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CSF biomarkers are differentially linked to 
brain areas high and low in noradrenaline, 
dopamine and serotonin across the 
Alzheimer’s disease spectrum
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Neurotransmitter systems of noradrenaline, dopamine, serotonin and acetylcholine are implicated in cognitive functions such as 
memory, learning and attention and are known to be altered in neurodegenerative diseases like Alzheimer’s disease. Specific brain 
structures involved in these systems, e.g. the locus coeruleus, the main source of noradrenaline in the cortex, are in fact affected 
earliest by Alzheimer’s disease tau pathology. Preserved volumetric neurotransmitter specific brain areas could therefore be an im
portant neural resource for cognitive reserve in aging. The aim of this study was to determine whether volumes of brain areas known 
to be high in neurotransmitter receptors are relatively preserved in individuals with lower levels of Alzheimer’s disease pathology. 
Based on the Human Protein Atlas for neurotransmitter receptor distribution, we distinguished between ‘areas high and low’ in 
noradrenaline, dopamine, serotonin and acetylcholine and assessed associations of atrophy in those areas with CSF amyloid-ß 
42/40, CSF phosphorylated tau protein and cognitive function across healthy controls (n = 122), individuals with subjective cog
nitive decline (n = 156), mild cognitive impairment or mild Alzheimer’s disease dementia (n = 126) using structural equation mod
elling. CSF pathology markers were inversely correlated and showed a stronger association with disease severity, suggesting 
distinguishable interrelatedness of these biomarkers depending on the stage of Alzheimer’s disease dementia. Across groups, amyl
oid pathology was linked to atrophy in areas high as well as low in neurotransmitter receptor densities, while tau pathology did not 
show any significant link to brain area volumes for any of the neurotransmitters. Within disease severity groups, individuals with 
more amyloid pathology showed more atrophy only in ‘areas high in noradrenaline’, whereas for dopamine tau pathology was 
linked to higher volumes in areas low in receptor density possibly indicating compensatory mechanisms. Furthermore, individuals  
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with more tau pathology showed a selective decrease in memory function while amyloid pathology was related to a decline in ex
ecutive function and language capacity as well as memory function. In summary, our analyses highlight the benefits of investigating 
disease-relevant factors in Alzheimer’s disease using a multivariate multigroup approach. Assessing multivariate dependencies in 
different disease stages and across individuals revealed selective links of pathologies, cognitive decline and atrophy in particular 
for areas modulated by noradrenaline, dopamine and serotonin.
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Graphical Abstract

Introduction
Alzheimer’s disease is the most common type of dementia 
worldwide1 and is characterized by memory impairment 
and presence of elevated aggregated amyloid-ß (Aß) and 
pathological phosphorylated tau protein (p-tau) in neurons.2

Preclinical and prodromal stages of Alzheimer’s disease in
clude subjective cognitive decline (SCD),3,4 which is charac
terized by self-experienced cognitive decline that does not 
reach the level of objective impairment required for the clin
ical diagnosis of mild cognitive impairment (MCI), and MCI, 
characterized by objective cognitive decline that does not yet 
fulfil the criteria for a diagnosis of dementia.5 Individuals in
cluded in these groups are at higher risk of developing 
Alzheimer’s disease dementia at later stages.6,7

Typical aging and early stages of Alzheimer’s disease are 
characterized by neuronal loss and accumulation of neurofib
rillary tau protein tangles in the locus coeruleus (LC), which is 
the main source of noradrenaline (NA) in the brain.8 In fact, 
LC neuronal loss in Alzheimer’s disease is higher compared 
to other subcortical nuclei, such as the cholinergic nucleus ba
salis of Meynert (NBM) and the dopaminergic substantia nigra 
(SN) pars compacta.9 Interestingly, a more preserved LC-NA 
system appears to increase cognitive reserve10 and is associated 
with changes in memory and cognitive decline11,12 in aging and 
Alzheimer’s disease.9,13 Nevertheless, a vulnerability of other 
neurotransmitter systems such as the dopaminergic (DA), 

serotonergic (HT) and cholinergic (ACh) system is also impli
cated in cognitive decline in normal aging and also in early neu
rodegenerative stages.14 For instance, binding potential loss 
indicative of reduced dopamine transporters in the striatum, 
hippocampus and caudate nucleus is already observed in the 
predementia stage of MCI.15 A post-mortem study in AD pa
tients observed a decrease of serotonin synthesis in the raphe 
nuclei.16 Mieling et al.17 could recently show that atrophy in 
the cholinergic NBM could be used as an imaging biomarker 
for diagnosis of Alzheimer’s disease, suggesting relevant 
changes in this neurotransmitter system in the progression of 
the disease. Since adrenoceptor and transporter densities of 
neurotransmitters differ regionally as known from earlier 
post-mortem studies,18,19 in vivo analyses of selective atrophy 
in specific neurotransmitter target areas as well as links of at
rophies to pathology levels and cognitive decline can contrib
ute to our understanding of neurotransmitter-related factors 
supporting neural reserve in aging and neurodegeneration.

In this paper, we aim to investigate the relevance of differ
ent neurotransmitter systems in Alzheimer’s disease by relat
ing interindividual differences in regional brain volumes of 
projection areas with high versus low neurotransmitter de
pendencies—as evident in receptor densities—to disease bio
markers (CSF p-tau and Aß) as well as cognitive performance 
in a cross-sectional sample of three participant groups: 
(i) healthy controls (HCs), (ii) SCD and (iii) MCI/mild 
Alzheimer’s disease dementia patients (AD). In doing so, we 
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will control for the influence of risk factors for Alzheimer’s 
disease (age,20,21 female gender,22,23 low education level,24-26

ApoE4-positive carrier status,27,28 vascular lesions29) on this 
relationship. These analyses will be carried out with structural 
equation modelling (SEM), a multivariate statistical approach, 
which allows to test for interrelations of several variables based 
on a model of their mutual influence, while testing for group 
differences in model properties.30 If a decline in neurotransmis
sion indeed provides an important contribution to cognitive 
and physiological reserve in Alzheimer’s disease, we assume 
that in particular atrophies in areas which are high (as com
pared to low) in receptor densities are related to interindividual 
differences in disease markers and cognition.

