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Abstract.
Background: Alzheimer’s disease (AD) is characterized by cognitive impairment and large loss of grey matter volume and is
the most prevalent form of dementia worldwide. Mild cognitive impairment (MCI) is the stage that precedes the AD dementia
stage, but individuals with MCI do not always convert to the AD dementia stage, and it remains unclear why.
Objective: We aimed to assess grey matter loss across the brain at different stages of the clinical continuum of AD to gain a
better understanding of disease progression.
Methods: In this large-cohort study (N = 1,386) using neuroimaging data from the Alzheimer’s Disease Neuroimaging
Initiative, voxel-based morphometry analyses were performed between healthy controls, individuals with early and late and
AD dementia stage.
Results: Clear patterns of grey matter loss in mostly hippocampal and temporal regions were found across clinical stages,
though not yet in early MCI. In contrast, thalamic volume loss seems one of the first signs of cognitive decline already during
early MCI, whereas this volume loss does not further progress from late MCI to AD dementia stage. AD dementia stage
converters already show grey matter loss in hippocampal and mid-temporal areas as well as the posterior thalamus (pulvinar)
and angular gyrus at baseline.
Conclusion: This study confirms the role of temporal brain regions in AD development and suggests additional involvement
of the thalamus/pulvinar and angular gyrus that may be linked to visuospatial, attentional, and memory related problems in
both early MCI and AD dementia stage conversion.
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INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent
form of dementia worldwide, accounting for 60–80%
of all dementia cases, and affects an estimated 17%
of individuals above the age of 75 [1]. With a global
increase in life expectancy, up to 16 million people
in the US may suffer from AD by 2050 [2]. Besides
the sociological burden, economic numbers indicate
annual health care cost of 818 billion USD, which is
expected to rise to 2 trillion by 2030 in the US alone
[3]. This makes AD a global health crisis on multiple
levels.
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AD is characterized by moderate to severe cogni-
tive difficulties (memory loss, attention impairments,
executive function deficits), a loss of independency
in daily activities, and personality changes, and is
associated with a dramatic, irreversible loss of brain
cells and neuronal function [4]. Risk factors for devel-
oping AD include low educational level, depression,
cardiovascular disease, obesity, and smoking [5]. Fur-
thermore, certain alleles of the APOE gene such as
APOE4 pose a higher risk in developing AD later in
life, possibly due to its involvement in the synthesis
of neurotoxic proteins such as amyloid-� (A�) and
tau [6] and promoting detrimental neuroinflamma-
tory responses [7].

Shortly after the accumulation of neuronal damage
on the microscopic level, substantial changes to brain
structure and function occur on the macroscopic level.
AD patients in the late stages of the disease contin-
uum that undergo structural T1-weighted magnetic
resonance imaging (MRI) scans show widespread
loss of grey matter in the bilateral hippocampus,
temporal pole, medial- and inferior temporal cortex,
precuneus, parietal lobe, and cerebellum [8–11]. This
loss greatly affects cognitive performance. Longi-
tudinal studies show that the spread of A� protein
depositions is present in many different brain areas
early on in the disease (subsequently causing the for-
mation of neurotoxic tau and further brain volume
loss), and that these levels slightly fluctuate across
time in different regions. However, the amount of tau
and A� in the hippocampus and middle/inferior tem-
poral cortex (and thus subsequent grey matter loss),
linearly increase over time and seems a large contrib-
utor to the progressive decrease in cognitive function
[9, 12].

A considerable amount of damage, and thus cogni-
tive dysfunction, often occurs years before a clinical
diagnosis of AD is made. This is supported by
findings where changes in soluble A� and tau pro-
tein levels are seen in the brain and cerebrospinal
fluid (CSF) of individuals long before a confirmed
diagnosis of AD, and even before the onset of cogni-
tive symptoms [13]. This mild cognitive impairment
(MCI) can be present years before an individual is
eventually diagnosed with AD, and while the clini-
cal presentation of AD is often associated with the
characteristics present in late(r) stages of the disease
such as personality changes and extensive memory
loss, MCI individuals already experience difficulties
in memory, emotional regulation, speech, executive
function, and attention earlier on in the disease pro-
cess and is thus an earlier stage of the AD clinical

continuum [14, 15]. However, not every individual
that is diagnosed with MCI will convert to the severe
stage of the AD continuum (AD dementia).

Current numbers indicate that annually, around
15% of people with MCI convert to AD dementia
[16], and that in total, about 50% of individuals with
MCI eventually end up converting to AD dementia
[17].

Individuals with mild cognitive symptoms are usu-
ally diagnosed with early MCI (EMCI), whereas
individuals with more severe symptoms, but not as
severe as AD dementia, are labeled as late MCI
(LMCI). Diagnosis is often performed after using a
battery of cognitive tests, such as the Mini-Mental
State Exam (MMSE) that investigates attention,
short-term memory, language, and math, with scores
ranging between 0–30, and the Wechsler Memory
Scale’s Logical Memory II subscale investigating dif-
ferent components such as immediate recall (ImRec)
and delayed recall (DelRec) memory performance
[18, 19].

