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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

fromDTI and freewater imaging. Simple linear,multivariable random forest, and voxel-

based regressions were used to evaluate associations between AD biomarkers (amy-

loid beta, tau), SVD imagingmarkers, and diffusionmeasures.

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 sig-

nificant.

Discussion: Inmemory clinic patients, the effect of SVDon diffusion alterations largely

exceeds theeffect ofAD, supporting thevalueof diffusionmeasures asmarkers of SVD.

KEYWORDS

Alzheimer’s disease, biomarker, cerebral small vessel disease, diffusion tensor imaging, freewater
imaging, white matter

1 INTRODUCTION

Alzheimer’s disease (AD) and cerebral small vessel disease (SVD) are

the two leading causes of cognitive decline and dementia.1 Altered

white matter microstructure is considered a key finding in both

conditions2,3 and has consistently been associated with cognitive

deficits.4-6 The most commonly used method to study white matter

microstructure in vivo is diffusion tensor imaging (DTI), which quan-

tifies diffusion properties of water molecules in brain tissue.7,8 The

typical finding described in both AD and SVD is an increase in the

extent of water diffusion (mean diffusivity) and a decrease in dif-

fusion directionality (fractional anisotropy), which can be detected

both globally and regionally.4,5 Despite the wide use of diffusion

alterations as efficient disease markers and their strong associa-

tions with clinical deficits, little is known about their underlying

pathology.

mailto:marco.duering@med.uni-muenchen.de
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
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In memory clinic patients, AD and SVD often co-exist.9 The extent

to which each of these conditions contribute to diffusionmagnetic res-

onance imaging (MRI) alterations is largely elusive. Freewater imaging,

an advanced diffusionmodel, improves the specificity of theDTImodel

and could therefore provide additional insight into the origin of diffu-

sion MRI alterations.10 As such, free water imaging might be able to

disentangle the effects of AD and SVD.11-14 Previous studies using DTI

or freewater imagingwere limited by the lack of biomarker evidence of

AD pathology or insufficient consideration ofmixed pathology. Assess-

ing the individual contributions of AD and SVD toward diffusion MRI

alterations requires a systematic study covering the entire spectrumof

“pure AD,” mixed disease, and “pure SVD.”

The uncertainty regarding the origin and interpretation of diffusion

alterations in memory clinic patients impedes widespread implemen-

tation in research and clinical practice. Therefore, the aim of this study

was to determine the effect of AD and SVD on diffusionMRI in amem-

ory clinic setting. We examined associations between biomarkers of

AD, MRI markers of SVD, and diffusion measures from both conven-

tional DTI and free water imaging. Six study samples (N = 365 par-

ticipants) 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 addi-

tion to the common memory clinic setting with predominantly mixed

disease, our analysis also included patient samples with pure, geneti-

cally definedADor SVD. This enabled us to examine effects of both dis-

eases on diffusion measures without confounding pathology. Analyses

were performed separately within each sample 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) cover-

ing 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 crite-

ria, and exclusions are shown in Figure 1, and further elaborated in

sections 2.1.1 to 2.1.3. MRI, CSF, and PET data from subjects of the

included samples were obtained within 1 year. Diagnostic criteria used

in the AD- and SVD-focused memory clinic samples are summarized in

Table S1 in supporting information. All studies were approved by the

ethics committees of the respective institutions and all subjects pro-

videdwritten informed consent.

2.1.1 AD focused samples

We included 89 participants from the German multicentric DZNE-

Longitudinal Cognitive Impairment and Dementia Study (DELCODE;

RESEARCH INCONTEXT

1. Systematic review: Diffusion magnetic resonance

imaging (MRI) is widely used to assess white matter

microstructure in both Alzheimer’s disease (AD) and

small vessel disease (SVD). Although AD and SVD fre-

quently co-occur, the vast majority of studies did not

consider mixed disease and the individual contributions

of these conditions to diffusion MRI alterations have not

yet been investigated systematically (as reviewed using

Pubmed).

