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Abstract

Background The NIA-AA proposed amyloid-tau-neurodegeneration (ATN) as a classification system for AD biomark-
ers. The amyloid cascade hypothesis (ACH) implies a sequence across ATN groups that patients might undergo during
transition from healthy towards AD: A—T—N—=>A+T—N—=>A+T+N—=>A+T+N+. Here we assess the evidence
for monotonic brain volume decline for this particular (amyloid-conversion first, tau-conversion second, N-conversion
last) and alternative progressions using voxel-based morphometry (VBM) in a large cross-sectional MRI cohort.

Methods We used baseline data of the DELCODE cohort of 437 subjects (127 controls, 168 SCD, 87 MCl, 55 AD
patients) which underwent lumbar puncture, MRl scanning, and neuropsychological assessment. ATN classification
was performed using CSF-AB42/AB40 (A+/—), CSF phospho-tau (T+/—), and adjusted hippocampal volume or CSF
total-tau (N+/—). We compared voxel-wise model evidence for monotonic decline of gray matter volume across vari-
ous sequences over ATN groups using the Bayesian Information Criterion (including also ROIs of Braak stages). First,
face validity of the ACH transition sequence A—T—N—=>A+T—N—=>A+T+N—=>A+T+N+ was compared against
biologically less plausible (permuted) sequences among AD continuum ATN groups. Second, we evaluated evidence
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for 6 monotonic brain volume progressions from A—T—N— towards A+T-+N+ including also non-AD continuum

ATN groups.

Results The ACH-based progression A—T—N—=>A+T—N—=>A+T+N—=>A+T+N+ was consistent with cogni-
tive decline and clinical diagnosis. Using hippocampal volume for operationalization of neurodegeneration (N), ACH
was most evident in 9% of gray matter predominantly in the medial temporal lobe. Many cortical regions suggested
alternative non-monotonic volume progressions over ACH progression groups, which is compatible with an early
amyloid-related tissue expansion or sampling effects, e.g., due to brain reserve. Volume decline in 65% of gray matter
was consistent with a progression where A status converts before T or N status (i.e, ACH/ANT) when compared to
alternative sequences (TAN/TNA/NAT/NTA). Brain regions earlier affected by tau tangle deposition (Braak stage |-V,
MTL, limbic system) present stronger evidence for volume decline than late Braak stage ROIs (V/VI, cortical regions).
Similar findings were observed when using CSF total-tau for N instead.

Conclusion Using the ATN classification system, early amyloid status conversion (before tau and neurodegeneration)
is associated with brain volume loss observed during AD progression. The ATN system and the ACH are compatible

with monotonic progression of MTL atrophy.

Trial registration DRKS00007966, 04/05/2015, retrospectively registered.
Keywords MRI, Alzheimer’s disease, Memory, Voxel-based morphometry, VBM, ATN, Biomarker, Amyloid

Introduction

Alzheimer’s disease (AD) is a slowly evolving neurode-
generative condition where initial brain changes can be
found up to decades before the clinical onset and ulti-
mately result in progredient cognitive decline and brain
atrophy often studied with magnetic resonance imaging
(MRI) [1-3].

AD is characterized by the accumulation of protein
deposits, i.e., p-amyloid plaques and neurofibrillary
tangles (NFT) consisting of hyperphosphorylated tau
which can be assessed using cerebrospinal fluid (CSF)
biomarkers [4, 5]. A reliable marker reflecting amyloid
deposition is the AB42/AP40 ratio which decreases
with increasing deposition [6]. Accumulation of tau
tangles is mirrored by increasing CSF hyperphospho-
rylated tau, while CSF total tau has been more gener-
ally associated with neuronal loss, not necessarily AD
specific. Those biomarkers have shown potential for
predicting the clinical diagnostic conversions [7—9] and
worsening of memory performance during disease pro-
gression [10].

One key concept about the disease progress and path-
ological timeline has been introduced as the amyloid
cascade hypothesis (ACH) [1, 11-13]. Due to different
predispositions, including age [14], genes [15], or vas-
cular risk factors [16], 8-amyloid is increasingly formed
from precursor proteins which leads to its aggregation
in the brain. Then, f3-amyloid can induce hyperphos-
phorylation and malformation/misfolding of intracellu-
lar tau proteins, which aggregate in forms of NFTs [13].
Increased cellular stress results in neuronal loss which
typically manifests behaviourally in progressive cognitive
decline. Neuronal death in AD manifests in a typical MRI

atrophy pattern with strongest morphometrical changes
situated in medial temporal lobe (MTL) and other lim-
bic regions, while the primary motor and sensory cortex
are often spared [17, 18]. Although the ACH was pos-
tulated about 30 years ago, the hypothesis is still under
refinement and critical review [13, 19, 20]. Moreover,
the stereotypical progression pattern of tau/NFT spread
from the transentorhinal region via the limbic system to
the whole cortex during AD progression can be classified
into six Braak stages, which have been first described in
an autopsy study [5], and later tested in positron emis-
sion tomography studies [21, 22] or VBM atrophy studies
[23].

Recently, a new descriptive ATN classification for AD
which emphasizes pathological and physiological rather
than traditional clinical measures such as neuropsycho-
logical test scores was proposed [24, 25]. In the ATN
system, for the three binary categories amyloid burden,
tau burden, and neurodegeneration, subjects are rated
as normal (physiological, “—”) or abnormal (pathologi-
cal, “4+”). The resulting 8 (=2%) groups with different bio-
marker combinations range from A—T—N— (suggesting
no pathology) to A+T+N+ (with pathology in all catego-
ries). It has been suggested that all ATN biomarker com-
binations with A+ reflect a pathological change related
to the AD continuum. Several recent studies explored the
prognostic possibilities for clinical progression and cog-
nitive decline using ATN [26-30]. However, while the
ATN classification does not directly imply a progression
cascade or a set of subsequently following stages per se,
it may be used for this particular purpose. For example,
the sequence of a disease transition across pathology
groups (1) A—T—-N— (2) A+T-N—- (3) A+T+N— (4)
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A+T+N+ is more compatible with the amyloid cascade
hypothesis than other progression sequences based on
ATN classification groups [25]. If individual partici-
pants follow this particular disease progression profile,
this would imply a monotonic volume loss across groups
(1)=>(2)=>(3)=>(4) in brain areas associated with AD.
While above progression sequence is partially supported
in selected studies [31, 32], those findings are limited to
recordings of non-imaging between-group biomarker
differences. Although there is evidence for deviating
sequences of progression [32], studies focusing on local
voxel-based anatomical analysis in relation to ATN
groups are still missing (see, e.g. [33]).

Here we study whether above progression implied by
the ACH is reflected in specific patterns of local GM
volume decline using cross-sectional data from a large
neuroimaging cohort (DELCODE; DZNE Longitudinal
Cognitive Impairment and Dementia Study) which is
well characterized by CSF biomarkers. The DELCODE
cohort is specifically enriched in subjects that are at risk
for developing AD such as subjective cognitive decline
(SCD), but also mild cognitive impairment (MCI) and
thus more likely comprises individuals in early preclinical
stages of AD (A+).

