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Abstract

Background: Mild Cognitive Impairment (MCI) is a heterogeneous condition characterised by cognitive changes that do not affect
everyday functioning and may represent a predementia phase. Research on the neuroanatomical correlates of cognitive tests used to
diagnose MCI is heterogeneous and has mainly focused on elderly populations of patients with MCI, usually well above the age of 65.
However, the effect of ageing on brain structure is known to be substantial and to affect brain-behaviour associations in older people.
We explored the brain correlates of different cognitive tests in a group of young-onset MCI (i.e., with symptoms onset before the age of
65) to minimise the effect of ageing on brain-behaviour associations. Methods: Patients with a clinical diagnosis of young-onset MCI
underwent extensive cognitive assessment and multimodal Magnetic Resonance Imaging (MRI) including high-resolution T1-weighted
and Diffusion Tensor Imaging (DTI) sequences. Their scores on cognitive tests were related to measures of grey matter (GM) density
and white matter (WM) integrity using, respectively, Voxel Based Morphometry (VBM) and Tract-Based Spatial Statistics (TBSS). Re-
sults: 104 young-onset MCI were recruited. VBM and TBSS whole-brain correlational analyses showed that between-subject variability
in cognitive performance was significantly associated with regional variability in GM density and WM integrity. While associations
between cognitive scores and focal GM density in our young-onset MCI group reflected the well-known lateralization of verbal and
visuo-spatial abilities on the left and right hemispheres respectively, the associations between cognitive scores and WM microstructural
integrity were widespread and diffusely involved most of the WM tracts in both hemispheres. Conclusions: We investigated the struc-
tural neuroanatomical correlates of cognitive tests in young-onset MCI in order to minimise the effect of ageing on brain-behaviour
associations.

Keywords: neuroanatomical correlates; young-onset MCI; mild cognitive impairment; MRI; DTI; VBM; TBSS; cognitive tests; brain-
behaviour associations; behavioural neurology

1. Introduction

Mild Cognitive Impairment (MCI), characterised by
cognitive changes that do not affect everyday functioning,
can be a transitional stage in the continuum from normal
aging to dementia, and it is frequently considered a prede-
mentia phase of Alzheimer’s Dementia (AD) [1]. People
with MCI can have impairment in one or more cognitive
domains [2]: they may have memory impairment (amnes-
tic MCI – aMCI) in association or not with deficits in other
cognitive domains (aMCI single or multi-domain), or they
may have difficulties in one or more cognitive domains
other than memory (non-amnestic MCI – naMCI single or
multi-domain).

An extended cognitive assessment based on standard-
ized tests is necessary to properly diagnoseMCI, and it must
explore all cognitive domains: language, verbal and visuo-

spatial short- and long-term memory, attentional-executive
functions, visuo-constructional, and visuo-spatial abilities.
A deficit in one or more of these domains, along with
preserved independence in daily life, allows the clinician
to diagnose MCI in patients who have a cognitive com-
plaint (self-reported or noticed by others) [3]. Despite the
fact that the neuropsychological evaluation is an objec-
tive, performance-based method to assess cognition, there
is great variability both in literature and in clinical practice
in defining MCI: some clinicians and researchers use a cut-
off of 1.5/2 standard deviations (SD) below the age and ed-
ucation corrected normative data to identify MCI patients,
while others employ a less stringent cut-off of 1.0 SD [4].
The clinical and cognitive characterization of MCI needs
to be integrated with neuroimaging biomarkers to establish
the underlying pathology and track disease progression over
time.
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Neuroimaging methods such as volumetric Magnetic
Resonance Imaging (MRI) and Diffusion Tensor Imaging
(DTI) have been widely used to investigate how perfor-
mance in cognitive tests relates to brain structure, i.e., to
study brain-behaviour associations. MRI volumetry allows
to quantify brain volume, while DTI is used to estimate the
structural integrity of brain connections by measuring dif-
fusion of water molecules through tissues. This latter tech-
nique provides measures such as fractional anisotropy (FA),
an index of microstructural integrity of cerebral white mat-
ter (WM), mean diffusivity (MD), related to the amount of
water in the extracellular space, and radial diffusivity (RD),
which indicates axonal damage [5].

