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Abstract

Memory-related functional magnetic resonance imaging (fMRI) activations show
age-related differences across multiple brain regions that can be captured in sum-
mary statistics like single-value scores. Recently, we described two single-value
scores reflecting deviations from prototypical whole-brain fMRI activity of young
adults during novelty processing and successful encoding. Here, we investigate the
brain-behavior associations of these scores with age-related neurocognitive
changes in 153 healthy middle-aged and older adults. All scores were associated
with episodic recall performance. The memory network scores, but not the novelty
network scores, additionally correlated with medial temporal gray matter and other
neuropsychological measures including flexibility. Our results thus suggest that
novelty-network-based fMRI scores show high brain-behavior associations with
episodic memory and that encoding-network-based fMRI scores additionally cap-
ture individual differences in other aging-related functions. More generally, our

results suggest that single-value scores of memory-related fMRI provide a
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1 | INTRODUCTION

Even healthy older adults commonly exhibit a certain degree of cogni-
tive decline and brain structural alterations (Anthony & Lin, 2018;
Cabeza et al., 2018; Li et al., 2020). While age-related decline of cogni-
tive functions and particularly explicit memory is common, some indi-
viduals age more “successfully,” showing comparably preserved
memory capability even in advanced age (Nyberg & Pudas, 2019). On
the other hand, for example, individuals at risk for Alzheimer's disease
exhibit accelerated cognitive aging well before clinical onset of the dis-
ease. Valid and comprehensive markers of cognitive and functional
impairment could facilitate the assessment of age-related neurocogni-
tive changes and provide valuable information about an individual's
extent of brain aging (Frisoni et al., 2017; Jack et al., 2013; Partridge
et al, 2018; Tsapanou et al., 2019). As suggested by Hedden et al.
(2016), markers that rely on age-related alterations of brain structure
and function can be referred to as brain markers or, if obtained using
imaging techniques, as imaging biomarkers. Examples include differ-
ences in gray matter volume (GMV; Diaz-de-Grenu et al., 2011;
Minkova et al, 2017), white matter (WM) lesion load (Arvanitakis
et al, 2016; Tsapanou et al., 2019), memory-related functional mag-
netic resonance imaging (fMRI; Duzel et al., 2011; Grady & Craik, 2000;
Maillet & Rajah, 2014; Soch, Richter, Schutze, Kizilirmak, Assmann,
Behnisch, et al., 2021a), and electrophysiological measures (Babiloni
et al.,, 2020). Other indicators of successful versus accelerated cognitive
aging are disease markers, which encompass, among others, positron
emission tomography (PET) measures of beta-amyloid and tau deposi-
tion (Knopman et al., 2019), but also neuropsychological markers like
global cognition, executive function, and episodic memory as assessed
with neuropsychological tests (Hassenstab et al., 2015).

Previous studies show that, compared with young individuals,
older adults exhibited lower activations of inferior and medial tempo-
ral structures and reduced deactivations in the default mode network
(DMN) during novelty processing and successful long-term memory
encoding (Billette et al., 2022; Duzel et al, 2022; Maillet &
Rajah, 2014; Soch, Richter, Schutze, Kizilirmak, Assmann, Behnisch,
et al,, 2021a). To capture age-related deviations from the prototypical
fMRI activations in younger participants, we have previously proposed
the use of reductionist fMRI-based scores:

I. The FADE score (Functional Activity Deviations during Encoding;
Duzel et al., 2011), which reflects the difference of activations
outside and inside a mask representing prototypical activations in

a young reference sample, and

comprehensive measure of individual differences in network dysfunction that may

contribute to age-related cognitive decline.

cognitive aging, episodic memory, fMRI, hippocampus, memory impairment, subsequent

II. the SAME score (Similarity of Activations during Memory Encoding;
Soch, Richter, Schutze, Kizilirmak, Assmann, Behnisch,
et al., 2021a), which reflects the similarity of an older adult's brain
response with activation—and also deactivation—patterns in
young subjects, adjusted for the between-subjects variance

within the young reference sample.

Both markers constitute single-value scores and can be computed
either from fMRI novelty (novel vs. highly familiarized images) or sub-
sequent memory contrasts (based on a subsequent recognition mem-
ory rating of the to-be-encoded images). They thus constitute
reductionist measures of age-related processing differences in either
novelty detection or successful encoding, which engage overlapping,
but partly separable neural networks (Maass et al., 2014; Soch, Rich-
ter, Schutze, Kizilirmak, Assmann, Behnisch, et al., 2021a; Soch, Rich-
ter, Schutze, Kizilirmak, Assmann, Knopf, et al., 2021b), with novelty
detection not directly translating to encoding success (Poppenk
et al., 2010). Scores based on novelty detection versus encoding suc-
cess may thus indicate age-related deviations in at least partly differ-
ent cognitive domains. The FADE and SAME scores have previously
been associated with memory performance in the encoding task they
were computed from (Duzel et al., 2011; Soch, Richter, Schutze, Kizi-
lirmak, Assmann, Behnisch, et al., 2021a), but it is yet unclear whether
this relationship is also found with independent, classical neuropsy-
chological assessments of memory. Furthermore, it is not yet known
whether the scores are specifically related to hippocampus-dependent
memory performance or rather global cognitive function in old age.

Here, we investigate brain-behavior associations of the scores
with age-related differences in episodic memory and hippocampal
function, as reflected by correlations with memory performance mea-
sures and medial temporal lobe GMV, as well as their relationship with
other cognitive domains and age-related differences in brain morphol-
ogy beyond the medial temporal lobe. To evaluate which neurocogni-
tive functions (hippocampus-dependent memory vs. other cognitive
tasks) are significantly related to the four fMRI-based single-value
scores (i.e., FADE vs. SAME, obtained from novelty vs. memory con-
trast) and specifically to age-related differences, we assessed their
associations with multiple measures of cognitive ability and of struc-
tural brain integrity in a large cross-sectional cohort of healthy
middle-aged and older adults. First, we computed correlations
between the imaging scores to assess their potential dependence or
orthogonality. We then performed multiple regression analyses to test
their relationship with performance in different memory tests and

other psychometric tasks covering a wide range of cognitive
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Overview of our approach to investigate the brain-behavior associations of single-value fMRI-based scores with cognitive ability

in older adults. Imaging scores were calculated from a voxel-wise fMRI contrast map (warm colors indicate positive effects and cool colors
indicate negative effects) and correlated with each other, with neuropsychological test performance in episodic memory, with other cognitive
domains, and with measures of brain morphology separately for each age group (red: young, blue: older subjects). All activation maps are
superimposed on the MNI template brain provided by MRIcroGL (https://www.nitrc.org/projects/mricrogl/). Figure adapted from Soch, Richter,

Schutze, Kizilirmak, Assmann, Behnisch, et al., 2021a

functions. Finally, we assessed associations between the imaging
scores and brain morphometric measures (local GMV, WM lesion vol-
ume). For an overview of our approach, see Figure 1.

2 | METHODS

21 | Participants

The previously described study cohort (Soch, Richter, Schutze, Kizi-
lirmak, Assmann, Behnisch, et al., 2021a; Soch, Richter, Schutze,
Kizilirmak, Assmann, Knopf, et al., 2021b) consisted of 259 healthy
adults, including 106 young (47 male, 59 female, age range 18-35,
mean age 24.12 + 4.00 years), 42 middle-aged (13 male, 29 female,
age range 51-59, mean age 55.48 + 2.57 years) and 111 older
(46 male, 65 female, age range 60-80, mean age 67.28
+ 4.65 years) participants. Additionally, a replication cohort of
117 young subjects (Assmann et al., 2021; 60 male, 57 female, age
range 19-33, mean age 24.37 + 2.60 years) served for outlier
detection and a linear discriminant analysis (LDA). Please note that,
while this study is based on the same participant sample as previ-
ously described, all analyses and results reported in this study have
not been published elsewhere. As we found no significant differ-
ences between middle-aged and older participants for any of the
imaging scores (two-samples t-tests: all p >.123; for illustration
and additional Bayesian statistics see Supporting Information,
Table S1 and Figure S1), we combined them into one age group
(hereafter: older adults; also see Soch, Richter, Schutze, Kizilirmak,
Assmann, Knopf, et al., 2021b; Soch et al., 2022) to increase sample
size and thus the statistical power of the analyses performed here
(N = 153, 59 male, 94 female, age range 51-80, mean age 64.04
+ 6.74 years).

According to self-report, all participants were right-handed, had
fluent German language skills and did not take any medication for
neurological or mental disorders. A standardized neuropsychiatric
interview was used to exclude present or past mental disorder, includ-

ing alcohol or drug dependence.

Participants were recruited via flyers at the local universities
(mainly the young subjects), advertisements in local newspapers
(mainly the older participants) and during public outreach events of
the institute (e.g., Long Night of the Sciences).

Data were collected at the Leibniz Institute for Neurobiology in
Magdeburg in collaboration with the German Center for Neurodegen-
erative Diseases in Magdeburg and the Otto von Guericke University
of Magdeburg as part of a project within the Autonomy in Old Age
research alliance. All participants gave written informed consent in
accordance with the Declaration of Helsinki (World Medical Associa-
tion, 2013) and received financial compensation for participation. The
study was approved by the Ethics Committee of the Faculty of Medi-
cine at the Otto von Guericke University of Magdeburg.

