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A B S T R A C T   

Background: In cerebral small vessel disease (CSVD), cortical atrophy occurs at a later stage compared to 
microstructural abnormalities and therefore cannot be used for monitoring short-term disease progression. We 
aimed to investigate whether cortical diffusion tensor imaging (DTI) and quantitative (q) magnetic resonance 
imaging (MRI) are able to detect early microstructural involvement of the cerebral cortex in CSVD. 
Materials and Methods: 33 CSVD patients without significant cortical or whole-brain atrophy and 16 healthy 
control subjects were included and underwent structural MRI, DTI and high-resolution qMRI with T2, T2* and T2′ 
mapping at 3 T as well as comprehensive cognitive assessment. After tissue segmentation and reconstruction of 
the cortical boundaries with the Freesurfer software, DTI and qMRI parameters were saved as surface datasets 
and averaged across all vertices. 
Results: Cortical diffusivity and quantitative T2 values were significantly increased in patients compared to 
controls (p < 0.05). T2 values correlated significantly positively with white matter hyperintensity (WMH) volume 
(p < 0.01). Both cortical diffusivity and T2 showed significant negative associations with axonal damage to the 
white matter fiber tracts (p < 0.05). 
Conclusions: Cortical diffusivity and quantitative T2 mapping are suitable to detect microstructural involvement 
of the cerebral cortex in CSVD and represent promising imaging biomarkers for monitoring disease progression 
and effects of therapeutical interventions in clinical studies.   

Introduction 

Cerebral small vessel disease (CSVD) has been identified as the un
derlying etiology in approximately 20 % of all ischemic strokes and is 
the major cause of vascular dementia [1]. Furthermore, SVD has been 
proposed as an important propagator of cerebral Alzheimer’s pathology 
in individuals with vascular risk factors [2,3]. Apart from lacunes and 
cerebral microbleeds (CMB), it manifests itself with white matter 
hyperintensities (WMH) as the predominant finding on conventional 

magnetic resonance imaging (MRI) [1,4,5]. 
Further to an impairment of the subcortical (micro-)structural tissue 

integrity, the occurrence of brain atrophy - including atrophy of the 
cortical grey matter [6] - is a widely acknowledged feature of CSVD 
[7–9]. It has been generally proposed as a surrogate marker of disease 
progression [7,8]. Volume reduction of the entire brain and its pro
gression over time account for some of the cross-sectional and longitu
dinal variance in cognitive function in CSVD patients [7]. Progressive 
and accelerated brain atrophy compared to healthy control subjects has 
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been demonstrated in longitudinal imaging studies on patients with 
CSVD [6,7,10]. However, a decrease of the cerebral volume fraction 
seems to follow progression of WMH and microstructural damage to the 
cerebral white matter as detected by diffusion tensor imaging (DTI) 
parameters and therefore presumably represents a secondary phenom
enon [10]. Consequently, since tissue atrophy occurs at a later stage, 
thus yielding lower effect sizes compared to WMH progression and the 
impairment of the white matter microstructure [10], it might be a less 
sensitive imaging marker for monitoring short-term disease progression 
or the effects of therapeutical interventions in patients with CSVD [10]. 
Furthermore, normal aging has been shown to yield similar effects: it is 
likewise associated with progressive cortical atrophy, showing spatial 
patterns that are similar to the regional distribution of cortical thinning 
found in CSVD [11], and mediates a negative relationship between 
WMH volume and cortical thickness [11,12]. In fact, some studies re
ported no significant association between the global or regional WMH 
volume and cortical thickness when controlling for age [9,13,14]. For 
these reasons, other imaging parameters might be more promising for 
both detecting and monitoring cortical microstructural damage in 
CSVD. 

The findings of previous studies suggest that DTI parameters may be 
useful for detecting the impairment of neuronal fibers and microstruc
tural boundaries in cortical tissue [15,16]. According to the results of 
previous studies, quantitative mapping of the reversible (T2), irrevers
ible (T2’) and the effective (T2*) transverse relaxation times might also 
provide promising imaging biomarkers for specifically detecting the 
actual cortical tissue pathology in CSVD [17,18]. Therefore, we hy
pothesized that common DTI parameters and the qMRI-based parame
ters T2, T2* and T2′ might allow for the characterization of 
microstructural cortical tissue damage in CSVD. We further hypothe
sized that these imaging parameters might be more sensitive for 
detecting an early impairment of the cortical microstructural integrity 
than measurements of tissue atrophy, thus adding useful information 
with regard to the microstructural processes underlying cortical 
microstructural involvement in CSVD. In this study, cortical qMRI and 
DTI parameters were investigated in a surface-based manner along with 
parameters reflecting brain and cortical atrophy in CSVD patients and 
age-matched healthy control subjects. Furthermore, we tested whether 
the listed imaging parameters for assessing the cortical microstructural 
integrity are associated with the extent of white matter damage and 
cognitive performance in CSVD. 

