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Quantitative imaging processing tools have been proposed to improve clinic-radiological
correlations but their added value at the initial stages of cognitive decline is still a matter
of debate. We performed a longitudinal study in 90 community-dwelling elders with
three neuropsychological assessments during a 4.5 year follow-up period, and visual
assessment of medial temporal atrophy (MTA), white matter hyperintensities, cortical
microbleeds (CMB) as well as amyloid positivity, and presence of abnormal FDG-PET
patterns. Quantitative imaging data concerned ROI analysis of MRI volume, amyloid
burden, and FDG-PET metabolism in several AD-signature areas. Multiple regression
models, likelihood-ratio tests, and areas under the receiver operating characteristic curve
(AUC) were used to compare quantitative imaging markers to visual inspection. The
presence of more or equal to four CMB at inclusion and slight atrophy of the right
MTL at follow-up were the only parameters to be independently related to the worst
cognitive score explaining 6% of its variance. This percentage increased to 24.5% when
the ROI-defined volume loss in the posterior cingulate cortex, baseline hippocampus
volume, and MTL metabolism were also considered. When binary classification of
cognition was made, the area under the ROC curve increased from 0.69 for the
qualitative to 0.79 for the mixed imaging model. Our data reveal that the inclusion of
quantitative imaging data significantly increases the prediction of cognitive changes in
elderly controls compared to the single consideration of visual inspection.

Keywords: amyloid load, atrophy, brain metabolism, cognition, normal aging, quantitative imaging

INTRODUCTION

In recent years, several imaging modalities have been proposed to follow up the evolution
of the neurodegenerative process and predict the initial phases of cognitive decrement
prior to mild cognitive impairment (MCI). Among them, amyloid and tau imaging ligands
were used to assess directly Alzheimer’s’s disease (AD) lesion burden in the human
brain, whereas MRI volumetry and FDG-PET metabolic data in AD signature cortical
areas are thought to explore downstream cell events leading to neuronal loss. However,
the deterioration of cognitive performances in old age is a multifactorial phenomenon
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involving education attainment, physical condition, and health-
related behaviors. In relation with these two latter parameters,
vascular burden, mainly cortical microbleeds (CMB) and white
matter hyperintensities (WMH) is thought to represent a major
determinant of cognitive decrement in old age (Visser et al.,
2002; Cavallin et al., 2012; Meier et al., 2014; Petersen et al.,
2016; Daugherty and Raz, 2017; Hirsiger et al., 2017; Ten
Kate et al., 2017; Vanhoenacker et al., 2017; Bauer et al.,
2018; Aljondi et al., 2020). In routine clinical settings, the
assessment of these parameters is usually made by visual
inspection that reveals only information visible at human eye
resolution and depends on the degree of expertise of the
rater. Quantitative imaging processing tools have been proposed
to support the in-vivo assessment of brain PET and MRI
studies including summary metrics of uptake values in standard
regions and voxel-wise analyses for PET imaging. While for
amyloid PET imaging the summary metric of standardized
uptake value ratio (SUVR) of a set of cortical regions divided
by a reference region is most commonly used, a voxel-wise
comparison with a reference dataset is often performed for FDG-
PET, even if summary metrics also exist, such as Meta-ROI
(Landau et al., 2010), hypometabolic convergence index (HCI;
Chen et al., 2011) and PMOD Alzheimer’s discrimination
analysis tool (PALZ; Herholz et al., 2002). In respect to
MRI studies, the most widely morphometric analysis methods
are volume-based gray matter measures such as voxel-based
morphometry by FSL1 and surface-based cortical thickness
measures by FreeSurfer2. The former has the advantage to
be closer to the FDG-PET and amyloid PET analyses which
do not use a cortical thickness approach. Moreover and in
contrast to FreeSurfer, VBM control for head volume biases.
Early studies showed a very good to excellent correlation
between these measures and visual rating (Vandenberghe
et al., 2013; Thurfjell et al., 2014; Mountz et al., 2015).
The added value of quantitative protocols compared to the
simple visual inspection is still a matter of debate. Some
studies indicated that voxel-based hippocampal atrophy data
allowed for better discrimination of MCI cases compared to
visual rating scores (Li et al., 2019). In contrast, a unified
comprehensive visual rating scale has been shown to have
a better correlation with age than voxel-based MRI regional
analysis (Jang et al., 2015). A 3D stereotactic surface projection
was superior to visual SPECT analysis in discriminating very
early AD cases (Imabayashi et al., 2004). In contrast, PET
studies with support vector machines did not demonstrate a
clear advantage of this method compared to visual inspection
in the classification of MCI converters (Vandenberghe et al.,
2013; Jang et al., 2015; Morris et al., 2016). Moreover, averaged
visual ratings and global cortical standard uptake value ratios
(SUVRs) disagreed on their classification in almost 20% of
18F flutemetamol scans (Mountz et al., 2015). Most of these
studies were cross-sectional, explored one imaging modality,
and mainly included MCI and AD cases. In the last years,
we have focused our research on the very early phases of

1http://www.fmrib.ox.ac.uk/fsl/
2https://surfer.nmr.mgh.harvard.edu

cognitive decrement that are still compatible with normal
aging (Haller et al., 2019, 2020; Montandon et al., 2020b).
In a recent study using qualitative MRI markers in the
context of a 4.5-year longitudinal study in older community-
dwellers, we reported that the accumulation of four CMB or
more at baseline as well as increase of visually assessed right
MTA at follow-up (but not Fazekas score, amyloid positivity
or abnormal FDG-PET patterns) were the only qualitative
imaging markers to be independently associated with progressive
deterioration of cognitive performance within the age-adjusted
norms (Montandon et al., 2020b). In order to examine whether
quantitative imaging markers improved the clinico-radiological
correlations in elderly controls, we performed a longitudinal
study in 90 community-dwelling elders from the same cohort
including: (a) visual assessment of medial temporal atrophy
(MTA), Fazekas score of white matter hyperintensities (WMH),
and CMB (at inclusion and last follow-up), (b) ROI analysis of
MRI volume in AD-signature areas (as well as volume loss at
last follow-up), and (c) visual inspection of amyloid positivity
and cortical SUVRs of amyloid burden, as well as visual and
ROI analysis of FDG-PET metabolism in AD-signature areas at
last follow-up.

MATERIALS AND METHODS

Study Population
The study was performed according to the declaration of Helsinki
and approved by the ethical committee of Geneva, Switzerland.
All participants gave written informed consent. All of the cases
were recruited via advertisements in local newspapers andmedia.
The cohort included 526 elderly Caucasian white individuals
living in Geneva and the Lausanne catchment area, recruited in
the context of the Geneva study of brain aging that was funded by
the Swiss National Foundation for Research. Due to the need for
excellent French knowledge (in order to participate in detailed
neuropsychological testing) the vast majority of the cohort were
Swiss (or born in French-speaking European countries, 92%;
Xekardaki et al., 2015; Zanchi et al., 2017a; Van Der Thiel et al.,
2018). Education was assessed as an ordinal variable as a function
of the formal years of training (<9: obligatory, 9–12: high
school, >12: university). Exclusion criteria included psychiatric
or neurologic disorders, sustained head injury, history of major
medical disorders (neoplasm or cardiac illness), alcohol or
drug abuse, regular use of neuroleptics, antidepressants, or
psychostimulants, and contraindications to PET or MRI scans.
To control for the confounding effect of vascular pathology on
MRI findings, individuals with subtle cardiovascular symptoms,
hypertension (non-treated), and a history of stroke, or transient
ischemic episodes were also excluded from the present study.
We included in the current investigation those individuals who
met the following inclusion criteria: (i) three neurocognitive
assessments (see below) at baseline, 18 months, and 54 months,
(ii) structural brain MRI at baseline and 54 months, (iii) brain
amyloid and FDG-PET at 54 months, and (iv) APOE status at
baseline. Our sample included 90 elderly individuals (mean age
at inclusion 79.2 ± 3.7, range 64–88 years, 96 (61.1%) females;
Table 1).
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TABLE 1 | Demographic, clinical, and imaging data by education attainment level in the present series.

