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A B S T R A C T   

Background: Cognitive decline has been found to be associated with gray matter atrophy and disruption of 
functional neural networks in Alzheimer’s disease (AD) in structural and functional imaging (fMRI) studies. Most 
previous studies have used single test scores of cognitive performance among monocentric cohorts. However, 
cognitive domain composite scores could be more reliable than single test scores due to the reduction of mea-
surement error. Adopting a multicentric resting state fMRI (rs-fMRI) and cognitive domain approach, we provide 
a comprehensive description of the structural and functional correlates of the key cognitive domains of AD. 
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Method: We analyzed MRI, rs-fMRI and cognitive domain score data of 490 participants from an interim baseline 
release of the multicenter DELCODE study cohort, including 54 people with AD, 86 with Mild Cognitive 
Impairment (MCI), 175 with Subjective Cognitive Decline (SCD), and 175 Healthy Controls (HC) in the AD- 
spectrum. Resulting cognitive domain composite scores (executive, visuo-spatial, memory, working memory 
and language) from the DELCODE neuropsychological battery (DELCODE-NP), were previously derived using 
confirmatory factor analysis. Statistical analyses examined the differences between diagnostic groups, and the 
association of composite scores with regional atrophy and network-specific functional connectivity among the 
patient subgroup of SCD, MCI and AD. 
Result: Cognitive performance, atrophy patterns and functional connectivity significantly differed between 
diagnostic groups in the AD-spectrum. Regional gray matter atrophy was positively associated with visuospatial 
and other cognitive impairments among the patient subgroup in the AD-spectrum. Except for the visual network, 
patterns of network-specific resting-state functional connectivity were positively associated with distinct 
cognitive impairments among the patient subgroup in the AD-spectrum. 
Conclusion: Consistent associations between cognitive domain scores and both regional atrophy and network- 
specific functional connectivity (except for the visual network), support the utility of a multicentric and 
cognitive domain approach towards explicating the relationship between imaging markers and cognition in the 
AD-spectrum.   

1. Introduction 

Cognitive decline in Alzheimer’s disease (AD) has been associated 
with regional brain metabolic decline in fluorodeoxyglucose-positron 
emission tomography (FDG-PET) studies (Landau et al., 2011; Grothe 
et al., 2016; Ottoy et al., 2019), as well as structural and functional 
disruption of neural networks in structural and functional imaging 
studies (Agosta et al., 2012; Balachandar et al., 2015, 2017; Gardini 
et al., 2015). Blood-oxygen-level-dependent (BOLD) imaging during a 
defined resting state has been shown to reflect consistent functional 
networks, such as the default mode (DMN), visual (VIS) and executive 
networks (EN) (Rosazza and Minati, 2011). Different to task related 
functional MRI (fMRI), resting state fMRI is not confounded by the 
ability of patients to understand and memorize the instructions for ful-
filling a specific task, rendering it advantageous for the study of people 
with cognitive decline (Cole et al., 2010). Additionally, conclusive evi-
dence across the literature supports the use of resting-state connectivity 
as a biomarker of AD (Badhwar et al., 2017). 

Resting-state fMRI studies in the AD-spectrum have progressively 
explored a large number of networks, including the DMN, EN, VIS, 
salience (SAL), language (LAN) and limbic (LIM) networks (Agosta et al., 
2012; Balachandar et al., 2017; Zhou et al., 2010; Gour et al., 2014; 
Badhwar et al., 2017). A majority of studies which focused on the DMN 
found consistently decline of DMN connectivity in MCI and AD patients 
(Greicius et al., 2004; Agosta et al., 2012; Balachandar et al., 2015; Tam 
et al., 2015; Zhou et al., 2015). The same was observed for the VIS 
(Balachandar et al., 2015, 2017) in which overall a decrease in con-
nectivity has been reported for AD patients. Studies on the SAL, on the 
other hand, reported increase in connectivity of the SAL for MCI and AD 
patients (Zhou et al., 2010; Wang et al., 2016). Similarly, an increase in 
functional connectivity of the LIM has also been reported for MCI and 
AD patients (Gour et al., 2014; Badhwar et al., 2017). For the EN, an 
increase in functional connectivity of the EN has mainly been observed 
in AD patients (Agosta et al., 2012; Balachandar et al., 2015). However, 
to the best of our knowledge, no study has so far reported any significant 
differences between HC and AD-spectrum patients for the connectivity 
of the LAN. 

So far, most rs-fMRI studies linking pattern of cognitive decline with 
changes of functional networks have been conducted in monocentric 
cohorts, with observed case numbers substantially smaller than 
obtainable in a multicentric cohort. These studies have reported links 
between changes in functional connectivity and performance on 
cognitive tests of either global cognition (Ranasinghe et al., 2014; Zhou 
et al., 2015), or specific cognitive functions such as executive (Rana-
singhe et al., 2014), memory (Dong et al., 2012; Ranasinghe et al., 2014; 
Balachandar et al., 2015; Gardini et al., 2015; Zhou et al., 2015; 
Brueggen et al., 2016) and visuo-spatial functions (Ranasinghe et al., 

