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Abstract.

Background: Being able to differentiate mild cognitive impairment (MCI) patients who would eventually convert (MClc)
to Alzheimer’s disease (AD) from those who would not (MClnc) is a key challenge for prognosis.

Objective: This study aimed to investigate the ability of sulcal morphometry to predict MCI progression to AD, dedicating
special attention to an accurate identification of sulci.

Methods: Twenty-five AD patients, thirty-seven MCI and twenty-five healthy controls (HC) underwent a brain-MR protocol
(1.5T scanner) including a high-resolution T1-weighted sequence. MCI patients underwent a neuropsychological assessment
at baseline and were clinically re-evaluated after a mean of 2.3 years. At follow-up, 12 MCI were classified as MCInc and
25 as MClc. Sulcal morphometry was investigated using the BrainVISA framework. Consistency of sulci across subjects
was ensured by visual inspection and manual correction of the automatic labelling in each subject. Sulcal surface, depth,
length, and width were retrieved from 106 sulci. Features were compared across groups and their classification accuracy in
predicting MCI conversion was tested. Potential relationships between sulcal features and cognitive scores were explored
using Spearman’s correlation.

Results: The width of sulci in the temporo-occipital region strongly differentiated between each pair of groups. Comparing
MClc and MClnc, the width of several sulci in the bilateral temporo-occipital and left frontal areas was significantly altered.
Higher width of frontal sulci was associated with worse performances in short-term verbal memory and phonemic fluency.
Conclusions: Sulcal morphometry emerged as a strong tool for differentiating HC, MCI, and AD, demonstrating its potential
prognostic value for the MCI population.

Keywords: Alzheimer’s disease, brain sulci, cortical thickness, MCI conversion, mild cognitive impairment, sulcal
morphometry
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[2], only few studies have investigated with advanced
magnetic resonance imaging (MRI) techniques the
specific features that may support distinguishing
“MCI due to Alzheimer’s Disease (AD)” from the
other MCI subgroups thus predicting the progression
from MCI to dementia. There is converging evidence
that a combination of clinical, neuropsychological,
and multimodal neuroimaging findings may give use-
ful information at the MCI stage to early identify the
prodromal AD cases. However, distinguishing MCI
‘converter’ from those MCI that will remain stable
over time (i.e., MCI ‘non-converter’) is still a matter
of debate.

A recent study [3] investigated the valence of
proton magnetic resonance spectroscopy (!H-MRS)
combined with brain volumetry to detect early
metabolic and morphometric changes in MCI patients
thus possibly predicting a progression to AD. Results
confirmed a high accuracy of both N-acetyl-aspartate
(NAA, neuro-axonal marker), and myo-Inositol (ml,
glial marker) ratio and volume of parahippocam-
pal gyrus in predicting the conversion to AD about
two years before the development of clinical symp-
toms. Similar approaches combining metabolic and
structural features have also been proven to have the
capability of differentiating diverse types of demen-
tia [4]. In the large body of literature available on
AD and MCI, neuropsychological performances have
been associated to brain functional and morphome-
tric alterations such as volume or thickness reduction
of specific brain cortical and subcortical structures;
however, only few studies have examined the asso-
ciation with cortical surface anatomy such as sulci
features [5, 6]. Since brain atrophy has been largely
associated with the progression of dementia [7],
we can expect that the increase of the inter-gyral
space, and thus sulci changes may provide accurate
biomarker of MCI conversion to AD. Indeed Bertoux
and colleagues [8] showed that sulcal width better
classified AD patients compared to cortical thickness.

Previous studies of sulcal-based morphometry
showed that folding patterns were modified in certain
professional groups, such as musicians [9], but also
in psychiatric syndromes [10-14] and neurodegener-
ative disorders [8, 15, 16]. Other studies on healthy
adults have found that the width of cortical sulci
expands linearly with aging [5, 17, 18] and that the
sulci widening process is different between males and
females [19]. The average sulcal width in the frontal
lobe was found to be negatively associated with some
cognitive function in healthy elderly individuals such
as processing speed [20, 21]. Additionally, the sulcal

width of temporal regions and the anterior cingulate
cortex was recently demonstrated to be negatively
associated with cognitive performance [22]. Lately,
various studies have described an increased width of
frontal and temporal sulci in patients with MCI or AD
[8, 16, 23, 24]. A study investigating gyri and sulci
features in patients with AD found that global cortex
gyrification decreased with the increasing severity of
AD [25].

Although the increasing volume of literature
exploring the value of sulci morphometry as a param-
eter to study the brain architecture and to correlate
with pathological conditions, much has still to be
done to validate its value and its potentiality in diag-
nosis and prognosis assessment. In particular, the
high inter-subject variability in sulcal morphometry
has led in some cases to inconsistent findings which
induces to find approaches in the processing of brain
data able to minimize the effects of inter-individual
variations.

The aim of this study was to investigate the abil-
ity of sulcal morphometry and cortical thickness to
predict the progression from MCI to AD, based on
clinical classification at about two-years follow-up,
and to explore their correlations with neuropsycho-
logical performance. We hypothesized that the sulcal
features that better discriminate those MCI that will
convert to AD from non-converter MCI, are also
correlated to worse cognitive performance. Special
attention was devoted to verify and manually correct,
when needed, the classification of sulci at the level
of single nodes in each subject to achieve an accurate
identification. This procedure was not performed in
previous studies [8, 16, 23-27].

