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Background: Dysfunction of the cholinergic basal forebrain (cBF) is associated with cognitive decline in Alz
heimer’s disease (AD). Multimodal MRI allows for the investigation of cBF changes in-vivo. In this study we
assessed alterations in cBF functional connectivity (FC), mean diffusivity (MD), and volume across the spectrum
of AD. We further assessed effects of amyloid pathology on these changes.
Methods: Participants included healthy controls, and subjects with subjective cognitive decline (SCD), mild
cognitive impairment (MCI), or AD dementia (ADD) from the multicenter DELCODE study. Resting-state func
tional MRI (rs-fMRI) and structural MRI data was available for 477 subjects, and a subset of 243 subjects also had
DTI data available. Differences between diagnostic groups were investigated using seed-based FC, volumetric,
and MD analyses of functionally defined anterior (a-cBF) and posterior (p-cBF) subdivisions of a cytoarchitec
tonic cBF region-of-interest. In complementary analyses groups were stratified according to amyloid status based
on CSF Aβ42/40 biomarker data, which was available in a subset of participants.
Results: a-cBF and p-cBF subdivisions showed regional FC profiles that were highly consistent with previously
reported patterns, but there were only minimal differences between diagnostic groups. Compared to controls,
cBF volumes and MD were significantly different in MCI and ADD but not in SCD. The Aβ42/40 stratified an
alyses largely matched these results.
Conclusions: We reproduced subregion-specific FC profiles of the cBF in a clinical sample spanning the AD
spectrum. At least in this multicentric cohort study, cBF-FC did not show marked changes along the AD spectrum,
and multimodal MRI did not provide more sensitive measures of AD-related cBF changes compared to volumetry.

based on a sample of healthy adult individuals, we were able to
demonstrate the feasibility of measuring cortical FC profiles of the cBF
based on rs-fMRI data and could identify two functionally distinct
anterior-medial and posterior-lateral subdivisions of the cBF based on
their differential cortical connectivity profiles (Fritz et al., 2019).
In the present study we evaluated comprehensive volumetric,
microstructural and FC changes of the cBF in a large clinical sample
spanning the cognitive spectrum from normal cognition through sub
jective cognitive decline (SCD) and MCI to ADD. In a subsample with
available cerebrospinal fluid (CSF) biomarker data, we further stratified
diagnostic groups by amyloid status. We expected to detect robust
changes in cBF volume only in prodromal and dementia stages of AD,
whereas DTI- and rs-fMRI-assessments may already show alterations in
preclinical stages of AD.

1. Introduction
The cholinergic basal forebrain (cBF) provides the principle cholin
ergic innervation of the entire cerebral cortex (Mesulam et al., 1983). It
has become an important region of interest for research on Alzheimer’s
disease (AD) since neuropathological studies have documented selective
cBF neuron loss in AD dementia (ADD) (McGeer et al., 1984; Whitehouse
et al., 1982, 1981). The prominent role of cBF degeneration in AD has
led to the development of cholinomimetic drugs for dementia treatment.
Advances in regional volumetric analysis allowed for the develop
ment of an MRI-based in-vivo marker of cBF degeneration showing early
degeneration of this region within the AD spectrum (Grothe et al., 2012;
Kilimann et al., 2014). Further studies suggested that in preclinical and
prodromal stages of AD, cBF volume may be even more sensitive to early
degenerative changes than hippocampal or entorhinal cortex atrophy
(Kilimann et al., 2014; Schmitz et al., 2016). In vivo MRI-PET studies
and a recent imaging-neuropathological association study suggest that
cBF atrophy may be associated with cortical amyloid pathology in
prodromal and dementia stages of AD (Grothe et al., 2014; Kerbler et al.,
2015; Teipel et al., 2020).
Beyond volumetric changes, previous MRI studies also reported
microstructural changes of the cBF in AD as measured by diffusion
tensor imaging (DTI) (Brueggen et al., 2015; Teipel et al., 2011), which
sensitizes the MRI signal to the movement of hydrogen (Basser et al.,
1994; Uluğ et al., 1999). In damaged neuronal tissue, the amount of
cellular water diffusion is changed, which can be detected by DTIderived scalar diffusion indices, such as mean diffusivity (MD), even
before macrostructural (volumetric) degeneration becomes visible
(Teipel et al., 2014b). We piloted DTI assessment of the cBF in a
multicenter cohort of subjects with mild cognitive impairment (MCI)
and ADD, and results indicated a higher risk of conversion to dementia
in MCI patients with increased MD (Brueggen et al., 2015). Previous
studies showed increased MD levels across the spectrum of AD in hip
pocampal structures (Hong et al., 2012; Müller et al., 2007; Ryu et al.,
2017), and an investigation in Parkinson’s disease patients suggested
that diffusion changes in the nucleus basalis of Meynert may be sensitive
to very early stages of neurodegeneration (Schulz et al., 2018).
Another potentially powerful approach to determine cBF changes
uses functional connectivity (FC) from resting state functional magnetic
resonance imaging (rs-fMRI). Rs-fMRI is based on the measurement of
spontaneous fluctuations of the BOLD (blood oxygen level dependent)
signal, which reflects activity-dependent changes in blood oxygenation
in the brain (Biswal et al., 1995; Glover, 2011). In AD, rs-fMRI has so far
mainly been used for studying AD-related neurodegenerative changes in
the hippocampus and the default mode network (Wang et al., 2006;
Zhang et al., 2009; Zhou et al., 2008). In a recent methodological study

