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a b s t r a c t

Dysfunction of the cholinergic basal forebrain (BF) system and amyloid-β (Aβ) deposition are early patho-
logical features in Alzheimer’s disease (AD). However, their association in early AD is not well-established. 
This study investigated the nature and magnitude of volume loss in the BF, over an extended period, in 516 
older adults who completed Aβ-PET and serial magnetic resonance imaging scans. Individuals were grouped 
at baseline according to the presence of cognitive impairment (CU, CI) and Aβ status (Aβ−, Aβ+). Longitudinal 
volumetric changes in the BF and hippocampus were assessed across groups. The results indicated that high 
Aβ levels correlated with faster volume loss in the BF and hippocampus, and the effect of Aβ varied within BF 
subregions. Compared to CU Aβ+ individuals, Aβ-related loss among CI Aβ+ adults was much greater in the 
predominantly cholinergic subregion of Ch4p, whereas no difference was observed for the Ch1/Ch2 region. 
The findings support early and substantial vulnerability of the BF and further reveal distinctive degeneration 
of BF subregions during early AD.
© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC license 

(http://creativecommons.org/licenses/by-nc/4.0/).
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1. Introduction 

In humans, the cholinergic basal forebrain (BF) system provides 
the major cholinergic innervation to cerebral cortex, thereby directly 
influencing aspects of cognition such as memory, attention, and 
executive function (Ballinger et al., 2016; Prado et al., 2017). Alz-
heimer’s disease (AD) is a neurodegenerative disease characterized 
by abnormal accumulation of amyloid-β (Aβ) and hyperpho-
sphorylated tau, leading to neuronal loss, memory and cognitive 
impairment, and ultimately dementia. Biomarkers of Aβ and tau 
levels now allow detection of AD many years before the onset of 
dementia, providing an important window for understanding dis-
ease etiology (Villemagne et al., 2013). Initial models of AD patho-
physiology, and consequent pharmacotherapies, focused on the 
observed disruption to cholinergic neurotransmission due to the 
neuronal degeneration (Francis et al., 1999). Recent studies suggest 
complex interactions between cholinergic degeneration and AD 
pathology, where Aβ itself is toxic to cholinergic neurons in the BF 
and loss of cholinergic neurons may also accelerate accumulation of 
Aβ and tau (Hampel et al., 2018; Ramos-Rodriguez et al., 2013; 
Schliebs, 2005). Hence, Aβ-related neuronal death could be biased 
toward cholinergic neurons in the BF, which then reduces their 
regulation of attentional and memory networks that center on the 
hippocampus and cortex (Mesulam, 1998). 

Although the cholinergic BF neurotransmission system can be 
assessed directly using in vivo positron emission tomography (PET) 
imaging (Bohnen et al., 2018; Xia et al., 2022), volumetric magnetic 
resonance imaging (MRI) assessments of the BF are also validated as 
a surrogate marker of cholinergic degeneration (Kilimann et al., 
2014; Teipel et al., 2005). Many cross-sectional studies show that, 
compared to age-matched adults without AD, BF volumes (BFVs) are 
reduced substantially across the preclinical and clinical AD stages 
(Grothe et al., 2012; Scheef et al., 2019). Reduced BFVs are also as-
sociated with a positive response to therapy with acet-
ylcholinesterase inhibitors (Müller et al., 2021). In both preclinical 
and clinical stages of AD, higher Aβ levels are associated moderately 
with lower BFV (Grothe et al., 2014; Kerbler et al., 2015; Teipel et al., 
2014). Furthermore, there is growing evidence for a specific vul-
nerability of cholinergic BF cell groups to AD pathologies (Brauer 
et al., 1991; Geula et al., 2021) with the Aβ-related atrophy in the BF 
more pronounced in the posterior subdivision of the nucleus basalis 
of Meynert (Ch4p) at the preclinical and prodromal stages (Cantero 
et al., 2017, 2020; Grothe et al., 2012). The neuronal loss then pro-
ceeds anteriorly to include all BF nuclei when symptomatic de-
mentia becomes overt (Grothe et al., 2012). 

Although data from cross-sectional comparisons can be in-
formative regarding the presence of disease, longitudinal studies 
allow a more thorough understanding of the nature and magnitude 
of volume loss in the BF as AD develops. However, as biological 
changes that characterize predementia AD can occur over decades, 
extended study periods are necessary to understand the nature and 
timing of any Aβ-related volume loss in the BF. Although several 
longitudinal studies have shown changes in BFV in aging and AD, 
these were restricted to a specific stage of the disease (i.e., pre-
clinical or prodromal AD) and conducted over short time frames (i.e., 
2 or 3 years) (Cavedo et al., 2020; Grothe et al., 2013; Schmitz et al., 
2016, 2018). Therefore, although these studies provide a basis for 
modeling the interaction between Aβ and BF degeneration, further 
studies conducted over a longer time period, including samples with 
varying degrees of clinical disease severity, are necessary to fully 
understand cholinergic BF degeneration over the course of the 
disease. 