METHODS
Farticipants

Eighty-seven subjects were retrospectively
included in this study. Among them, thirty-seven
were MCI patients (19 males, age 73.9 &= 7.4 years,
range 52-84 years; mean level of education 7.3 + 3.8
years), twenty-five were AD patients (15 males,
age 70.8+9.3 years, range 51-84 years; mean
level of education 8.4 4 3.9 years), and twenty-five
were healthy controls (11 males, age 68.449.2
years, range 52-83 years) with no neurological or
psychiatric disease reported.

The MCI patients were classified as ‘multi-
domain’, either amnestic or non-amnestic and the
mean disease duration was 12.0£1.2 months;
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instead the mean disease duration of the AD group
was 24.1 + 1.5 months.

All patients were consecutively referred between
2009 and 2018 to the Functional MR Unit,
S.Orsola-Malpighi Hospital, Bologna (IT), to per-
form brain MR investigation as part of the diagnostic
workup. Healthy controls were selected from the
Neuroimaging Laboratory database of healthy vol-
unteers (Ethical Committee approval Cod.: 120/2014,
7.10.2014).

The clinical condition of patients was assessed by
neurologists experienced in neurodegenerative dis-
orders, according to international criteria for MCI
[28] and AD [29]. The maximum interval between
the clinical assessment at baseline and the MR scan
was three months.

All included participants did not show evidence of
any psychiatric disease, major depression, or history
of any other clinically significant diseases.

Clinical and neuropsychological evaluation of
MCI patients was performed at baseline and clinical
evaluation was repeated after an average of 28 £ 15
months. Atfollow-up, all MCI patients that evolved to
Parkinson’s disease, frontotemporal dementia, Lewy
bodies disease or to any other neurodegenerative dis-
orders different from AD were excluded from the
study and are not counted in the final cohort of 37
MClI subject. Based on the clinical follow-up, 25 MCI
patients were classified as converter (13 males, age
73.6 7.1 years, range 54-84 years) and 12 as non-
converter (6 males, age 74.0 £ 7.9 years, range 67-84
years). Main demographic and clinical characteristics
of the study group are reported in Table 1.

All subjects gave consent to personal data pro-
cessing for research purposes and the protocol was
approved by the local Ethical Committee (v. 1.0 April
2010).

The same cohort of participants, with the exclusion
of one MCI patient, due to the failed reconstruction
of sulci, and the addition of seven healthy controls,
was previously studied by Mitolo and colleagues [3]
to investigate the ability of volumetric and spec-
troscopic features to predict the progression from

MCI to AD on the basis of clinical classification at
follow-up.

Neuropsychological assessment

A complete neuropsychological assessment of
MCI at baseline was performed. For a detailed
description of the scales used, see Mitolo and col-
leagues [3].

MRI protocol acquisition

Brain MR studies were performed using a 1.5
Tesla system (GE Medical Systems Signa HDx
15) equipped with a quadrature birdcage head
coil. Structural imaging included 3D volumet-
ric Tl-weighted FSPGR images (TR=12.5ms,
TE=5.1ms, TI=600ms, 25.6 cm? FOV, 1 mm?
isotropic voxels), axial FLAIR T2-weighted images
(TR =8000ms, TI=2000ms, TE=93.5ms, 4mm
slice thickness with no inter-slice gap), and FSE
coronal T2-weighted images (TR=7000ms,
TE=100ms, 4mm slice thickness). Brain MR
images obtained from each subject were visualized
by a neuroradiologist with more than 30 years
expertise (RL) in order to evaluate quality of images
(such as motion artifacts) and exclude significant
abnormalities in healthy controls.

MRI pre-processing

The evaluation of sulcal morphometry was
performed following the ENIGMA-Sulci pro-
tocol (http://enigma.ini.usc.edu/protocols/imaging-
protocols/), described in [30, 31], which is based
on the freely accessible BrainVISA 4.5 frame-
work (https://brainvisa.info/web/index.html), includ-
ing the Morphologist software [32-34].

The pre-processing of structural images consisted
of the correction of intensity inhomogeneities and
the segmentation of the brain structures, performed
using FreeSurfer 5.3.0 (https://surfer.nmr.mgh.
harvard.edu/).

Table 1
Main characteristics of the study groups
HC (n=25) MClnc (n=12) MClc (n=25) AD (n=25)
Sex (M/F) 11/14 13/12 15/10
Age (y) 68.44+9.2 74.0+7.9 73.6+7.1 70.84+9.3
Follow-up (mo) - 29+£22.6 27.1+11.8 -

HC, healthy controls; MClnc, non-converter MCI patients; MClc, converter MCI patients; AD,

Alzheimer’s disease patients.
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The morphologist software was run on the
pre-processed images including the FreeSurfer
segmentation for sulcal extraction, identification,
and sulcal-based morphometry of a total of
123 sulci (62 in the left and 61 in the right
hemisphere) from the human cerebrum, accord-
ing to the BrainVISA atlas (https://brainvisa.
info/web/_static/images/bsa/nomenclature.png). Fol-
lowing the identification of sulci, the morphologist
software provides for each sulcus a set of morpholog-
ical descriptors in the individual-subject space, i.e.,
the surface area, the mean depth, the length and the
width (or fold opening), which were used as input
data for the statistical analysis. The length of a sulcus
corresponds to the number of voxels on the junction
between a sulcus and the hull of the brain. The mean
depth is measured as the average of the geodesic dis-
tance along the bottom of the sulcus to the brain hull.
The surface area is the total area of the sulcal surface.
The mean width is derived as the enclosed CSF vol-
ume divided by the sulcal surface area [35, 36]. In
the following, the abbreviations used to refer to sulci
correspond to those of the atlas.