2.2 | Neuropsychological assessment

We conducted a number of common psychometric tests that cover a
wide range of psychological constructs like attention, different
aspects of memory, including short- and long-term memory, working
memory as well as executive functions, such as interference control
and flexibility. The tests are described detail in the Supporting Infor-
mation; the variables and psychological constructs are summarized in
Table 1. Additionally, the Multiple-Choice Vocabulary Test (MWT-B;
Lehrl, 2005) was performed as a proxy for crystallized verbal intelli-
gence. It consists of 37 items with increasing difficulty, each item con-
taining one real word and four verbally similar but meaningless
pseudo-words of which the participant has to mark the correct one.
Data were collected using custom code written in Presentation (0.71,

Neurobehavioral Systems, www.neurobs.com).

2.3 | Subsequent memory paradigm for fMRI
During the fMRI subsequent memory experiment, participants per-
formed an incidental visual memory encoding task with an indoor/

outdoor judgment (Duzel et al., 2018). Subjects viewed photographs
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showing indoor and outdoor scenes, which were either novel at the
time of presentation (44 indoor and 44 outdoor scenes) or were repe-
titions of two highly familiar “master” images (22 indoor and 22 out-
door trials), one indoor and one outdoor scene pre-familiarized before
the actual experiment (Soch, Richter, Schutze, Kizilirmak, Assmann,
Knopf, et al., 2021b). Thus, during encoding, every subject was pre-
sented with 88 unique (i.e., novel) images and 2 master images that
were presented 22 times each. Participants were instructed to catego-
rize images as “indoor” or “outdoor” via button press as the incidental
encoding task (i.e., participants were unaware that their memory for
the pictures would later be tested). Each picture was presented for
2.5 s, followed by a variable delay between 0.70 and 2.65 s.
Approximately 70 min (70.19 + 3.60 min) after the start of the
fMRI session, subjects performed a computer-based recognition mem-
ory test outside the scanner, in which they were presented with the
88 images that were shown once during the fMRI encoding phase
(old) and 44 images they had not seen before (new). Participants rated
each image on a 5-point Likert scale from 1 (“definitely new”) over
3 (“undecided”) to 5 (“definitely old”; for detailed experimental proce-
dure, see Assmann et al., 2021; Soch, Richter, Schutze, Kizilirmak, Ass-
mann, Knopf, et al., 2021b). Data were collected using custom code
written in Presentation (0.55, Neurobehavioral Systems, www.

neurobs.com).

2.4 | Magnetic resonance imaging
Structural and functional MRI data were acquired on two Siemens 3T
MR tomographs (Siemens Verio: 58 young, 83 older; Siemens Skyra:
48 young, 70 older), following the exact same protocol as used in the
DELCODE study (Duzel et al., 2018; Jessen et al., 2018).

A T1-weighted MPRAGE image (TR = 2.5 s, TE = 4.37 mis, flip-
o = 7° 192 slices, 256 x 256 in-plane resolution, voxel
size = 1 x 1 x 1 mm) was acquired for co-registration and improved
spatial normalization. Phase and magnitude fieldmap images were
acquired to improve correction for artifacts resulting from magnetic
field inhomogeneities (unwarping). Furthermore, a fluid-attenuated
inversion recovery (FLAIR) image was acquired (TR = 5.0 s,
TE = 395 ms, inversion time = 1.8 s, voxel size = 1 x 1 x 1 mm) and
employed for WM lesion quantification.

For functional MRI (fMRI), 206 T2*-weighted echo-planar images
(TR =2.58 s, TE = 30 ms, flip-a = 80°; 47 slices, 64 x 64 in-plane res-
olution, voxel size = 3.5 x 3.5 x 3.5 mm) were acquired in interleaved-
ascending slice order (1, 3, ..., 47, 2, 4, ..., 46). The total scanning time
during the task-based fMRI session was approximately 9 min (Soch,
Richter, Schutze, Kizilirmak, Assmann, Knopf, et al., 2021b).

2.4.1 | Neuroimaging single-value scores (FADE
and SAME scores)

Using Statistical Parametric Mapping, Version 12 (SPM12; https://
www fil.ion.ucl.ac.uk/spm/, University College London, UK), we

generated single-subject contrast images representing effects of nov-
elty processing (by contrasting novel with familiar images) and subse-
quent memory effects (by parametrically modulating the BOLD
response to novel images as a function of later remembering or for-
getting). Specifically, the effect of subsequent memory on fMRI activ-
ity during encoding was quantified as the mean-centered and arcsine-
transformed subject's response in a subsequent recognition memory
test (ranging from 1 to 5).

As described previously (Soch, Richter, Schutze, Kizilirmak, Ass-
mann, Behnisch, et al., 2021a) the FADE and SAME scores are
based on:

I. computing a reference map showing significant activations (and,
for the SAME score, additionally significant deactivations) on
each of the two fMRI contrasts (i.e., novelty processing or subse-
quent memory) within young subjects, and

II. calculating summary statistics quantifying the amount of devia-
tion (FADE score) or similarity (SAME score) for a given older
subject with respect to the prototypical (de-)activations seen in

young subjects.

More precisely, let J, be the set of voxels showing a positive
effect in young subjects at an a priori defined significance level (here:
p <.05, FWE-corrected, extent threshold k = 10 voxels), and let t; be
the t-value of the i-th older subject in the j-th voxel on the same con-
trast. Then, the FADE score of this subject is given by

1 1
FADE,—:;ZMJ}U—ZZ]O},,-

where v, and v is the number of voxels inside and outside J., respec-
tively (Soch, Richter, Schutze, Kizilirmak, Assmann, Behnisch,
et al., 2021a). A larger FADE score signifies higher deviation of an
older adult's memory—or novelty—response from the prototypical
response seen in young adults.

Now consider J_, the set of voxels showing a negative effect in
young subjects at a given significance level. Furthermore, let ﬁj be the
average contrast estimate in young subjects, let 5; be the standard
deviation of young subjects on a contrast at the j-th voxel, and let 7;
be the contrast estimate of the i-th older subject at the j-th voxel.
Then, the SAME score is given by

SAME;:iZjEJA?U:/A}]JriZ]{L@

Vi Oj V_ Oj

where v, and v_ are the numbers of voxels in J, and J_, respectively
(Soch, Richter, Schutze, Kizilirmak, Assmann, Behnisch, et al., 2021a).
Note how the directions of the difference in the two sums are differ-
ent, in order to accumulate both reduced activations (sum over J,)
and reduced deactivations (sum over J_). Thus, a higher SAME score
indicates higher similarity of an older adult's brain response with the
activation and deactivation patterns seen in young subjects. Simpli-
fied, this means that the magnitudes of the SAME (the higher the

85UB017 SUOWIWIOD SA[ee.D 3 (deoldde 8Ly A peusenob ae sajoliie VO ‘85N JO Sa|NJ 10y ARl 8UIIUO AB|IA LD (SUOTIPUOD-PUR-SLLIBY WO A8 | 1M Afe.q 1 |BuUO//SdnL) SUORIPUOD Pue SWie | 8u8eS *[£202/0T/0] U0 AkeidiTauljuo AB(IM ‘WBYULR N U0l qIgsTeISeAIUN AQ T8Z92 WAU/Z00T OT/I0p/W0d A8 | 1M Afe.d 1 jBuluoy/:sdny Wwoy papeo|umod ‘g ‘€202 ‘6T0.60T


http://www.neurobs.com
http://www.neurobs.com
https://www.fil.ion.ucl.ac.uk/spm/
https://www.fil.ion.ucl.ac.uk/spm/

28 | WILEY

RICHTER ET AL.

more similar) and FADE (the higher the less similar) scores have
opposing meanings. As further becomes evident from the equation,
the SAME score extends the concept underlying the FADE score by:

I. considering deactivation patterns in addition to activation pat-
terns by quantifying reduced deactivations, and

Il. accounting for the interindividual variability within the reference
sample of young subjects via dividing by their estimated standard

deviation.
Hereafter we refer to the scores as follows:

e FADE score computed from the novelty contrast: FADE novelty
score

e SAME score computed from the novelty contrast: SAME novelty
score

e FADE score computed from the memory contrast: FADE memory
score

e SAME score computed from the memory contrast: SAME memory

score.

As an initial, exploratory analysis, we computed voxel-wise
regressions of the fMRI novelty and subsequent memory contrasts
with the imaging scores. Results are reported at pgyster < .050 using
family-wise error rate (FWE) cluster-level correction and an uncor-
rected cluster-forming threshold of p,oye < .001 (Eklund et al., 2016).

2.4.2 | Brain morphometry
VBM analyses were conducted to examine morphological differences
of local GMV employing CAT12 using the T1-weighted MPRAGE
images. Data processing and analysis were performed as described
previously (Assmann et al., 2021; Gvozdanovic et al., 2020; Weise
et al,, 2019), with minor modifications. Images were segmented into
gray matter, WM and cerebrospinal fluid-filled spaces using the seg-
mentation algorithm provided by CAT12. Segmented gray matter
images were normalized to the SPM12 DARTEL template, employing
a Jacobian modulation and keeping the spatial resolution at an isotro-
pic voxel size of 1 mm?3. Normalized gray matter maps were smoothed
with an isotropic Gaussian kernel of 6 mm at FWHM. Statistical analy-
sis was performed separately for the two age groups using a regres-
sion model that included total intracranial volume as a covariate.
Voxels outside the brain were excluded by employing threshold mask-
ing (relative threshold: 0.2) that removed all voxels whose intensity
fell below 20% of the mean image intensity (Scarpazza et al., 2015).
We computed voxel-wise regressions of the fMRI novelty and subse-
guent memory contrasts. VBM results are reported at pguster < .050
using FWE cluster-level correction and an uncorrected cluster-
forming threshold of pyoxe < .001 (Eklund et al., 2016).

