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Abstract

Background—The basal forebrain cholinergic system (BFCS) is known to undergo moderate
neurodegenerative changes during normal aging as well as severe atrophy in Alzheimer’s disease
(AD). However, there is a controversy on how the cholinergic lesion in AD relates to early and
incipient stages of the disease. In-vivo imaging studies on the structural integrity of the BFCS in
normal and pathological aging are still rare.

Methods—We applied automated morphometry techniques in combination with high-
dimensional image warping and a cytoarchitectonic map of BF cholinergic nuclei to a large cross-
sectional dataset of high-resolution MRI scans, covering the whole adult age-range (20-94 years;
N=211) as well as patients with very mild AD (vmAD; CDR=0.5; N=69) and clinically manifest
AD (AD; CDR=1; N=28). For comparison, we investigated hippocampus volume using automated
volumetry.

Results—Volume of the BFCS declined from early adulthood on and atrophy aggravated in
advanced age. VVolume reductions in vmAD were most pronounced in posterior parts of the
nucleus basalis Meynert, while in AD atrophy was more extensive and included the whole BFCS.
In clinically manifest AD, the diagnostic accuracy of BFCS volume reached the diagnostic
accuracy of hippocampus volume.

Conclusions—Our findings indicate that cholinergic degeneration in AD occurs against a
background of age-related atrophy and that exacerbated atrophy in AD can be detected at earliest
stages of cognitive impairment. Automated in-vivo morphometry of the BFCS may become a
useful tool to assess BF cholinergic degeneration in normal and pathological aging.
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Introduction

Alzheimer’s disease (AD) is characterized by severe neurofibrillary degeneration and cell
loss of the basal forebrain cholinergic system (BFCS), which is accompanied by loss of
cortical cholinergic innervation (1, 2, 3, 4). Several lines of evidence suggest that the
cholinergic lesion in AD is, at least partly, responsible for the specific cognitive impairments
in memory, attention and executive function (5, 6, 7).

However, it is still under debate how cholinergic impairment relates to early or incipient
stages of the disease (8). In mild stages of AD, post-mortem studies suggest no loss of
cortical choline acetyl transferase (ChAT) activity or reduced numbers of cholinergic
neurons in the nucleus basalis Meynert (NBM) (9, 10). In mild cognitive impairment (MCI),
a clinical at risk stage of AD (11), ChAT activity in the hippocampus and the frontal cortex
was even increased when compared to controls (12). On the other hand, NBM cholinergic
neurons are highly sensitive to age-related neurofibrillary degeneration and show early
cytoskeletal changes in the form of neurofibrillary tangles (13, 14, 15). Furthermore, number
and size of BF cholinergic neurons as well as activity of cortical cholinergic markers were
found to decrease along the human lifespan, suggesting that the cholinergic degeneration in
AD may occur against a background of considerable age-related atrophy (2, 3, 16, 17).

Neuroimaging-derived measures of BF structural integrity provide the potential to indirectly
assess BF cholinergic degeneration in the human brain in-vivo. A first approach to in-vivo
morphometry of the BF employed manual measurement of the thickness of the substantia
innominata (SI) on a coronal section at the level of the anterior commissure (18). Two recent
studies using similar manual volumetry protocols reported contradictory results in respect to
reduced volumes of the Sl in mild AD and MCI (19, 20). However, these manual volumetry
protocols are restricted to a small well-delineable part of the BFCS centered on the anterior
commissure. Thus, they provide a very rough estimate of atrophy of the BFCS, which
extends about 20 mm in anterior-posterior direction (21, 22, 23).

