 

MRtrix3 (www.mrtrix.org/, version 3.0.0, dwidenoise,
36–39

 mrdegibbs
39,40

) and the Functional 5 

Magnetic Resonance Imaging of the Brain Software Library (FSL, version 6.0.1, topup,
30,31

 6 

eddy
41

 including state-of-the art replacement of outliers,
42

 usage of the slice-to-volume motion 7 

model
43

 and susceptibility-by-movement correction
44

). Due to unavailability of an unweighted 8 

diffusion image with reversed phase-encoding in the AD sample, we used Synb0-DISCO to 9 

synthesize an unweighted diffusion image without susceptibility-induced distortion from the T1-10 

weighted image.
45,46

 Other than this single step, preprocessing was kept identical across the three 11 

samples.  12 

 13 

Tract-specific fixel-based analysis 14 

We followed the fixel-based analysis pipeline recommended by the developers using multi-tissue 15 

constrained spherical deconvolution to compute fiber orientation distributions (FODs).
21,47

 Fixel-16 

based analyses were computed independently for each sample. Diffusion data was corrected for 17 

bias fields followed by a global DWI intensity normalization between subjects of each sample, 18 

yielding diffusion weighted images with identical b=0 white matter median intensity value. 19 

Response functions were estimated for each participant using the ‘dhollander’ algorithm,
48

 based 20 

on which the mean response functions were computed. Remaining steps included upsampling to 21 

1.25 mm voxel size, estimation of the fiber-orientation distributions using the group response 22 

functions (‘msmt_csd’ algorithm) and intensity normalization. Next, study-specific FOD 23 

templates were calculated by randomly selecting representative participants, i.e. 15 controls & 15 24 

CADASIL patients for the SVD sample, 15 Aβ–T– & 7 Aβ+T– & 8 Aβ+T+ for the AD sample 25 

and 30 study participants from the validation sample. Subject-specific FOD images were 26 

registered to the FOD template, whereafter fixels were segmented and corresponding metrics of 27 

apparent fiber density, fiber-bundle cross-section and a combined measure of fiber density and 28 

cross-section were derived. Since our main interest was to find disease-specific metrics for white 29 

matter damage, we focused on the primary metrics fiber density and fiber-bundle cross-section 30 
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(but conducted supplementary analyses on the combined metric fiber density and bundle cross-1 

section). 2 

Next, we used TractSeg, a deep learning-based framework for automated white matter bundle 3 

segmentation, to segment the FOD template into 72 anatomically well-established white matter 4 

fiber tracts.
49

 To reduce the number of comparisons, we averaged tract measures for left and 5 

right hemispheres. Also, to further reduce the number of regions-of-interest, we excluded the 6 

tracts located in the cerebellum – since it is up to date unclear how SVD and AD manifest in this 7 

brain area – as well as the fornix due to unavoidable CSF partial-volume effects. In addition, we 8 

excluded striatal projections from our analyses, due to a high anatomical overlap with thalamic 9 

projections. This resulted in 29 white matter fiber tracts (Figure 3, from top left): arcuate 10 

fasciculus (AF), uncinate fasciculus (UF), inferior fronto-occipital fasciculus (IFOF), middle 11 

longitudinal fasciculus (MLF), inferior longitudinal fasciculus (ILF), superior longitudinal 12 

fasciculus I to III (SLF-I, SLF-II, SLF-III), thalamo-prefrontal (T-PREF), thalamo-premotor (T-13 

PREM), thalamo-precentral (T-PREC), thalamo-postcentral (T-POSTC), thalamo-parietal (T-14 

PAR), thalamo-occipital (T-OCC), anterior thalamic radiation (ATR), superior thalamic radiation 15 

(STR), optic radiation (OR), fronto-pontine tract (FPT), cortico-spinal tract (CST), parieto-16 

occipital pontine (POPT), corpus callosum I to VII (CC-I to CC-VII), anterior commissure (AC), 17 

cingulum (CG). We then assessed per study participant the fixel metrics per fiber tract by 18 

averaging the fiber density, fiber-bundle cross-section and fiber density cross-section of all fixels 19 

belonging to the respective fiber tract. 20 

To assess regional associations between regional tau pathology and tract-specific fixel metrics in 21 

the AD sample, we determined regional tau-PET SUVRs in cortical projections of fiber tracts. 22 