The aim of this study was to investigate the nature and magni-
tude of volume loss in the BF and hippocampus over periods up to 14 
years across the AD spectrum, including normal aging, preclinical, 

and symptomatic AD. The present study utilized a large sample of 
older individuals with well-characterized clinical disease status and 
AD biomarker levels to examine the longitudinal patterns of volu-
metric change in the BF and hippocampus and to distinguish dif-
ferences in volume loss trajectories between BF subregions across 
different stages of AD. 

2. Material and methods 

2.1. Participants 

Five hundred sixteen participants aged over 60 years were se-
lected from the Australian Imaging, Biomarker and Lifestyle (AIBL) 
study of ageing. Information regarding the study protocol, exclusion 
criteria, recruitment, and diagnostic criteria has been described 
elsewhere (Ellis et al., 2009; Fowler et al., 2021). Briefly, participants 
underwent comprehensive imaging, biomarker, and clinical assess-
ment at 18-month intervals. Ethics approval for the AIBL study was 
obtained from the institutional ethics committees of Austin Health, 
St Vincent’s Health, Hollywood Private Hospital, and Edith Cowan 
University. Written informed consent was obtained from all parti-
cipants before participation and at each visit. 

Participants were selected for this study on the basis that they 
had undergone Aβ-PET imaging, MRI assessment, and cognitive as-
sessment on the same time visit (referred to as the baseline visit), 
followed by repeated MRI assessments on at least 1 follow-up visit. 
Of these 516 participants at baseline, 40 participants met National 
Institute of Neurological and Communicative Disorders and Stroke/ 
Alzheimer’s Disease and Related Disorders Association criteria 
(McKhann et al., 1984) for AD diagnosis, 62 had mild cognitive im-
pairment (Petersen et al., 1999), and 414 were individuals without 
cognitive impairment. The carriage of the apolipoprotein E (APOE) ε4 
allele was determined for all participants as previously described 
(Fowler et al., 2021). 

At the baseline assessment, the clinical dementia rating (CDR) 
and mini-mental state examination scores were collected. The CDR 
score evaluates 6 domains of function (memory, orientation, pro-
blem-solving, home and hobbies, community affairs, and self-care) 
and provides a staging system to assess participants’ comprehensive 
cognitive levels, which indicates whether dementia is absent (CDR = 
0), questionable (CDR = 0.5), mild (CDR = 1), moderate (CDR = 2), or 
severe (CDR = 3) (Morris, 1993). In this study, participants with 
moderate-to-severe dementia severity (CDR > 1) at baseline were 
excluded. The clinical dementia severity stage of each participant 
was determined from CDR scores at baseline, where participants 
with CDR scores of 0.5 or 1 were classified as cognitively impaired 
(CI) and those with CDR = 0 were CU. 

2.2. Brain imaging 

Aβ PET imaging at baseline has been performed using 4 different 
radiotracers: 11C-Pittsburgh compound-B (PiB, 53.3%), 18F-fluteme-
tamol (28.1%), 18F-florbetapir (14.5%), and 18F-NAV4694 (4.1%). The 
PET imaging methods for different tracers have been previously 
described (Clark et al., 2011; Rowe et al., 2010; Vandenberghe 
et al., 2010). 

MRI scans were acquired at 3 Australian scanning centers, 2 in 
Melbourne using Siemens 3T Trio (50.1% of scans), Siemens 3T Skyra 
(14.2%), and Siemens 3T Prisma Fit (2.9%) scanners, and 1 in Perth 
using Siemens 3T Verio (18.8%) and Siemens 1.5 T Avanto (14.0%) 
scanners. A 3D T1-weighted magnetization-prepared rapid gradient- 
echo sequence was acquired, which mainly (88.8%) used parameters: 
repetition time = 2300 ms, echo time = 2.98 or 3.05 ms, flip 
angle = 9°, voxel size 1.2 × 1 × 1 mm3 or 1 × 1 × 1 mm3. 
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2.3. Imaging data processing 

2.3.1. Aβ PET assessment 
Aβ burden was quantified automatically from PET scans using 

CapAIBL (Bourgeat et al., 2015) and estimated in terms of Cen-
tiloid values with nonnegative matrix factorization-based quantifi-
cation (Bourgeat et al., 2021). Abnormal levels of Aβ burden (Aβ+) 
were determined with a threshold of 20 Centiloid, which has been 
validated using autopsy data (Doré et al., 2019). 

2.3.2. Longitudinal structural MRI processing 
The overview of the longitudinal MRI segmentation workflow is 

detailed in Supplementary Fig. 1. First, a longitudinal segmentation 
pipeline in the computational anatomy toolbox was used to process 
the longitudinal structural MRI, with the aging workflow applied to 
account for inevitable age-related changes over time (Gaser et al., 
2022). In brief, for each participant, MRI scans from all visits were 
rigidly aligned, and an average (midpoint) image was calculated and 
segmented into gray matter (GM), white matter, and cerebrospinal 
fluid. A subject-specific tissue probability map was then created 
based on the segmentation of the average image, which was used to 
segment each time-point-specific MRI. Both the total intracranial 
volumes and hippocampal volumes (HV) were calculated from the 
final brain segmentations of MRI for all visits, with the bilateral 
hippocampal regions identified using the Neuromorphometrics atlas 
(https://www.neuromorphometrics.com). 

