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Objective: To establish a fully automated, robust imaging marker for cerebral small vessel disease (SVD) and related
cognitive impairment that is easy to implement, reflects disease burden, and is strongly associated with processing
speed, the predominantly affected cognitive domain in SVD.

Methods: We developed a novel magnetic resonance imaging marker based on diffusion tensor imaging, skeletonization of
white matter tracts, and histogram analysis. The marker (peak width of skeletonized mean diffusivity [PSMD]) was assessed along
with conventional SVD imaging markers. We first evaluated associations with processing speed in patients with genetically
defined SVD (n = 113). Next, we validated our findings in independent samples of inherited SVD (n = 57), sporadic SVD (n =
444), and memory clinic patients with SVD (n = 105). The new marker was further applied to healthy controls (n = 241) and to
patients with Alzheimer’s disease (n = 153). We further conducted a longitudinal analysis and interscanner reproducibility study.
Results: PSMD was associated with processing speed in all study samples with SVD (p-values between 2.8 x 1073
and 1.8 X 107'%. PSMD explained most of the variance in processing speed (R? ranging from 8.8% to 46%) and con-
sistently outperformed conventional imaging markers (white matter hyperintensity volume, lacune volume, and brain
volume) in multiple regression analyses. Increases in PSMD were linked to vascular but not to neurodegenerative dis-
ease. In longitudinal analysis, PSMD captured SVD progression better than other imaging markers.

Interpretation: PSMD is a new, fully automated, and robust imaging marker for SVD. PSMD can easily be applied to
large samples and may be of great utility for both research studies and clinical use.
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Cerebral small vessel disease (SVD) represents a major
cause of vascular cognitive impairment (VCI) and
dementia, either by its own or in combination with neu-
rodegenerative pathology.' Progress in understanding and
managing SVD has been relatively slow. This in part
relates to the lack of a good disease marker that is quan-
titative and robust, reflects disease burden, and can easily
be applied to a large number of subjects.

Previous studies have suggested a wide range of most-
ly magnetic resonance imaging (MRI)-based markers for
SVD and VCI. The most commonly used markers are
white matter hyperintensity (WMH) and lacune volumes.”
However, both markers have clear limitations. First, lesion
quantification is labor-intensive and subject to bias because
of errors in lesion classification and the requirement for
manual corrections.” Second, associations with clinical
symptoms, such as cognitive deficits, are typically weak.*
Stronger associations have been reported for brain
volume.*®” However, alterations in brain volume are rela-
tively unspecific and generally considered a marker for neu-
rodegenerative pathology.® Also, automated volumetric
analysis of diseased brains is methodologically challenging
because of altered tissue contrast.”'® Hence, there is great
demand for better markers of SVD burden.>'"'?

Diffusion tensor imaging (DTI) is a sensitive tech-
nique that allows quantifying microstructural tissue altera-
tions, > which can be invisible on conventional MRI. The
typical pattern of diffusion change in SVD is a reduction in
directionality, as captured by fractional anisotropy (FA),
and a prominent increase in the magnitude of diffusion, as
captured by mean diffusivity (MD). Previous studies sug-
gested that these DTI metrics are superior to conventional
imaging markers in assessing disease burden in SVD.*'*15
However, there are obstacles to the wider application of
DTT measures, in particular, the need for extensive data
postprocessing such as the removal of prominent cerebro-
spinal fluid (CSF) signal from MD images.

The aim of this study was to develop a new imag-
ing marker for disease burden in SVD that can be used
in clinical routine and readily applied to large samples.
We requested that this marker should reflect the underly-
ing disease (SVD) and correlate with clinical deficits typi-
cally seen in these patients. We further reasoned that the
marker should be robust, fully automated, and easy to
implement. To this end, we combined 2 processing tech-
niques for DTT data: skeletonization and histogram anal-
ysis. Skeletonization focuses the analysis of MD on the
main fiber tracts, thereby largely eliminating CSF con-
tamination. Whole brain histogram analysis is particular-
ly appropriate when dealing with diffuse diseases and
when quantifying total disease burden."®
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1. Method establishment CADASIL 1.5T (n=113)
2. Independent Validation CADASIL 3T (n=57)
3. Validation in sporadic RUN DMC (n=444)
small vessel disease Utrecht (n=105)
4. Healthy controls and subjects | ADNI ADD (n=37)
with Alzheimer pathology MCI (n=68)
HC (n=61)
VASCAMY  MCI (n=21)
HC (n=48)
Population (n=132)

FIGURE 1: Study design. The new imaging marker peak
width of skeletonized mean diffusivity (PSMD) was first
established in a large CADASIL data set with magnetic reso-
nance imaging at 1.5T. Independent validation was per-
formed in a new CADASIL sample scanned at 3T. In a third
step, the marker was applied to samples with sporadic small
vessel disease (RUN DMC and Utrecht). Lastly, the marker
was evaluated in healthy subjects (HC) as well as samples
with predominant Alzheimer pathology (mild cognitive
impairment [MCI] and Alzheimer’'s disease dementia [ADD]).
Numbers indicate subjects with usable diffusion tensor
imaging data in the samples.

