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Abstract. One objective of modern neuroimaging is to identify markers that can aid in diagnosis, monitor disease progression,
and impact long-term drug analysis. In this study, physiopathological modifications in seven subcortical structures of patients
with mild cognitive impairment (MCI) due to Alzheimer’s disease (AD) were characterized by simultaneously measuring
quantitative magnetic resonance parameters that are sensitive to complementary tissue characteristics (e.g., volume atrophy,
shape changes, microstructural damage, and iron deposition). Fourteen MCI patients and fourteen matched, healthy subjects
underwent 3T-magnetic resonance imaging with whole-brain, T1-weighted, T2∗ -weighted, and diffusion-tensor imaging
scans. Volume, shape, mean R2∗ , mean diffusivity (MD), and mean fractional anisotropy (FA) in the thalamus, hippocampus,
putamen, amygdala, caudate nucleus, pallidum, and accumbens were compared between MCI patients and healthy subjects.
Comparisons were then performed using voxel-based analyses of R2∗ , MD, FA maps, and voxel-based morphometry to
determine which subregions showed the greatest difference for each parameter. With respect to the micro- and macrostructural patterns of damage, our results suggest that different and distinct physiopathological processes are present in the
prodromal phase of AD. MCI patients had significant atrophy and microstructural changes within their hippocampi and
amygdalae, which are known to be affected in the prodromal stage of AD. This suggests that the amygdala is affected in the
same, direct physiopathological process as the hippocampus. Conversely, atrophy alone was observed within the thalamus
and putamen, which are not directly involved in AD pathogenesis. This latter result may reflect another mechanism, whereby
atrophy is linked to indirect physiopathological processes.
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CHU Purpan-Pavillon Baudot, Place du Dr Joseph Baylac, 31024
Toulouse CEDEX 3, France. Tel.: +33 0 6 21 62 61 66; E-mail:
eustache.pierre@gmail.com (Pierre Eustache) Tel.: +33 0 5 62 74
61 96; E-mail: patrice.peran@inserm.fr Patrice Péran.

INTRODUCTION
In the past few decades, it has been proposed that
Alzheimer’s disease (AD), the most common neurodegenerative disease, might be reliably diagnosed
at earlier stages, i.e., in preclinical phases or at the
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point of mild cognitive impairment (MCI) [1]. In particular, MCI with a high likelihood of progression
to full-blown AD is a subtype of MCI (MCIdue-to-AD), supported by both neuropsychological
and neuropathological evidence, and represents the
highest risk factor for developing dementia over
time [2].
A particularly promising approach in neurodegenerative research is based on the innovative use
of acutely sensitive imaging techniques, i.e., magnetic resonance imaging (MRI), which can provide
reliable diagnostic markers of early structural modifications. Indeed, atrophy within the hippocampus
in MCI patients has been consistently reported as
the best structural predictor of conversion to AD [3].
However, hippocampal atrophy is associated with a
wide range of other neurological pathologies, thus
limiting its specificity for AD [4–6]. While a number
of studies have focused their analysis on the hippocampus, we suggest that amygdalar volume may
be as useful as hippocampal volume for the diagnosis
of early AD and could be, in addition, an independent
marker of cognitive decline [7–9].
Recently, it has been showed that, apart from
volume and grey-matter density, another useful metric, the shape of the subcortical structure, can be
extracted from T1 images. The shape analysis of
subcortical nuclei has already been used to successfully discriminate Parkinson’s disease patients from
healthy controls, and correlated with motor symptoms [10]. The studies conducted with AD patients,
however, have focused mainly on the hippocampus
[11, 12], and only a few have investigated other subcortical structures [13].
Complementary to volumetric and morphometric indexes, another sensitive MRI biomarker is the
microstructural changes measured by diffusion tensor
imaging (DTI). DTI has classically been used to evaluate white matter bundles and measures the degree of
anisotropy using a fractional anisotropy (FA) index.
Another use of DTI parameters is the measurement
of mean diffusivity (MD) in grey matter, which is
thought to reflect microstructural integrity [14]. In
fact, elevated MD and decreased FA are thought to
be a reflection of the progressive loss of barriers
that restrict the motion of water molecules in tissue
compartments—a phenomenon known to be associated with neuronal loss and disruption of myelin
sheaths in AD [15]. Previous works have demonstrated the interest of measuring these DTI indexes to
describe physiological aging [16], and also to measure pathological changes in Parkinson’s disease [17]
and MCI [18]. Higher MD in patients with MCI