2014; Balachandar et al., 2017). More specifically, decreased connec-
tivity in the VIS has majorly been associated with visuo-spatial deficits 
(Balachandar et al., 2017). In the study by Balachandar et al. (2017) 
involving 23 AD patients categorized as having mild or severe visuo- 
spatial deficits based on their performance on selected tests of visuo- 
spatial function, patients with severe visuo-spatial deficits showed 
more reduced connectivity in the bilateral lingual gyri and left supra-
calcarine gyrus areas of the VIS. The authors, however, noted that a 
larger sample size would be required to confirm their findings. Further 
notable networks in which decreased rsFC has been associated with 
deficits in the respective cognitive domains in monocentric cohorts 
include the EN (Agosta et al., 2012; Ranasinghe et al., 2014) and DMN 
(Greicius et al., 2004; Dong et al., 2012). Additionally, a number of 
studies have also probed the possible associations between regional 
structural atrophy and cognitive deficits in both healthy elderly cohorts 
(Chee et al., 2009; Bruno et al., 2016; Cacciaglia et al., 2018) and AD- 
spectrum patients (Di Paola et al., 2007; Mitolo et al., 2013; Rana-
singhe et al., 2014; Smits et al., 2014; Cacciaglia et al., 2018), using 
varying measures of cognition. Associations of course, do not only 
depend on the imaging methods employed but also on the way cognitive 
performance is being quantified. 

Cognitive domain composite scores may allow to more comprehen-
sively study structural and functional underpinnings of cognitive 
changes in AD compared to single test scores. They may be more reliable 
than single test scores due to the reduction of measurement error 
(Wolfsgruber et al., 2017) at the same time they allow restricting the 
number of comparisons and ensuing type 1 error (Clark et al., 2016). 
Three prominent approaches to obtaining cognitive composite scores 
include: (1) using tests of composite scores such as the Preclinical Alz-
heimer Cognitive Composite (PACC) (Donohue et al., 2014; Mormino 
et al., 2017) in neuropsychological assessment. As reported in the study 
by Mormino et al. (2017), results showed the ability of the PACC to 
capture both early and late cognitive decline during the preclinical 
stages of Alzheimer’s disease. However, certain domains such as visuo- 
spatial function do not appear to be adequately covered by this com-
posite score; (2) transforming raw scores of single tests to z-scores using 
the means and standard deviations (SDs), and further averaging the z- 
scores across single tests (Smits et al., 2014; Clark et al., 2016). This 
method, however beneficial, does not take into account the degree to 
which the different tests are similar in measuring the same construct; (3) 
combining single tests (indicators) into latent variables based on liter-
ature, and further obtaining confirmatory factor score estimates of these 
latent variables using the multivariate regression method (Grice, 2001; 
Dowling et al., 2010; Park et al., 2012; Wolfsgruber et al., 2017). This 
superior method of choice as already applied in the Wisconsin Registry 
for Alzheimer’s Prevention (WRAP), Alzheimer’s Disease Neuroimaging 
Initiative (ADNI), and DZNE – Longitudinal Cognitive Impairment and 
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Dementia (DELCODE) studies, especially has the advantage of taking 
close methodological relatedness of some indicators into account, by 
specifying residual correlations for these indicators and thereby avoid-
ing overfitting the data. 

In the current study, we provided a comprehensive description of the 
structural and functional correlates of the key cognitive domains of AD 
as determined by factor scores with a focus on visuo-spatial function. 
Patients with AD are known to be prone to experiencing impairment in 
visuo-spatial function during early stages of the disease (Quental et al., 
2013). Impairments in visuo-spatial function in AD have mainly been 
attributed to posterior cortical atrophy (PCA) (Benson et al., 1988; 
Crutch et al., 2012), that affects the parieto-occipital areas which are 
equally relevant regions within the visual network (Beckmann et al., 
2005; Castellazzi et al., 2014). These impairments in visuo-spatial 
function are not only precursors of MCI conversion to AD as has been 
indicated in (Didic et al., 2013) where performance on visual recogni-
tion predicted conversion to AD with a sensitivity of 80% and a speci-
ficity of 90.9%, but also relate to spatial disorientation (Henderson et al., 
1989; Tetewsky and Duffy, 1999; Monacelli et al., 2003) which greatly 
impairs the daily life of patients. Nonetheless, there appears to be a 
relative lack of sufficient research into the visuo-spatial domain in the 
AD spectrum, in comparison to more broadly studied domains such as 
memory and executive functions (Park et al., 2012; Wang et al., 2015). 

Using a multicentric and cognitive domain approach, our aim was to 
investigate associations between cognitive domain composite scores and 
both gray matter volume, and network-specific resting-state functional 
connectivity (rsFC), in patients in the AD-spectrum, ranging from 
memory clinic patients with subjective cognitive decline (SCD) through 
people with MCI to people with AD dementia, as well as in healthy 
controls. We tested two major hypotheses; firstly, that poorer cognitive 
domain composite scores would be associated with reduced regional 
gray matter volume, and secondly, that poorer cognitive domain com-
posite scores would be associated with reduced rsFC of the related 
resting-state functional network. 

2. Material and methods 

2.1. Participants 

We used data from an interim baseline release of the first n = 700 
participants of the multicenter DELCODE study, conducted by the 
German Center for Neurodegenerative Diseases (DZNE) (Jessen et al., 
2018). After proper quality control at the leading imaging site, we ob-
tained data of 569 participants. However, only 490 participants; 54 
Alzheimer’s disease Dementia (AD), 86 Mild Cognitive Impairment 
(MCI), 175 Subjective Cognitive Decline (SCD) and 175 Healthy Con-
trols (HC) were included in this study, which had both structural MRI, 
rs-fMRI and factor scores from the nine study centers (Jessen et al., 

2018). The patient group consisted of the AD, MCI and SCD subgroup 
(Table 1). The DELCODE exclusion criteria ensured that no persons were 
included who had a current major depressive episode, past or present 
major psychiatric disorders, neurological diseases other than AD, or 
unstable medical conditions (Jessen et al., 2018). 