2. Interpretation: SVD more than AD determines diffusion

alterations in a memory clinic setting, even in samples

in which AD was the clinically predominant disease. Our

results validate diffusionmeasures as markers for SVD.

3. Future directions: Future studies and clinical applications

of diffusion MRI need to consider the strong effect of

SVD. A more complex parameterization of the fluid com-

partments, for example, by neurite orientation dispersion

and density imaging or a multi-shell model for free water

imaging, may further increase the sensitivity in earlier or

even asymptomatic stages of SVD.

downloaded in December 2018) with available CSF amyloid beta1-40

(Aβ40), Aβ42, total tau (t-tau), and phosphorylated tau181 (p-tau) data.
The sample consisted of Aβ 42-positive healthy controls (Aβ 42 cut-

off see Text S1 in supporting information) and patients with subjec-

tive cognitive decline, amnestic mild cognitive impairment, and mild

dementia.15

We further included 53 participants from the multicentric AD Neu-

roimaging Initiative (ADNI, phase 3; downloaded in December 2018

at http://adni.loni.usc.edu) with available Aβ [18F]-florbetapir and tau

[18F]AV-1451 flortaucipir (PET). The sample consisted of amyloid-

positive (cut-off see Text S1) healthy controls and patients with amnes-

tic mild cognitive impairment and mild dementia (http://adni.loni.usc.

edu).

2.1.2 SVD focused samples

We included 39 participants from the University Medical Center

Utrecht, the Netherlands (prospective Utrecht Vascular Cognitive

Impairment study,UVCI)with availableCSFdata forAβ42, t-tau, andp-
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 onMRI.16

We further included 39 participants from the Samsung Medical

Center, Seoul, Republic of Korea (Seoul Vascular Cognitive Impairment

study, SVCI) with available Aβ [18F]-florbetaben and tau [18F]AV-1451

http://adni.loni.usc.edu
http://adni.loni.usc.edu
http://adni.loni.usc.edu
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F IGURE 1 Study concept and participant selection flowchart. Samples cover the entire spectrum of Alzheimer’s disease (AD), mixed disease,
and small vessel disease (SVD). ADNI, Alzheimer’s Disease Neuroimaging Initiative; CADASIL, cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy; CSF, cerebrospinal fluid; DELCODE, DZNE-Longitudinal Cognitive Impairment andDementia
Study; DIAN, Dominantly Inherited Alzheimer’s Network; DTI, diffusion tensor imaging; EYO, estimated years from symptom onset; FLAIR,
fluid-attenuated inversion recovery; MRI, magnetic resonance imaging; PET, positron emission tomography; p-tau, phosphorylated-tau181; SVCI,
Seoul Vascular Cognitive Impairment study; t-tau, total tau; UVCI, Utrecht Vascular Cognitive Impairment study

flortaucipir (PET). The sample consisted of patients with objective cog-

nitive impairment and a high burden of SVD onMRI.17,18

2.1.3 Genetically defined samples

As a genetically defined AD sample, we included 77 participants from

themulticentricDominantly InheritedAlzheimerNetwork (DIAN, data

freeze 11; downloaded in August 2018).19 DIAN is a longitudinal

cohort study of individuals at risk of developing autosomal dominant

AD. Here we included PSEN1 (n = 59), PSEN2 (n = 5), and APP (n = 13)

mutation carrierswith availableAβ40,Aβ42, t-tau, andp-tauCSFdata.
In our study, subjects had to be < 15 years from estimated symptom

onset to increase sensitivity to detect AD and SVD marker alterations

in proximity to the onset of AD symptoms.5,20

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.4 Although CSF or PET data were not available in this

dataset, we includedCADASIL to judge the effect sizes of SVDmarkers

in genetically defined SVD.

