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Abstract

Introduction—Diffusion tensor imaging detects early tissue alterations in Alzheimer’s disease 

and cerebral small vessel disease (SVD). However, the origin of diffusion alterations in SVD is 

largely unknown.

Methods—To gain further insight, we applied free water (FW) imaging to patients with 

genetically defined SVD (CADASIL, n=57), sporadic SVD (n=444), and healthy controls (n=28). 

We modelled freely diffusing water in the extracellular space (FW) and measures reflecting fiber 

structure (tissue compartment). We tested associations between these measures and clinical status 

(processing speed and disability).

Results—Diffusion alterations in SVD were mostly driven by increased FW and less by tissue 

compartment alterations. Among imaging markers, FW showed the strongest association with 
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clinical status (R2 up to 34%, P<.0001). Findings were consistent across patients with CADASIL 

and sporadic SVD.

Conclusions—Diffusion alterations and clinical status in SVD are largely determined by 

extracellular fluid increase rather than alterations of white matter fiber organization.
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small vessel disease; vascular cognitive impairment; structural imaging; diffusion tensor imaging; 
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1. INTRODUCTION

Cerebral small vessel disease (SVD) is the major cause of vascular cognitive impairment and 

an important contributor to cognitive decline in patients with Alzheimer’s disease (AD) 

[1,2]. SVD typically manifests with widespread brain changes detectable by MRI [3]. 

Diffusion tensor imaging (DTI) has emerged as a key method for studying SVD [4]. By 

quantifying diffusion properties of water in tissue, DTI is highly sensitive in detecting early 

and subtle tissue alterations. The typical pattern in SVD is an increase in the extent of water 

diffusion (increased mean diffusivity, MD) and reduced directionality (decreased fractional 

anisotropy, FA). Moreover, DTI alterations are strongly associated with clinical deficits, both 

in cross-sectional [5,6] and in longitudinal studies [7]. In fact, DTI-based markers typically 

outperform other MRI measures with respect to clinico-radiological correlations [8].

Despite the wide use of DTI, little is known about the structural underpinnings of diffusion 

alterations in SVD, in part since DTI measures are not specific to a single pathology [9,10]. 

The prevailing interpretation is that the increased MD and reduced FA result from 

microstructural tissue damage, such as axonal degeneration and subsequent loss of white 

matter fiber organization [11]. However, recent data from experimental models and 

neuroimaging studies offer alternative explanations for altered water diffusion in SVD, such 

as edema caused by blood brain barrier damage [12,13] or vacuolization within myelin 

sheets [14]. The ability of the conventional DTI model to distinguish between these options 

is limited [15].

Recent advances in diffusion MRI modeling enable more detailed insight into DTI 

alterations. Of specific interest for SVD is the free water (FW) diffusion MRI model [16]. 

This technique enhances DTI by explicitly modeling a FW compartment, in addition to a 

tissue compartment (Fig. 1). The FW compartment represents water molecules that are not 

restricted or directed. It is modeled by a tensor that is isotropic and has a fixed diffusion 

coefficient of water at 37°C. The tissue compartment represents all remaining water 

molecules, i.e. water molecules within or in close proximity to cellular structures. This 

includes intracellular water as well as extracellular water affected by physical barriers, such 

as axon membranes and myelin. Hence, the tissue compartment reflects white matte fiber 

organization. While FW imaging was initially developed to correct the diffusion signal for 

cerebrospinal fluid contamination [17], the approach has recently been applied to study brain 

tumors [16], psychiatric disorders [18,19], and neurodegenerative diseases [18,20,21]. These 

studies indicate that FW imaging increases the sensitivity of DTI to identify clinically 
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relevant microstructural alterations [19,22]. Interestingly, in AD patients, alterations in the 

tissue compartment were found already at early disease stages and were associated with 

conversion to dementia [22].