Over the past years, several studies have attempted to
explore the brain correlates of cognitive tests specifically
in patients with MCI. In MCI population, global cognition,
most frequently assessed with the Mini-Mental State Ex-
amination (MMSE) [6], has been positively associated with
the grey matter (GM) density of the right inferior temporal
gyrus and medial temporal structures (i.e., hippocampus)
[7,8]. Performance in tests assessing language such as ver-
bal fluency tasks positively correlated with the GM density
of structures such as the right middle frontal gyrus and left
putamen [7,9]. Neuroanatomical correlates of verbal long-
term memory highlighted the role of medial temporal struc-
tures (hippocampus, parahippocampal gyrus, and entorhi-
nal and perirhinal cortices) [8,10–12], as well as the role of
the WM integrity of the medial temporal lobe, fornix, and
uncinate fasciculus [13–15]. Performance in tests assess-
ing visuo-spatial long-term memory positively correlated
with GM density of the right hippocampus [11] and with
WM integrity of the fornix (measured by reduced RD) [15].
Attentional-executive functions correlatedwithGMdensity
and WM microstructural integrity of frontal (i.e., superior
frontal gyrus, middle frontal gyrus, and lateral and medial
orbital gyri) and parietal (i.e., anterior cingulum) areas [16].

Most of these previous studies have focused on late-
onset MCI (i.e., on patients with symptoms onset after the
age of 65). However, it is well known that the effect of
ageing on brain anatomy is substantial and may challenge
the identification of the neuroanatomical correlates of cog-
nitive tests in older people. The aim of this study was to
explore the neuroanatomical correlates of cognitive tests in
a group of young-onset MCI, i.e., patients whose cognitive
complaints commenced before the age of 65. We studied
the neuroanatomical correlates of cognitive tests frequently
used for the neuropsychological assessment of patients with
MCI exploring the following cognitive domains: language,
visuo-constructional ability, memory, relational reasoning,
and attentional-executive functions.

2. Materials and Methods
2.1 Subjects

Adults with less than 70 years and a clinical diag-
nosis of MCI [2] whose cognitive complaints had com-

menced or had been noticed before the age of 65 (by the
patients and/or by a relative/carer), consecutively seen in
the cognitive neurology clinics of two hospitals in Emilia-
Romagna, Northern Italy (Ospedale Civile di Baggiovara,
Modena, Italy and Ospedale Santa Maria Nuova, Reggio
Emilia, Italy), were included. After signing the informed
consent, they underwent extended cognitive assessment and
a multimodal MRI scan, and subsequently underwent clini-
cal and MRI follow-up at 18-months. For the present study,
only the baseline clinical and MRI data were considered.
The study was approved by the Local Ethics committee
(832/2018/SPER/AOUMO).

2.2 Cognitive Assessment

The cognitive battery included the following tests:
– Mini-Mental-State-Examination [6] as a measure of
global functioning;
– Boston Naming Test (an 85-confrontation naming task
with black and white figures [17]) and alternate flu-
ency (which evaluates the production of letter-cued words,
semantic-cued words, and the alternation of letter-cued
words with semantic-cued words [18]) for language;
– Copy of Rey-Osterrieth Complex Figure (that consists
in the copy of a complex geometric line drawing [19]) for
visuo-constructional abilities;
– Judgment of Line Orientation Test (which evaluates the
ability to find the orientation of lines in space [20]) and
Clock Drawing Test (which requires the drawing of the
clock numbers and the hands at ten past eleven [21]) for
visuo-spatial abilities;
– Forward Digit and Corsi span for verbal and visuo-spatial
short-termmemory and their backward forms for verbal and
visuo-spatial working memory (which implies that patients
reproduce sequences of items – numbers and block posi-
tions – of increasing length in the presented and reverse or-
der respectively [22]);
– Babcock Short Tale (that involves the ability to recall a
short story 30 seconds after presentation and 20 minutes
delayed [23]) and Free and Cued Selective Reminding Test
(which evaluates the ability to recall 16 verbal items with
and without semantic cues [24]) for verbal episodic mem-
ory;
– Delayed recall of Rey-Osterrieth Complex Figure (10-
minutes delayed recall of the complex geometric line draw-
ing [19]) and Corsi Supraspan (that is based on the Corsi
span test and consists in a standard sequence of 8 blocks
that the patients should learn, reproducing it correctly three
consecutive times [25]) for visuo-spatial long-term mem-
ory;
– Raven’s Coloured Progressive Matrices (in which the pa-
tient is asked to select the missing element from 6 proposed
below amatrix in order to complete its pattern [26]) for non-
verbal relational reasoning;
– Stroop Test (that evaluates the ability to inhibit cognitive
interference during the reading of words [27]), Trail Mak-