The cognitive symptoms occurring in MCI seem to
be attributed to grey matter atrophy and decrease in
the entorhinal cortex, inferior frontal lobe, hippocam-
pus, amygdala, striatum, parahippocampal gyrus, and
insula [20–22]. Furthermore, MCI patients seem to
have higher CSF tau levels than cognitively normal
(CN) individuals, but lower levels than AD dementia
patients [23]. Longitudinal studies indicate that the
level of atrophy in the entorhinal cortex and parahip-
pocampal gyrus might predict whether an individual
with MCI eventually develops to AD dementia, as
well as CSF tau levels [23, 24]. However, cognitive
domains such as attention, memory, and executive
function are not dependent on hippocampal and tem-
poral functioning alone. Surprisingly, other regions
involved in these domains such as the thalamus
(attention and executive function) and angular gyrus
(attention and memory retrieval) are rarely men-
tioned in the findings of neuroimaging studies in MCI
patients [25–29], despite thalamic function being of
crucial importance to cognitive function in the elderly
population [30]. The research focus on the medial
temporal lobe has contributed to the confirmation of
the role of the hippocampus. However, this focus may
also have hampered the identification of other brain
regions involved in the disease process. It therefore
remains unclear whether the absence of findings in
areas such as the thalamus is due to certain method-
ological issues in many of these studies (e.g., focused
analysis or small sample size) or a biological phe-
nomenon.
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In this study, we aimed to identify brain-wide
changes in grey matter over the course of AD
progression using a large cohort of individuals in
AD dementia, LMCI, EMCI, and CN stages. Using
T1-weighted MRI scans, we assessed grey matter vol-
ume differences between CN/AD dementia, EMCI/
LMCI, LMCI/AD dementia and AD dementia-con-
verters/non-converters to improve the understanding
of disease progression in MCI and AD dementia and
pinpoint key brain regions in the deterioration of cog-
nitive functioning.

MATERIALS AND METHODS

Participants

Data used in the preparation of this article were
obtained from the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) database (http://adni.loni.usc.
edu). ADNI is currently the biggest longitudinal
databank consisting of demographics, multi-modal
neuroimaging scans, cognitive battery scores, genetic
data, and blood sample data from individuals with
AD dementia, MCI types, or CN. Individuals were
included in absence of any other neurological dis-
orders than (possible) AD, history of substance use
disorder (within the past two years), major depres-
sion or bipolar disorder (within the past year), history
of schizophrenia, history of cancer (past five years),
devices incompatible with MRI scanners, and current
use of specific psychoactive medication(s).

Individuals were diagnosed based on several cog-
nitive score components: subjective memory report-
ing (CN: no memory concerns, EMCI/LMCI/AD
dementia: subjective memory concern reported by the
individual, individual’s partner, and/or clinician), per-
formance on the Wechsler Memory Scale’s Logical
Memory II subscale (of which ImRec and DelRec
ability are subsets) with a maximum performance
of 25 (CN: > 9 for > 16 years of education, > 5 for
8–15 years of education, > 3 for 0–7 years of educa-
tion, EMCI: 9–11 for > 16 years of education, 5–9
for > 8–15 years of education, 3–6 for 0–7 years of
education, LMCI/AD dementia: < 8 for > 16 years
of education, < 4 for 8–15 years of education, < 2
for 0–7 years of education), MMSE performance
(CN/EMCI/LMCI: > 24–30, AD dementia: < 20–26,
exceptions for these criteria were made for individu-
als with < 8 years of education at the discretion of an
ADNI project director), and a Clinical Dementia Rat-
ing (CDR) and its Memory Box (MB) subscore (CN:
CDR&MB of 0, EMCI/LMCI: CDR&MB of 0.5, AD

dementia: CDR of 0.5–1.0), and lastly the absence
of (significant) impairment in cognition and/or daily
functioning (for CN diagnosis), general preservation
of cognition and daily functioning (for EMCI/LMCI
diagnosis) and a National Institute of Neurological
and Communicative Disorders and Stroke and the
Alzheimer’s Disease and Related Disorders Associa-
tion (NINCDS/ADRDA) [31] criterium for probable
AD (for AD dementia diagnosis).

Due to the size of the ADNI cohort, the full list of
inclusion/exclusion criteria and/or diagnostic criteria
cannot be described here. For additional exclusion
criteria and diagnosis specifics, see ADNI’s pro-
cedure manual (https://adni.loni.usc.edu/wp-content/
uploads/2008/07/adni2-procedures-manual.pdf). For
more up-to-date information, see http://www.adni-
info.org. In this study, we included a total of 1,386
individuals which underwent a 3-Tesla T1-weighted
magnetic resonance imaging (MRI) structural brain
scan at first visit. Statistical differences in individ-
ual demographics (age, sex, education level, MMSE,
ImRec, and DelRec scores) between groups were
assessed in R [32] using a non-parametric Kruskal-
Wallis test with an alpha set to < 0.05 and a Ben-
jamini-Hochberg procedure to correct for multiple
testing using the false-discovery rate.

Imaging data

T1-weighted structural MRI brain scans of 1386
participants at baseline were used for this project.
For information regarding ADNI’s image acquisition
protocol (which are different for the many MRI scan-
ner types used in ADNI), see (http://adni.loni.usc.
edu/methods/documents/mri-protocols/). The scans
were downloaded from (http://adni.loni.usc.edu/
data-samples/access-data/) and were already pre-
processed with gradwarp correction (correcting for
gradient non-linearity), B1 correction (correcting for
image intensity non-uniformity), and N3 correction
(correcting for additional image intensity deviations)
prior to downloading.

