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Abstract

Alzheimer’s disease (AD) is characterised by the accumulation of beta-amyloid (Af) and tau
proteins, leading to neurodegeneration and cognitive decline. While A and tau are known to
disrupt synaptic function, the mechanisms linking these molecular pathologies to network-level
dysfunction and memory impairment remain poorly understood. Here we investigated the
effects of AP and tau pathology (CSF AB42/40 ratio and tau phosphorylated at position 181, p-
tau-181, respectively) on effective connectivity (EC) related to memory encoding, which may
constitute a link between synaptic pathology and cognitive outcomes. Functional magnetic
resonance imaging (fMRI) during visual memory encoding was acquired from participants of
the multicentric DZNE Longitudinal Cognitive Impairment and Dementia Study (DELCODE),
including 203 cognitively normal older participants (CN) as well as individuals with subjective
cognitive decline (SCD; N = 204), mild cognitive impairment (MCI; N = 65), and early
dementia due to AD (DAT; N =21). EC was assessed by applying Dynamic causal modelling
(DCM) to the fMRI data, using brain regions previously implicated in memory-encoding: the
parahippocampal place area (PPA), the hippocampus (HC) and the precuneus (PCU).
Disruptions in forward connectivity from the PPA to the HC and PCU were associated with
both memory impairment and indices of AD pathology. Specifically, reduced excitatory EC
from the PPA to the HC was associated with higher p-tau-181 levels and correlated with poorer
memory performance. Diminished inhibitory EC from the PPA to the PCU was driven by both
tau and amyloid pathology and was likewise linked to memory decline. Our findings suggest
that disrupted forward connectivity within the temporo-parietal memory network constitutes a
candidate mechanism mediating the relationship between molecular pathology and cognitive

dysfunction.
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DZNE - Longitudinal Cognitive Impairment and Dementia Study; DZNE = German Centre
for Neurodegenerative Diseases; GAMs = Generalised additive models; HC = hippocampus;
MCI = mild cognitive impairment; PPA = parahippocampal place area; PCU =precuneus; p-

tau = phosphorylated tau; SCD = subjective cognitive decline
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Introduction

As Alzheimer’s disease (AD) anatomically spreads in the brain, it causes cognitive impairment
and decline due to neurodegeneration and synaptic dysfunction. Impairment and decline are
not only related to which brain regions are affected but also to how different brain regions
interact with each other. Here we investigate how excitatory and inhibitory interactions

between brain regions of the episodic memory network relate to impairment and decline in AD.

AD is characterised by the accumulation of beta-amyloid (AB) plaques and tau protein
aggregates, both contributing synergistically to synaptic dysfunction, neuronal loss, and
cognitive decline.!* AB accumulation leads to extracellular plaque formation, impairing
neuronal communication through disruptions of neurotransmission, neuroinflammation, and
mitochondrial ~ dysfunction.**®  Moreover, AP  accumulation  exacerbates tau

hyperphosphorylation, further driving neurodegeneration.®’

Hyperphosphorylated tau
independently forms intracellular aggregates, progressing into neurofibrillary tangles that
impair axonal transport, synaptic integrity, and neuronal viability, ultimately manifesting as

cognitive impairment.®?

AP accumulation begins in neocortical areas, particularly within associative networks, before
progressing to deeper brain structures.!®!! Tau pathology follows a different anatomical
spreading pattern: it often originates in the brainstem and spreads to limbic regions critical for
memory and spatial navigation, most notably the entorhinal cortex and hippocampal

formation.!%!3

Recent evidence suggests that AB-induced hyperconnectivity facilitates the
spread of tau pathology across functionally connected brain regions, especially to AP-
accumulating regions, further exacerbating synaptic disruption and cognitive decline.!#!6 The
distinct spatial trajectories and directionally asymmetric interactions contribute to region-
specific vulnerabilities.!” Understanding how these pathologies interact with network-level

dynamics of human memory function can provide insights into the neural mechanisms linking

AD pathology to clinical manifestation.
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Functional magnetic resonance imaging (fMRI), particularly in combination with measures of
brain connectivity, provides a powerful tool to investigate how AD pathology may impact
neural network dynamics during memory processes. Effective connectivity (EC) stands out
among other functional connectivity measures by reflecting the causal influence one brain
region exerts on another, thereby providing directional information.'®!® Dynamic causal
modelling (DCM) is a widely used approach to assess EC of fMRI data and integrates
biologically plausible properties, such as non-linear interactions and biophysical constraints,
into the modelling of EC.2%2! At the scale of fMRI, EC can be interpreted as an indicator of
network-level neuronal interactions, rendering it a promising tool for investigating the link

between molecular pathology and memory impairment across the pre-clinical stages of AD.

In the present study, we employed DCM to investigate how network dysfunction mediates the
link between Alzheimer's disease pathology and cognitive decline. Based on the commonly
employed amyloid-tau-neurodegeneration (ATN) framework!-?2?*, we focused on the effects
on ATN proxies, namely amyloid pathology (CSF AB42/40 ratio), tau (CSF p-tau-181), and
hippocampal volume on EC within the memory-encoding network, which is prominently
affected by AD pathology.?* Next, we aimed to assess a potential association of altered EC
with episodic memory deficits in pre-clinical Alzheimer's disease. We analysed fMRI acquired
in a cohort of 493 older adults across the AD risk spectrum, including cognitively normal older
adults (CN), individuals with subjective cognitive decline (SCD) and with mild cognitive
impairment (MCI) as well as patients with early-stage dementia of Alzheimer's type (DAT).
DCM was applied to fMRI data acquired during a visual memory-encoding task, which has
previously been evaluated in individuals at risk for AD.?>27 Based on a previous DCM study

using the same paradigm in an independent cohort?®

, we chose the hippocampus (HC), the
parahippocampal place area (PPA), and the precuneus (PCU) as regions of interest. We
hypothesised that EC between these would be modulated by measures of both amyloid and tau
burden pathology as well as their interactions. Additionally, we determined to explore
relationship between hippocampal volume loss as a proxy for neurodegeneration and

connectivity alterations.
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Materials and methods