Education (year)

<9 9–12 >12 Total P-Values

N 13 41 36 90
MRI
Number of microbleeds 0.091
0 7 (53.8%) 24 (58.5%) 27 (75.0%) 58 (64.4%)
1 2 (15.4%) 9 (22.0%) 4 (11.1%) 15 (16.7%)
2+ 4 (30.8%) 8 (19.5%) 5 (13.9%) 17 (18.9%)
Fazekas score 0.390
Absent 2 (15.4%) 18 (43.9%) 15 (41.7%) 35 (38.9%)
Mild 8 (61.5%) 15 (36.6%) 13 (36.1%) 36 (40.0%)
Moderate 2 (15.4%) 7 (17.1%) 6 (16.7%) 15 (16.7%)
Severe 1 (7.7%) 1 (2.4%) 2 (5.6%) 4 (4.4%)
MTA right 0.439
No atrophy 6 (46.2%) 8 (19.5%) 9 (25.0%) 23 (25.6%)
Only widening of choroid fissure 4 (30.8%) 20 (48.8%) 18 (50.0%) 42 (46.7%)
Also widening of temporal horn of lat. ventricle 2 (15.4%) 12 (29.3%) 9 (25.0%) 23 (25.6%)
Moderate loss of hippocampal volume 1 (7.7%) 1 (2.4%) 0 (0.0%) 2 (2.2%)
MTA left 0.353
No atrophy 7 (53.8%) 6 (14.6%) 9 (25.0%) 22 (24.4%)
Only widening of choroid fissure 3 (23.1%) 27 (65.9%) 21 (58.3%) 51 (56.7%)
Also widening of temporal horn of lat. ventricle 2 (15.4%) 7 (17.1%) 6 (16.7%) 15 (16.7%)
Moderate loss of hippocampal volume 1 (7.7%) 1 (2.4%) 0 (0.0%) 2 (2.2%)
Posterior cingulate MRI volume change *100 −1.88 ± 1.70 −1.80 ± 1.71 −1.55 ± 1.77 −1.71 ± 1.72 0.764
Baseline hippocampus MRI volume 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.527
PET
Amy PET positive 1 (7.7%) 12 (29.3%) 9 (25.0%) 22 (24.4%) 0.495
FDG PET abnormal 2 (15.4%) 12 (29.3%) 8 (22.2%) 22 (24.4%) 0.551
Vermis FDG-PET 1618.7 ± 186.0 1577.8 ± 161.6 1472.8 ± 257.8 1541.7 ± 214.3 0.036
Mesial temporal cortex FDG-PET 1791.5 ± 169.7 1739.5 ± 163.7 1624.4 ± 266.5 1700.9 ± 219.3 0.018
Superior temporal cortex FDG-PET 1781.7 ± 143.5 1700.8 ± 167.5 1608.4 ± 265.3 1675.5 ± 216.4 0.026

Neurocognitive Assessment
At baseline, all individuals were evaluated with a detailed
neuropsychological battery, including the Mini-Mental State
Examination (MMSE; Folstein et al., 1975), the Hospital
Anxiety and Depression Scale (HAD; Zigmond and Snaith,
1983), and the Lawton Instrumental Activities of Daily Living
(IADL; Barberger-Gateau et al., 1992). The cognitive assessment
included: (a) attention (Digit-Symbol-Coding, Wechsler, 1997;
Trail Making Test A, Reitan, 1958), (b) working memory
[verbal: Digit Span Forward, Wechsler, 1955; visuospatial: Visual
Memory Span (Corsi), Milner, 1971], (c) episodic memory
(verbal: RI-48 Cued Recall Test, Buschke et al., 1997), visual:
Shapes Test (Baddley et al., 1994), (d) executive functions
(Trail Making Test B, Reitan, 1958; Wisconsin Card Sorting
Test and Phonemic Verbal Fluency Test, Heaton et al.,
1993), (e) language (Boston Naming, Kaplan et al., 1983),
(f) visual gnosis (Ghent Overlapping Figures), (g) praxis:
ideomotor (Schnider et al., 1997), reflexive (Poeck, 1985),
and constructional [Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD), Figures copy, Welsh et al.,
1994]. All individuals were also evaluated with the Clinical
Dementia Rating scale (CDR; Hughes et al., 1982). The exclusion
of MCI cases was based on the criteria of Petersen et al.
(Petersen et al., 2001). Cognitively preserved controls underwent
full neuropsychological assessment 18 and 54 months post-
inclusion. In order to consider both decrement and improvement
of performances in a wide range of cognitive functions, we

defined a continuous cognitive score (CCS) after converting all
neuropsychological values to z scores. Subsequently, the number
of cognitive tests with improved performances at follow-up (at
least 0.5 standard deviation (SD) higher compared to inclusion)
was established (range, 0–14). The same approach yielded the
number of tests with decreased performances (range, 0–14).
The final continuous cognitive score (CCS) represents the
number of tests with improved minus the number of tests
with decreased performances. Change in cognition between
inclusion and last follow-up was defined as the sum of the
continuous cognitive scores at 18 and 54 months (Montandon
et al., 2020b).

APOE Epsilon 4 Status
APOE epsilon 4 status was assessed as described earlier (Zanchi
et al., 2017b). Subjects were divided according to the APOE
epsilon 4 allele presence (4/3 vs. 3/3, 3/2 carriers).

MR Imaging
At baseline, imaging data were acquired on a 3T MRI
scanner (TRIO SIEMENSMedical Systems, Erlangen, Germany).
The structural high-resolution T1-weighted anatomical scan
was performed with the following fundamental parameters:
256 × 256 matrix, 176 slices, 1 mm isotropic, TR = 2,300 ms,
TE 2.27 ms; axial T2w sequences: 512 × 310 matrix, 30 slices,
4 mm thickness, TR 4,000 ms, TE 105 ms; susceptibility-
weighted imaging (SWI): 256 × 208 matrix, 128 slices, TR
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28 ms, TE 20 ms); pulsed ASL: 64 × 64 matrix, 20 slices, 6 mm
thickness, TR 4,000 ms, TE 12 ms, inversion time 1,800 ms. At
follow-up, data were acquired on a 3T MR750w scanner (GE
Healthcare, Milwaukee, Wisconsin), including a high-resolution
anatomical 3DT1: 254 × 254 matrix, 178 slices, 1 mm isotropic,
TR 7.2 ms; axial T2w sequences: 512 × 512 matrix, 30 slices,
4 mm thickness, TR 6,900ms, TE 105ms; susceptibility-weighted
angiography (SWAN): 320 × 288 matrix, 176 slices, TR 28 ms,
TE 20 ms; multi-delay (7) pseudo-continuous ASL (PCASL)
128 × 128 matrix, 32 slices, 4 mm thickness, TR 5,936 ms,
TE 10.5 ms, post label delays 1.00, 1.22, 1.48, 1.78, 2.15, 2.62,
and 3.32 s.

Amyloid PET Imaging
Fifty-nine 18F-Florbetapir- (Amyvid) and 31 18F-Flutemetamol-
PET (Vizamyl) data were obtained using Siemens BiographTM
mCT and GE Healthcare Discovery PET/CT 710 scanners of
varying resolution and following different platform-specific
acquisition protocols. The 18F-Florbetapir images were acquired
50–70 min after injection and the 18F-Flutemetanol images
90–120 min after injection. PET images were reconstructed
according to the ADNI protocol in order to increase
data uniformity across the multicenter acquisitions. More
information on the different imaging protocols for PET
acquisition can be found on the ADNI website3.

FDG-PET Imaging
PET/CT data acquisition was performed on a Siemens
BiographTM mCT or Vision scanner according to the guidelines
of the European Association of Nuclear Medicine (EANM;
Varrone et al., 2009). The PET acquisition was started 30 min
after injection of 200 MBq of 18F-FDG. The PET emission
study (20 min, one-bed position) followed immediately the CT
study used for attenuation correction. Ultra-law dose brain CT
imaging was performed under standard conditions (120 kVp,
20 mAs, 128 × 0.6 collimation, a pitch of 1 and 1 s per rotation).

MRI Analysis
Visual MRI Assessment
A board-certified specialist in neuroradiology (SH) blind to the
CCS data was in charge of the MRI analysis. MTA was assessed
at baseline according to the established score (Scheltens et al.,
1995), from 0 (no atrophy) to 4 (significant atrophy). At follow-
up, MTA change was graded from 0 to 3 (0 = stable, 1 = slight
increase, 2 = moderate increase, 3 = strong increase). A score of
1 indicates that the MTA score remains the same, yet there is a
slight increase in the visual perception of MTA atrophy. Scores
of 2 correspond to a 1 grade progression of the MTA score.
WMH load at baseline was assessed according to the Fazekas
score (Fazekas et al., 1987) ranging from 0 (no white matter
lesions) to 3 (confluent white matter lesions). At follow-up, the
equivalent score of 0–3 was used (0 = stable, 1 = slight increase,
2 = moderate increase, 3 = strong increase) using the same
interpretation scheme. CMBwas identified on the SWI or SWAN
sequences. The corresponding phase images were also analyzed
to discriminate probable CMB vs. micro-calcifications (Haller

3https://adni.loni.usc.edu/methods/

et al., 2018). At baseline, the total number of CMB and number
of CMB per location (supratentorial superficial, supratentorial
deep, and infratentorial) were assessed at baseline as well as their
increase at follow-up.

