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ABSTRACT: Spermidine supplementation benefits brain health and function in animal models, with emerging
evidence suggesting cognitive benefits in humans. However, effects on human brain health remain unclear. In
this randomized, double-blind, placebo-controlled trial (SmartAge), we investigated 12-month spermidine
supplementation (0.9 mg spermidine/day) in individuals with subjective cognitive decline aged 60-90 years. This
exploratory secondary MRI analysis included 75 participants and assessed changes in vascular brain health
measures, including cerebral blood flow (CBF), white matter microstructure, and white matter hyperintensities.
Brain volume and cortical thickness were also assessed. Regression analyses were adjusted for age, sex, and
baseline measures. Between-group differences were observed in regional CBF and white matter microstructure.
CBF increased in the precuneus from baseline to post-intervention in the spermidine group versus placebo
(between-group difference, 4.9 ml/100 g/min; 95%CI, 1.0-8.9; n*=.11 [90%CI, .012-.250]; P=.015), with a
similar trend in the posterior cingulate gyrus (3.7 ml/100 g/min; 95%CI, -.5-7.8; n?p=.06 [90%CI, 0-.182];
P=.08). Fractional anisotropy in the cingulate gyrus white matter bundle remained stable with spermidine but
decreased with placebo (.016; 95%CI, .002—-.031; 1’p=.06 [90%CI, .004—.208]; P=.029). CBF and fractional
anisotropy changes were not substantially associated. No substantial between-group differences were found in
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global or regional brain volume, cortical thickness, or white matter hyperintensities, and regional MRI changes
were not associated with changes in memory performance, subjective cognitive complaints, or plasma soluble
intercellular adhesion molecule-1 levels. This exploratory analysis identified selected regional MRI differences
in cerebral perfusion and white matter microstructure among older adults at risk for cognitive decline. These
findings are preliminary and require independent confirmation.

Keywords: Alzheimer’s Disease, Polyamines, Cerebral Blood Flow, Arterial Spin Labeling, Diffusion Tensor

Imaging, White Matter Microstructure

Introduction

Promoting healthy brain aging and developing strategies
to counteract geriatric decline in cognitive function is of
utmost importance in aging societies. The persistent
perception of subjectively deteriorating cognitive
capacities without objectively measurable cognitive
decline in older adults has been characterized as
subjective cognitive decline (SCD) [1-3]. This condition
is suggested to reflect an early pre-clinical stage of
Alzheimer’s Disease (AD), as the presence of SCD has
been linked to an increased risk of future cognitive
deterioration and dementia [4, 5]. Furthermore,
pathological brain changes typical of AD have been
identified in SCD, including gray matter (GM) atrophy
and white matter (WM) changes in AD-vulnerable regions
[6-9] as well as detrimental changes in functional
connectivity and cerebral perfusion [10-12]. Among these
brain alterations, impaired cerebral vascular function may
accelerate cognitive decline and promote progression
from preclinical AD stages to manifest AD [13, 14].
Consequently, individuals with SCD may represent an
ideal population to investigate early intervention
strategies targeting vascular brain health to prevent
cognitive decline and development of dementia.
Spermidine, a naturally occurring polyamine, is
crucial for several intracellular processes, notably
regulation of autophagy and maintenance of cellular
homeostasis [15-17]. Studies in animal models suggest
that spermidine crosses the blood-brain barrier [18, 19]
and its dietary supplementation may counteract age-
related cognitive decline by preserving autophagic and
mitophagic capacity [18, 20-23]. Moreover, spermidine
demonstrated positive effects on vascular health in animal
models [24, 25], and improved endothelial function and
arterial aging in mice [26, 27] and humans [28].
Approximately one third of the endogenous spermidine
pool originates from dietary sources, with daily
consumption levels estimated to be around 10 mg in
humans, with high geographic variability [29].
Epidemiological studies in humans showed that increased
dietary spermidine intake was linked to decreased
mortality [30-32]. This was mostly attributed to

potentially cardioprotective properties and improved
vascular health, which is also supported by preclinical
data [17]. Moreover, diets rich in spermidine appear to
protect against cognitive decline [18, 33] and are
associated with greater hippocampal volume and cortical
thickness in older adults [34]. Overall, a growing body of
literature suggests that elevated dietary spermidine intake
may protect from age-related decline of cardiovascular
and brain function.