We first established our new imaging marker, peak
width of skeletonized mean diffusivicy (PSMD), in patients
with cerebral autosomal-dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy (CADASIL), a
genetically defined form of severe SVD. We analyzed the
relationship of this marker with processing speed, because
speed has emerged as the most prominently affected cogni-
tive domain in SVD. Next, we validated our results in an
independent sample of CADASIL patients. We then evalu-
ated 2 samples comprising patients with sporadic SVD. In
each sample, we compared PSMD with conventional SVD
markers. We also applied the novel marker to healthy con-
trols and patients with Alzheimer’s disease (AD) pathology
(Fig 1). Finally, we addressed the udility of the new marker
in multicenter trials through sample size estimations and

assessment of interscanner reproducibility.

Subjects and Methods

Subjects, MRI Acquisition, and
Neuropsychological Testing

All studies used in this analysis were approved by the ethics
committees of the respective institutions. Written informed
consent was obtained from all subjects. Characteristics of the

study samples are provided in Tables 1 and 2.
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Characteristic

Demographic characteristics
Age, yr, mean (SD)
[min, max]
Education, yr, mean (SD)
[min, max]
Female, No. {%}

Vascular risk factors, No. {%}
Current smoker
Past smoker
Hypertension
Hypercholesterolemia
Diabetes

Cognitive scores
TMT-A," median (IQR)
[min, max]
TMT-B,* median (IQR)
[min, max]
1-letter P&P MST,* median (IQR)
[min, max]

LDST,* median (IQR)
[min, max]
Speed score,” median (IQR)

[min, max]

MMSE, median (IQR)
[min, max]

Imaging characteristics
PSMD, 1074mm2/s, median (IQR)
[min, max]
Normalized WMHYV, %, median (IQR)
[min, max]
Normalized LV, %, median (IQR)
[min, max]
BPE median (IQR)

[min, max]

"Age and education adjusted z scores.

CADASIL
Exploratory,
n = 113

49.1 (9.5)
[22.9, 72.8]

10.5 (2.2)
[9, 16]

61 {54.0}

28 {24.8}
39 {34.5}
26 {23.0}
36 {31.9}
0 {0.0}

—0.85 (2.64)
[—22.22, 1.39]

—2.14 (4.60)
[—16.38, 1.67]

—1.56 (2.80)
[—17.44, 1.24]

29 (3)
(15, 30]

5.43 (2.92)
(2.82, 10.87]

9.81 (8.80)
[0.06, 30.99]

0.0093 (0.0315)
(0, 0.2118]

0.836 (0.068)
[0.655, 0.935]

TABLE 1. Characteristics of Study Samples with Predominant Vascular Disease

CADASIL
Validation
(VASCAMY),
n =57

53.4 (10.7)
(29.0, 72.0]

14 (2.7)
(10, 20]

19 {33.3}

11 {19.3}
24 {42.1}
13 {22.8}
24 {42.1}
0 {0.0}

—0.50 (1.61)
[—13.24, 1.34]

—0.48 (3.05)
[—11.59, 1.72]

—0.56 (2.33)
[—12.42, 1.16]

30 (1)
(22, 30]

5.47 (2.69)
[2.63, 9.47]

7.38 (7.53)
[0.09, 22.84]

0.0240 (0.0639)
[0, 0.2477]

0.784 (0.069)
[0.699, 0.872]

Sporadic SVD
(RUN DMO),
n = 444

65.3 (8.9)
[49.6, 85.5]

11 (3.6)
(4, 19]

201 {45.3}

69 {15.5}
239 {53.8}
320 {72.1}
194 {43.7}
61 {13.7}

—2.91 (2.71)
[—17.97, 1.45]

—0.38 (2.15)
[—3.74, 4.47]

—1.67 (2.17)
[—10.20, 2.96]

29 (2)
[22, 30]

3.28 (0.87)
[2.30, 7.95]

0.59 (1.23)
[0.05, 14.03]

0 (0)
[0, 0.1027]

0.654 (0.077)
[0.499, 0.809]

Memory Clinic
Patients with
SVD (Utrecht),
n = 105

74.9 (8.3)
[50.0, 92.0]

12.2 2.7)
(4, 17]

51 {48.6}

10 {9.5}

57 {54.3}
97 {92.4}
64 {61.0}
29 {27.6}

—1.29 (3.03)
[—13.05, 1.02]

—1.73 (3.05)
[—22.11, 1.51]

—1.73 (2.60)
[—11.52, 1.13]

26 (4)
(20, 30]

4.24 (1.05)
(2.82, 8.72]

1.12 (2.58)
[0, 7.70]

0 (0)
[0, 0.0577]

0.621 (0.055)
[0.528, 0.759]

BPF = brain parenchymal fraction; IQR = interquartile range; LDST = Letter-Digit Substitution Task; LV = lacune volume; MMSE =
Mini-Mental State Examination; P&P MST = Paper-Pencil Memory Scanning Test; PSMD = peak width of skeletonized mean diffusivity; SD =
standard deviation; SVD = small vessel disease; TMT = Trail Making Test; WMHYV = white matter hyperintensity volume.
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CADASIL EXPLORATORY SAMPLE. The novel DTI-based
marker was developed in an exploratory sample of 117 patients
with CADASIL from a previous, prospective study.'” The diag-
nosis was confirmed either by genetic testing or skin biopsy.
Four patients were excluded due to insufficient quality of the
DTT images. For the regression analysis on processing speed,
additional 9 subjects were excluded because of missing neuro-
psychological data. Therefore, the final sample for regression
analyses consisted of 104 patients.