ROI MRI Assessment
3DT1 MRIs were preprocessed with the FSL software package4,
according to the standard procedure. The essential processing
steps included brain extraction with the FSL Brain Extraction
Tool5, tissue-type segmentation with the FMRIB Automated
Segmentation Tool6, nonlinear transformation into Montreal
Neurological Institute reference space, and creation of a study-
specific GM template to which the native GM images were then
nonlinearly reregistered. The modulated segmented images were
then smoothed with an isotropic Gaussian kernel with a width of
2mm. Furthermore, we created amask from theHarvard-Oxford
atlas (Desikan et al., 2006) for the bilateral medial temporal
cortex, hippocampus, amygdala, parietal and posterior cingulate
cortex (PCC; AD-signature areas) as well as the occipital lobe (as
control area) that was then applied to the GM image of the study-
specific template, and we obtained GM density values (mean
signal of ROI) in each area of interest.

Amyloid PET Analysis
All amyloid PET images were analyzed by an independent,
board-certified specialist in nuclear medicine (VG) without
previous knowledge of the neuropsychological data, according to
the tracer-specific standardized operating procedures approved
by the European Medicinal Agency. Regions of interest included
the lateral frontal, parietal, posterior cingulate and precuneus,
anterior cingulate, and medial temporal regions in either of the
two hemispheres (AD-signature areas) as well as striatal nuclei
(as control area; Buckley et al., 2017). In order to assess the
global amyloid burden in the present series, we also calculated
cortical SUVR values as provided by the centiloid project with
pons as a reference region (Klunk et al., 2015). Cortical uptake
was calculated using the regions from the Harvard-Oxford atlas
(Desikan et al., 2006).

FDG-PET Analysis
FDG-PET reading was performed visually using an automated
voxel-wise comparison with a reference database (Varrone
et al., 2009). Images were classified as pathological when
significant reductions of regional glucose metabolism were
observed compared to the reference. FDG-PET images were
quantitatively analyzed using BRASS automated functional brain
analysis software (HERMES BRASS software, Nuclear Diagnostic
AB, Sweden). Briefly, BRASS fits and compares patients’ images
to 3D reference templates created from images of healthy subjects
(Slomka et al., 2001). FDG-PET images were warped (Radau
et al., 2001) individually to the BRASS template and we extracted
the mean activity normalized by the global brain activity in the
standard set of 63 anatomical ROIs provided by the software. As
Hermes BRASS is a commercial software, with its own reference

4http://www.fmrib.ox.ac.uk/fsl/
5http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET
6http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/fast

Frontiers in Aging Neuroscience | www.frontiersin.org 4 July 2021 | Volume 13 | Article 664224

https://adni.loni.usc.edu/methods/
http://www.fmrib.ox.ac.uk/fsl/
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/fast
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Giannakopoulos et al. Neuroimaging Markers of Cognitive Decline

regions, we matched the regions of FDG-PET with the Harvard-
Oxford atlas used for VBM and amyloid PET imaging.

For the analysis of FDG data, similar ROIs to amyloid PET
assessment were used.

Statistical Analysis
Comparisons among the three education attainment levels
were performed with Cuzick nonparametric test for trend
across ordered groups, Kruskal-Wallis, or oneway ANOVA
depending on the variable’s distribution. Three types of clinical
endpoints were considered in the present analysis. The primary
endpoint was the change of the continuous cognitive score
upon follow-up. An additional endpoint (closer to clinical
reality) was the improvement in the continuous cognitive
score upon follow-up. Finally and in order to explore the
association between imaging parameters and cognitive domains
(instead of global cognition), we used z score differences in
neuropsychological tests (Digit span and Corsi visual memory
span forward for working memory, Shape test for visual
episodic memory, phonemic verbal fluency and Trail Making
B for executive functions, and Digit Symbol Coding for
attention) as additional endpoints in regression models. Multiple
linear regression models were built to search for independent
variables associated with longitudinal changes in cognitive scores
(or z-score changes in cognitive functions) expressed as a
continuous dependent variable. In addition, multiple logistic
regression models were used to examine the independent
variables associated with a binary cognitive variable. The binary
variable was defined as follows: negative cognitive score changes
(cognitive decrement) were coded as 0 and positive and null
cognitive score changes were coded as 1. Likelihood-ratio
tests were used to compare regression models with qualitative
(Model 1) vs. qualitative plus quantitative (Model 2) imaging
variables. Corresponding areas under the receiver operating
characteristic curve (AUC) along with their 95% confidence
interval (95% CI) were compared using the ‘‘roccomp’’ Stata’s
command. P values lower than 0.05 were considered significant.
Stata version 16.1 (Stata Corp., College Station, TX) was used
for analyses.

RESULTS

The final series included 90 participants (55 female, 61.1%).
The mean age was 79.2 ± 3.7 years with an average MMSE at
baseline of 28.6 ± 1.0. The mean CCS change was −0.5 ± 3.7.
Among the present cases 39 (43.3%) worsened, 14 (15.6%)
remained unchanged and 37 (41.1%) improved. Fifteen cases
were APOE4 carriers (16.7%).

Table 1 summarizes imaging differences as a function of the
level of formal education in the present series. A lower level
of education was associated with the female sex but not with
the worst cognitive evolution, APOE4 genotype, and MMSE
scores at baseline. There were no education-related significant
differences in imaging variables. Education and APOE4 were
not related to the CCS change over time. Importantly, 82%
of cases had subthreshold amyloid deposits defined as mean
distribution volume ratio of amyloid lower than 1.07 or

1.3 independently of the visual inspection (Veitch et al., 2019).
Table 2 provides an overview of imaging differences according
to the clinical evolution (cognitive decrement vs. improvement
and null).

In multivariable models, the presence of more or equal
to four CMB at inclusion and slight atrophy of the right
medial temporal lobe (MTL) at follow-up were independently
related to the CCS explaining 6% of its cognitive variability.
Importantly, Fazekas score assessment of WMH, as well as
amyloid positivity and abnormal FDG-PET were not retained
as significant variables in these models. When the ROI data
were added, volume loss in PCC, lower baseline hippocampus
volume, and lowerMTLmetabolismwere all associated with CCS
decrement. In a multivariable model including both qualitative
and quantitative imaging data, the percentage of CCS variability
explained by the model increased to 24.5%. The addition
of a quantitative imaging marker significantly increases the
predictive power of the regression model as documented by
the likelihood-ratio test (p < 0.0001; Table 3). None of the
other ROI regional amyloid or FDG-PET values were retained
in these models.

In order to be closer to the clinical reality, we also built
multiple logistic regression models with binary assessment of the
cognitive trajectory based on the CCS (improved or stable vs.
deteriorated at follow-up; Table 4). CMB ≥ 4 at inclusion and
subtle right MTA at follow-up were still related to the cognitive
outcome. The addition of ROI data revealed an independent
association between volume loss in PCC as well as lower MTL
metabolism (but not other ROI regional data) and cognitive
deterioration. The area under the ROC curve increased from
0.69 for the first to 0.79 for the second model (Figure 1;
Chi2 = 4.89; P = 0.0269).

In order to address the relationship between imaging
data and cognitive domains, we also built multiple linear
regression models using z scores differences for selected
cognitive functions as dependent variable (digit span and
Corsi visual memory span forward for working memory,
Shape test for visual episodic memory, phonemic verbal
fluency and Trail Making B for executive functions, and Digit
Symbol Coding for attention). Among them, Trail Making
Test B z score change was associated with the presence
of more or equal to four CMB at inclusion (regression
coefficient: −8914, CI: −14758, −3070) and severe right
MTA (regression coefficient: −16392, CI: −30351, −2434) at
follow-up (8.3% of its variability). The Shape test z score
change was also related to the presence of more or equal
to four CMB at inclusion (regression coefficient: −1.859,
CI: −3.679, −0.039; 4.6% of its variability). No significant
association between the remaining z score changes and imaging
data was found.

DISCUSSION

The present data reveal that the inclusion of quantitative
imaging data significantly improves clinico-radiological
correlations in elderly controls compared to the single
consideration of visual inspection. Moreover, they show
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TABLE 2 | Demographic, clinical and imaging data by clinical evolution (cognitive worsening vs. unchanged or improved).