In older adults with SCD, a 3-month spermidine
supplementation study showed first evidence for memory
improvement [35]. A subsequent 12-month spermidine
supplementation (SmartAge study) demonstrated no
beneficial effects of the intervention on cognitive,
behavioral, and physiological parameters across the
whole cohort [36]. However, in exploratory analyses in
participants who had successfully completed the 12-
month intervention period with compliance rates above
90%, a positive intervention effect on the soluble
intercellular adhesion molecule-1 (SICAM-1; i.e., reduced
plasma levels), a suggested marker of blood vessel injury,
endothelial dysfunction, cardiovascular disease (CVD)
progression, and vascular inflammation [37-39], was
observed. In addition, exploratory analyses suggested
beneficial effects on memory performance in specific
subgroups of participants, including individuals aged 70
years and older, in men, and individuals with more severe
subjective cognitive complaints.

Based on previous research on the importance of
preserving vascular brain health in preclinical AD, the
possible  beneficial effects of spermidine on
cardiovascular health from animal and epidemiological
studies, and evidence for beneficial effects of spermidine
supplementation on a vascular pro-inflammatory marker,
we conducted a comprehensive evaluation of the effect of
increased spermidine intake on vascular brain health. In
this exploratory secondary analysis of the SmartAge trial,
we used multimodal magnetic resonance imaging (MRI)
data to examine the effect of 12-month spermidine
supplementation  on  cerebral  perfusion, WM
microstructure, and WM hyperintensities (WMH) in older
individuals with SCD. In addition, the impact of the
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intervention on the macrostructural measures of brain
volumetry and cortical thickness was evaluated.
MATERIALS AND METHODS

Study design and participants

The SmartAge study was a monocenter, randomized,
double-masked, placebo-controlled phase IIb trial
investigating the effect of 12-month dietary spermidine
supplementation on memory performance and biomarkers
in older individuals with SCD (ClinicalTrials.gov
identifier: NCT03094546; [40]). Between January 2017
and April 2019, 100 healthy older adults with SCD were
randomly assigned (1:1 ratio; blockwise randomization
sequence) to receive either a spermidine-rich wheat germ
extract (750mg per day [corresponding to approximately
0.9 mg spermidine, 0.5 mg spermine, 0.2 mg putrescine],
equivalent to a 10% increased daily supply; target
intervention) or placebo (750mg microcrystalline
cellulose; control intervention) during an intervention
period of 12 months (spermidine supplement was
obtained from TLL The Longevity Labs). The study
protocol [40] was in accordance with the Declaration of
Helsinki and was approved by the Ethics Committee of
Charit¢ Universititsmedizin Berlin, Germany. All
participants gave written informed consent before being
included in the study. Older individuals with SCD, aged
60 to 90 years, were recruited through health care
facilities and advertisements in the general population
(eMethods 1 in Supplement 1). A telephone screening and
an on-site screening were conducted before baseline
assessment to ensure individual study eligibility. During
on-site screening, the following measures were applied to
determine the absence of objective cognitive impairment
and current psychiatric disorders: Mini-Mental State
Examination [41] score >26, performance within -1.5
standard deviation (SD) of age-adjusted norms in
appropriate neuropsychological tests, no deficits on
selected items of the Instrumental Activities of Daily
Living Scale [42], and 15-item Geriatric Depression Scale
[43] score <10 (detailed information on screening
procedure are provided in the trial protocol [40]).
Inclusion criteria encompassed a diagnosis of SCD based
on established guidelines [1], comprising I) expression of
subjective cognitive complaints for at least six months, II)
associated concerns (worries), I1) affirmation to consult
and/or previous consultation of a doctor due to these
symptoms, IV) normal cognitive performance, and V) no
restrictions on activities of daily living. Potential study
participants were excluded if screening revealed a
diagnosis of mild cognitive impairment or dementia.
Further exclusion criteria comprised severe or untreated
medical (e.g., malignant hypertension, untreated diabetes
mellitus), neurological or psychiatric disorders,