The rationale, procedures and methods for our study are summarized in Figure 1.
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Figure 1 Schematic overview of the study procedures. (Left) Biomarkers of Alzheimer's disease include (1)
molecular pathology, such as the Amyloid-$42/40 ratio (AP42/40) and phospho-taul81 (p-tau-181) from
cerebrospinal fluid (CSF), and (2) neurodegeneration, represented by hippocampal volume. Generalised additive
models (GAMs) were used to investigate the relationship between these biomarkers and brain network dynamics.
(Middle) Brain network dynamics during memory encoding are represented by a DCM derived from brain activity
time-series. Regions of interest include the parahippocampal place area (PPA), hippocampus (HC), and precuneus
(PCU). Thin arrows represent intrinsic connectivity between regions, blunt-ended arrows indicate self-inhibitory
intrinsic connectivity, and circle-headed arrows denote modulatory influences associated with subsequent
memory scores, reflecting successful memory encoding. The thick arrow illustrates the driving input of novel
images to the PPA. (Right) Cognition, as the clinical presentation, is represented by memory performance during
the task-based fMRI session and the PACCS score. The correlation between connectivity parameters and cognition

was evaluated.
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Study cohort

The study sample comprised of participants of the DZNE Longitudinal Cognitive Impairment
and Dementia Study (DELCODE) study, a memory clinic-based multi-center cohort conducted
by the German Centre for Neurodegenerative Diseases (DZNE) (for details, see Jessen et al.??).
Among the 1,079 participants enrolled, 558 individuals had completed the fMRI visual
memory-encoding task. Following outlier removal and quality control procedures
(see Participant Exclusion), the final sample comprised 493 participants, of whom 235 had
available CSF biomarker data.

The study protocol was approved by the local institutional review boards of all participating
sites. All participants provided written informed consent prior to inclusion in the study in
accordance with the Declaration of Helsinki. The DELCODE study was retrospectively
registered with the German Clinical Trials Register (DRKS00007966) on 04 May 2015. Details

on data handling and quality control have been previously described.?’

Experimental paradigm

Participants underwent fMRI scanning while performed a visual novelty and encoding task,
viewing 44 novel indoor scenes, 44 novel outdoor scenes, and 44 repetitions of pre-familiarised
images. Participants classified each image as 'indoor' or 'outdoor' scene via button press. Each
stimulus was displayed for 2500 ms, followed by fixation with an optimised jitter ranging from
0.70 s to 2.65 s.3° The task lasted approximately 11 minutes, during which 206 functional
volumes were recorded. After a 90-minute delay, a computer-based recognition memory test
was conducted outside the scanner to assess recognition for the novel images seen in the fMRI
session. The test consisted of 88 exposed novel images and two pre-familiarised images, plus
44 new images, using a 5-step response scale where 1 is definitely new to 5 is definitely old.
The recognition responses were converted into parametric modulator with an arcsine-

transformation

x—3) 2
2

as this approach has previously been demonstrated to outperform categorical designs.>! The

PM = arcsin(
T

responses were used as predictor during first-level analysis (denoted as subsequent memory

score).
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Memory performance of each participant was quantified based on the area under the curve
(AUC) of hits (i.e., correctly recognised novelty stimuli) against false alarms (i.e., incorrectly
recognised novelty stimuli) by taking the subsequent memory score into account (hence termed
A’; for details, see Soch et al.’?). An A’ of 0.5 reflects pure guessing while Memory

performance of 1 reflects perfect performance.

Characterization of Alzheimer’s pathology and memory
performance

Alzheimer’s disease pathology was characterized according to the NIA-AA research
framework??, encompassing amyloid accumulation (A), pathological tau accumulation (T), and
neurodegeneration (N). Amyloid and tau pathology were assessed using cerebrospinal fluid
(CSF) biomarkers: the amyloid-f42/40 ratio (AP42/40) and phosphorylated tau (p-tau-181),
respectively. Neurodegeneration was approximated by adjusted hippocampal volumes derived
from MRI-based hippocampal volume adjusted for age, sex, education, total intracranial
volume (TIV), and total white matter hyperintensity (WMH) volume. ATN classification was
applied using cut-offs determined from the DELCODE dataset via Gaussian mixture
modelling: AB42/40 < 0.08 pg/ml for A+, p-tau > 73.65 pg/ml for T+, and < 2821 ul for N+

1‘33

(see Diizel et al.’® and Heinzinger et al.?*).

Cognitive outcome was assessed using memory performance (A’) from the memory-encoding
fMRI task (see Experimental Paradigm). Additionally, the Preclinical Alzheimer’s Cognitive
Composite 5 (PACC5)* was included as an independent validation measure. PACCS5 is a
composite score, composed of the MMSE, the summed Free and Cued Selective Reminding
Test (FCSRT) free and total recall, the Wechsler Memory Scale — Fourth Edition (WMS-1V)
Logical Memory Story B delayed recall, the Symbol-Digit Modalities Test (SDMT), and the
sum of two category fluency tasks, which are known to predict early disease progression
independently. This feature makes PACCS particularly sensitive to detecting preclinical

changes within the AD spectrum.®

MRI acquisition and fMRI data preprocessing

MRI data were acquired using 3T Siemens scanners at the participating sites, including TIM
Trio, Verio, Skyra, and Prisma systems. Structural images included T1-weighted (1 mm3

isotropic resolution) and T2-weighted, optimised for medial temporal lobe volumetry.
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Functional images were obtained using a T2*-weighted echo-planar imaging (EPI) sequence

(TR =2580 ms, TE = 30 ms, voxel size = 3.5 mm isotropic).