Binary cognitive outcome

Worsened Unchanged or improved Total P-Values

N 39 51 90
MRI
Number of microbleeds 0.652
0 25 (64.1%) 33 (64.7%) 58 (64.4%)
1 6 (15.4%) 9 (17.6%) 15 (16.7%)
2+ 8 (20.5%) 9 (17.6%) 17 (18.9%)
Fazekas score 0.684
Absent 14 (35.9%) 21 (41.2%) 35 (38.9%)
Mild 20 (51.3%) 16 (31.4%) 36 (40.0%)
Moderate 4 (10.3%) 11 (21.6%) 15 (16.7%)
Severe 1 (2.6%) 3 (5.9%) 4 (4.4%)
MTA right 0.680
No atrophy 8 (20.5%) 15 (29.4%) 23 (25.6%)
Only widening of choroid fissure 21 (53.8%) 21 (41.2%) 42 (46.7%)
Also widening of temporal horn of lat. ventricle 8 (20.5%) 15 (29.4%) 23 (25.6%)
Moderate loss of hippocampal volume 2 (5.1%) 0 (0.0%) 2 (2.2%)
MTA left 0.728
No atrophy 9 (23.1%) 13 (25.5%) 22 (24.4%)
Only widening of choroid fissure 22 (56.4%) 29 (56.9%) 51 (56.7%)
Also widening of temporal horn of lat. ventricle 7 (17.9%) 8 (15.7%) 15 (16.7%)
Moderate loss of hippocampal volume 1 (2.6%) 1 (2.0%) 2 (2.2%)
Posterior cingulate MRI volume change *100 −2.0 ± 1.7 −1.5 ± 1.7 −1.7± 1.7 0.163
Baseline hippocampus MRI volume 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.641
PET
Amy PET positive 11 (28.2%) 11 (21.6%) 22 (24.4%) 0.464
FDG PET abnormal 9 (23.1%) 13 (25.5%) 22 (24.4%) 0.464
Vermis FDG-PET 1583.4 ± 194.0 1509.9 ± 225.3 1541.7 ± 214.3 0.100
Mesial temporal cortex FDG-PET 1705.7 ± 195.5 1697.3 ± 237.8 1700.9 ± 219.3 0.854
Superior temporal cortex FDG-PET 1692.0 ± 196.3 1662.9 ± 231.7 1675.5 ± 216.4 0.521

TABLE 3 | Continuous cognitive score difference explained by multiple linear regressions with qualitative (Model 1) vs. qualitative plus quantitative (Model 2) imaging
variables.

Model 1 Model 2
Coeff (95% CI) Coeff (95% CI)

Qualitative
Number of microbleeds
0 0.000 (0.000, 0.000) 0.000 (0.000, 0.000)
1 −0.970 (− 3.072, 1.132) −1.428 (−3.394, 0.537)
2+ −0.796 (− 2.818, 1.226) −1.069 (− 2.900, 0.762)
MTA right
No atrophy 0.000 (0.000, 0.000) 0.000 (0.000, 0.000)
Only widening of choroid fissure −1.842 (−3.539, −0.145)* −0.804 (−2.431, 0.824)
Also widening of temporal horn of lat. ventricle −0.197 (− 2.577, 2.183) 1.184 (− 1.073, 3.442)
Moderate loss of hippocampal volume −0.725 (−5.109, 3.659) −2.567 (−6.940, 1.806)
Quantitative
Posterior cingulate MRI volume change *100 0.518 (0.095, 0.940)*
Baseline hippocampus MRI volume 26.956 (4.667, 49.246)*
Vermis FDG-PET −0.007 (−0.013, −0.002)*
Mesial temporal cortex FDG-PET 0.021 (0.009, 0.034)*
Superior temporal cortex FDG-PET −0.018 (−0.029, −0.006)*

Model 1 includes CMB numbers and visual assessment of MTA whereas Model 2 takes also into account volumetric MRI changes in the posterior cingulate cortex, baseline hippocampal
volume, and mesial temporal cortex metabolism. Models are compared with likelihood-ratio test: p < 0.0001. *Indicates significant values.

that MRI volumetry in PCC and FDG-PET metabolism in
MTL, but not regional amyloid load, are significantly associated
with the worst neuropsychological performances at this very
early stage of the neurodegenerative process. Of note, these
differences are found only in multivariable analyses taking
into account the interdependence between the different
imaging modalities.

Confirming the data of our previous study, CMB number
higher than 4 at baseline and the increase of visually assessed
right MTA, a well-known AD-signature marker, at follow-up
are independently associated with decreased CCS. The negative
relationship between CMB number and cognition in healthy
controls parallels the findings from three population-based
studies [Rotterdam (Akoudad et al., 2016), Framingham Heart
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TABLE 4 | Binary evolution of the continuous cognitive score (improvement and null) explained by multiple logistic regressions with qualitative (Model 1) vs. qualitative
plus quantitative (Model 2) imaging variables.

Model 1 Model 2

OR (95% CI) p OR (95% CI) p

Qualitative
Number of microbleeds

0 1.00 (1.00, 1.00) 1.00 (1.00, 1.00)
1 1.18 (0.34, 4.09) 0.793 1.14 (0.29, 4.48) 0.848
2–3 1.02 (0.32, 3.29) 0.972 1.00 (0.27, 3.68) 0.997
4–6 −4.50 (−9.00, −0.71) 0.035* −4.15 (− 7.40, −0.89) 0.026*

MTA right
No atrophy 1.00 (1.00, 1.00) 1.00 (1.00, 1.00)
Only widening of choroid fissure 0.24 (0.09, 0.65) 0.005* 0.27 (0.09, 0.85) 0.025*
Also widening of temporal horn of lat. ventricle 1.26 (0.28, 5.68) 0.765 1.94 (0.37, 10.02) 0.430
Moderate loss of hippocampal volume 0.18 (0.01, 2.31) 0.190 0.03 (0.00, 0.90) 0.043*

Quantitative
Posterior cingulate MRI volume change *100 1.40 (1.02, 1.91) 0.036*
Baseline hippocampus MRI volume 79.30 (0.00, 4.3 108) 0.580
Mesial temporal cortex FDG-PET 1.01 (1.00, 1.02) 0.035*

Models are compared with likelihood-ratio test: p = 0.0310. *Indicates significant values.

FIGURE 1 | ROC curves for qualitative (continuous line: area under the
curve of 0.69) vs. mixed imaging data (area under the curve of 0.79). Note
that the addition of quantitative imaging parameters significantly improves the
accuracy of the regression models in predicting the cognitive outcome
(worsened vs. unchanged or improved). See text for details.

(Romero et al., 2017); and AGES-Reyjkavik (Ding et al., 2017)]
in cases free from dementia. The percentage of CCS variability
explained by this parameter was slightly lower than in our
previous study (6% vs. 10%; 20) that did not include quantitative
imaging data. In addition, MTA worsening impacts on cognition
in this study (Montandon et al., 2020a). As previously suggested,
only the rightMTA increase was related to the cognitive outcome
in regression models including both qualitative and mixed
imaging markers (Frisoni et al., 2007; Shen et al., 2011; Cavedo

et al., 2014). Importantly, these parameters were also related
with z score changes of visual episodic memory (Shape test)
and executive function (Trail Making B test) further supporting
their relevance in clinico-radiological correlations in healthy
controls.

In contrast, the amyloid load was not related to decreased
cognitive performances in this sample not only in qualitative
models but also when regional scores are taken into account.
Significant amyloid deposition was initially thought to correlate
with the longitudinal decrement of cognition (Petersen et al.,
2016). More recent observations challenged this viewpoint
showing that the association between Aβ and cognition mostly
concerns cases with a lower amyloid burden (Knopman et al.,
2018). Longitudinal studies failed to detect an association
between amyloid load and neuropsychological performances
in healthy controls and MCI cases (Dubois et al., 2018). The
present findings are consistent with these results and suggest
that amyloid deposition is not a valid imaging marker of
cognitive decrement in our sample. This was also the case for
WMH assessed semi-quantitatively with the Fazekas score and
abnormal FDG-PET (Devanand et al., 2010; Alber et al., 2019).

A different pattern of clinico-radiological correlations
emerges when quantitative data were included in the regression
models. MTL hypometabolism and PCC volume loss were
independently associated with the cognitive outcome both in
regression models using CCS as a continuous or binary variable.
Hippocampal volume at inclusion was significantly associated
with CCS but this association, already well established in MCI
cases (Ottoy et al., 2019; Guo et al., 2020; Zeng et al., 2020),
did not persist in binary models indicating that its assessment
in elderly controls should be reserved in sophisticated clinical
settings where a quantitative assessment of cognitive functions
is available. The key role of MTL hypometabolism in cognitive
decrement is not surprising but was mainly thought to concern
MCI transition to AD (Mosconi, 2005). Of note and contrasting
with previous observations in MCI and AD cases (Mosconi
et al., 2006), visual rating of this parameter was not related to
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the cognitive outcome in the present series indicating that the
use of quantitative tools is needed in healthy controls to detect
the impact of decreased MTL metabolism on subtle cognitive
changes. In the same line, PCC volume loss was most frequently
reported in MCI and mainly in clinically overt AD (Shiino et al.,
2006; Choo et al., 2010; Gili et al., 2011; Teipel et al., 2016). Our
results confirm the observations of Pengas et al. (2010) reporting
that a significant atrophy of PCC takes place in incipient AD
cases suggesting that PPC volumetry may be a useful and early
marker of neurodegeneration long before the emergence of
cognitive deficits in the course of brain aging.