The recent development of stereotaxic cytoarchitectonic maps of BF cholinergic nuclei
based on combined MRI and histology of post-mortem brains (22, 23) opened the door for
automated in-vivo morphometry of the BFCS. Using high-dimensional deformation based
morphometry techniques in combination with these cytoarchitectonic maps, we could detect
reduced volumes of the cholinergic BF in AD as well as in two independent samples of MCI
patients (24, 25). Reduced volumes on a voxel-basis were less pronounced in MCI compared
to AD but mapped to similar locations of the cholinergic space, most notably posterior parts
of the NBM. Here we applied a highly automated voxel-based morphometry approach in
combination with high-dimensional image warping to a publicly available cross-sectional
dataset of 308 high-contrast MR images covering the whole adult lifespan as well as early
stages of AD (26). Effects of age-related grey matter (GM) degeneration on a voxel-basis
were mapped to the BFCS using a cytoarchitectonic map of BF cholinergic nuclei (22).
Furthermore, individual volumes of the BFCS were automatically extracted to estimate the
effect of age on volume. By contrasting samples of clinically manifest AD (CDR = 1) and
very mild/questionable AD (CDR = 0.5) with an age-matched sub-sample of the healthy
cohort we assessed the additional effect of AD pathology on BFCS atrophy at different
stages of disease severity. The diagnostic use of BFCS atrophy to discriminate different
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stages of AD from healthy aging was compared to the diagnostic accuracy of hippocampus
atrophy, to date the best established structural marker of AD (27).

Material and Methods

Subjects

Magnetic resonance imaging (MRI) scans were retrieved from the open-source OASIS-
database (26; http://www.oasis.org) and included 211 healthy individuals (20-94 years) as
well as 28 subjects with clinically manifest AD (CDR =1, MMSE = 21.7+3.8, 77.8+7.0;
AD) and 69 subjects with very mild/questionable AD (CDR = 0.5, MMSE = 25.6+3.5, age =
76.2+7.2; vmAD). Demographics and global neuropsychological profiles of the studied
samples are summarized in Table S1 in the Supplement. MMSE scores of both patient
groups differed significantly (p < 0.001) from the control group of healthy elderly, including
all healthy individuals aged 60 or older (MMSE = 29.0+1.2, age = 75.6+8.9), as well as
from each other (p < 0.001). Neither the vmAD group nor the AD group differed
significantly in age from the control group (p = 0.3 and p = 0.09, for vmAD and AD,
respectively). Detailed inclusion- and diagnostic criteria of the OASIS-database are
described in the OASIS documentation (26) and specific selection criteria for the studied
sample here are described in the Supplement. Briefly, all subjects participated in accordance
with guidelines of the Washington University Human Studies Committee. Approval for
public sharing of the data was also specifically obtained. Participants were clinically
screened and exclusion criteria included use of psychoactive drugs, serious head injury,
history of clinically meaningful stroke, active neurological or psychiatric illness as well as
primary causes of dementia other than AD. Older adults, aged 60 or older, underwent full
clinical assessment and dementia status was established and staged using the Clinical
Dementia Rating (CDR) scale (28, 29). Following the staging of AD based on CDR scores,
a global CDR of 0 indicates no dementia, and CDRs of 0.5, 1, 2, and 3 represent very mild,
mild, moderate, and severe dementia, respectively (30, 31). Based on a CDR score of 0.5
(questionable dementia), vmAD represents a mild level of cognitive impairment that does
not suffice for the diagnosis of clinically manifest AD (32). Although this classification
differs slightly from the Petersen-criteria for the diagnosis of MCI (11), autopsy studies
suggest that the diagnoses of vmAD and MCI represent similar levels of early AD pathology
(33, 34, 35).

MRI acquisition

All images of the OASIS-database were acquired on a 1.5-T Vision scanner (Siemens,
Erlangen, Germany) using a T1-weighted magnetization prepared rapid gradient-echo (MP-
RAGE) sequence with empirically optimized parameters for grey-white contrast. For each
subject, 3—-4 individual T1-weighted MP-RAGE images were acquired in a single imaging
session and averaged subsequently, resulting in high signal to noise ratios for the individual
scans. More detailed information on the acquisition procedure and scanning parameters can
be found in (26) and the Supplement.

MRI processing

Main processing steps and computational analyses employed in the present study are
summarized in Figure S1 in the Supplement. MRI data were processed by using statistical
parametric mapping (SPM8, Wellcome Trust Center for Neuroimaging) and the VBM8-
toolbox (http://dbm.neuro.uni-jena.de/vbm/) implemented in MatLab R2007a (MathWorks,
Natick, MA).