To this end, we used masks from the beginning and ending of the fiber tracts, as obtained with 23 

TractSeg, intersected with a cortical gray matter mask. The regions of interest in FOD template 24 

space were brought to tau-PET images in MNI space by non-linear registration with Advanced 25 

Normalization Tools (ANTs)
50

 to determine regional tau-PET SUVRs.  26 

 27 

PET acquisition and processing 28 

Amyloid-PET was recorded in 4x5min frames 50-70min after 
18

F-florbetapir injection or 90-29 

110min after 
18

F-florbetaben injection.
25

 Tau-PET was acquired 75-105min after injection of 
18

F-30 
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flortaucipir in 6x5min frames. All time frames were motion corrected and averaged to obtain 1 

mean images (for details see http://adni.loni.usc.edu/methods/pet-analysis-method/pet-analysis/). 2 

Structural T1-weighted MRI images were processed using the ANTs cortical thickness pipeline 3 

and parcellated with the Desikan-Killiany Atlas
51

 and non-linearly registered to MNI-space.
52

 4 

Amyloid-PET and tau-PET images were co-registered via native-space T1-weighted images to 5 

MNI standard space using ANTs-derived normalization parameters. Global amyloid-PET 6 

SUVRs were intensity normalized to the whole cerebellum and transformed to centiloid.
53

 Partial 7 

volume corrected global tau-PET SUVRs were obtained from the ADNI database, which were 8 

calculated using the inferior cerebellum as reference region and averaged across neocortical 9 

Desikan-Killiany atlas ROIs (see here for details: https://ida.loni.usc.edu/login.jsp). Partial 10 

volume correction was performed by ADNI PET Core at UC Berkeley, using the geometric 11 

transfer method. For regional tau-PET SUVRs, we employed a congruent approach, applying 12 

geometric transfer method-based partial volume correction for cortical projections of white 13 

matter fiber tracts (PETPVC toolbox: https://github.com/UCL/PETPVC
54

). Specifically, we used 14 

the geometric transfer matrix approach to correct the ROI-based tau-PET data for grey matter 15 

density using the segmented T1-weighted image that was obtained in closest proximity to the 16 

tau-PET scan. 17 

Statistical Analyses 18 

All statistical analyses were performed in R (version 3.6.1).
55

 The statistical significance level 19 

was set at α < 0.05. 20 

To compare between controls and patients with respect to demographic characteristics, vascular 21 

risk factors, conventional MRI and PET markers, we used chi-squared (χ
2
) tests (for categorical 22 

variables) and non-parametric Wilcoxon rank sum tests and Kruskal-Wallis tests (for continuous 23 

variables), as appropriate.  24 

Next, we were interested in group differences in tract-specific fixel metrics between SVD and 25 

matched controls, and between groups with different biomarker status for AD (Aβ+T– vs. Aβ–26 

T–; Aβ+T+ vs. Aβ–T– and Aβ+T+ vs. Aβ+T–). Since fixel metrics have been shown to be 27 

significantly influenced by head size,
56

 we first regressed out the effect of intracranial volume 28 

and conducted subsequent analysis on residuals, i.e., fixel metrics corrected for head size (‘stats’ 29 
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package). We then calculated the effect size for group comparisons in all predefined fiber tracts 1 

using Cohen’s d (‘psych’ package).  2 

Next, we performed simple linear regression analyses to explore associations between SVD and 3 

AD typical imaging hallmarks (independent variable) and fiber density and fiber-bundle cross-4 

section of the respective fiber tract (dependent variable, ‘stats’ package). For SVD hallmarks, we 5 

included white matter hyperintensity volume, lacune and cerebral microbleed count. For AD 6 

hallmarks, we included global amyloid-PET (centiloid), global tau-PET, regional tau-PET (i.e. 7 

tau-PET SUVR in cortical projections of the respective fiber tract). We also included normalized 8 

global brain volume indicative of neurodegeneration as an independent variable, which is 9 

associated with both AD
3
 and SVD.