MRI scans were performed on a 1.5T Signa scanner (GE
Healthcare, Solingen, Germany). Acquisition parameters are
presented in Supplementary Table e-1.

Neuropsychological testing was performed on the previ-
ous or the same day as the MRI examination. Trail Making
Test (TMT) matrix A and B were used to create a compound
processing speed score. Raw test scores were transformed into
age- and education-corrected z scores based on values from
healthy subjects.'®

Longitudinal data (follow-up at 18 months) were avail-

able for 58 patients.

CADASIL VALIDATION SAMPLE (VASCAMY STUDY). A total
of 57 patients with CADASIL from the ongoing, prospective
VASCAMY (Vascular and Amyloid Predictors of Neurodegenera-
tion and Cognitive Decline in Nondemented Subjects) study
were included in the validation sample. Again, the diagnosis was
confirmed by either genetic testing or skin biopsy. From the same
study, we also included 69 non-CADASIL subjects: 21 diagnosed

with (mostly amnestic) mild cognitive impairment and 48 healthy
controls.

MRI scans were performed on a 3T Magnetom Verio
scanner (Siemens, Erlangen, Germany). For interscanner repro-
ducibility analysis, 7 CADASIL patients from the VASCAMY
study were scanned back to back on both the 3T scanner and a
1.5T Siemens Magnetom Aera scanner. Acquisition parameters
are presented in Supplementary Table e-1.

Neuropsychological testing was performed on the previous
or the same day as the MRI examination. Similar to the explorato-
ry sample, age- and education-corrected TMT A and B z scores

were used to create a compound processing speed score.

SPORADIC SVD SAMPLE (RUN DMC STUDY). Four hundred
forty-four subjects from the RUN DMC (Radboud University
Nijmegen Diffusion Tensor and Magnetic Resonance Imaging
Cohort) study'® were included. The processing speed scores
could not be calculated for 5 subjects because of missing neuro-
psychological data. Furthermore, 3 outliers were excluded from
the regression analyses (see Statistical Analysis); the final sample
for regression analysis consisted of 436 subjects.

MRI scans were performed on a 1.5T Siemens Magne-
tom Sonata scanner. Acquisition parameters are presented in
Supplementary Table e-1.

Neuropsychological testing was performed within 3 weeks
before the scanning. The 1-letter subtask of the Paper-Pencil
Memory Scanning Test and the Letter-Digit Substitution Task

were used to create a compound processing speed score. Raw

TABLE 2. Characteristics of Healthy Controls and Patients with Alzheimer’s Disease Pathology
Characteristic HC MCI HC MCI ADD Population
(VASCAMY), (VASCAMY), (ADNI), (ADNI), (ADNI), (ASPFS),
n = 48 n =21 n = 61 n = 68 n = 37 n = 132
Demographic characteristics
Age, yr, mean (SD) 71.5 (6.3) 76.5 (4.4) 72.9 (5.7) 74.7 (8.1) 74 (8.2) 66.9 (11.4)
[min, max] (60, 84] (70, 87] [60.4, 87] [48.7, 88.6] [55.9,90.2] [40, 85]
Education, yr, mean (SD) 14 (3.1) 14 (3.7) 16.5 (2.8) 15.9 (2.7) 15 (2.8) 11.4 (2.8)
[min, max] (8, 20] (7, 20] [12, 20] [11, 20] [11, 20] [9, 18]
Female, No. {%} 30 {62.5} 11 {52.4} 37 {60.7} 24 {353} 12 {324} 81 {61.4}
Global cognitive score
MMSE, median (IQR) 30 (1) 27 (3) 29 (2) 27 (3) 23 (3) 28 (1)
[min, max] (27, 30] (22, 30] (24, 30] [23, 30] [15, 27] [23, 30]
Imaging
PSMD, 10~ “mm?/s, median (IQR) ~ 3.05 (0.47) 3.33 (0.62) 3.02 (0.72) 3.20 (0.88) 3.47 (0.96) 3.05 (0.72)
[min, max] [2.58, 4.96] (2.72, 5.37] [2.23, 6.85] [2.35,5.03] [2.59,5.03] [2.16, 6.70]
ADD = Alzheimer’s disease dementia; ASPFS = Austrian Stroke Prevention Family Study (comprising healthy elderly from the population); HC
= healthy control; IQR = interquartile range; MCI = mild cognitive impairment; MMSE = Mini-Mental State Examination; PSMD = peak
width of skeletonized mean diffusivity; SD = standard deviation.
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test scores were transformed into age- and education-corrected

z scores based on values from healthy subjects.”®*!