2. Methods
2.1. Data source
All data used in this study was obtained from the DZNE- Longitudinal
Cognitive Impairment and Dementia Study (DELCODE) (Jessen et al.,
2018). DELCODE is a German multicenter observational study on pre
dementia AD that aims to characterize early disease stages, in particular
SCD, improve disease progression prognostics and identify new markers
for preclinical AD (https://www.dzne.de/forschung/studien/klinische-s
tudien/delcode/). DELCODE is an ongoing study that was launched in
2015.
2.2. Subjects
Data for a total of 510 subjects was obtained from an interim freeze
of the DELCODE database based on the availability of rs-fMRI scans and
the absence of anomalies such as stroke residues or tumors during a
visual sighting of structural MRI scans.
Participants had been subdivided into the following groups upon
inclusion into the study:
(i) Participants with SCD that were defined by subjectively reported
cognitive decline over a period of at least six months not related to any
event or condition explaining the cognitive deficit according to research
criteria and had an objective test performance within − 1.5 standard
deviations of the age-, sex-, and education-adjusted normal performance
on all subtests of the CERAD (Consortium to Establish a Registry for
Alzheimer’s Disease) neuropsychological test battery (Jessen et al.,
2014).
(ii) MCI and ADD patients who were enrolled based on clinical
criteria in accordance with current guidelines by the National Institute
2
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on Aging-Alzheimer’s Association (NIA-AA) (Albert et al., 2011;
McKhann et al., 2011).
(iii) Healthy controls (HC), who reported no signs of SCD and had to
achieve unimpaired test results according to the same definition as the
SCD group.
All participants were above the age of 60 years. Exclusion criteria
have been described in detail previously (Jessen et al., 2018) and
included both drugs and medical conditions that have the potential of
interfering with test performance.
During preprocessing of rs-fMRI scans (see below) only subjects with
head motion<2 mm translation and 2◦ rotation were included (N = 477)
(Fritz et al., 2019). The final sample for rs-fMRI and volumetric analysis
was composed of 174 HC, 171 participants with SCD, 81 MCI subjects,
and 51 subjects with ADD. A subset of 281 participants also had DTI
scans available, and 243 of these met quality control criteria for the DTI
data (see below), resulting in a group of 88 HC, 88 participants with
SCD, 40 MCI subjects, and 27 subjects with ADD. Demographics of the
subjects that were analysed in this study are shown in Tables 1 and 2.
Written informed consent was provided by all participants or by their
representatives prior to inclusion in the study. The study was approved
by local ethics committees at each of the participating centers and has
been conducted in accordance with the Helsinki Declaration of 1975.

Table 2
Demographic characteristics of diagnostic groups in DTI subsample.

Amyloid Status
(+/-/n.a.)
Gender (m/f)1
Age (SD)2
Education Years (SD)3
MMSE4
GDS5

2.4. Imaging data acquisition
DELCODE MRI data were acquired on nine Siemens MRI scanners
including three TIM systems, four Verio systems, one Skyra system, and
one Prisma system. Particular emphasis was placed on steps to assure
quality and assessment standards across the multicentric acquisitions

Amyloid Status
(+/-/n.a.)
Gender (m/f)1
Age (SD)2
Education Years (SD)3
MMSE4
GDS5

ADD (n =
51)

22/44/108

30/44/97

31/19/31

25/3/23

71/103
68.9 (5.2)
14.8 (2.7)
29.4 (0.9)
0.6 (1.1)

91/80
71.3 (5.9)
14.9 (3.0)
29.2 (1.0)
1.9 (1.9)

49/32
72.3 (5.2)
13.9 (3.0)
28.0 (1.7)
2.1 (2.0)

22/29
73.0 (6.6)
13.7 (3.1)
23.5 (3.5)
2.0 (1.6)

ADD (n =
27)

16/18/54

20/19/49

21/7/12

4/9/14

52/36
68.5 (5.1)
15.2 (2.6)
29.5 (0.8)
0.7 (1.5)

43/45
71.5 (5.6)
14.7 (3.1)
29.3 (0.9)
1.8 (1.5)

13/27
72.3 (5.9)
14.2 (3.0)
27.9 (1.6)
1.8 (2.0)

17/10
72.4 (5.8)
13.5 (2.7)
23.1 (3.4)
1.8 (1.6)

2.5. Cholinergic basal forebrain regions of interest
The cBF regions of interest (ROIs) that were examined in this study
were based on our previous methodological work characterizing func
tionally homogeneous subdivisions within a stereotactic atlas of the cBF
using a data-driven clustering analysis of voxel-wise cBF FC profiles in a
healthy adult population (Fritz et al., 2019). The two resulting sub
divisions consisted of an anterior-medial (a-cBF) and a posterior-lateral
(p-cBF) subdivision of the cBF (Fig. 1A). When compared to cytoarchi
tectonically defined cBF subdivisions, the a-cBF largely corresponds to
the rostral nuclei of the medial septum/diagonal band and anterior
medial parts of the Nucleus basalis of Meynert (NBM), whereas the p-cBF
covers the remaining anterior-lateral, intermediate, and posterior parts
of the NBM.