Material and methods 

Subjects 

Patients with sporadic CSVD (n = 33) were recruited from our 
neurological department and the integrated academic stroke center. 
CSVD was defined as the presence of confluent WMH (Fazekas ≥ 2) and 
lacunes on T2-weighted/FLAIR MRI [3]. The patients had been admitted 
to hospital with either acute neurological symptoms (ischemic stroke or 
transient ischemic attack with a typical lacunar syndrome (n = 16)) or 
chronic neurological symptoms attributable to CSVD (such as cognitive 
decline or gait impairment (n = 3)), or had shown confluent WMH as an 
incidental finding on neuroimaging (n = 14). The latter subjects came to 
attention in the course of imaging-based diagnostics of transient 
neurological symptoms such as e.g. dizziness or headache. Those sub
jects were only be enrolled if thorough evaluation based on all available 
diagnostic information did not reveal any evidence of an acute or 
chronic neurological disease. 

Exclusion criteria were: cognitive impairment or dementia with 
suspicion of a neurodegenerative origin (according to clinical criteria 
such as additional movement or behavioral disorder, prominent 
‘cortical’ dementia with predominant memory deficits or speech ab
normalities as well as according to neuroimaging findings indicating 
regional atrophy patterns compatible with a neurodegenerative 

condition such as Alzheimer’s disease), stenosis of a brain-supplying 
artery with a degree exceeding ≥ 50 %, non-lacunar stroke and white 
matter lesions suggestive for an alternative etiology (e.g. inflammatory). 
A group of healthy control subjects (n = 16) was recruited by public and 
word-of-mouth advertising. Matching for age and sex between the 
groups was performed according to the proportion of subjects of a 
certain age and sex present in the CSVD patient group. Control subjects 
were recruited accordingly with the objective to achieve the same per
centage distribution for age and sex as in the patient group. 

Eligibility as control subject required a medical history free from 
neurological and psychiatric diseases and common vascular risk factors 
(apart from controlled arterial hypertension), and the absence of 
confluent white matter hyperintensities on FLAIR imaging (Fazekas ≤ 1) 
[3,17]. The study was approved by the local institutional review board 
of the Goethe University Frankfurt (Faculty of Medicine) and conducted 
in accordance with the Declaration of Helsinki (revised version from 
1983). Written informed consent was obtained from all subjects before 
inclusion in the study. The patients and control subjects in this study 
overlap with the subjects described in a previously published work [17]. 

MR imaging protocol 

MRI data acquisition was performed on a 3-Tesla (T) whole-body 
magnetic resonance (MR) scanner (Trio, Siemens Healthineers, Erlan
gen, Germany) which uses a body coil for radio-frequency (RF) trans
mission and an 8-channel phased-array head coil for RF reception. 
Imaging data were acquired on a single scanner using the identical im
aging protocol for all participants. 

DTI data were acquired using a diffusion-weighted (DW) twice- 
refocused (tr) spin-echo (SE) echo planar imaging (EPI) sequence. Pa
rameters used for DTI data acquisition were: field of view (FoV) =
192 × 192 mm2, matrix size = 96 × 96, isotropic resolution = 2 mm, 
70 interleaved axial slices (2 mm thickness, no interslice gap), 
TR = 9000 ms, TE = 81 ms, echo-spacing =0.8 ms, readout bandwidth 
(BW) = 1371 Hz/pixel, partial Fourier encoding = 6/8, parallel imag
ing with two-fold acceleration, 12 different diffusion encoding di
rections with a b-value of 1000s/mm2. To correct for geometrical 
distortions induced by static magnetic field (B0) inhomogeneities, two 
sets of five reference images with b = 0 were acquired with either pos
itive or negative phase encoding gradients, yielding five pairs of DTI 
data sets with opposite distortions. The total duration was 4:13 min. 

T2 mapping was based on a fast spin-echo sequence with an echo- 
train length of 11 echoes per excitation, an echo spacing of 17.1 ms, 
and the following imaging parameters: 25 axial slices (2 mm thickness, 1 
mm interslice gap), TR = 5000 ms, BW = 100 Hz/pixel, 180◦ refocusing 
pulses, FOV = 240 × 180 mm2, matrix size = 192 × 144 (readout
× phase encoding), in-plane resolution = 1.25 × 1.25 mm2. For quan
titative T2 mapping, 5 datasets were acquired with different TE values 
(17, 86, 103, 120, 188 ms), keeping all other acquisition parameters 
constant. The total duration was 6:25 min. 

Mapping of T2* was based on the acquisition of eight multiple-echo 
gradient echo (GE) datasets with export of phase and modulus data: FOV 
= 240×180 mm2, matrix size = 192 × 144 (readout × phase encoding), 
in-plane resolution = 1.25 × 1.25 mm2, 25 axial slices, slice thickness =
2 mm, inter-slice gap = 1 mm, TE = [10,16,22,28,34,40,46,52] ms, TR 
= 1500 ms, excitation angle (α) = 30◦, BW = 299 Hz/Pixel, duration =
3:36 min. 