For each subject, the image orientations of every
T1-weighted MRI scan were normalized to stan-
dard AP/SI/LR orientations. Skull-stripping and
brain extraction was performed using HD-BET, a
GPU-based brain-extraction tool [33]. To extract
grey matter maps from the structural data, the
voxel-based-morphometry (VBM) pipeline from the
Computational Anatomy Toolbox (CAT12 version
12.7: http://www.neuro.uni-jena.de/cat/) for SPM12
(Statistical Parametric Mapping software, Wellcome

http://adni.loni.usc.edu
https://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
http://www.adni-info.org
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http://www.neuro.uni-jena.de/cat/
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Table 1
Demographics of 4 diagnosis groups at baseline. Numbers are indicated as means ± standard deviations

AD dementia LMCI EMCI CN
(n = 239, 122 f) (n = 501, 205 f) (n = 295, 127 f) (n = 351, 189 f)

Age (y) 75.4 ± 7.65 74.0 ± 6.43 71.0 ± 7.47 75.0 ± 5.79
Education (y) 15.1 ± 3.04 15.9 ± 2.95 15.9 ± 2.64 16.3 ± 2.70
MMSE 23.1 ± 2.02 27.1 ± 1.80 28.3 ± 1.55 29.1 ± 1.13
ImRec 3.98 ± 2.71 7.09 ± 3.14 10.9 ± 2.72 14.1 ± 3.24
DelRec 1.35 ± 1.88 3.82 ± 2.69 8.92 ± 1.74 13.3 ± 3.30

Trust Centre for Neuroimaging, London, UK) was
used in Matlab R2017a (MATLAB and Statistics
Toolbox Release 2017a, The MathWorks, Inc., Nat-
ick, MA, US). Extracted brains were segmented into
grey matter, white matter, and CSF. Total intracra-
nial volume (TIV) of each participant was calculated
after segmentation. Extracted grey matter maps were
normalized to a 1.5mm Montreal Neurological Insti-
tute (MNI) template using DARTEL registration and
smoothed with an 8x8x8 full-width at half-maximum
(FWHM) Gaussian kernel to enhance the signal to
noise ratio.

Statistical analysis of differences in grey matter
volume between the different groups was conducted
using a two-sample t-test in SPM12 with TIV, age,
sex, and education level added as covariates. Since
earlier research shows that MMSE scores corre-
late with brain volume regardless of diagnosis [34],
MMSE scores were included as an additional covari-
ate in the analysis. Whole brain voxel-wise statistical
comparisons were corrected for multiple compar-
isons using family-wise-error (FWE) rate correction
and are reported at an alpha level of 0.05 and
additional 0.01 to account for testing five group com-
parisons. Results were visualized with bspmviewer
(available at https://www.bobspunt.com/software/
bspmview/) and FreeSurfer [35].

RESULTS

All demographics of the participants are presented
in Table 1. At baseline, there was a significant dif-
ference in age between CN (M = 75.0, SD = 5.76)
and EMCI (M = 71.0, SD = 7.47), EMCI and LMCI
(M = 74.0, SD = 7.43), EMCI and AD dementia
(M = 75.6, SD = 7.50), and LMCI and AD dementia
(H(3) = 65.86, p < 0.001). A significant difference in
education level of CN (M = 16.3, SD = 2.68), EMCI
(M = 15.9, SD = 2.64), LMCI (M = 15.9, SD = 2.95),
and AD dementia (M = 15.2, SD = 2.95) was found
between all groups except for EMCI and LMCI
(H(3) = 22.6, p < 0.001). No significant differences

were found in sex (H(3) = 3.81, p = 0.28) between the
four subgroups.

Statistically significant differences in respec-
tively MMSE, ImRec, and DelRec scores of CN
(M = 29.1, SD = 1.13/M = 14.1, SD = 3.24/M = 13.3,
SD = 3.30), EMCI (M = 28.3, SD = 1.55/M = 10.9,
SD = 2.72/M = 8.92, SD = 1.74), LMCI (M = 27.1,
SD = 1.80/M = 7.09, SD = 3.14/M = 3.82, SD = 2.69),
and AD dementia (M = 23.1, SD = 2.02/M = 3.98,
SD = 2.71/M = 1.35, SD = 1.88) were found between
all groups (H(3) = 703.01, p < 0.001/H(3) = 837.66,
p < 0.001/H(3) = 1071.10, p < 0.001). In the MCI par-
ticipant sample, 596 of the initial 796 individuals
had a 2-year follow-up label of either AD demen-
tia or MCI. We found no significant differences
between patients that converted to AD dementia
(n = 171) or not (n = 425) in age (H(1) = 3.88, p =
0.05), sex (H(1) < 0.01, p = 0.93) or education level
(H(1) = 3.68, p = 0.06). Respective MMSE, ImRec,
and DelRec scores of non-converters (M = 28.0, SD =
1.69/M = 9.30, SD = 3.10/M = 6.69, SD = 3.16) and
AD dementia-converters (M = 26.70, SD = 1.65/
M = 6.54, SD = 3.24/M = 3.20, SD = 2.76) already
differed significantly at baseline (H(1) = 70.4,
p < 0.001/H(1) = 79.27, p < 0.001/H(1) = 123.12, p <
0.001).

