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ARTICLE INFO ABSTRACT

Keywords: Background: Multimodal lifestyle interventions might help to maintain healthy cognition in older age and to
Dementia delay onset of dementia. Here, we studied the effects of a multi-modal lifestyle-based intervention, based on the
Lifestyle

FINGER trial, on magnetic resonance imaging (MRI) markers of hippocampal-limbic atrophy and cerebral small
vessel disease in older adults at increased risk for dementia in Germany.

Methods: Leipzig participants of the multicenter AgeWell.de randomized controlled trial underwent neuro-
imaging before and after a two year intervention at 3 Tesla MRI. We extracted hippocampal volume and ento-
rhinal cortex thickness (ECT), free water fraction (FW), peak width of skeletonized mean diffusivity (PSMD),
white matter hyperintensity volume and mean gray matter cerebral blood flow and assessed the effect of the
intervention on these imaging markers using linear mixed models. We also tested the effect of the intervention on
the hippocampus-dependent Mnemonic Similarity Test and fixel-based white matter microstructure.

Results: 56 individuals (mean (sd) age: 68.8 (4.2) years, 26 females, 24/32 intervention/control group) were
included at baseline and 41 returned after an average of 28 months for the second assessment. ECT and FW
exhibited stronger decline in the intervention compared to the control group in preregistered models but not
when adjusted for baseline differences. All other markers progressed similarly across groups, however sample
size was smaller than expected. In exploratory analyses, cerebral blood flow increased more in the intervention
group and this change was associated with decreases in systolic blood pressure.

Conclusions: In this group of older adults at risk for dementia, we find no conclusive evidence whether a multi-
modal lifestyle intervention improves brain imaging markers of neurodegeneration and small vessel disease.
Preliminary evidence suggested an association of the intervention, increased cerebral blood flow and systolic
blood pressure reductions.
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Abbreviations: ECT, entorhinal cortex thickness; FW, free water fraction; WHO, world health organization; AD,
Alzheimer’s disease; VCI, vascular cognitive impairment; FINGER, Finnish Geriatric Intervention Study to Pre-
vent Cognitive Impairment and Disability; MTL, medial temporal lobe; MIND, Mediterranean-DASH Intervention
for Neurodegenerative Delay diet; cSVD, cerebral small vessel disease; WMH, white matter hyperintensities of
presumed vascular origin; PSMD, peak width of the mean diffusivity distribution; WW-FINGERS, world wide
FINGER studies; CAIDE, Cardiovascular Risk Factors, Aging, and Incidence of Dementia; GPP, general practi-
tioner praxis; MRI, magnetic resonance imaging; MST, Mnemonic Similarity Test; TE, echo time; TR, repetition
time; FA, flip angle; FOV, field of view; GRAPPA, GeneRalized Autocalibrating Partial Parallel Acquisition;
CMRR, Center for Magnetic Resonance Research; BOLD, blood oxygenation level dependent; pcASL: pseudo-
continuous arterial spin labeling; EPI, echo-planar imaging; FLAIR, fluid attenuated inversion recovery; CBF,
cerebral blood flow; QA, quality assessment; GM, gray matter; HCV, hippocampal volume; eICV, estimated
intracranial volume; DWI, diffusion-weighted imaging; MD, mean diffusivity; FA, fractional anisotropy

TBSS: tract-based spatial statistics; CSF, cerebral spinal fluid; ISI, inter-stimulus interval; LDI, lure discrimination
index; REC, recognition score; CG, control group; IG, intervention group; MoCA, Montreal Cognitive Assessment;
CASMIN, Comparative Analysis of Social Mobility in Industrial Nations; BMI, body mass index; SBP/DBP, sys-
tolic/diastolic blood pressure; OSF, open science framework; LMM, linear mixed model; ANOVA, analysis of

covariance.

1. Introduction
1.1. Background

Late-life cognitive impairment and dementia pose significant chal-
lenges to global health. According to the WHO Global action plan on the
public health response to dementia 2017-2025 (World Health Organi-
zation, 2017); they are leading causes of disability and dependency
among older adults worldwide.

Dementia can be caused by multiple neurodegenerative and neuro-
vascular pathologies, where Alzheimer’s disease (AD) and vascular
cognitive impairment (VCI) are the most common causes (Knopman
et al., 2021; Gorelick et al., 2011; Karanth et al., 2020). Pathological
processes leading to AD and VCI begin years before symptom onset,
giving rise to a window of opportunity for prevention (Jack et al., 2018;
Sargurupremraj et al., 2020). While biological aging is the primary risk
factor for dementia, epidemiological studies have identified various
vascular and lifestyle-related risk factors associated with cognitive
impairment, offering potential avenues for prevention (Livingston et al.,
2024). These risk factors encompass physical inactivity, obesity, poor
diets, tobacco and alcohol use, diabetes, mid-life hypertension, depres-
sion, air pollution, low education, social isolation, cognitive inactivity,
and hearing and vision loss. Multidomain interventions targeting several
of these risk factors simultaneously may therefore be effective in
decreasing the risk for dementia, delaying dementia onset and/ or
modifying the course of dementia. The Finnish Geriatric Intervention
Study to Prevent Cognitive Impairment and Disability (FINGER)
demonstrated using a randomized clinical trial design that such an
intervention in older individuals could enhance cognitive function
(Ngandu et al., 2015). The German Agewell-study was successful in
decreasing a summary score composed of modifiable factors that has
predicted dementia in other epidemiological studies (Ziilke et al., 2024).