For motion correction, the acquisition was repeated twice with 
reduced spatial resolution (and therefore reduced k-space coverage) in 
phase encoding direction, covering only the central 50 % (duration =
1:57 min) and 25 % (duration = 1:03 min) of k-space. 

Anatomical imaging for tissue segmentation and reconstruction of 
the cortical surface and cortical boundaries was based on a T1-weighted 
Magnetization-Prepared Rapid Acquisition of Gradient Echos (MP- 
RAGE) data set, acquired with the following parameters: TR/TE/ 
TI = 1900/3.04/900 ms, FOV = 256 × 256 × 192 mm3, matrix size =
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256 × 256 × 192, whole-brain coverage, isotropic spatial reso
lution =1 mm, α = 9◦, BW = 170 Hz/pixel, duration = 4:28 min. 
Furthermore, a 3D FLAIR sequence was included for the segmentation of 
WMH. Protocol parameters were: TR/TE/TI = 6000/353/2200 ms, 
FOV = 250 × 215 × 160 mm3, matrix = 256 × 220 × 80, interpolated 
to 256 × 220 × 160, whole-brain coverage, isotropic spatial reso
lution = 1 mm, duration = 8:08 min. 

Image post-processing and analysis 

Imaging data were processed with custom-built MATLAB programs 
(version 8.0, The MathWorks, Inc.) and shell scripts employing tools 
from the FMRIB’s Software Library (FSL, version 5.0.7) [19] and the 
Freesurfer toolbox [20]. 

The DTI data with positive and negative phase encoding gradients 
were processed with the FSL tool ‘TOPUP’ [21], estimating the 
susceptibility-induced B0 inhomogeneities with subsequent distortion 
correction of the DTI data [21]. Skull-stripping of the corrected data and 
the creation of a binary brain mask was performed with the FSL tool 
‘BET’ [22]. Using default parameters, corrections inside the brain mask 
were performed with the FSL tool ‘EDDY’ [23] to compensate for re
sidual eddy-current-induced distortions and subject motion effects. The 
water diffusion tensor for each voxel and parametric maps of the frac
tional anisotropy (FA), mean diffusivity (MD) and radial diffusivity (RD) 
calculated from the local diffusion tensor eigenvalues were obtained 
with the FSL tool ‘DTIFIT’ [24,25]. RD was quantified in addition to the 
more common DTI parameters FA and MD as it represents the average 
diffusion perpendicular to the principal axis of the diffusion tensor, 
which is likely to be particularly sensitive to microstructural damage 
affecting microstructural boundaries such as membrane and myelin 
structures (in contrast to axonal structures) [26–28]. For this reason, we 
hypothesized that RD might be especially suited for the detection of 

pathological tissue changes of the cerebral cortex in CSVD. 
T2 and T2* mapping was performed via mono-exponential fitting of 

the signal in the series of FSE (T2) or GE (T2*) data sets obtained with 
multiple TE. T2* mapping included an algorithm for subject motion 
correction [29], replacing motion-affected lines in k-space by the 
respective lines acquired in the additional data sets with reduced k-space 
sampling. The effects of B0 distortions were eliminated from the 
T2*-weighted data. T2* maps were co-registered to the T2 maps (six 
degrees of freedom). T2′ maps were derived from T2* and T2 maps ac
cording to the formula: 1/T2′ = 1/T2* - 1/T2. 

WMH were automatically segmented on skull-stripped FLAIR images 
(Fig. 1, upper left image). In brief, a custom-built MATLAB script 
employing functions from the MRIcron software (Chris Rorden, 
Columbia, SC, USA; www.mricro.com) was used to segment the WMH 
based on FLAIR signal intensities and histogram analyses as described 
earlier in detail [17]. If necessary, the WMH segmentations were cor
rected manually by two experienced neurological/neuroradiological 
readers, who also evaluated from the structural imaging data the indi
vidual Fazekas score (calculated as the mean score of the periventricular 
and the deep white matter) as well as the number of lacunes and CMBs in 
each subject. During this procedure, standardized consensus criteria 
were applied for the identification and assignment of the respective le
sions based on the FLAIR, T1- and T2*-weighted images [5]. Based on 
the evaluated and corrected individual WMH segmentation (Fig. 1, 
lower left image), the total WMH volume was calculated for each 
subject. 