MEMORY CLINIC PATIENTS WITH SVD (UTRECHT). One
hundred thirty-three subjects from the Memory Clinic cohort
of the Utrecht Vascular Cognitive Impairment Study Group
were included. Recruitment and data collection were done
according to the multicenter Dutch Parelsnoer Institute neuro-
degenerative diseases protocol.”* Twenty-three subjects had to
be excluded due to motion slice artifacts in the DTI data. Five
subjects had missing structural MRI data (T'1, fluid-attenuated
inversion recovery [FLAIR], or both) and were therefore not
included in further analyses. Of the remaining 105 patients, 10
presented with subjective cognitive complaints, 43 with mild
cognitive impairment (according to the Peterson criteria),23 and
52 with dementia. To focus on patients with SVD within the
memory clinic sample, we performed a prespecified subgroup
analysis; subgroups were predefined according to the WMH
load by splitting at the median normalized WMH volume.
Subgroups consisted of 52 subjects with low WMH load and
53 with high WMH load. Three subjects from the low WMH
and 6 subjects from the high WMH group had to be excluded
from regression analyses because of missing cognitive data.

MRI scans were performed on an Intera 3T scanner
(Philips, Best, the Netherlands). Acquisition parameters are
presented in Supplementary Table e-1.

Neuropsychological testing was performed on the same day
as the MRI examination. Similar to the CADASIL samples, age-
and education-corrected TMT A and B z scores were used to create

a compound processing speed score (mean of both z scores).

ALZHEIMER'S  DISEASE  NEUROIMAGING  INITIATIVE
STUDY. The Alzheimer’s Disease Neuroimaging Initiative
(ADNI) was launched in 2003 as a public—private partnership, led
by Principal Investigator Michael W. Weiner, MD (for up-to-date
information, see www.adni-info.org). One hundred eighty-five sub-
jects from the ADNI database (http://adni.loni.usc.edu/; from 17
centers with the same DTI protocol, ADNIGO and ADNI2
phases) were included in the current study. Nineteen subjects were
excluded due to either missing diagnosis, missing MRI data, or
motion artifacts in the DTT data. The final sample consisted of 166
subjects, of whom 61 were healthy controls, 68 were amnestic mild
cognitive impairment (MCI) subjects, and 37 were AD dementia
patients (diagnosis according to the National Institute of Neurolog-
ical and Communication Disorders, Alzheimer’s Disease and Relat-
ed Disorders Association criteria for probable AD as outlined in the
ADNI protocol).

MRI scans were performed on 3T GE Healthcare scan-
ners (Signa HDxt and Discovery MR750). Acquisition parame-

ters are presented in Supplementary Table e-1.

AUSTRIAN STROKE PREVENTION FAMILY STUDY. One
hundred thirty-five community-dwelling, healthy subjects with
DTI data were included from the Austrian Stroke Prevention
Family Study (ASPFS; Department of Neurology, Medical Uni-

versity Graz).?* Three subjects were excluded due to insufficient
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data quality of the DTI images. The final sample consisted of
132 subjects.

MRI scans were performed on a 3T Siemens Magnetom
Tim Trio scanner. Acquisition parameters are presented in Sup-
plementary Table e-1.

MRI Processing

DTI.  After a quick (maximum = 15 seconds) visual inspection
to exclude the presence of major artifacts, diffusion-weighted
images were corrected for eddy current—induced distortions and
subject motion with the eddy_correct tool of the Functional
Magnetic Resonance Imaging of the Brain (FMRIB) software
library (FSL; v5.0).”> In RUN DMC, diffusion data were pre-
processed using the in-house—developed iteratively reweighted-
least-squares algorithm PATCH.?® After brain tissue extraction
using BET (FSL), diffusion tensors and scalar diffusion parame-
ters (ie, FA and MD) were calculated using DTIFIT (FSL).

PSMD. Fully automated calculation of the new marker com-
prised 2 steps: skeletonization of DTI data and histogram analysis
(Fig 2). All study samples were processed through the same pipe-
line. First, DTT data were skeletonized using the Tract-Based Spa-
tial Statistics procedure,27 part of FSL. For this purpose, all
subjects’ FA data were aligned into a common space using the
nonlinear registration tool FNIRT and the standard space FMRIB
Imm FA template. Each subject’s FA data were then projected
onto the skeleton, which was derived from the standard space
template thresholded at an FA value of 0.2. Finally, MD images
were projected onto the skeleton, using the FA-derived projection
parameters. The final MD skeletons were further masked with the
template skeleton thresholded at an FA value of 0.3 to avoid con-
tamination of the skeleton through CSF partial volume effects.
For the same reason, regions of the skeleton directly adjacent to
the ventricles, such as the fornix, were removed from further anal-
ysis by a custom-made mask. The same template skeleton and
mask were used for each study sample.

The new marker, PSMD, was calculated as the difference
between the 95th and 5th percentiles of the voxel-based MD
values within the skeleton (see Fig 2). We compared PSMD to
established MD parameters (mean, median, peak height, full
width at half maximum) in the exploratory CADASIL sample;
PSMD showed the strongest association with processing speed
scores and was therefore used for all subsequent analyses in all
study samples.