First, images were segmented into GM, white matter (WM) and cerebrospinal fluid (CSF)
partitions using the tissue prior free segmentation routine of the VBM8-toolbox. The
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resulting GM and WM partitions of each subject in native space were then high-
dimensionally registered to study population-specific templates using DARTEL (36). For
the study of age-effects on GM volume over the adult lifespan, tissue-partitions of all 211
healthy subjects were registered to their anatomic mean, resulting in a “lifespan-template”.
Structural brain characteristics change considerably in advanced age and AD and spatial
registration accuracy worsens with deviance from the template characteristics. Thus, for the
study of GM degeneration in AD compared to healthy elderly, tissue-partitions of equal
portions of the three diagnostic groups (healthy elderly, mAD and vmAD, 28 subjects each)
were registered together, resulting in the “elderly-AD-template”. Remaining subjects were
registered to this representative template of the group mean anatomy.

For both templates, representing the respective average anatomies in native space, an affine
transform to MNI standard space was calculated. These affine transforms were combined
with the individual flow-fields resulting from the DARTEL registrations and the combined
transforms were used to warp the GM segments to the respective reference anatomy in MNI
space. Voxel-values were modulated for volumetric changes introduced by the high-
dimensional normalization, such that the total amount of GM volume present before warping
was preserved. Finally, modulated warped GM segments were resliced to an isotropic voxel-
size of 1mm?3 and smoothed with a Gaussian smoothing kernel of 4mm full-width at half
maximum (FWHM).

Individual GM volumes of the BFCS as well as the hippocampus were extracted
automatically by summing up the modulated GM voxel values within the respective ROI
mask in the reference space (see below). For further analyses, the extracted BFCS and
hippocampus GM volumes were normalized by the total intracranial volume (T1V),
calculated as the sum of total volumes of the GM, WM and CSF partitions.

Definition of the BFCS and hippocampus regions-of-interest

The ROI masks for the hippocampus were obtained by separate manual delineation of the
hippocampus in the two different reference spaces using the interactive software package
Display (McConnell Brain Imaging Centre at the Montreal Neurological Institute) and a
previously described protocol for segmentation of the medial temporal lobe (MTL) (37). The
BFCS is composed of four groups of cholinergic cells. According to Mesulam’s
nomenclature, Chl refers to the cholinergic cells associated with the medial septal nucleus,
Ch2 and Ch3 to those belonging to the vertical and horizontal limb of the diagonal band of
Broca (DB), respectively, and Ch4 designates the cholinergic cells within the NBM (38).
The NBM is the largest nucleus of the BFCS and can be further subdivided into anterior
lateral (Ch4al) and medial (Ch4am), intermediate (Ch4i) and posterior regions (Ch4p). The
cholinergic nuclei lack clear anatomical borders that could be easily identified on MRI
scans, rendering manual delineation impractical. The BFCS-masks used in this study were
therefore based on a cytoarchitectonic map of BF cholinergic nuclei in MNI space, derived
from combined histology and MRI of a post-mortem brain (22). Please refer to the
Supplement for more detailed information on the cytoarchitectonic map and the generation
of study-specific masks for the hippocampus and BFCS.

Statistical analysis

For voxel-wise statistical analyses we employed the general linear model on a voxel-basis
within the SPM framework. Regression analyses and group-wise comparisons (t-tests) of
TIV-normalized BFCS and hippocampus GM volumes were performed using Statistics
Software Package for the Social Sciences (SPSS v15.0). Diagnostic performance of the
volumetric measures were assessed and statistically compared using area under the curve
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(AUC)-values of receiver operating characteristics (ROC) analyses implemented in
ROCKIT-software (Kurt Rossmann Laboratories; 39, 40).

The effects of age on BFCS GM degeneration were determined using multiple linear
regression of age on the preprocessed GM maps of the healthy individuals with gender and
TIV as confounding variables. The voxel-wise analysis was restricted to the BFCS-ROI.
Results were assessed at a statistical threshold of p < 0.01, corrected for multiple
comparisons using the false discovery rate (FDR), and a minimum cluster extension
threshold of 5 contiguous voxels was applied. A separate analysis was run using the same
model but controlling for total GM volume instead of TIV.

In addition we determined linear and quadratic regression models for the effect of age on
TIV-normalized segmented BFCS and hippocampus GM volumes for the whole group of
healthy subjects (20-94 years).