GM volume is a sensitive marker for local brain changes
or pathological processes. As this marker is continuous,
smallest substance differences for all brain regions can be
measured and intermediate changes are detectable even
when they would not cause an ATN status conversion.
We hypothesize that GM in the hippocampal-network
decreases following the ACH sequence and (1) test face
validity of an ACH-based sequence using voxel-based
morphometry without a priori regional assumptions; and
(2) compare the evidence for volume loss reflecting the
ACH sequence in comparison to other biologically pos-
sible progressions outside the AD continuum. Finally, the
concordance between ACH progress and Braak staging is
evaluated. We expect earlier Braak stages to be stronger
affected by atrophy during the ACH sequence. It might
occur that the volume alteration is regionally modulated
by, e.g., reserve mechanisms. Since operationalization
might be crucial, we also evaluate the impact of alterna-
tive choices for dichotomization of the N category using
both t-tau or hippocampal volume.

Methods

Study design and participants

This study uses the baseline data of the DELCODE
cohort, an observational multicentre study with 10
sites from the German Centre of Neurodegenerative
Diseases (DZNE). Its focus is the multimodal assess-
ment of preclinical stages of dementia of Alzheimer’s
type (DAT) including SCD, MCI, DAT, and DAT
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relatives [34]. While SCD, MCI, and DAT participants
were recruited from memory clinics, relatives of DAT
patients and healthy controls were recruited by adver-
tisement and initially screened per phone for self-expe-
rienced cognitive decline and memory worries. Further
SCD inclusion criteria were a normal cognitive perfor-
mance (specified as within 1.5 SD compared to an age,
sex, and education years adjusted control group) in all
subtests of the CERAD-plus battery and a MMSE score
between 26 and 30 and a CDR score < 0.5.

Participants with MCI were below 1.5 SD in the
CERAD-plus battery, but did not fulfil dementia cri-
teria of NINDCS/ADRDA [35]. Subjects diagnosed as
DAT were fulfilling NINDCS/ADRDA criteria, have a
CERAD-plus score of below 1.5 SD, and were within
an extended MMSE score range of 18-26 and have a
CDR rating of > 1. DAT relatives have a first-grade sib-
ling with diagnosed DAT and do not fulfil MCI or DAT
criteria.

Noncomplaining healthy controls (NC) neither suf-
fered from subjective or objective cognitive impairment.
All participants were native German speakers, older than
60 years, and gave written informed consent and had a
study partner available for consultation. Other neuro-
logical or psychiatric disorders than DAT were excluded.
More information on study design and inclusion/exclu-
sion criteria can be found elsewhere [34]. DELCODE is
retrospectively registered at the German Clinical Tri-
als Register (DRKS00007966), (04/05/2015) and was
approved by ethical committees and local review boards.
Of a total of 1079 participants at baseline timepoint,
we finally included 437 subjects with available quality
checked MRI imaging and CSF biomarkers (see below).
Based on a clinical classification approach, this includes
127 NC (including DAT relatives), 168 SCD, 87 MCI, and
55 DAT patients. A summary of demographic informa-
tion of the analyzed sample is provided in results Table 1.

Neuropsychological testing

In DELCODE, subjects underwent a large battery of neu-
ropsychological tests. Due to our focus on global cogni-
tion and memory aspects in healthy and (pre-) clinical
DAT patients, we use the Mini-Mental State Examina-
tion (MMSE, [36]) and a reliable memory composite
factor score (further denoted as memory performance).
This score was created by confirmatory factor analysis
and enables detecting subtle cognitive deviations in SCD
when compared to NC subjects [37].

Biomarker and MRI data acquisition
Lumbar puncture was carried out by trained study assis-
tants in 49% of DELCODE participants. CSF samples
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Table 1 DELCODE sample characteristics and ATN group classification
ATN groups Normal Non-AD pathologic change Alzheimer’s continuum groups

A-T—N-— A-T—N+ A-T+N— A—-T+N+ A+T—N— A+T—N+ A+T+N— A+T-+N+
Group size 143 41 29 14 45 23 61 81
Age (years) mean 69.64 (5.50) 68.10 (5.85) 70.20 (4.56) 70.86 (5.90) 69.97 (5.12) 70.91 (7.10) 73.20 (5.30) 7346 (5.84)
(SD)
Sex (% female) 48.25% 48.78% 72.41% 28.57% 42.22% 39.13% 47.54% 55.56%
Educationyears 1465 (2.92)  14.71(2.87) 13.79 (2.02) 16.57 (2.53) 14.07 (2.53) 1443 (3.19)  13.67(333) 13.75(2.98)
mean (SD)
MMSE mean (SD)  29.15(1.19)  28.54(1.98) 29.14 (1.27) 29.14 (1.61) 29.24(0.77) 2752(3.29)  27.52(3.06) 26.12(3.23)
Memory per- 0.39(0.51) 0.13(0.84) 042 (0.67) 0.01 (0.99) 0.35(0.64) —052(1.05) —044(1.09) —1.18 (1.00)
formance mean
(SD)
CSF AB42/40 0.110(0.011) 0.108(0.011)  0.112(0.013)  0.118(0.014)  0.074(0.012) 0064 (0.015) 0.053(0.011)  0.050(0.013)
mean (SD)
CSF phospho-tau  41.02 (8.81) 39.85(11.84) 68.02 (10.88) 74.68 (1941) 41.88(9.99) 44.49 (9.40) 93.26 (50.38) 95.06 (31.09)
(pg/ml) mean
(SD)
CSF total tau (pg/ 288.18 (89.16) 291.24 (131.09) 465.98 (115.59) 54438 (167.71) 32141 (104.50) 312.96 (94.48) 677.41(335.83) 77843 (287.03)
ml) mean (SD)
aHV (ml) mean 3.14(0.21) 264 (0.15) 3.18(0.24) 263(0.11) 3.12(0.21) 260 (0.21) 3.12(0.23) 2.56(0.22)
(SD)
WMH (ml) mean 329 (5.31) 3.27 (6.07) 142 (1.70) 2.09 (2.83) 3.19(3.61) 4.66 (6.05) 6.99 (11.61) 6.34 (7.96)
(SD)

Overview of descriptive characteristics of the DELCODE sample and ATN group statistics. Non-AD pathologic change ATN groups that are related to neuronal
conditions other than AD, Alzheimer’s continuum groups AB-positive groups that are related to AD

aHV adjusted hippocampal volume, WMH white matter hyperintensities

were centrifuged, aliquoted, and stored at —80°C for
retests. Biomarkers known to be related to AD pathol-
ogy (CSF AP42, total tau, hyperphosphorylated tau) were
determined by commercially available kits (V-PLEX Af
Peptide Panel 1 (6E10) Kit (K15200E), V-PLEX Human
Total Tau Kit (K151LAE) (both Mesoscale Diagnos-
tics LLC, Rockville, USA), Innotest Phospho-Tau(181P)
(81581; Fujirebio Germany GmbH, Hannover, Germany)).