Preprocessing of fMRI data was conducted using SPM12 and involved multiple steps:
correction for acquisition delay (slice-timing), head motion (realignment), and magnetic field
inhomogeneities (unwarping; using individual phase and magnitude fieldmaps); followed by
normalisation into a standard stereotactic reference frame (Montreal Neurological Institute,

MNI) and spatial smoothing (Gaussian kernel, FWHM = 6 mm) .
Participant Exclusion

To ensure the reliability of the experiment and account for potential compromises in participant
cooperativeness, we excluded extreme outliers based on the following criteria: (1) more than 8
errors in indoor/outdoor judgments during the fMRI; (2) an absolute response bias greater than
1.5 in the post-fMRI recognition memory test; and (3) framewise displacement (FD) exceeding
0.5 mm for any single frame or 0.2 mm for at least 2% of the total frames during the fMRI
session. This led to the exclusion of 65 participants (17 CN, 18 SCD, 18 MCI, and 12 DAT),
representing 11.6% of the originally tested participants.

Dynamic Causal Modelling (DCM)

To investigate ATN pathology-related connectivity changes in the temporo-parietal network in
the context of a visual memory-encoding paradigm, we implemented Dynamic Causal
Modelling (DCM; Figure 1 middle) using SPM12, following the framework described by
Zeidman et al.>!. DCM was employed to estimate EC parameters at the individual level using

a Bayesian approach.
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Volume-of-interest (VOI) time-series extraction: Time-series extraction was performed for
the right PPA, HC, and PCU. The boundaries of each VOI were defined as the overlapping
area between anatomical and functional constraints. Anatomical constraints were based on
masks from the Automated Anatomical Labelling (AAL) atlas.?” Functional constraints were
defined using positive memory contrasts for PPA and HC3%34 while the negative memory
contrast was used for PCU due to its deactivation pattern during novelty processing and

successful memory encoding. 24142

Functional constraints were derived from group-level
memory contrasts thresholded at p < 0.05 (FWE corrected, controlled for amyloid status, p-tau
levels, adjusted hippocampal volume, age, sex, and education). Individual-level voxel
thresholding was not applied due to subgroup-dependent variability of available voxels in
relation to hippocampal volume (p < 0.05) and memory performance (p < 0.05). Time-series
data were adjusted to regress out known confounds and retain the effects of interest (EOI),
namely the regressors representing the novel images, their parametric modulation with the

subsequent memory scores?’3?

, and the pre-exposed images. Time-series from each brain
region were summarised in terms of their first principal component across voxels, which

formed the data entering the DCM analysis.

Model specification: The model was designed to align with the visual memory-encoding
paradigm (Figure 1 middle). The brain regions of interest (ROI) included the PPA, the HC, and
the PCU. These ROIs were chosen based on earlier studies demonstrating their pronounced
role in successful encoding® and their sensitivity to changes in relation to aging*' and AD

2527 Moreover, DCM using ROIs has previously been successfully applied to the

pathology
same visual memory-encoding paradigm in independent cohorts of healthy older adults.?®
Functional time-series of these regions were assumed to be bidirectionally inter-connected and
subject to inhibitory self-connectivity. The resulting model space further allowed for each
region's self-inhibition to be modulated by the arcsine-transformed recognition memory
responses of each stimulus, serving as a proxy for successful memory encoding on a trial-by-

trial basis. The presentation of novel stimuli was included as the driving input to the PPA in

our model space.
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Model estimation: Model estimation was performed using DCM estimation function as
implemented in SPM12.2! At the single-subject level, the DCM model was estimated, which
included HC, PPA, and PCU, allowing for full connectivity among brain regions. Novelty (i.e.,
presentation of novel, but not pre-familiarized images) was chosen as driving input to the PPA,
and encoding success (the arcsine-transformed recognition memory responses representing
encoding success) was included as a potential contextual modulator at all auto-inhibitory self-
connections (Figure 2C). Neural responses to the pre-familiarized images formed the implicit

baseline.?® Model estimation was performed using variational Laplace#443

which provides both
posterior connectivity estimates and the free energy approximation to the marginal likelihood,

which is a score for the quality of the model.
Identifying associations of connectivity and memory performance

We first conducted an exploratory analysis of individual DCM parameters with memory
performance in the fMRI task itself (Figure 1 right). Due to the observed non-linearity in the
data (Supplementary Figure 1), Spearman's rank correlation was employed. Next, we computed
correlations with the PACCS5 score was used as an independent measure of memory

performance.