In this study, we used FW imaging to obtain deeper insight into the underpinnings of 

diffusion alterations in SVD. We first explored the contribution of FW and the tissue 

compartment measures to diffusion alterations in SVD. We then analyzed the association 

between clinical status and both FW and tissue compartment measures. To minimize 

confounding from age-related pathologies, we evaluated young patients with the genetically 

defined SVD CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical 

Infarcts and Leukoencephalopathy), which is caused by mutations in NOTCH3. We further 

studied a large sample of sporadic SVD patients to validate our findings obtained in 

CADASIL and to address their generalizability towards sporadic SVD.

2. SUBJECTS AND METHODS

2.1. Subjects

CADASIL patients (n=57) and healthy control subjects (n=28) were recruited through an 

ongoing, prospective, single-center study in Munich [8]. CADASIL was confirmed by 

molecular genetic testing (identification of a cysteine-altering mutation in the NOTCH3 

gene by Sanger sequencing) or by ultrastructural analysis of a skin biopsy (detection of 

pathognomonic granular osmiophilic material on the surface of vascular smooth muscle 

cells). Control subjects met the following criteria: i) No history for neurological or 

psychiatric disease, ii) no cognitive complaints and no cognitive deficits on 

neuropsychological testing, iii) absence of confluent white matter hyperintensities (WMH) 

on MRI (Fazekas scale score ≤ 1).

Patients with sporadic SVD (n=444) were included from the RUN DMC (Radboud 

University Nijmegen Diffusion tensor and Magnetic resonance imaging Cohort) study. This 

prospective, single-center study recruited non-demented elderly (age 50–85) with SVD, 

defined as the presence of lacunes and/or WMH on neuroimaging. Patients were recruited in 

a hospital-based setting. The main reasons for referral to the hospital were acute (e.g. 

transient ischemic attack, stroke presenting with lacunar syndrome) or subacute symptoms 

of SVD (e.g. cognitive and/or gait disturbances). Main exclusion criteria were baseline 

parkinsonism, dementia, life expectancy of less than 6 months and non-SVD-related white 

matter lesions (e.g. multiple sclerosis). More details can be found in the previously 

published study protocol [23]. Both studies were approved by the ethics committees of the 

respective institutions. Written informed consent was obtained from all subjects.

2.2. Cognitive and clinical assessment

Neuropsychological testing was performed on the same day or the day before MRI scanning 

(CADASIL patients) or within three weeks before MRI (sporadic SVD, RUN DMC study), 

respectively. Processing speed was quantified using compound scores obtained from the 

cognitive test batteries of the two samples. In CADASIL patients and control subjects, the 

compound score was based on the two trail making tests (matrix A and B). In sporadic SVD 
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patients, the compound score was based on the 1-letter subtask of the Paper-Pencil Memory 

Scanning Test and the Letter-Digit Substitution Task. Raw scores were transformed to age 

and education-corrected z-scores based on normative data obtained from literature [24–26], 

and the compound score was calculated by averaging the z-scores. Five sporadic SVD 

patients from the RUN DMC study had missing neuropsychological data. Data on disability 

as assessed by the modified Rankin scale was available for CADASIL patients.

Arterial hypertension was defined as systolic blood pressure ≥ 140 mmHg and/or diastolic 

blood pressure ≥ 90 mmHg and/or use of an antihypertensive drug. Diabetes and 

hypercholesterolemia were defined as use of an antidiabetic or lipid-lowering drug for high 

cholesterol, respectively.

2.3. MRI and conventional SVD imaging markers

The MRI protocols in both studies included 3D-T1, T2, fluid-attenuated inversion recovery, 

gradient echo (T2*), and diffusion MRI sequences (30 directions; Munich: TR/TE 12700ms/

81ms, b-value 1000 s/mm2, 2 mm isotropic resolution; RUN DMC: 10100ms/93ms, 900 

s/mm2, 2.5 mm isotropic). Complete details on sequence parameters are provided in 

Supplementary Table 1.

We used consensus criteria [3] to assess the following conventional SVD imaging makers: 

WMH volume, lacune volume, number of cerebral microbleeds, and brain volume using 

published segmentation pipelines [5,8,27]. All volumes were normalized for head size by the 

intracranial volume.