SCD was defined as a persistent self-perceived cognitive decline in 
the absence of objective cognitive impairment as measured by the 
CERAD test battery, lasting at least for 6 months and being unrelated to 
an acute event (Jessen et al., 2014). The MCI patients met the core 
clinical criteria for MCI according to National Institute on Aging-Alz-
heimer’s Association (NIA-AA) workgroup guidelines (Albert et al., 
2011). The AD patients had a clinical diagnosis of probable AD dementia 
according to the NIA-AA workgroups guidelines (McKhann et al., 2011). 
The HC participants had no objective cognitive impairment in cognitive 
tests, no history of neurological or psychiatric disease and did not report 
self-perceived cognitive decline. All participants or their representatives 
provided written informed consent. The study protocol was approved by 
the local institutional review boards and ethical committees of the 
participating centers. It was conducted in accord with the Helsinki 
Declaration of 1975. 

2.2. Neuropsychological assessment 

All participants (including healthy controls and patients) underwent 
a clinical assessment of their cognitive status, including the Mini Mental 
State Examination (MMSE) (Folstein et al., 1975) and an extensive 
neuropsychological testing battery (Jessen et al., 2018). The neuropsy-
chological test battery included tests which assess executive function, 
visuo-spatial ability, memory, working memory and language function 
(Jessen et al., 2018). Confirmatory factor analysis (CFA) based cognitive 
domain composite scores (Table 2) were derived from these tests using 
robust maximum likelihood (MLR) estimation (Wolfsgruber et al., 2017, 
2020). The variance and mean of the latent factors were fixed to one and 
zero respectively, following the assignment of indicator variables to 
latent factors, which was guided by previous CFAs on similar test bat-
teries of the ADNI and WRAP cohort studies focusing on preclinical and 
prodromal AD (Grice, 2001; Dowling et al., 2010; Park et al., 2012; 
Wolfsgruber et al., 2017). Resulting values were normally distributed 
(Shapiro-Wilk). Further to this, a 5-factor structure with intercorrelated 
factors of learning & memory, language ability, executive functions and 
mental processing speed, working memory and visuo-spatial abilities 
was tested, taking into account the close methodological relatedness of 
some indicators by specifying residual correlations. Factor score esti-
mates of the latent variables were then extracted using the multivariate 
regression method (Grice, 2001; Dowling et al., 2010; Park et al., 2012; 
Wolfsgruber et al., 2017). The presence of depression among partici-
pants was assessed by means of the Geriatric Depression Scale (GDS) 
(Gauggel and Birkner, 1999). 

Table 1 
Patient demographics and clinical characteristics (mean +/- standard 
deviation).   

HC (n =
175) 

SCD (n =
175) 

MCI (n =
86) 

AD (n =
54) 

Sex (% female) 
Age (years) 
Education 
(years) 
GDS 
MMSE (/30) 

58 
69.0 ± 5.3 
14.7 ± 2.7 
0.6 ± 1.1 
29.4 ± 0.8 

49 
71.2 ± 5.8 
14.7 ± 3.2 
1.9 ± 1.9 
29.2 ± 1.0 

41 
72.5 ± 5.2 
13.8 ± 2.9 
2.1 ± 1.9 
27.9 ± 1.7 

57 
73.6 ± 6.4 
13.5 ± 3.3 
2.2 ± 1.8 
23.5 ± 3.3 

The patient group includes a total of 315 patients with subjective cognitive 
decline (n = 175), mild cognitive impairment (n = 86), and alzheimer’s de-
mentia (n = 54). Numbers show means and standard deviations. 
HC = Healthy Controls, SCD = Subjective Cognitive Decline, MCI = Mild 
Cognitive Impairment, AD = Alzheimer’s Dementia, GDS = Geriatric Depression 
Scale, MMSE = Mini-Mental State Examination. 

Table 2 
Cognitive domain composite scores (mean +/- standard deviation).  

Cognitive 
function 

HC SCD MCI AD p 

Visuo-spatial 
Executive 
Working 
memory 
Memory 
Language 

0.39 ±
0.3 
0.52 ±
0.4 
0.39 ±
0.4 
0.61 ±
0.3 
0.52 ±
0.3 

0.28 ±
0.4 
0.34 ±
0.5 
0.31 ±
0.6 
0.36 ±
0.4 
0.35 ±
0.5 

− 0.39 ±
0.7 
− 0.51 ±
0.7 
− 0.46 ±
0.7 
− 0.59 ±
0.6 
− 0.58 ±
0.6 

− 1.49 ±
1.3 
− 1.86 ±
0.8 
− 1.52 ±
0.7 
− 1.98 ±
0.6 
− 1.85 ±
0.7 

<

0.001  
< 0.05  
<

0.001  
<

0.001  
< 0.05 

p values indicate the significance of one-way-ANOVA comparing the patient 
subgroup to HC. 
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2.3. Image acquisition and preprocessing 

The data were acquired from nine Siemens 3.0 Tesla MRI scanners (4 
Verio, 1 Skyra, 3 TimTrio and 1 Prisma system) using identical acqui-
sition parameters and harmonized instructions. To ensure high image 
quality throughout the acquisition phase, all scans had to pass a semi- 
automated quality check during the study conduction, so that protocol 
deviations could be reported to the study sites, and the acquisition at the 
respective site could be adjusted. Functional MRI was based on a T2*- 
weighted echo-planar imaging (EPI) sequence using a 64 × 64 image 
matrix with 47 axial slices (thickness 3.5 mm, no gap) and interleaved 
acquisition. Of 180 acquired EPIs, the first 10 time points were excluded 
resulting in 170 EPI volumes for the analysis. The field of view was 224 
× 224 × 165 mm, isotropic voxel size of 3.5 mm, echo time 30 ms, 
repetition time 2,580 ms, flip angle 80◦, and parallel imaging acceler-
ation factor 2. The sequence took 7 min 54 s. High-resolution T1- 
weighted anatomical images were obtained using a sagittal 
magnetization-prepared rapid gradient echo (MPRAGE) sequence (field 
of view 256 × 256 mm, matrix size 256 × 256, isotropic voxel size 1 mm, 
echo time 4.37 ms, flip angle 7◦, repetition time 2500 ms, number of 
slices 192, parallel imaging acceleration factor 2). The duration of the 
sequence was 5 min 8 s. 