The present data are also relevant in the current debate
about the added value of the inclusion of quantitative imaging
among AD biomarkers. In our series, the addition of MTL
metabolic and PPC volumetric data significantly increases
the percentage of cognitive variance explained by visual
inspection from 6% to 24.5%. When binary CCS outcome was
considered, the AUC values of ROC curves for quantitative
and mixed imaging data also progressed significantly from
0.69 to 0.79. Although these increases may seem modest
when considering the extra cost of ROI analysis one should
keep in mind that our cases are cognitively preserved at
baseline with only subtle neuropsychological changes within
the normal age-adjusted range at follow-up. The association
of quantitative imaging markers with cognition is fatally
harder to establish in this particular context (Lauriola et al.,
2017; Perrotin et al., 2017). Most importantly, our results
demonstrate that only PPC volumetry andMTL hypometabolism
are retained in multivariable models taking into account the
interdependence of functional and structural alterations in
AD-signature cortical areas. From a cost-efficiency viewpoint,
these findings allow for identifying a restricted panel of imaging
markers that have clinical relevance at the very early stages
of brain aging including visually inspected lobar CMB, MTL
progressive atrophy, and ROI analysis of PCC volume loss and
MTL hypometabolism.

Among the strengths of the present study, one can note the
inclusion of several imaging modalities exploring both lesion
burden (amyloid deposition, WMH, and CMB), and subsequent
changes in brain structure and metabolism (MTA, abnormal
PET), detailed cognitive analysis and, most importantly use
of multivariable models including sequentially qualitative
and quantitative imaging data. Several limitations should be
considered. The present series includes highly educated elders
with a mean age close to 80 years and no medical comorbidities
that are certainly not representative of the whole spectrum of
brain aging. Our observations should thus be interpreted with
caution in terms of generalizability. In order to save statistical
power, we limited our ROI analyses in selected AD-signature
cortical areas and cannot comment on the clinical relevance of
automated processing tools. Unlike FDG-PET, both for amyloid
PET and VBM MRI analyses, no widely used clinical software
are available. The definition of anatomical areas using the BRASS
commercial software for FDG-PET may fatally not overlap with
that of the Harvard-Oxford atlas used for VBM and amyloid
PET imaging. The criterion used here to define CCS changes
(−0.5 SD compared to inclusion) remains arbitrary. Although

our approach has the advantage to take into consideration a wide
range of cognitive functions and in the absence of longer follow-
up, we cannot exclude that our observations are threshold-
dependent. An additional limitation concerns the absence of
tau and translocator protein (a well-established marker of
neuroinflammation) imaging to complete the AD-signature
characterization. In fact, two recent studies reported that early
tau accumulation takes place in elderly controls in the absence of
significant amyloid burden, Das et al. reported that tau burden
correlated with both mesial temporal lobe atrophy and poorer
memory performance in amyloid negative cases (Das et al., 2019).
In the same line, an increased tau uptake was reported in bilateral
temporal and retrosplenial cortex of amyloid negative cases and
was related to significant atrophy in the same regions (Harrison
et al., 2019). Moreover, an association between translocator
protein and amyloid PET binding was reported at the very early
stages of amyloid pathology in asymptomatic elders (Toppala
et al., 2021). Last but not least, MRI imaging was performed twice
during the 4.5-year period. It is likely that some of our cases
display age-related physiological decline whereas some of them
are already incipient AD cases. Importantly, the vast majority
of our cases had subthreshold amyloid deposits that are now
thought to be associated with decreased memory performances,
increased tau uptake, and mesial temporal lobe atrophy in longer
follow-ups (Landau et al., 2018; Das et al., 2019). Additional time
points with multiple amyloid assessments are needed to explore
the validity of quantitative imaging data in the prediction of
cognitive fate in asymptomatic elders.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of the Geneva University
Hospitals. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

Conceived the study: PG and FRH. Recruitment: CR, M-
LM, SH, and VG. Neuropsychology supervising: M-LM, CR,
and PG. Imaging: SH, M-LM, and VG. Data preparation:
M-LM and FRH. Analyzed the data: M-LM, FRH, SH, VG,
and PG. Manuscript writing: PG, M-LM, FRH, SH, VG, and
CR. All authors contributed to the article and approved the
submitted version.

FUNDING

This research was funded by the Association Suisse pour la
Recherche sur Alzheimer’s, the Schmidheiny foundation, and the
Swiss National Foundation (grant number 320030-169390).

Frontiers in Aging Neuroscience | www.frontiersin.org 8 July 2021 | Volume 13 | Article 664224

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Giannakopoulos et al. Neuroimaging Markers of Cognitive Decline

REFERENCES

Akoudad, S., Wolters, F. J., Viswanathan, A., De Bruijn, R. F., Van Der Lugt, A.,
Hofman, A., et al. (2016). Association of cerebral microbleeds with cognitive
decline and dementia. JAMA Neurol. 73, 934–943. doi: 10.1001/jamaneurol.
2016.1017

Alber, J., Alladi, S., Bae, H. J., Barton, D. A., Beckett, L. A., Bell, J. M., et al.
(2019). White matter hyperintensities in vascular contributions to cognitive
impairment and dementia (VCID): knowledge gaps and opportunities.
Alzheimers Dement. (N Y) 5, 107–117. doi: 10.1016/j.trci.2019.02.001

Aljondi, R., Szoeke, C., Steward, C., Gorelik, A., and Desmond, P. (2020). The
effect of midlife cardiovascular risk factors on white matter hyperintensity
volume and cognition two decades later in normal ageing women. Brain
Imaging Behav. 14, 51–61. doi: 10.1007/s11682-018-9970-5

Baddley, A., Emslie, H., and Nimmo-Smith, I. (1994). A Test of Visual and Verbal
Recall and Recognition. Bury St. Edmunds: Thames Valley Test Company.

Barberger-Gateau, P., Commenges, D., Gagnon, M., Letenneur, L., Sauvel, C., and
Dartigues, J. F. (1992). Instrumental activities of daily living as a screening tool
for cognitive impairment and dementia in elderly community dwellers. J. Am.
Geriatr. Soc. 40, 1129–1134. doi: 10.1111/j.1532-5415.1992.tb01802.x

Bauer, C. M., Cabral, H. J., and Killiany, R. J. (2018). Multimodal discrimination
between normal aging, mild cognitive impairment and Alzheimer’s
disease and prediction of cognitive decline. Diagnostics (Basel) 8:14.
doi: 10.3390/diagnostics8010014

Buckley, C. J., Sherwin, P. F., Smith, A. P., Wolber, J., Weick, S. M.,
and Brooks, D. J. (2017). Validation of an electronic image reader
training programme for interpretation of [18F]flutemetamol beta-amyloid
PET brain images. Nucl. Med. Commun. 38, 234–241. doi: 10.1097/MNM.
0000000000000633

Buschke, H., Sliwinski, M. J., Kuslansky, G., and Lipton, R. B. (1997). Diagnosis
of early dementia by the double memory test: encoding specificity improves
diagnostic sensitivity and specificity. Neurology 48, 989–997. doi: 10.1212/wnl.
48.4.989

Cavallin, L., Bronge, L., Zhang, Y., Oksengard, A. R., Wahlund, L. O.,
Fratiglioni, L., et al. (2012). Comparison between visual assessment ofMTA and
hippocampal volumes in an elderly, non-demented population.Acta Radiol. 53,
573–579. doi: 10.1258/ar.2012.110664

Cavedo, E., Pievani, M., Boccardi, M., Galluzzi, S., Bocchetta, M., Bonetti, M., et al.
(2014). Medial temporal atrophy in early and late-onset Alzheimer’s disease.
Neurobiol. Aging 35, 2004–2012. doi: 10.1016/j.neurobiolaging.2014.03.009

Chen, K., Ayutyanont, N., Langbaum, J. B., Fleisher, A. S., Reschke, C., Lee, W.,
et al. (2011). Characterizing Alzheimer’s disease using a hypometabolic
convergence index. Neuroimage 56, 52–60. doi: 10.1016/j.neuroimage.2011.
01.049

Choo, I. H., Lee, D. Y., Oh, J. S., Lee, J. S., Lee, D. S., Song, I. C., et al. (2010).
Posterior cingulate cortex atrophy and regional cingulum disruption in mild
cognitive impairment and Alzheimer’s disease. Neurobiol. Aging 31, 772–779.
doi: 10.1016/j.neurobiolaging.2008.06.015

Das, S. R., Xie, L., Wisse, L. E. M., Vergnet, N., Ittyerah, R., Cui, S., et al. (2019).
in vivo measures of tau burden are associated with atrophy in early Braak
stage medial temporal lobe regions in amyloid-negative individuals.Alzheimers
Dement. 15, 1286–1295. doi: 10.1016/j.jalz.2019.05.009

Daugherty, A. M., and Raz, N. (2017). Incident risk and progression of cerebral
microbleeds in healthy adults: a multi-occasion longitudinal study. Neurobiol.
Aging 59, 22–29. doi: 10.1016/j.neurobiolaging.2017.07.003

Desikan, R. S., Segonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D.,
et al. (2006). An automated labeling system for subdividing the human cerebral
cortex on MRI scans into gyral based regions of interest. Neuroimage 31,
968–980. doi: 10.1016/j.neuroimage.2006.01.021