Hypotheses
We focus on the following research hypotheses: 
(i) Interindividual differences in atrophy of brain volumes 

in healthy aging, preclinical and clinical Alzheimer’s dis
ease differ for brain regions that are high or low in spe
cific neurotransmitter receptors, pointing to different 
disease trajectories of brain areas high and low in NA, 
DA, HT or ACh.

(ii) CSF biomarkers of tau and amyloid pathologies are dif
ferentially related to areas high and low in the specific 
neurotransmitters with a stronger association with atro
phy in high areas.

(iii) Cognitive decline shows a stronger association with at
rophy in high areas.

Materials and methods
Participants
A total of 400 participants were included. One thousand and 
seventy-nine participants were initially screened, which are 

part of the multicentric DZNE-Longitudinal Cognitive 
Impairment and Dementia Study (DELCODE), carried out 
across 11 different study sites in DZNE institutes in 
Germany.31 Written informed consent was obtained from 
all participants before inclusion, and the study protocol 
was approved by all local institutional ethical committees. 
Main exclusion criteria were major depressive or psychiatric 
disorders, any form of dementia other than Alzheimer’s dis
ease dementia, as well as intake of psychoactive or anti- 
dementia treatment. Participants were aged between 59 
and 89 years, and data were collected between 2014 and 
2017. Five hundred fifty men and 529 women were 
recruited, and participants were initially grouped into 
HCs (n = 236), first-degree relatives to Alzheimer’s patients 
(n = 82), SCD (n = 444), amnestic MCI (n = 191) and mild 
Alzheimer’s disease dementia (n = 126) by psychiatric and 
neurological examination and neuropsychological assess
ment by experienced study physicians. SCD was diagnosed 
if participants reported self-perceived cognitive decline and 
if their neuropsychological test score was up to −1.5 SD low
er as compared to an age, gender and educational typical va
lue based on the Consortium to Establish a Registry for 
Alzheimer’s Disease (CERAD). Amnestic MCI was defined 
as lower than a SD of −1.5 in the delayed recall trial of the 
CERAD word-list episodic memory tests. Individuals with 
mild Alzheimer’s disease dementia scored ≥18 points in the 
Mini Mental State Examination (MMSE).3,31-33 The total 
sample size included in our investigations was n = 400 due 
to optional CSF collection by additional lumbar puncture 
for biomarker status and availability of additional 
demographic and clinical data (Fig. 1). Therefore, subgroups 
were merged to a healthy (HC and first-degree relatives) 
(n = 122), preclinical (SCD) (n = 152) and clinical group 
(amnestic MCI and mild dementia due to Alzheimer’s 
disease) (n = 126).

Figure 1 Flowchart on participant selection from the DELCODE study.
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General demographic and clinical data included age, gen
der, nationality, height, weight, body mass index, medical 
history, medication and physical and neurological examin
ation findings. Further clinical measures included were the 
MMSE, Clinical Dementia Rating (CDR), Geriatric 
Depression Scale (GDS), Geriatric Anxiety Inventory 
(GAI), Neuropsychiatric Inventory (NPI-Q) and Functional 
Activities Questionnaire (FAQ). The level of education was 
assessed by questionnaire and classified into eight school le
vels with higher values indicating more advanced education. 
Neuropsychological testing was performed by a DELCODE 
test battery (DELCODE-NP) with amongst others Everyday 
Cognition questionnaire (ECog), Alzheimer’s Disease 
Assessment Scale—Cognitive Subscale (ADAScog13), Free 
and Cued Selective Reminding Test with Immediate Recall 
(FCSRT-IR), Symbol-Digit-Modalities Test (SDMT), 
Wechsler Memory Scale (WSM-R) and the computer-based 
Face Name Associative Recognition Test (FNART).

MRI and biomarker data acquisition
Brain volume was assessed with a T1-weighted magnetiza
tion prepared rapid gradient echo on 3T (TR = 2500 ms, 
TE = 4.33 ms, TI = 1100 ms, 256 × 256 mm2 FOV, 192 sa
gittal slices, isotropic 1 mm3 voxel size, 5:08 acquisition 
time), fast low angle shot (TR = 20 ms, TE = 5.56 ms, 
320 × 320 mm2 FOV, 192 axial slices, isotropic 0.75 mm3 

voxel size, 13:50 acquisition time) and flow-attenuated 
inversion recovery (FLAIR) (TR = 5000 ms, TE = 394 ms, 
TI = 1800 ms, 256 × 256 mm2 FOV, 192 sagittal slices, iso
tropic 1 mm3 voxel size, 7:02 acquisition time) sequences.

Data of brain biomarkers such as amyloid-ß 38, 40 and 42 
and total and phosphorylated tau protein 181 were available 
from CSF analyses (n = 527), and a ratio was calculated for 
Aß42/40. ApoE4 carrier status was assessed in blood sam
ples by real-time polymerase chain reaction of single nucleo
tide polymorphisms.31

Data analyses
Cognitive variables were estimated as latent variables as re
ported by an earlier SEM analysis study,34-36 which were 
based on learning and memory tests included in the extensive 
DELCODE-NP.

The standard pipeline of ‘FreeSurfer’ (version 7.1) was 
used for automated segmentation of subcortical brain struc
tures and parcellation of cortical areas to obtain volume 
measures. Selection of brain areas was based on mean cut-off 
values for the normalized expression of transcripts per mil
lion (nTPM) for the respective receptors from the Human 
Protein Atlas.37 Sixteen cortical and subcortical brain areas 
(see Supplementary Table 1) were ranked according to the 
distribution values of the different receptors (e.g. for NA 
ADRA1A, ADRA1B, ADRA1D, ADRA2A, ADRA2B, 
ADRA2C, ADRB1, ADRB2, ADRB3), for each neurotrans
mitter. Different sensitivities of receptors to neurotransmit
ter levels within one neurotransmitter system was taken 