Data processing was carried out using Data Processing Assistant for 
Resting-State fMRI Advanced (DPARSFA 4.3) (Chao-Gan and Yu-Feng, 
2010). The T1-weighted anatomical images were segmented into gray 
matter (GM), white matter (WM), and cerebrospinal fluid (CSF) using 
the Statistical Parametric Mapping (SPM12) (Wellcome Trust Centre for 
Neuroimaging, London, UK, http://www.fil.ion.ucl.ac.uk/spm/) New 
Segment toolbox implemented in Matlab 2015a (Mathworks, Natwick). 
The T1- weighted GM and WM partitions were normalized to the 
Montreal Neurological Institute (MNI) reference coordinate system 
using the Diffeomorphic Anatomical Registration Through Expo-
nentiated Lie algebra (DARTEL) algorithm (Ashburner, 2007) and the 
default brain template included in CAT12 (Kurth et al., 2015) as target. 
Functional MRI preprocessing included removal of the first ten volumes 
of each fMRI scan, slice timing correction to the temporal middle, and 
realignment to the mean volume. The anatomical T1-weighted image for 
each participant was coregistered to the mean functional image such 
that the deformation fields generated by DARTEL from the anatomical 
T1-weighted images could be used to project the functional scans from 
each subjects’ native image space into the MNI reference space. Subse-
quently, we applied temporal bandpass filtering (0.01–0.1 Hz), and 
spatial smoothing with an 8 mm isotropic full-width-at-half-maximum 
(FWHM) Gaussian kernel. The rsFC maps were calculated using the 
FSL melodic toolbox (Version 5.0.9, FMRIB, Oxford, UK, http://www. 
fmrib.ox.ac.uk/fsl/), resulting in 20 independent component analysis 
(ICA) maps. The resulting maps were then evaluated by experts to 
identify the four resting-state networks of interest, namely the VIS, EN, 
DMN and LAN networks, based on their spatial patterns as reported 
earlier (Beckmann et al., 2005; Smith et al., 2009; Castellazzi et al., 
2014). We further derived the subject-level rsFC z-maps using FSL’s dual 
regression, which generated subject-specific versions of the spatial maps 
and associated time series. Technically, this was realized by a decom-
position of each subject’s 4D dataset using the group-spatial-maps to 
give a set of time courses, and then afterwards, decomposition of those 
time courses and the same 4D dataset to get a subject-specific set of 
spatial maps, one per functional network (Beckmann et al., 2009; 
Nickerson et al., 2017). 

As a final step, network-specific explicit masks were derived, in order 
to clearly define the areas of cerebral activations which actually belong 
to each resting-state network. These masks were obtained from the 
group-based independent component maps of all study participants, by 
thresholding them based on the highest 10th percentile of intensities, 
leading to liberal masks for each of the four resting-state (VIS, EN, DMN, 
LAN) networks of interest. For clarity, we would like to point out here 
that our executive, visual and default mode ICA-derived networks 

corresponded to the executive control, visual, and default mode com-
ponents mentioned in (Rosazza and Minati, 2011). As for the language 
network, the spatial pattern of our language network corresponded to 
the temporo-parietal and lateralized fronto-parietal components 
mentioned in (Rosazza and Minati, 2011). The temporo-parietal 
component is characterized by the engagement of regions typically 
associated to language processing, while the lateralized fronto-parietal 
components has been associated to different functions, one of which is 
language (Rosazza and Minati, 2011). 

2.4. Statistical analysis 

Statistical analyses were performed using SPM12 and R-statistics (R 
Core Team, 2018), respectively. SPM12 was used for voxel-based ana-
lyses, including t-test and multiple linear regressions, while R-statistics 
was used for analysis of variance (ANOVA) and post-hoc tests on the 
cognitive composite scores. 

One way ANOVA and Tukey honest significant difference post-hoc 
tests were used to compare cognitive domain composite scores across 
diagnostic groups as done in (Ranasinghe et al., 2014). As a significance 
threshold, the one way ANOVA was tested at a family-wise confidence 
significance level of p < 0.05. 

In voxel-wise analysis, two-sample t-tests with age, sex, education 
and study site included as nuisance variables, were used to compare 
both gray matter volumes, as well as the extent of functional connec-
tivity of the different identified resting-state networks between the 
healthy control and individual patient groups. This statistical approach 
as already applied previously in (Ranasinghe et al., 2014; Brueggen 
et al., 2019) was applied to study extensive differences between each 
diagnostic group and the control group while controlling for the previ-
ously mentioned covariates of age, sex, education and study site. The 
directions of the comparisons were hypothesis-driven (Brain volume: 
HC > SCD/MCI/AD, Functional connectivity: HC > SCD/MCI/AD). A 
False Discovery Rate (FDR) of p < 0.01 was applied to control for 
multiple comparisons. 