Structural T1-weighted images were processed with the Freesurfer 
“recon-all” stream for tissue segmentation [20], including reconstruc
tion of the cortical ribbon and its boundaries and vertex-wise mea
surement of the cortical thickness. The normalized brain volume (NBV) 
was calculated as the segmented entire brain volume divided by the total 
intracranial volume (TIV). Mean cortical thickness was calculated 

Fig. 1. Left: Representative FLAIR image used for segmentation of WMH (top) and FLAIR image with segmented binary WMH mask, shown as overlay (bottom, red). 
Centre: Data used for registration to the individual anatomical image: MD map (top) and T2/T2* reference images (bottom). Data are shown after boundary-based 
registration to the individual anatomical image with the inner (white matter surface, yellow) and the outer (pial surface, red) cortical boundary shown as surface 
overlays. 
Right: Illustration of the approach used for boundary-based registration of the DTI and qMRI parameter maps and subsequent reading of the parameter values. Using 
the respective coregistration matrices, DTI and qMRI parameter values were extracted from the middle of the cortical layer (projection fraction of 0.4–0.6, corre
sponding to the middle 20 % of the cortical ribbon) (top, pink area, blue arrow). MD and T2 maps are shown on the inflated cortical surface after sampling to the 
middle 20 % of the cortical ribbon (bottom). Note that data for T2, T2* and T2′ mapping were not acquired with full brain coverage. mm: millimeters; s: seconds; ms: 
milliseconds; RH: right hemisphere; LH: left hemisphere. 
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hemisphere-wise by averaging across all vertices in the cortical thick
ness surface data sets provided by “recon-all” and the mean global 
thickness was obtained by calculating the mean of both hemispheres. 

For spatial alignment of the EPI-based DTI data and qMRI parameter 
maps with the T1-weighted structural images we used boundary-based 
registration with the tool “BBREGISTER”, as included in the Freesurfer 
software. This coregistration method is based on fitting the WM 
boundaries of the structural image and aligning the results with the EPI, 
respectively qMRI data. Advantages of this method have been shown in 
terms of avoiding partial volume effects, thereby minimizing spurious 
contributions from the adjacent cerebrospinal fluid (CSF) and the ce
rebral white matter during the analysis of quantitative imaging pa
rameters of different modalities in the thin cortical ribbon [30,31]. In a 
first step, MD maps and the T2/T2* reference images were coregistered 
to the individual T1-weighted image (Fig. 1), as they have favourable 
contrast properties. Afterwards, the resulting coregistration matrices 
were applied to the (remaining) DTI and qMRI parametric maps, 
respectively. After boundary-based registration to the individual 
T1-weighted structural image (Fig. 2), DTI and qMRI parameter maps of 
each subject were stored as surface datasets with a high resolution (~1 
mm distance between the vertices). Subsequently, the respective cor
egistration matrices were applied to read DTI and qMRI parameter 
values from the middle of the cortical layer (projection fraction of 
0.4–0.6, corresponding to the middle 20 % of the cortical ribbon) for 
further reduction of partial volume effects (Fig. 1, right images). The DTI 
and qMRI parameter values were extracted from all vertices for calcu
lating averaged global parameter values for the entire cortical surface. 
The individual WM segmentation obtained with “recon-all” was trans
formed into a binary mask and used to extract global averaged FA values 
across the entire cerebral WM as a marker of axonal damage from the 
coregistered FA maps. 

Cognitive assessment 

Cognitive assessment was performed by an experienced investigator 
blinded to the relevant clinical and imaging data of the respective sub
jects, using the German version of the test battery of the Consortium to 
Establish a Registry for Alzheimer’s Disease (CERAD, CERAD-plus 

version) [32]. A freely available software (https://www.memoryclinic. 
ch) was used to transform the raw scores from the CERAD-plus battery 
into z-scores corrected for age, sex and years of education, based on two 
normative samples for the German CERAD-plus version [33]. In order to 
reduce the number of tests for the statistical analyses and to produce 
more robust results for the cognitive measures, two cognitive composite 
scores were constructed by averaging the z-scores of multiple subtests 
[7]. First, as a measure of global cognition, we calculated a global 
cognitive composite score similar to the CERAD total score described by 
Chandler et al. [34] by averaging the corrected z-scores of the CERAD 
subtests, excluding the Mini-Mental State Examination (MMSE). In 
addition, an executive function composite score was calculated by 
averaging the z-scores of the verbal fluency test and the ‘subcortical’ 
cognitive domains in the CERAD-plus battery, which include the trail 
making test parts A and B (TMT-A, TMT-B), the ratio TMT-B/A and the 
‘s-words’ test. 

Statistical analysis 

Statistical analyses were performed with IBM SPSS 27 (Armonk, NY). 
After testing for normal distribution with the Kolmogorov-Smirnov-test, 
we applied unpaired t-tests for group comparisons of imaging parame
ters and cognitive scores. Evaluation for equality of variance of the data 
between the groups was performed with the Levene-test. Due to the 
skewed distribution, WMH volumes were log-transformed for further 
statistical analyses [12,35]. Associations of imaging parameters with 
WM lesion load and the extent of microstructural WM damage, as well as 
with cognitive scores, were assessed by partial correlation analyses 
controlling for age and sex. Statistical significance was set to p < 0.05. 