Furthermore, we investigated individuals' brain volumes for WM
lesions. Subcortical WM hyperintensities were determined via auto-

matic segmentation in T2-weighted FLAIR images using the Lesion

Prediction Algorithm, as implemented in Lesion Segmentation Toolbox
(LST v3.0.0; https://www.applied-statistics.de/Ist.html) based on the
Computational Anatomy Toolbox (CAT12; http://www.neuro.uni-
jena.de/cat/, University Hospital Jena, Germany) as described previ-
ously (Gaubert et al., 2021; Schmidt et al., 2012). For normalization
purposes, WM lesion volume and GMV were divided by the estimated

total intracranial volume (Guo et al., 2019).

2.5 | Statistical analysis

Data were analyzed using MATLAB (2016b; The Mathworks Inc.,
Natick, Massachusetts), IBM® SPSS® Statistics Version 21 (IBM,
Armonk, NY), and JASP Version 0.17 (JASP Team, 2023). We per-
formed step-wise analyses separately for age groups (Figure 1). First,
we investigated the potential correlations of the imaging scores
among each other. Second, we tested their relationship with perfor-
mance in different memory tests. Third, we tested their relationship
with performance in other psychometric tasks covering a wide range
of cognitive functions. Finally, we tested for associations between the
imaging scores and brain morphometric measures.

Given the extensive neuropsychological testing battery, which
may have included some redundancies (Table 1), we first aimed to
reduce the number of variables to avoid excessive multiple testing.
Specifically, we aimed to only include those variables that best sepa-
rated the age groups. We thus performed a multivariate test of differ-
ences using an LDA. To increase the number of young participants,
we added the young replication cohort (see Section 2.1) to the analy-
sis, as their neuropsychological assessment included the same cogni-
tive tests. We excluded values that were classified as extreme outliers
based on the interquartile range (x > 3rd quartile +3* interquartile
range, x < 1st quartile —3* interquartile range) in the psychometric
tasks separately for each age group (Table S2). We used the step-wise
LDA method that stops including tests in the discriminant function
(i.e., the linear combination of the performance in the tests that best
differentiate between age groups) when there is no longer a signifi-
cant change in Wilks' A. The final set of tests selected with this
approach was employed for regression analyses with the SAME and
FADE scores. Additionally, we used the composite score gained from
the discriminant function as a proxy for global cognition.

For the memory test of the pictures shown during fMRI scanning,
memory performance was quantified as A-prime (A’), the area under
the curve from the receiver-operating characteristic describing the
relationship between false alarms (“old” responses to new items) and
hits (“old” responses to previously seen items; see Soch, Richter,
Schutze, Kizilirmak, Assmann, Behnisch, et al., 2021a, appendix B).

For comparison of age groups, we used paired t-tests unless
stated otherwise. Whenever Levene's test was significant, statistics
were adjusted, but for better readability, uncorrected degrees of free-
dom are reported. For the correlational analysis, we used Pearson's
correlations unless stated otherwise. As the SAME scores can be split
into separate components reflecting activations versus deactivations,

we performed post hoc correlational analysis with the SAME scores'
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activation and deactivation components to unravel possible specific
contributions of the components to the significant effects. Whenever
appropriate we compared dependent correlation coefficients as
described by Meng et al. (1992). We used multiple regression analyses
to test the associations of the imaging scores computed from one
contrast (novelty vs. memory) as independent variables and the test
measures as different dependent variables. We used Holm-Bonferroni
correction (Holm, 1979) to correct for the number of regression
models per contrast and analysis (each N = 5). As post hoc tests, we
used one-sample t-tests to examine the unique impact of the coeffi-
cients. Significance level was set to p < .050, two-sided.

3 | RESULTS

3.1 | Demographic data
Young and older adults did not differ significantly with respect to gen-
der ratio, ethnic composition or ApoE genotype (x? tests: all p > .088;
Table S3). There were significant differences regarding medication,
endocrine-related surgeries (e.g., thyroidectomy and oophorectomy),
and level of education: 94% of young subjects, but only about 50% of
the older subjects had received the German graduation certificate
qualifying for academic education (“Abitur’), most likely due to histori-
cal differences in educational systems (for a detailed discussion, see
Soch, Richter, Schutze, Kizilirmak, Assmann, Behnisch, et al., 2021a;
Supporting Information). Using the MWT-B (Lehrl, 2005), a screening
of verbal intelligence, we could confirm that older participants had
comparable or even superior verbal knowledge (z = — 8.11, p < .001),
which did not correlate with the imaging scores (all p > .203).

Age groups differed significantly for all imaging scores (two-
sample t-tests: all p <.001), except for the FADE score computed
from the novelty contrast (p = .910; for a discussion, see Soch, Rich-

ter, Schutze, Kizilirmak, Assmann, Behnisch, et al., 2021a).

3.2 | Voxel-wise representation and inter-
correlation of the imaging scores

To help interpreting the subsequently reported results, we computed
voxel-wise regressions of the fMRI contrasts with each imaging score
for the older adults group. While the FADE score computed from the
novelty contrast was rather specifically associated with an occipital
and parahippocampal network (Figure S2, upper left part), the FADE
score computed from the memory contrast moreover showed positive
correlations bilateral with fronto-parietal networks (Figure S2, upper
right part). The SAME scores additionally captured a wide range of
processes in the DMN (i.e., precuneus and medial prefrontal cortex;
Figure S2, lower parts), which can mainly be attributed to the scores'
negative components. All scores significantly correlated with the con-
trast they were constructed from (Figure S2 and Tables S4-S7; note
that this analysis is partly circular, as the imaging score of each partici-
pant were computed from the individual fMRI contrasts). The SAME

SAME novelty score & fMRI memory effect
z=(015 30) 2

measured response

imaging score

FIGURE 2 Regression analysis of SAME novelty score and fMRI
memory effect (positive effect) in older adults. p < .050, family-wise
error-corrected at cluster level, cluster-defining threshold p < .001,
uncorrected. All activation maps are superimposed on the MNI
template brain provided by MRIcroGL (https://www.nitrc.org/
projects/mricrogl/)

score computed from the novelty contrast additionally showed a sig-
nificant positive correlation with the fMRI memory effect in the stria-
tum, precuneus, and middle occipital gyrus (Figure 2 and Table S8).

To investigate the scores' similarity, we correlated them with each
other. The scores obtained from the same contrast, that is, novelty or
memory, showed significant negative correlations (all p <.001;
Figure S3), reflecting the fact that FADE and SAME scores were con-
structed in opposite ways. Importantly, neither FADE nor SAME
scores obtained from the different contrasts (i.e., novelty processing
vs. subsequent memory) correlated significantly with each other
(p > .768), suggesting that they assess different constructs. The
remaining correlations were not significant (p > .092). Post hoc corre-
lational analysis with the SAME scores' activation and deactivation
components revealed that both components contributed to the corre-
lations with the FADE scores (novelty: activation: r = —.646, p < .001,
deactivation: r = —.160, p = .048; memory: activation: r = —.670,
p < .001, deactivation: r = —.434, p <.001). As expected from the
construction of the scores, the correlations of the FADE scores with
the activation components of the SAME scores were stronger than
those with the deactivation components (Fisher's z-test for dependent
correlation coefficients: novelty: z = —4.46, p <.001, memory:
z=-2.68,p=.007).

3.3 | The imaging scores are associated with
different tests of episodic memory

As the imaging scores were obtained from an fMRI paradigm targeting
episodic memory encoding, we first tested for associations with per-
formance in episodic memory tests. These included the recognition

memory test of the fMRI experiment itself (70 min after onset of the
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experiment) as well as 30-min and one-day delayed recalls of the Ver-
bal Learning and Memory Test (VLMT; Helmstaedter et al., 2001; see
Supporting Information) and the Logical Memory subtest from the
Wechsler Memory Scale (WMS; Harting et al., 2000). As expected,
older participants performed significantly worse in all memory tests
compared with young participants (all p < .001; Table 1).

As shown in the previous section, the two sets of imaging scores,
FADE novelty and SAME novelty, and FADE memory and SAME
memory, are strongly correlated, especially in the case of the memory
scores. Thus, while the novelty and memory scores are independent,
this is not the case for the SAME and FADE metrics derived from the
same contrasts, which share significant fractions of their variances.
Therefore, to ascertain the extent to which these metrics explain
unique versus shared variance in measures of cognitive performance,
we employed a multiple regression approach using the scores derived
from the same contrast as independent variables in one model and
the memory test measures as different dependent variables.

For the metrics computed from the novelty contrast (Table 2,
upper part, and Figure 3, left side), the scores significantly contributed

meaningful information in the explanation

e of memory performance for the pictures shown during fMRI scan-
ning (F2,150 = 7.62, p = .001), with unique impact of the SAME
score (FADE: p = .098, SAME: t = 3.79, p < .001),

e of performance in the WMS logical memory test 30 minutes
delayed recall (F5145 = 9.34, p < .001), with unique impact of the
FADE score (FADE: t = —2.84, p = .005, SAME: p = .434), and

e of performance in the WMS logical memory test 1 day delayed
recall (Fp143 = 9.21, p <.001), with unique impact of the FADE
score (FADE: t = —2.54, p = .012, SAME: p = .258). When correct-
ing for the number of calculated models (N = 5) all significant

results remained significant (Holm-Bonferroni correction).