2.2 MRI

All MRI data were obtained on three Tesla systems. All samples

included diffusionMRI, T1-weighted, fluid-attenuated inversion recov-

ery (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,5 DELCODE,21 ADNI,22 UVCI,23 SVCI,17 and

CADASIL.11 Diffusion MRI sequence parameters for all samples are

summarized in Table S2 in supporting information. All diffusion images

were processed with the same pipeline as described in Text S2 in

supporting information. Global diffusion measures were calculated as

mean of all voxels within a white matter skeleton. Regional analyses

were based on voxel-wise diffusionmeasures.

2.3 AD markers

We used Aβ 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,5

DELCODE,15 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 Aβ cut-off values. See Text S1 for details.

2.4 SVD markers

We used an established total SVD score (ordinal variable)25 and

white matter hyperintensity (WMH) volume (continuous variable) as

MRI markers of SVD. The total SVD score summarizes the pres-

ence or severity of SVD lesions on an ordinal scale, that is, WMH,

lacunes, microbleeds, and enlarged perivascular spaces.25 Two trained

raters (SF, NV) assessed these lesions according to the STRIVE

http://adni.loni.usc.edu
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(Standard for Reporting Vascular Changes on Neuroimaging) consen-

sus criteria:2 WMHs were rated using the Fazekas scale,26 the num-

ber 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 perivascu-

lar spaces in the basal ganglia on a single T1-weighted axial image slice

with the highest number of perivascular spaces.27

WMH volume was calculated from a previously described semi-

automated segmentation pipeline.4

2.5 Statistical analyses

All statistical analyses were performed in R (version 3.5.1).28 The sta-

tistical significance level was set at α< 0.05.

Associations between AD biomarkers, SVD markers, age, sex (inde-

pendent variables), and global diffusion measures (dependent vari-

ables) 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 multicollinear-

ity (ie, intercorrelations among disease markers, Figure S1 in sup-

porting information), we used random forest regressions (R package

"party"; version 1.3-2).29 This method allowed us to assess the con-

tribution 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.11 We calcu-

lated conditional variable importance together with a 95% confidence

interval from 100 repetitions.

An effect of Aβ on diffusion measures might be mediated by vas-

cular pathology, in particular cerebral amyloid angiopathy, that is, Aβ
accumulation in perforating vessels.30 To address this possibility, we

performed a post-hoc mediation analysis (R package "lavaan"; version

0.6 to 4)31 in samples in which simple regression analysis showed an

effect of Aβ on diffusion measures. Diffusion measures were entered

as dependent variables, Aβ as independent variable, WMH volume as

mediator, and age as covariate. Standard errors were based on boot-

strapping (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 anal-

ysis restricted to amyloid-positive individuals by repeating simple

regression analyses. Second, we assessed the interaction effect of tau

×Aβ on diffusionmeasures.

Finally, because tau is a localizedpathology starting in theentorhinal

cortex,33 we also performed regional analyses between voxel-wise dif-

fusionmeasures and tau in thePETsamples, that is, ADNI andSVCI.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 P < .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 thanmemory clinic patients.

3.1 SVD shows stronger associations than AD
with diffusion alterations in simple regression
analyses

In simple regressions, both SVD markers, that is, WMH volume and

total SVD score, were consistently and strongly associated with con-

ventional DTI measures (FAu, MDu; range of R2
adj. [0.08 to 0.79]) and

FW (range of R2
adj. [0.18 to 0.76]) across all six samples (Figure 2,

Tables S3–5 in supporting information). In contrast, AD biomarkers,

that is, CSF and PET data, were not or only weakly associated with

conventional DTI measures and FW (range of R2
adj. [0.04 to 0.18];

Figure 2, Tables S3–5). Results were largely consistent across study

samples, with a notable exception in the sample of geneticallydefined

AD (DIAN). Here, effect sizes for Aβ 42 (CSF) were similar to the effect

sizes ofWMHvolume (Figure 2, Table S5). Associations betweenAβ42,
WMH volume, and diffusion measures in DIAN and DELCODE were

further addressed in a post-hocmediation analysis (see section 3.3).

