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Small vessel disease more than Alzheimer’s disease determines
diffusion MRI alterations in memory clinic patients
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Abstract

INTRODUCTION: Microstructural alterations as assessed by diffusion tensor imaging (DTI) are
key findings in both Alzheimer’s disease (AD) and small vessel disease (SVD). We determined the
contribution of each of these conditions to diffusion alterations.

METHODS: We studied six samples (N=365 participants) covering the spectrum of AD and
SVD, including genetically-defined samples. We calculated diffusion measures from DTI and free
water imaging. Simple linear, multivariable random forest, and voxel-based regressions were used
to evaluate associations between AD biomarkers (amyloid-beta, tau), SVD imaging markers, and
diffusion measures.

RESULTS: SVD markers were strongly associated with diffusion measures and showed a higher
contribution than AD biomarkers in multivariable analysis across all memory clinic samples.
Voxel-wise analyses between tau and diffusion measures were not significant.

DISCUSSION: In memory clinic patients, the effect of SVD on diffusion alterations largely
exceeds the effect of AD, supporting the value of diffusion measures as markers of SVD.
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1. Introduction

Alzheimer’s disease (AD) and cerebral small vessel disease (SVD) are the two leading
causes of cognitive decline and dementia.l Altered white matter microstructure is considered
a key finding in both conditions?3 and has consistently been associated with cognitive
deficits.4#=® The most commonly used method to study white matter microstructure in vivo is
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diffusion tensor imaging (DTI), which quantifies diffusion properties of water molecules in
brain tissue.”:8 The typical finding described in both AD and SVD is an increase in the
extent of water diffusion (mean diffusivity) and a decrease in diffusion directionality
(fractional anisotropy), which can be detected both globally and regionally.#:5 Despite the
wide use of diffusion alterations as efficient disease markers and their strong associations
with clinical deficits, little is known about their underlying pathology.

In memory clinic patients, AD and SVD often co-exist.? The extent to which each of these
conditions contribute to diffusion MRI alterations is largely elusive. Free water imaging, an
advanced diffusion model, improves the specificity of the DTI model and could therefore
provide additional insight into the origin of diffusion MRI alterations.19 As such, free water
imaging might be able to disentangle the effects of AD and SVD.11-14 Previous studies
using DTI or free water imaging were limited by the lack of biomarker evidence of AD
pathology or insufficient consideration of mixed pathology. Assessing the individual
contributions of AD and SVD towards diffusion MRI alterations requires a systematic study
covering the entire spectrum of “pure AD”, mixed disease, and “pure SVD”.

The uncertainty regarding the origin and interpretation of diffusion alterations in memory
clinic patients impedes widespread implementation in research and clinical practice.
Therefore, the aim of this study was to determine the effect of AD and SVD on diffusion
MRI in a memory clinic setting. We examined associations between biomarkers of AD, MRI
markers of SVD, and diffusion measures from both conventional DTI and free water
imaging. Six study samples (N=365 participants) were included to systematically cover the
entire spectrum of AD, mixed disease, and SVD, and to account for both cerebrospinal fluid
(CSF) and positron emission tomography (PET) markers. In addition to the common
memory clinic setting with predominantly mixed disease, our analysis also included patient
samples with pure, genetically-defined AD or SVD. This enabled us to examine effects of
both diseases on diffusion measures without confounding pathology. Analyses were
performed separately within each sample in order to validate results and address
generalizability using the six independently recruited samples.

2. Methods

2.1 Participants

We studied six independent samples (N=365 participants) covering the spectrum of AD,
mixed disease, and SVD: four memory clinic samples with mixed disease with a recruitment
focus on either AD or SVD, one sample each of genetically-defined AD and SVD. Memory
clinic samples were drawn from single or multi-center studies, which were selected based on
availability of (diffusion) MRI sequences and CSF or PET data. The compilation of samples,
subject selection criteria, and exclusions are shown in Fig. 1, and further elaborated in 2.1.1-
2.1.3. MRI, CSF, and PET data from subjects of the included samples were obtained within
one year. Diagnostic criteria used in the AD and SVD focused memory clinic samples are
summarized in Supplementary Table 1. All studies were approved by the ethics committees
of the respective institutions and all subjects provided written informed consent.
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2.1.1 Alzheimer’s disease focused samples—We included 89 participants from the
German multicentric DZNE-Longitudinal Cognitive Impairment and Dementia Study
(DELCODE; downloaded in December 2018) with available CSF amyloid-beta;_4 (A 40),
amyloid-beta;_4» (AP 42), total-tau (t-tau), and phosphorylated-tau;g; (p-tau) data. The
sample consisted of AP 42-positive healthy controls (Ap 42 cut-off see Supplementary Text
1) and patients with subjective cognitive decline, amnestic mild cognitive impairment, and
mild dementia.1®