To identify the BF region, the average (midpoint) GM and white 
matter segmentations were first registered to a pregenerated po-
pulation template using the DARTEL toolbox (Ashburner, 2007). The 
resulting deformation map was then used to warp all time-point- 
specific GM segmentations into the template space. The warped GM 
segmentations were further modulated and smoothed with a 4 mm 
Gaussian kernel. The population template used in this study was 
created from a subset of 291 CU participants from the AIBL study, 
who were identified as having CDR = 0, mini-mental state ex-
amination ≥ 29, and stable Aβ− status. For any participant with 
longitudinal MRI available, the average (midpoint) segmentations 
were used in the template creation. The BF region of interest (ROI) 
was identified in the template space using a stereotactic mask of the 
bilateral BF, as illustrated in Supplementary Fig. 1, which was created 
based on a combination of postmortem MRI and histology from an 
autopsy brain (Kilimann et al., 2014). This BF mask was divided into 
6 subregions, including the medial septal nucleus and vertical limb 
of the diagonal band of Broca (Ch1/Ch2), the nucleus of horizontal 
limb of the diagonal band of Broca (Ch3), Ch4p, anterior and inter-
mediate parts of the nucleus basalis of Meynert (Ch4a_i), nucleus 
subputaminalis, and the juxta-commisural cell cluster. The total BFV 
was calculated as the sum of voxel intensities from the smoothed 
GM images within these subregions. Considering the small size and 
colocation of the BF cholinergic system, volumetric measures of all 6 
BF subregions may show similar changes over time, which increases 
the risk of type I error. In this study, we focused only on 2 BF sub-
regions, Ch1/Ch2 and Ch4p, which have been suggested to exhibit 
different vulnerabilities to AD pathology (Scheef et al., 2019; Schmitz 
et al., 2018). 

2.4. Statistical analysis 

Participants were grouped at their baseline clinical assessment 
according to the presence of cognitive impairment (CU or CI) and Aβ 
status (Aβ−, Aβ+), which provided 4 groups: CU Aβ−, CU Aβ+, CI Aβ−, 
and CI Aβ+. Group-wise differences were assessed with 1-way 

analysis of variance tests for continuous data and χ2 testing for ca-
tegorized data. 

For all volumetric measures, the effects of the multiscanner were 
first harmonized using the longitudinal ComBat method (Beer et al., 
2020), accounting for fixed effects of age at baseline, sex, clinical 
diagnosis, time, and their interaction diagnosis × time. The harmo-
nized volumes were then adjusted for total intracranial volume 
using the regression coefficients estimated from the CU Aβ− 
group and further transformed into standardized scores using the 
mean and standard deviation (SD) of the baseline measures in the 
CU Aβ− group. This allowed for direct comparison of the magnitude 
of change over time across different ROIs. The distribution of volu-
metric measures for different ROIs in the CU Aβ− group did not de-
viate from symmetry, as their skewness values were all between 
−0.5 and 0.5. 

2.4.1. Cross-sectional analysis 
Baseline measures for HV, BFV, and then for Ch4p and Ch1/Ch2 

were compared across groups using analysis of covariance with 
post-hoc pairwise comparisons. Age, sex, and education were in-
cluded as covariates. Multiple pairwise comparisons were corrected 
using the Benjamin-Hochberg false discovery rate method. p  <  0.05 
was considered statistically significant. The effect size of an in-
dependent variable in the analysis of covariance model was mea-
sured using the partial eta-squared (η2), where an effect size of 0.01 
is small, 0.06 is medium, and 0.14 is large (Cohen, 1973). 

2.4.2. Longitudinal analysis 
Longitudinal analyses were conducted to compare the trajec-

tories of change in BFV and HV between groups, in which standar-
dized scores for BFV, HV, and BF subregional volumes across all 
repeated visits were submitted as dependent variables to a series of 
group (CU Aβ−, CU Aβ+, CI Aβ+, CI Aβ−) linear mixed-effects models 
(LMM). In each LMM, time from the baseline (in years), group, and 
their interaction group × time were entered as fixed factors. 
Participant and time from the baseline were included as random 
factors. Age at baseline, sex, education, and APOE ε4 carriage were 
entered as covariates. The test of the main hypothesis that the rates 
of volume loss would be different between groups was determined 
by the presence of a significant group-by-time interaction term. 
Where this occurred, a series of planned interaction contrasts con-
structed within the LMM were applied to compare the trajectory of 
volume loss in the CU Aβ− group to that in the CU Aβ+, CI Aβ+, and CI 
Aβ− groups, while continuing to control for covariates. The magni-
tude of group-wise differences in rates of volume loss was assessed 
using Cohen’s d. 