Results 

Demographic baseline characteristics, findings from structural imaging and 
cognitive performance in SVD patients and control subjects 

CSVD patients (n = 33) and control subjects (n = 16) did not differ in 
terms of age and sex (p = 0.925 and p = 0.610). Furthermore, there was 
no statistically significant difference concerning the structural imaging 

Fig. 2. Imaging parameter maps shown after boundary-based registration to the individual anatomical image with the inner (white matter surface) and the outer 
(pial surface) cortical boundary shown as surface overlays (same patient as in Fig. 1). Upper row: DTI parameter maps; lower row: qMRI parameter maps. MD: mean 
diffusivity; FA: fractional anisotropy; RD: radial diffusivity; mm: millimeters; s: seconds; ms: milliseconds. 
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parameters (NBV and mean global cortical thickness) between the 
groups (p = 0.189 and p = 0.151). Mean FA values extracted from the 
entire white matter after tissue segmentation were significantly reduced 
in patients compared to control subjects (p = 0.01). CSVD patients 
showed significantly impaired global cognitive performance and exec
utive function as compared to control subjects (p = 0.0001 and p =
0.002). Table 1 summarizes the demographic baseline characteristics as 
well as results from structural imaging and cognitive assessment for both 
groups. 

Global cortical DTI and qMRI parameters in patients and control subjects 

Cortical diffusivity was significantly increased in patients compared 
to controls (MD: 1.0693 10− 3mm2s− 1 ± 0.11214 10− 3mm2s− 1 vs. 
0.9921 10− 3mm2s− 1 ± 0.07783 10− 3mm2s− 1, p = 0.015; RD: 1.0552 
10− 3mm2s− 1 ± 0.10829 10− 3mm2s− 1 vs. 0.9788 10− 3mm2s− 1 ±

0.07388 10− 3mm2s− 1, p = 0.009) 
Furthermore, mean global cortical T2 values showed a significant 

increase in CSVD patients as compared to control subjects (143.4 ms ±
25.90 ms vs. 131.6 ms ± 16.71 ms, p = 0.034). No significant differences 
were found for cortical FA (0.190 ± 0.0309 vs. 0.195 ± 0.0178, p =
0.28) as well as T2* and T2′ values (64.5 ms ± 11.10 ms vs. 59.9 ms ±
5.32 ms, p = 0.137; 169.8 ms ± 22.38 ms vs. 162.2 ms ± 22.17 ms, p =
0.277) between the groups. 

Associations between cortical imaging parameters and the extent of white 
matter damage in CSVD patients 

After controlling for age and sex by partial correlations, no signifi
cant associations with the mean Fazekas score were found for cortical 
MD and RD (r = 0.225, p = 0.06 and p = 0.227, p = 0.059),while cortical 
T2 values correlated significantly with the mean Fazekas score (r =
0.302, p = 0.025) in the patient group. While cortical MD and RD values 
showed no significant correlations with the segmented WMH volume (p 
= 0.293 and p = 0.282), cortical T2 values showed a significant positive 
signed correlation with the WMH volume (r = 0.468, p = 0.002, Fig. 3A). 
This correlation remained significant when cortical thickness was added 
as a nuisance variable (r = 0.332, p = 0.037). The averaged FA values 
obtained from the entire segmented WM (including the WMH) as a 
marker of axonal damage of the large WM fiber tracts were significantly 

negatively correlated with both the averaged cortical diffusivity (MD: r=
− 0.577, p = 0.001; RD: r= − 0.593, p < 0.0001) and the averaged 
cortical T2 values (r= − 0.356, p = 0.031) (Fig. 3B-D). All correlations 
were controlled for age and sex. 

Associations of imaging parameters with cognitive performance and 
correlations between imaging parameters in CSVD patients 

In order to investigate the potential relevance of cortical qMRI/DTI 
parameters and structural imaging parameters for the impaired cogni
tive performance detected in CSVD patients as compared to control 
subjects, we assessed the association of each cognitive composite score 
with the respective imaging parameters in the group of CSVD patients. 
Apart from the NBV, none of the investigated imaging parameters 
(including cortical thickness as well as global cortical diffusivity and 
global cortical T2) showed a significant association with the cognitive 
composite scores. For the executive function composite score, there was 
a moderate significant positive correlation with the NBV (r = 0.382, p =
0.025), even after inclusion of the WMH volume as a nuisance variable (r 
= 0.386, p = 0.026). For the global cognitive composite score, a strongly 
significant positive correlation with the NBV was found (r = 0.536, p =
0.002), which remained significant when controlling for the WMH 
volume (r = 0.533, p = 0.0025). While no significant associations were 
found between cortical T2 values and cortical MD and RD (trend to 
significance with p = 0.077 and p = 0.067, respectively), both T2 and 
cortical diffusivity showed a significant negative correlation with 
cortical thickness (p < 0.01), which was also negatively correlated with 
the WMH volume (r= − 0.37, p < 0.05). Neither cortical thickness nor 
the microstructural imaging parameters (including cortical diffusivity 
and T2 as well as white matter FA) showed significant associations with 
the NBV. Detailed results for correlations, both between imaging pa
rameters and between imaging parameters and cognitive measures are 
provided in Fig. 4. 