57
 Additionally, we assessed associations with age to ensure 10 

that potential associations were not driven by aging alone. In these regression analyses, we used 11 

the full extent of the SVD and AD sample by also including the controls (but report sub-sequent 12 

sensitivity analyses in the CADASIL only and the Aβ+ only group in the Supplement). Effect 13 

sizes were determined by the adjusted R
2
. P-values were adjusted with the false discovery rate 14 

(FDR) per sample and fixel metric resulting in a maximum of 5% of false positives.  15 

To assess the relative variable importance of disease markers in explaining fixel metrics, we 16 

performed multivariable random forest regression analyses with conditional inference trees in the 17 

AD sample (R package ‘party’). This machine-learning method overcomes the problem of 18 

multicollinearity within the disease markers. We focused on four variables of interest: WMHV as 19 

a marker for SVD, amyloid- and global tau-PET as a marker for AD and brain volume as a 20 

marker for neurodegeneration. We repeated random forest regression 100 times to determine the 21 

point estimate and a 95% confidence interval. 22 

All analyses were conducted independently in each of the three samples. 23 

Data availability  24 

Anonymized data of the SVD and validation samples will be made available upon reasonable 25 

request to the corresponding author and only after permission of the regulatory bodies. ADNI 26 

data is freely available and can be retrieved from adni.loni.usc.edu upon registration to the ADNI 27 

database. 28 

  29 
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Results  1 

 2 

Sample characteristics and demographics are shown in Table 1. As expected, SVD patients had 3 

higher WMH volumes, more lacunes and microbleeds compared to controls (p<0.001). SVD 4 

patients further had higher rates of hypercholesterolemia than age-matched controls (p<0.05). 5 

WMH volume increased with progressing amyloid and tau pathology in the AD sample 6 

(p<0.001). 7 

 8 

 9 

Fixel metric group comparisons 10 

 11 

Genetically defined SVD predominantly leads to reduced fiber density 12 

 13 

The fiber density of all white matter fiber tracts was reduced in SVD compared to controls (range 14 

of Cohen’s d[0.33;0.57], Figure 4A&B, Supplementary Table e-2). Results for the fiber-15 

bundle cross-section were less consistent. While the fiber-bundle cross-section of most fiber 16 

tracts was reduced in SVD compared to controls (Cohen’s d[0.19;0.35], 11 tracts showed no 17 

group difference and the fiber-bundle cross-section of the anterior thalamic radiation and the first 18 

segment of the corpus callosum (rostrum) was even higher in SVD compared to controls 19 

(Cohen’s d=–0.33, both tracts). 20 

 21 

Both fiber density and fiber-bundle cross-section are reduced across the AD 22 

spectrum 23 

 24 

In the AD sample, the Aβ+T– group showed consistently lower fiber density in most fiber tracts 25 

compared to the Aβ–T– control group (Cohen’s d[0.27;0.49], Figure 4C&D, Supplementary 26 

Table e-3). The fiber-bundle cross-section was also reduced in the Aβ+T– group (Cohen’s 27 

d[0.27;0.51]). Similarly, the Aβ+T+ group showed lower fiber density (Cohen’s d[0.30;0.43]) 28 
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and lower fiber-bundle cross-section (Cohen’s d[0.27;0.40]) compared to the Aβ–T– control 1 

group.  2 

To determine the extent to which these effects were driven by differences in SVD burden 3 

between groups, we included WMH volume as covariate in a sensitivity analysis. This reduced 4 

effect sizes on average by 42% for fiber density and 8% for fiber-bundle cross-section (Aβ+T– 5 

vs. Aβ–T–), and by 21% for fiber density and 7% for fiber-bundle-cross section (Aβ+T+ vs. Aβ–6 