We further included 53 participants from the multicentric Alzheimer’s disease
Neuroimaging Initiative (ADNI, phase 3; downloaded in December 2018 at http://
adni.loni.usc.edu) with available AB [18F]-florbetapir and tau [8F]AV-1451 flortaucipir
(PET). The sample consisted of amyloid-positive (cut-off see Supplementary Text 1) healthy
controls and patients with amnestic mild cognitive impairment and mild dementia (http://
adni.loni.usc.edu).

2.1.2 Small vessel disease focused samples—We included 39 participants from
the University Medical Center Utrecht, Netherlands (prospective Utrecht Vascular Cognitive
Impairment study, UVCI) with available CSF data for Ap 42, t-tau, and p-tau. The sample
consisted of patients with subjective cognitive decline, mild cognitive impairment, and
dementia and with no evidence of a primary etiology other than neurodegenerative disease
or sporadic SVD and a high burden of SVD on MRI.16 We further included 39 participants
from the Samsung Medical Center, Seoul, Republic of Korea (Seoul Vascular Cognitive
Impairment study, SVCI) with available AR [18F]-florbetaben and tau [18F]AV-1451
flortaucipir (PET). The sample consisted of patients with objective cognitive impairment and
a high burden of SVD on MRI.17:18

2.1.3 Genetically-defined samples—As a genetically-defined AD sample, we
included 77 participants from the multicentric Dominantly Inherited Alzheimer Network
(DIAN, data freeze 11; downloaded in August 2018).1° DIAN is a longitudinal cohort study
of individuals at risk of developing autosomal dominant AD. Here we included PSEN1
(n=59), PSENZ (n=5), and APP (n=13) mutation carriers with available Ap 40, Af 42, t-tau,
and p-tau CSF data. In our study, subjects had to be less than 15 years from estimated
symptom onset in order to increase sensitivity to detect AD and SVD marker alterations in
proximity to the onset of AD symptoms.>20

As a genetically-defined SVD sample, we included 68 patients with Cerebral Autosomal
Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL)
recruited from a single-center study in Munich.? Although CSF or PET data were not
available in this dataset, we included CADASIL to judge the effect sizes of SVD markers in
genetically-defined SVD.

All MRI data were obtained on 3 Tesla systems. All samples included diffusion MRI, T1-
weighted, fluid-attenuated inversion recovery (T2-weighted), and gradient echo (T2*-
weighted) sequences. While each study used a standardized protocol, acquisition parameters
differed across studies. The MRI protocols have been published previously for DIAN,®
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DELCODE,2! ADNI,22 UVCI,28 SVCI,17 and CADASIL.!! Diffusion MRI sequence
parameters for all samples are summarized in Supplementary Table 2. All diffusion images
were processed with the same pipeline as described in Supplementary Text 2. Global
diffusion measures were calculated as mean of all voxels within a white matter skeleton.
Regional analyses were based on voxel-wise diffusion measures.

2.3 Alzheimer’s disease markers

We used AP and tau (CSF or PET) as biomarkers of AD. Details on CSF assays, PET
tracers, and calculations of PET standardized uptake value ratio (SUVR) scores have
previously been published for DIAN,®> DELCODE,® ADNI (http://adni.loni.usc.edu),
UVCI,24 and SVCI.18 For the main analyses we used continuous CSF and PET measures.
For a subgroup analysis in amyloid-positive individuals, we used study specific Ap cut-off
values. See Supplementary Text 1 for details.