Data quality control and manual correction

Before retrieving the morphometric properties of
sulci, a quality control was performed, as suggested
both by BrainVISA (https://brainvisa.info/axon-
5.1/en/processes/morphologist.html) and the
ENIGMA-Sulci protocol (http://enigma.ini.usc.edu/
protocols/imaging-protocols/) the labeling of each of
the 123 sulci in every subject was visually inspected
by two independent operators, using the Anatomist
toolbox (https://brainvisa.info/web/anatomist.html).
Whenever a sulcus was not properly identified by the
automatic algorithm, its classification was manually
modified according to the BrainVISA atlas. Since the
Morphologist segmentation is designed to identify
up to 5 types of elementary structures within a
cortical fold, a sulcus is typically constituted by
a set of “nodes” [37], which are then labelled by
the tool as part of a specific sulcus, based on a
probability map. The correction of the classification
was performed at the level of single nodes, in order
to achieve an accurate identification.

The labeling of the superior temporal sulcus
(S.T.s.) and its rami (the anterior and posterior
terminal ascending branch of the superior temporal
sulcus, S.T.s.ter.asc.ant. and S.T.s.ter.asc.post.)
was particularly challenging, as their morphology
exhibits a prominent inter-subject variability. Two

experienced neuroradiologists (RL and FB), basing
on a previous paper by Segal and colleagues [38],
developed a standardized procedure to classify sulci
in the posterior temporo-occipital area onto the
BrainVISA atlas. The first sulcus posterior to the
lateral fissure (F.C.L.p.) and originating from the
temporal lobe, coursing towards the intraparietal
sulcus (F.I.P.), was defined as the anterior ramus of
the S.T.s. (S.T.s.ter.asc.ant.); moving towards the
occipital lobe, the second sulcus originating in prox-
imity of the termination of the S.T.s., was classified
as the posterior ramus of the superior temporal sulcus
(S.T.s.ter.asc.post.); the “posterior branch”, as it is
defined by Segal and colleagues [38], i.e., the ramus
at the boundary between the occipital and the tem-
poral lobe, was partially labeled as inferior temporal
sulcus (S.T.i.post.) in its temporal portion, and as
part of the occipital sulci (OCCIPITAL) at the strict
boundary between the two lobes in the superior part,
which points towards the parieto-occipital fissure.
See Fig. 1 for an example of sulcal identification
before and after relabeling. In the fold recognition
step, it could also occur that cortical folds including
different sulci were contiguous, so that the software
recognized the fold as an individual structure and was
not able to properly separate it into different nodes.
To overcome this misclassification and achieve
improved consistency, before the statistical analysis,
the sulci exhibiting such issue were merged into a
unique one. The S.T.s. with one of its anterior or pos-
terior branches was one of the most common cases
where the separation failed; because of this, it was
not possible to distinguish all the different portions
of the superior temporal sulci in each subject. For
analogous reasons, the following sulci (referring to
the BrainVISA nomenclature) were merged prior to
the statistical analysis: the inferior and intermediate
precentral sulci (S.Pe.C.inf., S.Pe.C.inter.); the
superior, marginal, and median precentral sulci
(S.Pe.C.sup., S.Pe.C.marginal., S.Pe.C.median.); the
superior and inferior postcentral sulci (S.Po.C.sup.,
F.IP.Po.C.inf.); the intraparietal sulcus and its rami
(FLP, FlLPrint.1, FI.Print.2); the complete list
is reported in Table 2. Additionally, given the poor
recognizability in each subject of the supramarginal
sulcus (S.GSM.) in the left hemisphere, it was
removed from further analysis. Therefore, the total
number of sulci included in the statistical analysis
was 106.

Lastly, due to the high inter-subject variability
of sulcal morphology, certain minor sulci (such as
the sub-central rami of the lateral fissure) were not
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S.F.sup.

S.T.s.terasc.ant.

F.C.L.rdiag.
S.T.s.ter.asc.post.

S.Pe.C.inf.

S.T.s.ter.asc.post.

SRmGmEgmal. S.T.s.ter.asc.post.

Occipital.

ST.i.post.
S.C.sylvian.