For the metrics computed from the memory contrast (Table 2,
lower part, and Figure 3, right side), the scores significantly contrib-

uted meaningful information in the explanation

o of memory performance for the pictures shown during fMRI scan-
ning (F2150 = 18.10, p <.001), with unique impact of the SAME
score (FADE: p = .923, SAME: t = 3.30, p = .001),

o of performance in the VLMT 30 min delayed recall (F5 149 = 5.35,
p = .006), with unique impact of the SAME score (FADE: p = .434,
SAME: t = 2.36, p = .019),

¢ of performance in the VLMT 1 day delayed recall (F5145 = 5.25,
p = .006), with unique impact of the SAME score (FADE: p = .168,
SAME: t = 2.74, p = .007),

e of performance in the 30 minutes delayed recall of WMS logical
memory test (Fy145 = 4.45, p = .013) with no unique impact of
either one score (FADE: p = .163, SAME: p = .818), indicating that
their shared variance contributes to the significant association, and

o of performance in the 1 day delayed recall of WMS logical memory
test (Fp143 = 4.37, p = .014), also with no unique impact of either

TABLE 2 Regression analyses of the imaging scores with memory
tests in older adults

Novelty-based scores

Regression model FADE SAME
A R?=.092 $=0.020 $=0051
Fo1s0 = 7.62** t=1.67 t =3.79**
p=.001 p =.098 p <.001
VLMT 30 min R?=.021
F2149 = 1.64
p=.198
VLMT 1d R?=.019
F2145 =141
p=.247
WMS 30 min R? =114 p=—3.079 5 =0.959
Fo145 = 9.34** t = —2.84* t=0.78
p <.001 p = .005 p =434
WMS 1d R?=.114 p=-2863  [=1444
Fa143 = 9.21°* t=—2.54* t=1.14
p <.001 p=.012 p=.258
Memory-based scores
Regression model FADE SAME
A R?=.194 S =0.002 S = 0.060
Fa150 = 18.10%* t=0.10 t = 3.30"
p <.001 p=.923 p =.001
VLMT 30 min R?=.067 p=0.667 p=1.833
Fo149 = 5.35* t=0.79 t =2.36"
p = .006 p=.434 p =.019
VLMT 1d R?=.068 $=1.401 p=2538
Fa145 = 5.25"* t=1.38 t =274
p =.006 p=.168 p =.007
WMS R%=.058 p=-2801 f=0416
Fo145 = 4.45* t=-1.40 t=0.23
p=.013 p=.163 p=.818
WMS 1d R% = .058 p=-2938  p=0361
Fo143 = 4.37* t=-142 t=0.19
p=.014 p=.158 p = .849

Note: Number of participants in different tests varies due to completeness
of datasets. WMS, Wechsler Memory Scale (Harting et al., 2000). VLMT,
Verbal Learning and Memory Test (Helmstaedter et al., 2001).

*Effect is significant at the .05 level.

**Effect is significant at the .01 level.

one score (FADE: p = .158, SAME: p = .849). All significant results
remained significant after correcting for the number of calculated
models (N = 5; Holm-Bonferroni correction).

As expected from the construction of the scores, associations
with the FADE score (which focuses on deviations from young adults'

prototypical activation patterns) were negative, while associations
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FIGURE 3 3D-scatter plots
for the regression analyses of
FADE versus SAME scores from
the novelty contrast (left) and the
memory contrast (right) for the 0.9
memory tests as dependent
variables: A-prime, the 1-day
delayed recall of the VLMT, and
the 1-day delayed recall of the
WMS. Projection lines run from
the individual data points to the 0.5
regression plane. *Model is
significant at the .050 level,
uncorrected. **Model is
significant at the .010 level,

1.5 -1
FADE score
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Z=0.020 X + 0.051 Y + 0.828**

05 0 05 1
SAME score

Z=-0.046 X +0.835Y +9.493

MEMORY-BASED SCORES

Z=0.002 X+ 0.060 Y + 0.840*

FADE score SAME score
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with the SAME scores (which focus on similarities) were positive. In 3.4 | Relationship of the imaging scores with

the group of young adults, no significant regression results were
observed (novelty scores: all p > .167; memory scores: all p > .055).

Next, we explored whether the observed unique associations
with the SAME scores were driven by additionally considering deacti-
vations using post hoc multiple regression analyses with the activation
and deactivation components as independent variables and one-
sample t-tests for the coefficients. Indeed, the associations of the
SAME novelty score with A’ (activation: p = .794, deactivation:
t = .267, p = .001) and of the SAME memory score with VLMT
delayed recalls (activation: all p > .246, deactivation: all p = .006) were
carried by the deactivation component. This may be a reason why the
FADE novelty score did not correlate with A’, as it did not consider
deactivation differences between young and older subjects. The asso-
ciation of the SAME memory score with A’ was driven by both com-
ponents (activation: t = .235, p = .004, deactivation:
t =.329,p <.001).

measures of global cognition

To evaluate brain-behavior-associations with the imaging scores
beyond hippocampus-dependent memory, we performed regression
analyses with neuropsychological tests of other cognitive constructs.
Compared with younger participants, older participants showed signif-
icantly lower performance in all neuropsychological tests (all p < .001;
Table 1). We first computed an LDA to reduce the number of tests
and to obtain a proxy for global cognition by including the composite
score gained from the discriminant function. Of our 376 subjects
(including a young replication sample to increase sample size, see
Section 2.1), 107 could not be included in the LDA due to at least one
missing value. The final LDA thus included 269 subjects (158 young
and 111 older participants). Five variables contributed significantly to
the discrimination between age groups as part of the discriminant
function (Wilks' A = .348, p < .001):
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Global cognition

VLMT distractor

2-back corrected hit rate

Flexibility RT [s]

Alertness with tone RT [s]

Global cognition

VLMT distractor

2-back corrected hit rate

Flexibility RT [s]

Alertness with tone RT [s]

Regression model
R% =.008
Fa120 = 0.49
p=.615

R% = 044
Fo149 = 3.45*
p =.034

R% =.004
F2147 =0.30
p=.739
R?=.016
F144 =119
p =.309

R? =.004
F2141 =0.30
p=.742

Regression model
R? = .047
F2,129 = 3.18"
p =.045
R?=.014
F2149 = 108
p=.341

R% =.009
F2147 = 0.66
p=.518
R?=.074
F2144 = 579"
p =.004

R =021
F2141 =151
p=.225

Novelty-based scores

FADE SAME
p=-0.561 = 0.209
t=—1.65 t=0.55
p =.100 p = .587

Memory-based scores

FADE SAME
p=-0211 p =0.365
t=-044 t=-0.86
p =.658 p=.391
B =0.497 p=0.232
t =286 t=1.47
p =.005 p =.145

Note: Number of participants in different tests varies due to completeness of datasets. VLMT, Verbal
Learning and Memory Test (Helmstaedter et al., 2001). RT, reaction time.

*Effect is significant at the .05 level.
**Effect is significant at the .01 level.

I. the number of words recalled in the distractor trial of the VLMT
(standardized canonical discriminant coefficient: 0.277),
1. the number of words recalled in the 1-day delayed recall of the

VLMT (0.364),

lll. the corrected hit rate in the 2-back task (0.260),

IV. the reaction time in the flexibility task (—0.478), and

V. the reaction time of alertness trials with tone (—0.225).

90.1% of the participants could successfully be classified as

either young or older when using this discriminant function (young

analyses on the aforementioned variables best discriminating

TABLE 3

Regression analyses of the

imaging scores with global cognition in

older adults

subjects: 92.8%; older subjects: 86.4%). We focused our regression

between age groups, with the exception of the VLMT one-day

delayed recall, which was already considered in our analysis of epi-

sodic memory tests.

Regarding the metrics computed from the novelty contrast

(Table 3, upper part, and Figure 4, left side), the scores contributed

meaningful information in the explanation of performance in the recall

of the VLMT distractor list (F5 149 = 3.45, p = .034), with no unique
impact of either one score (FADE: p = .100, SAME: p = .587),
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FIGURE 4 3D-Scatter plots
for the regression analyses of
FADE versus SAME scores from
the novelty contrast (left) and the
memory contrast (right) for
different neuropsychological
tests as dependent variables:
global cognition, the distractor
list recall of the Verbal Learning
and Memory Test, and the
reaction time in the flexibility -6
task. Projection lines run from
the individual data points to the
regression plane. *Model is
significant at the .050 level,
uncorrected. **Model is 15
significant at the .010 level,
uncorrected. When correcting for
the number of calculated models
per contrast (N = 5) only the
association between memory
scores and the flexibility task
remained significant (Holm-
Bonferroni correction). VLMT,
Verbal Learning and Memory
Test; RT, reaction time.
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'
N

global cognition
r

FADE score

VLMT distractor

FADE score

Z=0.134X+0.031Y +2.272

flexibility RT [s]
N

- 45 -1
FADE score

indicating that shared variance of SAME and FADE scores contributes
to the significant association. This association did, however, not sur-
vive a Holm-Bonferroni correction for the number of calculated
models (N = 5).

Regarding the metrics computed from the memory contrast
(Table 3, lower part, and Figure 4, right side), the scores contributed
meaningful information in the explanation of the reaction time in the
flexibility task (Fp147 = 0.66, p = .004), with unique impact of the
FADE score (FADE: t = 2.86, p = .005, SAME: p = .145), and of the
global cognition measure (F5 109 = 3.18, p = .045), with no unique
impact of either one score (FADE: p = .658, SAME: p = .391). When
correcting for the number of calculated models (N = 5), only the asso-
ciation between memory scores and the flexibility task remained sig-
nificant and not their association with the global cognition measure
(Holm-Bonferroni correction).