has been found within both the left and right hippocampi [18, 19], or only within the left hippocampus
when using manual region-of-interest (ROI) computations [20]. This result has also been found when
considering MCI subjects versus healthy controls
[21], leading to the conclusion that it is important
to measure DTI indexes as they can provide additional information about early degeneration in AD.
However, there is some conflict with this conclusion,
as some studies report no significant difference in
MD within the hippocampus when comparing AD
patients to healthy controls [22, 23]. These discrepancies could be caused by several factors, such as
heterogeneity within the patient group, different DTI
acquisition schemes (i.e., number of directions, intensity of the b0 field), or differences in how ROIs are
defined (i.e., ROIs within subcortical structures or the
entire structure).
Volumetry, shape, and MD are not the only markers available in MRI-based analyses. Several MRI
methods have been evaluated for their ability to
quantify brain iron deposits in neurodegenerative diseases. Indeed, iron metabolism dysregulation and
iron accumulation in the brain are implicated in the
pathogenesis of many neurodegenerative diseases,
including AD (reviewed by Zecca et al. [24]). A
recent study conducted on the pulvinar nucleus of
AD patients found a significant drop in the T2∗ signal, which could be associated with iron deposits
[25]. In 2009, Zhu and colleagues used phasecorrected MR imaging and found that, relative to
controls, AD patients had a significant increase of
the iron content in their dentate nucleus, caudate
nucleus, putamen, parietal cortex, and bilateral hippocampi [26]. Similarly, a 14-T study conducted on
postmortem hippocampal tissues of AD patients concluded that the variance in the distribution of R2∗
values in the region of interest within the hippocampus was significantly different between AD patients
and controls [27]. One interesting conclusion of this
postmortem study is that the increase of iron deposits
seemed to preclude the incidence of significant atrophy.
An approach measuring MR parameters sensitive
to complementary tissue characteristics (e.g., volume
atrophy and shape, iron deposition, and microstructural damage) in the early stages of AD could have
great potential for investigating pathological changes.
This approach is feasible, as multimodal MRI was
previously used to characterize the physiological
aging of deep grey matter nuclei in healthy subjects
[16] or to quantify pathological changes in Parkinson’s disease patients [17].
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In the present study, we simultaneously measured
volume, shape, DTI scalars, and T2∗ relaxation rates
in seven deep, grey matter structures (thalamus,
caudate nucleus, putamen, pallidum, hippocampus,
amygdala, and accumbens) in patients with MCIdue-to-AD and healthy controls. These subcortical
structures have been selected because they are all
known to be affected by at least one of the biomarkers investigated in this study, which are atrophy (for
all of the structures) [3, 7–9, 28]; microstructural
integrity (for the hippocampus, pallidum, thalamus,
and caudate) [19, 18, 28]; and iron deposits (for the
caudate nucleus, putamen, and bilateral hippocampi)
[26]. The nucleus accumbens was also investigated
because it was recently noted by Liu et al. that the
volume of this structure was decreased in MCI compared to controls [29]. Furthermore, in 2015, Yi et
al. demonstrated that the volume loss of the nucleus
accumbens was associated with an increased risk of
progression from MCI to AD [30].
The aim of this work was to investigate the pattern
of macro- and micro-structural pathophysiological
changes in a cohort of patients with MCI-due-to-AD.
By acquiring parameters pertaining to both microand macro-structure, we were also able to study the
relationship between these different parameters and
how they relate to disease pathophysiology. These
findings would be relevant for a better understanding
of AD progression in several different structures of
the brain.
MATERIALS AND METHODS
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and presented with a memory complaint at least six
months prior to enrollment (Table 1). All participants
gave their written informed consent. This study was
approved by the local ethics committee (Comité de
Protection des Personnes Sud-Ouest et Outre-MER 1)
and the French Agency for Safety and Security of
Medical Devices (Agence Francaise de Sécurité Sanitaire des Produits de Santé, reference A90605-58).
Pre-inclusion assessment
Magnetic resonance imaging
A brain MRI was performed on all participants
using a Philips 3T (Intera Achieva, Philips, Best,
The Netherlands). A high-resolution anatomical
image, using a three-dimensional (3D) T1-weighted
sequence (in-plane resolution: 1 × 1 mm; slice
thickness: 1 mm; 160 contiguous slices) and a T2weighted sequence (reconstructed resolution: 0.45
× 0.45 × 3 mm3 ; 43 slices) were obtained.
Three consecutive T2∗ -weighted, gradient-echo,
whole-brain volumes were acquired using a segmented echo-planar imaging sequence [in-plane
resolution: 1.8 × 1.8, slice thickness: 1.8 mm,
66 slices, matrix size: 128 × 128 mm, repetition time: (TR) 100 ms] with three different echo
times (TE) (12 ms, 30 ms, and 40 ms). Diffusionweighted volume measurements were acquired using
a spin-echo EPI (TE/TR = 55/11,031 ms; bandwidth = 3,026.4 Hz/voxel; matrix = 108 × 106; 56
slices; voxel size: 2.00 × 2.00 × 2.01 mm3 )
with 32 isotropically distributed orientations for
the diffusion-sensitizing gradients at a b-value of
1,000 s/mm² and a b = 0 images.

Participants
Study participants included 14 patients older than
65 years of age and in the prodromal stage of AD
and 14 matched, healthy controls. All AD patients
came from the outpatient memory clinic (Neurology
Department, University Hospital, Toulouse, France)

Fluorodeoxyglucose-positron emission
tomography (FDG-PET) scan
Scans were performed on a Biograph 6 TruePoint Hirez (Siemens Medical Solutions, Munich,
Germany) hybrid PET/computed tomography (CT)

Table 1
Population description
Number of participants
Age
Gender
Level of education
Daily-life autonomy CDR scale
FCSRT sum of free recalls (/48)
FCSRT sum of free +cued recalls (/48)
Rey-Osterrieth Complex Figure
MMSE

MCI-due-to-AD patients

Control subjects

p value

14
71.1 ± 4.7
7M/7F
11.0 ± 2.9
0.5 ± 0.0
12.6 ± 4.3
32.4 ± 10.0
8.6 ± 5.8
25.8 ± 1.5

14
70.9 ± 4.6
6M/8F
11.9 ± 2.8
0.0 ± 0.0
32.3 ± 5.0
46.5 ± 2.1
19.9 ± 6.6
28.4 ± 0.8

NA
0.936
0.717
0.436
<0.001∗
<0.001∗
<0.001∗
<0.001∗
<0.001∗

CDR, clinical dementia rating; FCSRT, Free and Cued Selective Reminding Test; MMSE, Mini-Mental
State Examination; ∗ Stands for <0.001.

1038

P. Eustache et al. / Multimodal MRI of Patients with MCI Due to AD

scanner (3D-detection mode, producing images with
1 × 1 × 1.5 mm voxels and a spatial resolution of
approximately 5-mm full width at half maximum at
the field of view centered). Cerebral emission scans
began an average of 20 min after the injection of
1.85 MBq/kg weight of FDG and lasted for 10 min.
Both CT and PET scans were acquired. PET data
were corrected for partial volume effects. Two independent nuclear medicine physicians with extensive
experience in reading FDG-PET scans, and blind to
clinical information, examined all FDG-PET scans
at inclusion. A three-point scale was used for rating
FDG-PET profiles (0 = normal, 1 = temporo-parietal
hypometabolism suggestive of AD, 2 = other). Interrater agreement was estimated by calculating κ and
its 95% CI.