Fig. 1. Example of the relabeling performed on sulcal nodes in the left hemisphere of a converter MCI patient. The colors correspond to
those of the BrainVISA atlas. The anterior and posterior branches of the superior temporal sulcus (S.T.s.) were relabeled, as well as a portion
of the posterior inferior temporal suclus (S.T.i.post.) and the occipital sulcus; in the frontal area, the classification of the central sylvian
sulcus (S.C.sylvian.) and the inferior precentral sulcus (S.Pe.C.inf) were corrected. S.F.sup., superior frontal sulcus; S.T.s.ter.asc.ant., anterior
terminal ascending branch of the superior temporal sulcus; S.T.s.ter.asc.post., posterior terminal ascending branch of the superior temporal
sulcus; S.Pe.C.inf., inferior precentral sulcus; F.C.L.r.diag., diagonal ramus of the lateral fissure; S.Pe.C.marginal., marginal precentral

sulcus.

Table 2
List of cerebral sulci that were merged before performing the
analysis, due to the frequent misclassification of the automatic

algorithm
Merged sulci Output sulcus
S.T.s., S.T.s.ter.asc.ant., S.T.s.ter.asc.post. S.T.s.
S.Pe.C.inf., S.Pe.C.inter. S.Pe.C.inf.
S.Pe.C.sup., S.Pe.C.marginal., S.Pe.C.median. S.Pe.C.sup.
F.I.P.Po.C.inf., S.Po.C.sup. S.Po.C.
FILP, EL.Print.1, FLPrint.2 FLP.

S.T.s., superior temporal sulcus; S.T.s.ter.asc.ant., anterior ter-
minal ascending branch of the superior temporal sulcus;
S.T.s.ter.asc.posterior., posterior terminal ascending branch of the
superior temporal sulcus; S.Pe.C.inf., inferior precentral sulcus;
S.Pe.C.inter., intermediate precentral sulcus; S.Pe.C.sup., superior
precentral sulcus; S.Pe.C.marginal., marginal precentral sulcus;
S.Pe.C.median., median precentral sulcus; FI.P.Po.C.inf., inferior
postcentral sulcus; S.Po.C.sup., superior postcentral sulcus; F1.P.,
intraparietal sulcus; F1.P.r.int.1, primary intermediate ramus of the
intraparietal sulcus; F1.Pr.int.2, secondary intermediate ramus of
the intraparietal sulcus.

identifiable in all subjects, and they were therefore
under-represented in the data, even though they were
maintained for the following analysis.

These sulci, as well as the ones that most frequently
required re-labeling, mostly corresponded to the ones
classified as unreliable in the paper by Pizzagalli and
colleagues [30], basing on the automatic sulcal recog-
nition performed by BrainVISA.

Analysis of cortical thickness

The evaluation of the cortical thickness of 35
regions from the Desikan-Killiany atlas [39] per
hemisphere was achieved by applying the FreeSurfer

5.3.0 segmentation on the 3D T1 images. Quality
control was performed via visual inspection of the
results. Note that, even though there is not a unique
correspondence between the cortical regions defined
by FreeSurfer and the sulci identified by BrainVISA,
there clearly exists a non-exclusive morphological
connection, since the two segmentations are partially
overlapping and sulcal morphology is influenced by
the underlying cortical anatomy.

Statistical analysis

The normality of the distribution of all parameters
was tested using Shapiro-Wilk test. The age distri-
bution between groups was compared using ANOVA
and the gender distribution using Pearson’s x>-test.

The same procedure for the statistical analysis was
applied for each sulcal feature and for the corti-
cal thickness of every region, using Matlab R2019a
(9.6.0.1072779). All the quantitative MR parameters
of each subject were adjusted for the Total Intracra-
nial Volume (TIV), as measured with FreeSurfer
5.3.0, using the residual methods, which is reported
to intrinsically account for the sex of the subject
[40]. The non-parametric Mann-Whitney U test or
Kruskal-Wallis test, followed by a pairwise Bonfer-
roni post-hoc test for multiple comparisons, were
used to compare each quantitative MR parameter
between groups. Each feature that differed signifi-
cantly between any pair of groups was used to fit
a logistic model as a classifier and to calculate a
Receiver Operating Characteristic (ROC) curve for
the outcomes. The ROC analysis allowed us to extract
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the Area Under Curve (AUC), the specificity, sensi-
tivity and accuracy of the classification, basing on
the optimal ROC point estimated through the Index
of Union [41]. The same analysis was repeated cor-
recting for the effects of age alone and age and sex
combined, in addition to the TIV, and the results
are reported in Supplementary Material, section 1
and 2 respectively. In the next section, results are
reported only for the feature that achieved the best
discrimination performance for each contrast, even
though additional features have demonstrated good
classification capabilities. As an exception, given the
major importance of the classification of MClIc ver-
sus MClnc, all the statistically significant results for
this comparison are reported.

As the size of the sample would not allow to
build training and test sets, to assess the solidity
of the outcomes, beside the in-sample analysis, the
same procedure was repeated while performing a
Leave-One-Out cross validation, where one subject’s
classification was predicted basing on the logistic fit
obtained from the remaining individuals of the two
groups taken into account.

Additionally, the classification performances of
features that differed significantly between converter
and non-converter MCI were evaluated using a multi-
variate approach. The data were fed to a 2D ISOMAP
for dimensionality reduction [42] and the resulting
features were used to classify the MCI patients into
converter or non-converter with a Support Vector
Machine (SVM) using a linear kernel and a Leave-
One-Out Cross Validation.