MRI scans were acquired in 9 out of 10 involved
DZNE sites (3T Siemens scanners: 3 TIM Trio systems,
4 Verio systems, 1 Skyra and 1 Prisma system). Our
main analyses were based on whole brain T1-weighted
MPRAGE (3D GRAPPA PAT 2, 1 mm? isotropic, 256
X 256 px, 192 slices, sagittal, ~5 min, TR 2500 ms, TE
4.33 ms, TI 110 ms, FA 7°). Further ROI and covariate
processing was based on additionally available FLAIR
and T2-weighted protocols (for details see [34]). Addi-
tional details on standard operation procedures, qual-
ity assurance, and assessment (QA), performed by the
DZNE imaging network (iNET, Magdeburg), can be
found elsewhere [34].

Image processing and computational brain morphometry
The MPRAGE images were processed using SPM
(SPM12 v7771, Statistical Parametric Mapping software;

Wellcome Trust Centre for Human Neuroimaging,
London, UK, [38]) and CAT-Toolbox (CAT12.6 r1450,
Structural Brain Mapping group, Jena University Hospi-
tal, Jena, Germany, [39]) under MATLAB (r2019b, The
MathWorks, Inc., Natick, Massachusetts, USA). As first
step, a correction for field inhomogeneities was applied.
Then the images were segmented into GM, WM, and CSF
maps using CAT which includes a partial volume estima-
tion correction on AMAP approach [40]. The received
tissue maps with a 1-mm isometric voxel size are warped
to a study-specific template in MNI space using Geodesic
Shooting approach [41]. The GM tissue maps were mod-
ulated by the Jacobian determinant to enable voxel-based
comparisons of local gray matter volume across subjects.
We tested the impact of different Gaussian blurring ker-
nels on the model and finally opted for a kernel with 6
mm full width half maximum (FWHM). The impact of
Gaussian blurring with different FWHM kernel sizes on
the model can be found in the supplement (Supplemen-
tal File 1). The resulting tissue maps were quality tested
using CAT’s sample homogeneity check and 15 subjects
were excluded due to preprocessing artifacts.

For complementary ROI analysis, we used Free-
surfer’s (v6.0, [42]) volume reconstruction (cortical
stream [43], subcortical stream [44]) to extract region
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of interest volumes. This was carried out by the default
pipeline initiated by a “recon-all -all” command which
contains all preprocessing steps needed, including for
example intensity normalization, surface registration
to Talairach space, skull stripping, subcortical seg-
mentation and calculation of affiliated region statis-
tics, WM segmentation, tessellation and inflation of
pial parcellated WM surfaces, and cortical parcellation
with calculation of cortical region statistics. Four ROIs
(amygdala, hippocampus, entorhinal cortex, precu-
neus), well known to be affected early by AD pathology,
were assessed [17, 45-48]. Furthermore, anatomical
masks representing Braak stages were created follow-
ing [49] and warped to MNI space. Thus, the following
cortical regions were included as aggregated volumes:
stage I/II: entorhinal cortex and hippocampus, stage
III/IV: limbic, insular and temporal regions, V/VI:
remaining cortical regions including primary sensory/
motor areas or precuneus.

In order to enable a reliable operationalization of
the N category of ATN system, we used the specifically
developed hippocampal segmentation in Freesurfer that
is based on a high-resolution T2-weighted scan of the
medial temporal lobe [50]. Note, that the obtained hip-
pocampal volumes were only used for the ATN classifica-
tion of each participant, while all presented voxel-based
and ROI volumes were based on conventional CAT and
Freesurfer segmentations (as dependent variable). A
strong co-occurrence of AD and white matter hyperin-
tensities (WMH) as sign of vascular damage has been
reported [16, 51-54]. To account for WMH during our
analyses, the total lesion volume was extracted using
Lesion segmentation toolbox (v3.0.0, LPA and an 0.5
binary threshold, [55, 56]).

ATN classification and group comparison

Each participant was classified as normal (—) or abnor-
mal (+) in the amyloid (A) and tau (T) category depend-
ing on their biomarker levels of AP42over40 and
phospho-taul81 respectively. Cutoffs were estimated by
a ROC analysis and Youden’s index (A = 0.09, T = 57 pg/
ml, [34]). In this study, we explored effects of two differ-
ent choices for the neurodegeneration (N) category. We
focused on (1) adjusted hippocampal volume (denoted
as aHV; cutoff = 2821.1 pl) and (2) CSF total tau (cutoff
= 470 pg/ml). aHV was derived from the Freesurfer seg-
mentation (see above) and corrected for age, sex, educa-
tion, total intracranial volume (TICV), and WMH using a
linear regression model. Dichotomization of participants’
aHV into N— and N+ was performed using Gaussian
mixture modelling (GMM) similar to established cutoff
estimation for CSF biomarkers used for the A and T cat-
egory [57].
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To assess group differences in age and education, one-
way ANOVAs with ATN status as between-subject vari-
able were used. Group differences in cognition (MMSE
and memory performance) were tested in ANCOVAs
with ATN status as between-group variable and age, sex,
and education as covariates. In all cases, post hoc analysis
was performed by two sample ¢-tests using a Bonferroni
correction to account for multiple comparisons. Nota-
bly, analyses were restricted to the four groups of the
ACH-based progression (1) A—T—N— (2) A+T—N— (3)
A+T4+N-— (4) A+T+N+ since we focused on implica-
tions for common AD-related trajectories. The distribu-
tion of ATN status per clinical diagnosis was tested by
2-sided Fisher’s exact test for distribution differences
between cognitively unimpaired (NC, SCD) and cogni-
tively impaired (MCI, DAT) subjects. Significance level is
set to p < .05 (*) or p <.001 (**) respectively.

Testing the evidence for a monotonic decrease of brain
volume over ATN progression groups

We aimed to test the evidence of local brain GM vol-
ume loss as a process of AD progression. As predicted by
the ACH, the volume would decline over the following
groups (1) A—T—N— (2) A+T—N— (3) A+T+N—; to (4)
A+T+N+. Thus, we hypothesized later ATN stages to be
associated with significantly reduced GM in AD-related
areas. We estimated a voxel-wise general linear model
describing the local GM volume y for the 4 given groups
as

y=Xp+e

with design matrix X, coefficients 5, and residuals €. The
design matrix was chosen to define j3; as group mean of
the first group, and for g=2,3,4 coefficient f3, as group dif-
ference of group g and g-1. The model was fitted under
linear constraints that ,<0 for g=2,3,4 and therefore
implementing a monotonic decline of volume across
groups I to 4 (using MATLAB R2019b’s function for con-
strained optimization Isqlin). For instance, if a voxel has a
true monotonic decline of volume y over groups 1,2,3,4,
the model evidence is expected to be higher than for an
alternative model with reversed group order, e.g., 4,3,2,1.
We further compared different hypothesized and alterna-
tive sequences of volume decline progressions using the
Bayesian Information Criterion [58] (BIC) which com-
pares the likelihood how well the data is described using
a monotonic function while accounting for model com-
plexity (Fig. 1).