In the group of young adults, no significant regression results
were observed (novelty scores: all p>.197; memory scores:
allp > .472).

NOVELTY-BASED SCORES
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SAME score
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SAME score

05 0 05 1
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3.5 | Correlations of the imaging scores with brain
morphology

Next, we investigated the relationship of the imaging scores with
age-related variability in brain morphology. In line with previous
studies (Arvanitakis et al., 2016), older compared with young
participants had significantly lower GMV (t = 6.89; p <.001)
and higher WM lesion volumes (Mann-Whitney U-test:
U = 2001.00, p < .001).

Regarding their relationship with local GMV using VBM, we
detected significant correlations of the memory scores with medial
temporal lobe structures like the hippocampus in older adults
(Figure 5 and Table 4). The SAME memory score additionally showed
correlations with local GMV in superior and inferior frontal gyrus,
while the FADE memory score was additionally correlated with middle
occipital gyrus GMV. Post hoc analysis for the SAME memory score
components revealed that the correlations were driven by the activa-

tion component while no correlations were observed for the
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Local GMV and the FADE and SAME memory scores in older subjects

FIGURE 5 Imaging scores computed from the memory contrast and gray matter volume using VBM. Warm colors indicate positive effects of
the SAME memory score and cool colors indicate negative effects of the FADE memory score. p < .050, family-wise error-corrected at cluster
level, cluster-defining threshold p < .001, uncorrected. All activation maps are superimposed on the MNI template brain provided by MRIcroGL
(https://www.nitrc.org/projects/mricrogl/).

TABLE 4 Imaging scores conducted from the memory contrast and local GM volume in older participants

Hemisphere Cluster size Peak t p X, Y, Z
FADE memory: negative effect
Insula R 3162 5.76 .002 40, 23, -4
4.99 31,32, -2
471 29,19, -7
Middle temporal gyrus L 1627 478 .044 —-49,-12, -16
3.82 -51,-3,-21
3.22 —61, -14,-10
Middle temporal gyrus R 5674 4.71 <.001 59,-42,9
4.37 54, -10, —-19
4.37 46, -34,10
Calcarine fissure and surrounding cortex R 3757 4.63 .001 15, -68,5
4.56 15,-98, -2
448 13, -85, 13
Middle occipital gyrus R 1945 4.30 .022 36, —69, 28
4.25 27, -67,29
3.77 50, -71, 22
Parahippocampal gyrus R 1736 4.14 .035 33,-38,-8
3.87 27,-32,-16
3.74 41, -43,-18
SAME memory: positive effect
Superior frontal gyrus, dorsolateral part R 1598 4.82 .047 23,63, 1
3.60 21, 62,10
3.20 13, 65,12
Superior temporal gyrus, Hippocampus R 5503 4.72 <.001 46, 34,11
4.70 60, —41,9
4.35 42, -17,-12
Inferior frontal gyrus R 4505 4.68 <.001 47,19, -5
4.51 52,15,8
3.88 45,42, 4
Fusiform gyrus, Lingual gyrus R 2694 4.33 .005 38, -47, —-10
4.18 24, 55, -7
4.07 39,-72,-3

Note: p < .05, family-wise error-corrected at cluster level, cluster-defining threshold p < .001, uncorrected.

deactivation component (Table S9). Furthermore, no significant corre- significant correlations between the imaging scores and WM lesion
lations were observed for the novelty scores. The respective results volume (Kendall's tau: all p >.223; for additional Bayesian statistics
from young participants can be found in Table S10. We observed no see Table S11).
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4 | DISCUSSION

In previous studies, comprehensive scores reflecting memory-related
fMRI activations and deactivations have been constructed as potential
biomarkers for neurocognitive aging (FADE and SAME scores; Duzel
et al., 2011; Soch, Richter, Schutze, Kizilirmak, Assmann, Behnisch,
et al., 2021a). Here, we aimed to further evaluate the biological rele-
vance of these scores by investigating their relationship with perfor-
mance in an extensive neuropsychological testing battery as well as

brain morphological measures.

4.1 | Neurocognitive correlates of the FADE and
SAME imaging scores

While we had initially expected that, by considering both deactivation
and activation deviations, the SAME score would constitute a more
comprehensive or accurate measure, we found relatively few differ-
ences between the SAME and FADE scores computed from the same
fMRI contrasts (i.e., novelty processing vs. subsequent memory).
Instead, the fMRI contrasts had considerable influence on the rela-
tionship between the scores and indices of neurocognitive function-
ing. This already became evident from the intercorrelations of the
imaging scores. We observed high correlations between the FADE
and SAME scores derived from the same fMRI contrasts, while neither
the FADE nor SAME scores computed from different fMRI contrasts

correlated with each other. The implications are twofold:

I. The FADE and SAME scores assess age-related deviation from
(or similarity with) prototypical task-related activation patterns of
younger participants to a comparable degree.

II. It is important to consider the functional contrast from which the
scores are derived, as they appear to capture at least partly com-
plementary information on age-related differences in cognitive
function. The different contrasts reflect separable cognitive pro-
cesses (novelty detection versus encoding success), and they
likely capture dissociable aspects of cognitive aging, as discussed

below.

Imaging scores obtained from the novelty contrast could be rela-
tively specifically associated with performance in episodic memory
tasks with unique impact of the SAME score on the explanation of
memory performance for the pictures shown during fMRI scanning,
and of the FADE score on the WMS delayed recalls. On the other
hand, the imaging scores obtained from the memory contrast were
significantly related to a broader set of cognitive functions, with
unique impact of the SAME score on the explanation of A’ and VLMT
delayed recall rates, and of the FADE score on the reaction times in
the flexibility task. Moreover, there was shared explaining variance of
both scores when analyzing the WMS delayed recall rates.

One interpretation for the associations of the memory scores
with cognitive (behavioral) performance beyond episodic memory

could be a higher sensitivity of the memory scores toward age-related

differences, as evident in the absence of an age-group effect for the
FADE score computed from the novelty contrast, while the scores
computed from the memory contrast showed a robust age-group dif-
ferentiation (for a discussion, see Soch, Richter, Schutze, Kizilirmak,
Assmann, Behnisch, et al., 2021a). While the subsequent memory
effect is based on the participants' 5-point recognition-confidence rat-
ings, the novelty contrast compares the neural responses to de facto
novel versus highly familiarized images, not accounting for encoding
success and graded confidence. Especially confidence measures are
highly sensitive to aging effects (Wong et al., 2012). In our parametric
design, variance attributable to both encoding success and recognition
confidence was captured by the parametric subsequent memory
regressor (Soch, Richter, Schutze, Kizilirmak, Assmann, Knopf,
et al., 2021b). Despite the overlap of brain networks involved in nov-
elty detection and successful episodic encoding, there are differences
in detail (Maass et al., 2014), and, importantly, the memory-related
brain regions contributing to the scores such as the dorsolateral and
ventrolateral prefrontal cortex, the parahippocampal gyrus and medial
temporal lobe are not only relevant for episodic encoding but also for
cognitive processes like alertness (Liu et al., 2019) or working memory
(Sambataro et al., 2010; Steffener et al., 2020; Steiger et al., 2019).
The novelty-related scores were significantly associated with episodic
memory. Compatible with this finding, attenuated hippocampal nov-
elty responses (Duzel et al., 2022) and reduced DMN deactivations
during novelty processing (Billette et al., 2022) have been linked to
lower memory performance in individuals at risk for Alzheimer's

disease.

4.2 | Age-related variation in functional and
structural neuroanatomy

Considering the rather specific link of the novelty-related scores with
episodic memory performance in middle-aged and older adults, it may
seem surprising that we did not observe a correlation of FADE or
SAME scores with hippocampal GMV. One explanation for this could
be that hippocampal volumes may correlate only moderately, if at all,
with memory performance and fMRI indices of hippocampal func-
tional integrity (Duzel et al., 2018; Woodard et al., 2010).

On the other hand, the FADE and SAME scores derived from the
memory contrast did correlate with brain-morphometric individual dif-
ferences reflecting age-related GMV loss. More specifically, we
observed correlations between the memory scores and local GMV for
hippocampus, parahippocampal gyrus, middle temporal gyrus and pre-
frontal cortex using VBM. Importantly, all of these correlations were
observed in the middle-aged and older adults group only, suggesting
that they reflect individual differences related to aging rather than
development or general cognitive ability. Concurrent brain-structural
alterations and lower cognitive performance in aging constitute a
well-replicated finding. Hedden et al. (2016) examined the relationship
between age-related cognitive impairment and various brain markers
(MRI and PET) and observed associations of striatal volume and WM

integrity with processing speed and executive functions, and of
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hippocampal volume and amyloid load (as assessed with PET) with
episodic memory. Considering the memory-related scores and their
association with cognitive function beyond episodic memory and with
brain morphology, our results are compatible with previous findings in
other cohorts. Arvanitakis et al. (2016) found lower whole-brain GMV
to be associated with episodic memory performance and perceptual
speed. Similarly, Tsapanou et al. (2019) observed that age-related dif-
ferences in episodic memory, processing speed, and executive func-
tions were associated with cortical thickness, WM hyperintensities
and striatal volume. In a large cohort of over 3000 healthy partici-
pants, Zonneveld et al. (2019) reported an association of global cogni-
tion with GMV in the left amygdala, hippocampus, parietal lobule,
superior temporal gyrus, insula, and posterior temporal lobe. One
potential advantage of our fMRI-based scores becomes evident from
the recent observation that the scores may be superior to structural
MRI data—and also resting-state fMRI—in the prediction of memory
performance in middle-aged and older adults (Soch et al., 2022).
Future investigations should therefore explore the possibility that
fMRI-based markers may be suitable as a predictor of cognitive func-
tioning, even when age-related structural changes are not (yet)

observable.