2.4 Small vessel disease markers

We used an established total SVD score (ordinal variable)2> and white matter hyperintensity
(WMH) volume (continuous variable) as MRI markers of SVD. The total SVD score
summarizes the presence or severity of SVD lesions on an ordinal scale, i.e. WMH, lacunes,
microbleeds, and enlarged perivascular spaces.2> Two trained raters (SF, NV) assessed these
lesions according to the STRIVE consensus criteria:2 WMHSs were rated using the Fazekas
scale,26 the number of lacunes was determined on fluid-attenuated inversion recovery and
T1-weighted images, the number of cerebral microbleeds on T2*-weighted gradient echo
images, and the number of enlarged perivascular spaces in the basal ganglia on a single T1-
weighted axial image slice with the highest number of perivascular spaces.2’

WMH volume was calculated from a previously described semi-automated segmentation
inaline 4
pipeline.

2.5 Statistical analyses

All statistical analyses were performed in R (version 3.5.1).28 The statistical significance
level was set at a < 0.05.

Associations between AD biomarkers, SVD markers, age, sex (independent variables), and
global diffusion measures (dependent variables) were first assessed by simple linear
regression analyses within each sample. Variables were power transformed in case of non-
normal distribution (Shapiro-Wilk test).

To perform multivariable analysis in the presence of multicollinearity (i.e. intercorrelations
among disease markers, Supplementary Fig. 1), we used random forest regressions (R
package ‘party’; version 1.3-2).29 This method allows to assess the contribution of each AD
biomarker, SVD marker, age, and sex to diffusion alterations, while accounting for all other
variables. For each sample, we calculated 1501 conditional inference trees with unbiased
variable selection and default parameters as previously described.! We calculated
conditional variable importance together with a 95% confidence interval from 100
repetitions.
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An effect of Ap on diffusion measures might be mediated by vascular pathology, in
particular cerebral amyloid angiopathy, i.e. AR accumulation in perforating vessels.3? To
address this possibility, we performed a post-hoc mediation analysis (R package ‘lavaan’;
version 0.6-4)31 in samples where simple regression analysis showed an effect of AB on
diffusion measures. Diffusion measures were entered as dependent variables, Ap as
independent variable, WMH volume as mediator, and age as covariate. Standard errors were
based on bootstrapping (1000 iterations).

Because amyloid pathology has been shown to strengthen the association between tau
accumulation and structural tract alterations as assessed by diffusion measures,32 we
performed two additional analyses within each sample. First, we conducted a sensitivity
analysis restricted to amyloid-positive individuals by repeating simple regression analyses.
Second, we assessed the interaction effect of tau x A on diffusion measures.

Finally, since tau is a localized pathology starting in the entorhinal cortex,33 we also
performed regional analyses between voxel-wise diffusion measures and tau in the PET
samples, i.e. ADNI and SVCI. We used permutation test theory with a standard general
linear model as implemented in ‘randomise’ (FSL). We assessed associations between both
global tau PET SUVR scores as well as regional tau PET SUVR scores in the entorhinal
cortex and voxel-wise diffusion measures. The number of permutations was set at 5000.
Significant voxels within the skeletonized diffusion measure maps were identified using
threshold-free cluster enhancement with 2D optimization and £ < 0.05, corrected for
multiple comparisons.

3. Results

Sample characteristics are summarized in Table 1. As expected, patients with genetically-
defined AD or SVD were considerably younger than memory clinic patients.

3.1 Small vessel disease shows stronger associations than Alzheimer’s disease with
diffusion alterations in simple regression analyses

In simple regressions, both SVD markers, i.e. WMH volume and total SVD score, were
consistently and strongly associated with conventional DTI measures (FAu, MDu; range of
Rzadj.. [0.08-0.79]) and FW (range of Rzadj_ [0.18-0.76]) across all six samples (Fig. 2,
Supplementary Tables 3-5). In contrast, AD biomarkers, i.e. CSF and PET data, were not or
only weakly associated with conventional DTI measures and FW (range of Rzadj_ [0.04-
0.18]; Fig. 2, Supplementary Tables 3-5). Results were largely consistent across study
samples, with a notable exception in the sample of genetically-defined AD (DIAN). Here,
effect sizes for Ap 42 (CSF) were similar to the effect sizes of WMH volume (Fig. 2,
Supplementary Table 5). Associations between AB 42, WMH volume and diffusion
measures in DIAN and DELCODE were further addressed in a post-hoc mediation analysis
(see 3.3).
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3.2 Small vessel disease and age contribute most to diffusion alterations in multivariable

analyses

Using random forest regression as a multivariable method, we assessed the contribution of
each AD biomarker and SVD marker to diffusion measures, while accounting for
multicollinearity. In all memory clinic samples, SVD markers showed higher variable
importance than AD biomarkers for alterations of conventional DTI measures (FAu and
MDu; Fig. 3) and FW (data not shown; nearly identical to MDu). The opposite was found
only in DIAN, where AD biomarkers showed higher variable importance. For tissue
measures (FAt and MDt), interpretation of random forest regressions was not feasible,
because variable importances were zero or almost zero in all samples (data not shown).