3.2 SVD and age contribute most to diffusion
alterations in multivariable analyses

Using random forest regression as amultivariablemethod,weassessed

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; Figure 3) and FW (data not shown; nearly identical to MDu).

The opposite was found only in DIAN, in which AD biomarkers showed

higher variable importance. For tissue measures (FAt and MDt), inter-

pretation 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 Aβ on diffusion alterations in
genetically defined AD

For diffusion measures significantly associated with Aβ 42 (CSF) in

the simple regression analysis, that is, in DIAN and DELCODE, we

performed a post hoc mediation analysis to explore whether these
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TABLE 1 Sample characteristics

Genetically defined

AD AD focused SVD focused

Genetically defined

SVD

DIAN (n= 77) DELCODE (n= 89) ADNI (n= 53) UVCI (n= 39) SVCI (n= 39) CADASIL (n= 68)

Age, years 42 (14) 72 (9) 78 (13) 74 (12) 79 (10) 55 (11)

Female, n (%) 40 (52) 36 (40) 25 (47) 13 (33) 28 (72) 44 (65)

Diagnosis, n (%) HC,

SCD,MCI,

dementia

na 4 (4), 37 (42), 33

(37), 15 (17)

22 (42), na, 23 (43),

8 (15)

0 (0), 3 (8), 18 (46),

18 (46)

0 (0), na, 22 (56), 17

(44)

na

CDR, n (%) 0, 0.5, 1,

2, 3

38 (49), 29 (38), 9

(12), 1 (1), 0 (0)

29 (33), 52 (59), 7

(8), 0 (0), 0 (0)a
22 (42), 23 (43), 6

(11), 2 (4), 0 (0)

1 (3), 30 (77), 8 (20),

0 (0), 0 (0)

0 (0), 26 (67), 7 (18),

6 (15), 0 (0)

57 (84), 9 (13), 1 (1),

1 (1), 0 (0)

Aβ-positive, n (%) 46 (60) 44 (49) 37 (70) 22 (56) 19 (49) na

DTI

FAu, mm2/s 0.45 (0.03) [0.38,

0.49]

0.46 (0.03) [0.36,

0.52]

0.45 (0.04) [0.38,

0.50]

0.44 (0.04) [0.36,

0.48]

0.42 (0.04) [0.35,

0.50]

0.40 (0.06) [0.27,

0.49]

MDu, 10−4 mm2/s 7.84 (0.64) [7.27,

9.31]

7.68 (0.59) [6.71,

9.72]

8.21 (0.63) [7.35,

9.77]

8.05 (0.82) [7.23,

9.72]

9.66 (0.76) [8.48,

11.0]

9.40 (1.61) [7.79,

12.89]

FAt, mm2/s 0.55 (0.02) [0.52,

0.58]

0.56 (0.02) [0.52,

0.60]

0.57 (0.02) [0.54,

0.60]

0.56 (0.02) [0.52,

0.57]

0.59 (0.01) [0.56,

0.63]

0.55 (0.02) [0.50,

0.59]

MDt, 10−4 mm2/s 5.92 (0.07) [5.80,

6.01]

5.97 (0.10) [5.51,

6.14]

6.01 (0.63) [5.94,

6.09]

5.82 (0.15) [5.63,

5.99]

6.00 (0.04) [5.91,

6.12]

5.97 (0.03) [5.89,

6.03]

FW,mm2/s 0.18 (0.05) [0.14,

0.28]

0.16 (0.04) [0.11,

0.29]

0.20 (0.05) [0.13,

0.31]

0.22 (0.06) [0.16,

0.35]

0.25 (0.04) [0.17,

0.31]

0.29 (0.11) [0.17,

0.51]

ADmarkers

CSF

Aβ 40, ng/L 7634 (4516) [2215,

15622]