T–, Supplementary Table e-3).  7 

The Aβ+T+ group did not show any additional white matter damage regarding fiber density or 8 

fiber-bundle cross-section compared to Aβ+T–. In summary, both fiber density and fiber-bundle 9 

cross-section were reduced in the presence of amyloid pathology, but not further altered by 10 

additional tau pathology. 11 

 12 

Associations with disease markers 13 

 14 

Reduced fiber density is mainly associated with higher SVD burden  15 

 16 

In simple linear regression in the SVD sample, fiber density of all fiber tracts was strongly 17 

associated with WMH volume (range of R
2

adj[0.29;0.79]), lacunes (R
2

adj.[0.12;0.48]), and 18 

microbleeds (R
2

adj[0.16;0.43], Figure 5A, Supplementary Table e-4). In contrast, effect sizes 19 

were small for associations with age (R
2

adj[0.03;0.13]) and brain volume (R
2

adj[0.05;0.16]) .  20 

Fiber-bundle cross-section was also associated with WMH volume, but with smaller effect sizes 21 

(R
2

adj[0.06;0.43]), as well as with lacune count (R
2

adj[0.06;0.52]), microbleed count 22 

(R
2

adj.[0.07;0.38]) and brain volume (R
2

adj.[0.05;0.29]). Effect sizes were small for associations 23 

with age (age: R
2

adj.[0.04;0.13]). 24 

Findings could be replicated when assessing associations in CADASIL patients only 25 

(Supplementary Figure e-1A). 26 

  27 
ACCEPTED M

ANUSCRIP
T D

ow
nloaded from

 https://academ
ic.oup.com

/brain/advance-article/doi/10.1093/brain/aw
ac265/6647593 by guest on 23 August 2022



15 

Reduced fiber-bundle cross-section is mainly associated with cerebral atrophy in 1 

the AD sample 2 

In simple linear regression analyses, fiber density in the AD sample was likewise associated with 3 

WMH volume (R
2

adj.[0.04;0.20], Figure 5B, Supplementary Table e-5) and to some extent with 4 

microbleed count (R
2

adj.[0.05;0.08]) but not with lacune count, which was expected given the low 5 

number of lacunes and microbleeds in this sample (Table 1). Fiber density was not associated 6 

with brain volume and with age only in selected fiber tracts (R
2

adj.[0.05;0.17]). Effect sizes for 7 

associations with AD PET markers were substantially smaller than with SVD MRI markers 8 

(amyloid-PET: R
2

adj.[0.04;0.11]) and tau-PET (R
2
adj.[0.04]). 9 

Compared to fiber density, fiber-bundle cross-section was less associated with SVD imaging 10 

markers (WMHV: R
2

adj.[0.04;0.06]; no significant associations with lacunes or microbleeds). In 11 

contrast, fiber-bundle cross-section of all fiber tracts was strongly associated with brain volume 12 

(R
2

adj.[0.06;0.35]) and to some extent with age (R
2

adj.[0.04;0.20]). Associations with AD PET 13 

markers were mostly absent or showed only small effect sizes (amyloid-PET: R
2

adj.[0.04;0.05]; 14 

tau-PET: R
2

adj.[0.05;0.06]).  15 

All findings could be replicated when assessing associations in Aβ+ study participants only, 16 

except for associations with AD PET markers, which were even weaker (Supplementary Figure 17 

e-1B).  18 

In multivariable random forest regression analyses (Figure 6), WMH volume showed the highest 19 

variable importance for fiber density in most fiber tracts, while brain volume showed the highest 20 

variable importance for fiber bundle cross-section in all tracts. 21 

Fiber density is associated with SVD markers and fiber-bundle cross-section 22 

with brain volume in presumed mixed pathology 23 

Also in the validation sample, fiber density of all tracts was highly associated with WMH 24 

volume (R
2

adj.[0.08;0.48], Figure 5C, Supplementary Table e-6). Fiber density of all tracts was 25 

also (with smaller effect sizes) associated with lacune count (R
2

adj.[0.03;0.26]), microbleed count 26 

(R
2

adj.[0.04;0.15]), brain volume (R
2

adj.[0.01;0.19]) and age (R
2

adj.[0.03;0.23]). 27 
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Effect sizes were small for associations between fiber-bundle cross-section was only weakly 1 