A shell script for the calculation of PSMD is available at
http://www.psmd-marker.com/. The total calculation for 1 sub-
ject (from DTI raw data) takes approximately 12 minutes on a
standard desktop computer. All processing steps (including pre-
processing) are included in the shell script. No human interven-
tion (eg, visual inspection or manual edits) is needed during or
after the processing pipeline.

For comparison, we also calculated whole brain MD peak
height, an established histogram measure for nonskeletonized
data. First, CSF was removed by a conventional method (ie,
intensity thresholding with a value of 0.0025). Next, the peak
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FIGURE 2: Procedure for marker calculation: skeletonization and histogram analysis. (A) lllustration of the automated skeletonization
procedure. Individual fractional anisotropy (FA) images are normalized to standard space and projected onto the skeleton template.
Next, the transformation and skeleton projection parameters are applied to the mean diffusivity (MD) images. (B) Examples of MD
maps from 2 CADASIL subjects (upper and lower panel) projected onto the standard skeleton. (C) Histogram analysis of the same
MD data as in B. Peak width of skeletonized MD (PSMD) is calculated as the difference between the 95th and 5th percentiles.

height of the histogram was estimated using the density func-
tion in R (v3.1.2)*® and normalized by the total number of

voxels in the histogram.

NORMALIZED BRAIN VOLUME. In each sample, brain paren-
chymal fraction (BPF; ie, normalized brain volume) was calcu-
lated by dividing the whole brain volume by intracranial cavity
volume.

For the CADASIL exploratory sample and the RUN
DMC study, the brain volume calculation procedure has already
been described.®'> Due to uncorrectable failure in either brain
or intracranial segmentation, we could not calculate BPF for 2
CADASIL subjects.

In the VASCAMY study, native space T1 and T2 images
were segmented into tissue probability maps using the Statistical
Parametric Mapping (SPM) toolbox (v12; Wellcome Depart-
ment of Cognitive Neurology, London, UK; http://www.fil.ion.
ucl.ac.uk/spm). For whole brain volume, T1 segmented gray
matter and white matter tissue maps; and for the intracranial
volume, T2 segmented gray matter, white matter, and CSF
were combined, thresholded at 20%, and binarized. Manual
editing was performed when necessary.

In the Utrecht study, native space T1 images and T2
images were segmented into tissue probability maps using
SPM. For whole brain volume, T1 segmented gray matter and
white matter tissue maps were combined, thresholded at 30%,
and binarized. Intracranial volume was calculated using the
BET (brain extraction) tool (FSL) on T2 images, and the
resulting masks were manually edited if necessary.

SUBCORTICAL LESION VOLUMES. We used the STRIVE?
criteria to define and identify WMHs and lacunes of presumed
vascular origin. Detection and segmentation procedures have
already been described for the CADASIL exploratory sample,
the RUN DMC study, and the ADNI study.">*° Normalized
WMH and lacune volumes for each sample were calculated by

dividing through brain volume. For WMH volume in the
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CADASIL validation (VASCAMY study) and Utrecht samples,
bias-corrected 3-dimensional (3D) FLAIR images were first seg-
mented into 3 tissue probability maps using the FAST tool
from FSL. Next, WMHs were separated from CSE which is
located in the same tissue probability map, by histogram seg-
mentation based on the Otsu method.*® The WMH segmenta-
tions were then manually edited and cleaned from misclassified
artifacts using a custom 3D editing tool.

To determine the lacune volume in the CADASIL valida-
ton and Utrecht samples, we used a seed-growing algorithm,
implemented via an in-house software tool. After manually
placing a seed voxel into a lacune on the 3D T1 image by an
experienced rater, the tool tests all neighboring voxels for inclu-
sion and repeats testing until no new voxels can be added. The
inclusion criterion was the absolute intensity of the tested voxel
and its intensity difference from the seed voxel. All cavities

smaller than 3mm were ignored to exclude perivascular spaces.

CEREBRAL MICROBLEEDS. Using the STRIVE? criteria,
cerebral microbleeds were identified and counted on T2*-

weighted gradient echo images by trained raters.

Statistical Analysis
All statistical analyses were performed in R (v3.1.2).”® The
association between MRI parameters (PSMD, normalized
WMH volume, normalized lacune volume, BPE and micro-
bleed count), age, sex, and the processing speed scores was eval-
uated by linear regression. The distributions of speed scores
were tested for normality in each sample with the Shapiro—
Wilk test, and scores were log transformed in case of non-
normal distribution. To ensure that the regression results were
not driven by outliers, they were identified with the Bonferroni
outlier test (car R package, v2.0-25)°! and excluded from
regression analyses (only 3 subjects from the RUN DMC
sample).