Voxel-wise multiple regressions were used to explore the relation-
ship between cognitive domain composite scores and both brain volume 
and functional connectivity. In the case of the volumetric analyses, we 
adopted an unbiased whole brain voxel-wise approach as similarly done 
in (Cacciaglia et al., 2018) by regressing each cognitive function (ex-
ecutive, visuo-spatial, memory, working memory and language) com-
posite score on the gray matter volume estimates. In the case of the rsFC 
analysis, we specifically regressed each cognitive domain composite 
score on the respective resting-state functional connectivity network 
(executive, visual, default mode and language), known to be associated 
with each function based on previous literature (Rosazza and Minati, 
2011). In so doing, executive and working memory scores were 
regressed on the EN, visuo-spatial scores on the VIS, memory scores on 
the DMN and language scores on the LAN. 

The regression models were controlled for age, sex, education, 
diagnosis and study site. In the volumetric analysis, the total intracranial 
volume was included as a global value. For the rsFC analysis, the 
network-specific explicit masks described in the previous subsection 
were applied. As our focus was on visuo-spatial function, we tested 
further post-hoc models investigating the association of the sub-tests of 
the visuo-spatial cognitive domain when positive associations were 
found at the composite level. As a significance threshold for the volu-
metric analysis, an FDR of p < 0.05 was applied a priori. However, this 
led to very extensive effects across the whole brain so that we decided 
post hoc to use a more strict significance threshold for the volumetric 
findings with an FDR of p < 0.01. In the case of the FC analysis, an FDR 
of p < 0.05 was applied to control for multiple comparisons. In addition, 
for exploratory purposes, we also report volumetric and rsFC results 
after applying a liberal statistical significance level of p < 0.001 and p <
0.01 respectively, uncorrected for multiple comparisons. Effect sizes 
(Cohen’s d) are reported for all voxel clusters. 
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3. Results 

3.1. Cognitive performance across diagnostic groups 

As expected, we found that the SCD subgroup performed signifi-
cantly better than all other patient subgroups on all cognitive domains 
(p < 0.05, one-way-ANOVA, Tukey post hoc). In turn, the MCI subgroup 
also showed significantly better composite scores than the AD subgroup 
on all cognitive functions (p < 0.05, one-way-ANOVA, Tukey post hoc). 
The AD subgroup showed the worst performance across the different 
cognitive domains (Table 2). Albeit performing in the normal range in 
the single cognitive tests (as required by the definition of SCD), the SCD 
cases performed significantly worse than the healthy controls in exec-
utive, memory, and language composite scores (Table 2). 

All patient subgroups (SCD, MCI & AD) were significantly different 
from each other (p < 0.001, one-way-ANOVA, Tukey post hoc). Bold text 
further indicates the patient subgroups that were statistically different 
from healthy controls (HC) after Tukey post hoc comparison between 
the patient groups of subjective cognitive decline (SCD), mild cognitive 
impairment (MCI) and Alzheimer’s disease (AD), with the significance 
threshold set to 0.05, for the visuo-spatial, executive, working memory, 
memory, and language domains respectively. 

3.2. Regional gray matter atrophy associated with distinct cognitive 
impairments in AD spectrum 

When comparing each patient group to healthy controls, we found 
that the MCI (p < .01, FDR corrected, 0.40 ≤ d ≤ 0.90, Fig. 1A) and AD 
(p < .01, FDR corrected, 0.40 ≤ d ≤ 1.70, Fig. 1B) subgroups, but not the 
SCD subgroup significantly differed from the control group in regard to 
hippocampus volumes. Additionally, the MCI subgroup also showed 
atrophy in the inferior frontal gyri, right superior temporal gyrus, left 
anterior cingulate gyrus, left middle frontal gyrus and right inferior 
parietal lobule. In the AD cases, further atrophy was found in the right 
premotor cortex, right prefrontal cortex, right putamen and superior 
parietal lobule (Fig. 1B). The SCD subgroup also did not differ from the 
HC subgroup when a lenient significance threshold of p < .001 uncor-
rected for multiple comparisons was applied. 

Furthermore, across the whole sample of SCD, MCI and AD con-
trolling for age, sex, site, and diagnosis, we found significant associa-
tions between the volume estimates and cognitive measures. For visuo- 
spatial function, lower performance was associated with reduced gray 
matter volume in the middle temporal gyri, right temporal pole, right 
anterior cingulate gyrus, inferior parietal lobules, left inferior occipital 
gyrus, left premotor cortex, right fusiform gyrus and left superior pari-
etal lobule (p < .01, FDR corrected, 0.41 ≤ d ≤ 0.60, Fig. 2A). In the case 
of executive function, lower performance was associated with reduced 
gray matter volume in the right posterior cingulate gyrus, left inferior 
frontal gyrus, prefrontal cortices, left premotor cortex, left middle 
frontal gyrus, left primary motor cortex, left superior parietal lobule, 
right inferior occipital gyrus and right inferior parietal lobule (p < .01, 

FDR corrected, 0.38 ≤ d ≤ 0.70, Fig. 2B). For working memory function, 
lower performance was associated with reduced gray matter volume in 
the left prefrontal cortex, inferior temporal gyri, right inferior occipital 
gyrus, left premotor cortex, middle frontal gyri, right inferior occipital 
gyrus, right inferior parietal lobule and left posterior cingulate gyrus (p 
< .01, FDR corrected, 0.38 ≤ d ≤ 0.65, Fig. 2C). When considering 
memory function, lower scores were associated with reduced gray 
matter volume in the middle temporal gyri, superior parietal lobule, 
inferior occipital gyrus, inferior parietal lobules, left insular cortex, right 
fusiform gyrus, left anterior and posterior cingulate gyri and right 
inferior temporal gyrus (p < .01, FDR corrected, 0.40 ≤ d ≤ 0.75, 
Fig. 2D). And lastly, for language function, lower performance was 
associated with reduced gray matter volume in the temporal poles, left 
posterior cingulate gyrus, left premotor cortex, inferior parietal lobules, 
prefrontal cortices, right insular cortex and left supplementary motor 
area (p < .01, FDR corrected, 0.39 ≤ d ≤ 0.70, Fig. 2E). 