associated with WMH volume (R
2
adj.[0.02;0.09]; lacune count (R

2
adj.[0.02;0.13]) and microbleed 2 

count (R
2

adj.[0.02;0.09]). Effect sizes were largest for brain volume (R
2

adj.[0.06;0.42]).  3 

 4 

Results of group comparisons and associations with disease markers of the combined metric 5 

fiber density and bundle cross-section can be found in the Supplement as well as scatterplots of 6 

the most important findings (Supplementary Figure e-2 to e-5).  7 

 8 

Discussion  9 

Our multi-modal neuroimaging study systematically assessed the utility of fixel-based, tract-10 

specific diffusion metrics to disentangle the effects of AD and SVD on white matter. Our main 11 

findings are that i) fiber density was markedly reduced in genetically defined SVD and showed 12 

the strongest association with SVD imaging hallmarks. ii) Fiber-bundle cross-section was mainly 13 

associated with brain volume, especially in the AD sample. iii) Both fiber density and fiber-14 

bundle cross-section were reduced in the presence of amyloid, but this was not further 15 

exacerbated by abnormal tau deposition. Taken together, our results suggest that the white matter 16 

microstructure metric fiber density is primarily determined by SVD, while the macrostructure 17 

metric fiber-bundle cross-section is strongly associated with neurodegeneration. Importantly, the 18 

capability of fixel metrics to capture distinct effects of SVD and neurodegeneration was 19 

validated in an independent sample. 20 

 21 

The marked reduction of the microscopic feature fiber density with increasing SVD burden 22 

might result from increased extracellular water moving axons further apart.
21

 In line with this, we 23 

previously demonstrated that diffusion tensor imaging alterations in SVD are mainly determined 24 

by increases in extracellular free water.
58

 In addition, a reduction in apparent fiber density 25 

(although not assessed using fixel-based analysis) has been suggested to accompany an increase 26 

in extracellular water within white matter hyperintensities of CADASIL patients.
59

 Vascular 27 

edema, e.g. resulting from blood-brain-barrier leakage in SVD, might be a main driver of this 28 

fluid shift.
5,60

 Interestingly, while the fiber density decreased, we observed in the genetically 29 
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defined SVD sample a simultaneous increase in the fiber-bundle cross-section of two tracts, the 1 

anterior thalamic radiation and the first segment of the corpus callosum (rostrum, harboring parts 2 

of the forceps minor). Strikingly, the anterior thalamic radiation and forceps minor were 3 

previously identified as strategic locations for processing speed performance in SVD,
61,62

 the 4 

core cognitive deficit of the disease. One might speculate that the expansion of the extracellular 5 

space following vascular edema led to a swelling of these fiber tracts which is captured by an 6 

increase in fiber-bundle cross-section.
21,60

  7 

The macroscopic feature fiber-bundle cross-section was most prominently reduced with 8 

increasing amyloid pathology in group comparisons and strongly associated with cerebral 9 

atrophy as a proxy of neurodegeneration in the AD and validation sample. Together with the 10 

finding that brain volume was not or only weakly associated with fiber density, this suggests that 11 

in fixel-based analysis, neurodegeneration predominantly manifests in alterations of white matter 12 

macrostructure, but not microstructure. Thus, fiber-bundle cross-section indeed seems to be 13 

reflective of the accumulated axon loss as previously postulated.
19

  14 

While associations in the SVD sample were strongest for fiber density, and in the AD sample for 15 

fiber-bundle cross-section, both associations were found in the validation sample with mixed 16 

pathologies, supporting the concept that both SVD and AD contribute to white matter damage in 17 

mixed disease. 18 

 19 

In the AD sample, both fiber density and fiber-bundle cross-section were reduced upon amyloid 20 

pathology in group comparisons, which might seem counterintuitive at first. As expected from 21 