malignancies (current or on medical history), known
allergies to wheat germs, gluten or histamine intolerance,
pretrial polyamine intake, and alcohol dependency as well
as drug abuse. During baseline assessment, participants
underwent  neuropsychological  testing  including
questionnaires, a standardized medical examination, and
MRI scanning. These assessments were repeated after 12
months of intervention (post-intervention visit). In total,
89 participants successfully completed the 12-month
study intervention. The primary outcome (memory
performance) and various secondary outcomes have been
published previously [36].

Brain imaging

MRI acquisition was performed at the Berlin Center for
Advanced  Neuroimaging (BCAN,  Charit¢ -
Universitdtsmedizin Berlin) on a 3T MRI scanner
(Siemens Magnetom Trio, Erlangen, Germany). MRI data
for baseline and 12-month post-intervention visits were
available for 75 participants. Global and regional regions
of interest (ROIs) for each MRI modality were selected a
priori and blinded to treatment outcomes (eMethods 2 in
Supplement 1).

Arterial Spin Labeling (ASL). Perfusion maps,
representing cerebral blood flow (CBF) values, were
quantified from the control-label ASL image pairs using
ASLtbx [44] — a toolbox based on image processing
routines of the Statistical Parametric Mapping (SPM)
package (Wellcome Trust Centre for Neuroimaging,
London, UK, version SPM12, www.fil.ion.ucl.ac.uk/spm)
using MATLAB (The MathWorks, Natick, MA, USA,
version R2013b). We focused on whole brain GM CBF
and regional CBF values, comprising selected anatomical

ROIs that previously showed cerebral perfusion
alterations in predementia stages, i.e., inferior temporal
gyrus,  precuneus, posterior cingulate  gyrus,

supramarginal gyrus, angular gyrus, and hippocampus
[45-47]. Furthermore, ROIs of both hemispheres were
combined into a binary mask of AD-vulnerable regions
(in the following referred to as AD signature), to extract
regional CBF values. Normalized CBF maps underwent
quality control by combining standardized visual
inspection as well as automated outlier detection
(eMethods 3 in Supplement 1) [48].

Diffusion Tensor Imaging (DTI). To assess WM
microstructure, DTI was conducted to obtain fractional
anisotropy (FA) and mean diffusivity (MD) measures.
Generally, higher FA and lower MD values are considered
markers for a higher degree of spatial organization and
coherence in WM tracts. However, it is important to
consider that DTI parameters — especially FA — are
susceptible to complex fiber architecture (e.g., branching
or merging fibers), warranting caution in the
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interpretation of DTI results [49]. After visual inspection
of the raw data, four participants were excluded from the
analysis due to poor data quality. A diffusion tensor model
was fitted using FSL’s dtifit [50, 51]. Voxelwise statistical
analysis of the DTI data was conducted with FSL’s Tract-
Based Spatial Statistics (TBSS) [52] and the longitudinal
FreeSurfer streamline TRActs Constrained by
UnderLying Anatomy (TRACULA) [53] was applied for
automatic reconstruction of four major WM tracts
belonging to the limbic system, which is vulnerable to AD
pathology [6, 8, 9, 54]: anterior thalamic radiation,
angular bundle of the cingulum, cingulate gyrus WM
bundle, and uncinate fasciculus. To increase robustness of
the diffusion metrics, the bihemispheric mean value was
calculated for each of the tracts. If a given tract was
successfully reconstructed in only one of the two
hemispheres, the respective subject was not included in
further analyses (eMethods 4 in Supplement 1).

Table 1. Participants’ characteristics.

White Matter Hyperintensities (WMH). Segmentation
of WMH was performed using WMHPypes [55, 56] on
the Fluid-Attenuated Inversion Recovery (FLAIR)
images. For each participant, WMH volume and WMH
number were calculated on both a global and regional
level, yielding periventricular WMH and deep WMH.
Note that higher WMH values indicate worse vascular
health (eMethods 5 in Supplement 1).