When applying a more lenient significance threshold, we addition-
ally found performance on the clock copy (Fig. 2G) and clock drawing 
(Fig. 2F) tests to be the only sub-measures of visuo-spatial function 
significantly associated with gray matter atrophy; lower performance 
was similarly associated with reduced gray matter volume in the pari-
etal, occipital and temporal areas, similarly as in the case of the visuo- 
spatial composite scores (p < .001, uncorrected, 0.38 ≤ d ≤ 0.50). 

3.3. Patterns of network-specific resting-state functional connectivity 
associated with distinct cognitive impairments in AD spectrum 

When comparing each patient subgroup to healthy controls in the 
extent of rsFC for each network, we found that for the visual network, 
neither of the patient subgroups differed significantly from the healthy 
control subgroup, not even at a more lenient threshold of p < 0.01, 
uncorrected. For the executive network we found that only the AD 
subgroup (p < .05, FDR corrected, 0.39 ≤ d ≤ 0.60) significantly differed 
from the healthy control subgroup (Fig. 3A). For the default mode 
network we found that both the MCI (p < .05, FDR corrected, 0.38 ≤ d ≤
0.60, Fig. 3B.i) and AD (p < .05, FDR corrected, 0.38 ≤ d ≤ 0.80, Fig. 3B. 
ii) subgroup, but not the SCD subgroup differed significantly from the 
healthy control subgroup. When applying a more lenient significance 
threshold, we also found that for the language network, both the MCI (p 
< .01, uncorrected, 0.30 ≤ d ≤ 0.50, Fig. 3C.i) and AD (p < .01, un-
corrected, 0.31 ≤ d ≤ 0.65, Fig. 3C.ii) subgroups, but not the SCD sub-
group differed significantly from the healthy control subgroup. 

Considering the whole patient sample of SCD, MCI and AD control-
ling for age, sex, site, and diagnosis, we found significant associations 
between the cognitive composite measures and the connectivity esti-
mates. Poorer cognitive performance scores for executive function were 
associated with reduced rsFC of areas within the executive network (p <
.05, FDR corrected, 0.35 ≤ d ≤ 0.50, Fig. 4A). We also found similar 
positive outcomes for the association of memory scores with connec-
tivity of areas within the default mode network (p < .05, FDR corrected, 
0.33 ≤ d ≤ 0.50, Fig. 4C). When applying a more lenient significance 

Fig. 1. Regional gray matter volume significantly differed between diagnostic groups in AD-spectrum, for the (A) MCI and (B) AD diagnostic groups respectively. 
Voxel-wise multiple comparisons are thresholded with p < 0.01, FDR corrected, cluster size ≥ 50 voxels, 0.40 ≤ d ≤ 1.70. Red voxels show clusters of significantly 
reduced gray matter volume in patients with MCI and AD compared to HC subgroup. Statistical maps are superimposed on a rendering of the Montreal Neurological 
Institute template brain. MNI coordinates and corresponding t values are provided in Supplementary Table 1. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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threshold, we found that poorer cognitive performance scores for 
working memory were also associated with reduced rsFC of areas within 
the executive network (p < .01, uncorrected, 0.28 ≤ d ≤ 0.45, Fig. 4B). 
The language scores were also associated with the rsFC of areas within 
the language network (p < .01, uncorrected, 0.24 ≤ d ≤ 0.50, Fig. 4D). 
No significant effects were found for the association of the visuo-spatial 
function scores and the rsFC of the visual network. 

4. Discussion 

In this study, we tested differences in gray matter volumes, CFA- 
derived cognitive domain scores, as well as the extent of functional 
connectivity of the different identified resting-state networks across 
diagnostic groups involving 490 cases from the AD spectrum of the 
DELCODE multicenter study. We also examined associations of cognitive 
domain composite scores with gray matter volume and network-specific 
rsFC among our patient subgroup of SCD, MCI and AD. Overall, we 
found that cognitive performance, atrophy patterns and functional 
connectivity significantly differed between diagnostic groups in the AD- 
spectrum. Additionally, regional gray matter atrophy was positively 
associated with visuospatial and other cognitive impairments within the 
AD-spectrum. Patterns of network-specific resting-state functional con-
nectivity (except the visual network) were also positively associated 
with distinct cognitive impairments within the AD-spectrum. 

The current study makes an important contribution towards 
providing a comprehensive overview of the neural correlates of domain- 
specific cognitive decline in the AD-spectrum. Furthermore, extending 
Teipel et al. (2017) and Teipel et al. (2018) who primarily focused on the 
effect of multisite acquisition on rsFC and group separation, the current 
study further explored differences in cognitive performance, and also 
tested the association between composite cognitive function and alter-
ations in specific rsFC in the AD-spectrum. Most importantly, our study 

extends previous rsFC studies (Ranasinghe et al., 2014; Smits et al., 
2014; Balachandar et al., 2015) by leveraging the combined advantage 
of a more representative and large multicenter sample, and composite 
measures of the most relevant cognitive domains in AD-spectrum. We 
provide evidence for the viability of using CFA-derived cognitive com-
posite scores in investigating structural atrophy and alterations in rsFC 
in the AD-spectrum. CFA-derived cognitive composite scores as already 
obtained in previous studies such as the ADNI and WRAP studies 
(Dowling et al., 2010; Park et al., 2012), provide a more reliable metric 
of cognitive function than single test measures (Wolfsgruber et al., 2017; 
Clark et al., 2016). Nonetheless, the association of CFA-derived cogni-
tive domain composite scores with rsFC of underlying networks in a 
multricentric cohort has to the best of our knowledge not been previ-
ously studied. 