Additionally, the post-hoc analysis was conducted to determine 
the effect of Aβ burden at baseline on rates of volume loss in the 
entire and subregional BF and hippocampus among CU and CI older 
individuals. For a better interpretation of volumetric changes over 
time across different regions, annual percentage change (in %/y) was 
calculated based on the rates of decline estimated from LMM divided 
by the baseline volumetric measures. 

3. Results 

3.1. Clinical and demographic characteristics 

Participants in the AIBL study (N = 516) were monitored over an 
average of 5.0 (SD = 3.1) years with 314 (60.9%) completing MRI on at 
least 3 visits (6.6  ±  2.8 years) and the remainder completing MRI on 
2 visits (2.6  ±  1.7 years). Based on the baseline clinical dementia 
severity and Aβ status, 288 (55.8%) participants were classified as CU 
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Aβ−, 101 (19.6%) as CU Aβ+, 86 (16.7%) as CI Aβ+, and 41 (7.9%) as CI 
Aβ−. The distribution of participants that completed MRI on 2, 3, or 
more visits across the 4 clinical groups is provided in Supplementary 
Table 1. The demographic and clinical characteristics at baseline 
across groups are summarized in Table 1. Compared to the CU 
Aβ+ and CI Aβ+ groups, individuals in the CU Aβ− group were younger 
with longer follow-up periods. Carriage of the APOE ε4 allele was 
greatest in the CI Aβ+ group (68.6%) and lowest in the CI Aβ− 
group (17.1%). 

3.2. BF and hippocampal volumes at first visit 

At baseline, significant group effects were identified for the total 
BFV and HV as well as BF subregional volumes (Fig. 1). Pairwise 
group comparisons showed smaller BFV and HV for the CI Aβ+ group 
compared with other 3 groups, with medium-to-large effect sizes. 
No significant difference between the CU Aβ− and CU Aβ+ groups was 
observed for BFV or HV. Compared to the CU Aβ− group, the CI Aβ− 
group had a smaller HV with a small effect size (η2 = 0.01), whereas 
no differences were noted for BFV. 

For the BF subregions, the CI Aβ+ group showed smaller Ch4p 
volumes compared with CU groups, with large effect sizes (η2 = 0.31 
and 0.25), while these group differences in Ch1/Ch2 volumes were 
much smaller (η2 = 0.04 and 0.05). Significant differences in Ch4p 
volumes were also observed between the CU Aβ− and CU Aβ+ groups 
(η2 = 0.01) as well as between the CI Aβ− and CI Aβ+ groups (η2 

= 0.15), whereas no differences were noted for Ch1/Ch2 volumes. 

3.3. Trajectory of change in BF and hippocampal volumes 

For the total BFV, the group × time interaction from LMM was 
significant (F = 28.71, p  <  0.001). The CU Aβ− group showed a rate of 
BFV loss of −0.066  ±  0.010 SD per year (∼−0.50%/y), while the CU 
Aβ+ and CI Aβ+ groups exhibited a greater average rate of −1.75 and 
−2.12%/y (Supplementary Table 2). The interaction contrasts be-
tween groups in Table 2 indicated that, compared to the CU Aβ− 
group, the magnitude of BFV loss was significantly greater in the CU 
Aβ+ (Cohen’s d = 1.20), CI Aβ+ (Cohen’s d = 1.53), and CI Aβ− (Cohen’s 
d = 0.51, p = 0.009) groups. Comparing the CU Aβ+ and CI Aβ+ groups 
revealed no significant difference in the rate of the total BFV loss 
(Cohen’s d = 0.18, p = 0.266). The trajectories of BFV loss in different 
groups are illustrated in Fig. 2A. 

For HV, the group × time interaction from LMM was significant (F 
= 73.40, p  <  0.001). The CU Aβ− group showed a rate of HV loss of 

−0.091  ±  0.007 SD per year (∼−0.74%/y), while the CU Aβ+ and CI 
Aβ+ groups exhibited a greater average rate of −1.97 and −3.27%/y. 
The interaction contrasts between groups indicated that, compared 
to the CU Aβ− group, the magnitude of HV loss was significantly 
greater in the CU Aβ+ and CI Aβ+ groups (Cohen’s d = 1.02 and 1.85), 
but not in the CI Aβ− group (Cohen’s d = 0.21, p = 0.398). The CI 
Aβ+ group showed a greater rate of HV loss (Cohen’s d = 0.61) 
compared to the CU Aβ+ group. The trajectories of HV loss in dif-
ferent groups are illustrated in Fig. 2B. 

For Ch4p, the group × time interaction from LMM was significant 
(F = 39.60, p  <  0.001). The CU Aβ− group showed a rate of Ch4p 
volume loss of −0.078  ±  0.006 SD per year (∼−0.72%/y), while the CU 
Aβ+ and CI Aβ+ group exhibited a greater average rate of −1.54 and 
−2.74%/y. The interaction contrasts between groups indicated that, 
compared to the CU Aβ− group, the magnitude of Ch4p volume loss 
was significantly greater in the CU Aβ+ and CI Aβ+ (Cohen’s d = 0.90 
and 1.89) groups, but not in the CI Aβ− group (Cohen’s d = 0.15, 
p = 0.423). The CI Aβ+ group showed a greater rate of Ch4p volume 
loss (Cohen’s d = 0.92) compared to the CU Aβ+ group. The trajec-
tories of Ch4p volume loss in different groups are illustrated in  
Fig. 3A. 