3.3 White matter hyperintensities partially mediate the effect of A on diffusion
alterations in genetically-defined Alzheimer’s disease

For diffusion measures significantly associated with AR 42 (CSF) in the simple regression
analysis, i.e. in DIAN and DELCODE, we performed a post-hoc mediation analysis to
explore whether these associations might be mediated by vascular pathology, such as
cerebral amyloid angiopathy. In DIAN, the effect of AR 42 on MDu and FW was indeed
partially mediated by WMH volume (MDu: Bs=-0.06, SE=0.03, P=0.030; FW: Bs=-0.06,
SE=0.03, P=0.026). However, we also found a direct effect of Ap 42 on MDu and FW
(MDu: Bs=—0.30, SE=0.12, P=0.005; FW: Bs=-0.30, SE=0.11, £=0.005). For FAu,
mediation analysis was not significant. As a further indication for the presence of cerebral
amyloid angiopathy, most (8 out of 9) DIAN participants with cerebral microbleeds showed
a strictly lobar distribution, and one participant had disseminated cortical superficial
siderosis.

In DELCODE, where simple regression analysis showed only weak effects of Ap 42, none
of the mediation analyses were significant (all 7> 0.136).

3.4 Tau is not associated with diffusion alterations in amyloid-positive individuals

It was recently reported that Ap might strengthen the association between tau accumulation
and diffusion alterations.32 We addressed this aspect in a sensitivity analysis restricted to
amyloid-positive individuals (Supplementary Tables 6-8, Supplementary Fig. 2). Simple
linear regressions between tau and diffusion measures in amyloid-positive individuals were
not significant, except for DIAN (n=46; p-tau and MDu, fs=0.32, Rzadj_:0.0S, P=0.031; p-
tau and FW, ps=0.31, Rzadj,:0.07, P=0.038). In correspondence with the full DIAN sample,
tau showed effect sizes comparable to those found for WMH volume (WMH volume and
MDu, Bs=0.35, Rzadj_:o.lo, P=0.017; WMH volume and FW, Bs=0.37, RZad,-_:o.lz,
P=0.011). None of the tall Ap interaction models with diffusion measures as dependent
variables were significant in any of the samples (all > 0.051).

3.5 Regional tau is not associated with diffusion alterations

Tau is a localized pathology starting in the entorhinal cortex33 and previous literature
suggests localized effects of tau on white matter microstructure.32:34:35 We therefore
performed regional analyses in the PET samples, i.e. ADNI and SVCI, which allow to assess
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local tau load. Associations between regional tau PET SUVR scores in the entorhinal cortex
or global tau PET SUVR scores and voxel-wise diffusion measures were not significant.

4. Discussion

We investigated the effect of AD and SVD on brain microstructure assessed by diffusion
measures. As a unique feature, our study included six independently recruited samples
covering the entire spectrum of AD, mixed disease, and SVD. The main finding is that in
memory clinic patients, diffusion MRI alterations are largely determined by SVD. Results
were consistent across all memory clinic samples, illustrating the robustness of our findings.
Our study facilitates the interpretation of diffusion MRI alterations and the development
towards clinical application.

