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DTI-derived indexes of brain WM correlate with cognitive performance
in vascular MCI and small-vessel disease. A TBSS study
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Abstract
Indexes derived from diffusion tensor imaging (DTI) are sensitive to changes of both T2-hyperintense and normal-appearing
brain white matter (WM) in elderly subjects with variable cognitive status. We investigated correlations between global cognitive
performance and DTI-derived indexes along the WM tracts in the brain of patients with vascular mild cognitive impairment
(MCI) and small vessel disease (SVD). Seventy-six patients with vascular MCI and SVD were assessed through Montreal
Cognitive Assessment (MoCA) and Mini Mental State Examination (MMSE) test and underwent DTI examination on a 1.5 T
MR scanner. We used Tract Based Spatial Statistics (TBSS) to assess voxel-wise in the entire brain the spatial distribution of the
correlation between values of fractional anisotropy, mean, axial/radial diffusivity and global cognitive performance as assessed
with MoCA and MMSE tests. All correlations were statistically tested with a significant p-value <0.05 using a family-wise error
correction for multiple comparisons. The MoCA score significantly correlated with fractional anisotropy (positive correlation)
and mean, axial and radial diffusivity (negative correlations) in WM tracts of cerebral hemispheres and corpus callosum, as well
as in the intra-thalamic WM tracts and the superior cerebellar peduncle decussation in the midbrain. No significant correlations
were observed for MMSE score. Global cognitive performance, as measured by the MoCA score, in patients with vascular MCI
and SVD is associated with microstructural changes in WM tracts underlying intra- and inter-hemispheric cerebral, thalamo-
cortical and cerebello-thalamic connections.
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Introduction

Hyperintensity of the cerebral white matter (WM) in magnetic
resonance T2-weighted images (T2WI), also termed
leukoaraiosis, is a common condition in the elderly (Fazekas
et al. 1987; Pantoni et al. 2005). It is associated with small
vessel disease (SVD), motor disability and variable cognitive
deficits, the latter implying a role of T2WI hyperintensity of
the WM in vascular mild cognitive impairment (MCI) and
dementia (Lamar et al. 2008; Roman et al. 2002).

When employed judiciously (Jones et al. 2013), diffusion-
weighted imaging and diffusion tensor imaging (DTI) provide
powerful tools for quantitative investigation of WM proper-
ties. Accordingly, these techniques have been applied to char-
acterize WM areas exhibiting both increased and normal T2
signal in elderly subjects with SVD (Mascalchi et al. 2002;
O’Sullivan et al. 2001). In particular, using region-of-interest
(ROI) or histogram analysis of the whole WM or of segment-
ed T2WI hyperintensities, the apparent diffusion coefficient
(ADC)/mean diffusivity (MD) were seen to correlate nega-
tively and fractional anisotropy (FA) to correlate positively
with global and selective cognitive performance in patients
with SVD and vascular MCI (Della Nave et al. 2007;
O’Sullivan et al. 2004a; Vernooij et al. 2009; Xu et al. 2010;
Pasi et al. 2015).

Tract-based spatial statistics (TBSS) is a voxel-wise meth-
od to regionally analyze DTI-derived indexes across the
whole brain WM without any a priori hypotheses (Smith
et al. 2006), that has been applied to the investigation of brain
T2WI hyperintensities and SVD in elderly subjects with or
without MCI (Mascalchi et al. 2014; Otsuka et al. 2012;
Tuladhar et al. 2015) and in young or middle-aged subjects
with cerebral autosomal dominant arteriopathy with subcorti-
cal infarcts and leukoencephalopathy (CADASIL) (Mascalchi
et al. 2017). The latter is the most frequent inherited brain
SVD and is considered a model of SVD associated with cere-
bral T2 hyperintensities (Chabriat et al. 2009).