Little is known however on the underlying mechanisms. There is
strong evidence that modifiable risk factors for cognitive decline and
dementia are associated with imaging markers of gray matter atrophy
and neurovascular pathology (Jacka et al., 2015; Beauchet et al., 2013;
Brundel et al., 2014; Lammer et al., 2023), suggesting multiple routes of
how these risk factors could trigger or contribute to brain aging and
cognitive decline. Yet, few studies have comprehensively investigated
whether lifestyle interventions could mitigate these brain changes. The
hippocampus and medial temporal lobe (MTL) are key regions affected
in AD, showing atrophy related to accumulation of misfolded Tau pro-
tein early in the disease course (Berron et al., 2021). The MTL is also
known to be particularly susceptible to environmental influences, and
may be modulated by interventions (Walhovd et al., 2016). Physical
activity interventions for example have shown small positive effects on
hippocampal atrophy in older adults (Wilckens et al., 2021; David et al.,

2025). Regarding dietary interventions, the effects are mixed: while the
large MIND diet study did not show a beneficial effect of a three-year
Mediterranean diet intervention on hippocampal atrophy in over 600
individuals (Barnes et al., 2023), several smaller trials reported positive
effects of a Mediterranean-like diet, specific dietary components of this
diet such as polyphenols or Omega-3 fatty acids or dietary restriction to
have positive effects (Kaplan et al., 2022; Kobe et al., 2017; Witte et al.,
2014; Prehn et al., 2017). In FINGER participants, no positive effect of
the multidomain intervention on hippocampal atrophy or cortical
thickness was observed (Stephen et al., 2019), however, Moon et al.
reported increased cortical thickness after 24 weeks of multidomain
intervention designed according to the FINGER concept, compared to
control, in 36 older at risk participants (Moon et al., 2022).

factors in individuals living with hypertension or diabetes have
shown evidence for reduced progression of WMH (Nasrallah et al., 2019;
Espeland et al., 2018). This is in line with genetic evidence for a causal
role of hypertension for development of cSVD (Sargurupremraj et al.,
2020; Taylor-Bateman et al., 2022). In FINGER, a trend towards reduced
fractional anisotropy, interpreted as reduced axonal swelling, (Stephen
et al., 2020), but no effects on WMH progression were detected in the
intervention compared to the control group (Stephen et al., 2019). Note
that neuroimaging markers were acquired on two different MRI scanners
with different field strengths, which may have affected the estimates of
imaging markers (Medawar et al., 2021). Effects of lifestyle in-
terventions on more recently developed markers with presumably
higher sensitivity towards cSVD, such as white matter microstructural
integrity assessed as peak width of the mean diffusivity distribution
(PSMD), or free water fraction (FW), an estimate of extracellular free
water, (Duering et al., 2018; Maillard et al., 2019) have not yet been
explored.

With regard to other modifiable risk factors like social isolation and
depressive symptoms, little is known about intervention effects on im-
aging markers of brain health.

Part of World Wide FINGERS network (WW-FINGERS) (Rosenberg
et al., 2020), the AgeWell.de study investigated a multi-component in-
tervention’s potential to prevent cognitive decline in at-risk individuals
aged 60-77 years in Germany (Ziilke et al., 2024). Here, we aimed to
evaluate the synergistic effects of the AgeWell.de multimodal inter-
vention on brain structure using sensitive magnetic resonance imaging
(MRI) markers at 3 T, knowing that unimodal interventions had positive
effects in previous studies (Wilckens et al., 2021; Nasrallah et al., 2021;
Mendez Colmenares et al., 2021). Specifically, we hypothesized that the
intervention would attenuate brain atrophy in regions known to be
affected by AD and limit the progression of imaging markers of cSVD. In
light of recent findings suggesting lower cerebral blood flow (CBF) as a
marker of cerebral hypoperfusion early in the course of disease (Weijs
et al., 2023; Korte et al., 2020), we also explored the intervention effect
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on CBF and the relationship of blood pressure changes and neuro-
imaging markers. We also explored intervention effects on memory
pattern separation and advanced metrics of white matter microstructure
fiber density (FD), fiber cross-section (FC) and their product fiber den-
sity cross-section (FDC) derived from fixel-based analysis.

2. Methods
2.1. Study design

AgeWell.de is a two-year, multi-centric, cluster-randomized inter-
vention trial, which was conducted at five study sites across Germany
(Leipzig, Kiel, Greifswald, Munich, and Halle) (Ziilke et al., 2024). The
aim of the trial was to test the effects of a multi-component intervention,
including lifestyle interventions and optimization of medication, on
cognitive function and measures of mental and physical health in pri-
mary care patients at increased dementia risk. Details on participant
recruitment, baseline characteristics and randomization procedure of
the trial can be found in (Rohr et al., 2021). In brief, participants were
between 60 and 77 years old and at increased risk of dementia, quan-
tified by the Cardiovascular Risk Factors, Aging, and Incidence of De-
mentia (CAIDE) score of > 9 points. Participants were recruited via their
attending GP practice (GPP), with GPPs (clusters) randomized to the
multi-domain intervention or control group in a 1:1-ratio. Exclusion

Followup Allocation Enrollement

Analysis
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criteria were dementia diagnosed or suspected by the GP, medical
conditions potentially affecting safe engagement in the intervention
(malignant disease, fatal illness, severe clinical depression, symptomatic
cardiovascular disease, revascularization within the previous year) as
judged by the GP, severe loss of vision, hearing, or communicative
ability to speak and read German, severe mobility impairment, and
coincident participation in another intervention trial.

Participation in the magnetic resonance imaging (MRI) study was
offered to every participant without major MRI exclusion criteria (metal
clips, stents, prosthesis or other implants, claustrophobia, tattoos or
permanent make-up) in the baseline Leipzig subsample of the AgeWell.
de study (N = 274). 110 individuals confirmed interest in participating
in the MRI study. Out of these, 56 could be included in the study and
performed the Mnemonic Similarity Test (MST), and 54 completed MRI
imaging at baseline (two could not be scheduled for MRI). At follow-up,
41 individuals completed the MRI and performed the MST (see Fig. 1). In
the intervention group, five individuals dropped out of the MRI study
and one discontinued the complete intervention. In the control group,
three dropped out of the MRI study and four discontinued the overall
study. Overall, the sample size was thus smaller than expected.