Consistent with previous rsFC studies with smaller sample sizes 
(Ranasinghe et al., 2014; Smits et al., 2014; Balachandar et al., 2015), 
we showed differences between our healthy control and patient groups 
in a larger cohort. Nonetheless, difference of rs-FC between groups was 
spatially restricted, where areas of difference between groups were 
mainly found in small clusters. These differences, however, had mod-
erate to large effect sizes. A possible explanation for the spatially 
restricted effects could owe to the notion that resting-state networks are 
made up of spatially distinct brain regions with underlying structures, 
some of which may be more susceptible to disease related alterations 
than the others (Greicius et al., 2004; Cai et al., 2017). For example, 
Greicius et al. (2004) studied hippocampal connectivity in relation to 
other brain regions within the DMN in AD patients, and reported that a 
deficit of functional connectivity was evident in the posterior cingulate 
and in the hippocampi, but not in other regions such as the mesial 
prefrontal cortex and lateral parietal cortex which also belong to the 
default mode network (Rosazza and Minati, 2011). Additionally, con-
trary to our expectation, none of the diagnostic groups showed 

Fig. 2. Regional gray matter volume is associated with the (A) visuo-spatial, (B) executive, (C) working memory, (D) memory, and (E) language domains respec-
tively. Figure (F) and (G) shows the association of gray matter volume with the clock drawing and clock copy subtest of visuospatial function respectively. Voxel-wise 
multiple comparisons are thresholded at p < .01, FDR corrected for only figures a-e, cluster size ≥ 50 voxels, 0.38 ≤ d ≤ 0.70. Figures F and G are displayed at p <
.001, 0.38 ≤ d ≤ 0.50 uncorrected for multiple comparisons. Red voxels show clusters of significant association between gray matter volume and cognitive domain 
scores. Statistical maps are superimposed on a rendering of the Montreal Neurological Institute template brain. MNI coordinates and corresponding t values are 
provided in Supplementary Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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significant differences for the connectivity of the visual network. A 
possible explanation for this can be found in the notion that the 
recruitment of the visual network may be more task dependent or 
external-stimuli-driven, as evidenced in a number of functional MRI 
studies focusing on the visual network (Stevens et al., 2010; Yang et al., 
2015; Ruiz-Rizzo et al., 2018). For instance, Stevens et al. (2010) re-
ported that VIS connectivity during resting-state fMRI was influenced by 
a prior visual stimuli exposure, suggesting that significant VIS activation 
leading to a possible difference between controls and patients, could 
more likely be observed when participants are subjected to a visual task 
or to visual stimuli in general. 

When we assessed the association of CFA-derived cognitive domain 
composite scores with network-specific rsFC, we found consistent out-
comes for the association of the executive domain scores with areas 
within the executive network, and the memory domain scores with areas 
within the default mode network, in agreement with previous studies 
which applied single test measures of cognitive function (Ranasinghe 
et al., 2014; Balachandar et al., 2015; Gardini et al., 2015; Zhou et al., 
2015; Brueggen et al., 2016). Less consistent associations were found for 
the association of the working memory domain scores with areas within 
the executive network, and the language domain scores with areas 
within the language network. However, we could not find positive as-
sociations between visuo-spatial domain scores and the rsFC of the vi-
sual network. The finding of more consistent associations for the 
executive and memory domain is not surprising, as these domains are 
known from previous studies to be highly affected earlier in the disease 
process at the onset of AD (Seeley et al., 2009; Zhou et al., 2012; Quental 
et al., 2013; Lim et al., 2014; Rajan et al., 2015). 

The lack of a significant association of the visuo-spatial domain and 
the visual network in the current study could be the result of a more 
pronounced executive control influence of the single subtests (clock 

drawing, clock copying & CERAD figure copying) included in the visuo- 
spatial cognitive domain score. Performance on the clock drawing test as 
reported by Cosentino et al. (2004) particularly appears to place an 
executive control demand on participants, thereby recruiting cognitive 
resources other than visuo-spatial resources. To test for this possibility, 
we performed post-hoc analysis, using the same method as performed 
earlier for the functional analysis. When associating the visuo-spatial 
domain scores with the rsFC of the executive network and default 
mode network, we expectedly found significant associations (p < .01, 
uncorrected), which buttresses a prominent role of executive dysfunc-
tion for visuospatial performance in the AD spectrum (Supplementary 
Fig. 1). Furthermore, our MCI and AD diagnostic subgroups differed 
significantly from the HC subgroup in extent of atrophy and rsFC pat-
terns as expected, with the exception of the SCD subgroup. This agrees 
with previous studies which even after applying machine learning ap-
proaches to identifying the SCD subgroup have also reported classifi-
cation accuracy below that of the MCI and AD subgroups (Liu et al., 
2018; Yan et al., 2019), thereby further highlighting the difficulty in 
characterization and discrimination of the SCD subgroup relative to the 
HC subgroup. Nonetheless, some studies which overcome this particular 
limitation of the current study, have identified abnormal AD biomarkers 
in CSF and also brain correlates of AD pathology in SCD compared to HC 
(Wolfsgruber et al., 2020). 