Statistical significance was set at p<0.05 after
Bonferroni correction, taking into account 4 x 106
tests, that corresponds to the whole set of sulci (some
of them merged as reported in Table 2) for the four
measures.

Lastly, to analyze the association between
brain structural properties and cognitive functions,
Spearman’s correlation coefficients were calculated
between the morphometric properties that resulted to
be significantly different when comparing MClIc with
MClInc and the neuropsychological scores that MCI
patients obtained at baseline.

RESULTS

Demographic, clinical, and neuropsychological
data

At the clinical follow-up, performed after an aver-
age of 28 months from baseline, among the 37 MCI,

Table 3
Comparison of the baseline neuropsychological performance
between the two subgroups of MCI. None showed statistically
significant differences

Cognitive test MClnc MClIc Uncorr
(n=12) (n=25) p
MMSE 26.8 (2.4) 26.0 (2.8) 0.40
RAVLT - immediate 31.4 (10.3) 25.3(7.5) 0.09
RAVLT - delayed 5.5(3.5) 2.2 (3.0) 0.01
Visual memory 17.2 (3.4) 16.8 (3.7) 0.66
Analogies 15.0 (2.7) 13.6 (4.2) 0.35
Phonemic Fluency 27.0 (9.7) 24.5(10.5) 0.53
Semantic Fluency 23.7 (6.1) 21.8(7.3) 0.22
Stroop (time) 34.0 (10.9) 42.3(21.8) 0.44
Stroop (error) 2.6 (3.2) 4.5 (6.5) 0.83
Barrage (time) 77.6 (26.7) 81.7 (40.2) 1
Barrage (error) 1.4 (1.2) 4,4 (5.9) 0.38
Barrage (P) 10.3 (1.9) 10.7 (2.0) 0.51
Copy drawing 9.4 (2.8) 9.5(2.4) 1
BDI 12.0 (9.0) 12.8 (12.3) 0.97
STAI X1 41.1 (9.1) 44.4 (8.5) 0.70
STAI X2 38.8 (9.9) 41.9(11.9) 0.67

P <0.003 (correction per multiple comparisons); MMSE, Mini-
Mental State Examination; RAVLT, Rey Auditory Verbal Learning
Test; BDI, Beck Depression Inventory; STAI, State-Trait Anxiety
Inventory.

25 patients converted to AD (MClc, 13 males, age
73.6 7.1 years), whereas 12 showed stable symp-
toms (MClnc, 6 males, age 74.0+7.9 years). No
significant differences of sex and age distribution
were found between groups. The demographic char-
acteristics of the MCI subgroups are reported in
Table 1.

After Bonferroni correction, the two MCI sub-
groups did not exhibit any statistically significant
difference in terms of the cognitive tests performed
at baseline, as reported in Table 3.

All the structural MRI exams were of good quality.
Healthy controls imaging did not show any morpho-
logical or signal intensity changes and the patients did
not exhibit any changes suggesting any other neuro-
logical diseases.

Sulcal morphometry analysis

The need for relabeling was homogeneous across
groups and sex and, on average, 8 sulci per subject
were relabeled, at least partially. A schematic repre-
sentation of the results obtained for each group, show-
ing the 5 most discriminative sulci for each group
comparison, is reported in Supplementary Figure 1.
The cross validation returned AUC and accuracy val-
ues on average 2-4% lower with respect to the values
of the in-sample analysis reported in this section
(corresponding to about one patient not accurately
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classified), suggesting the stability of the results and
the robustness to overfitting of the analysis.

MClInc versus HC

Only few regions emerged as capable of discrimi-
nating MClInc from HC, and they were mostly located
in the internal temporal area; among them, the most
statistically significant property was the width of the
left rhinal sulcus (S.Rh.), achieving a relatively low
ROC AUC of 0.757 (corrected p =0.020).

MClc versus HC

The comparison between MClc and HC exhib-
ited more evident abnormalities, showing widespread
alterations of sulcal surface and depth in the frontal,
temporal and temporo-occipital areas, and of sulcal
width across every lobe, with increased significance
in the frontal and temporo-occipital areas; the most
significant alteration emerged in terms of width
of the left posterior occipito-temporal lateral sul-
cus (S.0.T.lat.post., ROC AUC=0.941, corrected
p=110"7).

AD versus HC

Comparing AD with HC, similar outcomes
emerged with respect to the contrast MClc versus
HC, but showing even more extended and signifi-
cant regions of alterations for every morphometric
property, also involving the parietal lobe. However,
the most discriminating sulci were still located in
the frontal, temporal and temporo-occipital areas,
with the width of the left collateral fissure (F.Coll.)
achieving the best result (ROC AUC=0.947, cor-
rected p=2-10"%).