Table 1
Demographic characteristics of diagnostic groups.
MCI (n =
81)

MCI (n =
40)

including unified scanning protocols and standard operating procedures
that have been described in detail previously (Jessen et al., 2018).
Rs-fMRI data was obtained using an echo-planar imaging (EPI)
sequence with a 64 ⋅ 64 image matrix with 47 axial slices (thickness 3.5
mm, no gap) and interleaved acquisition. The field of view (FOV) was set
to 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.
Diffusion weighted imaging data was obtained using an EPI
multishell-sequence with a matrix size of 120 ⋅ 120, number of slices 72,
a FOV of 240 ⋅ 240 mm, isotropic voxel size 2 mm, an echo time of 88 ms,
repetition time 12,100 ms, flip angle 90◦ , 60 gradients at 700 s/mm2
and 1000 s/mm2, and parallel imaging acceleration factor 2.
Additionally, high-resolution structural MRI images were recorded
and used both as anatomical references for image preprocessing of rsfMRI and DTI data as well as for the analysis of volumetric changes.
Structural MRIs were based on a T1-weighted magnetization-prepared
rapid gradient echo (MPRAGE) sequence with the following parameters:
256 ⋅ 256 image matrix with 192 sagittal slices; FOV: 250 ⋅ 250 ⋅ 192
mm; 1 mm isotropic voxel size; 4.37 ms echo time; 2500 ms repetition
time; 7◦ flip angle; and parallel imaging acceleration factor 2.
Rs-fMRI and structural MRI images were recorded in the same ses
sion. The DTI scans were recorded on the same day or an optional second
day of scanning (average difference in days: 6 ± 14).

A subset of participants had consented to undergo a lumbar puncture
performed by a medically trained study assistant prior to the procedure.
CSF measurement was available for a subset of 218 participants in the rsfMRI sample and 114 participants in the DTI subcohort.
Subjects’ amyloid beta 1–42 (Aβ42) and 1–40 (Aβ40) concentrations
were determined using commercially available kits (V-PLEX Aβ Peptide
Panel 1 (6E10) Kit; Mesoscale Diagnostics LLC, Rockville, USA) ac
cording to the vendor’s specifications which were centrally processed at
the DZNE Biorepository Bonn. Participants with available CSF data were
grouped into amyloid positive and negative groups based on a previ
ously established cut-off for the Aβ42/40 ratio (Aβ+: Aβ42/40 ratio <
0.09 (Janelidze et al., 2016)). The resulting sample sizes per diagnostic
category are listed in Tables 1 and 2. The amyloid negative HC group as
well as all amyloid positive subgroups were used for further analyses.

SCD (n =
171)

SCD (n =
88)

MMSE, Mini Mental State Examination; GDS, Geriatric Depression Scale. n.a.,
not available.
1
Significantly different between groups, x2 = 9.5, df = 3, p = 0.024.
2
Significantly different between groups, F (3, 239) = 7.1, p < 0.001. 3Signifi
cantly different between groups, F (3, 239) = 2.7, p = 0.044. 4 Significantly
different between groups, Welch’s F (3, 74.4) = 41.8, p < 0.001 .5 Significantly
different between groups, F (3, 231) = 8.5, p < 0.001.

2.3. Cerebrospinal fluid biomarkers

HC (n =
174)

HC (n =
88)

MMSE, Mini Mental State Examination; GDS, Geriatric Depression Scale. n.a.,
not available.
1
Significantly different between groups, x2 = 10.9, df = 3, p = 0.012. 2
Significantly different between groups, Welch’s F (3, 166.9) = 11.70, p < 0.001.
3
Significantly different between groups, F (3, 473) = 4.23, p = 0.006. 4
Significantly different between groups, Welch’s F (3, 147.1) = 62.2, p < 0.001.5
Significantly different between groups, Welch’s F (3, 151.9) = 31.618, p <
0.001.

2.6. Imaging data processing and statistical analysis
2.6.1. Structural MRI data
For structural MRI segmentation into gray matter (GM), white matter
(WM), and CSF partitions and normalization to the Montreal Neuro
logical Institute (MNI) reference space applying the Diffeomorphic
Anatomical Registration Through Exponentiated Lie Algebra (DARTEL)
3
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Fig. 1. Anatomic location and functional connectivity profiles of the cBF. A) Coronal slices from anterior to posterior showing the anterior-medial (a-cBF, green)
and posterior-lateral (p-cBF, red) cBF regions of interest on representative coronal sections. B) Functional connectivity across all groups for a-cBF and p-cBF regions of
interest on representative axial, mid-sagittal, and three coronal sections. Numbers below the brain sections indicate Montreal Neurological Institute (MNI) standard
space coordinates. Colorbar indicates T-values (p < 0.05 [FWE]). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

algorithm (Ashburner, 2007) the Computational Anatomy Toolbox 12
(CAT12, http://dbm.neuro.uni-jena.de/cat/) of SPM12 was used.
Deformation-fields resulting from this registration were used to warp the
GM segments, including modulation of voxel values in order to preserve
the total amount of GM volume present before warping. Individual GM
volumes of the cBF ROIs were extracted from the preprocessed GM
segments by summing up the modulated GM voxel values within the
respective ROI masks. cBF volumes were divided by the total intracra
nial volume (TIV) that was calculated as the total sum of GM, WM, and
CSF volumes.

et al., 1996) as well as WM and CSF signal as nuisance regressors,
including a linear detrend. In a next step, the rs-fMRI images were band
pass filtered to 0.01 and 0.1 Hz, spatially normalized to MNI space using
the deformation fields derived from the co-registered T1-weighted MRI
scan, resliced to an isotropic voxel resolution of 3 mm, and smoothed
with a 6 mm full width at half maximum (FWHM) Gaussian kernel. For
seed-based FC analysis, a-cBF and p-cBF ROIs were defined as seeds and
FC was calculated based on the Pearson correlation coefficient of the
seeds’ and each other voxels’ time series (Joel et al., 2011). The resulting
voxel-wise FC maps were Fisher z-transformed for further statistical
analysis.