To identify DCM parameters with a meaningful relationship to memory performance, we
included those with p < 0.05 and |p| > 0.2. P-values were corrected for multiple comparisons
using the false discovery rate (FDR) correction.*® To verify whether the relationship between
EC and memory performance would also hold for cognitive tests independent of the fMRI
experiment, we performed out-of-sample estimations of memory performance and PACC5
using intrinsic and modulatory connectivity parameters derived from DCM. Furthermore,
leave-one-out cross validation of the model was performed as described for the parametric
empirical Bayes (PEB) framework in SPM12.47 Afterwards, we evaluated the predictability of
the obtained connectivity parameters for memory performance and PACCS5 score by using

Spearman's rank correlations controlled for FDR.
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Evaluating effects of AD pathology on effective connectivity

We next investigated potential effects of AB42/40 and p-tau on the connectivity estimates that
showed significant correlations with memory performance (see above; Figure 1 left). To study
potential non-linear relationships (as observed in a previous study?’), a flexible generalised

additive model (GAM, pygam*®) was employed. The model can be described as follows:

EC=s (%) + s(ptau) + te (%,ptau) + l(age) + f(sex) + l(edu) + e (1)
where s(x) represents an unknown smooth function of x, fe(x) represents a tensor product term,
I(x) represents a linear term, and f(x) represents a factor (categorical) term. To further
investigate a related hypothesis whether functional network alterations could be explained by

structural atrophy, additional models were evaluated including s(4 vol) as a function of

hippocampal volume and covariates as follows:

EC = s(h,,) + l(age) + f(sex) + l(edu) + e (2)

The effect of each term was evaluated using partial dependence plots, which illustrate the
isolated (bivariate) effect of each variable on the connectivity estimate. P-values derived from
the relationships between biomarkers and EC were adjusted for multiple comparisons using
FDR. Note that diagnosis and its interaction with biomarkers were not included in the model

to avoid introducing additional.
Synthesising brain activity with AD pathology

We investigate altered functional brain dynamics during memory encoding in the presence of
amyloid and tau pathology by simulation brain activity of 235 individuals in different
pathological settings. We utilised the generative properties of the DCM framework, which
allow it to simulate and predict network activity and activity signal (BOLD) based on given
individual connectivity profile. Using the relationships from Eq. 1, synthetic connectivity
profiles were generated from GAMs for four AD pathology groups: A-T-, A+T-, A-T+, and
A+T+. Positive and negative status for amyloid and tau were uniformly represented by the
mean biomarker levels from CN and DAT groups respectively, i.e., the mean AB42/40 ratio
from CN for A- and from DAT for A+, and similarly for T status. Furthermore, age and

education of all individuals were assigned at the overall sample mean, while sex remained
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original for all subjects (as in supplementary table 1). The mean biomarker levels of CN and
DAT were also corresponding with the ATN classification criteria used in previous
studies.??*334 This approach ensured that biomarker levels remained within a physiologically
relevant range, avoiding extreme values that could compromise the accuracy of effect

estimation.

We synthesised ROI-based BOLD time courses based on the presence of novel activity and
individual responses observed during task-based fMRI sessions, using connectivity profiles
from four AT categories. To achieve this, we applied the simulation function from SPM12
(spm_dcm_simulate.m) to a synthetic connectivity profile and actual responses from the
memory-encoding experiment, generating BOLD signals the three regions (PPA, HC, and
PCU) with a signal-to-noise ratio of 1. ROI activity time courses were evaluated by contrasting
the synthesized BOLD signals with parametric subsequent memory regressor associated with
novelty regressor, incorporating the canonical hemodynamic response function (HRF).
Positive contrast was applied to PPA and HC, while negative contrast was applied to PCU,
reflecting expected physiological response patterns seen in group level activation
contrasts.?> Comparisons among the three ROIs were performed using the Wilcoxon rank test

with FDR correction to account for multiple comparisons.
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Results

Participants and Clinical Characteristics

This study included data from 493 older participants in the multi-centric DELCODE cohort
(see Methods for exclusion criteria), including 203 CNs, 204 SCDs, 65 MCls, and 21 DATSs,
with the group being 53.35% female and having an average age of 69.76 + 5.65 years. A subset
of 235 individuals, comprising 92 CNs, 95 SCDs, 34 MCls, and 14 DATs (49.36% female,
average age 69.70 + 5.37 years), had complete CSF biomarker data available for subsequent
brain-phenotype analyses. Demographic and clinical diagnostic characteristics, including

biomarker distributions, are summarised in Supplementary Table 1.
Dynamic Causal Model of Memory Encoding

To explore the influence of ATN pathology on memory-related EC in aging and AD, we
applied DCM to fMRI data obtained during visual memory encoding, focusing on a network
comprising the PPA, HC, and PCU (Figure 2B, see also methods). Individual level DCMs of
memory encoding were estimated for all participants. Figure 2C illustrates a group-level
connectivity profile seen in CN individuals. For task fMRI intrinsic connectivity, connections
from PPA to PCU and HC to PPA were found to be inhibitory, while all other intrinsic
connections were excitatory, replicating previous results in independent cohorts?®. Our model
allowed for modulation of inhibitory self-connectivity by encoding success. Successful
encoding elicited a significantly negative modulatory influence on self-connectivity of both the
PPA and the HC, most likely reflecting disinhibition, as evident from increased PPA and HC
activation to remembered vs. forgotten items in standard GLM analysis (Figure 2a; see also
Soch et al.?” and Vockert et al.?®). No modulation of PCU activity related to encoding success
was observed (p>0.05). The driving input to PPA was uniformly excitatory, supporting the
plausibility of our model. A detailed evaluation of DCM connectivity is provided

in Supplementary Table 2.
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Figure 2 Dynamic Causal Modelling of Memory Encoding (A) Successful memory-encoding contrast
indicating fMRI BOLD signal activations (red/yellow) and deactivations (blue/green) during the encoding of a
visual scene that was later successfully remembered. The contrast was derived from parametric regressor for
subsequent memory score and was thresholded at p <0.05, corrected for family-wise error (FWE), and controlled
for Alzheimer’s disease pathology and covariates. (B) DCM Regions of interest used for time-series data
extraction obtained from overlapping significant successful memory-encoding contrast (p<0.05 FWE) from (A)
and anatomically defined mask (see methods). (C) Dynamic causal modelling of memory-encoding task fMRI in
203 cognitively normal older participants (ages 60 — 80 years), displaying obtained effective connectivity
coefficients. Asterisks (*) indicate significant deviations from zero (Wilcoxon rank-sum test with False Discovery

Rate (FDR) correction). Abbreviations: PPA (parahippocampal place area), HC (hippocampus), PCU (precuneus).