Table 1 
Demographic baseline characteristics, results from structural imaging and 
cognitive assessment for patients and control subjects. Data are presented as 
mean ± SD unless indicated otherwise.   

CSVD patients (n =
33) 

Control subjects (n 
= 16) 

p- 
value 

Age (years) 70.3 ± 10.55 70.6 ± 7.53 0.925 
Female sex (%) 56.3 48.5 0.610 
WMH volume, cm3 

(median) (IQR) 
20.7 (26.5–16.7) 6.2 (8.9–3.9) 0.0001 

Lacunes, n (median) (IQR) 1 (2–0) 0 (0–0) 0.0001 
CMBs, n (median) (IQR) 0 (2–0) 0 (1–0) 0.006 
NBV* 0.71 ± 0.030 0.72 ± 0.026 0.189 
Global cortical thickness 

(mm) 
2.41 ± 0.119 2.44 ± 0.087 0.151 

Global white matter FA 0.38 ± 0.053 0.41 ± 0.042 0.01 
Global cognitive 

composite 
(z-score)** 

− 0.69 ± 0.825 0.30 ± 0.552 0.0001 

Executive function 
composite 
(z-score)** 

− 0.30 ± 0.864 0.55 ± 0.870 0.002  

* : expressed as a fraction of the total incranial volume (TIV). 
** averaged z-scores across the included subtests, which were adjusted for age, 

sex and years of education. WMH: white matter hyperintensities; IQR: inter
quartile range; CMB: cerebral microbleed; NBV: normalized brain volume; FA: 
fractional anisotropy. 

Fig. 3. Scatterplots illustrating the relationship of cortical imaging parameters 
and (micro-) structural WM damage. A: Association between cortical T2 and 
WMH volume. B-D: Relationship of cortical diffusivity (B, C) and cortical T2 
values (D) with the averaged FA as a marker for axonal damage to WM fiber 
tracts. A line of best fit for the linear relationship between the two variables as 
well as the 95 % confidence interval are shown in each graph. MD: mean 
diffusivity; RD: radial diffusivity; mm: millimeters; s: seconds; ms: milliseconds. 
Correlation coefficients reflect partial correlations corrected for age and sex. 
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Discussion 

In this study, microstructural involvement of the cerebral cortex was 
investigated in CSVD patients without cerebral or cortical atrophy in 
comparison to a group of healthy control subjects, using cortical DTI and 
quantitative mapping of transverse relaxation times, along with a 
surface-based analysis approach. CSVD patients showed significantly 
impaired white matter microstructure (reduced FA) as a major deter
minant of cognitive function in CSVD [3] as well as significantly worse 
executive functioning and global cognitive performance without sig
nificant reductions in brain volume and global cortical thickness 
compared to healthy control subjects (Table 1). Among the investigated 
diffusion and qMRI parameters, cortical mean and radial diffusivity (MD 
and RD) as well as T2 values showed significant differences, being 
increased in CSVD patients as compared to control subjects. In contrast, 
no significant differences regarding cortical FA as well as cortical T2* 
and T2′ values were found between the two groups. 

Mean values of cortical DTI parameters as derived in our study are 
comparable to values reported in previous studies using DTI for the 
investigation of the cortical microstructure in patients with subcortical 
brain lesions [15,36,37]. In our CSVD patient cohort, cortical FA values 
were not significantly altered in patients compared to control subjects. 
However, since neuronal structures (e.g. cell bodies) in the cerebral 
cortex are largely isotropic, neuronal tissue loss would not necessarily be 
expected to cause to measurable alterations of cortical FA. For this 
reason, FA might be a less sensitive parameter for the detection of 
pathological alterations of the cortical microstructure. In contrast, we 

found increased cortical diffusivity in patients, indicating an alteration 
of the interaction between water molecules and microstructural 
boundaries in the cortical tissue of CSVD patients with a lower degree of 
hindrance of water diffusion [26-28,38]. Furthermore, cortical T2 was 
significantly higher in CSVD patients than in controls. Quantitative T2 
mapping is sensitive to several distinct pathological alterations of the 
brain tissue microstructure, which include in particular demyelination, 
gliotic tissue conversion, and an increase of the tissue fluid content due 
to intra- and extracellular edema [17,18]. According to the pathological 
alterations of the cortical microstructure described both in experimental 
and MR imaging studies, one of the major causes potentially underlying 
increased cortical diffusivity and prolonged cortical T2 in CSVD might be 
an elevated permeability or disruption of the blood-brain-barrier (BBB) 
[3,39-41] and the formation of myelin vacuoles with segmental edema 
[42]. A resulting enlargement of the extracellular space due to an 
interstitial edema yields both an increased cortical diffusivity and a 
prolonged cortical T2 [17,18]. Widespread increases of the BBB 
permeability have been recently described within normal-appearing 
cortical tissue in patients with CSVD [41]. Furthermore, an impair
ment of the glymphatic clearance function leading to a failure of peri
vascular fluid transport and thus an increase of the interstitial fluid 
content is increasingly being proposed as a key mechanism in the CSVD 
pathophysiology [43,44]. Apart from a primary extracellular edema due 
to an impairment of the BBB or glymphatic dysfunction, the increase of 
cortical MD and RD as well as cortical T2 values might be explained by a 
relative enlargement of the extracellular space because of neuronal at
rophy or neuronal loss caused by microstructural damage and axonal 