2.4. Diffusion Measures

After visual quality control, raw diffusion images were first corrected for eddy current 

induced distortions and head motion as previously described [8,28]. Diffusion tensors were 

estimated from the preprocessed diffusion MRI data using linear least squares implemented 

in Matlab. The conventional DTI measures of MD and FA were calculated from the tensors 

for each voxel using fslmaths, part of FSL (Functional Magnetic Resonance Imaging of the 

Brain software library), version v5.0.9 [29]. FW maps as well as tissue compartment 

diffusion tensors were estimated using a non-linear regularized minimization process 

implemented in Matlab [16]. Briefly, in each voxel the signal was fitted to a two-

compartment model (Fig. 1), including a FW compartment (isotropic tensor with fixed 

diffusion constant of water at 37 °C) and a tissue compartment (FW-corrected tensor). The 

estimated parameters were the fractional volume of the FW compartment (i.e. the FW 

measure) and the tensor of the tissue compartment. The FW measure expresses the relative 

contribution of FW in each voxel, ranging from 0 to 1. The tensor of the tissue compartment 

reflects the tissue microstructure after removing the signal contributed by FW. From this 

tensor, the tissue compartment measures of MDt and FAt were calculated using fslmaths. 

Global alterations of diffusion measures were assessed on the white matter skeleton, which 

was obtained by the Tract-Based Spatial Statistics procedure [30], part of FSL. The skeleton 

(generated with a FA threshold of ≥0.2) and a custom-made mask [8] were used to exclude 

areas that are prone to cerebrospinal fluid contamination. By restricting the analysis to white 

matter tracts with FA values above 0.2, lacunes (fluid-filled cavities with signal identical to 
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cerebrospinal fluid) were excluded from the analysis. The mean of all voxels in the masked 

skeleton was used as a global measure for further analysis.

Cerebral microbleeds can be abundant in CADASIL patients [31], and might influence the 

diffusion signal as assessed by echo planar imaging. Importantly, in our study, there was no 

indication that microbleeds interfered with the analysis of diffusion measures within main 

fiber tracts, as most of them were outside tracts and had no measureable effect on the 

diffusion signal.

2.5. Statistical analysis

All statistical analyses were performed in R (version 3.2.4) [32]. Comparisons between 

groups were performed with one-way analysis of variance (ANOVA) and Tukey’s post hoc 

test (normally distributed data), Kruskal-Wallis test and Nemenyi’s post-hoc test (skewed or 

ordinal data), or fisher exact test (binary data), as appropriate. Post-hoc-tests were corrected 

for multiple comparisons.

To facilitate the interpretation of group differences (CADASIL vs. controls) across the 

different diffusion measures, all values were standardized using the mean and standard 

deviation of the control group. For sporadic SVD, we split the sample into quartiles 

according to the WMH volume and used mean and standard deviation of patients with low 

SVD lesion burden (i.e. the first quartile of WMH volume) for standardization.

To assess how alterations in FW and the tissue compartment measures (FAt, MDt) may 

explain alterations in the global, conventional DTI measures (FA, MD), we used partial 

regression with the conventional DTI measure as the dependent variable. The ability of 

diffusion measures to discriminate between CADASIL and controls was assessed using 

receiver operating characteristic analysis as implemented in the R package ‘ROCR’ (version 

1.0–7) [33]. Area under the curve (AUC) values, including 95% confidence intervals, are 

given after 5-fold cross validation.

Associations between imaging measures and processing speed were first assessed by simple 

linear regression analysis. Processing speed scores were power transformed to achieve 

normal distribution. In the RUN DMC sample, one subject was excluded for regression 

analysis after a Bonferroni-adjusted regression outlier test (as implemented in the R package 

‘car’) [34] in order to ensure that regression results were not driven by this single outlier. In 

addition, we aimed to determine the relationship of all imaging markers, as well as age and 

sex, with clinical status. Because of high intercorrelations among these variables 

(multicollinearity), we did not perform multiple linear regression to avoid the associated 

risks of overfitting, overadjustment and ultimately biased estimation [35,36]. Instead, we 

used random forest regression, which assesses the explanatory power of variables while 

accounting for all other variables. This recursive partitioning technique can deal with large 

numbers of independent variables, even in the presence of complex interactions and 

multicollinearity, when applying conditional inference trees [37]. Using the R package 

‘party’ (version 1.0–25) [38] we calculated 1501 conditional inference trees with unbiased 

variable selection using standard parameters (5 randomly preselected variables for each split, 

unbiased resampling scheme). From these trees we next calculated a conditional permutation 
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importance (following the permutation principle of the ‘mean decrease in accuracy’ 

importance measure) [39] for each variable together with a 95% confidence interval from 

400 repetitions.