To examine the progressive character of region-specific neurodegeneration in the course of
AD we compared the AD and vmAD groups, respectively, with an age-matched subsample
of the healthy cohort. The contrast used a voxel-wise ANCOVA model with diagnosis as
variable of interest and age, gender and TIV as confounding variables. Analysis was
restricted to the BFCS-ROI and results were assessed at an FDR-corrected statistical
threshold of p < 0.01, with a minimum cluster extension threshold of 5 contiguous voxels. A
separate analysis was run using the same model but controlling for total GM volume instead
of TIV.

The power of individual BFCS and hippocampus GM volumes to discriminate between
healthy elderly and different stages of AD was assessed by calculating ROC-curves between
both groups of AD-severity (vmAD and AD) and the healthy elderly control group.
Potentially additive discriminative effects of the single structural markers were examined
using a composite marker, calculated as the arithmetic mean of TIV-normalized BFCS and
hippocampus GM volumes divided by their respective mask size.

Age-related GM loss within the BFCS

Results of the voxel-wise linear regression analysis between age and GM volume of the
BFCS are shown in Figure 1. Significant age-related reductions of bilateral GM volume
within the BFCS were detected throughout the whole ROI, including the vertical (Ch2) and
horizontal (Ch3) limb of the DB as well as anterior, intermediate and posterior parts of the
NBM (Ch4). Peak effects of age-related volume decline are listed in Table S2 in the
Supplement. They corresponded to anterior lateral (Ch4al), medial (Ch4am) and
intermediate (Chd4i) parts of the NBM as well as to the vertical limb of the DB (Ch2).
Results remained virtually unchanged when controlling for total GM instead of TIV (data
not shown).

Total TIV-normalized GM volumes of the BFCS for young to middle aged adults (20-59
years) were 405 mm3 and 383 mm3, for left and right BFCS, respectively. Average GM
volumes of left and right BFCS for subjects aged 60 or older were 368 mm?3 and 339 mm3,
respectively. BFCS volumes differed significantly between hemispheres in both age groups
(p < 0.001, for both young to middle aged and older subjects) as well as between age-groups
(p < 0.001, for both left and right hemisphere). In Figure 2 normalized GM volumes of left
and right BFCS and hippocampus are plotted against age. Qualitatively, the plot revealed a
moderate decline of BFCS GM volume from early adulthood to middle-age and increasing
decline at advanced age with an inflection point at a critical age of approximately 65-70
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years. The linear regression model yielded average rates of decline of 0.23%/year for the left
(R2=0.277, F = 80.2, p < 0.001) and 0.28%/year for the right BFCS (R? = 0.350, F = 112.3,
p < 0.001), the age-by-hemisphere interaction being non-significant (p = 0.26). Inclusion of
a quadratic term significantly improved the fit of the model (R? = 0.320, dF = 13.0, p <
0.001 and R2 = 0.395, dF = 15.6, p < 0.001, for left and right BFCS, respectively). The plots
of hippocampus GM volumes against age revealed stable (or even increasing) volumes from
early adulthood to middle age followed by a decline of volume at advanced age. Hence, the
fit of a linear regression model was significantly inferior (RZ = 0.016, F = 3.4, p = 0.07 and
R2=0.011, F = 2.4, p = 0.12, for left and right hippocampus, respectively) to the fit of a
model including a quadratic term (R2 = 0.190, dF = 44.7, p < 0.001 and R2 = 0.173, dF =
40.6, p < 0.001).

Atrophy of the BFCS at early stages of AD

In the vmAD group, voxel-wise effects of reduced GM volumes, corresponded to bilateral
posterior (Ch4p), anterior lateral (CH4al) and intermediate parts (Ch4i) of the NBM (Figure
3 and Table S3 in the Supplement). In the right hemisphere, there were additional effects
corresponding to the anterior medial NBM (Ch4am) and the horizontal limb of the DB
(Ch3). Voxel-wise effects of reduced GM volumes in the AD group were more extensive
than in the vmAD group and were detected throughout the whole BFCS-ROI, including the
vertical (Ch2) and horizontal limb (Ch3) of the DB as well as the whole extent of the NBM
(Ch4) (Figure 4 and Table S4 in the Supplement). In both groups, peak-effects of reduced
volumes of the BFCS were most pronounced in posterior parts of the NBM (Ch4p). When
controlling for total GM volume instead of TIV, effects in the AD group remained
significant for the whole BFCS-ROI with the exception of most anterior medial regions,
mainly corresponding to the vertical limb of the DB (Ch2). In the vmAD group, effects of
reduced volume only remained significant in posterior parts of the NBM (Tables S5 and S6
in the Supplement).