The strong effect of SVD on diffusion measures was evident in all of the six study samples.
In contrast, an association between AD and diffusion measures was only detectable in
DELCODE and DIAN. While in DELCODE effect sizes of AD biomarkers were
considerably smaller than those of SVD markers, effect sizes of Ap 42 and WMH volume
were similar in DIAN. Multivariable analyses using random forest regression showed a
higher importance of SVD markers for diffusion alterations in all memaory clinic samples.
The only sample in which AD biomarkers had a higher variable importance was DIAN. As
expected for a genetically-defined sample, these patients are considerably younger than
typical memory clinic patients and less likely to show age-related comorbidities, such as
SVD. Still, mediation analysis in DIAN suggested a vascular contribution to diffusion
alterations also in this population, as the effect of Ap on diffusion alterations was partly
mediated by WMH volume. This might indicate a contribution of cerebral amyloid
angiopathy, a specific subtype of SVD caused by deposition of AB in perforating vessels.30
Since the DIAN sample also included asymptomatic mutation carriers up to 15 years before
estimated symptom onset, another explanation is that the association between Ap and
diffusion measures is strongest in early, preclinical AD. This view is supported by a recent
study demonstrating an association between AR and diffusion measures over the adult
lifespan in cognitively healthy participants.38 Overall, we conclude that while the effect of
AD on diffusion measures is apparent in DIAN patients with pure and early AD, the
presence of SVD in the memory clinic samples masks the effect of AD on diffusion
measures.

Seemingly in contrast with our results, associations between AD biomarkers and alterations
of white matter microstructure as assessed by DTI have been previously reported in memory
clinic patients,13:14.32.34.37-39 ajthough some studies found no association.#941 Importantly,
however, only one of these studies accounted for SVD. Hence, the effect of AD on diffusion
alterations might have been overestimated. Only Strain and colleagues3* considered
biomarkers of both diseases and found an association between tau PET (but not AR PET) in
temporal regions and diffusion measures in temporal white matter projections,
independently of WMHSs. In line with our results, the effect size for WMH volume was
larger than effect sizes of AD biomarkers. By considering both diseases, we conclude that
SVD determines diffusion alterations to a much larger extent than AD, even in samples
where AD was the clinically predominant disease. The strong effect of SVD has
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implications for future studies, which will need to take SVD into account as an important
confounder, as well as for the interpretation of diffusion MRI alterations in clinical routine.

In the current study, neither the regional analysis nor the analysis in amyloid-positive
individuals, where the effect of tau was expected to be stronger,32 indicated a significant
association between tau and diffusion measures. In post-mortem studies, white matter
alterations in AD patients have been attributed to axonal degeneration secondary to cortical
deposition of hyperphosphorylated tau.23 Yet, post-mortem studies by design examine
patients in very late stages of AD, while our memory clinic patients were mostly in earlier
disease stages. Thus, it is conceivable that our patients have not yet reached the disease stage
where associations between tau and axonal degeneration can be detected.

By design, our memory clinic samples were heterogeneous, which in our view accurately
reflects a real-life memory clinic setting. To study pure forms of AD and SVD, we included
genetically defined samples. Furthermore, the sensitivity analysis in subgroups with
amyloid-positive individuals allowed to study memory clinic patients who met the biological
definition of AD. Although statistical power was reduced, the strong effect of SVD on
diffusion measures was also confirmed in these subgroups.

Our finding that diffusion alterations are predominantly driven by SVD is also supported by
a genome-wide association study in the population-based UK Biobank. Polygenic risk
scores for altered DTI measures were associated with SVD-related stroke and major
depressive disorder, but not with AD.#* The study thus provided genetic evidence that
mechanisms underlying diffusion alterations are shared with cerebrovascular disease.

Another aim of this study was to investigate whether free water imaging allows to
disentangle the contribution of SVD and AD. The finding that SVD markers showed
strongest associations with FW corroborates previous results indicating that diffusion
alterations in SVD patients are predominantly driven by an increase in the free water
content.11 However, our current analysis did not provide evidence that AD biomarkers are
reflected in the tissue compartment. The latter result is in contrast to studies suggesting that
AD-related neurodegeneration of the white matter might be specifically represented in free
water corrected tissue measures: Tissue measures were associated with conversion from mild
cognitive impairment to dementia in AD patients'2 and showed A-related longitudinal
changes. It should be noted that the current study was cross-sectional and thus we cannot
exclude that the tissue compartment holds valuable information for longitudinal studies.12-14
Furthermore, multi-shell diffusion data, which would be necessary for more complex
parametrization of the fluid compartments,*>-47 was not available in the study samples. This
would have allowed to control for the effects of capillary blood flow (intravoxel incoherent
motion) in the free water estimation.4’