Associations between imaging measures and disability, as assessed by the modified Rankin 

scale, were analyzed using ordinal logistic regression (R package ‘ordinal’) and random 

forest regression.

3. RESULTS

Demographic characteristics of the study samples are presented in table 1. CADASIL 

patients were younger than control subjects and had higher WMH volumes. Lacunes (n=40 

patients [70%]) and microbleeds (n=25 [44%]) were common in CADASIL patients but 

absent in control subjects.

3.1. Free water is the main contributor to DTI alterations in genetically defined SVD

Figure 2A shows an example of the conventional FA maps, FW maps, and tissue 

compartment FAt maps in a representative CADASIL patient and a representative control 

subject. The CADASIL patient exhibited regions of substantially lower FA compared with 

the control subject. There was a large increase in FW in these regions whereas differences in 

FAt were much less pronounced.

When comparing the diffusion measures in the entire group of CADASIL patients with 

controls (Fig. 2B), we found a marked reduction in global white matter FA and increase in 

MD in line with earlier DTI studies. The difference was markedly smaller for tissue 

compartment measures, and FW showed the most prominent increase in CADASIL patients. 

A similar pattern was found when analyzing normal appearing white matter and WMH 

separately (Supplementary Results 1, Supplementary Fig. 1A). Overall, alterations in normal 

appearing white matter were less pronounced, with tissue compartment FAt showing almost 

no difference compared with controls. FW showed the largest increase both in normal 

appearing white matter and in white matter hyperintensities. Results of a voxelwise analysis 

in a representative CADASIL patient are presented in Supplementary Results 2 

(Supplementary Fig. 2).

To further understand how changes in FW and the tissue compartment may explain changes 

in conventional FA and MD we used partial regression (Fig. 2C). Variability of conventional 

FA was determined predominantly by FW and to a lesser extent by the tissue compartment 

FAt. Conventional MD was almost entirely determined by alterations in FW with only 

minimal contribution from the tissue compartment MDt.

As expected, conventional FA and MD provided excellent classification of CADASIL 

patients from controls (Fig. 2D). The tissue compartment measures FAt and MDt were also 

good classifiers, but AUCs were noticeably lower than those of FA and MD. The AUC of 

FW was the highest of all measures, suggesting that the high classifier performance of 

conventional FA and MD mostly originated from FW signal included within these 

conventional measures.
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3.2. Validation in sporadic SVD

To address the generalizability of these findings towards sporadic disease, we next analyzed 

SVD patients recruited through the RUN DMC study. The study sample was split into 

quartiles according to WMH volume. As expected, the global FA decreased while the global 

MD increased with increasing disease burden (Fig. 3A). Similar to the CADASIL sample, 

the group differences were less pronounced for the tissue compartment measures, and FW 

showed the largest difference between groups. As in CADASIL patients, partial regression 

in the entire sporadic SVD sample (Fig. 3B) showed that alterations of conventional FA in 

major white matter tracts were driven both by FW and FAt, while MD was almost entirely 

determined by FW with only minor contribution from MDt. Again, a similar pattern was 

found when analyzing normal appearing white matter and WMH separately (Supplementary 

Results 1, Supplementary Fig. 1B).

3.3. Free water is strongly associated with clinical deficits

Next, we assessed the relationship of FW, tissue compartment measures (FAt, MDt), and 

other quantitative MRI markers (WMH volume, lacune volume, brain volume, cerebral 

microbleed count) with clinical deficits (cognitive function and disability). For cognitive 

function, we focused on processing speed as the most prominently affected cognitive domain 

in patients with SVD [40,41].