To identify the imaging marker with the highest relative
importance, we included all markers into multiple linear
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regression models and applied a model decomposition method
described by Lindeman et al,** as implemented in the relaimpo
R package (v2.2-2).>> Additionally, we used stepwise backward
regression with MRI parameters, age, and sex to identify inde-
pendent associations with processing speed. The Akaike Infor-
mation Criterion (AIC) was used to select the model with the
best fit (minimized AIC value). All R* values reported are
adjusted R values. For group comparisons of PSMD across dif-
ferent clinical samples (within studies), we used the Wilcoxon
rank sum test. To correct for multiple comparisons, Bonferroni-
corrected p-values are reported for group comparisons. The
sample size estimates were calculated on the longitudinal change
of variables using the G*Power tool** (difference between 2
independent means, 2-tailed, type I error rate = 0.05, power
= 0.80). We used the raw change between baseline and follow-
up data and hypothetical treatment effects of 10%, 20%, and
30%. Interscanner reproducibility was assessed by the intraclass
correlation coefficient (ICC) as implemented in R.

Results

Demographic, clinical, and MRI characteristics of the
study samples with SVD are presented in Table I.
Details on study samples with healthy controls and sub-
jects with AD diagnosis are presented in Table 2.

Exploratory Analysis in CADASIL Patients

Linear regression (Supplementary Table e-2) revealed
PSMD to have the strongest association with processing
speed scores (Fig 3A, upper panel). Speed scores were
further significantly associated with all other imaging
markers and age (see Supplementary Table e-2). For
comparison, we added an established DTI histogram
marker (whole brain MD peak height), which explained
less variance than PSMD.

Analysis of the relative importance of the regressors
showed that PSMD contributed most to the multiple
regression model (see Fig 3A, lower panel). To determine
the best model, we further conducted a backward step-
wise regression. PSMD and the normalized volumes of
both WMH and lacunes were retained in the final model
(see Supplementary Table e-2).

Validation in Independent Samples

In the independent CADASIL validation sample, linear
regression (see Supplementary Table e-2) revealed a
strong association between PSMD and speed scores (see
Fig 3B, upper panel). Speed scores were further signifi-
cantly associated with microbleed count, normalized
lacune volume, and age (see Supplementary Table e-2).
Importantly, PSMD contributed most to the regression
model (see Fig 3B, lower panel). For further exploration,
we again conducted backward stepwise regression; PSMD
and normalized lacune volume were retained in the final

model.
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To validate our findings in the more common, spo-
radic form of SVD, we next analyzed data from the
RUN DMC study. Linear regression (see Supplementary
Table e-2) showed a significant association between
PSMD and speed scores (see Fig 3C, upper panel). Speed
scores were also significantly associated with all other
imaging markers, age, and sex (see Supplementary Table
e-2). Again, PSMD contributed most to the multiple
regression model (see Fig 3C, lower panel). Further
exploratory backward stepwise regression resulted in a
final model that included only PSMD.

We next extended our findings to sporadic SVD in
a memory clinic setting (Utrecht study). None of the lin-
ear regression analyses with the MRI markers (PSMD,
normalized WMH volume, lacune volume, BPE and
microbleed count) showed a significant association with
the speed scores (not shown) within the entire memory
clinic sample. In subjects with prominent vascular disease
as determined by a WMH load above the median value
(high WMH subgroup, n = 53), we found a significant
association (see Supplementary Table e-2) between
PSMD and speed scores (see Fig 3D, upper panel).
Speed scores were also significantly associated with age
(see Supplementary Table e-2). Focusing on the low
WMH load group (n = 52), the only imaging variable
that was significantly associated with speed scores was
BPF (» = 0.023, R = 0.09). Importantly, PSMD con-
tributed most to the multiple regression model (see Fig
3D, lower panel). Further exploratory backward stepwise
regression resulted in a final model that included PSMD
and age.

Comparison with Healthy Controls and Subjects
with Alzheimer Pathology
Figure 4 demonstrates that patient samples with high SVD
burden (CADASIL, RUN DMC, Utrecht) had higher
PSMD compared with healthy controls and AD patients
(MCI and AD dementia). Moreover, PSMD increased
with higher WMH load. Focusing on the ADNI sample,
there was no difference between healthy controls (PSMD
median = 3.020 X 10 “mm?/s) and MCI patients with
low WMH load (median = 2.935 X 10 *mm?/s, W =
903, p = 1) or AD dementia patients with low WMH load
(median = 3.415 X 10 “mm?/s, W = 477, p = 1). Also,
healthy controls had comparable PSMD across studies:
VASCAMY (median = 3.045 X 10~ *mm?/s), ADNI
(median = 3.020 X 10~ *mm?/s), and population sample
(ASPFS, median = 3.045 X 10~ “mm?/s).

There was no significant association between PSMD
and processing speed in any of the non-SVD samples
(p-values ranging between 0.24 and 0.79).
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FIGURE 3: Association between imaging markers and processing speed performance in small vessel disease (SVD). Upper
panels: Simple linear regression between peak width of skeletonized mean diffusivity (PSMD) and processing speed scores in
(A) the exploratory CADASIL sample, (B) the CADASIL validation sample, (C) the sporadic SVD sample (RUN DMC), and (D) the
memory clinic patients with SVD (Utrecht). Dashed lines indicate 95% confidence intervals for the regression. Lower panels
depict the contribution of each regressor (PSMD, normalized white matter hyperintensity volume [n\WMHV], normalized lacune
volume [nLV], brain parenchymal fraction [BPF], and microbleed count [MB]) to the multiple regression models as estimated
by the Lindeman-Merenda-Gold method. Note that in all cases PSMD contributes most to the models. Lines represent 95%

confidence intervals after bootstrapping.