Neuroimaging

In the VBM analysis between CN and the ear-
liest clinical stage of the AD continuum (EMCI),
individuals with EMCI showed significantly reduced
grey matter volume in two moderately large clusters
compared to the CN group. One cluster surrounded
the grey matter in the bilateral ventrolateral thala-
mus extending to the bilateral globus pallidus, with
another cluster in the orbitofrontal cortex extend-
ing to the cingulate cortex. An additional smaller
cluster was found in the cerebellum (see Fig. 1 and
Table 2). Thalamic results in EMCI < CN were visu-
alized using the Talairach structural atlas [36–38] and
FreeSurfer (see Fig. 2).

https://www.bobspunt.com/software/bspmview/
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Fig. 1. Visualization of grey matter volume reductions in EMCI < CN. Reductions centered around the bilateral ventrolateral thalamus,
orbitofrontal cortex, anterior cingulate cortex and cerebellum. MNI coordinate along the x-axis indicated in white. Lighter colors indicate
higher t-values (see Table 2).

Table 2
Regions with reduced grey matter volume in EMCI < CN. Table includes corresponding brain regions

according to Automated Anatomical Labeling (AAL), FWE-corrected p-value, extent (cluster size
in number of voxels), statistical t-value, and MNI-coordinates. Brain regions with or without additional

Bonferroni correction for five tests are reported

MNI coordinates (mm)

Brain region (AAL) p (FWE-corr) Extent t-value x y z

Thalamus R < 0.001 267 7.14 24 –16 8
Thalamus L < 0.001 274 7.11 –21 –16 10
Thalamus L 0.005 5.45 –15 –14 –4
Vermis 10 < 0.001 115 6.43 8 –46 –27
Cerebelum 9 L < 0.001 84 6.42 –9 –48 –27
Frontal Med Orb R < 0.001 549 6.18 14 39 –2
Cingulum Ant L < 0.001 5.98 0 36 3
Cingulum Ant R 0.001 5.88 10 33 14
Frontal Mid L 0.005 7 5.44 –27 12 45
Thalamus L 0.014 228 6.63 –21 –16 9

Fig. 2. Visualization of GM volume reduction cluster (yellow/orange) in EMCI < CN located in the bilateral ventrolateral thalamus
(green/purple) and globus pallidus (blue) according to the Talairach and Harvard-Oxford structural atlas.

Further along the continuum of cognitive decline,
the VBM analysis between EMCI and LMCI groups
showed significant grey matter volume reductions

in many areas throughout the brain in the LMCI
group. The largest cluster contained 123546 voxels of
grey matter in the right parahippocampal gyrus, left
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Table 3
Regions with reduced grey matter volume in LMCI < EMCI.

MNI coordinates (mm)

Brain region (AAL) p (FWE-corr) Extent t-value x y z

ParaHippocampal R < 0.001 123546 12.54 24 –15 –26
Amygdala L 11.2 –24 –2 –16
Temporal Mid L 11.12 –64 –32 –2
Frontal Mid R < 0.001 710 8.34 44 52 20
Frontal Mid R 7.43 50 42 24
Supp Motor Area R < 0.001 620 7.7 6 –14 72
Postcentral R < 0.001 576 6.98 62 –2 39
Precentral R 5.79 56 –6 48
Precentral R 5.79 62 3 26
Frontal Sup Medial R < 0.001 832 6.72 2 27 60
Supp Motor Area R 6.09 2 16 64
Frontal Sup Medial R 5.54 3 42 48
Precentral L < 0.001 429 6.67 –26 –15 68
Precentral L < 0.001 65 6.15 –46 8 51
Vermis 3 0.002 84 6.09 –2 –28 –6
Vermis 3 5.87 0 –36 –9
Frontal Mid R 0.002 55 6.06 42 21 54
Precentral L < 0.001 146 5.88 –60 0 26
Postcentral L 5.04 –60 –3 36
Frontal Mid L < 0.001 276 5.87 –27 33 44
Frontal Mid L 5.54 –36 27 46
Occipital Sup R 0.001 62 5.81 30 –82 39
Frontal Sup Medial L < 0.001 212 5.74 –10 60 18
Frontal Sup L 5.44 –18 62 21
Occipital Sup L 0.001 48 5.73 –16 –88 38
Postcentral R 0.002 29 5.64 34 –39 68
Frontal Inf Tri R 0.001 54 5.57 51 26 14
Frontal Sup L 0.002 45 5.5 –21 10 69
Frontal Inf Oper R 0.001 52 5.36 39 18 12
Frontal Med Orb L 0.002 55 5.33 –9 64 –3
Frontal Mid R 0.005 14 5.22 38 44 38
Precentral L 0.002 40 5.2 –50 –4 52
Frontal Sup Medial L 0.003 28 5.16 –9 54 33
Postcentral L 0.006 8 5.08 –63 –16 24
Parietal Sup R 0.006 6 5.07 12 –69 52
Cerebelum 6 L 0.009 2 4.99 –27 –46 –36
Rolandic Oper R 0.009 1 4.97 39 –18 26
Rolandic Oper R 0.024 38 4.97 39 –18 26
Frontal Sup R 0.022 15 4.95 21 3 66
Frontal Mid L 0.026 13 4.91 –36 42 38
Postcentral L 0.029 13 4.86 –40 –34 64
Hippocampus R 0.046 1 4.79 42 –24 –8
Precentral L 0.036 5 4.78 –28 –24 74
Frontal Sup R 0.034 6 4.75 26 68 9
Paracentral Lobule R 0.03 11 4.75 0 –34 60
Caudate R 0.042 18 4.69 18 2 20
Frontal Mid L 0.047 1 4.67 –38 20 57
Calcarine L 0.029 11 4.64 –2 –94 2
Calcarine L 0.044 2 4.63 3 –78 16
Cerebelum 3 L 0.043 1 4.62 –6 –36 –10
Paracentral Lobule R 0.042 4 4.62 15 –30 50
Caudate R 0.048 1 4.62 22 9 16

amygdala, and left medial temporal lobe, which
extended to the entire bilateral thalamic region. Other
widespread grey matter reductions were found in
superior and inferior frontal areas such as the bilat-
eral midfrontal gyrus, supplementary motor area,

precentral gyrus and the orbitofrontal cortex, with
additional findings in the cerebellum and occipital
cortex (see Table 3 and Fig. 3 for all findings).