2

https://www.imrpress.com


Table 1. Descriptive statistics of demographic and behavioural data.
50th percentile (25th–75th percentile) Min – Max

Age (years) 60 (56–65) 40 – 70
Education (years) 11 (8–13) 3 – 18
MMSE total score 28 (25–29) 16 – 30
BNT 73.5 (63.25–79) 10 – 85
Phonemic fluency 29 (18.75–35) 3 – 69
Semantic fluency 39 (32.75–45) 10 – 57
Alternate fluency 25 (15.75–34.5) 5 – 53
ROCF – copy 31 (26–33.5) 4 – 36
JLO 21 (16–24) 4 – 32
CDT 9 (6–10) 0 – 10
Digit span forward 5 (4–6) 3 – 7
Digit span backward 4 (3–4) 0 – 6
Corsi span forward 4 (4–5) 3 – 7
Corsi span backward 4 (3–5) 0 – 6
Babcock – IR 4.6 (3–5.5) 0 – 8
Babcock – DR 3.75 (1.1–5.2) 0 – 7.7
FCSRT – IFR 23 (16.5–28) 4 – 36
FCSRT – DFR 8 (5.75–11) 0 – 15
Corsi Supraspan 17.10 (8.64–22.98) 0 – 27.9
ROCF – DR 12.5 (7.25–16) 0 – 36
RCPM 26 (22–31) 8 – 36
Stroop – time 25.5 (18.75–35) 9.5 – 127
TMT – A 43.5 (33.75–63) 18 – 337
TMT – B 118 (81.5–181) 41 – 600
Cancellation Test 38.5 (30.75–45) 9 – 59
FAB 16 (14–18) 6 – 18
CET – A (errors) 8 (5–10.5) 0 – 19
MMSE, Mini-Mental State Examination; BNT, Boston Naming Test; CDT,
Clock Drawing Test; CET, Cognitive Estimation Task; DFR, delayed free re-
call; DR, delayed recall; FAB, Frontal Assessment Battery; FCSRT, Free and
Cued Selective Reminding Test; IFR, immediate free recall; IR, immediate re-
call; JLO, Judgment of Line Orientation; RCPM, Raven’s Coloured Progressive
Matrices; ROCF, Rey-Osterrieth Complex Figure; TMT, Trail Making Test.

ing Test (in which the patient is asked to draw a line between
25 circles – only numbers, form A, or letters and num-
bers alternatively, form B [28]), Cancellation Test (which
asks the patient to cancel digits from a list of numbers
[29]), Frontal Assessment Battery (which comprises the
evaluation of abstract reasoning, mental flexibility, motor
programming, sensitivity to interference, inhibitory con-
trol, and environmental autonomy [30]) and Cognitive Es-
timation Task (a task that assesses patient’s ability to pro-
vide coherent answers to unanswered questions [31]) for
attentional-executive functions.

2.3 Imaging Acquisition
A 3T GE Signa Architect scanner (software version:

DV17.0_R01_1850.a) at Ospedale Civile di Baggiovara,
Modena, Italy, equipped with a 48-channel-array head coil
was used to acquire MRI sequences. The multimodal
MRI protocol included, among others, high-resolution T1-
weighted 3D BRAVO structural images (Repetition Time

(TR) 2.15 sec; Echo Time (TE) 3.1 msec; Field of View
(FOV) 256 × 256 × 344 mm3; voxel dimension 1 mm
isotropic) and DTI (TR 7 sec; TE 108.7 msec; slice thick-
ness 2.5 mm; voxel dimension 2.5 mm isotropic; 64 diffu-
sion directions; b 1000 sec/mm2) images.

2.3.1 Preprocessing of Structural T1-Weighted Data
Structural T1-weighted data were analysed with

FSL-Voxel Based Morphometry (VBM) [32], an opti-
mized VBM protocol [33] carried out with FSL (FMRIB
Software Library v6.0, https://fsl.fmrib.ox.ac.uk/fsl) tools
[34]. Single-subject structural images were firstly brain-
extracted (BET) and grey matter-segmented, and then reg-
istered to the Montreal Neurological Institute’s 152 (MNI
152) standard space using non-linear registration [35]. The
resulting images were averaged and flipped along the x-axis
to create a left-right symmetric, study-specific grey matter
template. All native grey matter images were then non-
linearly registered to this study-specific template and “mod-
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Table 2. Summary of imaging results.
VBM TBSS