4.3 | Deactivation of the DMN and cognitive
function in old age

While the influence of the underlying contrast (novelty vs. memory)
generally outweighed the effects of score type (FADE vs. SAME), in
the few cases where the SAME compared with the FADE score did
show unique associations with additional functions (e.g., A’, VLMT
delayed recall performance as well as local GMV in frontal cortex),
these associations were mainly driven by the deactivation component
of the SAME score.

This pattern can likely be attributed to the construction of the
SAME score, also including age-dependent differences in functional
deactivation patterns, while the FADE score only relies on activation
differences. Brain regions that showed prominent deactivations during
successful memory encoding in the young participants included a net-
work centered around the brain's midline that has previously been
referred to as the DMN (Raichle, 2015). This observation is in line
with a frequently cited meta-analysis by Maillet and Rajah (2014),
who found age-related differences in encoding-related processes
encompassing under-recruitment of occipital, parahippocampal, and
fusiform cortex, but over-recruitment of DMN regions including the
medial prefrontal cortex, precuneus, and left inferior parietal lobe in
older adults. In the current study, the correlation of the SAME mem-
ory score with global cognition could be primarily accounted for by
the deactivation component, which may, at least in part, reflect an
older individual's general ability to suppress ongoing DMN activation
during attention-demanding tasks. In line with this interpretation,
reduced DMN deactivation has also been associated with lower work-
ing memory performance in older adults (Sambataro et al., 2010), and

a meta-analysis revealed that reduced DMN deactivation in old age

can be observed across a variety of cognitive tasks (Li et al., 2015). On
the other hand, several authors discuss the role of the DMN as a
potential cognitive resource in older adults (Billette et al., 2022;
Colangeli et al., 2016), which should be further addressed in future
studies (see Supplementary Discussion in Data S1).

44 | A potential role for the mesolimbic dopamine
system in successful aging

Among the scores investigated here, the SAME score from the nov-
elty contrast stood out by showing a positive correlation with voxel-
wise activations not only for the novelty contrast (Figure S2), but also
for the subsequent memory contrast (Figure 2). Notably, the peak of
this correlation was found in the striatum, a core output region of the
midbrain dopaminergic nuclei. Previous studies have implicated the
dopaminergic midbrain in successful encoding in young adults
(Adcock et al., 2006; Schott et al., 2006; Wittmann et al., 2005). In
older adults, striatal dopamine D2 receptor binding has been related
to hippocampal-striatal functional connectivity and memory perfor-
mance (Nyberg et al., 2016). Importantly, novelty can induce midbrain
activations (Bunzeck & Duzel, 2006; Schott et al., 2004), and struc-
tural integrity of the midbrain has been related to both midbrain and
hippocampal novelty responses (Bunzeck et al., 2007) and to memory
performance in older adults (Duzel et al., 2008). Duzel et al. (2010)
proposed the NOMAD model which suggests that novelty-related
increase of mesolimbic dopaminergic activity promotes exploratory
behavior and ultimately memory performance in older adults. In line
with this framework, our results suggest that preserved patterns of
brain responses to novelty may be related to increased activity of
mesolimbic dopaminergic structures during successful memory forma-

tion in aging.

4.5 | Implications for clinical research

Quantification of neurocognitive aging and early identification of indi-
viduals at risk for accelerated cognitive decline may help to ultimately
develop targeted early interventions to improve cognitive functioning
in older adults. Especially early lifestyle interventions, tackling physical
exercise, nutrition, and to some degree cognitively demanding tasks,
can be helpful to preserve healthy aging (Bishop et al., 2010; Franke &
Gaser, 2019; Stern, 2012; Whitty et al., 2020). However, an accurate
assessment of cognitive, but also neurophysiological decline poses a
major challenge due to the complexity of brain processes and func-
tions, as well as the non-linear acceleration of cognitive decline (Vinke
etal, 2018).

Importantly, the observed associations between fMRI-based
markers for network dysfunction and neurocognitive functioning in
the present study were only apparent in the group of middle-aged
and older adults, but not in the group of young participants. Some-
what unexpectedly, our scores did not differentiate between the

groups of middle-aged and older adults. While one might argue that
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this could raise questions about their potential utility, it should be
noted that chronological age is generally better predicted by structural
MRI, whereas fMRI data, and particularly single-value scores, are
superior in predicting individual memory performance in middle-aged
and older adults (Soch et al., 2022). Moreover, our group of middle-
aged participants was not designed in a way to make conclusions on
that issue. We only had 42 participants in an age range of 51-
59 years. Future studies capturing the whole lifespan and especially
an appropriately sized group of middle-aged participants between
36 and 59 years could help to further evaluate the predictive values
of the singe-value fMRI scores.

Another next step should be to test our scores in (pre-)clinical
populations where dysfunctions of successful-encoding and novelty
networks are prominent and may even precede neuropsychological
impairment or brain morphometric changes like atrophy (Zhou &
Seeley, 2014). With respect to Alzheimer's disease, the scores may be
of interest in the investigations of individuals with mild cognitive
impairment, a clinical condition with considerable diagnostic and prog-
nostic uncertainty, such that higher accuracy in diagnosis would be of
high clinical value. In older adults with related risk states for dementia
like mild cognitive impairment or subjective cognitive decline (Jessen
et al., 2022), various biomarkers have been assessed for their potential
clinical applicability. However, thus far, task-based fMRI has largely
focused on dysfunctional hippocampal activity (Marquez &
Yassa, 2019). In this context, it is of importance that in recent studies
with older participants at risk for Alzheimer's disease, researchers
have often employed novelty rather than subsequent memory con-
trasts, owing to the lack of successfully encoded items in individuals
with pronounced memory impairment (Billette et al., 2022; Duzel
et al., 2018, 2022). Our observation that the novelty-related scores,
particularly the FADE novelty score, show relatively strong and spe-
cific correlations with tests of hippocampus-dependent memory, sup-
port the validity of this approach. It may nevertheless be of interest
what the memory-related scores, and particularly the SAME memory
score, signify in memory-impaired individuals. They may, for example,
prove a useful tool in the assessment of cognitive impairment beyond
the memory domain or in atypical presentations of pre-clinical demen-
tia. The scores may also help to better understand and define “healthy
aging” on a theoretical level and could facilitate the laborious screen-
ing of high-risk patients for pharmacological studies or may be com-
bined with tau- or amyloid-PET (Billette et al., 2022) as a potential

biomarker assessment at the clinical level.

4.6 | Limitations

We analyzed data from a cross-sectional cohort of healthy adults. As
the measured variables deteriorate with age, future longitudinal stud-
ies would be needed to better understand the relationship between
functional and structural imaging as well as neuropsychological perfor-
mance changes as ageing progresses and eliminate age-related con-
founds in cross-sectional studies (Elliott et al., 2020; Xing, 2021).

Another limitation is, that the maximum explained variance was
an R-squared of 0.114 for the explanation of the WMS delayed
recalls, suggesting that around 90% of the variation in cognitive func-
tions are not explained by the single-value scores.

Furthermore, the calculation of both FADE and SAME scores is
fundamentally dependent on the reference sample of young adults
used. However, we previously observed high correlations between
FADE and SAME scores for older adults based on different young ref-
erence samples (Soch, Richter, Schutze, Kizilirmak, Assmann,
Behnisch, et al., 2021a). It must be cautioned, though, that the two
reference samples of young adults as well as the group of older adults
were similar and largely homogenous in their demographic composi-
tion (e.g., ethnicity, cultural background), which may limit the general-
izability of our results and warrants replication in different participant
populations (Dotson & Duarte, 2020).

A more general limitation inherent to all fMRI studies of age dif-
ferences is that age-related changes in neural functioning are almost
invariably accompanied by aging of the cerebrovascular system, which
can potentially affect the BOLD response (Wright & Wise, 2018).
While an influence of age-related cerebrovascular differences on the
FADE and SAME scores cannot be excluded, it is, in our view, not
likely that vascular effects constitute the primary determinant of the
scores, as the scores were based on differential or parametric con-
trasts rather than BOLD signal relative to baseline. In case of a promi-
nent influence of vascular effects, one would further expect the
scores from the different contrasts (novelty and subsequent memory)
to be strongly correlated, which was not the case (see Section 3.2).
Additionally, we computed correlations between the scores and WM
lesion volume as a proxy for age-related cerebrovascular dysfunction,
and none of these correlations reached significance (see Section 3.5).

Regarding the use of the single value scores as potential bio-
markers, it must be noted that the mediocre test-retest reliability of
voxel-wise task-based fMRI has called into question its utility as a bio-
marker (Elliott et al., 2020; Noble et al., 2021). The authors of those
works suggested that multivariate measures or whole-brain activity
signatures might show higher test-retest reliability compared with
voxel-based or ROI-based measures. Whether this applies to the
reductionist single-value scores of age-related whole-brain fMRI acti-
vation (and deactivation) patterns described here, however, needs to

be determined in future longitudinal studies.