2.2. Intervention

The intervention included two conditions over a two-year period: a

Excluded (n=54)

MRI exclusion criteria: n=41
Refused to participate: n=11
Other reasons: n=2

Fig. 1. Flowchart of the AgeWell.de-MRI study. Shown are samples with complete MRI and cognitive assessment (MST) separately.
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multi-component intervention including nutritional counseling, phys-
ical activity enhancement, cognitive training, monitoring of vascular
risk factors, optimization of medication, social activity enhancement,
and, if necessary, interventions targeting depression and/or bereave-
ment (intervention group) vs. GP treatment as usual and general health
advice on the intervention components (control group).

Briefly, trained study nurses introduced participants to the inter-
vention components during the face-to-face baseline visit. For the
physical activity component, exercises for strength and flexibility/bal-
ance were demonstrated and individual goals set with participants for
aerobic exercise. Cognitive training using the cognitive training pro-
gram NeuroNation © was scheduled three times per week for at least 15
min. Social activity was targeted by setting individual goals with the
participants, and if necessary, assistance in case of prevalent depressive
symptoms or bereavement was provided. Medication was optimized by
comparing laboratory values, medication information provided by the
GP and the participants, and providing a standardized feedback letter to
the attending GP on potential medication risks (e.g. anticholinergic
drugs). In the nutritional intervention component, study nurses advised
participants to follow the guidelines of the German Nutrition Society by
e.g. consuming at least five portions of fruit and vegetables a day, eating
fish regularly and reducing the consumption of salt and sugar. For more
details on the intervention procedure see (Ziilke et al., 2024).

2.3. Imaging

2.3.1. Acquisition

At baseline and follow-up, anatomical and functional MRI was ac-
quired on a 3 Tesla Siemens MAGNETOM Skyra scanner with a 32-chan-
nel head coil to assess imaging markers of gray matter atrophy and ¢cSVD
(Fig. 2). The T1-weighted anatomical scan was acquired using
MP2RAGE (Marques et al., 2010) (TI 1 = 700 ms, TI 2 = 2500 ms, TR =
5000 ms, TE = 2.92 ms, FA 1 = 4°, FA 2 = 5°, FOV = 256 x 240, 176
slices, 1x1x1 mm3, GRAPPA-factor = 3, acquisition time: 8.22 min).
Diffusion-weighted imaging and ap/pa-encoded BO-images for distor-
tion correction were acquired with CMRR echo planar imaging (TR
6420 ms, TE 100 ms, flip angle 90°, FOV 220x220 mm?, resolution:
128x128, 72 slices, 1.7x1.7x1.7 mm°, GRAPPA-factor = 2, partial-
Fourier = 6/8, 60 diffusion directions, b = 1000 s/mm2, multiband-
factor 2, prescan-normalize = OFF, acquisition time: 8:14 min + 2*45
s). We acquired a resting-state functional MRI along with ap/pa encoded
images for distortion correction using CMRR BOLD echo planar imaging
(TR 1400 ms, TE 22 ms, flip angle 69°, 60 slices, 2.3x2.3x2.3 mm?3,
multiband-factor 3, prescan-normalize = ON, acquisition time: 9:56
min + 1.05 min).

Pseudo-continuous arterial spin labeling (pCASL) was realized by
labeling arterial blood in a plane 65 mm caudal from the nasal root for a
duration of 3000 ms using an optimized pCASL radiofrequency pulse
train with an in-house implementation (Ziilke et al., 2024). Following a
post-labeling delay of 1200 ms, 24 slices were acquired with a gradient-
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echo EPI readout (matrix 64x64, in-plane resolution 3x3 mm, slice
thickness 4 mm, slice gap 0.4 mm, partial Fourier factor 6/8, GRAPPA
factor 2, TR/TE = 5020/9.2 ms). A total of 30 label/control pairs pre-
ceded by the acquisition of two volumes without pCASL preparation
were recorded (total acquisition time: 5.30 min).Fluid-attenuated
inversion recovery was acquired with 3D turbo spin-echo sequence (TR
5000 ms, TE 395 ms, TI 1800 ms, FOV 230x230 rnrnz, resolution:
192x256x256, sagittal orientation, 0.9x0.9x0.9 mm®, GRAPPA-factor
= 2, acquisition time: 5.40 min). All MRI scans were deemed usable
based on the absence of brain tumors, acute ischemic, hemorrhagic and
traumatic lesions as reviewed by study physicians.

2.3.2. Preprocessing

Imaging analysis was performed in an environment including
CBSTOOLS 3.0, MRTRIX 3.0.3, AFNI 23.2.03, ANTS version 2.3.5, FSL
version 6.0.1, FreeSurfer version 7.4.1 (initially 6.0.0, see below) and
SPM12. Preprocessing was implemented in a publicly available nipype
v1.2.0 workflow (https://github.com/fBeyer89/preproc_AgeWell).

2.3.3. T1-weighted imaging

We initially used the functions JistIntensityMp2rageMasking and
JistBrainMp2rageSkullStripping implemented in CBSTOOLS to remove
the random noise in the Tlw images generated by the MP2RAGE
acquisition. We then processed the skull-stripped T1 images with the
cross-sectional stream in FreeSurfer version 6.0.0pl. As preregistered,
all cross-sectional FreeSurfer output underwent visual quality control
according to the recommendations by Klapwijk et al. (Klapwijk et al.,
2019). Each scan was rated as 1 (‘Excellent’), 2 (‘Good’), 3 (‘Doubtful’)
or 4 (‘Failed’), based on a set of specific criteria (e.g., affection by
movement, missing brain areas in reconstruction, inclusion of dura or
skull in reconstruction). We had preregistered to remove scans rated 4,
but this did apply to none of the acquisitions. During the follow-up QA,
we noticed the inclusion of the tentorium of the cerebellum into the GM
boundary in both baseline and follow-up FreeSurfer reconstructions.
This was resolved by using a different noise removal (MPRAGize instead
of CBSTOOLS functions) and including the FLAIR image in FreeSurfer
version 7.4.1 to help surface placement with the option (—FLAIRpial).
This resolved the issue of bad parahippocampal and entorhinal cortex
delineation and generally improved cortical segmentation. We then ran
the Freesurfer longitudinal stream to ensure high within-subject reli-
ability of GM structural measures, again using the —FLAIRpial option.
We extracted hippocampal volume (HCV) and estimated total intracra-
nial volume (eICV) and entorhinal cortex thickness (ECT) from the
Desikan-Killiany parcellation. We averaged HCV and ECT over hemi-
spheres and adjusted HCV for head size according to the following for-
mula: hippocampal volume,gjusted, i = hippocampal volume,ay, i — p *
(ICVraw’ i— Icvmean)~