MMSE total score
↑ GM of bilateral posterior cortex and
right putamen

↓ MD and RD of thalamic radiation, forceps minor and
major, IFOF, SLF and UF, corpus callosum, and left
cingulate

Phonemic fluency
↑ GM of left hippocampus, amygdala,
striatum, lenticular nucleus, insula, and
bilateral thalamus

↑ FA and ↓ MD and RD of bilateral cingulate, forceps
minor and major, fornix, corpus callosum and anterior
thalamic radiation, and left SLF, external capsule, and
ILF

Semantic fluency
↑ GM of left thalamus, lenticular nucleus,
and precentral gyrus

↑ FA of corpus callosum and forceps minor and major

Alternate fluency
↑ GM of bilateral hippocampus,
amygdala, basal ganglia, and fronto-
parietal regions

↑ FA and ↓ MD and RD of bilateral anterior thalamic
radiation, corticospinal tract, forceps minor and major,
IFOF, UF, and corpus callosum
↑ FA of left SLF, ILF, and cingulate, and right external
capsule
↓ MD and RD of bilateral hippocampus, SLF, ILF,
external capsule, and fornix
↓ RD of left cingulate

ROCF – copy
↑ GM of right angular gyrus and temporo-
parietal-occipital junction

Digit span backward ↑ GM of bilateral thalamus

↑ FA and ↓ MD and RD of bilateral external capsule,
fornix, IFOF, SLF, ILF, UF, corticospinal tract, forceps
minor and major, cingulate gyrus, anterior thalamic
radiation, and corpus callosum

Corsi span backward

↑ FA and ↓ MD and RD of bilateral external capsule,
fornix, IFOF, SLF, ILF, UF, corticospinal tract, forceps
minor and major, cingulate, anterior thalamic radiation,
and corpus callosum
↓ MD and RD of right hippocampus

FCSRT – IFR ↑ GM of left hippocampus

Corsi Supraspan
↑ GM of bilateral medial temporal
subcortical structures and lateral temporal
cortices

↑ FA and ↓ MD and RD of bilateral fornix, IFOF, SLF,
ILF, UF, forceps minor and major, hippocampus,
anterior thalamic radiation, and corpus callosum

RCPM
↑ GM of right dorso-frontal and temporo-
occipital cortex

↑ FA and ↓ MD and RD of bilateral fornix, forceps
minor and major, external capsule, IFOF, ILF, anterior
thalamic radiation, and corpus callosum
↓ MD and RD of right corticospinal tract and UF
↑ FA and ↓ MD of right SLF
↓ RD of right cingulate gyrus

Stroop – time

↓ FA and ↑ MD and RD of cingulate gyrus, IFOF, UF,
external capsule, fornix, forceps minor and major,
anterior thalamic radiation, corpus callosum, and
hippocampus

TMT – B
↓ GM of bilateral occipito-temporo-
parietal areas and subcortical structures

↑ MD and RD of corpus callosum, left SLF, and
cingulate gyrus

Cancellation Test ↑ GM of bilateral thalamus

FAB
↑ GM of bilateral fronto-temporo-parietal
regions and subcortical structures

↑, positive correlation; ↓, negative correlation; MMSE,Mini-Mental State Examination; FA, fractional anisotropy; FAB, Frontal
Assessment Battery; FCSRT, Free and Cued Selective Reminding Test; GM, grey matter; IFOF, inferior fronto-occipital fas-
ciculus; IFR, immediate free recall; ILF, inferior longitudinal fasciculus; MD, mean diffusivity; RCPM, Raven’s Coloured
Progressive Matrices; RD, radial diffusivity; ROCF, Rey-Osterrieth Complex Figure; SLF, superior longitudinal fasciculus;
TBSS, Tract-Based Spatial Statistics; TMT, Trail Making Test; UF, uncinate fasciculus; VBM, Voxel-Based Morphometry.
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Table 3. Correlation coefficients between grey matter density/white matter microstructural integrity and cognitive tests.
Grey matter Fractional anisotropy Mean diffusivity Radial diffusivity

x y z
t Statistic

(corresponding r
values)

x y z
t Statistic

(corresponding r
values)

x y z
t Statistic

(corresponding r
values)

x y z
t Statistic

(corresponding r
values)