Cognitively normal subjects were included if
they had no memory complaint, no neurological
or psychiatric disease history, and no first-degree
relatives with AD. They were excluded if they
showed significant white matter hyperintensities on
their T2-weighted MR images (F&S score >2 for at
least one visual rater) or any cognitive impairment
on the pre- or post-inclusion neuropsychological
assessment (test scores below -2 standard deviations
according to the norms). Control patients underwent the same neuropsychological assessment and
the same imaging examination (i.e., MRI, PET) as
MCI patients. Any neurological or psychiatric disease
history was grounds for exclusion. For more details,
see [32].
Neuropsychological tests

Cerebrospinal ﬂuid (CSF) biomarker sampling
CSF samples were obtained by a lumbar puncture
in the patient group. The samples were centrifuged
for 10 min at 1,500 rpm at 4◦ C to remove cells,
aliquoted to 0.4-mL samples in polypropylene tubes,
and stored at –80◦ C until analysis. CSF biomarker
levels of total tau (T-Tau), phospho-tau (P-Tau),
A␤42 , and A␤40 were measured using a sandwich ELISA method (Innogenetics, Gent, Belgium)
according to the manufacturer’s instructions. We also
calculated ratios derived from single biomarkers,
including the Innotest Amyloid Tau Index (IATI),
combining A␤42 and T-Tau concentrations as follows: IATI = A␤42 /[240 +(1.18 × T-Tau)], and the
A␤42 /A␤40 ratio.
Inclusion and exclusion criteria
Following pre-inclusion assessment, patients were
enrolled in the present study if they met the following criteria for MCI-due-to-AD [2]: CDR = 0.5;
the sum of the three free recalls ≤17/48, and/or the
sum of the three free and cued recalls ≤40/48 on the
FCSRT [31], and one or more of the following features: medial temporal lobe atrophy in at least one
hemisphere (Scheltens score for > 1 for at least one
visual rater); temporo-parietal hypometabolism pattern on cerebral FDG-PET scan (score = 1 for at least
one visual rater); and/or, when P-Tau ≥60 pg/mL or
IATI >0.8, the A␤42 /A␤40 ratio was calculated and a
score <0.045 was considered to be compatible with
AD diagnosis. Patients with significant white matter
T2 hyperintensities (F&S score >2 for at least one
visual rater) were excluded.