2.3.4. FLAIR processing
We used the SHIVA-WMH detector, a deep-learning-based software

AR R

Fig. 2. Schematic depiction of neuroimaging markers of gray matter atrophy and cSVD. A: hippocampal volume (green) and entorhinal cortex thickness (orange). B:
Peak width of skeletonized mean diffusivity (PSMD) and free water fraction (FW) in white matter. C: White matter hyperintensity volume (red). D: Cerebral blood
flow (CBF) in gray matter. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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tool developed for the automatic detection and segmentation of WMH
(Tsuchida et al., 2024). The software was trained with manual seg-
mentations in a wide range of WMH severity and has been shown to
reliably quantify WMH volume and track WMH progression over time.
Tlw and FLAIR input images were reoriented to RAS standard, cor-
egistered to Tlw, resampled to 1 mm isotropic and cropped to
160x214x276 using publicly available code https://github.com/atsuch/
SHIVApreproc. The intensity inside the brain mask provided by Free-
surfer was normalized such that the maximum was set to the 99th
percentile of the brain voxel values. WMH probability was then pre-
dicted from the preprocessed images using the publicly available deep
learning model. WMH volumes were extracted as the sum of all voxels
with WMH probability > 0.5 as recommended (Tsuchida et al., 2024)
and asinh-transformed for statistical analysis. We visually checked
WMH probability maps and did not notice any scans with poor scan
quality, registration issues, brain pathologies or other gross
abnormalities.

2.3.5. DWI processing

We performed the following steps to preprocess DWI images of
baseline and follow up: denoising using MRTrix’s dwidenoise, field
distortion correction based on ap/pa acquisition using topup, motion
correction and outlier replacement using EDDY and tensor fitting with
FSL’s dtifit. We visually checked FW and MD images and did not notice
any scans with poor scan quality, registration issues, brain pathologies
or other gross abnormalities.

2.3.6. Free Water (FW)

To extract the average FW fraction, we used the MarkVCID2 FW
Biomarker Kit with its publicly available scripts (Maillard et al., 2022).
First, in the eddy corrected DWI image, the tissue compartment was
modeled by a diffusion tensor characterizing the “tissue” molecules as
well as the fractional volume of the FW compartment, resulting in the
FW fraction map. Then, each individual’s FA map was non-linearly
registered to the standard FSL FA template space (FMRIB 1-mm FA
template) and the resulting transformation parameters were applied to
the FW map. Finally, a white matter mask defined by thresholding the
FSL FA template at a value of 0.3 to reduce cerebrospinal fluid partial
volume contamination was used to calculate average FW fraction within
these WM voxels.

2.3.7. Peak width of skeletonized mean diffusivity (PSMD)

To extract PSMD, we applied the MarkVCID2 PSMD Biomarker Kit
and related scripts (Maillard et al., 2022). First, we performed the FSL-
TBSS pipeline on the FA images derived from dtifit with the standard
FMRIB skeleton as the target. Then, we projected the MD maps onto the
skeleton. MD values from the masked skeleton (cerebral hemispheres
and to exclude areas with frequent CSF contamination) were used to
perform histogram analysis and calculate PSMD as the difference be-
tween the 95th and 5th percentile of voxel-based MD values within the
MD skeleton.

2.4. Fixel based analysis

Fixel based analysis (FBA) was implemented using MRtrix3
following the recommended pipeline (Raffelt et al., 2017). After DWI
preprocessing described above, we performed bias field correction
(Tustison et al., 2010) and up-sampling to a voxel size of 1.25 mm with
cubic b-spline interpolation (Raffelt et al., 2012). We estimated the fibre
orientation distribution (FOD) within each voxel using single-shell
three-tissue CSD (Dhollander et al.,, 2016) with group-averaged
response functions for WM, GM and CSF followed by a global intensity
normalization to correct for intensity inhomogeneities to enable quan-
titative group comparisons (Raffelt et al., 2017). We created a study-
specific longitudinal WM FOD template on WM FODs from all 38 par-
ticipants with two MRI sessions following Genc et al. (Genc et al., 2018).

Neurolmage: Clinical 46 (2025) 103796

For each participant, FOD maps of baseline and follow-up were rigidly
transformed to their midway space using FSL midspace and then aver-
aged to generate an unbiased intra-subject template. All 41 intra-subject
FOD templates were used to generate a longitudinal population tem-
plate. Then, FOD maps from individual time points and individuals
without a second MRI were registered to this longitudinal population
template and segmented to produce a set of discrete fixels. In order to
use connectivity-based fixel enhancement (CFE) for fixel statistics, a
whole-brain probabilistic tractogram was generated from the population
template (Raffelt et al., 2015). First, twenty million streamlines were
generated and subsequently filtered to 2 million streamlines using the
spherical deconvolution informed filtering of tractograms algorithm
(SIFT1) to reduce reconstruction bias and improve biological plausibil-
ity. Then we smoothed the resulting fiber density (FD), fiber cross-
section (FDC) and fiber density cross-section metrics (FDC) using the
resulting fixel-fixel connectivity matrix..