epidemiological and histopathology studies,
6,7

 concomitant SVD was found in the AD sample, 22 

with the largest difference in WMH burden between the A+T– group and matched A–T– 23 

controls. Controlling for this group difference in WMH volume attenuated the observed effects 24 

of amyloid, especially on fiber density. Thus, the effect of amyloid on fiber density can at least 25 

partly be explained by concomitant SVD, which is plausible given the likely presence of cerebral 26 

amyloid angiopathy, which is also captured by amyloid-PET.
63,64

  27 

Brain atrophy clearly showed the strongest associations with fixel metrics, i.e. fiber-bund cross-28 

section, in the AD sample. But in contrast to a previously postulated hypothesis,
44

 we did not 29 

find that cortical tau pathology is a main driver of alterations in fixel metrics. 30 

  31 
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While many studies investigated white matter alterations in SVD or AD using models operating 1 

on the voxel level,
9
 such as diffusion tensor imaging and more advanced diffusion models,

66
 only 2 

very few studies have so far utilized fixel-based analysis. Importantly, none of the prior fixel-3 

based studies considered mixed disease, but studied either SVD or AD in isolation, thus ignoring 4 

the crucial aspect of concomitant pathologies. Despite technical limitations,
21,67

 it was recently 5 

shown that fiber density obtained from fixel-based analysis is highly sensitive towards 6 

processing speeds deficits in sporadic SVD,
68

 confirming previous findings from voxel-based 7 

analysis. The aforementioned fixel-based analysis study in AD reported a reduction in both fiber 8 

density and fiber-bundle cross-section in MCI and AD patients.
22

 However, besides not 9 

considering concomitant SVD, a full AD biomarker characterization was not possible due to 10 

prematurity of tau-PET tracers upon data collection of that study.
69

 By considering both 11 

pathologies and by including data from both amyloid- and tau-PET, we were able to substantially 12 

extend previous results, close crucial knowledge gaps and to derive insights highly relevant for 13 

both future research studies and potentially also clinical applications. 14 

 15 

Our study has some potential limitations. First, in the mixed pathology sample AD biomarkers 16 

were not available, precluding an independent validation of results for the direct effects of 17 

amyloid and tau pathology. Second, while all samples had diffusion MRI data suitable for fixel-18 

based analysis, the acquisition was not harmonized across the three samples. However, this can 19 

also be regarded as a strength in terms of generalizability and independent validation of findings, 20 

because despite differences in the MRI acquisition, we found consistent results across all three 21 

samples. MRI data in the AD sample was acquired across 13 different scanners. Scanner effects 22 

were mitigated by selecting only acquisitions with identical parameters and an intensity 23 

normalization step. Eventually, excellent inter-site reproducibility of fixel metrics 24 

(Supplementary Analysis) enabled pooling of data from different scanners. Lastly, amyloid-25 

PET data was not partial volume corrected due to centiloid transformation,
70

 hence our results 26 

warrant further replication using a large single tracer dataset. 27 

A main strength of this study is the extensive biomarker characterization, including multiple 28 

markers for SVD as well as amyloid- and tau-PET data in the AD sample. This enabled a multi-29 

modal approach, which was deemed essential in further validation of fixel-based metrics by the 30 

developers of the method.
21

 Unlike in the AD field, truly SVD-specific biomarkers are still 31 
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lacking. To overcome this limitation, we included the sample of genetically defined SVD 1 

patients. Since these patients were relatively young, concomitant AD and other age-related 2 

neurodegenerative pathology can be regarded as rare, thus enabling the unique opportunity to 3 

study pure SVD without the need for biomarker characterization. While data from autosomal 4 

dominant AD would have perfectly complemented our analysis in this regard, we are not aware 5 

of any familial AD studies with diffusion MRI data suitable for fixel-based analysis.  6 

 7 

The ability of the fixel-based analysis to identify distinct effects of SVD and neurodegeneration 8 

on white matter opens a path towards personalized medicine. Future work should address the 9 

ability of fixel-derived diffusion markers to explain the extent to which SVD and 10 

neurodegeneration contribute to cognitive impairment in mixed disease. This would enable 11 

disease-specific interventions targeting AD- or SVD-related brain alterations rather than 12 

managing disease-shared risk factors. Our results illustrate once more that it is mandatory to 13 

consider SVD when assessing white matter integrity in the context of dementia studies and trials. 14 