For Ch1/Ch2, the group × time interaction from LMM was sig-
nificant (F = 31.89, p  <  0.001). The CU Aβ− group showed a rate of 
Ch1/Ch2 volume loss of −0.033  ±  0.006 SD per year (∼−0.31%/y), 
while the CU Aβ+ and CI Aβ+ groups exhibited a greater average rate 
of −1.32 and −1.47%/y. The interaction contrasts between groups 
indicated that, compared to the CU Aβ− group, the magnitude of Ch1/ 
Ch2 volume loss was significantly greater in the CU Aβ+, CI Aβ+, and 
CI Aβ− groups (all Cohen’s d > 0.8, Table 2). Comparing the CU 
Aβ+ and CI Aβ+ groups revealed no significant difference in the rate 
of Ch1/Ch2 volume loss (Cohen’s d = 0.12). The trajectories of Ch1/ 
Ch2 volume loss in different groups are shown in Fig. 3B. 

Fig. 4 compares the effect sizes of AD-related group contrasts be-
tween the BF and hippocampus as well as within the BF subregions. All 4 
ROIs yielded comparable effect sizes in the comparisons with the CU Aβ− 
group, with large effect sizes between CU Aβ− and CU Aβ+ groups and 
much greater effect sizes (all Cohen’s d > 1.5) between CU Aβ− and CI 
Aβ+ groups. Comparing between the CU Aβ+ and CI Aβ+ groups yielded 
the largest effect size of differences in the rate of volume loss in the Ch4p 
region, while no significant differences with a small effect size were 
noted in the Ch1/Ch2 region. 

Moreover, Fig. 5 shows negative associations between Aβ levels at 
baseline and the rates of volume loss for the entire BF and hippo-
campus as well as for the BF subregions. Among CU individuals, 

Table 1 
Baseline cohort characteristics         

CU Aβ− CU Aβ+ CI Aβ+ CI Aβ− pa  

Number of participants 288 101 86 41 - 
Baseline age (years) 71.6  ±  5.7 75.1  ±  6.3 74.6  ±  6.3 74.3  ±  6.6  < 0.001 
Follow-up (years) 5.7  ±  3.1 4.6  ±  3.0 3.3  ±  2.1 5.0  ±  3.3  < 0.001 
Sex (F, %) 171 (59.4%) 51 (50.5%) 44 (51.2%) 12 (29.3%) 0.003 
Education (≥12 y, %) 160 (55.6%) 59 (58.4%) 40 (46.5%) 20 (48.8%) 0.325 
Body mass index 26.6  ±  4.1 25.9  ±  3.7 25.4  ±  4.5 26.1  ±  4.1 0.099 
Hypertension (%) 97 (33.7%) 41 (40.6%) 34 (39.5%) 18 (43.9%) 0.383 
Diabetes (%) 19 (6.6%) 7 (6.9%) 5 (5.8%) 5 (12.2%) 0.549 
MAP, mm Hg 97.1  ±  11.3 99.3  ±  11.1 98.2  ±  11.6 99.2  ±  9.2 0.353 
APOE ε4 carrier (%) 57 (19.8%) 51 (50.5%) 59 (68.6%) 7 (17.1%)  < 0.001 
MMSE 28.9  ±  1.1 28.6  ±  1.4 24.7  ±  4.0 27.7  ±  2.0  < 0.001 
No. of CDR = 1 (%) 0 0 20 (23.3%) 2 (4.9%) - 
Aβ burden (Centiloids) 0.8  ±  7.2 57.6  ±  26.2 86.6  ±  28.1 0.4  ±  7.1  < 0.001 

MAP calculated as (systolic blood pressure + 2 × diastolic blood pressure)/3. 
Key: Aβ, amyloid-beta; CDR, clinical dementia rating; CI, cognitively impaired; CU, cognitively unimpaired; MAP, mean arterial pressure; MMSE, mini-mental state examination.  

a The p values were calculated using 1-way ANOVA tests for continuous data or χ2 testing for categorical data.  
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higher Aβ levels at baseline were associated with greater rates of 
volume loss in the total BF, hippocampus, and BF subregions, with 
moderate effect sizes (all Pearson’s R between −0.39 and −0.49). 
When investigating among CI individuals, compared to the Ch1/Ch2 
subregion, stronger associations were observed for Ch4p and hip-
pocampus (R = −0.65 and −0.59). 