Recently, the median value of MD and FA in the whole
cerebral WM was reported to significantly correlate (nega-
tive and positive correlation, respectively) with MoCA
scores but not with MMSE scores in patients with vascular
MCI and SVD (Pasi et al., 2015). In this study, we hypoth-
esize that we could observe a significant correlation between
DTI-derived indexes in some specific WM tracts serving
distinct brain circuitries, including those of the brainstem
and cerebellum, and measurements of cognitive deficits in
patients with vascular MCI and SVD. For such an aim, we
performed a voxel-wise whole brain TBSS analysis of DTI-
derived indexes. In addition, we evaluated the spatial rela-
tionship between the WM tracts showing microstructural
changes as outlined by TBSS analysis of DTI-derived index-
es and the areas appearing hyperintense on T2-FLAIR
images.

Materials and methods

Subjects

In this study, we assessed 76 subjects with evidence of MCI
and brain WM T2WI hyperintensity of moderate or severe
extension and SVD who were enrolled in the vascular MCI
(VMCI) Tuscany study (Poggesi et al. 2012).

The VMCI-Tuscany Study is a longitudinal study designed
to estimate the effect of a large set of clinical, neuroimaging,
and biological markers of SVD in predicting the transition
fromVMCI to dementia (Poggesi et al. 2012). To be included,
patients have to be classified as affected by vascular MCI with
SVD according to the following criteria: 1) MCI defined ac-
cording to the Winblad et al. criteria (Winblad et al. 2004) and
operationalized according to Salvadori et al. (Salvadori et al.
2016); 2) visible evidence on FLAIR-T2 weighted images of
moderate-to-severe degrees of WM T2WI hyperintensity, ac-
cording to the modified version of the Fazekas scale (Pantoni
et al. 2005).

Patients with other causes of WM lesions (e.g., multiple
sclerosis, history of brain irradiation or other causes), as well
as patients incapable to provide an informed consent were
excluded from the VMCI-Tuscany study. In addition, for the
present investigation, we also excluded subjects with non-
lacunar infarcts in the cerebral cortex, cerebellum or
brainstem. This choice was motivated by the possibility that
such infarcts entail Wallerian degeneration phenomena which
may act as confounders in the interpretation of DTI-derived
indexes of the WM (Goveas et al. 2015).

Recruited patients underwent a thorough clinical, neuro-
psychological and laboratory assessment (Poggesi et al.
2012; Salvadori et al. 2015) along with a dedicatedMRI study.
The research was conducted in accordance with the Helsinki
Declaration. The study was approved by the local ethics com-
mittees and a written informed consent was obtained from all
individual participants included in the study.

A control group composed of 24 healthy control subjects
(12 men and 12 women, mean age 72.5 ± 4.7 years, mean ±
standard deviation) was included in the study. No significant
difference in age (p = 0.09 at t-test) and in gender proportion
(p = 0.65 at χ2 test) was found between the patient and control
group. Healthy controls had no familial or personal history of
neurologic or psychiatric disorders and underwent a neurolog-
ic examination that showed no abnormalities. The presence of
cognitive impairment in controls has been excluded through
the Mini Mental State Examination (MMSE) (mean score
corrected for age and education level 28.9 ± 1.2, range 26.2–
30, in the normal range for the Italian population (Measso
et al. 1993)). Moreover, their MRI showed no (in 16 subjects)
or only mild (in 8 subjects) brain WM hyperintensities on
FLAIR-T2WI (according to the modified version of the
Fazekas scale) and no lacunes. Patients and controls
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underwent the same imaging protocol on the same MR
scanner.

MRI examination

The subjects were examined on a clinical 1.5 T scanner
(Intera, Philips Medical System, Best, The Netherlands) with
33 mT/m maximum gradients strength and 6-channel radio-
frequency head coil.