Volumetry and cortical thickness. For reliable global
and regional volumetric as well as cortical thickness
estimates, TI1-weighted images were automatically
processed using the longitudinal stream [57] in FreeSurfer
v6.0 (FMRIB Software Library, Oxford, UK;
http://surfer.nmr.mgh.harvard.edu/) (eMethods 6 in
Supplement 1).

Spermidine group (N=36) Placebo group (N=39)
Women, N (%) 18 (50) 21 (54)
Age (years) 68 (5), 60-79 69 (5), 60-78
Education (years) 17 (3), 11-24 16 (3), 12-23
CVD risk (%) 17 (12),2-42 17(12), 3-49
Family history of
Dementia, N (%) 9 (25.0) 11(28.2)
Alzheimer’s Disease, N (%) 6 (16.7) 9(23.1)
MMSE (score) 29.2 (.9), 26-30 29.1 (.9), 26-30
APOE &4 carrier, N (%) 5(14) 12 (31)
GDS (score) 1.8 (1.3),0-4 1.9 (1.6), 0-6
FFQ, Spermidine 1.7(2),1.2-2.2 1.7(2),1.4-2.1

Data are given as mean, standard deviation (SD), and range for the spermidine and placebo group,
respectively. APOE: apolipoprotein E, CVD: cardiovascular disease, FFQ: Food Frequency Questionnaire
(see eMethods 1 in Supplement 1 for details on calculation). GDS: Geriatric Depression Scale, MMSE:

Mini Mental State Examination.
Statistical analysis

Statistical analyses were conducted using R v4.4.1 [58].
Characteristics of study participants were reported
descriptively using mean, standard deviation (SD), and
range for each intervention group. Linear regression
models (Analysis of Covariance, ANCOVA) with change
in the outcome MRI measure (CBF, FA/MD from
tractography, WMH number/volume, and structural
measures) from baseline to 12-month post-intervention
visit as dependent variable, intervention group as factor,
and the respective baseline measure as well as age and sex
as covariates were conducted. We performed one model
per ROI or tract (N = 38) to analyze intervention effects
on global and regional CBF (n = 7), WM microstructure

in pre-selected tracts (n = 8), WMH measures (n = 6), and
volumetry and cortical thickness (n = 17). For statistical
analysis of the DTI data processed with TBSS, differential
FA and MD maps (i.e., difference between baseline and
post-intervention values) were investigated for between-
group differences, corrected for age and sex [59-61].
Additional inclusion of CVD risk (calculated with the
Framingham risk score for CVD [62]) as a covariate was
performed as sensitivity analysis and did not lead to
relevant changes in results (eMethods 7, eResults 1, and
eTables 6-9 in Supplement 1). In addition, effects of the
intervention on different MRI parameters were correlated
with each other using Pearson correlation of the respective
differences between baseline and post-intervention
values. Lastly, linear regression models were performed
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to investigate possible associations between intervention-
related changes in MRI measures and changes in memory
performance (operationalized using the mnemonic
discrimination index of the Mnemonic Similarity Task
[35, 63, 64]), subjective cognitive complaints
(operationalized using the 39-item Everyday Cognition
Scales, ECog-39 [65]), and plasma SICAM-1 levels,
adjusted for age, sex, and the respective baseline measure.
A 2-sided significance level of a = .05 was used for all
analyses. Given the exploratory nature of these secondary

analyses, no correction of multiple testing was applied.
Rather, we focused on effect sizes, particularly partial eta
squared (n?, indicating small >.01, medium >.06 or large
>.14 effects), than on p-values when interpreting our
analyses. We calculated 90% confidence intervals for n?p,
thus matching the two-sided significance level of 0=.05.
An independent statistician oversaw the analyses and was
not involved in the study (eMethods 7 in Supplementary

1.

| 108 Participants with SCD were enrolled (provided written informed consent)