2.6.2. rs-fMRI data
For preprocessing of fMRI data, we used the advanced version of the
Data Processing Assistant for rs-fMRI (DPARSF, Version 2.2, State Key
Laboratory of Cognitive Neuroscience and Learning, Beijing Normal
University, Beijing, China) (Yan and Zang, 2010) running under Statis
tical Parametric Mapping software (SPM12; Wellcome Dept. of Imaging
Neuroscience, London) implemented in MATLAB 7.1 (Mathworks, Nat
wick). The initial ten time points of the rs-fMRI series were discarded,
and the remaining images were slice time corrected. The images were
realigned and thereafter checked for head motion of>2 mm and 2◦ in
maximum head motion, which were consequently excluded (N = 35)
(Fritz et al., 2019). Every participant’s T1-weighted image was cor
egistered to the mean functional image. Subsequently, nuisance cova
riates were regressed out using 24 head motion parameters (Friston

2.6.3. DTI data
Diffusion-weighted images were preprocessed using the diffusion
toolbox in the FMRIB Software Library (FSL, Version 5.0.4, Oxford
Center for Functional MRI of the Brain, Oxford, UK). First, scans were
corrected for eddy currents and head motion. Skull stripping was per
formed using the Brain Extraction Tool and diffusion tensors were fitted
to the data by applying DTIfit yielding the MD maps. Next, the B0 images
were co-registered to the corresponding T1-weighted MRIs and the same
transformations were applied to the MD maps. The MD maps were
spatially normalized to MNI-standard space by applying the deformation
field from the co-registered T1-weighted MRI (without modulation).
Regional MD of the a-cBF and p-cBF ROIs were then calculated by
averaging the respective voxel intensities in the spatially normalized MD
4
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maps.

3.2.2. Between group differences in cBF functional connectivity
When compared to the HC group, FC of the a-cBF did not differ
significantly in SCD, whereas the MCI group showed a small cluster of 18
voxels with reduced connectivity in the medial part of the right superior
frontal gyrus, and the ADD group showed a larger cluster (74 voxels) of
reduced connectivity in the left and right anterior cingulate and the
medial part of the right superior frontal gyrus (Fig. 2).
For the p-cBF, no significant differences in FC were observed be
tween the SCD and HC group. The MCI group showed two small clusters
of reduced connectivity in the right midcingulate area (13 voxels) and
the right superior temporal area (23 voxels). The ADD subjects showed
reduced connectivity in two small clusters in the left anterior cingulate
region (23 voxels) and the right parahippocampal region (18 voxels)
(Fig. 3).

2.6.4. Statistical analysis
Statistical analysis of ROI values in volume and MD analyses was
performed using the statistics software package for the social sciences
(SPSS, IBM Corp. Version 25.0.). The effect of diagnosis on a-cBF and pcBF volumes and MD values was assessed using ANCOVA, with age,
gender, education years, and acquisition site as covariates. Note that
accounting for “acquisition site” in the model entails control for differ
ences in scanner models but also other potential differences across sites.
In order to evaluate differences in the estimated marginal means, pairwise post-hoc t-tests of the diagnosis-specific contrasts were per
formed. All tests were two-tailed and statistical significance was set to p
< 0.05. Cohen’s d effect sizes of the group differences were calculated
based on the adjusted group means.
Statistical analysis of FC differences was performed using SPM12.
First, overall FC profiles of the a-cBF and p-cBF seeds were calculated
using a second-level one-sample t-test of all subjects’ FC maps,
controlled for acquisition site, age, years of education, and gender. FC
maps were restricted to the brain’s GM, thresholded at p < 0.05 cor
rected for multiple testing by employing the Family-wise error rate
(FWE), and binarized to yield masks for the analysis of FC group
differences.
To determine significant changes in FC between HC and the other
diagnostic groups, a series of voxel-wise two-sample t-tests were per
formed on the FC maps, controlled for acquisition site, age, years of
education, and gender. The analyses were restricted to the seed regionspecific FC masks that were calculated in the previous step, and voxelwise results were transformed to Cohen’s d maps thresholded at p <
0.001, uncorrected for multiple comparisons, with an additional clustersize threshold of k > 10 voxels (270 mm3).
In complementary analyses in subjects with available CSF measures,
all voxel- and ROI-wise statistical analyses of group differences were
repeated in amyloid stratified groups. Specifically, the following con
trasts were considered: HC– vs HC+, HC– vs SCD+, HC– vs MCI+, HC– vs
ADD+.

3.3. cBF volume
There was a significant overall effect of diagnosis on both a-cBF (F =
12.05, p < 0.001) and p-cBF (F = 14.19, p < 0.001) volume (Fig. 4A).
Compared to HC, a-cBF volume was significantly smaller in MCI (-5.1
percent, p < 0.001; Cohen’s d = -0.52) and ADD patients (-11 percent, p
< 0.001; Cohen’s d = -1.12), but was not significantly different in the
SCD group (+0.1 percent, p = 0.90; Cohen’s d = 0.01). Similarly, p-cBF
volume was significantly smaller in MCI (-5.9 percent, p < 0.001;
Cohen’s d = -0.60) and ADD patients (-14.7 percent, p < 0.001; Cohen’s
d = -1.48) as compared to the HC group, but was not significantly
different in the SCD group (-0.3 percent, p = 0.89; Cohen’s d = -0.03).
3.4. cBF MD
There was a significant overall effect of diagnosis on both a-cBF (F =
9.28, p < 0.001) and p-cBF (F = 4.03; p = 0.008) MD values (Fig. 4B). In
both cBF areas the mean MD rose continuously from the HC to the SCD,
MCI, and ADD groups. Compared to HC, a-cBF MD was significantly
higher in MCI (+14.7 percent, p = 0.001; Cohen’s d = 0.69) and ADD
patients (+22.1 percent, p < 0.001; Cohen’s d = 1.03), but was not
significantly different in the SCD group (+5.0 percent, p = 0.13; Cohen’s
d = 0.24). The p-cBF MD was significantly higher in MCI (+9.3 percent,