MMSE total score –30 –50 48 4.24 (0.39) 31 22 29 4.22 (0.39) 42 30 11 2.79 (0.27)
Phonemic fluency –14 14 2 4.49 (0.41) –20 38 9 3.95 (0.36) –19 39 8 3.3 (0.31) –20 40 7 3.20 (0.3)
Semantic fluency –22 –22 14 4.67 (0.42) –17 15 30 3.27 (0.31)
Alternate fluency –22 –22 14 5.27 (0.46) –20 38 9 3.47 (0.32) 18 28 –13 2.16 (0.21) 20 35 –7 4.22 (0.39)
ROCF – copy 54 –64 –2 4.25 (0.39)
Digit span backward 2 –22 6 5.16 (0.45) –16 31 –14 1.89 (0.18) 31 45 –5 2.02 (0.2) –10 30 –14 2.25 (0.22)
Corsi span backward 26 33 7 3.33 (0.31)
FCSRT – IFR –22 –38 –2 5.90 (0.5)
Corsi Supraspan 64 –34 –26 3.23 (0.3) 31 32 9 4.59 (0.41) 26 17 –10 2.73 (0.26) 21 51 –9 2.38 (0.23)
RCPM 46 30 20 4.46 (0.4) –4 21 16 2.72 (0.26) 17 –46 19 3.6 (0.34) 6 24 13 2.63 (0.25)
Stroop – time –18 36 10 3.33 (0.31) 26 27 5 3.17 (0.3) 19 32 29 4.34 (0.39)
TMT – B –66 –48 12 4.27 (0.39) –16 –37 28 4.94 (0.44) –15 –41 40 4.1 (0.38)
Cancellation Test 12 –20 4 4.62 (0.42)
FAB 12 –20 2 4.75 (0.43)
Location in MNI coordinates and maximum t Statistic value; MMSE, Mini-Mental State Examination; MNI, Montreal Neurological Institute; FAB, Frontal Assessment Battery; FCSRT,
Free and Cued Selective Reminding; RCPM, Raven’s Coloured Progressive Matrices; ROCF, Rey-Osterrieth Complex Figure; TMT, Trail Making Test.
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ulated” to correct for local expansion (or contraction) due
to the non-linear component of the spatial transformation.
These modulated greymatter images were finally smoothed
with an isotropic Gaussian kernel with a sigma of 3 mm.

2.3.2 Preprocessing of DTI Data
DTI images were initially pre-processed with BET.

Subsequently, the EDDY FSL algorithms allowed to cor-
rect for eddy currents and patient motion. Then, the FSL
DTIFIT tool (https://fsl.fmrib.ox.ac.uk/fsl) was used for
DTI parameters computation, i.e., FA, MD, and RD. Fi-
nally, DTI maps from different subjects were registered to
1 × 1 × 1 mm FMRIB58_FA standard space, using Tract-
Based Spatial Statistics (TBSS) [36]. The spatial analy-
ses were conducted only on FA skeleton, obtained with a
threshold of 0.2 on the map of mean FA across subjects.

2.4 Statistical Analysis
Descriptive statistics of demographic and cognitive

variables were performed using Stata version 15 (Stata Sta-
tistical Software: Release 15. StataCorp LLC, College Sta-
tion, TX, USA) and reported as median score (50th per-
centile) because all variables except five were skewed.

Pre-processed imaging data were analysed with
whole-brain correlational analyses (i.e., VBM and TBSS).
Correlations between cognitive scores and GM and whole
brain FA, MD, and RD were analysed voxelwise, to iden-
tify voxels whose GM density or WM microstructural in-
tegrity had a significant correlation with performance. Val-
ues obtained from pre-processed images were used in re-
gression analyses (General Linear Models – GLM) using
randomise [37], a permutation-based non-parametric test-
ing (5000 permutations), and including MMSE total score,
sex, years of education, and age as covariates of no interest.
This allowed us to test for the presence of significant cor-
relations between cognitive scores and imaging parameters
over and above the effect of global cognitive impairment,
sex, and education, as well as the effect of age variabil-
ity even within the young-onset sample. Threshold-Free
Cluster Enhancement (TFCE) method with Family-wise er-
ror (FWE) rate for correction for multiple comparison was
used for the analyses, and the statistical threshold was set
at p < 0.05. For each neuropsychological test, we also
added amultiple comparison correction considering the two
imaging modalities (VBM and TBSS), setting the statistical
threshold at p < 0.025. Harvard-Oxford cortical and sub-
cortical structural atlases [38–41] for grey matter and Johns
Hopkins University (JHU) white matter tractography atlas
[42] for white matter were used as reference for localizing
results.

3. Results
One hundred and four consecutive eligible subjects

(43 male and 61 female) were recruited between 2019 and
2020; Table 1 provides the descriptive statistics of their de-
mographic and cognitive data.