The MR examination protocol included a sagittal 3D T1-
weighted turbo gradient echo sequence (TR = 8.1 ms, TE =
3.7 ms, flip angle = 8°, TI = 764 ms, FOV = 256 mm ×
256 mm, matrix size = 256 × 256, 160 contiguous slices, slice
thickness = 1 mm, NEX =1) and an axial FLAIR sequence
(TR = 11,000 ms, TE = 140 ms, TI = 2800 ms, flip angle =
90°, FOV = 250 mm× 250 mm, matrix size = 280 × 202, 40
contiguous slices, slice thickness = 3 mm, interslice gap =
0.6 mm). For DTI, axial diffusion-weighed images were ob-
tained with single-shot echo planar imaging sequence [TR =
9394 ms, TE = 89 ms, FOV = 256 mm × 256 mm, matrix
size = 128 × 128, 50 slices, slice thickness = 3 mm, no inter-
slice gap, NEX = 3, SENSE acceleration factor = 2; diffusion
sensitizing gradients applied along 15 non-collinear directions
using b-value of 0 (b0 image) and 1000 s/mm2].

Neuropsychological assessment

All patients underwent assessment through comprehensive
neuropsychological test battery (Salvadori et al. 2015). In the
present investigationwe selected for the TBSS correlation anal-
ysis the subject’s score on the Montreal Cognitive Assessment
(MoCA) test as well as MMSE scores. MoCA is a simple,
stand-alone cognitive scale with good sensitivity and specific-
ity in detecting MCI and, differently from MMSE that is the
most widely used brief screening instrument for dementia, in-
cludes attentional, psychomotor speed, and executive items
(Nasreddine et al. 2005; Folstein et al. 1975). For this reason
it has been applied and recommended as a screening tool in
vascular MCI (Pendlebury et al. 2010; Salvadori et al. 2015;
Xu et al. 2014; Hachinski et al. 2006). MoCA and MMSE
scores range from 0 to 30, with higher scores indicating a better
cognitive performance, and correction for the effects of age and
education was carried out using norms validated in the healthy
Italian population (Conti et al. 2015; Measso et al. 1993).

Processing and data analyses

Conventional MRI

An observer with 10 years of experience (#1) visually eval-
uated the extent of WM T2WI hyperintensities on FLAIR
images according to the modified Fazekas scale (Pantoni
et al. 2005). Accordingly, patients were subdivided into

four groups: grade 0 (no changes); grade 1 (mild changes):
single lesions <10 mm and/or areas of Bgrouped^ lesions
<20 mm in any diameter; grade 2 (moderate changes): sin-
gle hyperintense lesions of 10–20 mm, and hyperintense
areas linked by no more than Bconnecting bridges^
>20 mm in any diameter; and grade 3 (severe changes):
both single and confluent hyperintense areas of ≥20 mm
in any diameter).

Moreover, the same observer evaluated the presence of
lacunar infarcts, which were defined as hypointense lesions
on T1-weighted imaging with corresponding totally or partial-
ly hyperintense lesion on FLAIR images with a diameter <
20 mm. Lacunar infarcts were classified as absent, 1–3, and >
3 (Pasi et al. 2015).

Intra-rater agreement for observer #1 was assessed on 40
randomly selected MRI examinations scored twice, and
turned out to be almost perfect for Fazekas score (linear
weighted Cohen’s kappa κ = 0.91) and lacunar infarcts classi-
fication (κ = 0.82).

To assess inter-rater visual agreement, a second observ-
er (#2) with 8 years of experience, independently, per-
formed the same assessment in all patients and control
subjects.

Inter-rater agreement was substantial for both Fazekas
score (κ = 0.70) and lacunar infarcts classification (κ = 0.66).
In the following analysis, we employed consensus rating be-
tween two observers and, in case of discordant rating, we
employed the rating by the most experienced rater (#1).

Diffusion-weighted imaging

Diffusion-weighted images were corrected for head motion
and eddy current distortions using FMRIB’s Diffusion
Toolbox 2.0, part of FSL 4.1.9 (Smith et al. 2004) after which
brain tissue was segmented using BET (Smith 2002). The b-
matrix was reoriented by applying the rotational part of the
affine transformation employed in the eddy-correction step
(Leemans and Jones 2009). A tensor model was fitted to the
raw data using a constrained nonlinear least squares procedure
implemented in the software package CAMINO (Cook et al.
2006), and residual non-positive definite tensors (in isolated
regions where the nonlinear algorithm failed to converge,
mainly located at the edge of the brain) were removed by
tensor interpolation in the log-euclidean domain (Arsigny
et al. 2006). The following diffusion tensor invariants were
then computed from the estimated tensor field using the soft-
ware package DTI-TK (Zhang et al. 2007): MD, FA, axial
diffusivity (AD) and radial diffusivity (RD).