A4

I 108 Underwent on-site screening l

A

:{ 7 Failed screening |

I 101 Completed baseline assessment l

A 4

:I 1 Withdrew consent |

I 100 Underwent randomization J

v

A 4

51 Were assigned to
receive spermidine

49 Were assigned to
receive placebo

9 Discontinued trial intervention
-4 AE/SAE <
- 5 Loss of motivation

1 AE/SAE

A

2 Discontinued trial intervention
- 1 AE/SAE
- 1 Loss of motivation

A4

| 90 Completed post-intervention assessment 12 months after baseline

15 Missing MRI scans

—

—>| 10 Missing MRI scans

| 36 With available MRI data l I 39 With available MRI data I

|

|

I 75 Included in the analysis |

Figure 1. Study flowchart. This figure is adapted and modified from Schwarz and colleagues [36]. AE: adverse event, MRI: magnetic
resonance imaging, SAE: serious adverse event, SCD: subjective cognitive decline.

RESULTS
Characteristics of study participants

In total, 89 participants completed the 12-month study
intervention, and 75 participants had MRI data for both
time points available (Fig. 1).

Participants in both groups showed comparable
characteristics in terms of sex distribution, age, CVD risk,
global cognitive performance, apolipoprotein &4 carrier
status, family history of dementia/AD, and depressive

symptoms (Table 1). In addition, high compliance rates,
as measured by the number of remaining capsules at post-
intervention visit, were observed in both intervention
groups (spermidine group, mean [SD]: 96.1% [5.3];
placebo group, mean [SD]: 96.9% [4.3]).

Moreover, we  observed similar  baseline
characteristics between participants with successful
preprocessing and quality control of DTI, WMH, and
volumetric data and those who were excluded (eTable 1
in Supplement 1). However, for ASL, participants with
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excluded datasets were older and had higher CVD risk
scores compared to those with analyzable CBF data.
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Figure 2. Effect of spermidine supplementation on regional cerebral blood flow. Spaghetti plots depict individual longitudinal
changes in cerebral blood flow (CBF) in A) the precuneus and B) the posterior cingulate gyrus from baseline to post-intervention (total
N=56; spermidine group: n=28, placebo group: n=28). The group mean is indicated by the red line. Individual change scores (ACBF
= post-intervention — baseline) are presented for C) the precuneus and D) the posterior cingulate gyrus. Each dot represents one
participant; boxes indicate the median and interquartile range. E) Color-coded mean CBF maps illustrate the regional effects of the
intervention. Regions of interest are outlines in red (precuneus) and blue (posterior cingulate gyrus).
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Table 2. Effect of spermidine supplementation on cerebral perfusion.

B (ml/100 g/min) | 95% CI 1% 90% CI Pvalue
Global CBF
Whole brain GM 8 -231t04.0 <.01 0to0.079 .60
Regional CBF
AD signature 1.2 -2.7t05.0 <.01 0 to .086 .55
Precuneus 4.9 1.0to 8.9 A1 .012 to .250 .015
Posterior cingulate 3.7 -51t07.8 .06 0to.182 .08
Inferior temporal -2.6 -7.6t02.4 .02 0to.120 31
Inferior parietal 1.2 -4.2t0 6.6 <.01 0to.071 .67
Hippocampus 1.4 -2.7t05.6 <.01 0to .093 49

Linear regression models were adjusted for the corresponding baseline measure, age, and sex. In total, 56 participants (spermidine group: N=28; placebo
group: N=28) were included in the analysis. The unstandardized regression coefficient (B) indicates the between-group differences in the respective CBF
measures. AD: Alzheimer’s disease, CBF: cerebral blood flow, CI: confidence interval, GM: gray matter, T: t-value, n?,: partial eta squared.