The imaging results showing the structural neu-
roanatomical correlates of cognitive tests are summarized in
Table 2 and displayed in Fig. 1 and Supplementary Fig. 1.
Table 3 shows the corresponding t Statistic values and cor-
relation coefficients related to the voxels in which the p
value was maximum, along with their coordinates in MNI
space. For all the explored tests, the correlations survived
multiple comparison correction considering that we had ex-
plored two different imaging modalities (VBM and TBSS),
except for the one between GM and WM and semantic flu-
ency.

3.1 Global Cognitive Status
Global cognitive status scores measured with MMSE,

assessing multiple cognitive domains such as orientation,
verbal memory, visuo-constructional ability, language, and
attention, positively correlated with GM density in the pos-
terior cortex bilaterally and in the right putamen.

It also correlated with measures of WM integrity,
namely decreased MD and RD, in several white matter
tracts such as the anterior thalamic radiation, forceps mi-
nor and major, inferior fronto-occipital fasciculus (IFOF),
superior longitudinal fasciculus (SLF), inferior longitudinal
fasciculus (ILF), uncinate fasciculus (UF), body and sple-
nium of the corpus callosum, and the left cingulate gyrus.

3.2 Language
Performance in verbal fluency positively correlated

with GM density of different subcortical structures: more
precisely, the lower the score in phonemic fluency, the
lower the GM density of left hippocampus and amygdala,
striatum (accumbens and caudate), lenticular nucleus (puta-
men and pallidum), insula, and bilateral thalamus. The
lower the score in semantic fluency, the lower the GM den-
sity in the left thalamus, lenticular nucleus, and precentral
gyrus. The lower the score in alternate fluency, the lower
the GM density in bilateral hippocampus and amygdala,
basal ganglia, and fronto-parietal regions.

Performance in verbal fluency also related tomeasures
of WM integrity: the lower the score in phonemic fluency,
the lower the FA and the higher the MD and RD in the cor-
pus callosum, anterior tracts such as cingulate gyrus, for-
ceps minor and major, fornix, anterior thalamic radiation
bilaterally, and posterior tract such as the SLF, external cap-
sule, and ILF in the left hemisphere. The higher the score
in semantic fluency, the higher the FA in the corpus callo-
sum and forceps minor and major. Finally, impairment in
alternate fluency was associated with lower FA and higher
MD and RD in bilateral anterior thalamic radiation, cor-
ticospinal tract, forceps minor and major, IFOF, UF, and
body and splenium of corpus callosum; it was also corre-
lated to lower FA in the left SLF and ILF and in the right
external capsule, to lower FA and higher RD in the left cin-
gulate gyrus, and to higher MD and RD in bilateral hip-
pocampus, SLF, ILF, external capsule, and fornix.
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Fig. 1. Correlations between imaging parameters and cognitive tests. On the left side of each column are displayed significant
correlations between cognitive tests and grey matter density (in red-yellow positive correlations, in blue-light blue negative correlations).
On the right side of each column are displayed significant correlations between cognitive tests and parameters of white matter integrity
(in red-yellow positive correlations with fractional anisotropy and in blue-light blue negative correlations with mean diffusivity, except
for the Stroop test, where blue-light blue represents negative correlations with fractional anisotropy, and the TMT-B, where red-yellow
represent positive correlations with mean diffusivity). Results are displayed at p < 0.05, FWE corrected for multiple comparisons using
TFCE. MMSE, Mini-Mental State Examination; FAB, Frontal Assessment Battery; FCSRT, Free and Cued Selective Reminding Test;
FWE, Family-wise error; RCPM, Raven’s Coloured Progressive Matrices; ROCF, Rey-Osterrieth Complex Figure; TMT, Trail Making
Test.
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3.3 Visuo-Constructional Ability
As for visuo-constructional ability, the poorer the per-

formance in the Rey-Osterrieth Complex Figure (ROCF) –
copy, the lower the GM density in an area involving the
right angular gyrus and the right temporo-parietal-occipital
junction.

3.4 Working-Memory
Performance in tests of working-memory (i.e., Digit

span backward and Corsi span backward) was related more
to WM microstructural integrity than to GM density, ex-
cept for a positive correlation between performance at Digit
span backward and GM density in the thalamus bilaterally.
Both verbal and visuo-spatial working-memory impairment
was related to lower FA and higher MD and RD in several
white matter tracts: bilateral external capsule, fornix, IFOF,
SLF, ILF, UF, corticospinal tract, forceps minor and ma-
jor, cingulate gyrus, anterior thalamic radiation, and body
and splenium of corpus callosum. Performance in the Corsi
span backward was also related to lower MD and RD in the
right hippocampus.