3. Results
3.1. Demographics
Demographics of the study sample by diagnostic group are presented
in Tables 1 and 2. In the full study sample, all patient groups differed
significantly from the HC group with respect to age (p < 0.001), with
controls being on average 2.4 years younger than SCD, 3.4 years
younger than MCI and 4.1 years younger than ADD participants. The
education level also differed significantly across diagnostic groups (p =
0.006), with the HC and SCD groups having on average one year more of
formal education than the MCI and ADD groups. The sex distribution of
SCD (p = 0.021) and MCI (p = 0.003) participants differed significantly
from HC.
3.2. FC analysis
3.2.1. cBF functional connectivity profiles
FC profiles of the a-cBF and p-cBF subdivisions across all diagnostic
groups showed specific patterns of connectivity with distributed cortical
systems (Fig. 1B). The a-cBF profile was characterised by prominent
connectivity to the retrosplenial/posterior cingulate cortex and the
ventromedial prefrontal cortex. The p-cBF profile was distinguished by
predominant FC with the insula, dorsal anterior cingulate (dACC), and
the thalamus. Areas of overlapping connectivity of a-cBF and p-cBF
seeds were seen in the posterior ventromedial prefrontal cortex, the
temporal pole, and the medial temporal lobe.

Fig. 2. Voxel-wise group differences in a-cBF functional connectivity. A)
Group differences between HC and MCI. MNI coordinates: X = 9, Y = 54, Z = 6.
B) Group differences between HC and ADD. MNI coordinates: X = -9, Y = 39, Z
= 3. Two sample t-tests controlled for age, gender, years of education, and
acquisition site. Colorbar indicates Cohen’s d effect size values. Results are
shown at an uncorrected voxel-wise threshold of p < 0.001 with a cluster-size
threshold of k > 10 voxels.
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spanning the left caudate nucleus and the bilateral olfactory area.
Similarly, the ADD+ group showed a cluster of reduced connectivity (61
voxels) in the left nucleus caudatus and the bilateral olfactory area
(Fig. 6).
3.5.2. Effects of amyloid status in volume analysis
There was a significant overall effect of group on both a-cBF (F =
3.52, p < 0.001) and p-cBF (F = 5.68, p < 0.001) volume (Fig. 7A).
Comparing the amyloid positive subgroups to the HC–-group, a-cBF
volume was significantly smaller in MCI+ (-5.5 percent, p = 0.03;
Cohen’s d = -0.52) and ADD+ (-11 percent, p < 0.001; Cohen’s d =
-1.04), but not in the SCD+ (-0.9 percent, p = 0.71; Cohen’s d = -0.09) or
HC+ (+2.3 percent, p = 0.43; Cohen’s d = 0.21) groups. Similarly, in the
p-cBF, volume was significantly smaller in MCI+ (-7.4 percent, p =
0.003; Cohen’s d = -0.73) and ADD+ patients (-16.9 percent, p < 0.001;
Cohen’s d = -1.66), but not in the SCD+ (-2.5 percent, p = 0.33; Cohen’s
d = -0.24) or HC+ (+0.9 percent, p = 0.71; Cohen’s d = 0.09) groups
when compared to the HC– group.
3.5.3. Effects of amyloid status in MD analysis
There was a significant overall effect of diagnosis on a-cBF MD (F =
2.25, p = 0.019) (Fig. 7B), although none of the pair-wise comparisons
with the HC– group reached statistical significance in the reduced sub
groups (HC+: +1.7 percent, p = 0.84, Cohen’s d = 0.08; SCD+: +9.9
percent, p = 0.20, Cohen’s d = 0.44; MCI+: +12.3 percent, p = 0.11,
Cohen’s d = 0.54; ADD+: +11.6 percent, p = 0.20, Cohen’s d = 0.52).
There was no significant overall effect of diagnosis on p-cBF MD (F =
1.51, p = 0.14) (Fig. 7B).
4. Discussion
We studied cBF FC as measured by rs-fMRI as a possible indicator of
early neurodegenerative processes in preclinical stages of AD. For
comparison, we analysed established volumetric as well as DTI-based
microstructural indices of cBF degeneration within a relatively large
multicentric cohort study. Even though we were able to closely repro
duce the previously reported FC profiles for the a-cBF and p-cBF func
tional subdivisions in this clinical sample, there were only minimal
differences in FC between diagnostic groups. The analysis of volume and
MD showed the expected differences in MCI and ADD patients when
compared to the HC group, but no significant differences in the SCD
group. These results remained largely unchanged when patient groups
were limited to individuals with biomarker-confirmed Aβ-pathology.

Fig. 3. Voxel-wise group differences in p-cBF functional connectivity. A)
Group differences between HC and MCI. MNI coordinates: X = 51, Y = -45, Z =
15. B) Group differences between HC and ADD. Upper row: MNI coordinates: X
= -3, Y = 30, Z = 15. Lower row: MNI coordinates: X = 18, Y = -3, Z = -18. Two
sample t-tests controlled for age, gender, years of education, and acquisition
site. Colorbar indicates Cohen’s d effect size values. Results are shown at an
uncorrected voxel-wise threshold of p < 0.001 with a cluster-size threshold of k
> 10 voxels.

4.1. FC profiles by seed region

p = 0.015; Cohen’s d = 0.48) and ADD patients (+12.9 percent, p =
0.003; Cohen’s d = 0.66) compared to HC, but was not significantly
different from HC in the SCD group (+3.2 percent, p = 0.29; Cohen’s d =
0.17).