TBSS

Voxel-wise statistical analysis of FA, MD, AD and RD data
was carried out using TBSS (Smith et al. 2006), also part of
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FSL, which involves: (a) nonlinear registration of every FA
image to every other one; (b) identification of the Bmost rep-
resentative image^, as the one which requires the least
warping to align every other image to it; (c) affine alignment
of this target image into MNI152 space; (d) transformation of
every other image into MNI space by combining the single
nonlinear transforms into the target image with the affine
transform into MNI space; (e) creation of a mean FA image,
and (f) thinning to create a mean FA Bskeleton^ that represents
the centers of all tracts common to the group. Each subject’s
aligned FA data was then projected onto this skeleton, and
previously computed warps were successively applied to
FA, MD, AD and RD, thereby transforming all images into
MNI space for subsequent skeletonization as above. Resulting
data was then fed into voxel-wise cross-subject statistics. The
latter included full correction for multiple comparisons across
space using permutation-based nonparametric inference with-
in the general linear model (GLM) framework (using 5000
permutations).

Preliminarily, we performed a between-group comparison
of DTI-derived indexes between patients with MCI and SVD
and healthy control subjects through a GLM. In addition, a
within-group analysis in the patients with MCI and SVD
group has been performed through a second GLM: all patients
were considered as a single population in order to test for
significant correlation of the MoCA and MMSE scores with
voxel-wise skeletonized FA, MD, AD and RD (Winkler et al.
2014). The design matrix included age, gender and years of
education as nuisance covariates. GLM contrasts for investi-
gating both positive and negative correlation were set. P
values were calculated and corrected for multiple comparisons
using the B2D^ parameter settings with threshold-free cluster
enhancement, thereby avoiding the use of an arbitrary thresh-
old for the initial cluster-formation (Smith and Nichols 2009).
A p-value <0.05 corrected for multiple comparisons across
space, was considered statistically significant (Winkler et al.
2014).

The WM tracts in which significant correlations were de-
tected were labeled using the Balboni et al. anatomy textbook
(Balboni et al. 2000) and the Wycoco et al. practical guide for
radiologists (Wycoco et al. 2013).

White matter lesion analysis

In order to evaluate the degree of overlap between TBSS
significance maps and the areas of visible T2 WM
hyperintensity (WM lesions), a single observer outlined the
latter in all vascular MCI patients on FLAIR images using a
semiautomated segmentation technique based on user-
supervised local thresholding (Jim 5.0, Xinapse System,
Leicester, UK; www.xinapse.com/Manual/). A mean
FLAIR-lesion map of the vascular MCI population was gen-
erated using FSL tools and a three-step procedure. First, a

study-specific T1 template was created after registering all
native 3D T1-weighted images on the high-resolution
(1 mm3) MNI152 standard brain by using a linear transforma-
tion (FLIRT, FMRIB Linear Image Registration Tool)
(Jenkinson and Smith 2001) and a subsequent nonlinear trans-
formation (FNIRT, FMRIB Nonlinear Image Registration
Tool) (Andersson et al. 2007); then all registered images were
merged and averaged. Second, the lesion mask of each patient
was nonlinearly registered on the T1 template by the combi-
nation of the following registrations: native FLAIR image on
native T1-weighted image through FLIRT (Bboundary-based
registration^ cost function) and native T1-weighted image on
the T1 template through FNIRT. Finally, a group FLAIR-
lesion map was generated first merging and then averaging
all the FLAIR-lesion masks previously registered on the T1
template. The group FLAIR-lesionmap thus provides a voxel-
wise representation of the percentage of patients who have
WM lesions in a determinate location. The group FLAIR-
lesion map was overlaid with the significance maps resulting
from between- and within-group analyses of each DTI-
derived index.