Table 2 depicts the results from simple linear regression analyses with processing speed as 

the dependent variable. FW was the diffusion measure having the strongest association with 

processing speed both in CADASIL patients and in patients with sporadic SVD. A subgroup 

analysis for sporadic SVD patients with high disease burden (4th quartile) showed increased 

effect sizes and explained variance compared with the entire sample. Regression plots for the 

speed score and FW for CADASIL patients and for sporadic SVD patients (4th quartile) are 

presented in Fig. 4A.

Correlation matrices revealed a high intercorrelation among imaging markers and between 

imaging markers and age (Fig. 4B). Therefore, to assess the contribution of each imaging 

marker to processing speed performance while accounting for intercorrelations 

(multicollinearity), we applied random forest regression and calculated the conditional 

variable importance. The FW measure had the highest variable importance both in 

CADASIL patients and in sporadic SVD patients with high disease burden (4th quartile) 

(Fig. 4C). Other variables showing a reasonably consistent contribution to processing speed 

in both samples were the FAt and lacune volume, although their variable importance was 

considerably lower than for FW. Because of smaller effect sizes, results in the entire 

sporadic SVD sample were unstable with largely overlapping confidence intervals (data not 

shown).

Similar results were found for disability as measured by the modified Rankin Scale score in 

the CADASIL sample (Supplementary Table 2). Simple ordinal logistic regression showed 

that the most significant association was between FW and the modified Rankin Scale score 

(P=4.43×10−6). Also, FW had the highest conditional variable importance in random forest 

regression (Supplementary Fig. 3).
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4. DISCUSSION

This study applied FW imaging to explore the underpinnings of diffusion MRI alterations in 

cerebral SVD. The main findings can be summarized as follows: i) DTI alterations, i.e. 

reduction in FA and increase in MD, were mostly driven by increased FW; ii) Compared 

with FW, alterations in the tissue compartment were relatively mild; iii) Among all imaging 

markers, FW showed the strongest association with clinical deficits. Importantly, all results 

were consistent across patients with genetic and sporadic SVD. Taken together, these in vivo 

findings provide new insights into cerebral SVD and define FW as a clinically relevant target 

for future research.

Our results represent a major step forward in the interpretation of SVD-related diffusion 

imaging changes on the tissue level. The FW signal suggests a substantial increase of water 

within white matter with properties similar to cerebrospinal fluid, i.e. unrestricted and 

undirected (isotropic) water diffusion at 37°C. The increase in FW content was found both 

in white matter hyperintensities and in white matter appearing normal on T2 imaging, 

suggesting that FW elevation might be an early event. The relatively mild alterations in the 

tissue compartment, reflecting fiber structure, suggest that the organization of white matter 

fiber tracts was relatively preserved in our patients. These findings contrast with traditional 

explanations for diffusion imaging alterations in SVD. Furthermore, these results suggest 

that DTI alterations in SVD have different underpinnings than in AD, where changes were 

predominantly found in the tissue compartment [22].

The precise factors leading to the observed increase of extracellular water and hence 

increased FW signal in SVD remain to be determined. Possible explanations include 

vasogenic edema and intramyelinic vacuolization. Recent studies both in experimental 

models and in humans provide evidence for a disruption of the blood-brain barrier and 

subsequent vasogenic edema in SVD. CADASIL (Notch3-R169C) transgenic mice develop 

a loss of pericytes, reduced astrocytic endfeet coverage, and blood-brain barrier breakdown 

as demonstrated by leakage of plasma proteins into brain tissue [12]. Also, mice deficient for 

Foxf2, a gene recently linked to SVD, exhibit breakdown of the blood-brain barrier together 

with deficits in pericyte maturation [42]. In humans, data from neuropathological studies are 

conflicting regarding the extravasation of plasma proteins in SVD [43,44], with one study 

finding plasma extravasation to be common in aged brains but having no association with 

neuropathological markers of SVD [45]. Meanwhile, there is accumulating in vivo evidence 

for a disruption of the blood-brain barrier in SVD patients from dynamic contrast enhanced 

imaging [13]. These studies have demonstrated increased blood-brain barrier leakage both in 

patients with SVD related stroke [46–48] and in patients with SVD related vascular 

cognitive impairment [48,49].