4. Discussion 

This study showed the nature and magnitude of volume loss in 
the BF and its subregions over periods of up to 14 years during aging 

(i.e., CU Aβ−) and through the preclinical (i.e., CU Aβ+) and sympto-
matic (i.e., CI Aβ+) stages of AD. First, this study provides reliable 
estimates of changes in BFV and HV during normal aging over the 
longest periods studied to date (14 years). Moreover, the cohort 
studied in this work represents an excellent basis for understanding 
the effect of early AD on the predominantly cholinergic BF region as, 
by design, participants recruited in the AIBL study have a very low 
prevalence of uncontrolled or severe cardiovascular disease and 
frank cerebrovascular disease (Ellis et al., 2009; Harrington et al., 
2017). All AIBL individuals also undergo regular PET and MRI scans 
for assessing Aβ burden and brain atrophy as well as health and 

Fig. 1. Boxplots of volumetric measures at baseline of (A) total basal forebrain, (B) hippocampus, (C) Ch4p, and (D) Ch1/Ch2 for the 4 classification groups. All the volumetric 
measures were adjusted for multiscanner effects and the effect of total intracranial volumes. The η2 values indicate the effect sizes of pairwise group differences, adjusting for age, 
sex, and education. The significance of the difference after correcting for multiple comparisons was indicated (in red) as *p  <  0.5, **p  <  0.01, ***p  <  0.001. Abbreviations: 
Aβ, amyloid-beta; Ch1/Ch2, the medial septal nucleus and vertical limb of the diagonal band of Broca; Ch4p, the posterior subdivision of the nucleus basalis of Meynert; CI, 
cognitively impaired; CU, cognitively unimpaired. 
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Table 2 
Linear mixed-effects models examining the rates of volume loss between groups for the total BF, hippocampus, and the BF subregions       

Brain region Contrast Estimatea (Std. error) p-valueb Cohen’s d  

Total BF CU Aβ− versus CU Aβ+  −0.161 (0.022)  < 0.001  1.20 
CU Aβ− versus CI Aβ+  −0.185 (0.028)  < 0.001  1.53 
CU Aβ− versus CI Aβ−  −0.065 (0.031) 0.009  0.51 
CU Aβ+ versus CI Aβ+  −0.024 (0.032) 0.266  0.18 

Hippocampus CU Aβ− versus CU Aβ+  −0.143 (0.016)  < 0.001  1.02 
CU Aβ− versus CI Aβ+  −0.249 (0.019)  < 0.001  1.85 
CU Aβ− versus CI Aβ−  −0.027 (0.022) 0.398  0.21 
CU Aβ+ versus CI Aβ+  −0.106 (0.022)  < 0.001  0.61 

Ch4p CU Aβ− versus CU Aβ+  −0.081 (0.013)  < 0.001  0.90 
CU Aβ− versus CI Aβ+  −0.162 (0.017)  < 0.001  1.89 
CU Aβ− versus CI Aβ−  −0.013 (0.018) 0.423  0.15 
CU Aβ+ versus CI Aβ+  −0.082 (0.019)  < 0.001  0.92 

Ch1/Ch2 CU Aβ− versus CU Aβ+  −0.102 (0.013)  < 0.001  1.32 
CU Aβ− versus CI Aβ+  −0.111 (0.017)  < 0.001  1.53 
CU Aβ− versus CI Aβ−  −0.060 (0.018)  < 0.001  0.80 
CU Aβ+ versus CI Aβ+  −0.009 (0.019) 0.423  0.12 

Key: Aβ, amyloid-beta; BF, basal forebrain; Ch1/Ch2, the medial septal nucleus and vertical limb of the diagonal band of Broca; Ch4p, the posterior subdivision of the nucleus 
basalis of Meynert; CI, cognitively impaired; CU, cognitively unimpaired.  

a Standardized coefficients were estimated from linear mixed-effect models using standardized scores of volumetric data.  
b All p values were corrected for multiple comparisons.  

Fig. 2. Volume trajectories by group for the (A) total basal forebrain and (B) hippocampus. Shaded regions show 95% confidence intervals. The y-axis was normalized using the 
mean and standard deviation of the baseline volumetric measures in the CU Aβ− group. Abbreviations: Aβ, amyloid-beta; CDR, clinical dementia rating; CI, cognitively 
impaired; CU, cognitively unimpaired. 
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clinical disease status evaluations every 18 months. Therefore, vo-
lumetric changes in CU Aβ− individuals provide a robust estimate of 
age-related change in the BF and hippocampus and serve as a strong 
reference point for understanding any disease-related changes in 
these regions. 