Results

Demographic, clinical and conventional MRI features of the
76 patients are reported in Table 1.

As compared to the group of healthy controls, the patient
group with vascular MCI and SVD showed extensive areas of
increasedMD and RD and of decreased FA involving cerebral
WM, corpus callosum, thalami, brainstem, superior and mid-
dle cerebellar peduncles and cerebellum (Supplementary
Figs. 1-3). Areas of increased AD were also present in the
cerebral WM, corpus callosum and thalami (Supplementary
Fig. 4). No areas of significantly decreased MD or RD, of
increased FA or decreased AD were observed.

In patients with vascular MCI and SVD, MoCA score was
correlated significantly with FA (positive correlation) as well
as MD, AD and RD (negative correlation) in the WM tracts of
almost the entire cerebral hemispheres, in an almost symmet-
rical fashion (Fig. 1 and Supplementary Figs. 5-7). WM tracts
involved included superior and inferior longitudinal fascicu-
lus, inferior frontal-occipital fasciculus, uncinate fasciculus,
cingulum, internal capsule, forceps major and minor,
corticospinal tracts and optic and thalamic radiations. MoCA
score was significantly correlated with FA (positive correla-
tion), MD and RD (negative correlation) in the WM fibers of
the rostrum, body and splenium of the corpus callosum
(Fig. 2).

MoCA score was also significantly correlated with FA
(positive correlation) as well as MD, AD and RD (negative
correlation) in the intra-thalamic WM tracts (Fig. 1 and
Supplementary Figs. 5-7).
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Finally, MoCA score was significantly correlated with FA
(positive correlation) as well as MD and RD (negative corre-
lation) in the decussation of the superior cerebellar peduncles
in the midbrain corresponding to the dentate-rubro-thalamic
or dentate-thalamic tracts (Figs. 1 and 2 and Supplementary
Figs. 5-7).

The significance maps of all DTI-derived indexes showed
an intermediate degree of overlay with the group FLAIR-
lesion map (Fig. 1 and Supplementary Figs. 1-7).

No significant correlations betweenMMSE score and DTI-
derived indexes were observed.

Discussion

The preliminary between-group TBSS analysis of DTI-
derived indexes showed that patients with vascular MCI and
SVD have extensive areas of microstructural changes in the
cerebrum, brainstem and cerebellum when compared to
healthy elderly subjects without cognitive impairment and ab-
sent or midbrain WM hyperintensities on FLAIR/T2-
weighted images. Such a spatial distribution of changes in
DTI-derived indexes is very similar to that observed using
TBSS in patients with CADASIL (Mascalchi et al. 2017).

Visually rated extension of cerebral T2WI hyperintensity
and atrophy of the corpus callosum have been previously re-
ported to correlate with cognitive deficits in elderly patients
with T2WI hyperintensity and SVD (Gouw et al. 2006;
Jokinen et al. 2007). Moreover, O’Sullivan et al. (O’Sullivan
et al. 2004a) reported thatMDmeasured in several ROIs in the
normal-appearing cerebral WM correlated with full scale IQ

and tests of executive functions in a sample of 36 patients with
ischemic T2WI hyperintensities. The same authors found a
similar correlation between Trail Making Test B-A score, a
measure of attentional set shifting and executive function,
and MD values in frontal WM in healthy elderly subjects
(O’Sullivan et al. 2001). In a previous VMCI-Tuscany study
on the same patients of the current study, the median value of
MD and FA in the whole cerebral WM correlated with MoCA
scores but not with MMSE (Pasi et al. 2015).