Devanand, D. P., Mikhno, A., Pelton, G. H., Cuasay, K., Pradhaban, G.,
Dileep Kumar, J. S., et al. (2010). Pittsburgh compound B (11C-PIB) and
fluorodeoxyglucose (18 F-FDG) PET in patients with Alzheimer disease, mild
cognitive impairment and healthy controls. J. Geriatr. Psychiatry Neurol. 23,
185–198. doi: 10.1177/0891988710363715

Ding, J., Sigurethsson, S., Jonsson, P. V., Eiriksdottir, G., Meirelles, O.,
Kjartansson, O., et al. (2017). Space and location of cerebral microbleeds,
cognitive decline and dementia in the community. Neurology 88, 2089–2097.
doi: 10.1212/WNL.0000000000003983

Dubois, B., Epelbaum, S., Nyasse, F., Bakardjian, H., Gagliardi, G., Uspenskaya, O.,
et al. (2018). Cognitive and neuroimaging features and brain beta-amyloidosis
in individuals at risk of Alzheimer’s disease (INSIGHT-preAD): a longitudinal
observational study. Lancet Neurol. 17, 335–346. doi: 10.1016/S1474-
4422(18)30029-2

Fazekas, F., Chawluk, J. B., Alavi, A., Hurtig, H. I., and Zimmerman, R. A. (1987).
MR signal abnormalities at 1.5 T in Alzheimer’s dementia and normal aging.
Am. J. Roentgenol. 149, 351–356. doi: 10.2214/ajr.149.2.351

Folstein, M. F., Folstein, S. E., and Mchugh, P. R. (1975). ‘‘Mini-mental state’’. a
practical method for grading the cognitive state of patients for the clinician.
J. Psychiatr. Res. 12, 189–198. doi: 10.1016/0022-3956(75)90026-6

Frisoni, G. B., Pievani, M., Testa, C., Sabattoli, F., Bresciani, L., Bonetti, M.,
et al. (2007). The topography of grey matter involvement in early and late
onset alzheimer’s disease. Brain 130, 720–730. doi: 10.1093/brain/awl377

Gili, T., Cercignani, M., Serra, L., Perri, R., Giove, F., Maraviglia, B., et al. (2011).
Regional brain atrophy and functional disconnection across Alzheimer’s
disease evolution. J. Neurol. Neurosurg. Psychiatry 82, 58–66. doi: 10.1136/jnnp.
2009.199935

Guo, S., Xiao, B., Wu, C., and Alzheimer’s Disease Neuroimaging, I. (2020).
Identifying subtypes of mild cognitive impairment from healthy aging
based on multiple cortical features combined with volumetric measurements
of the hippocampal subfields. Quant. Imaging Med. Surg. 10, 1477–1489.
doi: 10.21037/qims-19-872

Haller, S., Montandon, M. L., Lilja, J., Rodriguez, C., Garibotto, V.,
Herrmann, F. R., et al. (2020). PET amyloid in normal aging: direct
comparison of visual and automatic processing methods. Sci. Rep. 10:16665.
doi: 10.1038/s41598-020-73673-1

Haller, S., Montandon, M. L., Rodriguez, C., Garibotto, V., Herrmann, F. R.,
and Giannakopoulos, P. (2019). Hippocampal volume loss, brain amyloid
accumulation and APOE status in cognitively intact elderly subjects.
Neurodegener Dis. 19, 139–147. doi: 10.1159/000504302

Haller, S., Vernooij, M. W., Kuijer, J. P. A., Larsson, E. M., Jager, H. R., and
Barkhof, F. (2018). Cerebral microbleeds: imaging and clinical significance.
Radiology 287, 11–28. doi: 10.1148/radiol.2018170803

Harrison, T.M., La Joie, R., Maass, A., Baker, S. L., Swinnerton, K., Fenton, L., et al.
(2019). Longitudinal tau accumulation and atrophy in aging and Alzheimer
disease. Ann. Neurol. 85, 229–240. doi: 10.1002/ana.25406

Heaton, R. K., Chelune, G. J., Talley, J. L., Kay, G. G., and Curtiss, G. (1993).
Wisconsin Card Sorting Test Manual: Revised and Expanded. Odessa, FL:
Psychological Assessment Resources.

Herholz, K., Salmon, E., Perani, D., Baron, J. C., Holthoff, V., Frolich, L.,
et al. (2002). Discrimination between Alzheimer dementia and controls
by automated analysis of multicenter FDG PET. Neuroimage 17, 302–316.
doi: 10.1006/nimg.2002.1208

Hirsiger, S., Koppelmans, V., Merillat, S., Erdin, C., Narkhede, A.,
Brickman, A. M., et al. (2017). Executive functions in healthy older adults are
differentially related tomacro- andmicrostructural whitematter characteristics
of the cerebral lobes. Front. Aging Neurosci. 9:373. doi: 10.3389/fnagi.2017.
00373

Hughes, C. P., Berg, L., Danziger, W. L., Coben, L. A., and Martin, R. L. (1982).
A new clinical scale for the staging of dementia. Br. J. Psychiatry 140, 566–572.
doi: 10.1192/bjp.140.6.566

Imabayashi, E., Matsuda, H., Asada, T., Ohnishi, T., Sakamoto, S., Nakano, S.,
et al. (2004). Superiority of 3-dimensional stereotactic surface projection
analysis over visual inspection in discrimination of patients with very early
Alzheimer’s disease from controls using brain perfusion SPECT. J. Nucl. Med.
45, 1450–1457.

Jang, J. W., Park, S. Y., Park, Y. H., Baek, M. J., Lim, J. S., Youn, Y. C., et al.
(2015). A comprehensive visual rating scale of brain magnetic resonance
imaging: application in elderly subjects with Alzheimer’s disease, mild
cognitive impairment and normal cognition. J. Alzheimers Dis. 44, 1023–1034.
doi: 10.3233/JAD-142088

Kaplan, E. F., Goodglass, H., and Weintraub, S. (1983). The Boston Naming Test.
Philadelphia: Lea and Febiger.

Klunk, W. E., Koeppe, R. A., Price, J. C., Benzinger, T. L., Devous, M. D., Sr.,
Jagust, W. J., et al. (2015). The Centiloid Project: standardizing quantitative
amyloid plaque estimation by PET. Alzheimers Dement. 11, 1–15.e1-4.
doi: 10.1016/j.jalz.2014.07.003

Frontiers in Aging Neuroscience | www.frontiersin.org 9 July 2021 | Volume 13 | Article 664224

https://doi.org/10.1001/jamaneurol.2016.1017
https://doi.org/10.1001/jamaneurol.2016.1017
https://doi.org/10.1016/j.trci.2019.02.001
https://doi.org/10.1007/s11682-018-9970-5
https://doi.org/10.1111/j.1532-5415.1992.tb01802.x
https://doi.org/10.3390/diagnostics8010014
https://doi.org/10.1097/MNM.0000000000000633
https://doi.org/10.1097/MNM.0000000000000633
https://doi.org/10.1212/wnl.48.4.989
https://doi.org/10.1212/wnl.48.4.989
https://doi.org/10.1258/ar.2012.110664
https://doi.org/10.1016/j.neurobiolaging.2014.03.009
https://doi.org/10.1016/j.neuroimage.2011.01.049
https://doi.org/10.1016/j.neuroimage.2011.01.049
https://doi.org/10.1016/j.neurobiolaging.2008.06.015
https://doi.org/10.1016/j.jalz.2019.05.009
https://doi.org/10.1016/j.neurobiolaging.2017.07.003
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1177/0891988710363715
https://doi.org/10.1212/WNL.0000000000003983
https://doi.org/10.1016/S1474-4422(18)30029-2
https://doi.org/10.1016/S1474-4422(18)30029-2
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1093/brain/awl377
https://doi.org/10.1136/jnnp.2009.199935
https://doi.org/10.1136/jnnp.2009.199935
https://doi.org/10.21037/qims-19-872
https://doi.org/10.1038/s41598-020-73673-1
https://doi.org/10.1159/000504302
https://doi.org/10.1148/radiol.2018170803
https://doi.org/10.1002/ana.25406
https://doi.org/10.1006/nimg.2002.1208
https://doi.org/10.3389/fnagi.2017.00373
https://doi.org/10.3389/fnagi.2017.00373
https://doi.org/10.1192/bjp.140.6.566
https://doi.org/10.3233/JAD-142088
https://doi.org/10.1016/j.jalz.2014.07.003
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Giannakopoulos et al. Neuroimaging Markers of Cognitive Decline

Knopman, D. S., Lundt, E. S., Therneau, T. M., Vemuri, P., Lowe, V. J.,
Kantarci, K., et al. (2018). Joint associations of beta-amyloidosis and cortical
thickness with cognition. Neurobiol. Aging 65, 121–131. doi: 10.1016/j.
neurobiolaging.2018.01.017