7942 (3229) [3721,

13358]

- na - -

Aβ 42, ng/L 436 (332) [174,

1424]

498 (380) [183,

1317]

- 619 (279) [363,

1641]

- -

T-tau, ng/L 97 (132) [8, 563] 425 (369) [98,

1477]

- 524 (368) [140,

1274]

- -

P-tau, ng/L 56 (66) [14, 163] 51 (39) [16, 192] - 67 (47) [19, 166] - -

PET

[18F]-florbetapir

SUVR

- - 1.18 (0.36) [0.90,

1.70]

- na -

[18F]-florbetaben

SUVR

- - na - 1.38 (0.49) [1.11,

2.17]

-

[18F]AV-1451 SUVR - - 1.10 (0.13) [0.86,

1.67]

- 1.11 (0.16) [0.89,

1.60]

-

SVDmarkers

WMHvol, mL 2.22 (3.05) [0.00,

30.47]

2.78 (5.36) [0.03,

34.50]

3.35 (8.29) [0.00,

77.24]

15.72 (1.85) [1.34,

67.27]

32.19 (21.03)

[10.48, 71.20]

71.27 (73.74) [1.09,

257.74]

SVD score, n (%) 0,

1, 2, 3, 4

67 (87), 9 (12), 1 (1),

0 (0), 0 (0)

23 (26), 33 (37), 28

(31), 3 (3), 2 (2)

8 (15), 17 (32), 18

(34), 8 (15), 2 (4)

4 (10), 15 (39), 11

(28), 6 (15), 3 (8)

0 (0), 0 (0), 0 (0), 0

(0), 39 (100)

0 (0), 16 (24), 19

(28), 17 (25), 16

(24)

Note: For numeric variables median (interquartile range) [min, max] is shown, except for age. aDELCODE: CDR of 1 subject missing.

Abbreviations: AD, Alzheimer’s disease; CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; CDR, clin-

ical dementia rating; DELCODE, DZNE-Longitudinal Cognitive Impairment and Dementia Study; DIAN, Dominantly Inherited Alzheimer’s Network; DTI, dif-

fusion tensor imaging; FAu, uncorrected fractional anisotropy; FAt, freewater corrected tissue compartment of fractional anisotropy; FW, freewater content;

HC, healthy control;MCI, mild cognitive impairment;MDu, uncorrectedmean diffusivity;MDt, freewater corrected tissue compartment ofmean diffusivity;

na, not available; p-tau, phosphorylated- tau181; SCD, subjective cognitive decline; SUVR, standardized uptake value ratio; SVD, small vessel disease; SVCI,

Seoul Vascular Cognitive Impairment study; SVD score, total SVD score; t-tau, total tau; UVCI, Utrecht Vascular Cognitive Impairment study;WMHvol, white

matter hyperintensity volume.
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F IGURE 2 Simple regression analyses. Simple linear regression analyses between diffusionmeasures and Alzheimer’s disease (AD)
biomarkers or small vessel disease (SVD)markers. Standardized beta is represented by color. ADNI, Alzheimer’s Disease Neuroimaging Initiative;
βs, standardized beta; CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; CSF, cerebrospinal
fluid; DELCODE, DZNE-Longitudinal Cognitive Impairment andDementia Study; DIAN, Dominantly Inherited Alzheimer’s Network; FAu,
uncorrected fractional anisotropy; FAt, free water corrected tissue compartment of fractional anisotropy; FW, free water content; MDu,
uncorrectedmean diffusivity; MDt, free water corrected tissue compartment of mean diffusivity; np, not possible (all patients had themaximum
score); ns, not significant; PET, positron emission tomography; p-tau, phosphorylated- tau181; SVCI, Seoul Vascular Cognitive Impairment study;
SVD score, total SVD score; t-tau, total tau; UVCI, Utrecht Vascular Cognitive Impairment study;WMHvol, white matter hyperintensity volume