A limitation of our study is that elevated tau (especially in CSF) is not specific for AD as it
could also indicate other tauopathies, such as Pick’s disease, corticobasal degeneration, or
progressive supranuclear palsy. However, the tau PET tracer ([18F]AV-1451) employed
mostly binds to tau deposits specific for AD.#8 Also, the focus on recruitment of clinical
AD, e.g. by including amnestic mild cognitive impairment in DELCODE and ADNI, clearly
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enriched for AD rather than other tauopathies. Another limitation is the lack of AD
biomarkers in the CADASIL sample. Yet, the purpose of the CADASIL sample was to judge
the effect sizes of SVD markers in genetically-defined disease, i.e. in young patients with
pure SVD. Interestingly, we found similar effect sizes as in SVD focused samples with
mixed pathology, in particular the UVCI sample. While we also included voxel-based
analyses to identify regional associations, our study mostly focused on global, whole-brain
averages of diffusion measures. Thus, we cannot exclude that analyses in specific subregions
will yield different results. Because of limitations in the diffusion MRI acquisition protocols
(no reversed phase-encoding, directions not sampled on entire sphere), we were not able to
correct for susceptibility-induced distortions or to employ a more modern approach for
correction of eddy current-induced distortions, motion, and outlier slices.4° Finally, the lack
of pathological confirmation of the presence and extent of AD and SVD pathology
originates from the paucity of autopsy studies with high quality, standardized antemortem
diffusion MRI.

The main strength of our analysis is the inclusion of multiple samples from different
countries and ethnicities, covering the entire spectrum of AD, mixed disease, and SVD. This
has enabled us to independently validate results and to assess both CSF and PET biomarkers
of AD in a robust manner. The differences in study protocols among the six samples, such as
MRI acquisition, biomarker assessment techniques, and recruitment strategies indicate that
our results might be generalizable to other populations along the spectrum of AD and SVD.
We also included younger individuals with genetically-defined disease to minimize
confounding by other age-related pathologies. Finally, the state-of-the art diffusion imaging
analysis pipeline included modern pre-processing techniques and rigorous control for
confounding by CSF partial volume effects, which is crucial in patients with atrophy and
therefore enlarged CSF spaces.

In conclusion, we demonstrate that the effect of SVD on diffusion alterations largely exceeds
the effect of AD. Our systematic analysis contributes to the interpretation of diffusion MRI
in memory clinic patients and further advances its application in clinical practice. We
validate diffusion measures as markers for SVD and as valuable tools to assess the vascular
contribution to AD and dementia, which still needs to be adequately explored.>° Building
upon our findings, future studies could assess if more advanced parameterization of
diffusion processes, such as biophysical diffusion models, further increases the sensitivity in
earlier or even asymptomatic stages.
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Abbreviations

AD Alzheimer’s disease

Ap amyloid-beta

DTI diffusion tensor imaging

FAu uncorrected fractional anisotropy

FAt free water corrected tissue compartment of fractional anisotropy
FW free water content

MDu uncorrected mean diffusivity

M Dt free water corrected tissue compartment of mean diffusivity
PET positron emission tomography

P-tau phosphorylated- tau;g;

SUVR standardised uptake value ratio

SVD cerebral small vessel disease

T-tau total tau

WMH white matter hyperintensity
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Figure 1. Study concept and participant selection flowchart.
Samples cover the entire spectrum of AD, mixed disease, and SVD.

AD, Alzheimer’s disease; DTI, diffusion tensor imaging; EYO, estimated years from
symptom onset; FLAIR, fluid-attenuated inversion recovery; p-tau, phosphorylated-tau,gs;
SVD, small vessel disease; t-tau, total tau.
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Figure 2. Simple regression analyses.
Simple linear regression analyses between diffusion measures and AD biomarkers or SVD
markers. Standardized B is represented by color. AD, Alzheimer’s disease; B, standardized
beta; FAu, uncorrected fractional anisotropy; FAt, free water corrected tissue compartment
of fractional anisotropy; FW, free water content; MDu, uncorrected mean diffusivity; MDt,
free water corrected tissue compartment of mean diffusivity; np, not possible (all patients
had the maximum score); ns, not significant; p-tau, phosphorylated- tauig;; SVD, small
vessel disease; SVD score, total small vessel disease score; t-tau, total tau; WMHvol, white
matter hyperintensity volume.
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® P<0.05
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Figure 3. Multivariable analyses.