Fig. 4. Correlation matrix displaying correlation coefficients (partial r, corrected for age and sex) for associations between imaging parameters as well as between 
imaging parameters and cognition. Whereas neutral bright colours denote weak correlations, stronger shades of blue indicate positive correlations and stronger 
shades of red indicate negative correlations. Significant correlations are flagged with asterisks. *: p < 0.05; **:p < 0.01; ***: p < 0.001; MD: mean diffusivity; RD: 
radial diffusivity; NBV: normalized brain volume; WMH: white matter hyperintensity; FA: fractional anisotropy; WM; white matter. 
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degeneration in major white matter fiber tracts. The degeneration of 
cortical tissue through microstructural “disconnection” of cortical neu
rons in the course of progressive white matter damage has been pro
posed as one of the pathophysiological key mechanisms by which CSVD 
affects the entire brain and causes cortical gray matter atrophy [6,12, 
45]. Both the extent of BBB impairment and cortical neuronal loss are 
commonly related to disease severity in terms of the overall lesion load 
[6,12,41,45]. Therefore, the significant group differences in cortical 
diffusivity and the positive association of cortical T2 values with the WM 
lesion load (Fig. 3A) are compatible with the hypothesis of BBB leakage 
and neuronal loss as mechanisms driving increases of both cortical 
diffusivity and cortical T2 values. Furthermore, the significant re
lationships of cortical diffusivity and cortical T2 values with the global 
WM FA values (Fig. 3B-D) likewise support the hypothesis of axonal 
damage of the major WM fiber tracts with cortical microstructural 
neuronal loss through disconnection as an important mechanism, sug
gesting that microstructural cortical damage is closely related to an 
impaired WM integrity. Cortical thickness as a widely used parameter 
for cortical microstructural integrity is negatively associated with the 
WMH volume [11,12,35] (Fig. 4), but the relationship is strongly 
age-mediated [12-14,35]. In contrast, in this study the association of 
cortical T2 values with the WMH volume remained significant after 
adjustment for age and sex (Fig. 3A), while the correlation of MD and RD 
values with the WMH was not statistically significant (Fig. 4). This 
finding might indicate that T2 mapping reflects the actual CSVD-related 
microstructural tissue pathology more specifically and more indepen
dently of age than cortical thickness, and possibly also MD and RD, as 
suspected earlier [17]. Furthermore, since the association between 
cortical T2 and WMH volume remained significant after controlling for 
cortical thickness, our results do not suggest that the correlation is only 
driven by cortical thinning and thus partial volume effects from the 
adjacent cerebrospinal fluid (CSF). In general, increases in cortical 
diffusivity and cortical T2 most likely represent an earlier stage of 
cortical microstructural impairment, in contrast to cortical thinning 
which indicates tissue atrophy at a larger scale and thus a more 
advanced stage of cortical microstructural impairment. In general, this 
hypothesis would be supported by the significant correlations of cortical 
MD, RD and T2 values with cortical thickness (Fig. 4), although it could 
only be confirmed in larger studies with a longitudinal design. The lack 
of significant associations between cortical diffusivity and T2 and the 
differences between those imaging markers with regard to their asso
ciation with microstructural WM damage and lesion load (Fig. 3, Fig. 4) 
may suggest different sensitivities to various aspects of cortical micro
structural pathology, but this study was not powered to shed light on this 
question in a more detailed manner. 

Quantitative T2* is sensitive to the cortical myelin and iron content 
[46–49] and quantitative T2′ is commonly considered a highly sensitive 
surrogate marker of tissue iron deposition due to the correction for 
inherent spin-spin effects in comparison to quantitative T2* (with 1/T2′ 
= 1/T2* - 1/T2) [48–51]. In addition, T2′ can be used as a parameter of 
tissue oxygen metabolism since a local relative increase of deoxygenated 
haemoglobin leads to markedly reduced T2′ values [18,52]. The lack of a 
significant difference of T2* and T2′ values between CSVD patients and 
control subjects suggests that changes in cortical myelination as well as 
in cortical iron deposition and cortical oxygenation do not play a rele
vant role in CSVD - at least in patients without significant cortical or 
whole-brain atrophy. However, especially T2* and T2′ are prone to ar
tefacts induced by local field inhomogeneities complicating the inves
tigation of the thin cortical layer. Therefore, the lack of a significant 
difference in cortical T2* and T2′ values between the groups should be 
interpreted with caution with respect to pathophysiological hypotheses. 