Diagnostic power of BFCS- and hippocampus atrophy at different stages of dementia

severity

Total TIV-normalized GM volumes of the BFCS and the hippocampus were significantly
different between both AD groups (AD and vmAD) and the age- and gender-matched
control group (Table 1). Compared to healthy elderly, bilateral BFCS and hippocampus GM
volumes of the vmAD group showed an average volume reduction of 6.8% (p < 0.001) and
10.3% (p < 0.001), respectively. In the AD group, average BFCS and hippocampus GM
volumes were reduced by 14.5% (p < 0.001) and 14.2% (p < 0.001), respectively, relative to
the healthy control group.

For the distinction between vmAD and healthy elderly controls, diagnostic power of
bilateral BFCS GM volume with an AUC of 0.69 was significantly inferior to the diagnostic
power of hippocampus GM volume with an AUC of 0.78 (p = 0.01 for difference between
the AUCs). However, in the AD group the diagnostic accuracy of BFCS GM volume
reached the same diagnostic accuracy as hippocampus GM volume with an AUC of 0.81 for
both measures (p > 0.5 for the difference in AUCs between markers). While diagnostic
performance of hippocampus GM volume did not differ significantly between the two
patient groups (p = 0.3), the increase in diagnostic accuracy of BFCS GM volume for the
detection of AD compared to the detection of vmAD was statistically significant (p = 0.02).
The composite marker of combined BFCS and hippocampus volumes significantly increased
the diagnostic accuracy for discrimination between AD and healthy controls (AUC = 0.87; p
=0.04 and p = 0.01, compared to diagnostic power of hippocampus and BFCS GM volume,
respectively) but not for the separation of vmAD and healthy controls (AUC = 0.76).
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Discussion

Here we demonstrate age-related decline of BFCS GM volume that begins in early
adulthood and aggravates in advanced age. The effects of age on BFCS GM volume were
preserved, even when effects of age on overall cerebral GM volume were taken into
account. Although there is only little evidence from structural in-vivo neuroimaging studies
so far (18), age-related decreases of BF cholinergic neuron number and size starting early in
adult life have been reported by a range of post-mortem studies in animal-models (5, 6) and
human brain specimens (2, 16, 17). Interestingly, the reported 20-30% reduction of
cholinergic cells in the 9" decade compared to newborns fits well with our findings of
estimated annual atrophy rates between 0.23% and 0.28%. However, there is now ample
evidence that age-related cholinergic dysfunction is mediated mainly by decreased cellular
function and brain choline uptake and associated neuronal shrinkage, axonal degeneration
and synaptic loss, rather than definite cell loss [41, 42]. It has been hypothesized that when
the increasing functional and structural alterations of the BFCS exceed a certain threshold,
they mediate, or contribute to, the cognitive deficits in memory and attention/executive
function associated with advanced age (17, 43, 44, 45).

We further replicate and extend our previous findings of reduced volumes of the BFCS at
earliest stages of AD compared to age-matched controls, predominantly affecting posterior
to intermediate parts of the NBM (24, 25). At the cognitively more impaired stage of
clinically manifest AD, effects of reduced volume were found to be much more extended
into rostral regions and included virtually all parts of the BFCS. Although there is increasing
agreement on the course of cortical atrophy in AD (46, 47), the involvement of the BFCS
across age and disease stages has been little explored and current in-vivo findings on the
structural integrity of the BFCS at early stages of AD are contradictory (19, 20, 24, 25). The
existing post-mortem data indicate that although definite cell loss may be less prominent,
considerable functional and structural disturbances of the BFCS, including impaired trophic
support and protein synthesis, tauopathy and cytoskeletal abnormalities, occur early in the
course of AD (13, 14, 15, 48, 49). This is also supported by recent imaging studies that
found cortical cholinergic markers other than ChAT-activity, including acetylcholine
esterase activity and vesicular acetylcholine transporter binding, to be substantially reduced
at early stages of AD (50, 51, 52). Based on post-mortem findings of most severe atrophy
over posterior parts of the NBM, it has been hypothesized that the specific vulnerability of
the BFCS to AD pathology may be due to its anatomical position and structural connections
with early and severely affected structures of the MTL, including entorhinal cortex,
amygdala and hippocampus (8). Our findings of the voxel-wise analyses lend further support
to the hypothesis of spreading atrophy from the MTL over posterior to anterior parts of the
BFCS. Moreover, this progression of atrophy seems to occur early in the disease progress, at
the transition from very mild to clinically manifest AD.