The results from the FC analysis of a-cBF and p-cBF seeds were
largely consistent with results from our previous study outlining the rsfMRI based division of the cBF into anterior and posterior parts in
healthy subjects spanning the adult age range (Fritz et al., 2019). Our
results expand these findings by including subjects from the preclinical
and clinical AD spectrum. In line with the previous study in healthy
people (Fritz et al., 2019) and a study analysing FC of these cBF sub
divisions in a group of subjects with subjective memory complaints
(Chiesa et al., 2018), the FC of the a-cBF was characterized by connec
tivity to the ventromedial prefrontal cortex and the retrosplenial/pos
terior cingulate cortex. The p-cBF FC was characterized by connectivity
to the Insula, the dACC, as well as the Thalamus. Thus, our study sup
ports the subdivision of the cBF into two functionally segregated regions
that are also in line with previous histological findings of distinct
cortical projection patterns among cBF subdivisions (Mesulam et al.,
1983).

3.5. Analysis with Aβ-stratified diagnostic groups
3.5.1. Effects of amyloid status in FC analysis
For the a-cBF, no significant differences in FC were observed in the
HC+ group when compared to the HC– reference group. SCD+ subjects
showed one small cluster (14 voxels) of reduced connectivity in the right
hippocampus and another cluster of 20 voxels in the left anterior
cingulate. The MCI+ group showed one cluster of reduced connectivity
(21 voxels) in the right anterior cingulate, and the ADD+ subgroup
showed one larger cluster of reduced connectivity (175 voxels) in the left
anterior cingulate (Fig. 5).
For the p-cBF, no significant differences in FC were observed in the
HC+ group when compared to the HC– reference group. The SCD+ group
showed reduced connectivity in a small cluster in the left olfactory area
(10 voxels), and the MCI+ group presented a larger cluster of 174 voxels

4.2. FC differences between groups
Different to our a priori expectation, we found no significant voxel6
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Fig. 4. Group differences in a-cBF and p-cBF volume and MD. Subregional volumes (A), and MD (B) for HC, SCD, MCI and ADD groups. Volume was normalized
with total intracranial volume (TIV). Displayed are group wise means and standard errors of TIV-normalized volumes and MD.

wise differences in FC between the SCD and HC group even at a rela
tively lenient statistical threshold of p < 0.001, uncorrected.
Even though we found between group differences in the comparison
of HC and the other diagnostic groups (MCI, ADD) as well as in the
amyloid stratified comparison to HC– (SCD+, MCI+, ADD+), none of
these results would have survived the application of stricter levels of
significance entailed by appropriate multiple comparison corrections.
While Cohen’s d maps of the voxel-wise group differences in cBF-FC
indicate peak effect sizes that are in a similar range as for the volu
metric and diffusion analyses, it is important to note that these Cohen’s
d values are strongly positively biased because the voxel-wise analysis
exploratively searches the largest group differences among all voxels of
the respective FC profile. Therefore, these voxel-wise Cohen’s d values
reflect the largest possible effect size obtainable for FC analyses of the
cBF seeds in this particular sample, and cannot be directly compared to
the Cohen’s d effect sizes obtained for the a priori ROI-based results of
volume and MD changes in the cBF.
Our results are in contrast to a study examining FC of the NBM in a
group of MCI patients that found a small cluster (87 voxels) of decreased
connectivity in the left insula/claustrum (Li et al., 2017), which was
cluster level corrected at p < 0.05. However, similar to our present
findings the statistics indicated a relatively small effect size for this
cluster. Furthermore, Li et al. used a stereotactic NBM ROI as seed region
which forms a subset of our functionally-defined cBF seeds, and thus
differences in the seed regions may have contributed to varying FC
profiles.
Results from a previous study investigating FC of the cBF in a group
with subjective memory complaints had indicated associations between
p-cBF FC and global cortical amyloid load (Chiesa et al., 2018). By
contrast, in our study we could not find robust effects of FC changes in
amyloid positive SCD subjects compared with amyloid negative controls
that would survive a corrected significance threshold. Apart from the
smaller number of amyloid stratified cases in our study, one major dif
ference is the derivation of amyloid status from CSF Aβ levels in our and
from amyloid PET data in the previous study (Chiesa et al., 2018).
Considering rs-fMRI studies in participants with SCD in general, it is
important to note that there is still no precise understanding of the type
of disruption caused in SCD. There have been studies suggesting both
reduced as well as increased FC in SCD (Hafkemeijer et al., 2013; LópezSanz et al., 2017), which likely reflects the large underlying pathological