Once screened and consented, patients underwent several neuropsychological tests, including the
Mini-Mental State Examination (MMSE) to assess
global cognitive state, the 4-Instrumental Activities
of Daily Living test to assess daily–life autonomy,
and the Rey-Osterrieth Complex Figure Test (ROCF)
to assess visual memory [33].
Imaging and analysis
Seven bilateral structures were automatically segmented from T1 images using FIRST [34, 35]
(FMRIB’s Integrated Registration and Segmentation
Tool) 5.0 (FSLv5), which included the thalamus,
caudate nucleus, putamen, pallidum, hippocampus,
amygdala, and accumbens.
Data were analyzed using the FMRIB Software Library (FSL [36–38]) 3.1.8 (http://www.
fmrib.ox.ac.uk/fsl/) and locally written MATLAB
(version 7.10.0, The Mathworks Inc.) scripts. To
minimize the effects of head movements during
acquisition, the four T2∗ -weighted images were corrected by applying a full affine (mutual information
cost function) alignment of each image to a mean
image that corresponded to the average of the four
T2∗ -weighted images. From these images and for
each subject, we performed a voxel-by-voxel, nonlinear, least-squares fitting of the data acquired at
the four TEs to obtain a mono-exponential signal
decay curve [i.e., S(t) = S0e–t/T2∗ , where t = echo
time, S = measured data, S0 = multiplicative constant, and T2∗ = effective transverse relaxation time].
The T2∗ (and R2∗ = 1/T2∗ ) values were thus calculated for each voxel. The mean image was finally
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registered on the brain-extracted [39] T1-weighted
volume using a full-affine transformation (normalized mutual information cost function). From the
diffusion-weighted volumes, fractional anisotropy
(FA) and mean diffusivity (MD) (FMRIB’s Diffusion Toolbox –FSLv5) were calculated. The mean
b0 image was registered on the brain-extracted T1weighted volume using a full-affine transformation
(normalized mutual information cost function), and
the transformation matrix was then applied to the
maps of MD and FA. Thus, T1-weighted, R2∗ , MD,
and FA maps were within the individual spatial
space.
Region-based analysis
For the ROI analysis, four MRI-derived parameters were calculated for each segmented structure:
normalized volume (i.e., the absolute volume of each
structure multiplied by the scaling between the individual brain and the standard space calculated by
SIENAX [39], part of FSL [38]), and the averages
of MD, FA, and R2∗ . The parameters and the methods for their extraction were calculated in accordance
to previous work [17].
Shape analysis
Using a deformable mesh model, FIRST creates a
surface composed by a set of triangles for each subcortical structure. This network is composed of a set
of triangles, and the apex of each adjoining triangle is called a vertex. For each structure, the number
of vertices is fixed across subjects, allowing vertices
comparisons between groups and subjects. The investigation of differences in the spatial location of each
vertex in two groups or the correlation between vertex position and another variable are examples of
the types of shape analyses that can be performed
using FIRST [34, 35]. Although the vertices retain
correspondence, the surfaces reside in native image
spaces and thus have an arbitrary orientation/position.
Therefore, the surfaces have to be aligned to a common space prior to any analysis. The mean surface
from the FIRST model [in MNI (Montreal Neurological Institute) 152 space] is used as the target to
which the surfaces from individual subjects are then
aligned. Pose (rotation and translation) is removed
to minimize the sum-of-squares differences between
the corresponding vertices of a subject’s surface and
the mean surface.
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Voxel-based analysis of mean diffusivity,
fractional anisotropy, and R2∗
For voxel-based analysis, in order to take into
account the inter-subject differences in brain global
volume, the T1-weighted images of each subject were
registered on the MNI template using a non-linear
registration (sum-of-squared differences cost function). This spatial transformation was applied to each
map previously registered in the native space of the
subject (R2∗ , FA, and MD) for each subject.
Voxel-based morphometry (VBM)
VBM was performed using the implemented FSL
tool, FSL-VBM v1.1 [40] and an optimized VBM
protocol [41]. Briefly, all the T1 images were first
brain extracted and then segmented into images of
grey matter (GM), white matter (WM), and CSF.
GM images were then non-linearly registered [42] to
the grey matter ICBM-152 template, concatenated,
and averaged. The resulting image was then flipped
along the x-axis and both images where averaged
again to create the first GM template. Then, GM
images of all participants were non-linearly registered to this study-specific template and, using the
same final steps, a second “non-linear” GM template
was generated. This “non-linear” template was then
finally used to register all the GM images and the
registered images of all subjects were multiplied by
the Jacobian of the warp field, in order to introduce a
compensation (or “modulation”) to correct for local
expansion or contraction. The corrected, registered
images were then concatenated and smoothed by a
Gaussian kernel (sigma = 4 mm).
Statistical analysis
Shape analysis
After pose removal using 6DOF registration, group
comparisons of vertices were carried out using
F-statistics [35]. The significance of these tests was
calculated using a MonteCarlo simulation combined
with a threshold-free cluster enhancement technique,
as implemented in the FSL Randomise script [43,
44]. T-values obtained in the non-permuted data
were compared against a null distribution calculated
using 5,000 random permutations of the data. For
the groups comparison, the images were thresholded
at p < 0.05 and corrected for multiple comparisons.
Results are presented as the percentage of significant
surface and were considered relevant when the sur-
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face changes represented more than 5% of the total
surface of the structure.
Region-based analysis
For region-based analysis, the normalized volumes
and averages of MD, FA, and R2∗ of the segmented
areas were calculated. First, they were compared with
a repeated measures analysis of variance (ANOVA)
using a 4-factor design, anatomical region, lateralization, modality (volume, MD, FA, R2∗ ) and diagnostic
as categorical predictor. Then for each modality, a
repeated measures ANOVA was conducted using a 3factor design, which included two between-structures
factors [i.e., anatomical region and lateralization (left
and right hemisphere)] and one between-subject factor (diagnostic). For the significant interactions in
the second repeated measures ANOVA, a betweengroups t-test was conducted.
To assess the relationship between the atrophy of subcortical areas and their modifications in
microstructural integrity or in iron deposition, a
Spearman’s rank order correlation was performed
within the patient group and between the average of
each quantitative parameters (MD, FA, and R2∗ ) and
the volume for each region of interest.
To investigate changes between quantitative
parameters (volume, MD, and R2∗ ) and cognitive
measures, Spearman’s rank order correlations were
performed within the patient group, between the
mean left and right measurements for each of these
parameters and the sum of the three free recalls, sum
of the three free and cued recalls on the FCSRT,
and scores obtained at the Rey-Osterrieth Complex
Figure (ROCF). Only correlations which stayed significant after removing extreme values were kept.
Finally, logistic regression and receiver operating characteristic (ROC) curves were carried out
using MR parameters and structures that were significant according to the region-of-interest analysis. All
combinations among these pairs were tested to determine the combinations with the best discriminating
power. A repeated 10-fold cross-validation was performed to calculate the area under the ROC curve for
each combination. Combinations with areas under the
curve >95% are reported.
Voxel-based analysis
Inter-group comparisons were performed on R2∗
and MD maps for each voxel, with and without masking for structures that showed significant differences

in the volumetric analysis, using non-parametric
t-tests (permutation tests; 5,000 repetitions) and
with a significance threshold of p < 0.05 (ThresholdFree Cluster Enhancement corrected) with mask and
p < 0.001 throughout. For the whole-brain analyses, maps were smoothed using a Gaussian kernel
(sigma = 2 mm).
Logistic regression and receiver operating characteristic (ROC) curves were carried out using clusters
of voxels that were significant according to the voxelbased analysis. All combinations among these pairs
were tested to determine the combinations with the
best discriminating power. A repeated 10-fold crossvalidation was performed to calculate the area-underthe-ROC curve for each combination. Combinations
with areas under the curve >95% are reported.
Voxel-based morphometry
Grey-matter density inter-group comparisons were
performed using non-parametric t-tests (permutation tests, 5,000 repetitions) and were considered
significant for p < 0.05 (Threshold-Free Cluster
Enhancement and multiple-comparisons corrected).
RESULTS
The first repeated measures ANOVA using a
4-factor design [anatomical region, lateralization,
modality (volume, MD, FA, R2∗ ), and diagnostic
as a categorical predictor] revealed a significant
main effect of modality × diagnosis [F(3,78) = 16.68;
p < 0.001], structure × diagnosis [F(6,156) = 3.55;
p < 0.001], and modality × structure x diagnosis
[F(18,468) = 3.54; p < 0.001]. There was no effect of
modality alone. A post hoc Scheffé test of structure x
diagnosis revealed a significant difference in the hippocampus between control subjects and MCI patients
(p < 0.05). A second post hoc Scheffé test of modality
× structure × diagnosis revealed a significant difference between MCI-due-to-AD and controls in the
hippocampal volume (p < 0.001).
Region-based analysis: volumetry
The repeated measures ANOVA analyses
showed a significant main effect of diagnosis
[F(1,26) = 16.694; p < 0.001], and a significant main
effect of structure x diagnosis [F(6,156) = 3.540;
p < 0.003]. T-tests showed a statistically significant
reduced volume in patients, compared to controls,
for the following structures: the thalamus bilater-
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ally (right: p < 0.08; left: p < 0.05), the putamen
bilaterally (right: p < 0.025; left: p < 0.009), the
hippocampus bilaterally (right: p < 0.005; left:
p < 0.0001), the right amygdala (p < 0.007), and the
left accumbens (p < 0.03) (Table 2).
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in the right amygdala (p < 0.05) in MCI-due-to-AD
patients compared to healthy controls (Table 4).
Fractional anisotropy
No significant differences in fractional anisotropy
were found in the regions included in this study.