First, face validity of the ACH hypothesis was tested
by comparing the evidence of the above ACH-based
sequence (1) = (2) = (3) = (4) against 23 (=4*3*2*1-
1) alternative monotonic progressions generated by
permutation which are a priori less plausible if ACH is
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\

high evidence for monotonic volume decline

GM Volume

A-T-N- A+T-N- A+T+N- A+T+N+
residuals increase in size for this model
--> bad evidence for monotonic volume decline
A+T+N- A-T-N- A+T-N- A+T+N+

Fig. 1 Monotonic and non-monotonic volume decline using ATN. A An illustration of monotonic GM volume decline as hypothesized when
following the ACH hypothesis using ATN groups. B A permutated order of the upper case that clearly not shows a monotonic volume decline. A
temporary volume increase causes large residuals that cannot be explained by a monotonic model. Therefore, the pathway in A would be preferred

over B (“higher evidence for monotonic decline in A”)

true. Note that this analysis was restricted to 4 primarily
AD-related of all 8 possible ATN classification groups,
where it is assumed that amyloid conversion happens
before status conversion of tau and neurodegeneration.
In a second analysis, the evidence of the ACH-related
volume trajectory was compared against 5 biologically
plausible alternative sequences including also ATN
groups which are considered outside the AD contin-
uum, in particular ANT (i.e., amyloid-conversion first,
N-conversion second, tau-conversion last; therefore
“ANT”), TAN, TNA, NAT, and NTA. These 6 sequences
represent all conceivable possibilities to convert in three
steps from A—T—N— (no pathology) to A+T+N+ (full
pathology).

In this study, all tests were performed both on (A)
whole brain voxel-based modulated GM volume images
and (B) a priori hypothesized ROIs. Voxel-based tests
were restricted to GM using an absolute threshold of .05.
In addition, the percentage of voxels with the highest evi-
dence for the ACH trajectory inside every ROI mask is
provided.

All statistical analyses were performed in MATLAB.
Voxel-wise test results are presented as maps with the
highest evidence for one particular model and log p maps
for inference on statistical parameters such as successive

volume decline over groups (using FDR correction for
multiple comparisons, p<0.05). Finally, the percentage of
GM voxels with the highest evidence for a certain pro-
gression sequence is provided. All analyses were account-
ing for covariates age, sex, education, TICV, and WHM.
All main results are reported for N operationalized
by aHV and selected results using CSF total tau can be
found in the Supplementary material.

Model verification using an ADNI dataset
We additionally aimed to support the validity of our ROI-
modelling results by out-of-sample replication using the
Alzheimer’s Disease Neuroimaging Initiative [59]. The
ADNI was launched in 2003 as a public-private partner-
ship, led by Principal Investigator Michael W. Weiner,
MD. The primary goal of ADNI has been to test whether
serial MRI, positron emission tomography, other biologi-
cal markers, and clinical and neuropsychological assess-
ment can be combined to measure the progression of
MCI and early AD. For up-to-date information, see [59].
The analyzed subsample for out-of-sample replication
encompasses 285 subjects from ADNI2 (68 NC, 34 SCD,
169 MCI, 14 AD) which had Freesurfer (v5.1, [42]) vol-
umes and CSF biomarkers available. ATN dichotomiza-
tion was performed using CSF AB42, CSF p-tau, and aHV
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generated by Freesurfer’s hippocampal subfield segmen-
tation. Cutoffs were estimated using GMM. We focused
on ROI volumes of amygdala, hippocampus, entorhi-
nal cortex, precuneus, and aggregated Braak stages and
again tested the face validity of the ACH against 23 per-
mutations of ATN groups as well as compared the ACH
against five other progressions towards AD after correc-
tion for age, sex, education, TLV, and TICV as described
above (for DELCODE).

Results

Sample demographics and ATN group comparisons

Key characteristics of the analyzed DECLODE sam-
ple are summarized in Table 1, and selected compari-
sons (Bonferroni) can be found in Fig. 2. As expected,
we found that age differed across ATN groups (F(7,429)
= 6.65, p < .001). ATN groups showed also differences
in years of education (F(7,429) = 2.63, p < .05). With
respect to cognition, we found a significant effect of ATN
group (F(7,426) = 13.46, p < .001), age (F(1,426) = 14.78,
p < .001), and education (F(1,426) = 19.58, p < .001) on
MMSE scoring, but no effect of sex (F(1,426) = 0.93, p =
.33). Similar results were obtained for the memory per-
formance, where ATN status (F(7,426) = 28.10, p < .001),
age (F(1,426) = 44.54, p < .001), education (F(1,426) =
39.78, p < .001), and sex (F(1,426) = 3.87, p < .05) were
significant.
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As shown in Fig. 2, the age increased while global cog-
nition (MMSE) and memory performance decreased
following a hypothesized disease progression using the
ACH sequence (A—T—N— 2> A4+T-N— > A+T+N—
=> A+T+N+). No systematic pattern was found for
years of education. These effects could be reproduced
using CSF total tau for N (Supplemental File 2).

Association of ATN status and clinical diagnosis

We observed an association of the ATN status and clini-
cal diagnosis groups comparing cognitively unimpaired
(NC, SCD) and cognitively impaired (MCI, DAT) par-
ticipants for A—T—N— (p < .001), A—T+N— (p < .05),
A+T—-N- (p < .05), A+T+N— (p < .05), and A+T+N+
(p < .001). No non-random association was found for A—
T-N+ (p = 49), A-T+N+ (p = 40), and A+T-N+ (p
= .26). Compared to A—T—N—, the highest relative risk
for DAT was found in A+T+N+ (30.90 times higher) and
A+T—N+ (15.54 times). The lowest risk for DAT relative
to A—T—N-— was in A—T+N— (2.47 times higher), while
no DAT cases were recorded in A—T+N+ or A+T—N—.
Results suggested that more impaired clinical groups,
especially DAT, were found more often among the Alzhei-
mer’s continuum ATN groups (i.e., in A+), while cogni-
tively unimpaired status was rather associated to no brain
pathology (i.e., A—T—N-—). For percentual distribution,
see Fig. 3. A similar pattern was observed for N measured
by CSF total tau (Supplemental File 3).
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Fig. 2 Comparison between selected ATN groups. Boxplots of age, sex, cognition for selected ATN groups. *: p < .05 after Bonferroni correction, **:

p < .001 after Bonferroni correction
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clinical diagnosis per ATN status
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Fig. 3 Distribution of ATN status and clinical diagnosis. Left: percentual distribution of selected ATN groups per clinical diagnosis; right: percentual

distribution of clinical diagnosis per ATN groups

Assessing face validity of the ACH hypothesis using local
brain volume
As a next goal, we identified brain regions where volume
progression across ATN groups is compatible with the
ACH hypothesis. More specifically, if the ACH is true, it
might be expected to observe a monotonic decline of vol-
ume over groups A—T—N—=> A4+ T-N—=> A+T+N—-
—> A+T+N+ in the hippocampal network [25]. The
regions showing significant GM volume decline over this
ACH sequence (of ATN biomarker conversions) are illus-
trated in Fig. 4A (log p map, p < .05 FDR-corrected, N
based on hippocampal volume, accounting for covariates
age, sex, education, TICV, and WMH). Strongest effects
are found in the MTL region (peak: left post. hipp. x =
—28,y = =22,z = —19, log p = 86.70). Further regions
with significant GM volume loss following the ACH
sequence are the orbital and basal forebrain, large parts
of the temporal lobe, the insular cortex, the basal ganglia,
the cingulate gyrus, the precuneus, (medial) premotor
regions, and the parietal and occipital lobes. When using
CSF total tau instead of hippocampal volume for opera-
tionalization of the ‘N’ category, we observed consistent
but slightly less widespread shrinkage of local GM (peak:
left ant. hipp. peak x = —26,y = —10,z = —17,logp =
21.41, Fig. 4B).