MClc versus MClnc

When comparing MCInc and MClc, sulcal sur-
face, depth and length of few regions in the occipital,
parietal and temporo-occipital areas were able to
discriminate the subgroups, with the most signif-
icant one being the depth of right occipital sulci
(ROC AUC=0.833, corrected p=0.006). Consis-
tently with the other contrasts, the width showed the
most significant and widespread outcomes, involving
especially the left frontal and the bilateral temporal
and temporo-occipital regions. For this feature, the
most discriminating sulcus was the right posterior
inferior temporal one (right S.T.i.post.) achieving a

Table 4
Sulci whose width is significantly higher in MCIc with respect
to MClInc. The left frontal and bilateral posterior temporal areas
exhibit the highest alterations

Sulcus Width Width Corr AUC
MClnc MClIc p
(mm) (mm)
Right S.T.i.post. 1.6£02 21£05 0.001 0.907
Left S.F.inter. 22+£04 29406 0.002 0.843
Left S.E.sup. 26+04 33£0.6 0.007 0.823
Left S.F.polaire.tr. 29+12 38£1.0 0.007 0.813
Left S.T.i.post. 1.7+£02 21£04 0.012 0.880
Left S.0.T.lat.post. 1.7£03 234+06 0.011 0.853
Left S.O.T.lat.int. 1.7+£04 25£09 0.033  0.800
Left S.Pe.C.inf. 25+05 33+£08 0.043 0.792
Right S.Olf. 19+£04 28+1.1 0.031 0.790
Left S.OlIf. 20+£03 26£09 0.044 0.787
Left S.F.int. 24+£06 3.0£09 0.033 0.780
Right S.F.inter. 22+05 26+£04 0.031 0.777
Right EP.O. 19+£04 24405 0.031 0.777
Left S.R.inf. 1.6+06 24+08 0.043 0.769

S.T.i.post., posterior inferior temporal sulcus; S.F.inter., intermedi-
ate frontal sulcus; S.F.sup., superior frontal sulcus; S.F.polaire.tr.,
polar frontal sulcus; S.O.T.lat.post., posterior occipito-temporal
lateral sulcus; S.O.T.lat.int., internal occipito-temporal lateral sul-
cus; S.Pe.C.inf., inferior precentral sulcus; S.OIf., olfactory sulcus;
S.Eint., internal frontal sulcus; F.P.O., parieto-occipital fissure;
S.R.inf., inferior rostral sulcus.

ROC AUC of 0.907, with a specificity of 0.917, sen-
sitivity of 0.880, and accuracy of 0.892 (corrected
p=0.001), followed by the left intermediate frontal
sulcus (left S.Finter, ROC AUC=0.843, speci-
ficity =0.833, sensitivity =0.840, accuracy =0.838,
corrected p=0.002). All the statistically significant
alterations are reported in Table 4 and Fig. 2.

The multivariate classification procedure demon-
strated a good separability of the two groups using
the features obtained via ISOMAP. Figure 3 shows
the scatterplot of the data points of MCIc and MClnc
patients along the two ISOMAP coordinates. The
following classification performance achieved an
accuracy =0.865.

It is particularly interesting to note that the width
of the right S.T.i.post. showed strong discriminant
capabilities when comparing the states of absent/mild
and severe dementia symptoms, as it can be seen from
Fig. 4. Analogous outcomes were observed also for
the left S.T.i.post. and the left S.F.inter.

AD versus MClnc

Comparing AD versus MClnc, in AD the tempo-
ral and occipital areas were mostly altered in terms
of sulcal depth and width, even though the latter dis-
played widespread differences across all lobes; the
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S.T.i.post.

Fig. 2. Representation of the sulci whose width exhibited a statistically different value between MClIc and MClnc. The color intensity
describes the significance of the result (MCIc > MClnc). S.T.i.post., posterior inferior temporal sulcus; S.F.inter., intermediate frontal sulcus;
S.FE.sup., superior frontal sulcus; S.F.polaire.tr., polar frontal sulcus; S.O.T.lat.post., posterior occipito-temporal lateral sulcus; S.O.T lat.int.,
internal occipito-temporal lateral sulcus; S.Pe.C.inf., inferior precentral sulcus; S.Olf, olfactory sulcus; S.F.int., internal frontal sulcus; FP.O.,

parieto-occipital fissure; S.R.inf., inferior rostral sulcus.
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Fig. 3. Scatterplot representation of converter (MClc, red) and non-converter MCI patients (MClnc, light blue) in the 2-dimensional reduced
space retrieved by applying ISOMAP on the sulcal features. Left: Ground truth labelling of MCI; right: Linear support vector machine

classification labelling: 5 out of 37 MCI patients were misclassified.

width of the right posterior inferior temporal sul-
cus (S.T.i.post.) was the most discriminating property
(ROC AUC =0.957, corrected p=1-10"%).

AD versus MClc

There were no sulcal features that differed signifi-
cantly between MClc and AD.

Cortical thickness analysis

The cortical thickness, which tended to decrease
with the disease grade, exhibited in general worse dis-

criminating capabilities than the sulcal features (and
the width in particular). There were no regions whose
cortical thickness differed significantly between
MClnc and HC.

Analogously to the results emerged from sul-
cal analysis, widespread alterations across different
lobes were observed comparing MClc and HC, while
the most significant alterations were detected in the
temporal area, and in particular the left entorhinal
cortex achieved a ROC AUC of 0.818 (p=4-10"%).

In AD versus HC, similarly to the previous case,
abnormalities were diffused across all the brain cortex
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Right inferior temporal sulcus
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Fig. 4. Boxplot of the width of the right inferior temporal sulcus
across the four groups. The feature evidently differentiates HC and
MCI nc from AD and MClc. **p <0.01; ***p <0.001. HC, healthy
controls; MClnc, non-converter MCI; MClc, converter MCI; AD,
Alzheimer’s disease.

and most prominent in the temporal area: the most
significant one was the right inferior temporal cortex
(ROC AUC =0.884, p=2-1079).