into account by ranking each receptor separately before 
brain areas high and low in receptors based on the five high
est and five lowest sum scores of rankings across receptors. 
‘Areas high in NA’ were identified as thalamus, brainstem, 
hypothalamus, hippocampus and amygdala, while ‘areas 
low in NA’ were identified as putamen, cerebellum, nucleus 
accumbens, caudate and pallidum (Fig. 2). ‘Areas high in 
DA’ were defined as thalamus, caudate, putamen, brainstem 
and nucleus accumbens; ‘areas low in DA’ were defined as 
cingulate cortex, cerebellum, pallidum, occipital cortex and 
frontal cortex (Fig. 3). ‘Areas high in HT’ were defined as 
frontal cortex, parietal cortex, insula, temporal cortex and 
hypothalamus; ‘areas low in HT’ were defined as thalamus, 
pallidum, cerebellum, putamen and nucleus accumbens 
(Fig. 4). ‘Areas high in ACh’ were defined as thalamus, brain
stem, hypothalamus, hippocampus and amygdala; ‘areas 
low in ACh’ were defined as pallidum, nucleus accumbens, 
caudate, putamen and temporal cortex (Fig. 5). The separ
ation into these extreme groups showed some expected over
laps for the different neurotransmitters that ranged from 
overlapping for all but one region (low neurotransmitter 
areas for NA and ACh (cerebellum/temporal cortex)] to no 
overlap at all (high neurotransmitter areas in DA and HT). 
Volumes were averaged across hemispheres using Sequence 
Adaptive Multimodal SEGmentation, implemented in the 
FreeSurfer 7.1 distribution. White matter hyperintensities 
(WMHs) were analysed in T2-weighted FLAIR images with 
the Lesion Segmentation Toolbox at a threshold of 0.5 and 
measured as total lesion volume in millilitres (n = 870). 
Obtained values for WMH, total grey matter volume 
(TGV) and regional volumes were corrected for TIV:

WMH(corrected) =
total white matter hyperintensity volume

total intracranial volume
(1) 

TGV(corrected)=
total grey matter volume
total intracranial volume

. (2) 

Statistical analyses
In order to allow fitting SEMs with similar range of variance 
to heterogeneous data inputs (e.g. demographic data, brain 
imaging data), variables were adjusted to values between 0 
and 10.38-40 All brain volume variables were normally dis
tributed. For ApoE4 genotyping, alleles 2/2, 2/3 and 3/3 
were defined as a negative carrier status whilst 2/4, 3/4 and 
4/4 alleles were considered ApoE4 carrier positive. 
Statistical analyses were performed in ‘R Statistical 
Software Package version 2022.12.0+353’41 using the ‘la
vaan’ software package.42 For reliable results and parameter 
estimates in SEM depending on the sample size, a ratio of N 
to the number of parameters of 5:1 is recommended,43 which 
is sufficiently achieved with our sample size of 400 subjects 
and 10 observed variables estimating one or two latent 
factors.
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The model fit was evaluated using incremental and abso
lute fit indices, considering the model’s complexity, sample 
size and degrees of freedom. The incremental fit indices, 
comparative fit index (CFI) and Tucker–Lewis index (TLI) 
are independent of sample size but suffer from lower average 
correlations between variables in heterogeneous data sets. 
Absolute fit indices, root mean square error of approxima
tion (RMSEA) and standardized root mean square residual 
(SRMR), are worse (i.e. higher) in data sets with small sam
ple sizes and low degrees of freedom. RMSEA describes the 
variance and covariance discrepancies from the model’s va
lues.44 Model fits between non-nested models were assessed 
using ANOVA χ2 difference test and compared based on 
Akaike’s information criterion (AIC) and Bayesian informa
tion criterion (BIC). Intergroup differences were investigated 
using multiple group comparisons while aiming for measure
ment invariance of factors high and low in neurotransmitters 
across disease groups (see Supplementary Fig. 1 for details). 
Measurement invariance was tested by fixing factor loadings 
of contributing brain areas to the two factors to be the same 
across groups. Group differences in correlations between 
CSF biomarkers, cognitive factors and latent factors were 
tested using ANOVA likelihood ratio tests and assumed if 

models with specific regressions fixed to be equal across 
groups yielded worse fits.45

A total of 3 SEMs were tested in order to assess differential 
relationships of ‘areas high and low’ in neurotransmitter sys
tems: Firstly, we compared a unidimensional model summar
izing all selected brain area volumes in one factor to a model 
separating ‘areas high’ and ‘areas low’ in receptor density for 
the respective neurotransmitter. Secondly, we assessed the 
relationship of brain volumes in ‘areas high and low’ to clin
ical and cognitive variables relevant to aging and Alzheimer’s 
disease (‘CSF cognitive model’, Figs 2–5) by adding CSF bio
markers (p-tau, ratio Aß42/40), clinical cognitive covariates 
(memory, language, executive functions, working memory 
and visual memory) and external variables controlling for 
AD risk (age, gender, education, ApoE4 status, WMH). 
Finally, intergroup differences (HC, SCD and MCI/AD) in 
regressions between CSF biomarkers and latent factors 
‘areas high and low’, latent factors ‘areas high and low’ 
and clinical cognitive covariates, CSF biomarkers and clinic
al cognitive covariates as well as correlations between CSF 
biomarkers and latent factors were investigated in the ‘CSF 
cognitive model’ using multiple group comparisons (Figs 
6–8). In doing so, metric measurement invariance of the 

Figure 2 SEM model for the whole group analyses (n = 400) for the noradrenergic system. The respective included brain areas are 
shown estimating latent factors ‘areas high in NA and ‘areas low in NA’. Light grey arrows indicate added intercorrelations between brain regions 
based on the top three modification indices for model fit improvement. CSF biomarkers p-tau and Aß42/40 are inversely; ‘areas high in NA’ and 
‘areas low in NA’ are positively correlated. p-tau is not significantly linked to ‘areas high in NA’ and ‘areas low in NA’, while Aß42/40 shows positive 
links to ‘areas high in NA’ and ‘areas low in NA’. ‘Areas high in NA’ were only significantly positively linked to the cognitive variables memory, 
language and visual memory. For an overview of regressions across neurotransmitters, see Tables 2 and 3. Not shown here for representational 
clarity: CSF biomarkers, latent factors and cognitive variables were controlled for additional AD risk factors (see Supplementary Table 3 for 
estimates of relationships). Latent factors are shown in ellipses, and observed variables are shown in squares. Numbers given in ellipses and squares 
indicate R2 of explained variance in the respective dependent variable. Only significant links are shown. ***P ≤ 0.001. **P ≤ 0.01. *P ≤ 0.05.
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latent factors’ estimation for ‘areas high’ and ‘areas low’ was 
tested when factor loadings were fixed to be the same across 
all three groups (see Supplementary Fig. 1). If measurement 
invariance across the disease groups was not found, we 
checked with Lagrange multiplier tests that factor loadings 
needed to be freely estimated and set up a model with partial 
metric invariance as recommended.43