It is important to note that testing for “any” local vol-
ume decline over groups that align with the ACH-related

progression might still reveal brain areas where alterna-
tive disease progressions are even more likely. Therefore,
in an explorative analysis, we compared voxel-wise evi-
dence of the hypothesized ACH progression (or model)
against 23 biologically less plausible (permuted) conver-
sion sequences among the ATN classification groups
associated with the AD continuum, e.g., the above stated
group progression but in reversed order. First, we applied
a voxel-based test of monotonic GM volume decline
using the Bayesian Information Criterion. Figure 5a illus-
trates the resulting regions with highest evidence for
three selected progressions. Since only one sequence of
diagnostic conversions can have the highest evidence in
a given brain region (when compared to other progres-
sions), these maps revealed non-overlapping areas of the
brain. For 8.99% of all explored GM brain regions, ACH
was indeed found to be the most evident progression
sequence showing monotonic volume decline (Fig. 5b).
This especially involved the anterior MTL, hippocampus,
parahippocampal gyrus, and fusiform gyrus while the
general pattern of regions most compatible with ACH is
similar to the above presented findings.

However, this analysis also suggested that the
ACH sequence was not the most evident progres-
sion (among 24 tested) in frontal lobe, insular cor-
tex, precentral and postcentral gyri, or the cerebellum.
Our analysis revealed several brain regions in which



Heinzinger et al. Alzheimer’s Research & Therapy (2023) 15:50

A Neurodegeneration by aHV
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Peak A: left posterior Hippocampus (-28, -22, -19) = 86.70
Peak B: left anterior Hippocampus (-26, -10, -17) =21.41

Fig. 4 Volume decline following the ACH sequence. Regions showing significant GM volume loss along the ACH sequence. Unmasked log p map
with p < .05, FDR-corrected. A Neurodegeneration (N) defined by aHV. B Neurodegeneration (N) defined by CSF total tau

alternative sequences over ATN groups were bet-
ter reflective of monotonic volumetric decline. More
specifically, alternative progressions AP 1 (A+T—
N—=2A+T4+N—=2>A-T-N——>A4+T+N+) and AP
2 (A+T-N—=2>A-—T-N—=DALTHN-—=DA+T+NH)

showed highest evidence in 16.28 and 14.05% of the GM
respectively (Fig. 5). Interestingly, both assume a tran-
sient volume increase when transitioning to amyloid
positivity (i.e., GM volume of A+T—N— > A—T—N-)
followed by the lowest GM volume in A+T+N+. AP 1

B

= ACH 8.99 %
mAP1 16.28 %
u AP 2 14.05 %

other sequences (21) 60.68 %

Fig. 5 Face validity of ACH using VBM. Voxel-based evidence for monotonic volume decline over 24 sequences gained by permutation of the
ACH sequence (ACH, A—T—N—=2A+T—-N—=>A+TEN—DAH+T+N4); AP 1: A+T—N—-DAFTEN—DA_T-_N—-DALTENF; AP 2: A4+T—
N—=2>A—T—N—=>A4+T4+N—=>A+T+N+; A voxels where sequence shows highest evidence; B percentage of gray matter voxels where sequence

has highest evidence
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Table 2 Assessment of face validity of the ACH in selected ROls
Region Sequence with highest T P ACHonranknr. (of 24) ACHVX%
evidence
AMG ACH —13.69 253e—-34 1 80.99
Hippocampus AP 1 —14.88 6.76e—39 5 26.27
Entorhinal cortex ACH —7.30 1.13e—12 1 48.46
Precuneus AP 2 —3.90 5.76e—05 4 13.78
Braak I/l ACH —16.11 1.15e—43 1 2513
Braak Ill/1IV Other1 —6.97 8.59e—12 5 17.97
Braak V/VI Other1 5.06 3.54e—07 5 7.31

ROI-based comparison of evidence for a monotonic volume decline over 24 sequences obtained by permutation of the ACH progression sequence. Braak stage
volumes were obtained using aggregated Freesurfer ROl volumes. ACH: A—T—N—=>A+T—N—=2>A+T+N—=>A+T+N+; AP 1: A+ T-N—=>A+T+N——>A—
T—N—=>A+T+N+; AP 2: A+T-N—=>A—T—N—=>A+T+N—=>A+T+N+; Otherl: A+ T+N— => A+T—N— => A—T—N— => A4+ T+N+. ACH VX%: Percentage of voxels

with highest evidence for ACH sequence inside the ROl mask

was the conversion sequence having highest evidence in
cortical regions (especially frontal lobe, orbital frontal,
premotor regions, insular cortex). AP 2 showed highest
evidence in parts of the posterior MTL, the middle and
posterior cingulate gyrus, and cortical clusters (the pre-
cuneus, temporal, parietooccipital lobe).

Table 2 shows the results for a similar but comple-
mentary ROI-level analysis of monotonic GM decline in
amygdala, hippocampus, entorhinal cortex, and precu-
neus defined using an MRI atlas. The ACH-based pro-
gression was found to be the best fitting sequence to
describe monotonic GM volume loss in amygdala and
entorhinal cortex. For all ROIs, the ACH progression was
found to be among top 5 most likely sequences (out of
24). Surprisingly, AP 1 showed highest evidence for hip-
pocampal ROI volume loss, while the precuneus volume
was best described by AP 2. One potential disadvantage
of the definition of the “N” category is the dependence on
atlas-based ROls, e.g., for the hippocampus. When using
CSF total tau for definition of the “N” category, the ACH
sequence was also found to optimally describe mono-
tonic GM loss especially in the MTL. On the ROI level,
the ACH sequence was always the most or second most
evident pathway (out of 24; Supplemental Files 4 and 5).

Comparing progression sequences towards AD pathology
including non-AD continuum groups

All above comparisons were focused on only four ATN
groups from the AD continuum (A—T—N—, A+T—N—,
A+T+N—, A+T+N+). However, these AD contin-
uum-related groups do not enable direct comparisons of
ACH-implied conversion sequences against an alterna-
tive timing of events such as tau positivity preceding amy-
loid positivity (e.g., A—T+N+ converting to A+T+N+).
We therefore compared the ACH-based sequence to
five other biologically possible conversion schemes from
A—T—N- towards A+T+N+ (denoted as ANT, TAN,

TNA, NAT, NTA). For this comparison, the conversion
sequences are denoted in the order of each biomarker
becoming positive, e.g.,, TAN stands for: tau category
becomes positive first, amyloid second, neurodegen-
eration last (A—T—N— => A—T4+N— => A4+T+N— =>
A+T+N+). Again, Bayesian Information Criterion (BIC)
was used to identify conversion sequences with highest
evidence for monotonic volume decline both on a voxel as
well as ROI level.