To our knowledge, two previous studies used TBSS in
order to assess possible correlations between cognitive perfor-
mance and DTI-derived indexes in the WM of patients with
T2WI and SVD (Otsuka et al. 2012; Tuladhar et al. 2015).
Otsuka et al. (Otsuka et al. 2012) examined 24 patients with
extensive T2WI hyperintensity and SVD and variable clinical
features including dementia, and reported a significant posi-
tive correlation between MMSE and FA (i.e., lower FA was
associated with worse cognitive performance) in cerebral
hemispheric deep WM and in the corpus callosum. Tuladhar
et al. (Tuladhar et al. 2015) examined 440 elderly, non-
demented subjects with SVD and variable extension of
T2WI hyperintensity and severity of cognitive deficit (of
which only 2.9% fulfilled the criteria for MCI). They found
that FA and MD of specific WM tracts correlated (FA, nega-
tive correlation; MD, positive correlation) with the degree of
cognitive disturbances. In particular, FA, MD and RD in the
genu and splenium of the corpus callosum showed the stron-
gest significant correlation with global cognitive function and
executive functions, while FA andMD in the cingulum bundle
correlated significantly with verbal memory performance.
MMSE did not show any significant correlation with DTI-
derived indexes.

Our investigation differs from the above two studies
(Otsuka et al. 2012; Tuladhar et al. 2015) for the following
two aspects.

First, we evaluated only patients with evidence of vascular
MCI and SVD.

Second, we explored the correlation between DTI-derived
indexes and two cognitive scales, using MoCA test, a screen-
ing test specifically developed, and MMSE. In particular, the
MoCA test is a screening tool suggested from the NINDS-
CSN harmonization standards for the evaluation of vascular
cognitive impairment due to the presence of several items
assessing executive functions, attention and concentration
(Hachinski et al. 2006). Furthermore, studies on content va-
lidity confirm that the MoCA covers most of the domains that
represent cognitive impairment in cerebrovascular disease,
and is sensitive to the milder forms of cognitive impairment
that often accompany cerebrovascular disease (Koski 2013).
The choice of a screening tool was due to its feasibility, use-
fulness and availability in clinical practice, where a second
level and comprehensive neuropsychological assessment
(e.g. Trail Making test, Stroop test, etc.) is not always

Table 1 Demographic, clinical and MRI features of the 76 vascular
MCI patients with SVD

Mean ± SD or percentage (%)

Age (years) 75.1 ± 6.8

Education (years) 8.0 ± 4.3

Gender

Female 44.7

Male 55.3

MoCA score* 18.9 ± 5.7

MMSE score* 26.1 ± 3.3

Lacunar infarcts

n = 0 28.9

n = 1–3 32.9

n > 3 38.2

Fazekas scale

Grade 2 48.7

Grade 3 51.3

SD, standard deviation

*Adjusted scores for age and education
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available. Thus we believe that the result of a significant cor-
relation between DTI-derived indexes and the MoCA scores
further support the usefulness of a simple cognitive test as an
early marker of brain damage leading to cognitive
dysfunction.

We found significant correlations in the WM belonging to
four systems, namely the cerebral hemisphereWMunderlying
intra-hemispheric cerebral connections, the corpus callosum
underlying inter-hemispheric cerebral connections, the intra-
thalamic WM underlying thalamo-cortical connections, and
the dentate-thalamic or dentate-rubro-thalamic WM underly-
ing cerebellar-cerebral connections.

The two former correlations are consistent with available
data (Otsuka et al. 2012; Tuladhar et al. 2015). Moreover,
DTI-derived indexes of thalamus correlate with cognition in
patients with CADASIL without dementia (O’Sullivan et al.
2004b). On the other hand, so far, no study has reported link
between cognitive performances as measured by MoCA
scores and DTI-derived indexes in intra-thalamic WM and
in the dentate-rubro-thalamic WM in patients with vascular
MCI and SVD.