Results
Sample description
Demographic information on the three groups and 
between-group differences is found in Table 1. Groups dif
fered significantly in age with older subjects in the SCD 
and MCI/AD group. As expected, in MCI/AD, we saw sig
nificantly more ApoE4 carriers (49.2%) than in the SCD 
(32.2%) or healthy group (24.6%). Education was signifi
cantly lower in MCI/AD (mean ± SD = 4.3 ± 2.02) than in 
SCD (mean ± SD = 5.3 ± 1.89) or healthy subjects (mean ±  
SD = 5.11 ± 1.82). The amount of WMH was significantly 
higher in individuals diagnosed with MCI/AD compared to 

the SCD or healthy group. All groups differed significantly 
in TGV with lower volumes in the MCI/AD compared to 
the SCD group, and highest volumes in the healthy group. 
The MCI/AD group showed significantly higher values for 
p-tau and lower values for Aß42/40 compared to SCD and 
healthy subjects, while no difference in CSF biomarkers be
tween the SCD and healthy group was observed. Cognitive 
function—reflected by memory, language, executive func
tion, working memory and visual memory—was also lower 
in the MCI/AD group compared to the other groups. No 
group differences for gender or hypertension status were 
observed.

Establishing difference between 
‘areas high’ and ‘areas low’
For all neurotransmitters, the two-factor model with separ
ate latent factors representing ‘areas high’ from ‘areas low’ 
revealed a better fit for our data compared to the unidimension
al model that estimated one common latent factor comprising 
all observed brain area volumes (Supplementary Fig. 2). Better 
fit between the non-nested models was defined as lower AIC 

Figure 3 SEM model for the whole group analyses (n = 400) for the dopaminergic system. The respective included brain areas are 
shown estimating latent factors ‘areas high in DA’ and ‘areas low in DA’. Light grey arrows indicate added intercorrelations between brain regions 
based on the top three modification indices for model fit improvement. CSF biomarkers p-tau and Aß42/40 are inversely; ‘areas high in DA’ and 
‘areas low in DA’ are positively correlated. p-tau is not significantly linked to ‘areas high in DA’ and ‘areas low in DA’, while Aß42/40 shows a 
positive link to ‘areas high in DA’, but not to ‘areas low in DA’. ‘Areas high in DA’ were positively linked to memory, language and executive 
function, while ‘areas low in DA’ were positively linked to working memory. For an overview of regressions across neurotransmitters, see Tables 2
and 3. Not shown here for representational clarity: CSF biomarkers, latent factors and cognitive variables were controlled for additional AD risk 
factors (see Supplementary Table 3 for estimates of relationships). Latent factors are shown in ellipses, and observed variables are shown in 
squares. Numbers given in ellipses and squares indicate R2 of explained variance in the respective dependent variable. Only significant links are 
shown. CTX, cortex. ***P ≤ 0.001. **P ≤ 0.01. *P ≤ 0.05.
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and BIC in the two-factor models, although the BIC was equal 
for the ACh one- and two-factor models (Supplementary 
Table 2). Regarding ACh, one- and two-factor models were 
comparatively more similarly likely given the data given 
BIC—which penalizes more complex models—did not show a 
potentially slightly better fit of the two-factor model. Model 
fit was evaluated, and the modification indices were checked 
for fit improvement based on heterogenous covariances be
tween specific brain area volumes. In each two-factor model, 
three intercorrelations between specific brain area volumes 
were added (Figs 2–5; for details see Supplementary Fig. 2).

Investigating relations of latent 
factors with CSF biomarkers and 
cognitive function in the whole 
sample
In our final ‘CSF cognition models’ (Figs 2–5), CSF biomar
kers p-tau and Aß42/40 as well as cognitive variables were 
added while controlling for confounding variables of 
Alzheimer’s disease risk as outlined above. The model fit 
showed significant χ2 for test statistics (P < 0.001) and 

acceptable incremental and absolute parameters for the 
whole sample analysis in all neurotransmitter models 
(Table 2). As the incremental fit parameters CFI and TLI de
pend on the average correlation of the variables in the data 
set, a likely explanation for the somewhat lower CFI and 
TLI are the low and partially non-significant correlations be
tween measures of brain volume after TIV correction 
(Supplementary Fig. 3). Nonetheless, TIV correction is ne
cessary to control for interindividual differences in overall 
brain size while investigating the relevance of selective vol
ume differences in ‘areas high and low’. Despite lower coher
ence amongst the brain volume measures, almost all factor 
loadings of the standardized estimates of the brain area vo
lumes on latent factors ‘areas high and low’ were >0.3, indi
cating a reasonable amount of variance contribution to 
estimate the latent factors. Effect sizes for links of the control 
variables age, gender, ApoE4 positivity, education and 
WMH on CSF biomarkers, cognitive variables and the latent 
factors ‘areas high’ and ‘areas low’ are listed in 
Supplementary Table 3.

For an overview of effects in the respective CSF cognition 
models, see Figs 2–5 and Tables 2 and 3. As expected, CSF bio
markers were inversely correlated (ß = −0.405; P ≤ 0.001), 

Figure 4 SEM model for the whole group analyses (n = 400) for the serotonergic system. The respective included brain areas are 
shown estimating latent factors ‘areas high in HT’ and ‘areas low in HT’. Light grey arrows indicate added intercorrelations between brain regions 
based on the top three modification indices for model fit improvement. CSF biomarkers p-tau and Aß42/40 are inversely; ‘areas high in HT’ and 
‘areas low in HT’ are positively correlated. p-tau is not significantly linked to ‘areas high in HT’ and ‘areas low in HT’, while Aß42/40 shows positive 
links to ‘areas high in HT’ and ‘areas low in HT’. ‘Areas high in HT’ showed a positive link to all cognitive factors, while ‘areas low in HT’ were not 
significantly linked to any of the cognitive factors. For an overview of regressions across neurotransmitters, see Tables 2 and 3. Not shown here for 
representational clarity: CSF biomarkers, latent factors and cognitive variables were controlled for additional AD risk factors (see Supplementary 
Table 3 for estimates of relationships). Latent factors are shown in ellipses, and observed variables are shown in squares. Numbers given in ellipses 
and squares indicate R2 of explained variance in the respective dependent variable. Only significant links are shown. CTX, cortex. ***P ≤ 0.001. 
**P ≤ 0.01. *P ≤ 0.05.
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indicating that individuals with more tau pathology also 
showed more amyloid pathology. Similarly, ‘areas high’ and 
‘areas low’ were positively correlated for each neurotransmit
ter (NA: ß = 0.702; P ≤ 0.001; DA: ß = 0.578; P ≤ 0.001; HT: 
ß = 0.748; P ≤ 0.001; ACh: ß = 0.947; P ≤ 0.001), indicating 
that individuals with less (TIV-corrected) atrophy in ‘areas 
high’ in receptor densities also had less atrophy in ‘areas low’.