When compared to CU Aβ− adults cross sectionally, adults with 
mild symptomatic disease (i.e., CDR = 0.5 and 1) had substantially 
smaller total BFV and HV. This brain volume reduction is con-
sistent with that observed previously in adults with AD dementia 
using older clinical classification systems, as well as with newer 
criteria with positive AD biomarkers (Grothe et al., 2012; Kerbler 
et al., 2015; Teipel et al., 2014). However, the measurement of BFV 
and HV showed limited utility in differentiating early symptomatic 
and preclinical AD as measures of these regions in the CU 
Aβ+ group remained within normal limits (Fig. 1). When con-
sidered in terms of the BF subregions, our analyses showed that 
BFV loss was nonuniform, consistent with the heterogeneous dis-
tribution of BF cholinergic cells and their differential vulnerability 
to AD pathology (Schmitz and Zaborszky, 2021; Teipel et al., 2005). 
For example, the magnitude of volume reduction in the 

predominantly cholinergic subregion of Ch4p was greater than 
that observed in the Ch1/Ch2 region in both Aβ+ groups, with Ch4p 
volume reduced to a greater magnitude in the CI Aβ+ group 
(Fig. 1C). These findings are consistent with the substantial bi-
lateral volume reduction of the nucleus basalis Meynert (Ch4) 
observed in preclinical AD (Cantero et al., 2020). Overall, these 
data indicate that the BFV reduction in both presymptomatic and 
early symptomatic AD is greatest in Ch4p, which is known to 
provide cholinergic innervation to AD-vulnerable brain regions 
(e.g., the superior temporal and temporal pole) (Liu et al., 2015; 
Mesulam et al., 1983), with the magnitude of this volume reduc-
tion greater than that observed for HV. Thus, single-time-point 
MRI examinations aiming to identify AD in individuals at risk of 
the disease could be strengthened by focusing on Ch4p volumes. 

The relationship between AD biomarkers and clinical symp-
toms on BFV becomes most apparent from consideration of BFV 
changes longitudinally. Considered in terms of the total volume, 
mild BFV loss occurs as part of normal aging, with an average rate 
of −0.50% per year in CU Aβ− adults. Compared to these adults, 
volume loss in the BF was increased substantially with abnormal 

Fig. 3. Subregional BF volume trajectories by group for the (A) Ch4p and (B) Ch1/Ch2. Shaded regions show 95% confidence intervals. The y-axis was normalized using the 
mean and standard deviation of the baseline volumetric measures in the CU Aβ− group. Abbreviations: Aβ, amyloid-beta; Ch1/Ch2, the medial septal nucleus and vertical 
limb of the diagonal band of Broca; Ch4p, the posterior subdivision of the nucleus basalis of Meynert; CDR, clinical dementia rating; CI, cognitively impaired; CU, cognitively 
unimpaired. 
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Aβ levels, even in the absence of any cognitive impairment (CU 
Aβ+), showing average annual rates of −1.75 and −2.12%/y. These 
are comparable with the former investigation that showed annual 
rates of −1.6% and −2.9% among healthy elderly and patients with 
very mild AD who experienced disease progression (Grothe et al., 
2013). Although a similar pattern of decline was observed for HV in 
CU individuals, Aβ-dependent HV loss was much greater (e.g., al-
most double) for individuals with mild symptomatic disease 
(Fig. 2B). However, in the absence of abnormal Aβ levels, age-re-
lated HV loss was not influenced by the presence of mild dementia 
symptoms. Together, they suggest that progressive AD-related 
dementia symptoms including memory loss most likely reflect the 
loss of both cholinergic neurons in the BF and neurons in the 
hippocampus. 

Reconsideration of the effect of Aβ levels on volume loss over 
time within the BF subregions confirmed the early and selective 
vulnerability of the Ch4p region to progression of AD pathology 
(Cantero et al., 2020; Teipel et al., 2014). The cholinergic neuron- 
rich Ch4p area first started with more age-related volume loss 
(−0.72%/y, −0.61%/y within 5 years, Supplementary Table 2), which 
was double that observed for Ch1/Ch2 (−0.31%/y, −0.42%/y within 5 
years). This age-related decline in BF subregions was increased by 
the presence of abnormal Aβ levels, although this increase was 

much greater for the Ch4p subregion in those with mild sympto-
matic disease (−2.74%/y, −2.85%/y within 5 years, Fig. 3). In adults 
with clinical symptoms but no abnormal Aβ levels, the rate of 
volume loss was increased slightly in Ch1/Ch2 but not in 
Ch4p (Fig. 3). 

Through the combination of cross-sectional and longitudinal 
analyses, in large well-described clinical groups, studied over ex-
tended periods, this study provides an improved understanding of 
the involvement of the BF, and BF subregions (Ch4p and Ch1/Ch2), 
in normal aging, preclinical, and symptomatic AD. These findings 
demonstrate that reduced Ch4p volumes can be detected cross 
sectionally in preclinical AD, and that there is a rapid volume loss 
in this area associated with abnormal Aβ levels. While little Ch1/ 
Ch2 volume reduction was observed cross sectionally, the rate of 
volume loss in Ch1/Ch2 was also increased, to a large extent, by 
abnormal Aβ levels, at the preclinical stage. However, this Aβ-re-
lated volume loss remained unaffected by the presence of mild 
dementia symptoms (i.e., CI Aβ+). Furthermore, the post-hoc ana-
lyses demonstrate clearly that higher Aβ levels are associated with 
faster volume loss to the same extent for both subregions among 
CU individuals; however, in older individuals with cognitive im-
pairment, this association was weakened in the Ch1/Ch2 sub-
region (Fig. 5). 