Furthermore, longitudinal studies are required to capture temporal dynamics of fiber density and 15 

fiber-bundle cross-section. Given recent indications for SVD lesion regression,
71

 it remains to be 16 

assessed whether the reduction in fiber density observed in SVD is irreversible and how it 17 

changes upon disease intervention, e.g., intensified risk factor treatment. Technical validation 18 

studies, assessing test-retest reliability and inter-site reproducibility of these novel markers in 19 

patients, will be essential for developing a surrogate endpoint for clinical trials.   20 

 21 

In conclusion, our results show that fiber density and fiber-bundle cross-section, obtained from 22 

fixel-based analysis of diffusion MRI data, allow to identify distinct effects of SVD and 23 

neurodegeneration on white matter integrity. While white matter microstructure is predominantly 24 

determined by SVD, neurodegeneration leads to alterations in white matter macrostructure. 25 

Leveraging these distinct effects, fixel-based white matter analysis can propel future research, 26 

clinical trials targeting disease-specific mechanisms and clinical applications in the context of 27 

precision medicine. 28 
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Figure Legends 1 

Figure 1 Illustration of fixel-based analysis of two exemplary crossing white matter 2 

fiber tracts (superior longitudinal fasciculus II in green, cortico-spinal tract in blue). A 3 

fixel corresponds to a specific fiber population per voxel. The depicted voxel harbors two 4 

fiber populations (color-coded per tract). A reduction in fiber density (with preserved fiber-5 

bundle cross-section) is depicted on the left, while a reduction in fiber-bundle cross-section 6 

(with preserved fiber density) is depicted on the right. 7 

 8 

Figure 2 Participant selection flowchart. Samples included genetically defined cerebral 9 

small vessel disease (CADASIL) and matched healthy controls (SVD sample), the full 10 

spectrum of Alzheimer’s disease (AD) and a validation sample with presumed mixed 11 

pathology. ADD = Alzheimer’s disease dementia, FoV = field of view, VD = vascular 12 

dementia. 13 

 14 

Figure 3 Sagittal view of investigated white matter fiber tracts. Tracts generated in fiber 15 

orientation distribution template space are shown for illustration. We analyzed 29 white 16 

matter fiber tracts (only left hemisphere shown): AF = arcuate fasciculus, UF = uncinate 17 

fasciculus, IFOF = inferior fronto-occipital fasciculus, MLF = middle longitudinal fasciculus, 18 

ILF = inferior longitudinal fasciculus, SLF-I to SLF-III = superior longitudinal fasciculus I to 19 

III, T-PREF = thalamo-prefrontal, T-PREM = thalamo-premotor, T-PREC = thalamo-20 

precentral, T-POSTC = thalamo-postcentral, T-PAR = thalamo-parietal, T-OCC = thalamo-21 

occipital, ATR = anterior thalamic radiation, STR = superior thalamic radiation, OR = optic 22 

radiation, FPT = fronto-pontine tract, CST = cortico-spinal tract, POPT  = parieto-occipital 23 

pontine, CC-I to CC-VII = corpus callosum I to VII (CC-I: Rostrum, CC-II: Genu, CC-III: 24 

Rostral body [premotor], CC-IV: Anterior midbody [primary motor], CC-V: Posterior 25 

midbody [primary somatosensory], CC-VI = Isthmus, CC-VII: Splenium), AC = anterior 26 

commissure, CG = cingulum. 27 

 28 

Figure 4 Group comparisons of fixel metrics. (A) Difference in fixel metrics between age-29 

matched healthy controls (HC) and CADASIL patients in the SVD sample quantified with 30 