Cerebral blood flow

ASL data of sufficient quality was available for 56
participants (spermidine group: N=28; placebo group:
N=28). We did not observe substantial between-group
differences in global GM CBF or CBF in the AD signature
(Table 2). We observed a medium effect on regional CBF
in the precuneus (between-group difference, 4.9 ml/100
g/min; 95% CI, 1.0 to 8.9; n%=.11 [90% CI, .012 to .250];
P=.015; Table 2 and Figure 2), with an adjusted CBF
increase of 2.3 ml/100 g/min in the spermidine group and
an adjusted CBF decrease of -2.6 ml/100 g/min in the
placebo group. In addition, we found a medium effect on
CBF in the posterior cingulate gyrus (between-group
difference, 3.7 ml/100 g/min; 95% CI, -.5 to 7.8; n%=.06
[90% CI, 0 to .182]; P=.08), with an adjusted CBF
increase of 1.3 ml/100 g/min in the spermidine group and
an adjusted CBF decrease of -2.4 ml/100 g/min in the
placebo group.

White matter microstructure

Completion of the TBSS pipeline was successful for 71
participants (spermidine group: N=33; placebo group:
N=38). TBSS-based analyses did not identify areas where
changes in central WM FA or MD between baseline and
follow-up were different between the placebo and verum
group. Tractography analyses demonstrated a medium
effect on FA of the WM bundle underlying the cingulate
gyrus (between-group difference, .016; 95% CI, .002 to
.031; n?%=.06 [90% CI, .004 to .208]; P=.029; Figure 3).
Participants who received spermidine supplementation
showed a slight increase in FA over the intervention
period, while we observed a decrease in FA in the placebo
group. For all other tracts, there were no substantial
group-differences regarding FA or MD values (¢Table 2
in Supplement 1).

No correlations were found between FA changes of
the cingulate gyrus WM bundle and CBF changes in the
precuneus (r(44)=.004; P=98) or in the posterior
cingulate gyrus (r(44)=-.042; P=.78) after the intervention
period. In addition, no significant associations were
observed between intervention-related changes in
regional MRI measures and changes in memory
performance, subjective cognitive complaints, or plasma
SICAM-1 levels (all n?,<.06; eTable 10 in Supplement 1).

White matter hyperintensities

WMH analyses were conducted on 63 participants
(spermidine group: N=28; placebo group: N=35),
revealing no substantial differences between intervention
groups, neither for global as well as regional WMH
number and WMH volume (all n?,<.01; eTable 3 in
Supplement 1).

Volumetry and cortical thickness

Completion of the FreeSurfer pipeline was successful for
71 participants (spermidine group: N=33; placebo group:
N=38). No substantial differences between intervention
groups were observed for global as well as regional
volume (all n%,<.05; eTable 4 in Supplement 1) and
cortical thickness (all n%,<.03; eTable 5 in Supplement 1).

DISCUSSION

This secondary neuroimaging analysis investigated the
effect of 12-month dietary spermidine supplementation on
vascular brain health (operationalized through CBF, WM
microstructure, and WMH) as well as on volume and
cortical thickness in older individuals with SCD.
Between-group differences were observed in regional
cerebral perfusion and regional WM microstructure,
whereas no substantial effects on WMH, volume, or
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cortical thickness were identified. Given the exploratory
nature of this secondary analysis and the absence of
correction for multiple comparisons, all regional MRI
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Figure 3. Effect of spermidine supplementation on white matter microstructure. A) Spaghetti plots depict individual
longitudinal changes in fractional anisotropy (FA) of the cingulate gyrus bundle from baseline to post-intervention (total N=61;
spermidine group: n=27, placebo group: n=34). The group mean is indicated by the red line. B) Individual change scores (AFA
= post-intervention — baseline) are presented for the cingulate gyrus. Each dot represents one participant; boxes indicate the

median and interquartile range.