2.5. Arterial spin labeling

The pCASL time series were first realigned with FSL’s McFlirt and
normalized to MNI space based on the Tlw images with a 2-mm
isotropic resolution using Coregister and Reslice in SPM12. The
normalized time series were finally 3D-Gaussian filtered at 2 mm full
width at half maximum. CBF-values were estimated by applying a
general linear model (GLM) that contained the control and label con-
ditions with the outputs of the motion correction added as confounds.
The ASL contrast (difference between baseline and label signals) ob-
tained from the GLM was scaled by the baseline contrast (control signal).
This quantity was then converted to values in units of ml/100 g/min,
respectively, by using a two-compartment model (Wang et al., 2002;
Mildner et al., 2014). The following model parameters were assumed
(Lorenz et al., 2018): brain-blood partition coefficient 0.9 ml/g, gray-
matter (GM) density 1.04 g/ml, pCASL inversion efficiency 90 %, arte-
rial blood and tissue relaxation times and of 1664 ms and 1330 ms, and
of 50 ms and 55 ms, respectively. The model also included assumed
values of the arterial and the tissue transit time of 1000 ms and 1600 ms,
respectively. Note that the different slice acquisition times were
considered during CBF quantification by a map of post-labeling delays
which was transformed to MNI space. In addition to the CBF map, a map
of p-values for the difference between control and label signals was
obtained from the GLM which served as a measure of the quality of the
ASL contrast.

We combined different quality control steps to obtain a mask with
reliable CBF values for each individual. First, we created a mask based
on the p-maps derived from preprocessing. We only considered voxels
with p < 0.001 to exclude voxels in which the difference between label
and control image was too small to reliably derive CBF values. Further,
we performed GM segmentation of the MNI-coregistered T1w image
using SPM in MATLAB version 9.3. We thresholded the GM probability
maps at 0.9 for each participant to ensure only CBF in GM voxels was
included (Van Dalen et al., 2021). We then intersected this map with the
thresholded p-map for each individual and time point. We excluded the
cerebellum by masking with a publicly available cerebellum atlas
(Diedrichsen, 2006) because in some individuals the labeling plane
affected this area and resulted in unphysiological CBF levels. Finally, we
intersected the masks for all participants with two timepoints in order to
ensure that the same voxels were compared across time and extracted
the average CBF within these masks.

We visually checked all masked CBF maps for remaining artifacts
induced by malpositioning of the labeling plane, inefficient labeling and
other artifacts. In two individuals, the labeling plane was positioned
over the occipital and temporal lobe in one of the two timepoints which
led to the exclusion of these individuals from the analyses.
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2.6. Cognitive function

In the main trial, cognitive functions were assessed at baseline and at
follow-up using a neuropsychological test battery, covering six cognitive
domains: attention, executive function, learning/memory, language,
perceptual-motor abilities, and social cognition (Ziilke et al., 2024).
Here, we only investigated the MST which was additionally performed
by all participants of the MRI subgroup. This computerized test targets
the pattern separation performance, a hippocampus-dependent function
(Stark et al., 2019). We presented participants with 192 color photo-
graphs of objects (publicly available here: http://faculty.sites.uci.edu/st
arklab/mnemonic-similarity-task-mst/). In the first phase of the task,
participants were asked to indicate whether the presented objects
belonged inside or outside via a button press (128 items total, 2 s object
presentation, 0.5 s ISI). In the second phase, 64 of the objects were
presented again, along with 64 new and 64 similar images (lures).
Participants were instructed to rate the images as “old”, “similar” or
“new” via a button-press. The images appeared for 2 s and then the next
item was shown with 0.5 s ISI. As in previous work by the original de-
velopers (Stark et al., 2013), we calculated the lure discrimination index
(LDI) as the difference between the rate of lure items identified as
“similar” minus new items identified as “similar”. Similarly, an indicator
of recognition memory (REC) was assessed as the difference between the
rate of correctly recognized old images minus the rate of new items
identified as old. We preregistered to exclude participants who missed
more than 44 items in any of the categories (Stark et al., 2015), or if one
of the options was never chosen (indicating that the instructions were
not understood or could not be followed) [https://osf.io/ba9ex]. In the
baseline assessment, the data of 9 individuals (CG: 6, IG: 3) was not
correctly recorded, and in the follow-up, one participant did not respond
with “similar” to any of the items. This led to a final sample of 47 in the
baseline and 41 in the follow-up for the MST analysis.

2.7. Other assessments

Demographic information (age, sex, education) and the Montreal
Cognitive Assessment Score (MoCA) were assessed at the baseline visit
of the main trial. CAIDE scores were determined by the GP before in-
clusion. Education was assessed using the Comparative Analysis of So-
cial Mobility in Industrial Nations (CASMIN)-scale, and participants
were grouped into two groups (primary/secondary and tertiary educa-
tion) in order to ensure comparable group sizes (Brauns et al., 2025).

Over the course of the intervention, study nurses assessed the
adherence to the intervention. At seven occasions, they rated to what
extent participants had been able to reach their goals in the intervention
domains nutrition, physical activity, cognitive and physical activity
(response options: not at all (0) — absolutely (4)). Following (Ziilke
et al., 2024), we created a total adherence score by summing up all
domains and excluding individuals with a total score < 12 in sensitivity
analyses. During the baseline and follow-up assessments, systolic and
diastolic blood pressure (SBP/DBP) were measured by study nurses
twice in the seated position and averaged for analysis. Body mass index
(BMI) was also measured at the baseline assessment.

2.8. Statistical analyses

We preregistered the interventional analyses on the OSF (https://osf.
i0o/687du) and the analyses code is on github (https://github.
com/fBeyer89/preproc_AgeWell/).

2.8.1. Preregistered analyses

We tested the preregistered hypotheses on imaging outcomes using
linear mixed models (LMM) with Ime4 in R version 4.2.2.