Cohen’s d represented by color. Circle size depicts statistical significance level. (B) Violin 31 

plots of fixel metrics of four representative fiber tracts in the SVD sample for exemplary 32 
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illustration. (C) Difference in fixel metrics between age-matched Aβ–T– and Aβ+T–; Aβ–T– 1 

and Aβ+T+; Aβ+T– and Aβ+T+ quantified with Cohen’s d represented by color. Circle size 2 

depicts statistical significance level. (D) Violin plots of fixel metrics of the same four tracts in 3 

the AD sample. Please refer to Figure 3 for abbreviations of the fiber tracts. 4 

 5 

Figure 5 Associations with disease markers. Effect sizes (adj. R
2
) obtained from simple 6 

linear regression analyses are represented by color. Circle size depicts statistical significance 7 

level. Associations between fixel metrics of white matter fiber tracts and disease markers 8 

were assessed in (A) the SVD sample, (B) the AD sample – including in addition amyloid-9 

PET and tau-PET markers – and (C) the validation sample. Please refer to Figure 3 for 10 

abbreviations of the fiber tracts. WMHV = white matter hyperintensity volume, BrainV = 11 

brain volume. 12 

 13 

Figure 6 Multivariable random forest regression analyses for estimating the relative 14 

variable importance for the SVD marker white matter hyperintensity volume (WMHV, blue), 15 

markers of primary Alzheimer’s disease pathology (orange) and brain volume (BrainV, red) 16 

with regard to tract-specific fixel metrics in the AD sample. Plots indicate point estimate and 17 

95% confidence interval for the conditional variable importance. Please refer to Figure 3 for 18 

abbreviations of the fiber tracts. 19 

  20 
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Table 1 Sample characteristics 1 

 SVD AD Validation 

 Control 
(n=22) 

CADASIL 
(n=73) 

p-value Aβ−T− 
(n=34) 

Aβ+T− 
(n=19) 

Aβ+T+ 
(n=18) 

p-value (n=221) 

Demographic 

characteristics 

        

Age [years], median 

(IQR) 

60 (21.5) 55 (14) 0.2084 72.50 

(9.5) 

78.70 

(7.8) 

75.05 

(6.85) 

0.1359 73.64 (9.67) 

Female, n (%) 9 (41) 44 (60) 0.1744 19 (56) 10 (53) 8 (44) 0.7335 98 (44) 

Vascular risk factors, n (%)         

Hypertension 5 (23) 17 (23) 1.0 10 (29) 9 (47) 10 (56) 0.1506 146 (66) 

Hypercholesterolemia 5 (23) 37 (51) 0.0471 9 (26) 3 (16) 8 (44) 0.1463 116 (52) 

Diabetes 0 (0) 1 (0.01) 1.0 3 (9) 2 (11) 4 (22) 0.3647 33 (15) 

Current or past smoking 9 (41) 44 (60) 0.2425 2 (6) 3 (16) 2 (11) 0.4994 143 (65) 

PET markers, median (IQR)         

Amyloid-PET centiloid - - - −7.25 
(11.91) 

51.53 
(38.26) 

87.53 
(46.41) 

<0.0001 - 

Global Tau-PET SUVR - - - 1.03 

(0.12) 

1.08 

(0.10) 

1.18 

(0.30) 

<0.0001 - 

MRI markers, median (IQR)         

WMH volumea [%] 0.03 
(0.08) 

4.58 (5.23) <0.0001 0.24 
(0.33) 

0.53 
(0.73) 

0.69 
(0.74) 

0.0043 0.30 (0.69) 

Lacune count 0 (0) 2 (7) <0.0001 0 (0) 0 (0) 0 (0) 0.8763 0 (0) 

Microbleed count 0 (0) 2 (7) <0.0001 0 (0) 0 (0) 0 (0) 0.0160 0 (1) 

Brain volumea [%] 75.72 
(7.64) 

76.22 (8.46) 0.2024 70.79 
(1.27) 

70.00 
(2.55) 

70.31 
(3.26) 

0.4158 74.34 (5.65) 

Abbreviations: IQR = interquartile range; n = number; WMH = white matter hyperintensity. 2 
a Normalized to the intracranial volume. 3 
  4 
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