Comparing these LMCI individuals to AD demen-
tia revealed that AD dementia individuals had
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Fig. 3. Widespread grey matter volume reductions in LMCI < EMCI. The largest cluster centered around the bilateral mediotemporal gyri,
hippocampus, and entire thalamus (see Table 3).

further reductions in grey matter volumes compared
to LMCI. Reductions were again mostly centered
around the right amygdala and surrounding areas
(with a very minor cluster extending to the most ven-
tral part of the posterior thalamus), as well as the left
hippocampus. bilateral inferior temporal gyri, while
also showing reductions in the left rectal gyrus, left
precuneus, left angular gyrus, inferior parietal lobule,
and inferior occipital regions (see Table 4 and Fig. 4).

The largest grey matter differences were found in
the baseline scans of AD dementia patients compared
to CN. Grey matter in a large cluster of 228892 vox-
els surrounding the bilateral hippocampus, temporal
lobes, entire thalamus, and extending to many areas in
frontal, temporal, and parietal areas was significantly
reduced in AD dementia. Besides this cluster, an addi-
tional moderately large cluster in the right superior
parietal lobe and a minor cluster in the cerebellum
was reduced. Results are presented in Table 5 and
Fig. 5.

The comparison between MCI participants that did
and did not convert to AD dementia showed that MCI
participants that converted to AD dementia within 2

years had significant grey matter volume reductions at
baseline with the largest cluster centered around the
right amygdala, right posterior thalamus, and bilat-
eral hippocampal regions. Surrounding areas, such
as the mid and inferiotemporal lobe regions also
displayed several clusters of decreased grey mat-
ter volume and extended to the same regions in the
left hemisphere. Besides these regions, large clusters
were found in the angular gyrus, right precuneus, and
insula. Furthermore, substantial clusters were also
found in the midoccipital region, orbitofrontal cor-
tex, and cerebellum. The full results are presented
in Table 6 and Fig. 6. Visualization of the thala-
mic results in AD dementia converters using the
Talairach structural atlas and Freesurfer showed that
the volume reductions were confined to the posterior
thalamus/pulvinar (see Fig. 7).

Since 42% of the LMCI sample converted to AD
dementia after 2 years and only 6% of the EMCI
sample, we performed another VBM analysis for the
LMCI sample only (N = 378) to assess grey mat-
ter differences in converters versus non-converters.
With a significance level of 0.05 FWE-corrected,
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Table 4
Regions with reduced grey matter volume in AD dementia < LMCI

MNI coordinates (mm)

Brain region (AAL) p (FWE-corr) Extent t-value x y z

Amygdala R < 0.001 13392 8.32 24 –6 –12
Fusiform R < 0.001 7.98 34 –3 –36
Temporal Inf R < 0.001 7.76 46 –4 –40
Hippocampus L < 0.001 7199 7.54 –30 –9 –16
Hippocampus L < 0.001 7.5 –33 –24 –12
Hippocampus L < 0.001 7.47 –27 –30 –9
Parietal Inf R < 0.001 206 6.37 39 –44 39
Precuneus L < 0.001 846 6.29 –6 –57 18
Occipital Inf L < 0.001 1753 6.06 –50 –62 –14
Temporal Inf L < 0.001 5.96 –57 –38 –20
Fusiform L < 0.001 5.76 –42 –58 –15
Rectus L < 0.001 749 5.92 0 34 –15
Parietal Inf L 0.001 310 5.53 –40 –46 48
Angular L 0.001 119 5.48 –45 –54 24
Temporal Inf R 0.001 42 5.41 48 –66 –6
Temporal Mid L 0.002 98 5.36 –52 2 –24
Occipital Mid R 0.002 42 5.29 33 –87 8
Occipital Inf R 0.003 48 5.21 44 –81 –4
Occipital Mid R 0.004 37 5.16 46 –72 30
Temporal Mid L 0.005 11 5.09 –58 –6 –14
Precuneus R 0.005 16 5.08 10 –54 50
Precuneus R 0.009 4.98 8 –50 40
Cingulum Mid R 0.006 10 5.07 6 –34 42
Frontal Mid R 0.007 8 5.04 33 42 22
Frontal Mid R 0.008 7 5 27 54 8
Occipital Inf L 0.009 2 4.97 –44 –78 –3
Pallidum R 0.01 1 4.96 8 3 –3
Angular L 0.01 2 4.96 –44 –70 33
Frontal Mid R 0.012 48 5.04 33 42 22
Frontal Mid R 0.01 109 5 27 54 8
Occipital Inf L 0.015 44 4.97 –44 –78 –3
Pallidum R 0.018 52 4.96 8 3 –3
Frontal Sup R 0.025 12 4.88 16 50 36
Frontal Sup Orb R 0.029 43 4.88 21 39 –12
Frontal Mid L 0.019 29 4.84 –24 36 30
Precentral R 0.022 30 4.8 39 4 38
Heschl R 0.021 29 4.78 52 –16 9
SupraMarginal L 0.019 26 4.77 –52 –21 26
Cingulum Ant R 0.03 19 4.72 9 46 3
Frontal Mid Orb L 0.034 25 4.7 –27 36 –12
Cerebelum Crus2 L 0.042 5 4.64 –36 –74 –42
Temporal Mid L 0.041 4 4.59 –48 –63 14