5 | CONCLUSION

Our results provide novel brain-behavior associations of single-value
fMRI-based scores with cognitive ability in middle-aged and older
adults. They further suggest that the scores provide complementary
information with respect to relatively selective impairment of hippo-
campal function versus broader cognitive ability and local GMV loss in
old age. Future research should address their utility and predictive
value in (pre-)clinical conditions like Alzheimer's disease and its risk

states.

85UB017 SUOWIWIOD SA[ee.D 3 (deoldde 8Ly A peusenob ae sajoliie VO ‘85N JO Sa|NJ 10y ARl 8UIIUO AB|IA LD (SUOTIPUOD-PUR-SLLIBY WO A8 | 1M Afe.q 1 |BuUO//SdnL) SUORIPUOD Pue SWie | 8u8eS *[£202/0T/0] U0 AkeidiTauljuo AB(IM ‘WBYULR N U0l qIgsTeISeAIUN AQ T8Z92 WAU/Z00T OT/I0p/W0d A8 | 1M Afe.d 1 jBuluoy/:sdny Wwoy papeo|umod ‘g ‘€202 ‘6T0.60T



25 | WILEY

RICHTER ET AL.

ACKNOWLEDGMENTS

The authors are grateful to Herta Flor and Shari Wiseman for valuable
comments on the manuscript. The authors thank Adriana Barman,
Marieke Klein, Kerstin Méhring, Katja Neumann, llona Wiedenhoft,
and Claus Tempelmann for assistance with MRI data acquisition.
Open Access funding enabled and organized by Projekt DEAL.

FUNDING INFORMATION

This study was supported by the State of Saxony-Anhalt and the
European Union (Research Alliance “Autonomy in Old Age”) and by
the Deutsche Forschungsgemeinschaft (CRC 1436/A05 to Constanze
I. Seidenbecher and Bjorn H. Schott; RI 2964-1 to Anni Richter).

CONFLICT OF INTEREST STATEMENT
Emrah Duzel is cofounder of neotiv. The funding agencies had no role
in the design or analysis of the study. The authors have no further

conflict of interest, financial or otherwise, to declare.

DATA AVAILABILITY STATEMENT

Due to data protection regulations, sharing of the entire data set under-
lying this study in a public repository is not possible. We have however
provided the neuropsychological test data and the fMRI scores along
with the MATLAB script used to generate Figures 3 and 4 in a GitHub
repository (https://github.com/annirichter/FADE_Neuropsy). We have
previously provided GLM contrast images as a NeuroVault collection
(https://neurovault.org/collections/QBHNSRVW/) and MATLAB code
for imaging scores as a GitHub repository (https://github.com/
JoramSoch/FADE_SAME) for an earlier article using the same dataset
(Soch, Richter, Schutze, Kizilirmak, Assmann, Behnisch, et al., 2021a).
Access to de-identified raw data will be provided by the authors upon
reasonable request. Please contact authors Anni Richter (arichter@lin-
magdeburg.de) or Bjorn H. Schott (bschott@lin-magdeburg.de or

bjoern-hendrik.schott@dzne.de) for data requests.

ORCID
Anni Richter (' https://orcid.org/0000-0001-9681-6298
Joram Soch = https://orcid.org/0000-0002-8879-5666

Jasmin M. Kizilirmak "= https://orcid.org/0000-0002-5938-3523
Constanze |. Seidenbecher "> https://orcid.org/0000-0002-7433-2716
https://orcid.org/0000-0002-0139-5388

https://orcid.org/0000-0002-8237-4481

Emrah Diizel
Bjérn H. Schott

REFERENCES

Adcock, R. A., Thangavel, A. Whitfield-Gabrieli, S., Knutson, B., &
Gabrieli, J. D. (2006). Reward-motivated learning: Mesolimbic activa-
tion precedes memory formation. Neuron, 50(3), 507-517. https://doi.
org/10.1016/j.neuron.2006.03.036

Anthony, M., & Lin, F. (2018). A systematic review for functional neuroim-
aging studies of cognitive reserve across the cognitive aging spectrum.
Archives of Clinical Neuropsychology, 33(8), 937-948. https://doi.org/
10.1093/arclin/acx125

Arvanitakis, Z., Fleischman, D. A. Arfanakis, K., Leurgans, S. E.,
Barnes, L. L., & Bennett, D. A. (2016). Association of white matter
hyperintensities and gray matter volume with cognition in older

individuals without cognitive impairment. Brain Structure & Function,
221(4), 2135-2146. https://doi.org/10.1007/s00429-015-1034-7

Assmann, A., Richter, A., Schitze, H., Soch, J., Barman, A., Behnisch, G.,
Knopf, L., Raschick, M., Schult, A., Wiistenberg, T., Behr, J., Diizel, E.,
Seidenbecher, C. I., & Schott, B. H. (2021). Neurocan genome-wide
psychiatric risk variant affects explicit memory performance and hip-
pocampal function in healthy humans. The European Journal of Neuro-
science, 53(12), 3942-3959. https://doi.org/10.1111/ejn.14872

Babiloni, C., Blinowska, K., Bonanni, L., Cichocki, A., De Haan, W., Del
Percio, C., Dubois, B., Escudero, J., Fernandez, A., Frisoni, G.,
Guntekin, B., Hajos, M., Hampel, H., Ifeachor, E., Kilborn, K., Kumar,
S., Johnsen, K., Johannsson, M., Jeong, J., ... Randall, F. (2020). What
electrophysiology tells us about Alzheimer's disease: A window into
the synchronization and connectivity of brain neurons. Neurobiology
of Aging, 85, 58-73. https://doi.org/10.1016/j.neurobiolaging.
2019.09.008

Billette, O. V., Ziegler, G., Aruci, M., Schiitze, H., Kizilirmak, J. M., Richter,
A., Altenstein, S., Bartels, C., Brosseron, F., Cardenas-Blanco, A,
Dahmen, P., Dechent, P., Dobisch, L., Fliessbach, K., Freiesleben, S. D.,
Glanz, W., GéerR, D., Haynes, J. D., Heneka, M. T,, ... Maass, A. (2022).
Novelty-related fMRI responses of precuneus and medial temporal
regions in individuals at risk for Alzheimer disease. Neurology, 99,
e775-e788.

Bishop, N. A, Lu, T., & Yankner, B. A. (2010). Neural mechanisms of ageing
and cognitive decline. Nature, 464(7288), 529-535. https://doi.org/
10.1038/nature08983

Bunzeck, N., & Duzel, E. (2006). Absolute coding of stimulus novelty in the
human substantia nigra/VTA. Neuron, 51(3), 369-379. https://doi.org/
10.1016/j.neuron.2006.06.021

Bunzeck, N., Schitze, H., Stallforth, S., Kaufmann, J., Duzel, S,
Heinze, H. J., & Dizel, E. (2007). Mesolimbic novelty processing in
older adults. Cerebral Cortex, 17(12), 2940-2948. https://doi.org/10.
1093/cercor/bhm020

Cabeza, R., Albert, M., Belleville, S., Craik, F. I. M., Duarte, A., Grady, C. L.,
Lindenberger, U., Nyberg, L., Park, D. C. Reuter-Lorenz, P. A,
Rugg, M. D., Steffener, J., & Rajah, M. N. (2018). Maintenance, reserve
and compensation: The cognitive neuroscience of healthy ageing.
Nature Reviews. Neuroscience, 19(11), 701-710. https://doi.org/10.
1038/541583-018-0068-2

Colangeli, S., Boccia, M., Verde, P., Guariglia, P., Bianchini, F., & Piccardi, L.
(2016). Cognitive reserve in healthy aging and Alzheimer's disease: A
meta-analysis of fMRI studies. American Journal of Alzheimer's Disease
and Other Dementias, 31(5), 443-449. https://doi.org/10.1177/
1533317516653826

Diaz-de-Grenu, L. Z., Acosta-Cabronero, J., Pereira, J. M., Pengas, G,
Williams, G. B., & Nestor, P. J. (2011). MRI detection of tissue pathol-
ogy beyond atrophy in Alzheimer's disease: Introducing T2-VBM. Neu-
rolmage, 56(4), 1946-1953. https://doi.org/10.1016/j.neuroimage.
2011.03.082

Dotson, V. M., & Duarte, A. (2020). The importance of diversity in cogni-
tive neuroscience. Annals of the new York Academy of Sciences,
1464(1), 181-191. https://doi.org/10.1111/nyas.14268

Diizel, E., Berron, D., Schiitze, H., Cardenas-Blanco, A., Metzger, C., Betts,
M., Ziegler, G., Chen, Y., Dobisch, L., Bittner, D., Glanz, W., Reuter, M.,
Spottke, A., Rudolph, J., Brosseron, F., Buerger, K., Janowitz, D.,
Fliessbach, K., Heneka, M., ... Jessen, F. (2018). CSF total tau levels are
associated with hippocampal novelty irrespective of hippocampal vol-
ume. Alzheimers Dement (Amst), 10, 782-790. https://doi.org/10.
1016/j.dadm.2018.10.003

Diizel, E., Bunzeck, N., Guitart-Masip, M., & Diizel, S. (2010). NOvelty-
related motivation of anticipation and exploration by dopamine
(NOMAD): Implications for healthy aging. Neuroscience and Biobehav-
ioral Reviews, 34(5), 660-669. https://doi.org/10.1016/j.neubiorev.
2009.08.006