associationsmight bemediated by vascular pathology, such as cerebral

amyloid angiopathy. In DIAN, the effect of Aβ 42 on MDu and FWwas

indeed partiallymediated byWMHvolume (MDu: βs = –0.06, standard

error [SE] = 0.03, P = .030; FW: βs = –0.06, SE = 0.03, P = .026). How-

ever, we also found a direct effect of Aβ 42 onMDu and FW (MDu: βs =
–0.30, SE=0.12,P= .005; FW: βs =–0.30, SE=0.11,P= .005). For FAu,

mediation analysis was not significant. As a further indication for the

presence of cerebral amyloid angiopathy,most (8 out of 9)DIANpartic-

ipants with cerebral microbleeds showed a strictly lobar distribution,

and one participant had disseminated cortical superficial siderosis.

InDELCODE, inwhich simple regression analysis showed onlyweak

effects of Aβ 42, none of the mediation analyses were significant (all

P> .136).

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

It was recently reported that Aβ might strengthen the association

between tau accumulation and diffusion alterations.32 We addressed

this aspect in a sensitivity analysis restricted to amyloid-positive indi-

viduals (Tables S6–8, Figure S2 in supporting information). Simple

linear regressions between tau and diffusion measures in amyloid-

positive individuals were not significant, except for DIAN (n = 46;

p-tau and MDu, βs = 0.32, R2
adj. = 0.08, P = .031; p-tau and FW, βs =

0.31,R2
adj.=0.07,P= .038). In correspondencewith the fullDIANsam-

ple, tau showed effect sizes comparable to those found for WMH vol-

ume (WMH volume andMDu, βs = 0.35, R2
adj. = 0.10, P = .017; WMH

volume and FW, βs = 0.37, R2
adj. = 0.12, P = .011). None of the tau ×

Aβ interaction models with diffusion measures as dependent variables

were significant in any of the samples (all P> .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, that is, ADNI and SVCI, which allowed us to assess

local tau load. Associations between regional tau PET SUVR scores in

the entorhinal cortexor global tauPETSUVRscores andvoxel-wise dif-

fusionmeasures were not significant.

4 DISCUSSION

We investigated the effect of AD and SVD on brain microstructure

assessedbydiffusionmeasures. As aunique 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 interpreta-

tion of diffusion MRI alterations and the development toward clinical

application.
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F IGURE 3 Multivariable analyses. Random forest regression analyses for estimating the relative variable importance of Alzheimer’s disease
(AD) biomarkers (gray bars), small vessel disease (SVD)markers (black bars), age and sex (white bars) with regard to conventional diffusion tensor
imaging (DTI) measures (uncorrected fractional anisotropy (FAu), uncorrectedmean diffusivity (MDu) while accounting for all other variables
(conditional importance). Lines indicate the 95% confidence interval for the conditional variable importance. ADNI, Alzheimer’s Disease
Neuroimaging Initiative; CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; CSF,
cerebrospinal fluid; DELCODE, DZNE-Longitudinal Cognitive Impairment andDementia Study; DIAN, Dominantly Inherited Alzheimer’s Network;
FAu, uncorrected fractional anisotropy;MDu, uncorrectedmean diffusivity; p-tau, phosphorylated-tau181; SVCI, Seoul Vascular Cognitive
Impairment study; SVD score, total SVD score; T-tau, total tau; UVCI, Utrecht Vascular Cognitive Impairment study;WMHvol, white matter
hyperintensity volume