heterogeneity in SCD groups. Our findings of only small FC differences
in SCD and MCI are in line with a previous study that was based on a
partly overlapping sample from the DELCODE cohort (Teipel et al.,
2018). In this study, the degree of diagnostic accuracy of whole brain FC
analysis exceeded random guessing accuracy only in ADD, but not in
MCI or SCD groups, suggesting little discriminatory power and possibly
indicating a high level of noise in the functional data impeding the
detection of differences (Teipel et al., 2018). Another possible expla
nation for the high consistency of FC across diagnostic groups could be
an inherent resistance to reduction of FC that would be in line with
findings of up-regulated choline acetyltransferase markers as a possible
response to the onset of neurodegeneration found in neuropathological
studies in MCI (Dekosky et al., 2002; Gilmor et al., 1999). However, cBF
FC changes were even relatively small in the sample of ADD patients, for
which cholinergic depletion is well established by both long-standing
neuropathological as well as more recent neuroimaging studies (Boh
nen et al., 2018). This suggests that cBF FC in rs-fMRI data may not
represent a close imaging proxy of cortical cholinergic depletion.
4.3. Volume analyses
In accordance with our initial hypothesis, we found robust changes
in cBF volume and MD in the MCI and ADD groups compared to controls.
Previous MRI studies have mainly focussed on volume loss in the hip
pocampus, which has been shown to reliably differentiate the MCI stage
(Jack et al., 2000, 1999; Pennanen et al., 2004). Studies on the cBF have
yielded similar results in MCI (Kilimann et al., 2014; Muth et al., 2010).
Furthermore, volumetric analysis of the cBF has been reported to be
more sensitive to early degenerative changes in prodromal AD than
hippocampal volume (Kilimann et al., 2014; Schmitz et al., 2016; Teipel
et al., 2014a). Interestingly, previous neuropathological (Liu et al.,
2015) and structural MRI studies (Kilimann et al., 2014; Teipel et al.,
2014a) had specifically implicated the posterior subdivision of the NBM
(Ch4p) in early and most pronounced neurodegeneration in AD. This
was also supported by a study using volumetry of a
cytoarchitectonically-defined posterior NBM subdivision of the cBF in
an independent sample of SCD subjects (Scheef et al., 2019). Corre
spondingly, in our present analysis we observed consistently higher ef
fect sizes for differences in p-cBF volumes compared to a-cBF volumes
for all assessed group contrasts. However, even for p-cBF volumes the
7
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Fig. 6. Voxel-wise group differences in p-cBF functional connectivity in
the amyloid stratified subgroups. A) Group differences between HC– and SCD
+ . MNI coordinates: X = -21, Y = 9, Z = -12. B) Group differences between HC–
and MCI + . MNI coordinates: X = -6, Y = 6, Z = -6. C) Group differences
between HC– and ADD + . MNI coordinates: X = -6, Y = 6, Z = -6. Two sample
t-tests controlled for age, gender, years of education, and acquisition site.
Colorbar indicates Cohen’s d effect size values. Results are shown at an un
corrected voxel-wise threshold of p < 0.001 with a cluster-size threshold of k >
10 voxels.

4.4. MD analyses
Fig. 5. Voxel-wise group differences in a-cBF functional connectivity in
the amyloid stratified subgroups. A) Group differences between HC– and SCD
+ . Upper row: MNI coordinates: X = 15, Y = -9, Z = -15; Lower row: MNI
coordinates: X = -6, Y = 42, Z = 15. B) Group differences between HC– and MCI
+ . MNI coordinates: X = 9, Y = 39, Z = 18. C) Group differences between HC–
and ADD + . MNI coordinates: X = 0, Y = 36, Z = 18. Two sample t-tests
controlled for age, gender, years of education, and acquisition site. Colorbar
indicates Cohen’s d effect size values. Results are shown at an uncorrected
voxel-wise threshold of p < 0.001 with a cluster-size threshold of k > 10 voxels.

MD was significantly increased in MCI and ADD patients when
compared to HC. A previous study showed that MD in the cBF was
predictive of progression from MCI to AD (Brueggen et al., 2015).
However, similar to our current cross-sectional findings of comparable
effect sizes for MD and volume differences, MD changes were not su
perior to volumetric measurements as predictors of conversion in that
longitudinal follow-up study (Brueggen et al., 2015).
Similarly, another previous study suggested that MD was not a better
marker than volume for detecting hippocampal degeneration in MCI
(Henf et al., 2018). However, in contrast to these results, other studies
suggested that analysis of hippocampal MD may be more sensitive than
volumetric analysis in detecting subtle changes in pre-AD stages (Müller
et al., 2007; Ryu et al., 2017).
Our study does not support the idea that in the absence of macro
structural cBF changes in very early stages of the AD spectrum micro
structural cBF changes may instead be detected by analysis of MD. Two
recent studies analysed WM MD in a partly overlapping sample from the
DELCODE study. They also found only subtle (Brueggen et al., 2019) or
no differences (Teipel et al., 2019) between HC and SCD subjects and
concluded that WM MD may not be a useful biomarker for preclinical
AD. The results from the present study extend these observations to MD
of the cBF.

effect sizes were not large enough to yield significant volume reductions
in the SCD or SCD+ groups. This may at least partly be due to the fact
that we focussed our analyses on two broader defined functional cBF
subdivisions that are robustly differentiated by their different FC profiles
in rs-fMRI data. One may hypothesize that volumetric analysis of the
subtle changes at the SCD stage may be particularly susceptible to the
exact part of the cBF that is being analysed and that larger ROIs may thus
be less sensitive for the detection of these effects.
In the analysis of amyloid stratified subgroups, our results are in
accordance with previous studies reporting significant volume loss in
MCI+ and ADD+ (Grothe et al., 2014; Kerbler et al., 2015; Teipel et al.,
2014a). Previous combined volumetric and amyloid-PET studies in MCI
(Grothe et al., 2014; Kerbler et al., 2015; Teipel et al., 2014a) had
suggested that cBF volumetry was strongly associated to amyloid burden
and this was recently supported by evidence from an imagingneuropathological association study (Teipel et al., 2020). Therefore,
we had expected a stronger connection of cBF volume to amyloid status
even in preclinical cases.