Brain regions with highest evidence for above pro-
gressions are characterized in Fig. 6. According to our
analysis, A-first sequences (ACH/ATN, ANT), T-first
sequences (TAN, TNA), and N-first sequences (NAT,
NTA) showed the highest evidence for monotonic vol-
ume decline in 64, 35, and 0.01% of GM respectively.
Local GM regions with highest likelihood for ACH
were especially found in the MTL (with an exception
of the right anterior hippocampus and parahippocam-
pal gyrus), but also in the basal ganglia (caudate ncl.,
putamen, thalamus) and precuneus. More supporting
clusters for ACH/ATN were observed in all cortical
lobes making it clearly the most likely sequence in large
parts of GM in this comparison. The ANT progression
showed highest evidence in complementary regions of
the MTL not covered by ACH/ATN (see above) with
additional regions in the basal ganglia (ncl. accum-
bens), medial frontal lobe, the insular cortex, and pre-
motor regions. T-first sequences were most likely only
in the cerebellum and some cortical regions including
the medial occipital lobe. All of these four sequences
showed evidence for different parts of the cingulate
gyrus. N-first sequences were only seen in very minor
portions of the GM.

In the complementary ROI analysis, conversion
sequences with monotonic volume decline were com-
pared for same ROIs as above. The most evident
sequences for volume loss per ROI and matching effect
size are presented in Table 3. Interestingly, ACH/
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m ACH 32.80 %
m ANT 31.88 %
= TAN 15.58 %
= TNA 19.72 %

NAT, NTA 0.01%

Fig. 6 Comparing progression sequences towards AD pathology using VBM. Regions with highest evidence for monotonic volume decline
assuming 6 potential disease progressions from A—T—N— towards A+T+N+ (ACH, ANT, TAN, TNA, NAT, NTA). Sequences are denoted in the order
of biomarker positivity along the pathway (e.g, ANT = amyloid-positivity first, neurodegeneration second, tau last). A Voxels where sequence shows
highest evidence; Notably, regions of highest evidence for each progression are disjunct. B Percentage of gray matter voxels where sequence has
highest evidence. N-first sequences (NAT, NTA) are not shown as only few voxels are supported

Table 3 Comparing progression sequences towards AD pathology including non-AD continuum groups in selected ROIs

Region Best sequence T P ACH on rank nr. (of 6) ACH VX%
AMG ACH —12.93 8.22e—33 1 89.62
Hippocampus ANT —18.07 5.74e—55 2 58.18
Entorhinal cortex ACH —7.25 9.78e—13 1 89.05
Precuneus ACH —3.93 4.86e—05 1 30.92
Braak I/11 ACH —16.20 1.07e—46 1 57.95
Braak lll/1V ANT —7.67 5.64e—14 2 46.02
Braak V/VI ANT —4.21 1.53e—05 2 28.60

ROI-based comparison of evidence for a monotonic volume decline over 6 possible sequences across ATN groups from A—T—N— towards A+T+N+ (ACH, ANT, TAN,
TNA, NAT, NTA). Braak stage volumes are aggregated Freesurfer volumes of regions that mirror Braak stages. ACH VX% percentage of voxels with highest evidence for

ACH sequence inside the ROl mask

ATN was the most evident progression for amygdala,
entorhinal cortex, and precuneus. In the hippocampus
however, the ANT progression was found to show the
highest evidence for the data. Our analysis revealed
no indications for the superiority of T-first or N-first
over A-first sequences in these ROIs. Notably, above
findings were mainly reproduced using CSF total tau
as neurodegeneration marker. Here, ACH was also the
most prominent sequence: On the voxel level, more
than 41% of GM showed highest evidence for the ACH
sequence (Supplemental File 6). On the ROI level, ACH
was the most evident sequence with exception of amyg-
dala and entorhinal cortex, where TAN was more likely

which is in contrast to the results of aHV-based neuro-
degeneration (Supplemental File 7).

Concordance of Braak stage trajectory and the ACH
trajectory

In addition to above reported ROIs, the two voxel-based
analyses of compatibility of the ACH sequence with
monotonic GM volume decline were aggregated for larger
Braak stage composite regions (Tables 2 and 3). Here,
stage I/II encompasses the hippocampus and entorhinal
cortex, stage III/IV the limbic regions, and stage V/VI the
remaining cortical regions like precuneus or primary sen-
sory/motor regions. We asked how much of GM at some
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stage showed highest evidence for ACH. On the voxel
level, the percentage of voxels with highest evidence for
the ACH sequence decreased from 25.1% in stage I/II to
7.3% in stage V/VI for the first comparison (face validity
of ACH). For the second comparison (including non-AD
continuum groups), there was also a noticeable decrease
of ACH compatible GM voxels from 58.0% in stage I1/1I to
28.6% in stage V/VI (see Tables 2 and 3).

Thus, on the ROI level, ACH-related ATN sequence
across groups was the most evident conversion sequence
which is compatible with a monotonic volume decline in
Braak stage I/II. For ROIs reflecting stages III/IV and V/
VI, ACH was under the most evident 5 (of 24) respectively
2 (of 6) sequences and thus not the most likely explana-
tion for decline anymore. Test statistics and p values were
decreasing with higher Braak stages (stage I/II & III/IV: p <
.001; V/VI: p < .05) which supports that ACH compatibil-
ity reduces with Braak stage. Using CSF total tau instead of
hippocampal volume, a similar trend was observed while
more voxels supported ACH in stage I/II (stage I/II & III/
IV: p <.001; V/VIL: p > .05), Supplemental Files 4 and 7).

Model verification using an ADNI dataset

We verified our ROI analysis comparing model evi-
dence for monotonic volume decline across ATN
groups following the ACH progression in a subsample
of the ADNI2 dataset. Descriptives of demographic,
cognitive, volumetric, and biomarker information can
be found in Supplemental File 8. Overall, the validity
of our previous ROI-based results could be reproduced
using a second and independent dataset (Supplemental
Files 9 and 10).

Discussion

Since the ATN classification was postulated in 2016 [24],
several studies compared ATN groups to a traditional
clinical dementia classification [26, 27, 29, 30, 60—62].
However, a discussion of ATN in context of biological or
structural brain changes during AD including local (e.g.,
voxel-based) brain morphology and the amyloid cascade
hypothesis (ACH) can be found to a much lesser extent
in previous research [31-33]. This study aimed to focus
on these neglected aspects of interest.