the largest cluster of 359 voxels centered around the
right amygdala, while moderately large clusters in
the bilateral hippocampi and right thalamus were also
found. At the 0.01 FWE-corrected level, the region
around the right amygdala remained the largest clus-
ter with 214 voxels. An additional smaller cluster was
found in the left hippocampus (see Table 7).

DISCUSSION

This study aimed to assess grey matter volume
differences across the brain in a large cohort of indi-
viduals with a range of cognitive difficulties to gain

further insight in the progression of grey matter atro-
phy along the clinical trajectory in AD.

The VBM analysis showed large differences in
grey matter volume between groups. At the start of
cognitive decline, we found grey matter loss in the
bilateral ventrolateral regions of the thalamus extend-
ing to the pallidum, orbitofrontal cortex extending to
the anterior cingulate cortex, and cerebellum. Many
studies focus on hippocampal atrophy as first signs of
cognitive decline [39–41] and assume Braak’s neu-
rodegenerative model of entorhinal cortical atrophy
as the start of developing dementia in both amy-
loid/tau accumulation and grey matter degeneration.
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Fig. 4. Additional grey matter volume reductions centered mostly around temporal areas in AD dementia < LMCI (see Table 4).

Table 5
Regions with reduced grey matter volume in AD dementia < CN

MNI coordinates (mm)

Brain Region (AAL) p (FWE-corr) Extent t-value x y z

Hippocampus R < 0.001 228892 23.47 –28 –10 –16
ParaHippocampal L 22.68 –27 –21 –20
Hippocampus R 22.2 28 –9 –16
Parietal Sup R < 0.001 108 6.02 20 –63 62
Vermis 3 0.009 18 5.5 0 –30 –6
Pallidum R 0.009 1 5.06 22 –6 8
Parietal Sup R 0.007 4 5.05 –14 –66 60
Cerebelum 8 L 0.009 1 5.03 –24 –46 –44
Cerebelum Crus1 L 0.009 1 5.01 –27 –75 –22
Vermis 3 0.044 18 5.5 0 –30 –6
Parietal Sup L 0.016 23 4.99 –22 –56 70
Precentral R 0.03 12 4.83 36 –21 52
Vermis 3 0.043 2 4.74 0 –38 –10
Occipital Mid L 0.045 1 4.63 –21 –96 10
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Fig. 5. GM volume reductions in temporal, frontal, parietal and cerebellar areas in AD dementia < CN (see Table 5).

Both longitudinal studies and Braak’s model state
that the thalamus and cerebellum are one of the last
regions affected by amyloid and tau, but those were
actually amongst the regions already affected in our
comparison between CN and EMCI [42–44].

As seen in the comparison between CN and AD
dementia, it is clear that the largest volume decrease
over time occurs in hippocampal and entorhinal
regions extending to the thalamus. Our findings from
the CN and EMCI comparison indicate that this large
volume decrease may not have its origin in hippocam-
pal or entorhinal regions, but rather seems to have a
thalamic origin.

Regarding our cerebellar findings, increasing evi-
dence for cerebellar contribution to cognitive func-
tion has emerged. The cerebellar vermis, found to
have decreased grey matter volume in EMCI com-
pared to CN, may also be the cause of various
neuropsychiatric symptoms [45, 46]. The last clus-
ter found to be reduced in the earliest signs of
cognitive decline was that of the orbitofrontal cor-
tex/anterior cingulate cortex. The anterior cingulate
cortex has been found to be affected in mild cogni-
tive impairment stages, especially in an individual’s
subjective experience of declining cognition, and
seems involved in resilience to cognitive decline

[47]. Additionally, both the orbitofrontal cortex and
anterior cingulate cortex are involved in emotional
regulation and processing, which altogether may
(partially) cause the first symptoms of cognitive
decline in EMCI [48, 49].

Altogether, our findings of grey matter atrophy
in the most (ventro)lateral regions of the thalamus,
orbitofrontal cortex and cerebellum do not fully cor-
respond with earlier findings regarding the first signs
of cognitive decline which mostly point to hippocam-
pal influence. Rather, hippocampal atrophy does not
seem to become present until the MCI progresses
in our study, as seen in many large and small grey
matter volume clusters found to be reduced in LMCI
compared to EMCI. Besides large clusters centered
around the hippocampus, almost the entire thalamic
region showed reduced grey matter in the LMCI
group. Additional widespread large grey matter vol-
ume reductions were also found in many frontal and
prefrontal areas, (mid)temporal areas, occipital lobe,
as well as the cerebellum. This indicates even more
widespread grey matter alterations than most pre-
vious studies have shown that have mostly focused
on hippocampal and temporal areas [22, 50–52],
although a few studies have found similar results
and related frontal grey matter volume reductions
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Table 6
Regions with reduced grey matter volume in AD dementia-converters < AD dementia non-converters

MNI coordinates (mm)