Fig. 4. Effect sizes (Cohen’s d) of pairwise group contrasts for the rates of volume loss that were compared (A) between the total BF and hippocampus as well as (B) between Ch4p 
and Ch1/Ch2. The dashed lines indicate the cut-off values of d = 0.2, 0.6, and 0.8 for the small, medium, and large effect sizes. The 95% confidence intervals associated with each 
effect size (i.e., error bars in red) were estimated using a bootstrap procedure with 1000 replications. Abbreviations: Aβ, amyloid-beta; BF, basal forebrain; Ch1/Ch2, the medial 
septal nucleus and vertical limb of the diagonal band of Broca; Ch4p, the posterior subdivision of the nucleus basalis of Meynert; CI, cognitively impaired; CU, cognitively 
unimpaired. 
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Overall, this study represents an advancement in the continued 
efforts to delineate the longitudinal changes of volume in the global 
and subregional BF across the AD spectrum. First, the data presented 
here were derived from a large carefully-assessed cohort of older 
adults with longitudinal MRI data over an average period of 5 years 
as well as the use of PET to measure Aβ levels. Secondly, while the 
early involvement of the Ch4p subregion in the preclinical AD has 
been well-established (Cantero et al., 2020; Grothe et al., 2012), the 
findings presented here further clarify the involvement of the Ch1/ 
Ch2 subregion, containing the second largest cholinergic cell group 
in the BF, in the course of AD. It is known that cholinergic cells in 
these 2 subregions project to different brain regions within different 
functional networks, where Ch4p provides cholinergic innervation 
to temporal pole and superior temporal and Ch1/Ch2 innervates the 
hippocampus (Liu et al., 2015; Schmitz and Zaborszky, 2021). Dis-
tinguishing differences in volume loss trajectories between Ch4p 
and Ch1/Ch2 subregions would be beneficial for understanding and 
differentiating their roles involved in different cognitive deficits in 

early symptomatic and preclinical AD. Future explorations into the 
correlations between subregional BF atrophy and the decline across 
different cognitive domains may enhance our understanding of the 
neural basis underpinning the heterogeneity of cognitive decline in 
early AD. 

Some caveats do operate to limit the generalizability of current 
findings. First, in the current cohort, we have not considered the 
levels of tau pathology in the grouping strategy due to the limited 
availability of cerebrospinal fluid and PET data at baseline (and 
earlier visits) in the AIBL study. Recent studies suggest the correla-
tion of tau pathology with BFV loss in individuals at risk for AD 
(Cantero et al., 2020; Cavedo et al., 2020). It is most likely that the 
observed link between BFV loss and Aβ pathology could be (directly 
or partially) mediated by the levels of tau. However, this study seeks 
mainly to determine the nature and rate of volume loss in the BF, 
and future studies will be conducted to understand the neurobio-
logical basis of this change with the emerging data (e.g., PET and 
plasma biomarkers) for tau pathology. Second, it is important to be 

Fig. 5. Correlation analysis of Aβ burden at baseline and the rate of volume loss (in %/y) for the total BF, hippocampus, Ch4p, and Ch1/Ch2 among cognitively unimpaired (blue) 
and cognitively impaired (red) individuals. Abbreviations: Aβ, amyloid-beta; BF, basal forebrain; Ch1/Ch2, the medial septal nucleus and vertical limb of the diagonal band of 
Broca; Ch4p, the posterior subdivision of the nucleus basalis of Meynert. 
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aware that volumetric measures used in this work quantify gross 
tissue changes rather than the cholinergic neuron degeneration in 
the BF. Our results are to some extent inconclusive with respect to 
the longitudinal neuron loss in the cholinergic BF system. Never-
theless, the posterior BF nuclei have a high proportion (∼80%) of 
cholinergic neurons compared to the more heterogeneous anterior 
Ch1/Ch2 nuclei (Zaborszky et al., 2008), which likely impacts the 
degree of volume loss relative to the cholinergic neuronal loss. 
Lastly, AIBL participants were volunteers who were not randomly 
selected from the community, were generally well educated, 
and had high scores on cognitive tests and a low prevalence of 
comorbidities. These findings thus might only be valid in similar 
cohorts, and this limitation precludes the generalization of the 
findings to the general population. Future work incorporating mo-
lecular imaging biomarkers for specific assessment of the choli-
nergic cell groups would be beneficial to confirm our findings (Craig 
et al., 2020; Xia et al., 2022). 

In conclusion, the current data provide further understanding 
of the nature and magnitude of volume loss in the BF as well as the 
subregions across different stages of AD. These findings strongly 
support the early and substantial vulnerability of the BF and fur-
ther reveal the distinctive degeneration of BF subregions in 
normal aging and AD. As the preclinical stages of AD could span 
more than a decade and are beyond the reach of current clinical 
treatment, consideration of BF cholinergic degeneration could 
provide further insight into AD pathophysiology before the 
emergence of cognitive symptoms and might potentially facilitate 
the development of interventions aimed at protecting the 
vulnerabilities of BF cholinergic neurons in the preclinical window 
of AD. 
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