Landau, S. M., Harvey, D., Madison, C. M., Reiman, E. M., Foster, N. L.,
Aisen, P. S., et al. (2010). Comparing predictors of conversion and decline
in mild cognitive impairment. Neurology 75, 230–238. doi: 10.1212/WNL.
0b013e3181e8e8b8

Landau, S. M., Horng, A., Jagust, W. J., and Alzheimer’s Disease Neuroimaging, I.
(2018). Memory decline accompanies subthreshold amyloid accumulation.
Neurology 90, e1452–e1460. doi: 10.1212/WNL.0000000000005354

Lauriola, M., Esposito, R., Delli Pizzi, S., De Zambotti, M., Londrillo, F.,
Kramer, J. H., et al. (2017). Sleep changes withoutmedial temporal lobe or brain
cortical changes in community-dwelling individuals with subjective cognitive
decline. Alzheimers Dement. 13, 783–791. doi: 10.3389/fneur.2017.00262

Li, F., Takechi, H., Saito, R., Ayaki, T., Kokuryu, A., Kuzuya, A., et al. (2019). A
comparative study: visual rating scores and the voxel-based specific regional
analysis system for Alzheimer’s disease on magnetic resonance imaging among
subjects with Alzheimer’s disease, mild cognitive impairment and normal
cognition. Psychogeriatrics 19, 95–104. doi: 10.1111/psyg.12370

Meier, I. B., Gu, Y., Guzaman, V. A., Wiegman, A. F., Schupf, N.,
Manly, J. J., et al. (2014). Lobar microbleeds are associated with a decline
in executive functioning in older adults. Cerebrovasc. Dis. 38, 377–383.
doi: 10.1159/000368998

Milner, B. (1971). Interhemispheric differences in the localization of psychological
processes in man. Br. Med. Bull. 27, 272–277. doi: 10.1093/oxfordjournals.bmb.
a070866

Montandon, M. L., Herrmann, F. R., Garibotto, V., Rodriguez, C., Haller, S., and
Giannakopoulos, P. (2020a). Determinants of mesial temporal lobe volume
loss in older individuals with preserved cognition: a longitudinal PET amyloid
study.Neurobiol. Aging 87, 108–114. doi: 10.1016/j.neurobiolaging.2019.12.002

Montandon, M. L., Herrmann, F. R., Garibotto, V., Rodriguez, C., Haller, S.,
and Giannakopoulos, P. (2020b). Microbleeds and medial temporal atrophy
determine cognitive trajectories in normal aging: a longitudinal PET-MRI
study. J. Alzheimers Dis. 77, 1431–1442. doi: 10.3233/JAD-200559

Morris, E., Chalkidou, A., Hammers, A., Peacock, J., Summers, J., and Keevil, S.
(2016). Diagnostic accuracy of (18)F amyloid PET tracers for the diagnosis of
Alzheimer’s disease: a systematic review and meta-analysis. Eur. J. Nucl. Med.
Mol. Imaging 43, 374–385. doi: 10.1007/s00259-015-3228-x

Mosconi, L. (2005). Brain glucose metabolism in the early and specific diagnosis of
Alzheimer’s disease. FDG-PET studies in MCI and AD. Eur. J. Nucl. Med. Mol.
Imaging 32, 486–510. doi: 10.1007/s00259-005-1762-7

Mosconi, L., De Santi, S., Li, Y., Li, J., Zhan, J., Tsui, W. H., et al. (2006). Visual
rating of medial temporal lobe metabolism in mild cognitive impairment and
Alzheimer’s disease using FDG-PET. Eur. J. Nucl. Med. Mol. Imaging 33,
210–221. doi: 10.1007/s00259-005-1956-z

Mountz, J. M., Laymon, C. M., Cohen, A. D., Zhang, Z., Price, J. C., Boudhar, S.,
et al. (2015). Comparison of qualitative and quantitative imaging characteristics
of [11C]PiB and [18F]flutemetamol in normal control and Alzheimer’s
subjects. Neuroimage Clin. 9, 592–598. doi: 10.1016/j.nicl.2015.10.007

Ottoy, J., Niemantsverdriet, E., Verhaeghe, J., De Roeck, E., Struyfs, H., Somers, C.,
et al. (2019). Association of short-term cognitive decline and MCI-to-AD
dementia conversion with CSF, MRI, amyloid- and (18)F-FDG-PET imaging.
Neuroimage Clin. 22:101771. doi: 10.1016/j.nicl.2019.101771

Pengas, G., Hodges, J. R., Watson, P., and Nestor, P. J. (2010). Focal posterior
cingulate atrophy in incipient Alzheimer’s disease. Neurobiol. Aging 31, 25–33.
doi: 10.1016/j.neurobiolaging.2008.03.014

Perrotin, A., La Joie, R., De La Sayette, V., Barre, L., Mezenge, F., Mutlu, J.,
et al. (2017). Subjective cognitive decline in cognitively normal elders from
the community or from a memory clinic: differential affective and imaging
correlates. Alzheimers Dement. 13, 550–560. doi: 10.1016/j.jalz.2016.08.011

Petersen, R. C., Doody, R., Kurz, A., Mohs, R. C., Morris, J. C., Rabins, P. V.,
et al. (2001). Current concepts in mild cognitive impairment. Arch. Neurol. 58,
1985–1992. doi: 10.1001/archneur.58.12.1985

Petersen, R. C., Wiste, H. J., Weigand, S. D., Rocca, W. A., Roberts, R. O.,
Mielke, M. M., et al. (2016). Association of elevated amyloid levels with
cognition and biomarkers in cognitively normal people from the community.
JAMA Neurol. 73, 85–92. doi: 10.1001/jamaneurol.2015.3098

Poeck, K. (1985). ‘‘Clues to the nature of disruption to limbic praxis,’’ in
Neuropsychological Studies of Apraxia and Related Disorders, ed E. A. Roy (New
York, NY: North-Holland), 99–110

Radau, P. E., Slomka, P. J., Julin, P., Svensson, L., and Wahlund, L. O. (2001).
Evaluation of linear registration algorithms for brain SPECT and the errors due
to hypoperfusion lesions.Med. Phys. 28, 1660–1668. doi: 10.1118/1.1388894

Reitan, R. M. (1958). Validity of the trail making test as an indicator of organic
brain damage. Percept. Mot. Skills 8, 271–276.

Romero, J. R., Preis, S. R., Beiser, A., Himali, J. J., Shoamanesh, A., Wolf, P. A.,
et al. (2017). Cerebral microbleeds as predictors of mortality: the framingham
heart study. Stroke 48, 781–783. doi: 10.1161/STROKEAHA.116.015354

Scheltens, P., Launer, L. J., Barkhof, F., Weinstein, H. C., and Van Gool, W. A.
(1995). Visual assessment of medial temporal lobe atrophy on magnetic
resonance imaging: interobserver reliability. J. Neurol. 242, 557–560.
doi: 10.1007/BF00868807

Schnider, A., Hanlon, R. E., Alexander, D. N., and Benson, D. F. (1997). Ideomotor
apraxia: behavioral dimensions and neuroanatomical basis. Brain Lang. 58,
125–136. doi: 10.1006/brln.1997.1770

Shen, Q., Loewenstein, D. A., Potter, E., Zhao, W., Appel, J., Greig, M. T., et al.
(2011). Volumetric and visual rating of magnetic resonance imaging scans in
the diagnosis of amnestic mild cognitive impairment and Alzheimer’s disease.
Alzheimers Dement. 7, e101–e108. doi: 10.1016/j.jalz.2010.07.002

Shiino, A., Watanabe, T., Maeda, K., Kotani, E., Akiguchi, I., and Matsuda, M.
(2006). Four subgroups of Alzheimer’s disease based on patterns of atrophy
using VBM and a unique pattern for early onset disease.Neuroimage 33, 17–26.
doi: 10.1016/j.neuroimage.2006.06.010

Slomka, P. J., Radau, P., Hurwitz, G. A., and Dey, D. (2001). Automated three-
dimensional quantification of myocardial perfusion and brain SPECT.Comput.
Med. Imaging Graph. 25, 153–164. doi: 10.1016/s0895-6111(00)00044-6

Teipel, S., Grothe, M. J., and Alzheimer S Disease Neuroimaging, I. (2016).
Does posterior cingulate hypometabolism result from disconnection or
local pathology across preclinical and clinical stages of Alzheimer’s disease.
Eur. J. Nucl. Med. Mol. Imaging 43, 526–536. doi: 10.1007/s00259-015
-3222-3

Ten Kate, M., Barkhof, F., Boccardi, M., Visser, P. J., Jack, C. R., Jr., Lovblad, K. O.,
et al. (2017). Clinical validity of medial temporal atrophy as a biomarker
for Alzheimer’s disease in the context of a structured 5-phase development
framework. Neurobiol. Aging 52, 167–182. doi: 10.1016/j.neurobiolaging.2016.
05.024