Brain region (AAL) p (FWE-corr) Extent t value x y z

Amygdala R < 0.001 24473 9.49 24 –6 –10
Hippocampus L < 0.001 8.48 –28 –9 –14
Thalamus R < 0.001 7.96 21 –30 2
Angular R < 0.001 3352 6.57 46 –66 44
Angular R < 0.001 6.23 51 –64 30
Occipital Mid R < 0.001 5.87 44 –75 26
Insula R < 0.001 559 5.84 39 –15 10
Temporal Sup R 0.008 5.04 51 –12 4
Precuneus R < 0.001 1378 5.66 2 –56 26
Precuneus R < 0.001 5.63 8 –48 20
Cingulum Post L 0.001 5.49 –3 –44 27
Frontal Mid Orb L 0.001 380 5.58 –21 57 –15
Temporal Inf L 0.001 171 5.49 –39 8 –34
Insula L 0.002 255 5.39 –36 12 8
Temporal Sup R 0.002 84 5.34 46 –28 12
Insula L 0.002 212 5.31 –36 –12 8
Frontal Sup Medial R 0.002 206 5.3 10 39 44
Fusiform L 0.002 410 5.29 –32 –6 –45
Temporal Inf L 0.006 5.11 –39 –4 –40
Fusiform L 0.011 4.96 –24 –9 –40
Temporal Inf R 0.004 229 5.21 44 6 –46
Angular L 0.005 220 5.15 –52 –57 36
Temporal Mid L 0.006 110 5.12 –54 4 –21
Occipital Mid L 0.007 153 5.06 –32 –80 36
Occipital Mid L 0.011 4.96 –28 –70 39
Parietal Inf L 0.012 11 4.95 –34 –69 51
Fusiform L 0.013 60 4.94 –24 –51 –14
Precuneus R 0.014 41 4.91 10 –45 45
Insula R 0.016 28 4.88 34 20 –15
Insula R 0.023 16 4.79 38 10 4
Temporal Mid R 0.031 11 4.72 54 –51 8
Temporal Mid L 0.034 13 4.7 –60 –60 6
Cerebelum 8 R 0.034 8 4.7 27 –64 –45
Frontal Sup Medial L 0.037 1 4.68 –9 38 48
Cerebelum Crus1 L 0.038 3 4.67 –26 –80 –30
Frontal Sup Medial R 0.046 1 4.62 14 30 62
Parietal Inf L 0.02 11 4.95 –34 –69 51
Fusiform L 0.011 60 4.94 –24 –51 –14
Precuneus R 0.014 41 4.91 10 –45 45
Insula R 0.019 28 4.88 34 20 –15
Insula R 0.031 16 4.79 38 10 4
Temporal Mid R 0.028 11 4.72 54 –51 8
Temporal Mid L 0.031 13 4.7 –60 –60 6
Cerebelum 8 R 0.033 8 4.7 27 –64 –45
Frontal Sup Medial L 0.045 1 4.68 –9 38 48
Cerebelum Crus1 L 0.041 3 4.67 –26 –80 –30
Frontal Sup Medial R 0.046 1 4.62 14 30 62

to the specific cognitive difficulties that individuals
with MCI face [11, 53]. The fact that these more
widespread grey matter volume reduction findings in
the majority of studies are scarce could possibly be
explained by the larger sample size in this study, or
the distinction between EMCI and LMCI.

While LMCI individuals already showed signif-
icantly decreased grey matter volume reductions
compared to EMCI and CN, the AD dementia group

showed even further reductions in grey matter vol-
ume compared to LMCI. The largest reductions are
mostly found around the hippocampal and temporal
regions (with some additional regions surrounding
the parietal and occipital regions). Interestingly, tha-
lamic grey matter differences are almost entirely
absent between these groups, which could mean
that the magnitude to which further thalamic loss
occurs decreases in the AD dementia stage of the AD
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Fig. 6. GM volume reductions in temporal areas, posterior thalamus, left angular gyrus and more in 2-year AD dementia converters < AD
dementia non converters (see Table 6).

Fig. 7. Visualization of GM volume reduction cluster (red) in AD dementia converters located in the bilateral hippocampus and left (purple)
and right (yellow) posterior thalamus/pulvinar according to the Talairach structural atlas.

continuum, while large grey matter volume loss con-
tinues to occur in areas such as the (para)hippocampal
gyrus.

In this study, we found that the conversion from
MCI to AD dementia was associated with reduced
grey matter volume in several brain regions, namely
the thalamus, amygdala, bilateral hippocampus,
parahippocampal gyri and medial/inferior temporal

gyri, with additional roles for the angular gyrus, pre-
cuneus, insula, midfrontal regions, and midoccipital
cortex. It is important to note that AD dementia con-
verters already showed worse cognitive performance
at baseline compared to AD dementia non-converters,
and that it may be difficult to pinpoint which regional
volume decreases are related to worse cognitive per-
formance, and which regions are specifically involved
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Table 7
Regions with reduced grey matter volume of AD dementia converters < non-converters within the LMCI group

MNI coordinates (mm)

Brain region (AAL) p (FWE-corr) Extent t value x y z

Amygdala R < 0.001 214 6.5 22 –6 –9
Hippocampus L 0.005 17 5.52 –30 –9 –14
Hippocampus L 0.004 20 5.48 –21 –33 –2
Thalamus R 0.019 33 5.3 22 –28 0
Occipital Inf R 0.017 1 5.01 54 –86 –4

in conversion. However, the (para)hippocampal and
temporal findings are in line with earlier studies
investigating grey matter volume differences in AD
dementia converters, that also found grey matter vol-
ume reductions in hippocampal and midtemporal
areas [21, 54–56]. Also the importance of the insula
and precuneus in AD dementia risk has been reported
previously [57, 58].