Our comparison between ATN status and clinical diag-
nosis suggested advanced clinical diagnostic status with
increasing pathology levels following the ACH group
conversion sequence. This is consistent with earlier work
[27, 30, 60] where a similar pattern has been observed.
The A+T+N+ group has previously been reported
to show the highest conversion rate to DAT and an
increased risk for cognitive decline [26, 27, 29, 30, 61, 62].
In line with these findings, our results suggested substan-
tial memory performance reductions in later ATN stages.
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Using MRI and voxel-based morphometry (VBM), we
first tested the face validity of a monotonic GM volume
decline over the 4 ATN stages (1) A—T—N— (2) A+T—
N— (3) A+T+N— (4) A+T+N+ as implied by the ACH
and previous work suggesting GM volume loss during
ACH progression in clinical DAT. In contrast to previous
with strong prior assumptions about ROIs, our emphasis
here was on reporting also complementary voxel-based
results. More specifically, in line with previous findings
brain regions following monotonic volume decline over
ATN stages (1)-(4) involved the hippocampus [17, 45,
46, 63—-69], amygdala [17, 45, 46, 63, 66, 68, 69], tempo-
ral gyri [17, 46, 65, 67, 68], thalamus [17, 63, 64, 66], pre-
cuneus [17, 63, 65, 67], and cingulate gyrus [17, 63-65,
67, 70]. Consistent with some previous work [64, 67,
70], a decline in parts of the cingulate gyrus and insula
were observed in our study. Regions that are expected
to be affected in very late AD such as frontal [17, 67]
and occipital [45, 64, 65, 67] lobes or less affected such
as those around central sulcus [46, 65, 67] showed only
minor effects in terms of a monotonic decline over ATN
stages (1)—(4).

Notably, the ACH is still part of an ongoing discussion
as anti-amyloid treatments showed only limited success
[71, 72]. Furthermore, the causal link between amyloid,
tau, and resulting neurodegeneration and dementia is
a challenging research topic [19, 20] which might be
mediated by alterations in neuropil [71], synapses [73],
or functional connectivity [74]. A further influence on
the cognitive performance in AD may be caused by the
breakdown of the blood-brain barrier as indicated by
Nation et al. [75]. The authors pointed out that this effect
is independent of CSF Ap or tau level changes and shows
a distribution pattern which is generally compatible with
the progress of the Braak stages and our findings. The
breakdown of the blood-brain barrier further may impact
the glymphatic transport and thereby the elimination of
AP and tau from neuronal tissue over the CSF towards
extracranial spaces [76] and finally may alternate ATN
group assignments when measured using CSF samples.

Our study revealed strong evidence for an ACH-
related monotonic atrophy pattern both on the voxel
level but also on ROI level especially focussed on typical
AD-related regions such as the MTL. However, we also
observed many gray matter areas where a monotonic
volume trajectory along the ACH-implied group pro-
gression sequence did show the highest evidence. We
identified alternative progressions (denoted AP 1 and
AP 2) indicating that there are several cortical regions
where the GM volume was found to be higher in the
A+T—N-— group than in A—T—N—. These were mainly
found in cortical regions which are often less strongly
affected by AD [17, 67]. One might speculate that either
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amyloid deposition-related tissue expansion [77, 78]
and/or sampling effects due to individual differences
of brain reserve [79] might alter brain volume patterns
across ATN groups and the progression along the ACH
trajectory. A biphasic model of neurodegeneration has
been previously suggested by Fortea et al. [77] hypoth-
esizing that cortical thickening might occur when AP
becomes abnormal, which presumably reflects inflam-
mation-related swelling, followed by thinning once tau
pathology emerges. The authors found amyloid-related
thickness increases in middle temporal, inferior and
superior parietal, occipital regions and precuneus which
is similar to our findings. Another recent publication
also observed amyloid-related regional volume increase
in A+T—N- for the basal forebrain, postcentral gyrus,
middle occipital gyrus, and putamen when comparing
to A—T—N-— [80]. As described above, large parts of the
cingulate gyrus did suggest a monotonic volume decline
along ACH group progression. However, ACH did not
necessarily reveal the highest evidence in the entire cin-
gulate as there were also portions with highest evidence
for non-monotonic volume decline (subcallosal to mid-
dle cingulate in AP1 and middle to posterior cingulate
in AP2). This renders the cingulate a potential candidate
region for brain reserve or biphasic model that requires
further research.

Under the assumption that patients will convert from
negative to positive ATN biomarkers, six patterns of
conversions are possible when non-AD pathology ATN
groups are additionally included. When testing for
monotonic volume decline across these patterns, the
highest evidence was found for sequences where amy-
loid converts before either tau or neurodegeneration
(e.g., ATN, ANT), and this was observed in 65% of all
gray matter brain areas, especially in AD-related regions.
We were able to replicate our finding using ROI-based
analyses. In contrast, conversion patterns where tau
converted before amyloid (TAN, TNA) showed high-
est evidence for a monotonic volume decline in cortical
regions that are atypical for AD pathology. Support for
our findings comes from a longitudinal study of 262 non-
demented elderly to monitor ATN biomarker progress
[32]. It was found that ACH was the most common path
of biomarker conversion, but also ANT, TAN, and NAT
occurred. In contrast, we observed no evidence for NAT
in terms of GM volume decreases. It is worth mention-
ing that per definition, A—T+ or A—N+ groups are not
part of the AD continuum, these groups might initially
point to other diseases like primary tauopathies, hip-
pocampal sclerosis/TDP-43, or ischaemic diseases [24].
As remarked by [1] and [32], the occurrence of conver-
sion sequences other than ACH in real-world data might
be explained by (a) coincidence of AD- and non-AD
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pathologic changes (e.g., in A+T—N+) or (b) long-time
subthreshold biomarker trends matching the ACH that
are not recognized due to a binary classification with
disadvantageous thresholds [1, 32]. Another study pro-
vides more support for our hypothesis of an ACH-related
temporal order of biomarker progress by monitoring
between-group biomarker changes in an longitudinal
approach using the ATN classification [31]. A related
approach for ordering pathological events during Alz-
heimer’s disease cascade using different model assump-
tions is the event-based modelling [81, 82]. The authors
predicted a continuous pathological sequence using a
maximum likelihood estimation to reduce variance and
errors without having defined a priori biomarker cutoffs.
As the authors described, this comes with the limitation
that events are assumed to be independent of each other.
Their findings offered support for the ACH, while they
also found limited evidence for tau pathology-first, amy-
loid-second on the CSF level. Future studies might focus
on comparisons across different approaches.

Furthermore, our morphometric study revealed evi-
dence to support the consistency between the ACH
and Braak staging. Brain regions that are expected to
be earlier affected by AD pathology-linked tau deposi-
tion (stage I-IV, MTL, limbic system) showed stronger
evidence for monotonic GM volume decline over a
sequence of conversions than later stages (stage V/VI,
cortical regions). As it is already known that brain atro-
phy often follows tau and NFT aggregation [66], both
hypotheses were not mutually exclusive. In our analysis,
the stronger evidence for volume decline in the amyg-
dala was surprising when comparing to the hippocam-
pus. As [83] remarked, tau pathology in the amygdala is
already beginning with Braak stage I/II. However, this
effect was not reproducible with neurodegeneration by
CSF total tau.