Utility of PSMD for Clinical Trials

The longitudinal analysis of CADASIL patients from the
exploratory sample (18 months of follow-up, n 58)
showed a significant change for PSMD (» = 8.98 X 10,
paired 7 test) and normalized WMH volume (p = 2.21 X
10™°), but not for other imaging markers (p-values between
0.197 and 0.423) or the processing speed score (p = 0.260).
Power calculations revealed the smallest sample size estimate
for PSMD (Table 3).

To address the utility in multicenter studies, we

conducted an interscanner reproducibility study in 7
CADASIL patients using 2 scanners with different field
strengths (3T and 1.5T). Reproducibility was highest for
PSMD (ICC = 0.948) and considerably lower for other
MD measures, such as the traditional histogram measure
whole brain MD peak height ICC = 0.752) or more
simple measures: average of skeletonized MD (ICC =
0.730) and median of skeletonized MD (ICC = 0.691).

Discussion

Our study establishes a novel imaging marker for SVD.
This marker combines DTI, skeletonization of white
matter tracts, and the analysis of MD histograms. Calcu-
lation of this marker is fully automated, fast, and robust,
thus fulfilling the requirements for routine use and
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application to large samples. PSMD explained a substan-
tial proportion of variance in processing speed, the pre-
dominantly affected cognitive domain in SVD, and
consistently outperformed other imaging markers for
SVD. We could validate our findings in independent
samples of SVD. We further found this marker to be
linked to small vessel pathology but not to neurodegener-
ative pathology. Finally, PSMD showed the smallest sam-
ple size estimate in the longitudinal analysis and the
highest interscanner reproducibility. We thus consider
PSMD to be of great value for research studies and
potentially also for use in clinical routine and trials.

A major finding of our study is the strong associa-
tion between PSMD and deficits in processing speed
across all study samples including patients with genetical-
ly defined SVD, patients with sporadic SVD, and memo-
ry clinic patients with high WMH burden. The
association was strongest for patients with inherited
SVD, who on average were the most severely affected
group as judged by the normalized volume of WMH,
the normalized volume of lacunes, and PSMD. Although
the association was weaker for patients with sporadic
SVD, PSMD consistently showed the strongest contribu-
tion to processing speed impairment when compared
with other imaging markers. Importantly, as judged by
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FIGURE 4: Peak width of skeletonized mean diffusivity (PSMD) in subjects with small vessel disease (SVD), healthy controls
(HC), and subjects with Alzheimer’'s disease (AD). PSMD is presented across samples: CADASIL, sporadic SVD (RUN DMC,
Utrecht), mild cognitive impairment (MCl; VASCAMY and ADNI), and AD dementia (ADD; ADNI). RUN DMC, Utrecht, and ADNI
samples were split into subgroups based on the volume of white matter hyperintensities (WMH; according to median split
or quartiles [Q]). Group comparisons were calculated between subgroups within studies: *p < 0.05, **p < 0.01, ***p < 0.001
(Wilcoxon rank sum tests after Bonferroni correction). Samples selected on the basis of SVD pathology are indicated in blue.
Samples selected on the basis of AD-typical cognitive deficits are indicated in gray.

stepwise regression analyses, PSMD was the only imaging
marker showing an independent association with process-
ing speed in every SVD sample.

Methodological challenges in quantifying disease
burden have been a major roadblock to research on SVD
and related cognitive impairment. The superior perfor-
mance of PSMD over conventional MRI markers results
from the combination of DTI, skeletonization of white

TABLE 3. Sample Size Estimation for a Hypotheti-
cal Clinical Trial of 1.5-Year Duration

Treatment Effect Size

Factor 30% 20% 10%
PSMD 96 216 859
Whole brain MD 183 410 1,636
peak height
Normalized WMH 258 580 2,315
volume
BPF 4,511 10,149 40,592
Speed score 5,387 12,119 48,471
Normalized lacune 11,354 25,545 102,176

volume

BPF = brain parenchymal fraction; MD = mean diffusivity;
PSMD = peak width of skeletonized MD; WMH = white matter
hyperintensity.
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matter tracts, and histogram analysis. DTI is a quantita-
tive method that is particularly well suited to characterize
microstructural integrity. In contrast, lesion volumes
(WMH or lacunes) rely on binary segmentations of non-
quantitative images. Hence, lesion volumes disregard
gradual differences in tissue damage found in SVD.?” In
addition, DTI measures are more sensitive in capturing
SVD-related changes as evidenced by altered DTI mea-
sures in white matter appearing normal on conventional
imaging.'**° Previous studies found DTI parameters to
correlate with cognitive performance both cross-sectional-

ly' 41537 “38 and in most studies DTI

and over time,
measures were found to correlate with cognitive scores
independent of conventional SVD markers. However,
one study found DTI to add little on top of brain and
lesion volumes.”” Histogram analysis is a simple, sensi-
tive, and robust way to quantify diffuse pathological
changes, as it captures the distribution of diffusivity val-
ues across the whole brain.'® Studies have already shown
that histogram measures (such as peak height) can cap-
ture disease burden in SVD and correlate with cognition
both cross-sectionally’” and in longitudinal studies.***'
However, an unresolved issue was the prominent contam-
ination of whole brain MD data through CSE. Skeletoni-
zation overcomes this problem by focusing on the main
fiber tracts.*? Nonetheless, residual CSF contamination
can be found in certain parts of the skeleton, such as the
fornix.*> We therefore applied a custom mask to remove
these areas from the skeleton. This procedure efficiently