5. Limitations
This study has several limitations. First, even with standardized
acquisition protocols and image quality control, between-group
8
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Fig. 7. Group differences in a-cBF and p-cBF volume and MD in the amyloid-stratified subgroups. Subregional volumes (A), and MD (B) for diagnostic groups
stratified by amyloid status as determined by the CSF Aβ42/40-ratio. Volume was normalized with total intracranial volume (TIV). Displayed are the group wise
means and standard errors of TIV-normalized volumes and MD.

differences, especially in the analysis of DTI data, may still be affected by
inter-scanner variance (Teipel et al., 2019). However, a multicentric
design is necessary for evaluating the robustness of group effects as a key
requirement of potential imaging markers that are to be used in wider
clinical settings. Furthermore, we did not assess a possible influence of
partial volume effects on our results. The cBF is in relatively close vi
cinity to the CSF space, which could have contributed to a contamina
tion of the cBF signal, particularly considering the relatively lower
spatial resolution of rs-fMRI and DTI data (Gonzalez-Escamilla et al.,
2017; Henf et al., 2018). However, it has to be noted that the cBF ROIs
employed in our study were specifically defined on the basis of
providing consistent FC signal in an independent rs-fMRI data set with
comparable spatial resolution (Fritz et al., 2019). The observed FC
profiles of the cBF subdivisions in our study were also highly comparable
to the previously identified profiles (Fritz et al., 2019) and were repro
ducible across diagnostic groups, thus arguing against a major CSF
signal confound in the employed cBF seeds. Moreover, at least for DTIMD values a signal confound with CSF would generally lead to
increased values, and thus these partial volume effects typically increase
disease-related signal changes in neurodegenerative diseases (Henf
et al., 2018). Therefore, in clinical contexts where the principal aim of
an imaging biomarker is early detection of neurodegenerative disease,
rather than the precise nature of the underlying tissue changes per se,
eliminating these effects by partial volume correction methods may
underestimate the diagnostic value of the imaging biomarker (GonzalezEscamilla et al., 2017).
The cross-sectional design of this study poses another limitation. For
future research efforts, especially in the SCD group, longitudinal study
designs will be invaluable as our current study is not able to differentiate
between SCD participants who actually convert to ADD and those who
remain stable over time. Longitudinal acquisition is currently ongoing in
the DELCODE study which will allow studying the prognostic potential
of the different imaging markers.

AD. Future research in longitudinally characterized SCD samples may
help to further elucidate the role of cBF changes in the development of
AD and to assess the utility of multimodal MRI-derived measurements as
predictive imaging biomarkers.
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Hauenstein, K., Klöppel, S., Grothe, M.J., Kasper, E., Teipel, S.J., 2015. Basal
Forebrain and Hippocampus as Predictors of Conversion to Alzheimer’s Disease in
Patients with Mild Cognitive Impairment – A Multicenter DTI and Volumetry Study.
JAD 48 (1), 197–204. https://doi.org/10.3233/JAD-150063.
Brueggen, K., Dyrba, M., Cardenas-Blanco, A., Schneider, A., Fliessbach, K., Buerger, K.,
Janowitz, D., Peters, O., Menne, F., Priller, J., Spruth, E., Wiltfang, J., Vukovich, R.,
Laske, C., Buchmann, M., Wagner, M., Röske, S., Spottke, A., Rudolph, J., Metzger, C.
D., Kilimann, I., Dobisch, L., Düzel, E., Jessen, F., Teipel, S.J., 2019. Structural
integrity in subjective cognitive decline, mild cognitive impairment and Alzheimer’s
disease based on multicenter diffusion tensor imaging. J. Neurol. 266 (10),
2465–2474. https://doi.org/10.1007/s00415-019-09429-3.
Chiesa, P.A., Cavedo, E., Grothe, M.J., Houot, M., Teipel, S.J., Potier, M.-C., Habert, M.O., Lista, S., Dubois, B., Hampel, H., 2018. Relationship between Basal Forebrain
Resting-State Functional Connectivity and Brain Amyloid-β Deposition in
Cognitively Intact Older Adults with Subjective Memory Complaints. Radiology 290
(1), 167–176. https://doi.org/10.1148/radiol.2018180268.
DeKosky, S.T., Ikonomovic, M.D., Styren, S.D., Beckett, L., Wisniewski, S., Bennett, D.A.,
Cochran, E.J., Kordower, J.H., Mufson, E.J., 2002. Upregulation of choline
acetyltransferase activity in hippocampus and frontal cortex of elderly subjects with
mild cognitive impairment. Ann. Neurol. 51 (2), 145–155. https://doi.org/10.1002/
ana.10069.

10

M. Herdick et al.

NeuroImage: Clinical 28 (2020) 102495
in Alzheimer’s disease. Neurology. https://doi.org/10.1212/
WNL.0000000000010192.
Teipel, Stefan J., Kuper-Smith, Jan O., Bartels, Claudia, Brosseron, Frederic,
Buchmann, Martina, Buerger, Katharina, Catak, Cihan, Janowitz, Daniel,
Dechent, Peter, Dobisch, Laura, Ertl-Wagner, Birgit, Fließbach, Klaus, Haynes, JohnDylan, Heneka, Michael T., Kilimann, Ingo, Laske, Christoph, Li, Siyao, Menne, Felix,
Metzger, Coraline D., Priller, Josef, Pross, Verena, Ramirez, Alfredo, Scheffler, Klaus,
Schneider, Anja, Spottke, Annika, Spruth, Eike J., Wagner, Michael, Wiltfang, Jens,
Wolfsgruber, Steffen, Düzel, Emrah, Jessen, Frank, Dyrba, Martin, Zhou, Juan Helen,
2019. Multicenter Tract-Based Analysis of Microstructural Lesions within the
Alzheimer’s Disease Spectrum: Association with Amyloid Pathology and Diagnostic
Usefulness. JAD 72 (2), 455–465. https://doi.org/10.3233/JAD-190446.
Teipel, Stefan J., Metzger, Coraline D., Brosseron, Frederic, Buerger, Katharina,
Brueggen, Katharina, Catak, Cihan, Diesing, Dominik, Dobisch, Laura,
Fliebach, Klaus, Franke, Christiana, Heneka, Michael T., Kilimann, Ingo,
Kofler, Barbara, Menne, Felix, Peters, Oliver, Polcher, Alexandra, Priller, Josef,
Schneider, Anja, Spottke, Annika, Spruth, Eike J., Thelen, Manuela, Thyrian, René J.,
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