Shape analysis
After correcting for multiple comparisons, inferior
and superior views revealed bilateral localized and
symmetrical shape differences throughout the hippocampus. The thalamus and putamen also had some
shape differences, but the changes were not as symmetric as they were for the hippocampus (Fig. 1).
Indeed, the surface of the right thalamus showed more
local changes (23%) than the left thalamus (7.3%).
Inversely, the putamen of the left hemisphere showed
greater shape modifications (14%) than the right
hemisphere (3%). The surface changes within the
right amygdala (1.8%) were under the significance
threshold, which was defined as a change greater
than or equal to 5%. These results are summarized
in Table 3.
Region-based analysis of microstructural
parameters: Mean diffusivity, fractional
anisotropy, and R2∗
Mean diffusivity
The repeated measures ANOVA conducted on the
seven brain structures showed a main effect for diagnosis [F(1,26) = 9.13; p < 0.006] and an interaction of
structure × diagnosis [F(6,156) = 3.12; p < 0.006]. Ttests showed significantly higher MD values in the
right (p < 0.05) and left (p < 0.01) hippocampi and

R2∗
No significant differences in relaxometry R2∗ were
found in the regions included in this study.
Correlations and predictive analysis
There were no significant correlations between
quantitative parameters (MD, FA, and R2∗ ) and the
volume for the regions included in this study. Correlation analysis between cognitive scores and MRI
parameters revealed a statistically significant correlation (after Bonferroni correction) between the
R2∗ in the amygdala and the ROCF (r = –0.68;
p < 0.0125). Trends towards significance (p < 0.05)
were also found for R2∗ in the hippocampus and the
ROCF (r= –0.54), and for the MD in the hippocampus
and the ROCF (r= –0.56). No correlation was found
between R2∗ and MD.
Logistic regression analysis showed that the
hippocampal volume alone was not sufficient to
discriminate at a rate greater than 95% between
MCI-due-to-AD and controls (92% with volume of
the left hippocampus). Of note, the 95% threshold
was reached with the combination of two markers,
volume of the right thalamus and volume of the left
hippocampus. Using the MD or volume in the right

Table 2
Normalized volumes and standard deviation [mm3 ] of the subcortical areas in MCI-due-to-AD patients (AD) and healthy controls (HC)
Structure

Lateralization

Mean
AD

Standard
Deviation AD

Mean
HC

Standard
Deviation HC

p value
(vol AD versus vol HC)∗

Thalamus

Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left

8888.16
9359.32
4601.67
4147.76
5337.11
5439.62
2506.98
2562.02
3857.03
3594.97
1318.06
1212.21
314.10
386.39

622.37
686.09
520.51
616.79
573.16
385.45
438.29
399.97
836.32
463.65
339.16
274.30
102.97
111.71

9459.30
9890.16
4735.18
4449.21
5869.91
5932.40
2700.36
2796.99
4673.19
4610.65
1602.18
1378.96
387.63
507.19

389.61
662.66
568.47
618.40
605.16
514.50
566.38
682.85
528.33
454.72
112.88
288.48
118.28
155.73

<0.008
<0.05
n.s.
n.s.
<0.03
<0.009
n.s.
n.s.
<0.005
<0.0001
<0.007
n.s.
n.s.
<0.03

Caudate
Putamen
Pallidum
Hippocampus
Amygdala
Accumbens

NS, non significant; AD, Alzheimer’s disease ∗ Last column computed using a Student’s t-test.
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Fig. 1. Shape modifications between MCI-due-to-AD patients and healthy controls in dorsal and ventral views. Areas in orange represent
localization with significant shape modification (p < 0.05 corrected for multiple comparisons).

amygdala, an area-under-the-curve (AUC) of 98%
was reached when this value is combined to the left
putaminal and hippocampal volumes. Finally, when
combining either the MD of the left hippocampus,
the right amygdala, or the left amygdala with the
volume of the right thalamus and volume of the left
hippocampus, we obtained an AUC of 96%.

Voxel-based analyses
Mean diffusivity
After masking the four structures selected previously according to volumetric analysis (thalamus,
hippocampus, putamen, and amygdala), permutation
tests showed higher MD values in MCI-due-to-AD
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patients compared to controls within the bilateral
hippocampus structures (right: 167 voxels; left:
104 voxels; p < 0.05) after threshold-free, clusterenhancement correction (Fig. 2 and Table 4).
Whole-brain results were quite consistent with
the results obtained using the four-structure mask,

Structure

Lateralization

Percent of surface changes

Thalamus

Right
Left
Right
Left
Right
Left
Right
Left

23.0%
7.3%
28.9%
40.3%
3.0%
14.0%
1.8%
0%

Putamen
Amygdala

showing mainly higher MD values in MCI-due-toAD patients compared to healthy controls, in both
hippocampi and in the right amygdala after thresholdfree, cluster-enhancement correction (p < 0.001)
(Table 5).
R2∗

Table 3
Percentage of significant surface changes

Hippocampus
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After masking the four structures selected
previously according the volumetric analysis (thalamus, hippocampus, putamen, and amygdala) and
after threshold-free, cluster-enhancement correction,
permutation tests did not show any significant differences between MCI-due-to-AD patients compared to
controls, with respect to R2∗ . Even without masking
and after threshold-free cluster-enhancement correc-