589



ANNALS of Neurology

eliminates the CSF peak in the histogram as a prerequi-
site to calculating the peak width. As a result, PSMD
outperforms traditional MD histogram measures (such as
whole brain MD peak height) in terms of the association
with processing speed, sample size estimates, and inter-
scanner reproducibility.

We found samples with the same diagnosis but
recruited through different studies to have remarkably
similar PSMDs. This specifically applies to healthy con-
trols from VASCAMY and ADNI, and to population-
based elderly subjects from the ASPES (see Fig 4). The
stability of this marker across studies might again relate
to the quantitative nature of DTI. Furthermore, it has
already been suggested that DTI parameters in general®®
and MD histogram metrics in particular®® are largely
reproducible across different scanners and sequences.
Although we cannot fully exclude an influence of scanner
type, field strength, and different software versions on
MD values,® our interscanner reproducibility study
using 2 scanners with different field strengths showed the
best reproducibility for PSMD. It is plausible that
PSMD is less prone to interscanner and interstudy differ-
ences than other DTI (histogram) parameters, because
peak width does not depend on absolute MD values but
rather on the distribution pattern of the histogram.

The comparison with healthy controls and patients
with AD pathology (ADNI sample) suggests a strong
link between our new marker and SVD. PSMD values in
MCI patients with a low WMH load and in demented
subjects with a low WMH load were not significantly
different from healthy controls. However, subgroups with
high WMH load showed increases in PSMD. This sug-
gests that also in AD patients, PSMD mostly captures
the SVD-related alterations and not primary neurodegen-
erative pathology. Given the frequent co-occurrence of
AD and SVD in the elderly, tools that allow disentan-
gling the vascular contribution to disease burden are of
great interest.” Our results suggest that PSMD may
serve that purpose.

An important application of PSMD might be the
use as a marker for treatment response in clinical trials.
The longitudinal analysis with sample size estimations
supports this view, as PSMD had the smallest sample size
estimate among all variables. Although the longitudinal
analysis was limited to CADASIL subjects, comparing
our results with a recent study in sporadic SVD patients
suggests good generalizability.*® In line with our analysis,
the previous study demonstrated that WMH volume and
whole brain MD peak height were able to reduce the
required sample size in clinical trials. Our results extend
these findings by demonstrating that PSMD can reduce
the sample size even further. Moreover, the excellent
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interscanner reproducibility suggests that PSMD might
be particularly suited for multicenter trials.

A major strength of this study is the validation
approach involving multiple large samples. These samples
were recruited through different settings and covered a
broad spectrum of SVD severity. Each study had a pro-
spective design with standardized MRI and comprehen-
sive clinical examination. Also, major conventional MRI
markers were obtained for all samples with SVD. This
enabled us to determine the relative importance of our
new marker in 4 independent studies. Another strength
is the focus on a robust and easy-to-implement marker,
which should greatly facilitate implementation in future
studies. The processing pipeline is provided online at
www.psmd-marker.com. Given the simple processing
steps involved, it is possible to perform the calculation
on scanner software directly after image reconstruction
within minutes and without any manual intervention.

Our study also has limitations. The use of data
from different studies resulted in some differences in
scanner field strength, DTT b-values (ranging from 900
to 1,200s/mm?), and neuropsychological tests utilized to
assess processing speed. Also, there were slight differences
in the protocols used for calculating conventional imag-
ing markers and for preprocessing of DTI data. These
differences limit comparisons between samples. However,
they can also be regarded as a strength. Our findings
illustrate the robustness of PSMD under different set-
tings. RUN DMC patients were on average relatively
young and mildly affected, which might limit the gener-
alizability of our findings to older cohorts at later stages
of the disease. However, patients with later disease stages
were included in the memory clinic sample. A potential
limitation for the future application of PSMD is that the
co-occurrence of large, non-SVD lesions (eg, territorial
infarcts or tumors) might impede the automatic calcula-
tion of PSMD, as they would have to be manually
excluded from the analysis. However, such pathologies
are rare in SVD patients, and accordingly they were
absent in all our samples. Another limitation is the main-
ly cross-sectional design. To strengthen our results, we
chose advanced statistical methods, such as model
decomposition, and included multiple validation samples.
Nevertheless, the sensitivity of PSMD in capturing dis-
ease progression can only be determined by longitudinal
studies. More detailed follow-up studies are needed to
determine the value of PSMD as a prognostic marker
and to further explore its use as a surrogate marker in
clinical trials.

In conclusion, this study presents a novel imaging
marker, which we consider to be a major step forward in
SVD research. We expect the marker to be of great
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utility for research studies and potendially also for clinical
use.
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