Input-Gated Connectivity Decline is Linked to Memory

Performance

We next explored a potential relationship between individual connection strengths and memory
performance as defined by the AUC (A’) of the delayed recognition task (performed 90 min
after the fMRI experiment; see methods) Using Spearman's rank correlation, we identified six
connectivity parameters, all involving the DCM input region PPA, whose strengths diminished
significantly with decreasing memory performance (Figure 3A, supplementary table 3).
Specifically, excitatory connectivity from the PPA to the HC correlated positively with A’ (p
=0.22, p=2.26 x 10°%; Figure 3). Conversely, inhibitory connectivity from the PPA to the PCU
correlated negatively (p = -0.25, p = 5.70 x 10®), indicating poorer memory with reduced
inhibitory control. Similarly, reduced inhibitory connectivity from the HC to the PPA
associated with lower memory performance (p =-0.24, p=2.06 x 10 7). Excitatory connectivity
from the PCU to the PPA positively predicted memory performance (p = 0.26, p=1.08 x 10 %),

highlighting its integrative role within the memory network.

Additionally, inhibitory self-connectivity of the PPA negatively correlated with A’ (p =-0.27,
p = 6.14 x 10°). Along the same line, the driving input to the PPA exhibited the strongest
positive correlation with memory performance (p = 0.32, p = 2.66 x 10 !2), both correlations

likely reflecting the reduced PPA activation paralleling lower memory performance in older

28,41 D26,27,49

age-*>*' and pre-clinical A

Next, we aimed to validate these findings using PACCS5 as an independent cognitive

performance measure that is sensitive to preclinical change in Alzheimer's disease. The
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correlations between connectivity and PACCS5 aligned with memory performance
(supplementary table 3). Excitatory connectivity from the PPA to the HC and from the PCU to
the PPA showed a positive correlation with PACCS5 (p = 0.21, p = 1.14 x 10 for both).
Conversely, inhibitory connectivity from the PPA to the PCU and from the HC to the PPA
correlated negatively with PACCS (p =-0.23, p=2.31 x 10%and p =-0.21, p=1.14 x 1073,
respectively). The results also aligned with inhibitory self-connectivity within the PPA (p = -
0.24, p =3.34 x 1077) and the driving input to the PPA (p =0.31, p=3.66 x 10™'").

Finally, out-of-sample cross-validation was performed in order to examine the association
between connectivity profiles and cognitive performance (Figure 3B). Connectivity profiles
were predictive of both memory performance and PACCS scores. The correlations between
actual and estimated memory performance were significantly positive for intrinsic connectivity
(p = 0.20, p = 8.3 x 10°%) and modulatory connectivity (p = 0.22, p = 9.0 x 107) The same
pattern was observed for PACCS, albeit with weaker associations (p = 0.14, p = 0.003 for

intrinsic connectivity; p = 0.19, p = 2.3 x 10 for modulatory connectivity).
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Figure 3 Reduced input-gated effective connectivity associates with impaired memory performance (A)
The connectivity strength of interregional connections, modulatory units, and external inputs related to the PPA
is reduced in association with lower memory performance (see also Supplementary Table 3). These connectivity
strengths are reduced in a uniform direction in association with decreased memory impairment, irrespective of
whether the connectivity is excitatory or inhibitory. Significant relationships, derived from Spearman's rank
correlations between effective connectivity estimates and memory performance, are defined by p < 0.05 (FDR
corrected) and |p| > 0.2. (B) The association of predicted memory performance using connectivity profiles in
out-of-sample cross-validation. Left: Using the entire intrinsic connectivity profile (DCM’s A parameters), a
significant positive correlation (p = 0.20, p = 8.3 x 10°) indicates an association between memory performance
and intrinsic connectivity dynamics. Right: Using the modulatory connectivity profile (DCM’s B parameters),
modulatory connectivity significantly predicts memory performance (p = 0.22, p = 9.0 x 107), further indicating
a meaningful association. Bayesian inference contributes to observed shrinkage towards zero in some subjects'
predictions. The results were derived from Spearman's rank correlations. Abbreviations: PPA (parahippocampal
place area), HC (hippocampus), PCU (precuneus).

Disruption of Forward Input-gated Connectivity is Tied to Tau
and Amyloid Pathology

To assess how AD pathology might contribute to connectivity disruptions, we examined the
effects of amyloid and tau biomarkers on connections associated with memory performance,

accounting for potential non-linear effects and interactions (see GAMs in methods). We first
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focused on effects of CSF AB42/40 ratio and p-tau-181, which showed an association with the
PPA to HC and the PPA to PCU connections (Table 1). The excitatory connection from the
PPA to the HC (Figure 4A) was negatively associated with p-tau-181 levels (p = 0.007),
reflecting a weakened excitatory PPA to HC connection in the presence of tau

pathology (Figure 4B).