Among the quantitative and structural imaging parameters investi
gated in this study, only the NBV was significantly associated with the 
executive functions and the global cognitive performance in CSVD. In 
line with the results of previous studies, our results suggest that brain 
atrophy determines cognitive impairment in elderly subjects with CSVD 

[7,53]. The relationship between brain atrophy and cognitive impair
ment is complex and is mediated by several factors including age, WMH 
load, (strategic) lacunes, CMBs, vascular risk factors and β− Amyloid 
deposition due to concomitant Alzheimer’s pathology [54,55]. A lon
gitudinal imaging study on CSVD patients investigating changes in 
diffusion and structural imaging described short-term changes in DTI 
parameters preceding (further) whole-brain atrophy and (progressive) 
cognitive deterioration [10]. Those findings suggest a sequence of 
CSVD-related pathological alterations of the tissue microstructure fol
lowed by tissue volume reduction and finally its clinical manifestations 
as cognitive impairment in multiple cognitive domains. In view of this 
well-documented pathophysiological course, the lack of a significant 
association of cortical diffusivity and cortical T2 values with the cogni
tive performance is not entirely unexpected. Furthermore, of note, there 
was no significant difference in cortical thickness between CSVD pa
tients and control subjects, despite marked differences in cognitive 
performance (Table 1). Changes of cortical thickness in CSVD, also with 
respect to their association with WMH volume and localization and their 
impact on cognitive status, seem to be heterogeneous and complex [9, 
11,12] and the role of cortical thinning for cognitive impairment and 
deterioration in CSVD is currently not entirely clear. In line with these 
observations, no significant association was found between cortical 
thickness and cognitive performance in our study, which generally 
questions the relevance of cortical microstructural for cognitive 
impairment in CSVD (at least at earlier stages) and makes the lack of a 
significant relationship of cortical diffusivity and cortical T2 less sur
prising. In accordance with previous research, our results suggest that 
cognitive impairment in CSVD is mainly driven by subcortical WM pa
thology leading to an overall reduction of brain volume [3,7,8,10,53]. 
The increase of cortical diffusivity and the prolongation of cortical T2 
most likely represent an early impairment of the cortical microstructure 
related to progressive ischemic damage to the cerebral WM (Fig. 3). The 
additional impact of such alterations of the cortical microstructure in 
CSVD needs to be elucidated in future studies. 

Limitations 

The major limitation of this study is the rather small sample size. 
Furthermore, since this a cross-sectional study, we are not able to 
comment on the temporal dynamics of changes in cortical diffusivity 
and cortical T2 values, their magnitude and how they relate to cerebral 
structural changes and clinical features of CSVD. With regard to the 
actual microstructural processes involved in cortical remodelling in 
CSVD, only pathophysiological assumptions can be made based on the 
changes observed in the employed DTI and qMRI parameters. Disen
tangling the contributions of BBB leakage and impaired glymphatic 
clearance function leading to primary increase of extracellular fluid 
content through interstitial edema and microstructural atrophy leading 
to a secondary increase of the tissue water fraction would require adding 
imaging modalities which allow for assessing the functionality of the 
BBB and the glymphatic system [41,44]. Moreover, despite the opti
mized coregistration and analysis method for the avoidance of partial 
volume effects, also in the light of the significant negative associations of 
cortical diffusivity and cortical T2 with cortical thickness, we cannot 
fully exclude an influence of such on our results. Finally, the prevalence 
of typical CSVD-related imaging findings beyond WMH, such as lacunes 
and CMBs, was low in our cohort (Table 1). As the individual load of 
lacunar lesions is known to have a substantial impact on the cortical 
structure [56,57], the microstructural involvement might vary accord
ing to the CSVD phenotype and the predominant subcortical manifes
tation. This would be an intriguing question to investigate in future 
studies. 

Conclusions 

Cortical diffusivity and quantitative T2 mapping are suitable to 
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detect microstructural involvement of the cortical grey matter in CSVD, 
even when no relevant cortical or whole-brain atrophy is present. Global 
cortical MD, RD and T2 values are significantly associated with the WM 
lesion load and microstructural damage of WM tracts, which would be in 
line with progressive BBB leakage related to the overall disease severity 
and with the concept of cortical tissue damage because of disconnection 
through progressive disruption of fiber tracts in CSVD. Especially 
quantitative T2 might be a promising imaging biomarker, which spe
cifically reflects CSVD-related alterations of cortical microstructure and 
therefore could be used for monitoring disease progression or evaluating 
the effects of therapeutic interventions in clinical studies. Future lon
gitudinal studies and larger sample sizes are warranted and required in 
order to assess the utility of quantitative T2 as a predictor of (further) 
cognitive decline and cortical atrophy in CSVD. 
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