There was no significant link of p-tau on ‘areas high’ nor 
on ‘areas low’ in any of the neurotransmitter models. In con
trast, Aß42/40 was linked, ‘areas high in NA’ (ß = 0.237; 
P ≤ 0.001) and ‘areas low in NA’ (ß = 0.141; P ≤ 0.05). 
Concerning the pathology biomarkers and their association 
to brain area volumes in the DA model, Aß42/40 only 
showed a positive link on ‘areas high in DA’ (ß = 0.213; 
P ≤ 0.01), but no significant association with ‘areas low 
in DA’. However, for HT and ACh, Aß42/40 was 
positively linked to ‘areas high’ (HT: ß = 0.164; P ≤ 0.01; 
ACh: ß = 0.245; P ≤ 0.001) and ‘areas low’ (HT: 
ß = 0.219; P ≤ 0.01; ACh: ß = 0.228; P ≤ 0.01).

Interesting differential links were observed with regard to 
links between cognition and volumes in ‘areas high’ and 
‘areas low’ across the different neurotransmitters: ‘areas 
high in NA’ showed a positive link to memory (ß = 0.489; 
P ≤ 0.001), language (ß = 0.272; P ≤ 0.05) and visual 

memory (ß = 0.229; P ≤ 0.05), while ‘areas low in NA’ 
were not significantly linked to any of the cognitive variables. 
‘Areas high in DA’ showed a positive link to memory 
(ß = 0.201; P ≤ 0.05), language (ß = 0.233; P ≤ 0.01) and ex
ecutive function (ß = 0.180; P ≤ 0.05), while ‘areas low in 
DA’ were positively associated to working memory 
(ß = 0.223; P ≤ 0.05). ‘Areas high in HT’ were positively 
linked to all cognitive variables (memory: ß = 0.314; 
P ≤ 0.01; language: ß = 0.285; P ≤ 0.05; executive function: 
ß = 0.280; P ≤ 0.05; working memory: ß = 0.385; P ≤ 0.01; 
visual memory: ß = 0.389; P ≤ 0.01), while ‘areas low in 
HT’ did not show any significant link to cognitive functions. 
Also, neither ‘areas high in ACh’ nor ‘areas low in ACh’ were 
significantly linked to cognition.

For the neurotransmitter models of NA, DA and HT, the 
whole sample analysis showed similar links of CSF path
ology markers p-tau and Aß42/40 on cognitive variables, in
dicating a clear decline in a wide range of cognitive functions. 
All cognitive variables were negatively linked to p-tau, sug
gesting a decrease of cognition by tau pathology, while add
itionally all cognitive variables showed a positive association 
to Aß42/40, indicating higher amyloid pathology with worse 
cognition across HCs, SCD and MCI/AD. However, in the 
ACh model, there were no such significant associations 

Figure 5 SEM model for the whole group analyses (n = 400) for the cholinergic system. The respective included brain areas are shown 
estimating latent factors ‘areas high in ACh’ and ‘areas low in ACh’. Light grey arrows indicate added intercorrelations between brain regions based 
on the top three modification indices for model fit improvement. CSF biomarkers p-tau and Aß42/40 are inversely; ‘areas high in ACh’ and ‘areas 
low in ACh’ are positively correlated. p-tau is not significantly linked to ‘areas high in ACh’ and ‘areas low in ACh’, while Aß42/40 shows positive 
links to ‘areas high in ACh’ and ‘areas low in ACh’. Neither ‘areas high in ACh’ nor ‘areas low in ACh’ were significantly linked to cognition. For an 
overview of regressions across neurotransmitters, see Tables 2 and 3. Not shown here for representational clarity: CSF biomarkers, latent factors 
and cognitive variables were controlled for additional AD risk factors (see Supplementary Table 3 for estimates of relationships). Latent factors are 
shown in ellipses, and observed variables are shown in squares. Numbers given in ellipses and squares indicate R2 of explained variance in the 
respective dependent variable. Only significant links are shown. CTX, cortex. ***P ≤ 0.001. **P ≤ 0.01. *P ≤ 0.05.
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Figure 6 Multiple group comparison SEM models for NA comparing HC and relatives, SCD and MCI and AD patients. CSF 
biomarkers p-tau and Aß42/40 differed significantly in their correlation across disease severity groups. Phosphorylated tau levels and ratio of 
Aß42/40 were inversely associated in the SCD and MCI/AD group while no significant association could be observed in the healthy group. ‘Areas 
high in NA’ and ‘areas low in NA’ are strongly positively correlated across individuals in all subgroup analyses. Higher amyloid pathology indicated 
atrophy in ‘areas high in NA’. This link was not significantly differing across groups but showed a trend of stronger association with disease severity. 
Numbers given in ellipses and squares indicate R2 of explained variance in the respective dependent variable. Group differences were tested within 
the multiple group comparison using χ2 difference test with a P ≤ 0.5. ***P ≤ 0.001. **P ≤ 0.01. *P ≤ 0.05.
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Figure 7 Multiple group comparison SEM models for dopamine comparing HC and relatives, SCD and MCI and AD patients. 
CSF biomarkers p-tau and Aß42/40 differed significantly in their correlation across disease severity groups. Phosphorylated tau levels and ratio of 
Aß42/40 were inversely associated in the SCD and MCI/AD group while no significant association could be observed in the healthy group. ‘Areas 
high in DA’ and ‘areas low in DA’ are strongly positively correlated across individuals in all subgroup analyses. p-tau shows a positive link to ‘areas 
low in DA’ without significant difference between disease severity groups but showing a trend with disease severity of a stronger association of 
higher tau pathology with higher volumes in ‘areas low in DA’. Numbers given in ellipses and squares indicate R2 of explained variance in the 
respective dependent variable. Group differences were tested within the multiple group comparison using χ2 difference test with a P ≤ 0.5. CTX, 
cortex. ***P ≤ 0.001. **P ≤ 0.01. *P ≤ 0.05.
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Figure 8 Multiple group comparison SEM models for serotonin comparing HC and relatives, SCD and MCI and AD patients. 
CSF biomarkers p-tau and Aß42/40 differed significantly in their correlation across disease severity groups. Phosphorylated tau levels and ratio of 
Aß42/40 were inversely associated in the SCD and MCI/AD group while no significant association could be observed in the healthy group. ‘Areas 
high in HT’ and ‘areas low in HT’ are strongly positively correlated across individuals in all subgroup analyses, while this association differed across 
groups, with a stronger association with disease severity. Numbers given in ellipses and squares indicate R2 of explained variance in the respective 
dependent variable. Group differences were tested within the multiple group comparison using χ2 difference test with a P ≤ 0.5. CTX, cortex. 
***P ≤ 0.001. **P ≤ 0.01. *P ≤ 0.05.
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between p-tau and cognitive variables, but only between 
Aß42/40 and selective cognitive variables (memory, execu
tive function, visual memory).