Our findings agree with the majority of previous studies that assessed 
the associations of regional gray matter volume with either single test 
measures of cognitive function, or composite measures of cognitive 
domains derived by averaging across standardized scores of single tests 
of cognitive function in both healthy elderly cohorts (Chee et al., 2009; 
Bruno et al., 2016; Cacciaglia et al., 2018) and patients (Di Paola et al., 
2007; Mitolo et al., 2013; Ranasinghe et al., 2014; Smits et al., 2014; 
Cacciaglia et al., 2018). These previous and our findings differ from a 

Fig. 3. Network-specific resting-state functional connectivity significantly differed between diagnostic groups in AD-spectrum, for the (A) executive, (B) default 
mode and (C) language networks respectively. Significance is reported at p < .05 FDR corrected for the executive and default mode networks, and at p < .01 un-
corrected for the language network accordingly. Cluster size ≥ 20 voxels, 0.30 ≤ d ≤ 0.80. Red voxels represent group resting-state networks, yellow voxels show 
clusters of significant difference between the patient and healthy control subgroups on network-specific functional connectivity. Statistical comparison was restricted 
to the corresponding networks only by functional masks determined from the whole sample (see Section 2.3). Statistical maps are superimposed on a rendering of the 
Montreal Neurological Institute template brain. MNI coordinates and corresponding t values are provided in Supplementary Table 3. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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previous MEG and MRI study Ranasinghe et al. (2014) that found no 
correlation between gray matter atrophy and cognitive performance, 
however, the number of cases n = 27 in this previous study was very 
low. We found consistent associations for the volumetric analysis with 
the related composite scores of domain specific cognitive functions, 
which is indicative of the utility of our approach to deriving measures of 
cognitive function. When considering the pattern of atrophy for visuo- 
spatial function, we found that higher cognitive domain scores were 
associated with more gray matter volume in parietal, occipital and 
temporal regions. When we extended the association of atrophy patterns 
to the single measures of visuo-spatial function, we interestingly found 
that in the case of the clock drawing and clock copy test scores, the 
parietal and temporal areas similarly showed effects as was the case with 
the visuo-spatial domain score. The parietal, occipital and temporal 
regions are known to form part of the dorsal and ventral pathways 
responsible for the processing of visual stimuli (Mishkin et al., 1983), 
hence, atrophy in such regions have been shown to be associated with 
poorer visuospatial abilities in patients with MCI (Mitolo et al., 2013) 

and AD (Smits et al., 2014). 
A possible limitation of the current study is the data-driven approach 

employed in generating the rsFC networks using ICA, in contrast to a 
seed-based approach (Brueggen et al., 2016) in which regions of interest 
(ROI) are defined a priori. Here, it might be possible that the resulting 
independent components we defined as rsFC networks based on evi-
dence in the literature such as (Castellazzi et al., 2014; Rosazza and 
Minati, 2011) slightly differ from a few other studies, as we generated in 
total ~20 components compared to for instance generating ~44 com-
ponents (Tie et al., 2014), which could lead to additional brain regions 
being considered in our study for certain networks. This indicates that 
despite the advantage of data-driven approaches in the automatic 
derivation of resting-state networks, heterogeneity in data-driven ap-
proaches still remains an open question. 

In conclusion, the current study provides a comprehensive descrip-
tion of the structural and functional correlates of the key cognitive do-
mains of AD, with a focus on the visuo-spatial domain. Our findings 
provide evidence for CFA-derived cognitive domain composite scores as 

Fig. 4. Network-specific resting-state functional connectivity is associated with the (A) executive, (B) working memory, (C) memory, and (D) language functions 
respectively. Significance is reported at p < .05 FDR corrected for the executive and memory functions, and at p < .01 uncorrected for the working memory and 
language functions accordingly. Cluster size ≥ 20 voxels, 0.24 ≤ d ≤ 0.50. Red voxels represent group resting-state networks, yellow voxels show clusters of sig-
nificant association between network-specific functional connectivity and cognitive domain scores. Association was restricted to the corresponding networks only by 
functional masks determined from the whole sample (see Section 2.3). Statistical maps are superimposed on a rendering of the Montreal Neurological Institute 
template brain. MNI coordinates and corresponding t values are provided in Supplementary Table 4. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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considerable proxy measures of the cognitive deficits associated with 
regional gray matter volume in the AD spectrum. The same is the case 
for the cognitive deficits associated with network-specific resting-state 
functional connectivity, however, with the exception of visuo-spatial 
cognitive deficits. We recommend the use of CFA-derived composite 
scores in future studies as they provide a more comprehensive measure 
of cognitive functions. The methodological approach applied by Bala-
chandar et al. (2017) could be adopted, in terms of dividing the 
participant sample into those with severe or mild visuo-spatial deficits 
based on their visuo-spatial domain scores, while assessing the associ-
ation with the rsFC of the visual network. This would provide the pos-
sibility to do within-diagnostic-group comparisons of the extent of rsFC 
with the extent of visuo-spatial deficit. As regards measuring visuo- 
spatial function, such future studies could then employ the usage of 
automated or simulated tests of visuo-spatial function, such as the 
computer-aided Visuo-spatial Cognitive-Performance Test (VCP-Test) 
(Matsubayashi et al., 1991), to provide performance metrics that are 
independent of rater abilities. Additionally, more robust measures of 
visuo-spatial function such as the Rey Complex Figure Test (Meyers and 
Meyers, 1995), could be considered while deriving the CFA-derived 
composite scores. More research focusing especially on the association 
of the rsFC of the visual network and visuo-spatial domain is required to 
confirm or extend these initial findings. 
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