More specifically, we determined the significance of the intervention
effect by comparing a full model (including the interaction of group and
timepoint) to a null model (including only group and timepoint). The
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standard significance threshold of 5 % was used for rejection of the null
hypothesis. In addition to the prespecified analyses, we calculated two
additional models for main imaging outcomes: first, we used time be-
tween measurements as predictor instead of a categorical predictor of
measurement time point because the range of time elapsed between MRI
scans was larger than initially expected. Secondly, we followed the
approach in (Ziilke et al., 2024) and estimated mean group differences
between IG and CG at 24-month follow-up in linear models accounting
for baseline differences in age, sex, education and baseline value of the
respective outcome. Baseline differences in age and education were
present and adjusting for such predictive covariates has been shown to
increase power in randomized trials (Kahan et al., 2014).

2.8.2. Exploratory analyses

In exploratory analyses, we tested whether the intervention had an
effect on LDI and REC performance derived from the MST using a LMM
as above. Further, we assessed the intervention effect on mean gray
matter CBF derived from ASL. Here, we used the LMM model and the
linear model adjusting for baseline characteristics of age, sex and
education.

Further, we explored the relationship between blood pressure and
imaging markers over the intervention period as hypertension has been
shown to be particularly improved by the intervention (Ziilke et al.,
2024).

First, we tested whether the intervention affected SBP and DBP in the
MRI sample. Then, we used LMM including baseline and change in SBP/
DBP to assess their associations with imaging markers. Significance
testing was performed by comparing full models including baseline/
change terms to null models. We also used a linear model adjusting for
baseline differences to assess the effect of blood pressure change.

Finally, we checked whether intervention adherence could possibly
modify the intervention effect as demonstrated in Ziilke et al. (Ziilke
et al., 2024) by checking the number of non-adherent individuals based
on the cut-off defined in Ziilke et al. (Ziilke et al., 2024) and by associ-
ating adherence to nutrition and social activity components of the
intervention with brain changes in the intervention group in linear
models. We tested assumptions of linear models as preregistered using
the check_model function in R.

2.8.3. Fixel-based analyses

We analyzed the fixel-wise metrics FD, FC and FDC with
connectivity-based fixel enhancement method (CFE) in MRTRIX 3.0
(Raffelt et al., 2015). In order to use a longitudinal design matrix for
statistical analysis, we subtracted the baseline from the follow-up
smoothed metric images for FD, FC and FDC. We then tested a group
difference between intervention and control group in the difference
images, adjusting for age at baseline and sex like in the models described
above, using 5000 random permutation of group assignment. We
defined fixels as significant if their family-wise error (FWE)-corrected p
value was below 0.05].

3. Results
3.1. Sample description

The intervention group (N = 24) was slightly older, more educated
and had higher SBP than the control group (N = 32). There were no
significant differences in the sex distribution, BMI, CAIDE and MoCA
scores, imaging outcomes at baseline and time between MRI scans (see
Table 1).

3.2. Effects of the intervention on GM imaging markers
There were no significant effects of the intervention on hippocampus

volume change (ANOVA model comparison Chi-square = 0.248, p-
value = 0.62). The same was found for the linear model or when using
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Table 1
Baseline characteristics of the AgeWell.de-MRI study.
Control Intervention Group
Difference
N Mean SD N Mean SD
Age (y) 32 67.6 3.95 24 70.4 4.14 F = 6.43*
Sex (females) 32 17 (53.1 %) 24 9 (37.5 %) X2 =0.79
Education (tertiary education) 32 12 (37.5 %) 24 16 (66.7 %) X2 =3.57
MoCA score 32 25.4 2.31 24 25.6 2.7 F = 0.078
CAIDE score 32 9.97 1.09 22 9.95 1.09 F = 0.002
BMI (kg/mz) 32 31.9 4.62 24 30.9 3.43 F=0.83
SBP (mmHg) 31 139 20.3 24 152 19.9 F = 5.45*
Time between MRI (months) 31 28.3 2.87 23 28.3 2.02 F =0.003
mean EC thickness (mm) 31 2.99 0.19 23 2.97 0.199 F=0.19
Hippocampus (mm?) 31 3391 314 23 3287 297 F=15
Free Water fraction 31 0.214 0.0299 23 0.214 0.0277 F=0
PSMD (mm?/s) 31 3.5*10-4 0.6*10-4 23 3.71*10-4 0.64*10-4 F=1.62
WMH volume (cm®) 31 4672 7397 23 4494 5987 F = 0.009

BMI: body mass index, MoCA: Montreal Cognitive Assessment, CAIDE: Cardiovascular Risk Factors, Aging and Dementia, EC: entorhinal cortex, PSMD: peak width of
skeletonized mean diffusivity, SBP: systolic blood pressure, WMH: white matter hyperintensity, F: test statistic of F-test, X% test statistic of X test. *: p < 0.05.

time between MRI as continuous predictor. Across groups, HC volume
declined by B(SE) = -86.39(10.45) mm® between assessments (see
Fig. 3), which corresponds to an annual atrophy rate of 1.1 (0.9)%.

In the preregistered analysis, EC thinning was more pronounced in
the intervention group (ANOVA model comparison Chi-square = 6.47,
p-value = 0.01). Specifically, while the ECT in the control group
declined by S(SE) = -0.13 (0.02) mm on average between baseline and
follow-up, the decline in the intervention group declined by B(SE) =
-0.21(0.03). This result was no longer significant when adjusting for
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baseline covariates using the linear model approach (mean group dif-
ference(SE) IG vs CG: —0.06(0.036), p = 0.14) or when using time be-
tween MRI as continuous predictor (ANOVA model comparison; ECT:
Chi-square = 1.01, p-value = 0.31).