Random forest regression analyses for estimating the relative variable importance of AD
biomarkers (grey bars), SVD markers (black bars), age and sex (white bars) with regard to

conventional DTI measures (FAu, MDu) while accounting for all other variables

(conditional importance). Lines indicate the 95% confidence interval for the conditional

variable importance.

AD, Alzheimer’s disease; FAu, uncorrected fractional anisotropy; MDu, uncorrected mean
diffusivity; p-tau, phosphorylated-tauig;; SVD, small vessel disease; SVD score, total small
vessel disease score; T-tau, total tau; WMHvol, white matter hyperintensity volume.

Alzheimers Dement. Author manuscript; available in PMC 2021 November 01.




Page 19

Finsterwalder et al.

[09T [29T
- '68°0] (9T°0) TT'T - ‘98°0] (€T°0) OT'T - - JANS TSYT-AV[Hg:]
[212
- ‘TTT] (67°0) 8€'T - eu - - YANS UageIaqIoy-[dgr]
[ozT
- eu - '06°0] (9€0) 8T'T - - UANS Jidersquol-[g;]
13d
- - [99T ‘6T] (2¥) 29 - [z6T ‘o1 (6€) TS [e9T ‘¥T] (99) 95 7/6u ‘ner-d
- - [pzzt ‘ovtl (89¢) v2s - [2297 ‘86] (69€) Gzv [e95 ‘8] (z€T) 16 7/6u ‘nex-1
- - [tv91 'e9e] (622) 619 - [21€T ‘€8T1] (08¢) 861 [vevt 'v21] (2€€) 9ev 7/u ‘zv gv
- - eu - [sseet ‘TzL€] (622€) eveL  [229sT ‘sTee] (91Sy) #€9L 7/6u ‘o gv
450
Sk)rew qv
[te0 [se0 [te0 _
[ts0'2T0] (TT°0) 62°0 ‘17°0] (¥0°0) S2°0 ‘97°0] (90°0) 220 ‘e1°0] (S0°0) 020 [62°0 ‘TT0] (+0°0) 9T°0 [82°0 ‘¥T°0] (S50°0) 8T°0 S/ZWW ‘M
[eT9 [66°S [60'9 _
[€0'9 '68°S] (€0°0) £6°G ‘16'G] (+0°0) 009 '€9'6] (GT°0) 28'S 'v6'G] (€9°0) T0'9 [¥1°9 ‘1561 (0T°0) 26°S [109 ‘08°'G] (£0°0) 26'S S/zWw,_0T 1AN
[e90 [z50 [09:0 .
[65°0 ‘05°0] (20°0) 5G°0 '950] (1T0°0) 650 ‘2501 (20°0) 95°0 'v50] (20°0) 260 [09°0 ‘2501 (20°0) 95°0 [85°0 ‘25701 (20°0) S5°0 S/zWW v
[otT [226 [226 _
[68°2T ‘62721 (19'T) OF'6 ‘87°'8] (92°0) 99°6 ‘ez'1] (28°0) S0°8 ‘ge'2] (€9°0) TZ'8 [226 ‘7291 (65°0) 89°2 [te6 ‘L2 L] (#9°0) ¥8°L S/zww ,_0T "NAN
los0 [sv'0 loso .
[6v°0 ‘2201 (90°0) O¥'0 'Ge°0] (+0°0) 2v'0 '9e°0] (¥0°0) ¥7'0 '8e°0] (¥0°0) S¥'0 [25°0 ‘9g°0] (€0°0) 9¥°0 [67°0 ‘8€°0] (€0°0) S¥°0 S/WW ‘N4
11a
eu (67) 6T (99) zz (02) 1€ (6v) ¥v (09) 9v (%) u ‘anisod-gy
©)0'(1) 0)0'(sT) 9 ©0'0) 0 0 0'() z'(TT) 00 ©)0'(®
T'MT1C€En6'W8) 6 ‘(81)2'(29)9z'(0)0  “(02)8'(2)0g'(€) T 9'(er)ec‘er) ez (0)0‘(8)L'(6S) 2 ‘(ee) 62 T '(2T) 6 '(8€) 62 ‘(BY) 8E €'2'7'900 (%) u'yao
(v) (ov) 81 (sT) (L1) enuaWwLp ‘1N
eu  /7'(95) 2z 'eu'(0) 0 ‘om) 8T ‘(8 €'(0)0 8'(ew) €z "eu‘(2v) 22 GT'(2e) ee'(en) Le'W v eu ‘A0S ‘OH (%) u 'sisoubeiqg
(59) v (z2) 82 (eg) et (L¥) sz (o) 9 (29) or (%) u ‘ajewad
(T1) 8§ (o1) 62 (2n) ¥L (eT) 8L (6) 2L (1) 2w sieak ‘aby
(89=u) 1ISVYAVD (6e=U) 1IOAS (6e=U) 1IDAN (eg=u) INQV (68=u) 3@0013a (Z2=U)NVIa
ans
pouLBp A|[E21BUSD) pasnooy AAS pasnooy v av pauipp A|eorpues
sonsiisIoeIey? o|dwes
‘T a|gel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Alzheimers Dement. Author manuscript; available in PMC 2021 November 01.