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 Aβ 42 and WMH

volume were similar in DIAN. Multivariable analyses using random

forest regression showed a higher importance of SVD markers for dif-

fusion alterations in all memory 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 consid-

erably younger than typical memory clinic patients and less likely to

show age-related comorbidities, such as SVD. Still, mediation analy-

sis in DIAN suggested a vascular contribution to diffusion alterations

also in this population, as the effect of Aβ on diffusion alterations was

partially mediated by WMH volume. This might indicate a contribu-

tion of cerebral amyloid angiopathy, a specific subtype of SVD caused

by deposition of Aβ in perforating vessels.30 Because the DIAN sam-

ple also included asymptomaticmutation carriers up to15years before

estimated symptom onset, another explanation is that the association

between Aβ and diffusion measures is strongest in early, preclinical

AD, before Aβ reaches its plateau level. This view is supported by a

recent study demonstrating an association between Aβ and diffusion

measures over the adult lifespan in cognitively healthy participants.36

Conversely, a ceiling effect might hamper the detection of associations

with Aβ in later disease stages.
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 diffusionmeasures.

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 although some studies found no

association.40,41 Importantly, however, only one of these studies

accounted for SVD. Hence, the effect of AD on diffusion alterations

might have been overestimated. Only Strain et al.34 considered

biomarkers of both diseases and found an association between tau

PET (but not Aβ PET) in temporal regions and diffusion measures in

temporal whitematter projections, independent ofWMHs. 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
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than AD, even in samples in which AD was the clinically predominant

disease. The strong effect of SVD has 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, in which 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.42,43 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 in which 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 sam-

ples. Furthermore, the sensitivity analysis in subgroups with amyloid-

positive individuals allowed us 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 con-

firmed 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 depres-

sive disorder, but not with AD.44 The study thus provided genetic evi-

dence that mechanisms underlying diffusion alterations are shared

with cerebrovascular disease.

Another aim of this study was to investigate whether free water

imaging allows us to disentangle the contribution of SVD and AD.

The finding that SVDmarkers 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 evi-

dence 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 repre-

sented in free water corrected tissue measures: Tissue measures were

associated with conversion from mild cognitive impairment to demen-

tia in AD patients12 and showed Aβ-related longitudinal changes.14

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 dif-

fusion data, which would be necessary for more complex parametriza-

tion of the fluid compartments,45-47 was not available in the study

samples. This would have allowed us to control for the effects of

capillary blood flow (intravoxel incoherent motion) in the free water

estimation.47

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 supranu-

clear palsy. However, the tau PET tracer ([18F]AV-1451) used mostly

binds to tau deposits specific for AD.48 Also, the focus on recruitment

of clinical AD, for example, by including amnesticmild cognitive impair-

ment inDELCODEandADNI, clearly enriched forAD rather thanother

tauopathies. Another limitation is the lack of AD biomarkers in the

CADASIL sample. Yet, the purposeof theCADASIL samplewas to judge

the effect sizes of SVD markers in genetically defined disease, that is,

in young patients with pure SVD. Interestingly, we found similar effect

sizes as in SVD-focused samples with mixed pathology, in particular

theUVCI sample.While we also included voxel-based analyses to iden-

tify 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), wewere not

able to correct for susceptibility-induced distortions or to use a more

modern approach for correction of eddy current-induced distortions,

motion, and outlier slices.49 Finally, the lack of pathological confirma-

tion of the presence and extent of AD and SVD pathology originates

from the paucity of autopsy studies with high-quality, standardized

ante mortem diffusionMRI.

Themain strength of our analysis is the inclusionofmultiple 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 gener-

alizable 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

preprocessing techniques and rigorous control for confounding byCSF

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 diffu-

sion alterations largely exceeds the effect of AD. Our systematic anal-

ysis contributes to the interpretation of diffusion MRI in memory

clinic patients and further advances its application in clinical prac-

tice. We validate diffusion measures as markers for SVD and as valu-

able tools to assess the vascular contribution to AD and demen-

tia, which still needs to be adequately explored.50 Building upon

our findings, future studies could assess if more advanced parame-

terization of diffusion processes, such as biophysical diffusion mod-

els, further increases the sensitivity in earlier or even asymptomatic

stages.
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Additional supporting informationmay be found online in the Support-

ing Information section at the end of the article.
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