3.3. Effects of the intervention on cSVD imaging markers

Regarding cSVD markers, we found a more pronounced increase of
FW in the intervention compared to the control group (ANOVA model
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Fig. 3. Effect of the intervention on neuroimaging markers. Shown are individual data of control (green) and intervention (red) participants as well as the average
per group and time point with 95% CI. HCV: hippocampus volume, ECTH: entorhinal cortex thickness, PSMD: peak width of skeletonized mean diffusivity, WMH:
white matter hyperintensity volume. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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comparison Chi-square = 7.65, p-value = 0.01). While FW in the control
group increased by S(SE) = 0.0066(0.0028) on average, the increase in
the intervention group was more pronounced (#(SE) = 0.019(0.0044)).
When adjusting for baseline covariates, this result was no longer sig-
nificant (mean group difference(SE) IG vs CG: 0.01(0.005), p = 0.07).
Similarly, when using time between MRI as continuous predictor, there
was no significant interaction of time and intervention group (Chi-
square = 2.1, p-value = 0.15)).

PSMD increased similarly across both groups (3(SE) = 1.88 107 (4.4
10%) mm?/s) with no intervention effect (ANOVA model comparison
Chi-square = 1.19, p-value = 0.28). The same was found in models
adjusting for time between MRI and baseline covariates.

We observed similar WMH progression in both groups (5(SE) = 0.24
(0.04) asinh(mm3)) with no intervention effect (ANOVA model com-
parison Chi-square = 0.39, p-value = 0.53). Similarly, no differences in
WMH progression was present in models adjusting for time between MRI
and baseline covariates.

3.4. Exploratory analyses

3.4.1. Fixel-based metrics

There was no fixel-wise significant difference in the change from
baseline to follow-up FD, FC and FDC between the intervention and
control group (pFWE > 0.05).

3.5. MST

We did not find an intervention effect on pattern separation perfor-
mance LDI (ANOVA model comparison Chi-square = 0.62, p-value =
0.43) in the LMM and when adjusting for baseline covariates in a linear
model (mean group difference(SE) IG vs CG: —0.08(0.06), p = 0.2).
Similarly, even though there was a significant effect of the intervention
for recognition performance REC (ANOVA model comparison Chi-
square = 5.2, p-value = 0.02) in the LMV, this effect disappeared when
adjusting for baseline covariates (mean group difference(SE) IG vs CG:
0.04(0.04), p = 0.28).

3.6. Intervention effect on CBF and the relationship with blood pressure

In an exploratory analysis of mean CBF in cortical and subcortical
GM, we found a significant intervention effect (ANOVA model com-
parison Chi-square = 5.31, p-value = 0.02) where mean CBF increased
in the intervention group (#(SE) = 6.19(2.69)) while it slightly declined
in the control group (J(SE) = -2.78(1.68), Fig. 4). When adjusting for
baseline covariates, this result was no longer statistically significant
(mean group difference(SE) IG vs CG: 4.96(2.55), p = 0.06).

The intervention group had higher SBP at baseline compared to the
control group (B(SE): 13.4(5.33), p = 0.05). There was no difference in
DBP (B(SE): 0.5(3.32), p = 0.96). After the intervention, SBP declined
more in the intervention group ($(SE): —10.22(5.92). but this was not
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statistically significant (ANOVA model comparison Chi-square = 3.02,
p-value = 0.08).

In the intervention group, greater decline in SBP was associated with
greater increase in mean CBF (B(SE) = -0.23(0.06), p = 0.0014, Fig. 4).
This was also found in the baseline covariate adjusted linear model
approach where one mmHG of SBP decrease in the intervention group
was associated with 0.29 ml/100 mg/min increase in CBF (N = 14 with
pre-post scan, p = 0.03). There was no significant effect of change in
DBP ((SE) = -0.18(0.17), p = 0.27).

When exploring the association of SBP with other imaging markers in
the intervention group, we found that decreases in SBP over the inter-
vention period were associated with decreases in HC volume according
to LMM (N = 23, B(SE) = 3.15(0.94), p = 0.0026. This effect was not
found using the baseline-adjusted linear model approach (N = 14 with
pre-post scan, #(SE): 0.14(1.16), p = 0.91). No significant associations
were present for the other imaging marker.

3.7. Intervention adherence & brain changes

Out of 17 individuals from the intervention group who completed the
second MRI, only 1 participant was non-adherent to the intervention
based on the cut-off of 12. Excluding this participant did not change the
above mentioned results.

Better adherence to intervention components nutrition and social
activity did not relate to brain changes within the intervention group (N
=17).

4. Discussion

We investigated the effects of the AgeWell.de multidomain inter-
vention on the progression of MRI markers associated with
hippocampal-limbic atrophy and c¢SVD in a subgroup of participants at a
single site. Previous findings from the AgeWell.de intervention (Ziilke
et al., 2024) demonstrated no significant effect on global cognitive
performance. Our substudy could not provide conclusive evidence on
the effects of the intervention on neurodegeneration and cSVD markers.
Both the control and intervention groups exhibited comparable pro-
gression in hippocampal volume decline, EC thinning, and increases in
FW and PSMD, when taking into account baseline differences in age and
education. Moreover, no significant impact on pattern separation or
recognition performance in the MST or fixel-based white matter
microstructure was detected. However, note that sample size was lower
than expected, yielding the study potentially underpowered to detect
significant effects. In addition, preliminary evidence suggested a po-
tential beneficial effect on CBF, possibly mediated by reductions in SBP
during the intervention.