3.5 Long-Term Memory
Regarding verbal long-term memory, the lower the

performance in immediate recall of Free and Cued Selec-
tive Reminding Test (FCSRT), the lower the volume of the
left hippocampus.

The neuroanatomical correlates of visuo-spatial long-
term memory (i.e., Corsi Supraspan) extensively involved
both GM density and WM microstructural integrity, with
prevalence in the right hemisphere. More precisely, the
lower the performance in visuo-spatial long-term memory,
the lower the GM density of medial temporal subcortical
structures (i.e., hippocampus, amygdala, accumbens) and
lateral temporal cortices, bilaterally but more extensively in
the right side. There was also a positive correlation between
Corsi Supraspan impairment and WM integrity (lower FA
and higher MD and RD) in bilateral fornix, IFOF, SLF, ILF,
UF, forceps minor and major, hippocampus, anterior thala-
mic radiation, and body and splenium of the corpus callo-
sum.

3.6 Non-Verbal Reasoning
Performance in non-verbal reasoning (i.e., Raven’s

Coloured ProgressiveMatrices (RCPM))was related toGM
density and WM integrity prevalently in the right hemi-
sphere. The lower the performance in this test, the lower
the GM density of two areas in the right dorso-frontal and
right temporo-occipital cortex, and the lower the WM in-
tegrity in the right IFOF, ILF, forceps minor and major,
fornix, anterior thalamic radiation, SLF, UF, hippocampus
and corticospinal tract.

3.7 Attentional-Executive Functions
Among the tests for attentional-executive functions,

Stroop test had WM correlates only, Trail Making Test
(TMT)-B had both widespread GM and WM correlates,
and Frontal Assessment Battery (FAB) GM correlates only.
More precisely, the higher the time to complete the Stroop
test (i.e., the worse the performance), the lower the WM
integrity of the cingulate gyrus, IFOF, UF, external cap-
sule, fornix, forceps minor and major, anterior thalamic ra-
diation, body, and splenium of corpus callosum, and hip-
pocampus. The higher the time to complete part B of TMT,
the lower the GMdensity of posterior regions (i.e., occipito-
temporo-parietal areas) and subcortical structures (amyg-
dala, striatum, and thalamus) bilaterally, as well as the
lower theWM integrity of body and splenium of corpus cal-
losum, left SLF, and cingulate gyrus. The lower the score
in the FAB, the lower the GM density in bilateral fronto-
temporo-parietal regions and subcortical structures.

4. Discussion
We investigated the structural neuroanatomical cor-

relates of cognitive tests in a group of young-onset MCI
(i.e., onset of cognitive complaints before the age of 65)
patients, to minimise the effect of ageing on the study of
brain-behaviour associations.

The identified associations between cognitive scores
and focal grey matter atrophy were in line with the lateral-
ization of verbal and visuo-spatial abilities [43]. In fact, the
grey matter correlates of tests such as verbal fluency (i.e.,
phonemic, semantic, and alternate fluency) and verbal long-
term memory (i.e., FCSRT) were mostly located in struc-
tures of the left hemisphere, whereas the correlates of tests
of visuo-constructional ability (i.e., ROCF – copy), visuo-
spatial long-term memory (i.e., Corsi Supraspan), and non-
verbal relational reasoning (i.e., RCPM) were more lateral-
ized in the right hemisphere.

The neuroanatomical correlates of the MMSE were
sparse in the brain’s grey matter, highlighting the fact that
this is a test meant to examine more than one cognitive
domain. Interestingly, in our sample the variability in the
MMSE mostly related to the atrophy of occipital and tem-
poral areas, which had been shown before, albeit not exclu-
sively [7]. The lack of correlates in frontal areas confirms
that the MMSE has low sensibility in revealing frontal dys-
function [44], and this is especially evident in our group in
which we controlled for the effect of aging by focusing on
young-onset sample and including age among the covari-
ates of no interest [45].

Grey matter neuroanatomical correlates of language
ability tests especially involved subcortical structures, in
line with previous literature [9], confirming the role of basal
ganglia in language tasks [46].