Groups differ across Alzheimer’s 
disease spectrum in links of 
neurotransmitter target areas, 
biomarkers and cognition
In a second step, we used multigroup analyses within the 
‘CSF cognition model’ to examine group differences in the 
above observed relationships, as correlations in the whole 
group between e.g. cognitive function and pathology will 
not differentiate links based on mean differences ‘between’ 
groups and interindividual differences ‘within’ groups. In or
der to allow for sufficient sample sizes within each group, 
three groups were formed: HCs and healthy first-degree rela
tives to Alzheimer’s patients (n = 122), individuals with SCD 
(n = 152) and MCI and mild Alzheimer’s disease dementia 
(n = 126). This multiple group comparison did not converge 
for the ACh model likely due to the high correlation between 
‘areas high’ and ‘areas low’ (ß = 0.947; P ≤ 0.001), that is, a 
less well fitting two-factor model (see also section 
“Establishing difference between ‘areas high’ and ‘areas 
low’” and Supplementary Table 2). When assessing degrees 
of measurement invariance across groups with regard to 
the latent factors ‘areas high and low’, for the HT model, 
groups showed partial metric measurement invariance for 
the latent factors only when the factor loading of ‘areas 
high in HT’ on hypothalamus was freely estimated, while 
in the NA and DA models, all factor loadings of specific ana
tomical areas could be fixed to be equal across groups to 
achieve weak measurement invariance. For NA, in all 
groups, all observed variables loaded significantly and posi
tively on the respective latent factors, while for DA, brain
stem and cerebellum did not load significantly on ‘areas 
high and low’ in any group and for HT hypothalamus did 
not load significantly on ‘areas high’ only for the healthy sub
jects. Taken together, ‘areas high and low’ thus represent the 
same factors across groups except for a lower contribution of 

hypothalamic volumes to the definition of ‘areas high in HT’ 
in the healthy group. For DA, the multiple group comparison 
showed that within each group, interindividual differences in 
brainstem and cerebellum volume do not significantly define 
‘areas high and low’, suggesting a reduced contribution of 
brainstem and cerebellum volumes to explaining interindivi
dual differences as compared to mean group differences.

Effect sizes for all correlation and regression paths of the 
structural model and for each neurotransmitter and the re
spective group are shown in Tables 2 and 3 and 
Supplementary Table 2. As can be seen in Figs 6–8 and 
Table 2, the correlation across individuals between the CSF 
pathology biomarkers p-tau and Aß 42/40 differed across 
groups, with no significant association in the healthy group, 
while the SCD and MCI/AD groups showed a positive asso
ciation between higher tau and amyloid pathology. Links be
tween pathology markers thus also hold information for 
differentiating more affected groups based on patterns in in
terindividual differences. While mean levels of pathologies 
were as expected significantly higher in MCI/AD (see 
Table 1), this suggests that differences between individuals 
that are more and less affected by pathologies in those two 
groups might be comparable. Moreover, HC and SCD did 
not differ in mean levels of pathologies, but only in the 
SCD group individuals differed significantly in their relation
ship. As in the whole sample analysis, volumes in ‘areas high 
and low’ were positively correlated across individuals within 
the disease groups. Solely for HT, groups differed significant
ly in their correlation showing a stronger association of 
‘areas high and low’ with disease severity across individuals 
in healthy subjects (ß = 0.406; P ≤ 0.01), SCD (ß = 0.687; 
P ≤ 0.001) and MCI/AD patients (ß = 0.860; P ≤ 0.001).

Concerning the associations between CSF biomarkers 
with ‘areas high and low’, p-tau was not linked to any of 
the latent factors across individuals within any of the groups 
for any neurotransmitter, similar to the analysis in the whole 
sample. Except for dopamine, where p-tau was significantly 
associated with ‘areas low in DA’, while not differing signifi
cantly across groups but showing a trend of stronger associ
ation across individuals within groups with increasing 
disease severity. Deviating from the whole sample analysis, 

Table 1 Cohort description and group differences for variables age, gender, education, ApoE4 carrier status, WMH, 
TGV, amyloid-ß 42/40, p-tau and memory tested by ANOVA

Variable HC (n = 122) SCD (n = 152) MCI/AD (n = 126)

Age (years, mean ± SD)a 67.75 ± 4.97 70.35 ± 5.77b 72.88 ± 5.67b,c

Gender (% female) 45.9 56.6 47.6
Education (mean ± SD)a 5.11 ± 1.82 5.30 ± 1.89 4.30 ± 2.02b,c

ApoE4 carrier status (% positive)a 24.6 32.2 49.2b,c

WMH (nL, mean ± SD)a 26.4 ± 70.8 36.3 ± 60.1 75.2 ± 101.4b,c

Hypertension (% present) 49.6 53.4 60.9
TGV (mean ± SD)a 597,674.1 ± 51 739.95 604 032.1 ± 51 670.1 563 413.0 ± 51 238.82b,c

Amyloid-ß 42/40 (mean ± SD)a 0.1 ± 0.02 0.09 ± 0.03 0.07 ± 0.03b,c

p-tau (mean ± SD)a 49.36 ± 17.2 52.64 ± 24.87 76.34 ± 40.57b,c

Cognition score (mean ± SD)a 0.53 ± 0.48 0.4 ± 0.51 −1.22 ± 0.83b,c

Groups were assigned to healthy subjects and first-degree relatives to AD (HC group), subjects with SCD (SCD group) and mild cognitive impaired and Alzheimer’s disease patients 
(MCI/AD group). aSignificantly different between groups. bSignificantly different compared to HC. cSignificantly different compared to SCD.
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the group comparison revealed no association across indivi
duals within groups of Aß42/40 with ‘areas high and low’, 
except for the NA system, where individuals with higher 
amyloid pathology showed atrophy in ‘areas high in NA’, 
also within disease severity groups. However, the positive as
sociation between Aß42/40 and ‘areas low in NA’, observed 
in the whole sample analysis, was not evident in interindivi
dual differences in the NA subgroup analysis.