On the other hand, the inhibitory connectivity from PPA to PCU (Figure 4C) was related to p-
tau-181 levels and their interaction with the AB42/40 ratio. Specifically, the higher p-tau level
was associated with reduced inhibitory connection strength (Figure 4D). Additionally, there
was a significant interaction between p-tau-181 level and AB42/40 ratio on the PPA to PCU
connection. To illustrate this interaction, we approximated the path of simultaneous changes of
p-tau-181 level and AB42/40 ratio throughout the AD spectrum using spline regression (Figure
4E). This revealed that p-tau-181 levels increased with decreasing AP42/40 ratio.
The interdependent progression of AP and tau pathology thus led to an amplified disruption of
inhibitory connectivity. In addition to examining the effects of AB42/40 and p-tau, we assessed
the impact of neurodegeneration—approximated by hippocampal atrophy—on the same
connections of interest. Unlike AB42/40 and p-tau, which showed significant associations with
specific connections, hippocampal volume did not exhibit a significant effect on any

connection investigated (Supplementary Table 4).

Table 1 Effective connectivity during memory encoding in relation to AD pathology in terms of CSF
biomarkers amyloid-p42/40 (Ap42/40) and phospho-taul81 (p-tau) as assessed with generalised

additive modelling.

Connectivity AP42/40 p-tau-181 Ap42/40 and p-tau

interaction
Intrinsic

PPA to HC 0.705 **0.007 0.065
PPA to PCU 0.959 **0.007 **0.005
HC to PPA 0.451 0.945 0.789
PCU to PPA 0.945 0.392 0.705
Modulatory

PPA 0.945 0.529 0.451

Input

PPA 0.945 0.139 0.621

The table presents the false discovery rate (FDR)-corrected p-values (Benjamini-Hochberg procedure) for each
term in the models. Intrinsic connectivity from PPA to HC was significantly associated with p-tau (p = 0.007).

For intrinsic connectivity from PPA to PCU, significant associations were observed with p-tau-181 and its
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interaction with AB42/40 (p = 0.007). Statistical significance is denoted as follows: * p < 0.05, ** p < 0.01, ***
p <0.001. Abbreviations: PPA (parahippocampal place area), HC (hippocampus), PCU (precuneus).
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Figure 4 Effects of CSF amyloid-$42/40 (Ap42/40 ratio) and CSF phospho-taul81 (p-tau-181) on forward
input-gated connectivity during memory encoding. (A) Intrinsic connectivity from the PPA to the HC is
excitatory, indicated in black. (B) Increasing p-tau levels are associated with a progressive reduction in the
strength of excitatory connectivity from the PPA to the HC. The blue line represents effect of p-tau-181 levels,
and red dashed lines denote the 95% confidence interval (CI). (C) Connectivity from the PPA to the PCU is
inhibitory, highlighted in black. (D) Higher p-tau-181 levels are associated with decreased inhibitory connectivity
from the PPA to the PCU. Visualization follows the same style as in (B). The y-axis is reversed to represent the
effect on inhibitory connectivity (negative value). (E) The heatmap shows effect on the connectivity strength from
the PPA to the PCU given AB42/40 ratio and p-tau-181 levels. The grey line represents simultaneous change of
APB42/40 ratio and p-tau-181 levels approximated from the dataset. Toward disease progression, AB42/40 ratio
decreases and p-tau-181 levels progressively increase, reflecting an interdependent progression. The inhibitory
connectivity is decreased along with the progression. The x-axis is reversed to represent disease progression from
early to late stages. The colour bar is reversed to represent the effect on inhibitory connectivity (negative value).
The progression of p-tau relative to AB42/40 is visualised with the 95% CI shown as dashed lines. Abbreviations:
PPA (parahippocampal place area), HC (hippocampus), PCU (precuneus), CN (cognitively normal), SCD

(subjective cognitive decline), MCI (mild cognitive impairment), and DAT (dementia of Alzheimer's type).

Synthesising fMRI BOLD Activity Reveals Spatially Specific
Effects of Alzheimer’s Disease Pathology

After establishing that AB42/40 ratio and p-tau-181 levels, but not hippocampal volumes, were
predictive of the EC patterns during memory encoding, we next estimated four connectivity
profiles based on AP42/40 ratio and p-tau-181 levels for four AT pathology groups: A-T-,
A+T-, A-T+, and A+T+. Four connectivity profiles corresponding to the AD pathology groups
were used to synthesize BOLD signals from individual’s PPA, HC, and PCU during performing

the memory-encoding task (see methods).

Synthetic BOLD for a healthy control is illustrated in Figure SA. Following successful memory
encoding, lagging positive responses were observed in PPA and HC, while negative responses
were seen in PCU. These responses varied across AT classifications, demonstrating

responsiveness to memory encoding associated with amyloid and tau pathology.

The memory contrast revealed differential effects of Af42/40 and p-tau on each ROI, as shown
in Figure 5B. In PPA, a significant decrease in ROI activity was observed only in the transition
from A-T- to A+T+ (p = 0.013). In HC, transitions involving a change from T- to T+

consistently resulted in decreased ROI activity. Significant transitions included A-T- to A-T+
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(p = 0.005), A-T- to A+T+ (p = 0.025), A+T- to A-T+ (p = 1.0 x 10*), and A+T- to A+T+ (p
= 5.0 x 10%). For PCU, the transition from A- to A+ was associated with a reduction in ROI
contrast, reflect a loss of deactivation during successful encoding. Significant changes were

observed in the transitions from A-T- to A+T- (p = 0.043) and from A-T- to A+T+ (p = 0.043).