Performance in the FCSRT, which measures verbal
long-term memory ability, focally correlated with the in-
tegrity of the posterior part of the left hippocampus, in line
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with previous studies exploring the correlates of other au-
ditory verbal learning tests in older MCI subjects [8,10],
as well as in healthy subjects [47]. The fact that in our
young-onset MCI group the correlation between the imme-
diate recall of the FCSRT and the grey matter density pre-
cisely delineated the posterior part of the left hippocampus
is remarkable and novel. It confirms the role of the poste-
rior part of hippocampus in the registration process [48,49],
and provides further evidence for dissociable memory net-
works along the anterior–posterior axis of the hippocampus
[50]. Notably, there were no white matter correlates of the
FCSRT.

Another test that had focal grey matter correlates only
was the ROCF, whose variability was significantly associ-
ated with grey matter density of the right temporo-parietal
junction/angular gyrus, in line with the known involvement
of this structure in visuo-spatial abilities.

In contrast to a previous study [11] which found few
neuroanatomical structural correlates of visuo-spatial long-
term memory limited to the right hippocampus, our study
highlighted the involvement of several cortical and subcor-
tical structures in addition to the right hippocampus in this
cognitive domain, still mainly localized in the right hemi-
sphere. This suggests that the test we used (i.e., Corsi
Supraspan) is complex and involves processes related to
movement monitoring and visual perception, and not only
long-term memory abilities.

Finally, the associations that we found between grey
matter density and attentional-executive functions con-
firmed a prominent role of fronto-temporo-parietal areas
[16]. Of notice, the correlates of the TMT-B also empha-
sised the involvement of occipital regions given that this is
a visual attention task. The correlates of the FAB, which
tests verbal abstraction abilities, Luria sequence learning,
Go/No-Go, and other non-visual tasks, were mainly located
in bilateral dorso-lateral and peri-insular prefrontal cortex.

In our sample, the white matter neuroanatomical cor-
relates were widespread rather than focal and involved both
the hemispheres: for almost all cognitive domains, we
found a relationship between the performance and several
white matter tract fibers, including the superior longitudi-
nal fasciculus, inferior longitudinal fasciculus, uncinate fas-
ciculus, inferior fronto-occipital fasciculus, forceps minor
and major, cingulum, corpus callosum, and anterior thala-
mic radiation. Interestingly, there were differences in the
neuroanatomical correlates of selective and divided atten-
tion: selective attention investigated with the Cancellation
Test was more related to grey matter atrophy, while di-
vided attention examined by TMT-B was also related to
white matter integrity. Working-memory too, both verbal
and visuo-spatial, wasmore related to white matter integrity
than to grey matter density, whereas visuo-constructional
ability and verbal long-term memory were related to grey
matter atrophy only.

The major limitation of this work is that we did not
have a group of healthy controls, nor did we have a group
of elderly MCIs to compare neuroanatomical correlates of
our young-onset group. A further possible limitation of the
study is that some of the included MCI subjects were older
than 65 at the moment of recruitment, but the fact that they
had developed symptoms before the age of 65 allowed us
to still consider them as subjects with young-onset MCI.
Despite of these limitations, this is the first study focused
on young-onset MCI which investigates the neuroanatom-
ical correlates of the different cognitive tests included in
an extended neuropsychological battery simultaneously and
could provide new information about such an early stage of
cognitive impairment.

5. Conclusions
In our young-onset MCI group, we found that the neu-

roanatomical correlates of tests of verbal and visuo-spatial
abilities reflected the well-known lateralization in the left
and right hemispheres, respectively. These linear correlates
were cleaner and more focal compared to previous stud-
ies in older MCI group, possibly reflecting the influence of
ageing on these correlations. This is especially true for the
FCSRT testing verbal memory, which was selectively asso-
ciated with atrophy of the posterior left hippocampus, and
for the copy of ROCF, testing visuo-constructional ability,
which was selectively associated with atrophy of the right
temporo-parietal junction. Most of the other tests were also
linearly correlated with the variability of white matter mi-
crostructural integrity, and such associations involved sev-
eral white matter tracts in both hemispheres. These correla-
tions were more widespread and less focal than in previous
studies conducted in older MCI subjects, suggesting that
white matter integrity may have a role in the development
of MCI especially in its young onset.

We showed that most of the cognitive tests (except the
FCSRT and ROCF) involve several underlying processes
that rely on the functioning of grey matter areas as well as
on the integrity of several white matter tracts. This furthers
a view of brain functioning based on networks and connec-
tions rather than on the functioning of focal cortical areas
in isolation [5].
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