Page 20

Finsterwalder et al.

‘awinjoA AlsuaiuiiadAy Janew

AYM ‘JOAHIAIM (NEl [e10] ‘NBl-] {9100S 9SeasIp [9SSOA |[BWS |10} ‘9109S AS ‘9SeasIp [9SSaA |[ews ‘QAS 01rel anjeA axeldn pasipiepuels ‘YANS ‘duljoap aAliubod anndalgns ‘gos T18Tne) -pajejAioydsoyd
‘nej-d ‘a|qe[IeAe Jou ‘eu {AJIAISNIP UeaW JO Juswedwod anssi) paloailod Ja1em 3.y ‘1QIN ANAISNIIP Uesw pajdaliooun ‘ngA uswredwi sAmubod pliw ‘1DIA ([013U0d AUyyeay ‘OH ‘Usu0d Jajem aal)
‘M4 ‘Adonjosiue [euonoely Jo JuswiLiedwWOod aNSSI) Pa1d81I0d Jalem 881} ‘T4 ‘Adojosiue [euonoely pardallodun ‘ny4 ‘Buibewr Josus) uoisnyip ‘|1a ‘Buires enuawap 231U ‘YA ‘aseasip S, jswisyz|y ‘av

‘Burssiw 108[qns T yo 4Ad ‘30007134,

-abe 104 1da9xa ‘umoys si [xew ‘uiw] (sBues ajrsenbisiul) uelpaw s8|gelteA dLBWINU 104

(#2) 91 '(S2) LT (00T) 6€ ‘(0) (8)£'(s1) 9'(82) (¥) 2'(s1) 8 (%) (@ z'(€) 0) 00
(82) 6T ‘(¥2) 9T (0) 0 0‘©o‘o‘©o 1T '(6€) ST (0T) ¥ 8T ‘(ze) L1 '(sT) 8 € '(1e) 82 '(2€) €€ '(92) €2 0'(M) 1'(21) 6 (28) L9 ¥'€'2'T'0 (%) u ‘81005 AAS
[y 252 [oz'T2 [2z'19 vz 12
'60'T] (v2€2) 12T, '870T] (€0'T2) 6T°2E ‘ve'1] (S8'T) 2L'ST '00°0] (62°8) S€°€ [osve ‘€00l (9€76) 822 [2v°0¢ ‘00°0] (S0°€) 222 W ‘JOAHINM
Sk rew dns
(89=u) T1ISVYAVO (6e=U) 10AS (6€=u) 1I0AN (eg=u) INQV (68=U) 300713 (22=U)NVIa
ans pesnoo} AAS pesnoo} Ay Qv peulsp A|feolieues

paulep Aol

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Alzheimers Dement. Author manuscript; available in PMC 2021 November 01.



	Abstract
	Introduction
	Methods
	Participants
	Alzheimer’s disease focused samples
	Small vessel disease focused samples
	Genetically-defined samples

	MRI
	Alzheimer’s disease markers
	Small vessel disease markers
	Statistical analyses

	Results
	Small vessel disease shows stronger associations than Alzheimer’s disease with diffusion alterations in simple regression analyses
	Small vessel disease and age contribute most to diffusion alterations in multivariable analyses
	White matter hyperintensities partially mediate the effect of Aβ on diffusion alterations in genetically-defined Alzheimer’s disease
	Tau is not associated with diffusion alterations in amyloid-positive individuals
	Regional tau is not associated with diffusion alterations

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.