In summary, these findings from generative modelling illustrate the distinct effects of AB42/40
and p-tau on regional BOLD under memory encoding. PPA activity was sensitive to
simultaneous changes of amyloid and tau, while HC activity was predominantly influenced by
tau transitions. In contrast, PCU responses were primarily affected by amyloid changes. These
contrast from synthesised data demonstrated the complexities of amyloid and tau pathology in

shaping the functional dynamics of memory-related regions.
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Figure 5 Synthesised brain activity and the comparison. (A) An example of synthesised activity from the
region of interest (ROI). The plots demonstrate lagging positive responses in PPA and HC, and negative responses
in PCU following successful encoding. (B) Pairwise comparisons of group-level memory contrast from the same
individuals with different AD classifications show that the effects of AD pathology differ in each ROI. PPA is
only affected by the simultaneous transition of amyloid (A) and tau status (T). HC is significantly affected by p-
tau as reflected in the significant in the transition T- to T+. PCU is affected solely by the transition of A. Statistical
significance was evaluated with Wilcoxon-rank test with False discovery rate (FDR) and is denoted as follows: *
p<0.05, ** p<0.01, *** p<(0.001. Abbreviations: PPA (parahippocampal place area), HC (hippocampus), PCU

(precuneus)
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Discussion

This study employed DCM to investigate the network dynamics underlying impaired memory-
encoding process across the AD spectrum, aiming to elucidate potential mechanisms mediating
the relationship between molecular biomarkers and memory performance at the level of
network dysfunction. We found alterations in EC strength to predict lower memory
performance in older adults within the AD spectrum, and these findings highlighted that the
disruptions in forward input-gated connectivity in successful memory-encoding network play

a critical role in mediating memory impairment and Alzheimer's pathology.

Altered memory network effective connectivity related to aging and AD

Our findings replicate the previously demonstrated importance of forward and inhibitory
connectivity within the parieto-temporal network, particularly from the PPA to the HC and
from the PPA to the PCU, in the encoding of novel visual information.?® Both connections were
attenuated in individuals with worse performance in the memory encoding task (Figure 3A), a
finding in line with an DCM study?® with the same set of ROIs, which demonstrated that an
age-related weakening of inhibitory connectivity from the PPA to the PCU was associated with
lower memory performance in healthy older adults. More broadly, our results support the

importance of preserved inhibitory connectivity for memory functioning in old age.’%>!

In the present study, we could expand the previous findings on age-dependent alterations of
memory-related EC patterns by demonstrating that they are even more pronounced in older

adults within the AD spectrum. This is mirrored by recent studies? 2’

showing attenuated PPA
activity and reduced PCU deactivation with increasing severity across the AD spectrum.
Notably, our results suggest that altered EC in individuals with increased AD risk likely goes
beyond accelerated aging, as it could be shown to play a role in mediating the relationship

between AD molecular pathology and cognitive decline.

Regionally specific influence of amyloid and tau pathology

Amyloid and tau are well-established biomarkers of AD and have both been shown to
contribute to synaptic dysfunction and neurodegeneration.>>>? Importantly, they likely show a
non-linear interaction in their contribution to AD progression: While amyloid accumulation is
associated with few symptoms on its own, it plays a critical role in promoting pathological tau

accumulation and influences the spatial distribution of tau by facilitating its migration from
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subcortical to cortical regions.®”16336% On the other hand, tau appears to be more directly

involved in the disruption of brain activity and cognition.33-1-63

Previous PET studies have demonstrated distinct anatomical patterns of amyloid and tau
deposition.®*%8 Specifically AB deposition in AD typically begins in the posterior cingulate
cortex and connected parietal cortices®%°, while tau pathology originates in the medial
temporal lobe (MTL), including the entorhinal and parahippocampal cortex’. This dissociation
is, to some extent, mirrored by the observed differential influence of tau and amyloid pathology
on the parieto-temporal network. Specifically, decreased excitatory activity from the PPA to
the HC was linked to elevated p-tau levels, independently of amyloid, in line with previous
studies®"-’!. These studies have shown that accumulation of hyperphosphorylated tau
predominantly accumulates in MTL structures, particularly in parahippocampal gyrus, exhibit
the strongest association with episodic memory decline. Furthermore, MTL tau level is the
most reliable predictor of episodic memory performance, independent of amyloid status, but
strongly linked to aging.®' On the other hand, decreased inhibitory activity from the PPA to the
PCU was also associated with p-tau-181 levels, but with a synergistic effect of the AB42/40
ratio, and these were also associated with poorer memory performance. Notably, amyloid
accumulation, unlike tau deposition, starts in neocortical areas, with the PCU typically being
affected early in the course of AD.% Compatibly, reduced deactivation of the PCU has been
linked to pre-clinical AD stages?, and fMRI scores based on reduced activations as well as
deactivations have been associated with tau and amyloid pathology alike, particularly in

individuals with SCD?’.

Taken together, our findings—namely, that connectivity from the PPA to the HC was
associated with p-tau-181, while connectivity from the PPA to the PCU was influenced by p-
tau-181 and its interaction with the AP42/40 ratio—align with these observations. They
underscore the critical role of tau in altering MTL connectivity, as well as the combined impact
of tau and amyloid in disrupting inhibitory interactions between the MTL and parietal or default

mode network structures.

Implications for the ATN classification of AD progression

These findings underscore the selective vulnerability of network interactions to tau pathology,
particularly in the forward connectivity from the PPA to regions involved in higher-order

functions. In contrast to tau, amyloid pathology did not exhibit effects on any connectivity of
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interest, but instead exerted influence on the inhibitory connectivity to the PCU. Moreover, the
decline in forward connectivity within the parieto-temporal network along the disease
trajectory was associated with cognitive impairment, as detailed in the previous section (Figure
3A). Together, the results suggest a mechanistic explanation in which tau and amyloid
pathology contribute to cognitive function through the disruption of input-gated forward

connectivity within the memory network

The study found no evidence that neurodegeneration, at least as far as captured by hippocampal
atrophy, influenced the EC of the memory-encoding network. This result may be explained by
the nonspecific nature of neurodegeneration with respect to Alzheimer’s pathology.
Neurodegeneration is used as an indicator of disease severity or as a determinant of whether
clinical presentation is linked to Alzheimer’s pathology.?* Importantly, neurodegeneration has
been shown to affect cognition, including episodic memory, independently of amyloid and tau
pathology.”> However, neurodegeneration in Alzheimer’s disease is driven both directly and
indirectly by the accumulation of amyloid and tau.’*’>7* These findings suggest that
neurodegeneration may act as an intermediary between Alzheimer’s pathology and memory
impairment, potentially operating in parallel to network dysfunction. As argued by Mooraj et
al.”® in context of aging, structural measurements may explain variance in cognitive outcomes
differently than functional measurements, as they are putatively unable to capture dynamic

cognitive processes and synaptic dysfunction®.