One of the findings in our study are the grey mat-
ter volume reductions in the posterior thalamus and
angular gyrus at baseline in AD dementia converters.
To our knowledge, no other studies have previously
tried to explain how the posterior thalamus and/or
angular gyrus could contribute to AD dementia con-
version, which could be key players in this conversion
in addition to (para)hippocampal regions.

The largest volume reductions centered around
the pulvinar in the posterior thalamus. Studies sug-
gest that it is mainly involved in (visual) attention
processes, executive function, and updating working
memory [59–62]. Pulvinar abnormalities are linked
to dementia with Lewy bodies, which is associated
with initial problems with attention and visuospatial
abilities and only with later problems with memory
[63]. Our results suggest that pulvinar abnormalities
are also associated with AD (and specifically with AD
dementia), which together with the angular gyrus may
contribute to previously mentioned symptoms such as
memory, attentional and executive deficits associated
with the disease. Since we did not find clear thalamic
volume differences between LMCI and AD dementia,
an explanation could be that thalamic function may
be crucial for an individual to remain in moderate
MCI stages, after which conversion to AD dementia
occurs when hippocampal volume has degenerated to
the same extent as the thalamus.

It is important to note that the finding of thalamic
volume loss in AD dementia converters within the
LMCI group only remained significant at the < 0.05
FWE level and bordered on statistical significance at
the < 0.01 FWE level with a significance of p = 0.019.
It is possible that the inclusion of individuals with

EMCI in the initial analysis may have slightly skewed
the results. However, the non-converter group con-
sisted of more than half of the LMCI group, and the
fact that the thalamic finding barely missed statisti-
cal significance at < 0.01 FWE level could also be
the result of the decreased statistical power due to a
decrease in sample size.

Additional evidence for an important role of the
thalamus in dementia progression is highlighted in
our findings of grey matter loss in bilateral ventrolat-
eral thalamic/pallidal regions in EMCI compared to
CN groups. Since EMCI individuals displayed a sta-
tistically significant difference in MMSE, ImRec, and
DelRec scores compared to CN groups, this decline
in cognitive performance can also be attributed to
early thalamic grey matter loss, especially since lat-
eral portions of the thalamus also seem involved
in memory and attention processes [64, 65]. Since
we did not find any structural hippocampal changes
between CN and EMCI, this could mean that the tha-
lamus is more important in causing cognitive decline
in dementia than previously thought, and seems to
occur before any hippocampal/entorhinal cortex vol-
ume loss, which was always assumed to be the origin
of brain volume loss in the clinical continuum of AD.

While most studies have suggested that (para)
hippocampal grey matter volume is the largest predic-
tor for AD dementia conversion and overall disease
progression, Aggleton et al. (2016) previously high-
lighted the importance of anterior thalamic grey
matter atrophy in cognitive decline and AD demen-
tia conversion. While this study did not find atrophy
specifically in the anterior thalamus, our findings of
pulvinar grey matter loss in AD dementia converters
and grey matter loss in ventrolateral portions of the
thalamus in EMCI provide additional support for a
role of thalamic atrophy in the progression of cogni-
tive decline, and specifically as an early warning sign
of dementia and of conversion from MCI into AD
dementia. Since the thalamus and hippocampus have
shown to be important for cognitive functioning in
the elderly population, the thalamic volume reduction
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found in this study might therefore (partially) pose
as an explanation for the cognitive deterioration
occurring in AD dementia converters compared to
non-converters [66, 67], while the decreased grey
matter volume in the right angular gyrus may be
an additional detrimental factor in memory difficul-
ties, both of which were found in our sample with a
statistically significant difference in MMSE, ImRec,
and DelRec scores at baseline between groups. The
advantages of this study include a larger sample size
than most other studies, which increases the power to
detect differences and generalizability of the results.
This study also used a voxel-wise approach for com-
paring grey matter differences, where several other
studies used a segmentational ROI approach which
may decrease regional sensitivity if the effect is focal
[68], which could explain why the thalamus has rarely
been reported in AD dementia conversion studies.

In summary, this study aimed to assess cross-
sectional grey matter volume changes in AD and
found grey matter volume reductions at different
stages of the clinical continuum of AD that cor-
roborate previous smaller studies on this subject.
Furthermore, we found grey matter volume differ-
ences in individuals that convert to AD dementia
compared to individuals that do not convert, with
the most important regions being the posterior thala-
mus, angular gyrus, bilateral hippocampal areas and
mid/inferio-temporal areas, where the bilateral hip-
pocampus, right thalamus, and amygdala remained
significantly affected regions in an additional subdi-
vision of AD dementia-converters within the LMCI
group at < 0.05 FWE. This thalamic volume reduc-
tion is one of the first signs of cognitive decline, as
shown in our comparison between individuals with
CN and EMCI, and may therefore be a key player in
dementia besides hippocampal regions, which did not
show any alterations in the earliest stages of cognitive
impairment. This study provides additional insight
into the structural deterioration occurring at multiple
levels of AD severity and proposes an additional role
of the (posterior) thalamus in the cognitive deteri-
oration that characterizes AD. Hopefully, this could
eventually aid in the prognosis of disease progression.
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