Table 4
Mean diffusivity (MD) [×10–3 mm²s–1 ] of the subcortical areas in MCI-due-to-AD patients and healthy controls
Structure

Lateralization

Mean MD for AD
subjects (×10–3 )

Mean MD for
healthy subjects

t-value

p value

Thalamus

Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left

9.09
9.07
8.89
8.44
7.29
7.27
7.43
7.28
11.92
11.25
9.11
8.66
7.65
7.54

9.06
8.94
8.67
8.45
7.34
7.21
7.35
7.28
10.65
10.33
8.37
8.08
7.63
7.45

0.20
0.66
0.80
–0.05
–0.42
0.65
0.55
–0.01
2.62
2.88
2.09
1.22
0.16
0.48

n.s
n.s
n.s
n.s
n.s
n.s
n.s
n.s
0.015∗
0.008∗∗
0.046∗
n.s
n.s
n.s

Caudate
Putamen
Pallidum
Hippocampus
Amygdala
Accumbens

NS, not significant; MD, mean diffusivity; AD, Alzheimer’s disease ∗ p < 0.05; ∗∗ p < 0.01.

Fig. 2. Voxel-based analysis of mean diffusivity with mask composed of both thalami, both hippocampi, both putamen, and both amygdala
with threshold of significance of p < 0.05 and threshold-free cluster enhancement corrected in MCI-due-to-AD patients versus healthy controls
(A, anterior; I, inferior; L, left; P, posterior; R, right; S, superior).
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tion (p < 0.05), this result was consistent and no
clusters were significant.
Voxel-based morphometry
Using non-parametric t-tests, the inter-group comparison grouped two clusters symmetrically, the
hippocampus and amygdala in each hemisphere, after
correcting for multiple comparisons (p < 0.05). This
analysis revealed the presence of significant grey
matter atrophy mainly in these two structures in
MCI-due-to-AD patients compared to healthy subjects (Fig. 3).
Predictive analysis
Logistic regression analysis (based on the cluster
of voxels that was significant according to the voxelbased analysis) confirmed that the left VBM cluster
(left hippocampus plus left amygdala) alone does not
strongly discriminate (AUC of 92%) between MCITable 5
Size of the clusters (voxel) obtained by voxel-based analysis of
mean diffusivity with mask (thalami, hippocampi, both putamen,
both amygdala) and without mask in MCI-due-to-AD patients
versus healthy control
Structure
With mask
Amygdala
Hippocampus
Whole brain
Amygdala
Hippocampus

Lateralization Cluster size
(voxel)

X

Coordinates
Y
Z

Right
Left
Right

20
104
167

18 –4
–28 –36
28 –14

–16
–8
–24

Right
Left
Right

241
339
452

26 –2
–28 –14
32 –12

–18
–28
–30

due-to-AD patients and controls, using our threshold
of >95% discrimination. However, when considering only a single marker, this marker was the most
powerful one. With two markers [the mean diffusivity of the right amygdala without mask and the left
cluster obtained using the VBM (left hippocampus
plus left amygdala)], a high degree of discrimination (AUC of 94%) was reached. Conversely, an AUC
of 93% was achieved using the MD of the left hippocampus (masked) and the left cluster of the VBM.
Finally, combining either the MD of the right amygdala (masked) with left VBM cluster, the MD of the
right amygdala (not masked) with the right VBM
cluster (right hippocampus plus right amygdala), or
both of the VBM clusters, we obtained an AUC of
92%.
DISCUSSION
In this study, we used a combination of MRI parameters sensitive to pathological changes [atrophy,
local volume (i.e., shape changes), microstructural
damages, and iron accumulation] to explore the hippocampus and other subcortical structures in order
to obtain complementary information about shape
modifications in MCI-due-to-AD patients. Our study
enabled us to follow the premises of the disease
through different subcortical structures of interest,
including the hippocampus, amygdala, thalamus, and
putamen. We found several concomitant patterns of
changes in different MRI-related parameters that may
be related to AD pathogenesis. Our results suggest
that distinct physiopathological processes are evident
even in the prodromal phase of AD. These patterns
are described throughout the discussion.