The negative associations in the whole group analysis of 
p-tau with each cognitive variable (Figs 2–4) only persisted 
significantly for memory function (Figs 6–8), suggesting that 
only with regard to memory, increased tau pathology can ex
plain interindividual differences in lower memory within 
groups. Similarly, interindividual differences in amyloid bur
den were able to explain interindividual differences in all three 
groups only with regard to memory, language and executive 
function for NA, DA and HT (for the latter neurotransmitter, 
the link to language did not reach significance within groups).

Finally, in the NA subgroup analysis across individuals 
within groups, no significant link of ‘areas high or low in 
NA’ to cognitive performance could be observed, while the 
whole group analysis showed positive associations of ‘areas 
high in NA’ with memory, language and visual memory. In 
the DA model, ‘areas high in DA’ were positively linked 
only to language across individuals in all subgroups, com
pared to significant positive associations of ‘areas high in 
DA’ with memory, language and executive function and 
‘areas low in DA’ with working memory in the whole sample 
analysis. Furthermore, ‘areas low in HT’ showed a positive 
association across individuals with language in all sub
groups, which was not observed in the whole sample 
analysis.

Taken together, tau pathology predicted memory per
formance and amyloid pathology predicted memory per
formance and executive function in all subgroups. In the 
NA model, amyloid pathology was especially associated 
with ‘areas high in NA’, while in the DA model, tau path
ology was especially associated with ‘areas low in DA’.

Discussion
Our study aimed to better understand how structural altera
tions in neurotransmitter systems are related to healthy aging 
and disease severity in Alzheimer’s disease. As the brain 
structures supporting neurotransmitter systems appear to 
be particularly vulnerable to neurodegeneration, it may pro
vide important information for differentiating cognitive de
cline in healthy aging, SCD and Alzheimer’s disease 
dementia. Specifically, we investigated whether areas high 
or low in NA, DA, HT and ACh are differentially linked to 
CSF pathology markers (Aß42/40 and p-tau) and cognitive 
function. Relevance of a neurotransmitter for a specific 
area was defined based on differences in receptor densities 
across areas, with areas higher in receptor densities for a par
ticular neurotransmitter considered ‘high’ and areas low in 
receptor densities considered ‘low’. We hypothesized that T
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more intact areas that are high in neurotransmitter receptors 
may be indicative of a slower progression of the disease, and 
therefore, we expected to observe a stronger association be
tween atrophy in these ‘areas high’ and higher Alzheimer’s 
disease pathology as well as lower cognitive function.

The observed and expected group differences in age, edu
cation, WMH and ApoE4 positivity within an Alzheimer’s 
disease continuum have been described elsewhere. We con
trolled for them as external confounding variables when as
sessing the links between cognition, pathology markers and 
atrophy in high and low neurotransmitter brain areas as 
they likely relate to cognition, pathology levels as well as 
atrophy.

SEM confirmed our hypothesis that atrophies in brain 
areas separated into ‘areas high and low’ in NA, DA and 
HT neurotransmitter system progress differently across dis
ease stages. For ACh, this separation was less clear, resulting 
also in difficulties in assessing interindividual differences and 
group differences in links of atrophies and cognition or path
ology levels. The separation in the NA, DA and HT system 
suggests that there are separable disease-related atrophy tra
jectories of ‘areas high and low’. For NA, this could be due to 
a higher vulnerability of these areas with a decline in neuro
transmitter support of vascular health and inflammation le
vels14,15 given that the NA system is affected by protein 
pathologies early on in Alzheimer’s disease and might 
show altered levels of neuromodulation as a consequence. 
Comprising the subregions of caudate, putamen and nucleus 
accumbens, the striatum is fully represented as an ‘area high 
in DA’ with high factor loadings around 0.6, except for caud
ate. Early degeneration with neuronal loss in the ventral teg
mental area as the origin site for dopaminergic neurons has 
been described in Alzheimer’s disease resulting in reduced 
dopamine levels in its target areas such as hippocampus 
and nucleus accumbens, leading to memory decline.46

Similarly, Azargoonjahromi47 could recently show that high
er serotonin levels are related to neurotrophic factors sup
porting neurogenesis and neuroplasticity as well as that 
serotonin is linked to higher cognitive function and larger 
brain volume. Post-mortem studies on Alzheimer’s disease 
patients showed reduced HT receptor binding in cortical 
areas—mainly the frontal cortex—as well as in the hippo
campus and amygdala,48 suggesting cognitive decline and at
rophy in line with our findings on ‘areas high in HT’.

As expected, individuals with more tau pathology also had 
higher levels of amyloid pathology in the whole sample, but 
with significantly stronger correlations with increasing dis
ease severity. Given that no difference between the mean le
vels of tau and amyloid pathology for HC and SCD has been 
observed, it is interesting that the interrelatedness of path
ology was higher in SCD as compared to HC and can there
fore provide important additional information for assessing 
risk populations.

Atrophies in ‘areas high and low’ were positively corre
lated in all neurotransmitter models, indicating that interin
dividual differences in atrophies (even when controlling for 
TIV) are a further important marker for differentiating 

individuals. This correlation was particularly high in the 
cholinergic system, suggesting that a differentiation in ‘areas 
high and low’ in receptor levels is less appropriate for under
standing the impact of a decline in the ACh system. 
Moreover, links between atrophies in ‘areas high and low’ 
did not differ across groups for the NA and DA system, 
but increased significantly across groups with disease sever
ity for HT. This suggests a more differentiated decline of 
‘areas high and low’ based on NA and DA receptor densities, 
while for HT, ‘areas high and low’ seem to exhibit a more 
synchronized decline.