We leveraged the generative properties of our models to synthesise brain activity from regions
of interest for the same individuals under different AT classifications. This approach allowed
us to discern the effects of amyloid and tau pathology while controlling for individual-specific
factors and experimental conditions. Moreover, it helped mitigate the issue of limited statistical
power, particularly for the relatively uncommon A-T+ classification (see Heinzinger et al.>*
which used the same dataset; see Walsh et al.”® that proposed similar idea for randomised
clinical trial; see Ritter et al.”” for a greater scale of brain functional simulation). Our findings
highlighted the susceptibility of the hippocampal activity to the AD pathology, which was
specifically affected by various transitions involving an increasing tau (T) status. In contrast,
the activity of the PCU was primarily sensitive to changes in amyloid (A) status. This
distinction underscores the spatial specificity and differential vulnerability of brain regions in
the progression of AD, where tau tangles early accumulate in the MTL and amyloid-beta

plaques in the precuneus.%’8 Furthermore, in assessing the individual effects of amyloid and
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tau pathology, our synthetic data successfully reproduced findings from previous studies®*%,

reinforcing the robustness and validity of our approach.

We present a mechanistic model linking molecular pathology to memory impairment in AD,
emphasizing network disruptions as a critical pathological intermediary (Figure 5). Tau is
identified as the primary agent driving connectivity aberrations, with amyloid exerting a
synergistic effect by promoting tau phosphorylation and indirectly facilitating tau migration
from subcortical to cortical regions. This process leads to decreased excitatory connectivity
within the MTL (connectivity from PPA to HC) and decreased inhibitory connectivity between
the MTL and the posteromedial cortex (connectivity from PPA to PCU), ultimately resulting
in memory impairment. The absence of a direct effect of neurodegeneration on connectivity
suggests a parallel pathological pathway in which amyloid and tau together contribute to both

synaptic and neuronal loss, culminating in cognitive decline.

Limitations

This study has several limitations. First, the proportion of participants in the more severe stages
of the AD spectrum was relatively low, which may have limited the ability to detect biomarker
effects in the terminal stages of the disease. This limitation was further compounded by the
challenges faced by participants with dementia in complying with task-based fMRI protocols,
resulting in their exclusion from the study. Second, we were unable to extract time-series data
using a threshold for significant voxel activity. This limitation arose because the absence of
significant voxels was associated with reduced hippocampal volume and poorer memory
performance. As recently shown, individuals in the later stages of the AD spectrum exhibit
diminished fMRI subsequent memory effects”, which would have resulted in a systematic
exclusion of individuals at later stages. Aware of the trade-off between data quality and
inclusivity, we chose to prioritise a comprehensive representation of the AD spectrum, ensuring
the characteristics of the late stages were captured. Third, the CSF biomarkers used in this
study lacked spatial specificity, which is informative for understanding complex interactions
involving regionally specific aggregation and protein migration. Finally, there are several
concerns regarding DCM, including a lack of independent validation and potential
oversimplification.?#! To address these issues, we implemented several procedures, such as

adopting theory-driven models and enhancing transparency through cross-validation methods.

Conclusions
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In conclusion, this study provides critical insights into the mechanisms by which Alzheimer’s
pathology impairs memory performance, emphasizing the importance of disrupted forward
connectivity within the parieto-temporal network during memory encoding. Specifically, the
findings highlight that decreased excitatory connectivity from PPA to HC, driven by elevated
p-tau levels, and reduced inhibitory connectivity from PPA to PCU, modulated by the
interaction between amyloid and tau, play pivotal roles in memory impairment. These results
advance our understanding of how molecular pathology translates to network-level dysfunction
and cognitive decline. By identifying specific connectivity pathways linked to Alzheimer’s
biomarkers, this work opens new avenues for targeted interventions aimed at mitigating

memory deficits through the preservation or restoration of synaptic function.
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Figure 6 Network alterations in forward input-gated connectivity as a mechanism of cognitive impairment
in Alzheimer’s disease. This illustration highlights the roles of aberrant synaptic connectivity and
neurodegeneration in Alzheimer’s disease. The accumulation of beta-amyloid and p-tau proteins, central to the
pathology, initiates a cascade of events. Beta-amyloid promotes tau phosphorylation and its migration from
subcortical regions to the neocortex, where phosphorylated tau reduces excitatory connectivity between the
hippocampal place area (PPA) and the hippocampus (HC). Simultaneously, beta-amyloid facilitates p-tau-induced
decreases in inhibitory activity from the PPA to the precuneus (PCU). These synaptic aberrations, combined with

synaptic and volumetric loss, ultimately lead to memory impairment.
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and biomaterial transfer agreements. Access to the relevant study data can be obtained by
submitting an application to the Clinical Research Platform of the DZNE

(https://www.dzne.de/en/research/research-areas/clinical-research/for-researchers/).
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