Fig. 3. Voxel-based morphometry in MCI-due-to-AD patients versus healthy controls corrected for multiple comparison (p < 0.05) (A, anterior; I, inferior; L, left; P, posterior; R, right; S, superior).
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A notable conclusion from this work was a characterization of the profile of changes in the concomitant
modifications of volume and MD. Our volumetry results confirmed the presence of significant
hippocampal atrophy in MCI-due-to-AD patients,
compared with controls [7, 8]. The volumetry analysis also revealed a significant loss of volume in the
right amygdala of MCI-due-to-AD subjects, compared to controls. This observation is in accordance
with previous studies conducted on AD patients,
showing a volume reduction of the amygdala using
different techniques like voxel-based morphometry
[45], or a manual segmentation of regions of interest
[46]. The shape analysis confirmed the presence of
local atrophy within the hippocampus and revealed
surface changes that were almost symmetrical. More
interestingly, the shape analysis revealed that this
atrophy was not global, but specific to certain aspects
of the hippocampal structure. Although patients were
at an early stage of the disease, these shape modifications were consistent with results obtained by
several groups demonstrating atrophy in the dorsolateral part of the hippocampal head (CA1), and in
the presubiculum area in AD patients [47–50]. For
the amygdala, the shape analysis showed a significant local atrophy, but the extent of this atrophy
was under our threshold of 5% of the total surface
and this result has rarely been observed in prodromal AD patients versus controls [28]. However, some
studies investigating the shape of the amygdala conducted at more advanced stages of the disease have
identified a local atrophy in the basomedial and basolateral areas of this structure [51–53]. It should be
noted, however, that the limited extent of the atrophy
observed with a shape analysis has to be considered carefully, as the amygdala is a small structure
that could reach the limit-of-detection of the mesh
method with a defined number of vertices. Our study
supports these former results by demonstrating a
strong reduction of the grey-matter density within the
entire, bilateral hippocampus and amygdala using a
voxel-based morphometry analysis. In addition to the
former parameters related to atrophy, we observed an
increase of MD in the hippocampus and the amygdala, suggesting a loss of microstructural integrity
within these structures in MCI-due-to-AD patients.
Although this observation of an elevated MD within
the hippocampus is not consistently reported in the
literature [18, 20], some authors have shown that
an increase of MD within this particular structure
can be a better predictor of MCI converters than
hippocampal atrophy [54]. Regarding the amygdala,
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an increase in MD is a widely known result in AD
patients [19, 22, 55], but has not yet been observed
in MCI subjects. The results from our region-based
analysis are quite consistent with these studies and
are confirmed by a whole-brain, voxel-based analysis, which further confirmed that the increase of MD
(and, thus, the presence of microstructural changes)
occurs deep within those structures, far from the border and not on the surface of the structure. This led us
to conclude that the microstructural changes observed
were not a reflection of the macro-structural changes
that could induce a methodological bias (i.e., partialvolume effect). The lack of correlation between the
MD value and volumes in those regions supports the
lack of a relationship between markers. In addition,
if the increase of MD was due to partial volume, we
would have also found a decrease of FA. On the contrary, our findings showed a specific increase of MD
without a concomitant decrease in FA. Previous studies comparing patients in the early stages of AD to
non-diseased controls showed hippocampus atrophy
without MD changes, and MD changes in the amygdala without atrophy [18], while our results found
both atrophy and MD changes. These discrepancies
could be explained by different inclusion criteria, particularly with respect to the definition of “early” AD.
It was also interesting to note that the FA did not
reveal any significant variations in the hippocampus
and the amygdala. This result was expected, as FA is
a marker of fiber orientation and is typically used to
assess white-matter integrity. It, according to literature, has never revealed any significant differences in
those two structures between prodromal AD patients
and healthy subjects, but changes were observed in
full-blown AD patients [56].
In terms of the linkage between structural changes
and memory scores, correlation analyses showed a
negative significant correlation between ROCF score
and R2∗ in the amygdala. This result is interesting as
the amygdala is involved in the memory process. A
trend to a negative significant correlation of ROCF
scores with both hippocampal MD and R2∗ values
was also observed. As elevation of mean diffusivity
and R2∗ are a reflection of the structural degeneration,
it was expected that they would be linked to memory
scores. This correlation concerning the MD is interesting because it is complementary to the difference
that we found at the group level. However, the correlation with R2∗ is more difficult to explain, as we did
not find any significant group differences regarding
this parameter and only found significant correlations
with the ROCF test. The absence of correlation with
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other memory tests could be explained by looking at
our population and the fact that our patients were at
a prodromal stage of AD, so memory impairments
may not have been remarkable.
When looking at iron deposits, we did not find any
significant changes in the region-based analysis when
considering both the hippocampus and the amygdala.
This result was confirmed by our voxel-based analysis, which did not reveal hippocampal or amygdalar
sub-parts sensitive to iron deposits. Regarding the
hippocampus, this result contrasts with previous studies, which found the presence of iron deposits in the
hippocampus of AD patients using histopathologicalbased methods [27] or in vivo approaches [57]. This
discrepancy could be due to the strength of the magnetic field used in our study, since a higher field is
known to increase the sensitivity to iron species [58,
59]. Alternatively, our results could also be due to
our patients having only an early stage of the disease or a smaller sample size. Larger studies focused
on improving the sensitivity of this approach will
be necessary to conclude if the 3T magnet has the
ability to detect iron deposits in the hippocampus of
MCI-due-to-AD patients. The lack of iron changes
in the amygdala in MCI-due-to-AD seems to be in
accordance with a previous post-mortem study [60].
However, as the current MRI approach was not able
to detect iron deposits in the hippocampus such as
was previously reported [57], we cannot conclusively
state that there were no iron deposits in the amygdala.
While this is true, we would like to point out that there
has not been any previous literature documenting an
increase of iron in the amygdala of prodromal AD
patients.
As the hippocampus is known to be one of the first
structures affected by the AD [61], it was interesting
that we found the presence of hippocampal atrophy
in vivo, along with loss of microstructural integrity
(revealed by an elevation of MD) even at a prodromal stage of AD. The amygdala is also known to be
affected in the first stages of the AD [61, 62] and,
while still a matter of debate, post-mortem studies
have identified significant atrophy within this structure [63]. Furthermore, it has been demonstrated that
the amygdala is affected both by neurofibrillary tangles and plaques in post-mortem patients who were in
the first stages of AD. The modifications are generally
described as similar to those affecting the hippocampus [64–66]. So, in the same way as the hippocampus,
the amygdala seems to be affected by direct physiopathological processes in AD. Our results have
revealed the same pattern of atrophy within the hip-