Maintaining CBF is essential for proper neuronal
functioning, ensuring a constant supply of blood flow to
the brain [66]. CBF decreases with age and even more so
in individuals with AD, where it is considered one of the
earliest preclinical pathological events [67, 68].
Decreased CBF can, in turn, lead to impaired vascular
clearance, resulting in the accumulation of amyloid beta
proteins [69]. Our analyses identified between-group
differences of medium effect size in the precuneus and
posterior cingulate gyrus, with CBF increasing over time
in the spermidine group and decreasing in the placebo
group. These regions are known to play a pivotal role as
central hubs of the default mode network and have been
linked to various higher cognitive processes, supporting
their relevance in SCD [69, 70]. The substantial decline in
regional CBF in the precuneus and posterior cingulate
gyrus in the placebo group is in line with previous studies
showing CBF reductions in those regions in early stages
of the AD continuum [69, 71]. This reduction could
indicate pre-existing hypoperfusion in the precuneus and
posterior cingulate gyrus in individuals with SCD, which

may have been restored by spermidine supplementation.
Interestingly, no between-group difference was observed
in global GM CBF, suggesting that any potential
associations with spermidine supplementation may be
region-specific and most apparent in AD-vulnerable brain
regions. We further observed a medium effect on higher
FA of the WM bundle underlying the cingulate gyrus in
the spermidine group. Simplified, FA indicates the degree
to which free water diffusion is directionally restricted
through surrounding cellular structures. In highly
organized WM bundles, higher FA is considered to reflect
higher fiber density and uniform spatial organization,
though interpretation of FA values in areas of branching
or crossing fibers requires caution [51, 72]. Previous
studies have shown altered microstructure in the cingulate
gyrus in SCD and mild cognitive impairment and
described associations between reduced cingulate WM
bundle FA and worse cognitive function in the early AD
continuum [73, 74]. These findings suggest that lower
cingulatet WM  FA  may reflect incipient
neurodegeneration in the context of SCD and mild
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cognitive impairment. Thus, our study might indicate a
modulation of cingulate WM microstructure through
spermidine supplementation, possibly mitigating the
negative effects of AD pathology on WM bundles
maintaining cognitive function. Similar to CBF, we did
not find between-group differences in global central WM
microstructure. It is important to note that TBSS does not
represent true tractography and is subject to statistical
corrections for multiple testing that may limit the
detection of subtle, tract-specific differences [75]. The
discrepancy between TBSS and tractography results is
thus most likely explained by methodological differences
and the restriction of microstructural changes to the
cingulate bundle in this study sample. The observed
effects on regional CBF and WM microstructure have to
be interpreted cautiously in this exploratory study and
should be confirmed in larger studies. Future longer-
lasting intervention studies should also evaluate whether
spermidine supplementation can beneficially influence
global CBF and WM microstructure beyond the cingulate
gyrus and precuneus.

Taken together, spermidine supplementation was
associated with regional differences in CBF and WM
microstructure in AD-vulnerable brain regions. Whether
these findings are relevant for cognitive function or AD-
related disease progression remains to be determined.
Notably, we observed parallel effects on CBF in the
precuneus as well as posterior cingulate gyrus and FA of
the cingulate gyrus WM bundle. No correlation was
detected between changes in regional CBF and FA, likely
because the cingulate gyrus WM bundle is anatomically
distinct from the precuneus, and because CBF changes
only occurred in the posterior cingulate gyrus. Previous
studies have demonstrated regionally specific
associations of CBF and microstructure [76, 77],
indicating a physiological link between cortical CBF and
subcortical WM microstructure. On this basis, we suggest
that improved vascular brain health may account for the
observed effect as a common underlying mechanism [76,
77]. In sum, our findings provide convergent evidence
that 12-month spermidine supplementation was
associated with early vascular brain alterations on a
microstructural and perfusion level in individuals with
SCD.

These findings are in line with various spermidine
supplementation studies in animal models that
demonstrate delayed arterial aging and improved
proangiogenic as well as endothelial function [24-27].
Further, human studies have linked increased spermidine
levels with favorable effects on endothelial function,
blood pressure, and lower mortality due to improved
cardiovascular health [28, 30-32]. Our study results also
align with earlier exploratory subgroup findings from the
SmartAge trial [36], where we observed a possible

positive intervention effect on sICAM-1, a suggested
marker of vascular pathology that is elevated in aging and
dementia, in participants who had successfully completed
the 12-month intervention period with compliance rates
above 90% [37-39, 78]. However, changes in regional
MRI measures observed between groups were not
associated with concurrent changes in memory
performance, subjective cognitive complaints, or plasma
sICAM-1 levels. Therefore, the clinical relevance of these
findings remains uncertain and requires further
investigation in future intervention studies.