The diagnostic power of BFCS volume was significantly inferior to the diagnostic power of
hippocampus volume in the vmAD group compared to healthy controls. However, the
increased atrophy of the BFCS in the AD group rendered BFCS GM volume a useful
diagnostic marker for the first CDR-stage of clinically manifest AD, yielding equal
diagnostic accuracies as hippocampus GM volume. Moreover, the increased diagnostic
accuracy of a composite marker of combined BFCS and hippocampus GM volume in the
AD group suggests that BFCS volumetry may be of additional value for imaging marker-
based diagnosis of AD. There are no reference data for in-vivo measures of BFCS volume,
but hippocampus volume reductions and their diagnostic potentials found in the present
study match well with previous results from automated as well as manual volumetry studies
on early AD and MCI (55, 56, 57).
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The cross-sectional design of the present study to estimate the course of age-related
neurodegeneration along the whole adult lifespan is prone to potential secular changes in
brain size and structural integrity. Furthermore, there are no longitudinal follow-up data
available, and thus the degree of undetected AD pathology in the healthy elderly cohort is
unknown. Also, differences in atrophy rates of the BFCS and hippocampus between healthy
elderly and early stages of AD may be more appropriate measures than baseline volumes to
discriminate between diagnostic groups (58). Longitudinal imaging designs are needed to
substantiate the dynamics of BFCS atrophy in elderly subjects.

By drawing inference from in-vivo MR images instead of post mortem brain specimens, the
present study faces some technical limitations. Firstly, on the basis of the measured MR
signal it cannot be decided whether the detected volume reductions reflect neuronal
shrinkage or definite cell loss. Furthermore, the BF cholinergic space is not directly visible
in MR scans, and therefore the definition of the BFCS-ROI in this study has to rely on an
indirect localization of the cholinergic space by a cytoarchitectonic map derived from a
single-subject normalized to MNI space (22). Probabilistic cytoarchitectonic maps of
cholinergic nuclei that incorporate information about inter-individual variance have been
developed recently (23) and successfully applied to the study of BFCS volume reductions in
MCI (25). Unfortunately, these probabilistic maps of the BFCS are not publicly available
yet, which is why we decided to use our single-subject map in the present study. However,
the reported data for the probabilistic maps (e.g. center-of-gravity coordinates of the
different cholinergic nuclei) show very good overlap with our single-subject map and
differences between the two maps were judged to be of minor importance compared to the
resolution of MRI-based in-vivo morphometry.

In summary, by using up-to-date automated morphometry techniques in combination with a
cytoarchitectonic map of the BFCS we demonstrated a moderate structural decline of the
BFCS along the adult lifespan that worsens in advanced age. Early stages of AD led to a
further decrement of BFCS volume beyond the age effect alone. Our cross-sectional data
suggest that exacerbated volume reductions of the BFCS in AD start in posterior parts of the
NBM at earliest stages of cognitive impairment and spread to include more rostral regions in
patients with clinically manifest AD. The marked reduction of BFCS volume in clinically
manifest AD demonstrated to be of additional diagnostic value over and above volumetry of
the hippocampus. The BFCS is an important target site for AD drug development and a
promising treatment approach to date aims at restoring the disrupted trophic support in the
BFCS by nerve growth factor gene delivery (59, 60). Beyond its use as structural marker for
imaging-based diagnosis of AD, automated in-vivo measurement of BFCS structural
integrity may also be an import tool to monitor the effects of drugs that target the BFCS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Agerelated atrophy of the basal forebrain cholinergic system (BFCS)