pocampus and the amygdala, along with, for both of
these structures, a loss of microstructural integrity.
Thus, these results are in agreement with the former
prevailing theories of AD etiology.
Contrary to previous results demonstrating that the
profile of subcortical changes resulted from a concomitant modification of both volume and MD, the
results discussed below concern only a modification
of volume. Indeed, looking at volume, we found the
presence of significant atrophy bilaterally throughout
the thalamus in MCI-due-to-AD patients compared
with controls. This finding has rarely been studied in
MCI subjects, as most of these studies focus solely
on the hippocampus [13, 67]. Even more rarely, this
observation was found in prodromal patients versus
control [28]. Different techniques have been used
more frequently, however, to document atrophy in
later-stage AD patients versus controls, such as voxelbased morphometry [45] or a manual segmentation of
regions of interest [46]. These results are consistent
with the supposed role of thalamic atrophy in memory
deficits inherent in AD [68]. The volumetric regionbased analysis also revealed a significant bilateral
atrophy of the putamen in MCI-due-to-AD patients.
However, the left putamen had a greater volume loss
than the right. This result has been widely described
by other studies of AD patients, but rarely for patients
in the prodromal stage [28]. Our shape analysis also
revealed a bilateral local volume modification that
was almost symmetrical on the dorsal part of the thalami and strongly asymmetrical on the ventral part.
Of note, the ventral part of the right thalamus was
the region with the most surface changes. The shape
analysis also demonstrated extended-shape changes
on the left putamen. The former result of local atrophy of the ventrolateral part of the thalamus has
already been observed in a study of shape modifications induced by AD at a mild cognitive impairment
stage and also at a later stage of the disease [13]. Atrophy in the aforementioned nuclei is supported by two
independent (although derived from the same images)
analyses: (1) the shape analysis, which represented a
local deformation of the analyzed structure; and (2)
the volumetric analysis by region of interest, which
reflected more a global atrophy of the structures.
Contrary to the results obtained with the volumetric analysis, the VBM analysis did not detect any
reduction of grey-matter density within the thalami
or the putamen of MCI-due-to-AD patients compared to controls. But, while known to be efficient
for the cortex, this VBM technique is less sensitive
for sub-cortical structures [10]. Noting strong bilat-
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eral modifications in both volume and shape of the
thalamus and of the left putamen, one could assume
that these changes may be linked to microstructural changes; however, we did not find a significant
increase of MD, FA, or R2∗ within those structures,
even at the sites of atrophy. The result of an elevation
of MD within the thalamus has already been reported
by Cherubini et al. [18] but only for AD patients
against controls. On the other hand, the absence of
an increase in putaminal MD is in agreement with a
previous DTI study [28]. Furthermore, while FA was
previously found to be reduced within the thalamus
in the literature [69, 70], we did not report any change
in FA in any of the structures investigated. This latter
result is supported by our voxel-based analysis, which
was conducted on the entire brain without any a priori
consideration. This discrepancy could be explained
by the use of a different acquisition scheme for the
DTI parameters (directions and number of directions)
or by the fact that we were studying AD patients in
the very early stages of their disease. The absence of a
difference in R2∗ , while expected given the fact that
no previous MRI study has revealed increased iron
deposits within the thalamus or the putamen, should
be taken carefully since the sensitivity to iron could
be enhanced with an increased field [58, 59]. Further, the presence of atrophy without microstructural
changes might be explained by the fact both of these
structures are part of the structures that are affected
last by AD. It seems that thalamic and left putaminal
atrophy in the presence of conserved microstructural
integrity is a reliable feature of early-stage AD.
In the present work, we also conducted a discriminant analysis between MCI-due-to-AD patients and
controls based on MRI markers. While atrophy within
the hippocampus in MCI patients has been consistently reported as the best structural predictor of
conversion to AD [3], the results obtained with logistic regression analysis showed that, taken alone, the
hippocampal volume was not sufficient to discriminate healthy subjects from MCI-due-to-AD patients
(92% AUC). From the region-based analysis, combining left hippocampal and right thalamic volume, a
threshold of 95% AUC was reached. However, contrary to what we expected, the amygdalar volume
or MD alone did not prove to be a better predictor
than the hippocampal volume. But, when combining
either MD or the volume of the right amygdala with
two other markers, such as the volume of the left hippocampus and putamen, a discrimination rate of 98%
was reached. From the voxel-based analysis, the best
threshold of discrimination (94%) was achieved by
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combining two markers, the MD of the right amygdala without mask and the left cluster obtained with
VBM (left hippocampus plus left amygdala).
Taken together, our study highlights the different
micro- and macro-structural patterns of damage that
are present in the prodromal phase of AD and suggest
that different and possible distinct physiopathological processes are taking place. Indeed, it is well
known that the hippocampus is one of the first and
most significantly affected structures in AD [61],
and our study recapitulates this by finding atrophy
and modifications of hippocampal microstructural
integrity, even in patients with the earliest phases of
AD. The amygdala is also affected in the first stage
of AD [61, 62]. Even though this is still a matter of
debate, post-mortem studies have described significant atrophy within the amygdala [63], which was
linked to substantial neuronal loss in AD patients
[71]. It has been further shown that the amygdala
is affected by both plaques and neurofibrillary tangle
pathology in patients who died with mild stages of
AD. These changes are noted to be generally similar to the changes that occur within the hippocampus
[64–66]. So, similar to the hippocampus, the amygdala could be affected by direct physiopathological
processes in AD. Our results support this hypothesis, as we observe the same pattern of atrophy with a
concomitant modification of microstructure in both
structures. Conversely, the thalamus and the putamen are not directly involved in AD pathogenesis.
Our results showed atrophy without microstructural
modifications. These findings could reflect another
pattern of changes affecting these structures, such as
through an indirect physiopathological pathway. A
possible hypothesis related to such an indirect mechanism might be that the thalamus could be linked
to the deafferentation between the hippocampus and
thalamus, which are part of the same circuit (Papez
circuit [72]). The cause for the observation of putaminal indirect damage remains unclear. Nevertheless,
the interpretation about the hypothesis of an indirect
mechanism remains to be further investigated.
Finally, these results highlight the importance
of measuring volumetry along with microstructural
indices when investigating the structural changes
related to AD. The main limitation of this work is
the small cohort, which led to the study having limited statistical power. Hence, these results should
be confirmed on larger cohort of highly selected
MCI-due-to-AD patients. Furthermore, prospective
longitudinal studies following large cohorts of
patients with MCI-due-to-AD through their conver-
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sion to AD will be crucial to confirm the existence of
these two physiopathological processes (direct and
indirect), and to accurately document the brain modifications that occur as a result of the progression of
the disease.
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