Another possible explanation for the observed increase in FW is intramyelinic vacuolization, 

which was likewise described in CADASIL transgenic mice and interpreted as intramyelinic 

edema resulting from compromised ion and water homeostasis [14]. In larger vacuoles, 

water will be able to move without restriction and therefore increase the FW signal. 

However, the precise mechanisms underlying vacuolization remain unknown and it is 

possible that fluid-filled vacuoles within myelin occur as a result of demyelination. While 

Duering et al. Page 8

Alzheimers Dement. Author manuscript; available in PMC 2019 June 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



neuropathology studies in humans have provided clear evidence for demyelination in SVD 

[11], intramyelinic vacuolization has so far not specifically been studied. Of note, segmental 

vacuolization was among the earliest abnormalities in CADASIL transgenic mice [14]. 

Hence, this may be difficult to assess in post-mortem material of late-stage disease. While 

there is strong evidence for a role of vasogenic edema and vacuolization in SVD, we cannot 

exclude the possibility that additional factors, such as alterations in blood volume and flow, 

also contribute to increasing the FW measure.

The second major finding of our study is that structural damage to white matter fiber tracts 

seemed much less pronounced than suggested by conventional FA. With conventional DTI, 

all water is combined in the analysis. Thus, any increase in FW, e.g. from edema, results in 

an apparent loss of directionality of water diffusion [16]. Analyzing the tissue compartment, 

we found only small alterations in FAt. Interestingly, FAt values were largely unaltered in 

white matter appearing normal on T2 imaging, while conventional FA values were 

decreased. This suggests that the structures underlying directed water diffusion, i.e. 

membranes of axons and myelin sheets, are more preserved than previously thought, 

especially in normal appearing white matter. Human neuropathology studies draw a 

heterogeneous picture regarding axonal degeneration in SVD [11]. However, only a few 

studies have applied stereological methods, and a small study on WMH in elderly 

individuals found no difference in axon density within and outside WMH, thus concluding 

that axons are mostly preserved within WMH [50].

Nevertheless, the FW signal in SVD showed strong associations with clinical deficits, in 

particular cognitive impairment. In both study samples, random forest regressions identified 

FW as the most important factor among all variables including age, sex, and other imaging 

markers. Admittedly, it is difficult to conceptualize how an interstitial fluid increase alone 

could cause pronounced clinical deficits. Thus, one might speculate that increases in FW in 

part reflect demyelination without prominent axonal degeneration.

Limitations of our study include the cross-sectional design and the lack of data correlating 

DTI changes with histopathology. However, quantifying water distribution in post mortem 

tissue is extremely challenging, highly influenced by post-mortem interval, and almost 

impossible after fixation [51]. Also, we are not aware of any autopsy samples with available 

ante-mortem DTI acquired within a reasonable time frame. Another limitation is that control 

subjects were older than CADASIL patients. If anything, this may have resulted in an 

underestimation of the differences between CADASIL patients and controls (Supplementary 

Fig. 4). Differences in MRI field strengths, sequence parameters and cognitive assessment 

between the two patient samples might also be seen as a limitation. However, these 

differences can also be considered a strength in terms of independent validation and 

generalizability. Another strength is the use of random forest regression, accounting for 

inter-correlations and multicollinearity, thus enabling robust quantification of the 

contribution of each marker. A major asset, finally, is the inclusion of young patients with 

genetically defined SVD. This allowed us to largely exclude a confounding effect from age-

related pathologies.
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While FW imaging provides additional insights into the origin of DTI alterations, the 

conventional DTI measures still serve as good biomarkers. Alterations in the conventional 

MD are almost entirely driven by FW and are therefore a good proxy for the FW measure. A 

potential advantage of conventional MD over FW is the availability of established post-

processing techniques providing high robustness and inter-scanner reliability [8].