4.1. MRI outcomes

The observed progression in imaging biomarkers is in line with
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findings in populations at risk for cognitive decline (Maillard et al.,
2019; Gullett et al., 2020; Jack et al., 2000; Devanand et al., 2007; Prins
and Scheltens, 2015; Deary et al., 2019). The hippocampal atrophy rate
in our study was 1.1 (0.9)%, which is comparable to previously reported
1.12 % in old age (Fraser et al., 2015). However, no effect of the
intervention on atrophy or c¢SVD markers was found, similar to sec-
ondary analyses of other multidomain intervention trials (Stephen et al.,
2019; Andrieu et al., 2017) or interventions targeting specific risk fac-
tors such as hypertension (Nasrallah et al., 2021) and diet (Barnes et al.,
2023). WMH have been shown to be modulated by intensive anti-
hypertensive treatment in (Nasrallah et al., 2019) but this study was
performed entirely in hypertensive patients with an intervention dura-
tion of 4 years. This might imply that in the current study, the inter-
vention was not efficient to induce improvements, or that the
intervention duration was not long enough to manifest in significant
differences, in the selected neuroimaging markers.

Preliminary evidence suggested a potential beneficial effect of the
intervention on CBF. Even though the effect was not statistically sig-
nificant when adjusting for baseline characteristics, it was robustly
associated with reductions in SBP, making the association with the
intervention plausible. The intervention has been shown to specifically
improve SBP and hypertension, making it 1.61 times more likely to not
be hypertensive at follow-up (Ziilke et al., 2024).

Reduced CBF is associated with the development and progression of
cSVD, as impaired small vessels diminish blood supply to critical brain
regions (Yu et al., 2020). Transient reductions in CBF can signal early
dysfunction in cerebral circulation, potentially preceding permanent
vascular damage. In c¢SVD, reduced CBF serves as a sensitive marker of
transient flow alterations, making it a reliable indicator of early-stage
vessel dysfunction and impending ischemic injury (Jennings et al.,
2013).

We also found that the increases in CBF might have been mediated by
reductions in SBP induced by the intervention. This is supported by
previous studies, such as the SPRINT MIND sub-trial, which linked SBP
reduction to improved CBF (Dolui et al., 2022). Thus it is possible that
the intervention led to subtle functional changes, without translating
into structural changes such as microstructural integrity and WMH
volume which might be observed only after longer intervention and
follow-up periods. Yet, biases in the ASL data, such as increased variance
at baseline and reduced labeling efficiency in the elderly sample, could
have affected the reliability of the CBF measurements.

4.2. Cognitive outcomes

Our findings did not show an effect on pattern separation perfor-
mance, a function highly dependent on hippocampal integrity and sus-
ceptible to the beneficial effects of interventions (Brickman et al., 2014).
This outcome is consistent with the main trial results, where no positive
effect on global cognitive performance as well as domain-specific
cognitive function was observed, except for a beneficial intervention
effect on social cognition (Ziilke et al., 2024). Participants in the Age-
Well.de study had, on average, higher dementia risk scores compared to
those in the FINGER study, as we exclusively enrolled individuals with a
CAIDE score of > 9 points (compared to > 6 points in FINGER). In
combination with a limited duration of the trial, this may have led to
insufficient impact of the intervention in individuals with higher risk of
cognitive decline (Kivipelto et al., 2006; Exalto et al., 2014).

4.3. Intervention adherence

While post-hoc analyses in the main Agewell.de study suggested that
higher adherence to nutritional and social activity components was
linked to cognitive improvements, we did not observe similar trends in
the MRI sub-study. This may be attributed to the low statistical power
due to sample size limitations. Nevertheless, evidence from FINGER and
HATICE trials indicates that more intensive interventions and higher
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adherence rates could potentially enhance the effects on MRI markers of
neurodegeneration and cSVD (Ngandu et al., 2015; Richard et al., 2019).
Besides, the difference in intervention intensity between FINGER and
AgeWell.de, where the latter relied on self-administered activities with
remote support, may have contributed to the non-significant findings.

5. Strengths and limitations

This study’s strength is the use of state-of-the-art and advanced im-
aging techniques to assess neuroimaging markers of atrophy and cSVD.
We employed an ASL protocol which has been shown to be more effi-
cient than the standard implementation to enhance the precision of CBF
measurements. The research was conducted on a well-characterized
sample, ensuring the robustness and reliability of the findings. Addi-
tionally, the study was guided by a preregistration and contained
detailed statistical analyses, which further strengthens the validity of the
results.

The trial faced several limitations that should be acknowledged.
Firstly, the small sample size was a significant constraint, largely due to
strict MRI exclusion criteria. As detailed in the study’s flowchart,
approximately 50 % of the initial participants were excluded due to the
presence of stents and other MRI exclusion factors prevalent in an older
population with enhanced proportion of vascular risk factors. The study
was not powered to detect specific effects as it was a sub-study of the
main AgeWell.de trial and negative results may therefore be due to lack
of power. Besides, there were challenges in the implementation of the
ASL imaging sequence, such as the label plane positioning, which may
have affected the consistency and quality of the neuroimaging data
collected. The COVID-19 pandemic posed significant challenges not only
to the implementation of the intervention but also to the inclusion for
the follow-up MRI session as often participants did not want to take the
risk of an additional appointment.

6. Conclusions

Our study did not demonstrate conclusive evidence on the effects of a
multimodal intervention on neuroimaging markers of neuro-
degeneration and small vessel disease in a population at risk for cogni-
tive decline. Despite rigorous methodology and advanced imaging
techniques, we could not observe conclusive evidence that the inter-
vention significantly impacted hippocampal volume, entorhinal cortex
thickness, or markers of white matter integrity, which may be due to a
lack of statistical power. While exploratory analyses suggested a po-
tential improvement in cerebral blood flow associated with reductions in
systolic blood pressure, these findings were not statistically significant
after adjusting for baseline covariates. The inconclusive results may be
attributed to several factors, such as small sample size, the potential
dilution of intervention effects due to the control group’s high standard
of care and due to the time gap between the end of the intervention and
the second assessment. These results underscore the complexity of
intervening in populations already at high risk for cognitive decline and
highlight the need for future studies with larger sample sizes, longer
intervention periods, and possibly more intensive intervention protocols
to fully evaluate the potential of multimodal approaches in preventing
dementia.
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