We further hypothesized differential links between CSF 
biomarkers and atrophy in ‘areas high and low’, which we 
found for amyloid pathology, but not for tau pathology, ex
cept for subgroups in the dopaminergic model. In general, 
higher amyloid pathology was associated with atrophy in 
‘areas high and low’ for the whole sample in all neurotrans
mitter models, except for dopamine, where this was only ob
served for areas high in receptor densities, but not for those 
low in densities. Within the whole sample, individuals with 
higher amyloid pathology showed more atrophy in ‘areas 
high in NA’ as well as in ‘areas low in NA’, whereas within 
disease severity groups, higher amyloid burden was only 
linked to ‘areas high in NA’. This might indicate an inter
action between NA decline and amyloid burden in disease 
mechanisms, in line with post-mortem evidence that show 
amyloid plaques appear preferentially in NA high brain re
gions. However, whether this reflects causal links between 
NA dependency and amyloid pathologies remain to be inves
tigated due to limited data on the longitudinal consequences 
of a structural decline in the NA system. It is unclear, for in
stance, whether early tau pathology in the noradrenergic LC 
results in reduced or temporarily increased NA release. The 
observed relationship of individuals with higher levels of 
amyloid pathology having lower brain volumes particularly 
in more NA-dependent areas could result from a reduced NA 
release due to higher vulnerability of NA target areas to 
Alzheimer’s disease pathology driven by their anti- 
inflammatory14 and blood flow regulating properties.15 On 
the other hand, it is also possible that NA release is (at least 
initially) not strongly reduced, and/or that brain areas more 
dependent on NA show relatively more resilience to protein 
pathologies which could also result in a stronger association 
of volume in NA-high areas and Alzheimer’s disease path
ology across individuals. In summary, while we were able 
to identify a stronger association between NA-high versus 
NA-low areas with Alzheimer’s disease amyloid pathology, 
the underlying mechanism remains to be elucidated in the ab
sence of longitudinal data including measures of functional 
NA release. Moreover, the link of higher tau pathology to 
less atrophy in ‘areas low in DA’ could point to a compensa
tory mechanism across Alzheimer’s disease progression in 
these regions but would have to be investigated longitudinal
ly as well. Across disease groups, atrophy in ‘areas high in 
DA’ was higher with more amyloid burden, while ‘areas 
high and low’ in NA, HT and ACh did not show this differ
ential relationship between ‘areas high and low’, suggesting a 
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greater relevance of a decline in DA modulation. For in
stance, amyloid burden might be related to changes in perfu
sion in these amyloid loaded regions and dopamine 
depletion.49

Also with regard to links with cognitive data, differential 
links across neurotransmitters of specific cognitive functions 
with atrophies and pathology burden can be observed across 
disease progression, but also within groups. Investigating 
these links can inform on the relevance of cognitive markers 
for capturing specific aspects of disease progression as well as 
interindividual differences therein. Atrophy differences be
tween groups were more frequently linked to differences in 
cognitive function in areas high in receptor densities, sug
gesting more cognition-related decline in areas more depend
ent on neurotransmitters investigated here. This was in 
particular the case for the cognitive functions memory, lan
guage, executive functions and visual memory. In terms of 
differentiating interindividual differences in atrophy also 
within groups, differences in language capacities were able 
to explain variance both in ‘areas high in DA’ and ‘areas 
low in HT’ in all subgroups. While language is not one of 
the main candidates for assessing disease severity in AD in 
cognitive assessments, this suggests that interindividual dif
ferences in neuromodulatory systems known to be affected 
in AD9 might impact language abilities.

As expected, higher levels of tau or amyloid burden mar
kers showed a consistent negative relationship with all inves
tigated cognitive functions across groups. This was not the 
case for ACh, likely due to a comparatively less suitable mod
el setup as explained above. Examining interactions of path
ology and cognition within groups, differential links were 
observed with p-tau, which explained interindividual differ
ences in memory capacity in all three groups, and amyloid, 
which explained differences in memory, language and execu
tive functions. This less specific link of amyloid burden with 
cognitive functions as compared to p-tau is in line with a 
more diffuse spread of amyloid pathologies.50 Our SEM ap
proach allows investigating relative contributions of atro
phies and pathology burden to cognitive function while 
controlling for known risk factors in aging and AD at the 
same time. Using this approach, we were able to show that 
pathology burden was more frequently linked to cognitive 
decline than atrophy (cf. Tables 2 and 3). This suggests 
that for a better understanding of the cognitive decline in 
neurodegeneration, measures of volumetric brain changes 
should be complemented by measures which are more sensi
tive to local levels of pathology burden such as PET or func
tional MRI assessments.

Taking together, from these results, we infer a greater rele
vance of atrophy in ‘areas high in NA and DA’ and changes 
in language function driven by amyloid pathology across the 
stages of Alzheimer’s disease, which should be further inves
tigated in future clinical studies.

As a caveat to our results, although our sample size was 
sufficient for a SEM estimating two factors and controlling 
for external variables, it was necessary to combine clinical 
groups of the DELCODE study to achieve sufficient group 

sizes for the multiple group comparisons. We clustered the 
initially assigned five groups into three groups. In future 
studies, it would be interesting to distinguish the five differ
ent groups, especially disentangling the clinical group of 
MCI and Alzheimer’s disease patients. Moreover, our data 
did not fit the hypothesized model perfectly, but rather 
with borderline acceptable fit indices, likely due to low cor
relations in the raw data. Finally, to better understand the 
mechanisms underlying our correlational results, additional 
analyses in larger samples as well as stratification based on 
longitudinal markers will be necessary.

Overall, we hope that our study helps to highlight the im
portance of the neurotransmitter systems in healthy aging 
and the progression of Alzheimer’s disease. By employing a 
model estimation with SEM, we integrated non-invasive 
in vivo MRI measurements of brain areas that are more or 
less involved in specific neurotransmitter systems in humans. 
Our results suggest that the NA and DA system may be a key 
factor in resilience to onset of Alzheimer’s disease. Future 
studies should build on these findings and longitudinally ex
plore how volumetric degeneration of individual 
neurotransmitter-specific brain areas predict cognitive de
cline across time.51-54
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