In conclusion, our findings identify increased extracellular FW as the main source of 

diffusion alterations in SVD and suggest that the degeneration of white matter tracts may be 

less pronounced than previously assumed. These observations along with the strong 

association with clinical status define FW as an important target for future research.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Diffusion alterations in small vessel disease are mostly driven by free water

• White matter fiber organization seems relatively preserved

• Increased free water is strongly associated with clinical deficits

• Results were consistent across genetically defined SVD and sporadic SVD
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Figure 1. Free water imaging principle

Free water (FW) is modelled by an isotropic tensor with fixed diffusion coefficient of freely 

diffusing water at 37°C. The fractional volume of FW is used for quantification. After 

removal of the FW contribution, the tissue compartment is modeled on the remaining signal 

by a second tensor. The tissue compartment measures (FAt, MDt) are calculated from this 

second tensor.

Duering et al. Page 15

Alzheimers Dement. Author manuscript; available in PMC 2019 June 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 2. Free water imaging in CADASIL

A. Conventional FA, FW map and tissue compartment FAt for a representative CADASIL 

patient and control subject. B. Diffusion measures in control subjects and CADASIL 

patients within main fiber tracts. Standardized values (controls as reference) are presented as 

box plots. The decrease in FA and increase in MD is less pronounced after removing the FW 

contribution (tissue compartment FAt and MDt) while FW is prominently increased (group 

comparisons between CADASIL and controls all P<1×10−6, Wilcoxon rank sum tests). C. 

Partial regression analyses on both conventional FA and MD with FW and the respective 

tissue compartment measures (tissue compartment FAt and MDt) as independent variables. 

*variable corrected for all other variables (added variable plot). βS, standardized beta from 

multiple linear regression. D. Receiver operator curves (ROC) illustrating the utility of DTI 

parameters as diagnostic biomarkers. Classification accuracy is quantified by the area under 

the curve (AUC) with 95% confidence interval (CI) after 5-fold cross validation.
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Figure 3. Free water imaging in sporadic small vessel disease

A. Box plots of standardized diffusion measures within main fiber tracts after stratifying the 

entire sample into quartiles (1st quartile Q1 to 4th quartile Q4) according to WMH burden. 

The decrease in FA and increase in MD from Q1 to Q4 is less pronounced after removing 

the FW contribution (tissue compartment FAt and MDt) while FW is prominently increased 

(group comparisons across quartiles all P<1×10−9, Kruskal-Wallis rank sum test) B. Partial 

regression analyses on both conventional FA and MD with FW and the respective tissue 

compartment measures (FAt and MDt) as independent variables. *variable corrected for all 

other variables (added variable plot). βS, standardized beta from multiple linear regression.
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Figure 4. Associations between MRI markers and processing speed. A

Results from simple linear regression analyses between FW and processing speed scores for 

CADASIL patients (left) and sporadic SVD patients with high WMH burden (4th quartile 

Q4, right). The dashed line depicts the 95% confidence interval. βS, standardized beta. B. 

Correlation matrix illustrating the high degree of intercorrelation between variables. C. 

Random forest regressions for estimating the importance of independent variables with 

regard to processing speed (dependent variable) while accounting for all other variables 

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

variable importance measure calculated from 400 repetitions. Abbreviations: BrainV, 

normalized brain volume; CMB, cerebral microbleed count; FW, free water; FA, fractional 

anisotropy; FAt, tissue compartment FA; MD, mean diffusivity; MDt, tissue compartment 

MD; LacV, normalized lacune volume; WMHV, normalized white matter hyperintensity 

volume.
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Table 1

Characteristics of the samples

CADASIL
(Munich)

Controls
(Munich)

Sporadic SVD
(RUN DMC)

P*

n 57 28 444 –

Demographic characteristics

 Age, mean (SD)
(min, max) [years]

53.4 (10.7)
(29, 72)

70.5 (4.9)
(60, 77)

65.3 (8.9)
(49, 85)

< 0.001 a,c

 Female, n (%) 38 (66.6) 18 (64.3) 201 (45.3) 0.002 c

Vascular risk factors, n (%)