It is known that alternative choices of markers for the
N category may have a strong impact on ATN status
assignment and longitudinal prediction of cognition [84,
85]. The large pool of possible classification methods lim-
its intercomparability between ATN studies dramatically.
In our large study, both variants of ATN classification
approaches showed converging evidence for the ACH
hypothesis. We were not able to determine a superior
combination, as both tested N markers have advantages
and caveats. The usage of aHV leads to overall stronger
effect sizes but one might argue that there is a circularity
in defining ATN groups using volumetry and analyzing
ATN-related local brain morphometry. Neurodegen-
eration defined by aHV is a discrete marker of general
neuronal loss and the group assignment was carried out
using a ROI-rather than voxel-based approach. GM vol-
ume (as analyzed by VBM) on the other hand allows a
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continuous whole brain local analysis on the voxel level
and does not align with N for most brain regions.

Although VBM revealed the highest evidence for
ACH-related monotonic volume decline in the hip-
pocampus, regions in cortical areas showed compatible
monotonic progressions. Taking advantage of the voxel-
based approach, differences between sequences could be
identified even inside the hippocampus (ACH supports
anterior hippocampus, AP2 posterior hippocampus). It
is worth mentioning that the approach is not limited to
VBM measurements; in contrast to developmental and
plasticity studies, stronger expectations for monotonic
trajectories do exist for brain volumes in aging and AD.
Alternative N categories (such as CSF total tau) might
also have limitations. The combination of CSF phospho-
tau (T category) and CSF total tau (N category) is used
in some studies [26, 61, 62], while a strong correlation
between both markers strongly underrepresents some
ATN groups (A?T+N—, A?T—N+). In a recent publica-
tion [28], it was possible to replace CSF total tau by CSF
phospho-tau without significant impact on the model.
Although there is only a weak correlation between aHV
and CSF total tau as N markers in our study, a similar
pattern of local GM volume decline was revealed. This
further suggests that a morphometrical analysis with
aHV is applicable.

Our results were coarsely supported by a replication
analysis using an independent ADNI sample with similar
features including CSF AP42 instead of the AB42over40
ratio and Freesurfer 5.1 instead of Version 6.0.

Limitations

This study has several methodological limitations. The
first challenge was the hippocampal cutoff estimation:
The large sample size does not allow to perform atro-
phy reference methods like autopsy or visual rating of
FDG-PET or MRI Thus, no estimation of sensitivity or
specificity was possible, which prohibits a ROC analysis
and Youden’s index. Although aHV has a clear unimodal
Gaussian distribution, it is possible to perform a Gauss-
ian mixture modelling to separate between normal and
decreased volumes. A similar approach was performed
by [80]. As our data is cross-sectional, no real progression
over disease progression and conversions can be mod-
elled and tested. We compensated potential influences
of covariates by correcting for demographic marker such
as age, sex, and education, vascular damage, and intrac-
ranial volume. This improves comparability (matching)
across different ATN groups and increases validity of the
underlying cross-sectional progression. Once available,
longitudinal DELCODE follow-up data will be used for
further validation.
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Conclusion

Early amyloid status conversion (before tau and neuro-
degeneration) aligns with pattern of brain volume loss
observed during AD progression. The ATN classification
and the amyloid cascade hypothesis are compatible with
a monotonic progression of MTL atrophy, but using the
ATN classification system for staging our study revealed
indications for non-monotonic progressions in other
areas such as several cortical fields.
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< .05 after Bonferroni correction, **: p < .001 after Bonferroni correction.
Neurodegeneration (N) by CSF Total Tau.

Additional file 3. Distribution of ATN status and clinical diagnosis using
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Additional file 4. Assessment of face validity of the ACH using selected
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tonic volume decline over 24 sequences obtained by permutation of the
ACH progression sequence. Braak stage volumes were obtained using
aggregated Freesurfer ROl volumes. Other2: A-T-N- => A4 T+N- => A+T-
N-=> A+T-+N+; Other3: A+T-N- => A-T-N- => A+T+N- => A+T+N+.
ACH VX%: Percentage of voxels with highest evidence for ACH sequence
inside the ROI mask. Neurodegeneration (N) by CSF Total Tau.

Additional file 5. Face validity of ACH using VBM and CSF-total-Tau. Voxel-
based evidence for monotonic volume decline over 24 sequences gained
by permutation of the ACH sequence (ACH, A-T-N-=>A+T-N-=>A+T+N-
=DA+T+N4); AP 1: A+T-N-=DA+THEN-=DPA-T-N-=>A4+T4+N+; AP 2: A+T-
N-=>A-T-N-=>A+T+N--=>A+T+N+; A: voxels where sequence shows
highest evidence; B: percentage of gray matter voxels where sequence
has highest evidence. Neurodegeneration (N) by CSF Total Tau.

Additional file 6. Comparing progression sequences towards AD pathol-
ogy using VBM and CSF-total-Tau. Voxel-based evidence for monotonic
volume decline over 6 possible sequences from A-T-N- towards A+T+N+
(ACH, ANT, TAN, TNA, NAT, NTA). Sequences are denoted in the order of
biomarker positivity along the pathway (e.g. ANT = Amyloid-positivity
first, Neurodegeneration second, Tau last). A: voxels where sequence
shows highest evidence; B: percentage of gray matter voxels where
sequence has highest evidence. N-first sequences (NAT, NTA) are not
shown as only few voxels are supported. Neurodegeneration (N) by CSF
Total Tau.

Additional file 7. Comparing progression sequences towards AD
pathology using selected ROIs and CSF-total-Tau. ROl based comparison
of evidence for a monotonic volume decline over 6 possible sequences
across ATN groups from A-T-N- towards A+T+N+ (ACH, ANT, TAN, TNA,
NAT, NTA) including also non-AD continuum groups. Braak stage volumes
are aggregated Freesurfer ROl volumes. ACH VX%: Percentage of voxels
with highest evidence for ACH sequence inside the ROI mask. Neurode-
generation (N) by CSF Total Tau.

Additional file 8. ADNI2 sample characteristics and ATN group classifica-
tion. Overview of descriptive characteristics of the ADNI2 sample and

its ATN groups used for out-of sample replication. Non-AD pathologic
change: ATN groups that are related to neuronal conditions other

than AD; Alzheimer’s continuum groups: AB-positive groups that are
related to AD; aHV: adjusted hippocampal volume; WMH: white matter
hyperintensities.

Additional file 9. Assessment of face validity of the ACH using selected
ROIs in the ADNI2 subsample. ROI based comparison of the evidence

for a for monotonic volume decline over 24 sequences obtained by
permutation of the ACH progression sequence. Braak stage volumes
were obtained using aggregated Freesurfer ROl volumes. AP 1: A4+T-N-
DA+TEN-DAT-N--DA+THN+; AP 2: A+ T-N-=>A-T-N-=>A+T+N-

D A+T+N+; Other2: A-T-N- => A+T4+N- => A+T-N- = A+T+N+;
Other4: A-T-N- => A4+T+N+ => A+T+N- => A+T-N-. Neurodegeneration
(N) by aHV.

Additional file 10. Comparing progression sequences towards AD
pathology using selected ROIs and ADNI2. ROl based comparison of evi-
dence for a monotonic volume decline over 6 possible sequences across
ATN groups from A-T-N- towards A+T-+N+ (ACH, ANT, TAN, TNA, NAT,
NTA) including also non-AD continuum groups. Braak stage volumes are
aggregated Freesurfer ROI volumes. Neurodegeneration (N) by aHV.
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