The thalamus is traditionally considered a gray matter
structure. However, it contains WM tracts which subdivide it
into anatomically and functionally distinct nuclei (Balboni
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Fig. 1 Within-group regression
TBSS analysis at different
anatomic levels (z coordinates in
Montreal Neurological Institute
standard space) in patients with
vascular MCI and SVD. Yellow
identifies the WM tracts showing
a significant (p value <0.05
corrected, threshold-free cluster
enhancement) negative
correlation of MD with MoCA
scores. They includeWM tracts in
the cerebral hemispheres, corpus
callosum, thalami and
decussation of superior cerebellar
peduncles in the midbrain. The
spatial distribution of these WM
tracts is almost symmetrical. The
red-yellow overlay shows the
group FLAIR-lesion map. See
text for abbreviations

Fig. 2 Within-group regression TBSS analysis of the midline structures
in patients with vascular MCI and SVD. TBSS reveals that the values of
DTI-derived indexes are correlated with individual MoCA scores. In
particular, FA (in red) values are significantly (p value <0.05 corrected,
threshold-free cluster enhancement) correlated (positive correlation) with

MoCA score, whereas MD (in yellow) and RD (in green) values are
significantly correlated (negative correlation) with MoCA score. In the
MD and RD maps, note the spot in the upper midbrain corresponding to
the decussation of the superior cerebellar peduncles. See text for
abbreviations



et al. 2000).We submit the following hypothesis to explain the
correlation we observed. Modifications of the DTI-derived
indexes of intra-thalamic WM tracts may reflect changes in
the WM fibers afferent to the thalamic nuclei, including those
from the reticular formation in the brainstem and the cerebellar
dentate (see below). Additionally, these correlations may re-
flect changes in efferent WM fibers to associative cerebral
cortex from thalamic nuclei that are not part of the sensitive
ascending pathways, including medial, lateral and
intralaminar nuclei. Overall, the correlation between DTI-
derived indexes in the intra-thalamic WM and MoCA scores
may suggest compromised thalamic function in integration of
higher functions in patients with vascular MCI and SVD.

The dentate-rubro-thalamic and dentate-thalamic pathways
represent the main links between the cerebellar and cerebral
cortex. These pathways are involved in motor control but may
also connect the cognitive (posterior) cerebellum, including
lobules VI, VII, VIIB and Crus I, which is involved in lan-
guage, verbal memory, spatial tasks and executive functions,
with the associative cerebral cortex (Schmahmann 1996;
Stoodley and Schmahmann 2009). Accordingly, in a study
on Friedreich ataxia (Akhlaghi et al. 2014), it was recently
demonstrated that microstructural changes in dentatorubral
tract (as detected with DTI-derived indexes) might be respon-
sible for measurable cognitive deficits.

Moreover, microstructural changes of the cerebral-
cerebellar pathways may underlie the pathophysiological
changes in the cerebellum associated with cognitive deficits
in patients with MCI and SVD that are revealed by resting-
state fMRI (Diciotti et al. 2017).

We found an intermediate degree of overlay between the
significance maps of all DTI-derived indexes and the FLAIR-
lesion map in the between-group and within-group analyses.
This implies that both WM hyperintense lesions and normal-
appearing WM contribute to the significance maps and ulti-
mately to cognitive impairment as assessed with MoCA. In
particular, the importance of the contribute of the normal-
appearing WM is in line with previous DTI studies which
used a ROI approach and several cognitive tests (Jokinen
et al. 2013; O’Sullivan et al. 2001; Yuan et al. 2017), suggest-
ing that the cognitive deficits are consistently sustained also
by the microstructural damage of the normal-appearing WM
revealed by DTI.

In our opinion, the present results justify future studies
aimed to get further insights into the role of WM lesions and
normal-appearing WM in cognitive dysfunction in MCI and
SVD, by using DTI-derived indexes and the potential of ma-
chine learning techniques. In fact, machine learning tech-
niques can be applied on a single-patient basis in predicting
a group label or a continuous value. Importantly, the predic-
tive nature of machine learning strategies is more in line with
the aim of clinical diagnosis and prognosis in the single patient
as compared to conventional group-based analysis.

Conclusion

Our study suggests that impaired cognitive performance in
patients with vascular MCI and SVD (as reflected by MoCA
but not MMSE scores) is associated with microstructural
changes in several WM tracts, possibly implying impairment
of intra- and inter-hemispheric cerebral, thalamo-cortical and
cerebello-cerebral connections.
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