 Current smoker 11 (19.3) 3 (10.7) 69 (15.5) 0.388

 Past smoker 24 (42.1) 14 (50.0) 239 (53.8) 0.243

 Hypertension 13 (22.8) 12 (42.9) 320 (72.1) < 0.001 c

 Hypercholesterolemia 24 (42.1) 11 (39.3) 194 (43.7) 0.901

 Diabetes 0 (0) 0 (0) 61 (13.7) < 0.001 c

Processing speed z-scores,† median (IQR) (min, max)

 TMT-A −0.50 (1.61)
(−13.2, 1.34)

0.39 (0.87)
(−1.79, 1.79)

– < 0.001

 TMT-B −0.48 (3.05)
(−11.6, 1.72)

0.51 (1.56)
(−2.11, 1.85)

– < 0.001

 1-letter P&P MST – – −0.18 (1.44)
(−8.08, 3.64)

–

 LDST – – −0.38 (2.17)
(−3.74, 4.47)

–

 Speed score‡ −0.56 (2.33)
(−12.4, 1.16)

0.46 (0.77)
(−1.16, 1.69)

−0.31 (1.59)
(−5.26, 4.06)

< 0.001 a,b

Conventional SVD imaging markers, median (IQR) (min, max)

 WMH volume [%]§ 7.38 (7.53)
(0.09, 22.8)

0.13 (0.14)
(0, 1.48)

0.59 (1.23)
(0.05, 14.0)

< 0.001 a,b,c

 Lacune volume [%]§ 0.02 (0.06)
(0, 0.25)

0 (0)
(0, 0)

0 (0)
(0, 0.10)

< 0.001 a,c

 Brain volume [%]§ 78.4 (6.86)
(70.0, 87.2)

73.2 (5.99)
(66.4, 79.1)

65.4 (7.76)
(49.9, 80.9)

< 0.001 b,c

 Cerebral microbleeds 0 (3)
(0, 118)

0 (0)
(0, 0)

0 (0)
(0, 36)

< 0.001 a,c

*
post-hoc tests with P < 0.01 after correction for multiple comparisons are indicated with letters, a: CADASIL vs. Controls, b: Sporadic SVD vs. 

Controls, c: CADASIL vs. Sporadic SVD.

†
age and education adjusted z-scores;

‡
compound z-score;

§
normalized by the intracranial volume; Abbreviations: IQ, interquartile range; LDST, letter digit substitution test; P&P MST, paper pencil memory 

scanning test; SD, tandard deviation; TMT, trail making test; WMH, white matter hyperintensity
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Table 2

Simple linear regression with processing speed

Regressor βS
* P R2[%]

CADASIL

 Free water (FW) −0.594 1.14 × 10−6 34.0

 Tissue compartment FAt 0.584 1.83 × 10−6 32.9

 Lacune volume† −0.514 4.31 × 10−5 25.1

 WMH volume† −0.481 1.52 × 10−4 21.7

 Tissue compartment MDt −0.457 3.51 × 10−4 19.5

 Cerebral microbleeds −0.407 .00166 15.1

 Brain volume† 0.349 .00776 10.6

 age −0.398 .056 4.8

Sporadic SVD, whole sample

 Free water (FW) −0.272 7.12 × 10−9 7.4

 Tissue compartment FAt 0.235 6.24 × 10−7 5.5

 WMH volume† −0.192 5.20 × 10−5 3.7

 Brain volume† 0.172 2.95 × 10−4 3.0

 Lacune volume† −0.165 5.23 × 10−4 2.7

 Tissue compartment MDt −0.150 .00167 2.2

 Cerebral microbleeds −0.150 .00169 2.2

 age −0.117 .0145 1.4

Sporadic SVD, WMH volume 4th quartile (Q4)

 Free water (FW) −0.392 3.03 × 10−5 14.5

 Tissue compartment FAt 0.266 .00569 6.2

 Lacune volume† −0.247 .0104 5.2

 Tissue compartment MDt −0.234 .0152 4.6

 Brain volume† 0.214 .0272 3.7

 WMH volume† −0.202 .0371 3.2

 Cerebral microbleeds −0.201 .0377 3.1

 age 0.008 .938 0.0

*
standardized beta;

†
normalized by the intracranial volume; Abbreviations: FA, fractional anisotropy; MD, mean diffusivity; WMH, white matter hyperintensity
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