We did not observe between-group differences in
WMH volume or number, nor on GM volume or CT.
WMH arise from both cerebral small vessel disease and
amyloid-related pathology [79] and are already present in
SCD, reflecting WM macrostructural alterations in the
early AD continuum [13]. However, there is accumulating
evidence that alterations in WM microstructure [79, 80]
and CBF [81] precede WMH manifestation. Similarly,
reductions in GM volume and cortical thickness occur
secondary to CBF changes [82] and WM microstructural
alterations [8, 83] in the course of AD. The
macrostructural manifestations of AD pathology are
likely secondary to a continuous process of
microstructural degeneration and cerebral hypoperfusion
over time. Thus, we hypothesize that the intervention
period in this study may have been too short to show
significant changes in WMH and GM volume as well as
cortical thickness. Future trials should thus include longer
intervention  periods and  higher  spermidine
concentrations to improve our understanding of the
potential influence of spermidine on brain health.

Limitations

The interpretation of our results is also subject to some
limitations. First, quantification of CBF in ROIs close to
large blood vessels was not possible due to problems
during post-processing of the images. However, these are
common issues with ASL imaging as this subtractive MRI
technique is very sensitive to motion, which does not
diminish the great advantages of ASL over other
perfusion imaging methods [84]. In addition, a relatively
high proportion of ASL datasets had to be excluded during
preprocessing and quality control. Participants excluded
from the ASL analyses were older and had higher CVD
risk scores than those with analyzable ASL data. This
finding is in line with previous literature showing that
increased motion artifacts and more pronounced vascular
pathology (e.g., cerebral small vessel disease) in older
individuals may limit the feasibility and quality of ASL-
based CBF quantification [84]. Although exclusions were
based on predefined data quality criteria, this selection
may have resulted in underrepresentation of individuals
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with higher vascular risk profiles. Consequently, the
observed regional CBF findings may not be fully
generalizable to older individuals with greater vascular
risk, and the direction and magnitude of any potential bias
cannot be determined. Nevertheless, the final sample size
was comparable to that of previous ASL studies in older
adults [69, 85]. Furthermore, the use of predefined ROIs
with relatively large volumes and high baseline perfusion,
together with a detailed semi-automated quality control
including expert review, likely improved the signal-to-
noise ratio and supported the robustness of the reported
findings. In line, previous studies have demonstrated
excellent reproducibility of pseudo-continuous ASL-
derived CBF measurements in the precuneus and
posterior cingulate gyrus, with test-retest variability
typically below 10% [86, 87]. Second, FA and MD are
indirect measures of microstructural integrity and thus
should be interpreted with caution, especially in regions
with many branching or crossing fibers [53, 56, 88].
Third, we did not collect AD blood biomarkers from study
participants, precluding identification of AD-related
pathology. However, inclusion criteria comprised
currently accepted guidelines for SCD [1] and our
intervention did not specifically target amyloid beta or
tau. Fourth, although adherence to the intervention was
high, circulating spermidine concentrations did not differ
between groups [36], and no tissue-level or downstream
biomarkers of spermidine activity were available.
Therefore, the extent of biological exposure and target
engagement following supplementation could not be
determined, which represents an important limitation
when interpreting the observed MRI findings.

Conclusion

One year of spermidine supplementation, corresponding
to a 10% increase in daily spermidine intake, was
associated with regional changes in MRI measures related
to cerebral perfusion and white matter microstructure in
brain regions vulnerable to early AD pathology. These
exploratory regional MRI findings were not accompanied
by global changes in brain imaging measures or
associated with changes in memory performance,
subjective cognitive complaints, or plasma sICAM-1
levels. As these findings are hypothesis-generating,
further intervention studies with longer follow-up periods
and higher spermidine supplementation doses in at-risk
populations for AD are warranted to confirm their
reproducibility and clarify their clinical relevance.
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