There were no regions whose CT differed signifi-
cantly between MClInc and MClc.

Few alterations in the temporal area were able to
distinguish AD from MClnc, and the most significant
one was again the right inferior temporal cortex (ROC
AUC=0.827,p=0.03). There were no regions whose
CT differed significantly between AD and MClc.

Correlation with neuropsychological scales

The sulcal features of surface, depth and length
of any sulcus did not exhibit meaningful correlations
with any of the neuropsychological scales.

Instead, the sulcal width exhibited significant cor-
relations with specific NPS scores at baseline. In
particular, the width of the right olfactory (S.OlIf.)
and the left inferior precentral (S.Pe.C.inf.) sulci
had a negative relationship with the immediate Rey

Auditory Verbal Learning Test (RAVLT), a test that
measured verbal short-term memory. In addition, the
left S.OIf. negatively correlated with the delayed
RAVLT (verbal long-term memory) and the right
intermediate frontal sulcus with the phonemic fluency
test, a test that measured verbal fluency involving also
executive functions. Table 5 collects a summary of
these results.

DISCUSSION

In this study, we described the characteristic alter-
ations of the morphometry of cerebral sulci and
cortical thickness in a group of HC, MCI, and AD
patients. In particular, we detected and described
those features that are capable of discriminating
among these subgroups. A special focus was dedi-
cated to the analysis of the properties that may predict
those MCI patients who would eventually convert to
AD, as opposed to those who would not. To achieve
this, the morphological measures retrieved from sulci
were evaluated at baseline for all patients, and they
were compared between converter and non-converter
MU, as identified basing on a 2-year clinical follow-
up.

Basing on the available literature, we expected pro-
gressively higher values of sulcal width [23-25] and
lower depth [8], with the increasing severity of the
patient condition, whereas the modification of length
and surface was not trivially predictable. Additionally
we expected the width to be the most discriminative
measure [26, 27]. In our study, the sulcal features of
surface, depth and length exhibited a decreasing trend
with the disease grade, whereas the width showed
an increment in MClc and AD compared to HC and
MClnc. The results showed that the sulcal width
retains a high discriminating power in this cohort and
achieves good results in classifying subjects belong-
ing to the different subgroups. In particular, the width
of various sulci in the inferior temporal (bilateral
posterior inferior temporal sulcus), temporo-occipital
(left internal and posterior temporo-occipital lateral
sulci, right fronto-parietal sulcus) and frontal (bilat-

Significant Spearman’s correlation between the sulcal features and the neuropsychological scores obtained by MCI at baseline

Sulcal width NPS scale Correlation value Uncorr p
Left inferior precentral sulcus RAVLT (immediate) -0.55 0.0007
Right olfactory sulcus RAVLT (immediate) -0.52 0.0015
Left olfactory sulcus RAVLT (delayed) -0.48 0.0038
Right intermediate frontal sulcus Phonemic fluency —0.48 0.0035

RAVLT, Rey Auditory Verbal Learning Test.
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eral intermediate frontal and olfactory sulci; left
superior, polar and internal frontal sulci; left pre-
central sulcus; left inferior rhinal sulcus) regions
demonstrated excellent results in predicting the MCI
conversion, as shown also via the multivariate repre-
sentation of the data. The alterations in the inferior
temporal and temporo-occipital region are consistent
with the volumetric alterations reported in Mitolo and
colleagues [3], where a reduction of the volume of the
parahippocampal and fusiform gyri was described in
the same cohort of patients. Additionally, the clas-
sification performances obtained using sulcal width
were greater than those resulting from volumetric
parameters.

The abnormality of sulcal morphometry, and the
increment of sulcal width in the temporal and frontal
areas described here is consistent with previous inves-
tigations of sulcal features in AD and MCI [8, 16,
23-27]. Additionally, a recent study by Mortamais
and colleagues [22] suggests a positive association
between sulcal widening in the temporal and cin-
gulate regions and cognitive decline, even though
the study was not restricted to AD or MCI patients.
These studies found valuable discrimination capabil-
ities and classification accuracy of sulcal width, in
most cases superior to other typical morphological
evaluations, such as volumetry or cortical thickness
[8, 16, 23, 25]. Indeed, in our study, we observed
that sulcal width achieved better outcomes than cor-
tical thickness for each of the group comparisons
performed. This is especially evident in the case of
the comparison between MCIc and MClnc, where
no alterations of cortical thickness were statistically
significant. This result suggests that the increment in
sulcal width, despite being associated to the thinning
of cortex (as it implies an increment in the inter-gyral
space), is not uniquely due to the latter, so that sulcal
width can be an earlier, more efficient biomarker in
discriminating converter MCI. Similarly better classi-
fication results of sulcal width with respect to cortical
thickness was reported by Bertoux and colleagues
[8], and this discrepancy between the two measures
is worth of further investigation.