Upper row: Overview of the basal forebrain cholinergic system region of interest (BFCS-
ROI) (purple) projected onto coronal slices of the lifespan template in MNI space (MNI-
coordinates y = 9 to y = =7 in intervals of 2mm). Lower rows: Results of the voxel-wise
analysis restricted to the BFCS-ROI projected onto the same coronal slices and magnified to
better represent the basal forebrain (running fromy = 9 in upper left cornertoy = -7 in
lower right corner). Results of the voxel-wise analysis restricted to the BFCS-ROI are
corrected for total intracranial volume and gender and are thresholded at p<0.01, FDR-
corrected. A minimum cluster extension threshold of 5 contiguous voxels was applied.
Statistical significance (in terms of T-values, 209 degrees of freedom) is coded by a color-
scale from black-blue to red. Negative age-effects on grey matter volume are seen
throughout the whole BFCS-ROI, being statistically most robust in anterior (lateral and
medial) and intermediate parts of the nucleus basalis meynert (Ch4al, Ch4am, Ch4i).
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Figure 2. Plots of individual basal forebrain cholinergic system and hippocampus grey matter

volumes against age

Individual left and right hemispheric hippocampus and basal forebrain cholinergic system
(BFCS) grey matter (GM) volumes of the healthy cohort are plotted against age (circles).
Linear and quadratic trends are shown by continuous and interrupted lines, respectively. The
plots indicate stable (or even increasing) hippocampus GM volumes until middle-age and
subsequent non-linear decline at advanced age. On the other hand, decline of BFCS GM
volumes can be seen from early adulthood on and aggravates at advanced age.
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Figure 3. Atrophy of the basal forebrain cholinergic system (BFCS) in vmAD compared to
healthy elderly controls

Upper row: Overview of the basal forebrain cholinergic system region of interest (BFCS-
ROI) (purple) projected onto coronal slices of the elderly-AD template in MNI space (MNI-
coordinates y = 9 to y = =7 in intervals of 2mm). Lower rows: Results of the voxel-wise
analysis restricted to the BFCS-ROI projected onto the same coronal slices and magnified to
better represent the basal forebrain (running fromy = 9 in upper left cornertoy = =7 in
lower right corner). Results of the voxel-wise analysis restricted to the BFCS-ROI are
corrected for total intracranial volume, age and gender and thresholded at p<0.01, FDR-
corrected. A minimum cluster extension threshold of 5 contiguous voxels was applied.
Statistical significance (in terms of T-values, 189 degrees of freedom) is coded by a color-
scale from black-blue to red. Voxel-wise effects of reduced grey matter volume in vmAD
compared to age-matched controls are restricted to the nucleus basalis Meynert (NBM).
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Findings are statistically most robust in posterior parts of the NBM but extend also into
intermediate and anterior medial regions.
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Figure 4. Atrophy of the basal forebrain cholinergic system in AD compared to healthy elderly
controls

Upper row: Overview of the basal forebrain cholinergic system region of interest (BFCS-
ROI) (purple) projected onto coronal slices of the elderly-AD template in MNI space (MNI-
coordinates y = 9 to y = =7 in intervals of 2mm). Lower rows: Results of the voxel-wise
analysis restricted to the BFCS-ROI projected onto the same coronal slices and magnified to
better represent the basal forebrain (running fromy = 9 in upper left cornertoy = =7 in
lower right corner). Results of the voxel-wise analysis restricted to the BFCS-ROI are
corrected for total intracranial volume, age and gender and thresholded at p<0.01, FDR-
corrected. A minimum cluster extension threshold of 5 contiguous voxels was applied.
Statistical significance (in terms of T-values, 189 degrees of freedom) is coded by a color-
scale from black-blue to red. Voxel-wise effects of reduced grey matter volumes in AD
compared to age-matched controls are more widespread than in the vmAD group and are
seen throughout the whole BFCS-ROI, including the rostral nuclei of the diagonal band of
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Broca (Ch2, Ch3) and the whole extend of the nucleus basalis (NBM, Ch4). Similar to the
vmAD group, effects are statistically most robust over posterior parts of the NBM.
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