Thurfjell, L., Lilja, J., Lundqvist, R., Buckley, C., Smith, A., Vandenberghe, R.,
et al. (2014). Automated quantification of 18F-flutemetamol PET activity for
categorizing scans as negative or positive for brain amyloid: concordance with
visual image reads. J. Nucl. Med. 55, 1623–1628. doi: 10.1007/s00259-021-
05311-5

Toppala, S., Ekblad, L. L., Tuisku, J., Helin, S., Johansson, J. J., Laine, H.,
et al. (2021). Association of early beta-amyloid accumulation and
neuroinflammation measured with [(11)C]PBR28 in elderly individuals
without dementia. Neurology 96, e1608–e1619. doi: 10.1212/WNL.
0000000000011612

Van Der Thiel, M., Rodriguez, C., Giannakopoulos, P., Burke, M. X., Lebel, R. M.,
Gninenko, N., et al. (2018). Brain perfusion measurements using multidelay
arterial spin-labeling are systematically biased by the number of delays. Am.
J. Neuroradiol. 39, 1432–1438. doi: 10.3174/ajnr.A5717

Vandenberghe, R., Nelissen, N., Salmon, E., Ivanoiu, A., Hasselbalch, S.,
Andersen, A., et al. (2013). Binary classification of (1)(8)F-flutemetamol PET
using machine learning: comparison with visual reads and structural MRI.
Neuroimage 64, 517–525. doi: 10.1016/j.neuroimage.2012.09.015

Vanhoenacker, A. S., Sneyers, B., De Keyzer, F., Heye, S., and Demaerel, P. (2017).
Evaluation and clinical correlation of practical cut-offs for visual rating scales
of atrophy: normal aging versus mild cognitive impairment and Alzheimer’s
disease. Acta Neurol. Belg. 117, 661–669. doi: 10.1007/s13760-017-0777-8

Varrone, A., Asenbaum, S., Vander Borght, T., Booij, J., Nobili, F., Nagren, K., et al.
(2009). EANM procedure guidelines for PET brain imaging using [18F]FDG,
version 2. Eur. J. Nucl. Med. Mol. Imaging 36, 2103–2110. doi: 10.1007/s00259-
009-1264-0

Veitch, D. P., Weiner, M.W., Aisen, P. S., Beckett, L. A., Cairns, N. J., Green, R. C.,
et al. (2019). Understanding disease progression and improving Alzheimer’s
disease clinical trials: recent highlights from the Alzheimer’s disease

Frontiers in Aging Neuroscience | www.frontiersin.org 10 July 2021 | Volume 13 | Article 664224

https://doi.org/10.1016/j.neurobiolaging.2018.01.017
https://doi.org/10.1016/j.neurobiolaging.2018.01.017
https://doi.org/10.1212/WNL.0b013e3181e8e8b8
https://doi.org/10.1212/WNL.0b013e3181e8e8b8
https://doi.org/10.1212/WNL.0000000000005354
https://doi.org/10.3389/fneur.2017.00262
https://doi.org/10.1111/psyg.12370
https://doi.org/10.1159/000368998
https://doi.org/10.1093/oxfordjournals.bmb.a070866
https://doi.org/10.1093/oxfordjournals.bmb.a070866
https://doi.org/10.1016/j.neurobiolaging.2019.12.002
https://doi.org/10.3233/JAD-200559
https://doi.org/10.1007/s00259-015-3228-x
https://doi.org/10.1007/s00259-005-1762-7
https://doi.org/10.1007/s00259-005-1956-z
https://doi.org/10.1016/j.nicl.2015.10.007
https://doi.org/10.1016/j.nicl.2019.101771
https://doi.org/10.1016/j.neurobiolaging.2008.03.014
https://doi.org/10.1016/j.jalz.2016.08.011
https://doi.org/10.1001/archneur.58.12.1985
https://doi.org/10.1001/jamaneurol.2015.3098
https://doi.org/10.1118/1.1388894
https://doi.org/10.1161/STROKEAHA.116.015354
https://doi.org/10.1007/BF00868807
https://doi.org/10.1006/brln.1997.1770
https://doi.org/10.1016/j.jalz.2010.07.002
https://doi.org/10.1016/j.neuroimage.2006.06.010
https://doi.org/10.1016/s0895-6111(00)00044-6
https://doi.org/10.1007/s00259-015-3222-3
https://doi.org/10.1007/s00259-015-3222-3
https://doi.org/10.1016/j.neurobiolaging.2016.05.024
https://doi.org/10.1016/j.neurobiolaging.2016.05.024
https://doi.org/10.1007/s00259-021-05311-5
https://doi.org/10.1007/s00259-021-05311-5
https://doi.org/10.1212/WNL.0000000000011612
https://doi.org/10.1212/WNL.0000000000011612
https://doi.org/10.3174/ajnr.A5717
https://doi.org/10.1016/j.neuroimage.2012.09.015
https://doi.org/10.1007/s13760-017-0777-8
https://doi.org/10.1007/s00259-009-1264-0
https://doi.org/10.1007/s00259-009-1264-0
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Giannakopoulos et al. Neuroimaging Markers of Cognitive Decline

neuroimaging initiative. Alzheimers Dement. 15, 106–152. doi: 10.1016/j.jalz.
2018.08.005

Visser, P. J., Verhey, F. R., Hofman, P. A., Scheltens, P., and Jolles, J. (2002).
Medial temporal lobe atrophy predicts Alzheimer’s disease in patients with
minor cognitive impairment. J. Neurol. Neurosurg. Psychiatry 72, 491–497.
doi: 10.1136/jnnp.72.4.491

Wechsler, D. (1955). Manual for the Wechsler Adult Intelligence Scale. New York:
Psychological Corporation.

Wechsler, D. (1997).Wechsler Adult Intelligence Scale - Third Edition (WAIS-III).
San Antonio, TX: The Psychological Corporation.

Welsh, K. A., Butters, N., Mohs, R. C., Beekly, D., Edland, S., Fillenbaum, G.,
et al. (1994). The consortium to establish a registry for Alzheimer’s disease
(CERAD). part V. a normative study of the neuropsychological battery.
Neurology 44, 609–614. doi: 10.1212/wnl.44.4.609

Xekardaki, A., Rodriguez, C., Montandon, M. L., Toma, S., Tombeur, E.,
Herrmann, F. R., et al. (2015). Arterial spin labeling may contribute to the
prediction of cognitive deterioration in healthy elderly individuals. Radiology
274, 490–499. doi: 10.1148/radiol.14140680

Zanchi, D., Giannakopoulos, P., Borgwardt, S., Rodriguez, C., and Haller, S.
(2017a). Hippocampal and amygdala gray matter loss in elderly controls with
subtle cognitive decline. Front. Aging Neurosci. 9:50. doi: 10.3389/fnagi.2017.
00050

Zanchi, D., Montandon, M. L., Sinanaj, I., Rodriguez, C., Depoorter, A.,
Herrmann, F. R., et al. (2017b). Decreased fronto-parietal and increased default
mode network activation is associated with subtle cognitive deficits in elderly
controls. Neurosignals 25, 127–138. doi: 10.1159/000486152

Zeng, Q., Li, K., Luo, X., Wang, S., Xu, X., Li, Z., et al. (2020). Distinct atrophy
pattern of hippocampal subfields in patients with progressive and stable mild
cognitive impairment: a longitudinalMRI study. J. Alzheimers Dis. 79, 237–247.
doi: 10.3233/JAD-200775

Zigmond, A. S., and Snaith, R. P. (1983). The hospital anxiety and depression scale.
Acta Psychiatr Scand. 67, 361–370. doi: 10.1111/j.1600-0447.1983.tb09716.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Giannakopoulos, Montandon, Rodriguez, Haller, Garibotto and
Herrmann. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 11 July 2021 | Volume 13 | Article 664224

https://doi.org/10.1016/j.jalz.2018.08.005
https://doi.org/10.1016/j.jalz.2018.08.005
https://doi.org/10.1136/jnnp.72.4.491
https://doi.org/10.1212/wnl.44.4.609
https://doi.org/10.1148/radiol.14140680
https://doi.org/10.3389/fnagi.2017.00050
https://doi.org/10.3389/fnagi.2017.00050
https://doi.org/10.1159/000486152
https://doi.org/10.3233/JAD-200775
https://doi.org/10.1111/j.1600-0447.1983.tb09716.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Prediction of Subtle Cognitive Decline in Normal Aging: Added Value of Quantitative MRI and PET Imaging
	INTRODUCTION
	MATERIALS AND METHODS
	Study Population
	Neurocognitive Assessment
	APOE Epsilon 4 Status
	MR Imaging
	Amyloid PET Imaging
	FDG-PET Imaging
	MRI Analysis
	Visual MRI Assessment
	ROI MRI Assessment

	Amyloid PET Analysis
	FDG-PET Analysis
	Statistical Analysis

	RESULTS
	DISCUSSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