In the specific case of the prediction of MCI conver-
sion, promising classification accuracies have been
reported by using the sulcal width, mostly of tempo-
ral regions, as prime features [26, 27]. These studies,
performed on cohorts of hundreds of patients, demon-
strated that sulcal width can significantly improve
classification performances of predictive models for
MCI conversion. Nonetheless, it is particularly rel-
evant to note that none of the above-mentioned

studies performed a quality control of the automatic
sulcal labelling and, therefore, manual re-labelling
of sulci. However, this may be a crucial step for
an optimal identification of the specific sulci inter-
ested by the alterations. Pizzagalli and colleagues
[30] demonstrated that the measures performed by
the Morphologist software are not equally consis-
tent across individuals for each sulcus and this is
likely associated to the variability of the automatic
labelling. The reduced list of sulci reliably esti-
mated by Morphologist software, that the authors
provide as a result of their study, does not include
various sulci that resulted to be significant in our
work, such as the inferior posterior temporal sulcus
(S.T.i.post.), which was the best predictor of MCI
conversion. Moreover, as stated above, the temporo-
occipital and frontal regions, which overall are the
mostly altered areas in our and in previous studies, are
also those where the relabeling of sulci was most fre-
quently needed. For example, Ficiara and colleagues
[26] found the width of the lateral occipito-temporal
(S.0.T.lat.) sulcus and the superior temporal sulcus
(S.T.s.) among the top discriminative features in their
classifier, and these sulci were among the ones that
most often required re-labelling for improving con-
sistency across subjects.

Another interesting result that emerged from our
study is that the best predictors of MCI conversion,
such as the width of the S.T.i.post. were also capable
of robustly discriminating cross-sectionally between
cases with absent or mild symptoms of dementia com-
pared to severe ones. This is in accord with previous
results suggesting a progressive widening of tempo-
ral, frontal and parietal sulci with cognitive decline
and dementia symptoms [8, 22, 24].

Our study confirms that degeneration in AD is not
limited to limbic structure but appears in the early
stage of converter MCI as sulcal modifications in
temporo-occipital regions.

We also found a significant correlation of the
sulcal width in the frontal lobes with cognitive per-
formance in the MCI population. Specifically, wider
left inferior precentral and right olfactory sulci were
associated with worse performance in verbal short-
term memory, while enlargement of the left olfactory
sulcus correlated with lower performance in verbal
long-term memory. Those data are consistent with
previous fMRI studies reporting activation within
frontal sulci (i.e., left inferior frontal sulcus) dur-
ing language processes and working memory tasks
[43]. Although the well-known association between
the olfactory system and memory [44], to date,
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no studies reported a specific association between
olfactory sulci and long-term memory. Moreover,
both verbal fluency and the ability to flexibly select
and retrieve words (i.e., phonemic fluency perfor-
mance) were negatively correlated with the right
intermediate frontal sulcus’ width. Those results are
consistent with previous neuroimaging studies show-
ing the involvement of right lateralized frontal areas
in phonemic fluency task in HC [45] but also in AD
and MCI patients [46].

Altogether, our results are aligned with those of
previous studies showing a negative correlation of
sulcal width with neuropsychological scores. For
instance, Liu and colleagues [21] reported that wider
sulcal spans reflect poorer cognitive performances,
specifically in memory and language-related tasks.
Bertoux and colleagues [8] found an association
between verbal long-term memory and sulcal com-
ponents of the frontal and temporal lobe as a whole,
whereas the widening of frontal sulci was related to
a decrease in executive functions.

This study presents some limitations. The first one
is the size of the population investigated, which is
relatively small in comparison to previous publica-
tions aiming to predict MCI conversion [26, 27], even
though this allowed us to manually re-label sulci in all
subjects giving the opportunity to explore the prog-
nostic value of sulcal morphometry of sulci with high
inter-subject variability. The 3D T1-weighted images
were acquired with a field strength equal to 1.5 T, yet
we expect these results to be reproducible on 3 T,
as the achievable image quality can be comparable
at the two field strengths, with the main difference
being on the total acquisition time. Another potential
limitation is the variable duration of the follow-up
that may have an influence on the clinical outcome.
Moreover, in this study, the non-converter MCI group
size was smaller than the other subgroups. Because of
this, an in-sample analysis, supported by a leave-one-
out validation, was preferred to a further subdivision
of the cohort into a training and test dataset. Finally,
pathophysiological biomarkers were not available in
this cohort of patients.

Conclusions

Sulcal morphometry emerged as a strong tool for
differentiating HC, MCI sub-populations and AD.
In particular, the sulcal width of different temporal,
temporo-occipital and frontal sulci, whose reliability
was established via visual quality control and even-
tual re-labelling, was demonstrated to be the best

discriminating feature among the sulcal properties
and also in comparison to other common morpholog-
ical investigations. Although the size of population is
limited, differently from studies with large size of
population, in our study the data are acquired in the
same site, thus avoiding possible bias due to inter-
action between sulcal measures and different MR
sites. Our work gives an important added value to
the previous analyses without manual relabeling, per-
formed on large cohorts of patients, by confirming
some results and showing other robust findings which
could be further investigated in other populations.
Our results are particularly promising in terms of
the prediction of MCI conversion to AD, which was
assessed in this work basing on a two-year clinical
follow-up, and they support the use of sulcal width
as a prognostic tool for this population.
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