85UB017 SUOWIWIOD SA[ee.D 3 (deoldde 8Ly A peusenob ae sajoliie VO ‘85N JO Sa|NJ 10y ARl 8UIIUO AB|IA LD (SUOTIPUOD-PUR-SLLIBY WO A8 | 1M Afe.q 1 |BuUO//SdnL) SUORIPUOD Pue SWie | 8u8eS *[£202/0T/0] U0 AkeidiTauljuo AB(IM ‘WBYULR N U0l qIgsTeISeAIUN AQ T8Z92 WAU/Z00T OT/I0p/W0d A8 | 1M Afe.d 1 jBuluoy/:sdny Wwoy papeo|umod ‘g ‘€202 ‘6T0.60T


https://github.com/annirichter/FADE_Neuropsy
https://neurovault.org/collections/QBHNSRVW/
https://github.com/JoramSoch/FADE_SAME
https://github.com/JoramSoch/FADE_SAME
mailto:arichter@lin-magdeburg.de
mailto:arichter@lin-magdeburg.de
mailto:bschott@lin-magdeburg.de
mailto:bjoern-hendrik.schott@dzne.de
https://orcid.org/0000-0001-9681-6298
https://orcid.org/0000-0001-9681-6298
https://orcid.org/0000-0002-8879-5666
https://orcid.org/0000-0002-8879-5666
https://orcid.org/0000-0002-5938-3523
https://orcid.org/0000-0002-5938-3523
https://orcid.org/0000-0002-7433-2716
https://orcid.org/0000-0002-7433-2716
https://orcid.org/0000-0002-0139-5388
https://orcid.org/0000-0002-0139-5388
https://orcid.org/0000-0002-8237-4481
https://orcid.org/0000-0002-8237-4481
https://doi.org/10.1016/j.neuron.2006.03.036
https://doi.org/10.1016/j.neuron.2006.03.036
https://doi.org/10.1093/arclin/acx125
https://doi.org/10.1093/arclin/acx125
https://doi.org/10.1007/s00429-015-1034-7
https://doi.org/10.1111/ejn.14872
https://doi.org/10.1016/j.neurobiolaging.2019.09.008
https://doi.org/10.1016/j.neurobiolaging.2019.09.008
https://doi.org/10.1038/nature08983
https://doi.org/10.1038/nature08983
https://doi.org/10.1016/j.neuron.2006.06.021
https://doi.org/10.1016/j.neuron.2006.06.021
https://doi.org/10.1093/cercor/bhm020
https://doi.org/10.1093/cercor/bhm020
https://doi.org/10.1038/s41583-018-0068-2
https://doi.org/10.1038/s41583-018-0068-2
https://doi.org/10.1177/1533317516653826
https://doi.org/10.1177/1533317516653826
https://doi.org/10.1016/j.neuroimage.2011.03.082
https://doi.org/10.1016/j.neuroimage.2011.03.082
https://doi.org/10.1111/nyas.14268
https://doi.org/10.1016/j.dadm.2018.10.003
https://doi.org/10.1016/j.dadm.2018.10.003
https://doi.org/10.1016/j.neubiorev.2009.08.006
https://doi.org/10.1016/j.neubiorev.2009.08.006

RICHTER ET AL.

WILEY_L*?

Dizel, E., Schutze, H., Yonelinas, A. P., & Heinze, H. J. (2011). Functional
phenotyping of successful aging in long-term memory: Preserved per-
formance in the absence of neural compensation. Hippocampus, 21(8),
803-814. https://doi.org/10.1002/hipo.20834

Duzel, E., Ziegler, G., Berron, D., Maass, A., Schiitze, H., Cardenas-Blanco,
A., Glanz, W., Metzger, C., Dobisch, L., Reuter, M., Spottke, A,
Brosseron, F., Fliessbach, K., Heneka, M. T., Laske, C., Peters, O,
Priller, J., Spruth, E. J., Ramirez, A, ... Jessen, F. (2022). Amyloid pathol-
ogy but not APOE epsilon4 status is permissive for tau-related hippo-
campal dysfunction. Brain, 145(4), 1473-1485. https://doi.org/10.
1093/brain/awab405

Dizel, S., Schitze, H., Stallforth, S., Kaufmann, J., Bodammer, N., Bunzeck,
N., Minte, T. F., Lindenberger, U., Heinze, H. J., & Diizel, E. (2008). A
close relationship between verbal memory and SN/VTA integrity in
young and older adults. Neuropsychologia, 46(13), 3042-3052. https://
doi.org/10.1016/j.neuropsychologia.2008.06.001

Eklund, A., Nichols, T. E., & Knutsson, H. (2016). Cluster failure: Why fMRI
inferences for spatial extent have inflated false-positive rates. Proceed-
ings of the National Academy of Sciences of the United States of America,
113(28), 7900-7905. https://doi.org/10.1073/pnas.1602413113

Elliott, M. L., Knodt, A. R, Ireland, D., Morris, M. L., Poulton, R.,
Ramrakha, S., Sison, M. L., Moffitt, T. E., Caspi, A., & Hariri, A. R.
(2020). What is the test-retest reliability of common task-functional
MRI measures? New empirical evidence and a meta-analysis. Psycho-
logical Science, 31(7), 792-806. https://doi.org/10.1177/
0956797620916786

Franke, K., & Gaser, C. (2019). Ten years of BrainAGE as a neuroimaging
biomarker of brain aging: What insights have we gained? Frontiers in
Neurology, 10, 789. https://doi.org/10.3389/fneur.2019.00789

Frisoni, G. B., Boccardi, M., Barkhof, F., Blennow, K., Cappa, S., Chiotis, K.,
Démonet, J. F. Garibotto, V. Giannakopoulos, P., Gietl, A,
Hansson, O., Herholz, K., Jack, C. R., Jr., Nobili, F., Nordberg, A,
Snyder, H. M., ten Kate, M., Varrone, A., Albanese, E., ... Winblad, B.
(2017). Strategic roadmap for an early diagnosis of Alzheimer's disease
based on biomarkers. Lancet Neurology, 16(8), 661-676. https://doi.
org/10.1016/5S1474-4422(17)30159-X

Gaubert, M., Lange, C., Garnier-Crussard, A., Kobe, T., Bougacha, S.,
Gonneaud, J., de Flores, R., Tomadesso, C., Mezenge, F., Landeau,
B., de la Sayette, V., Chetelat, G., & Wirth, M. (2021). Topographic
patterns of white matter hyperintensities are associated with mul-
timodal neuroimaging biomarkers of Alzheimer's disease. Alzhei-
mer's Research & Therapy, 13(1), 29. https://doi.org/10.1186/
$13195-020-00759-3

Grady, C. L., & Craik, F. . (2000). Changes in memory processing with age.
Current Opinion in Neurobiology, 10(2), 224-231. https://doi.org/10.
1016/50959-4388(00)00073-8

Guo, C,, Ferreira, D., Fink, K., Westman, E., & Granberg, T. (2019). Repeat-
ability and reproducibility of FreeSurfer, FSL-SIENAX and SPM brain
volumetric measurements and the effect of lesion filling in multiple
sclerosis. European Radiology, 29(3), 1355-1364. https://doi.org/10.
1007/s00330-018-5710-x

Gvozdanovic, G., Stampfli, P., Seifritz, E., & Rasch, B. (2020). Structural
brain differences predict early traumatic memory processing. Psycho-
physiology, 57(1), €13354. https://doi.org/10.1111/psyp.13354

Harting, C., Markowitsch, H. J., Neufeld, H., Calabrese, P., Deisinger, K., &
Kessler, J. (2000). WMS-R-Manual. Hans Huber Verlag.

Hassenstab, J., Monsell, S. E., Mock, C., Roe, C. M., Cairns, N. J.,
Morris, J. C., & Kukull, W. (2015). Neuropsychological markers of cog-
nitive decline in persons with Alzheimer disease neuropathology. Jour-
nal of Neuropathology and Experimental Neurology, 74(11), 1086-1092.
https://doi.org/10.1097/NEN.0000000000000254

Hedden, T., Schultz, A. P., Rieckmann, A., Mormino, E. C., Johnson, K. A.,
Sperling, R. A., & Buckner, R. L. (2016). Multiple brain markers are
linked to age-related variation in cognition. Cerebral Cortex, 26(4),
1388-1400. https://doi.org/10.1093/cercor/bhu238

Helmstaedter, C., Lendt, M., & Lux, S. (2001). Verbaler Lern-und Merkfdhig-
keitstest (VLMT). Hogrefe.

Holm, S. (1979). A simple sequentially rejective multiple test procedure.
Scandinavian Journal of Statistics, 6, 65-70.

Jack, C. R, Jr, Knopman, D. S. Jagust, W. J, Petersen, R. C,
Weiner, M. W,, Aisen, P. S., Shaw, L. M., Vemuri, P., Wiste, H. J.,
Weigand, S. D., Lesnick, T. G., Pankratz, V. S., Donohue, M. C,, &
Trojanowski, J. Q. (2013). Tracking pathophysiological processes in
Alzheimer's disease: An updated hypothetical model of dynamic bio-
markers. Lancet Neurology, 12(2), 207-216. https://doi.org/10.1016/
S1474-4422(12)70291-0

JASP Team. (2023). JASP (version 0.17) [computer software].

Jessen, F., Spottke, A., Boecker, H., Brosseron, F., Buerger, K., Catak, C.,
Fliessbach, K., Franke, C., Fuentes, M., Heneka, M. T., Janowitz, D.,
Kilimann, I, Laske, C., Menne, F., Nestor, P., Peters, O., Priller, J., Pross,
V., Ramirez, A,, ... Duzel, E. (2018). Design and first baseline data of
the DZNE multicenter observational study on predementia Alzhei-
mer's disease (DELCODE). Alzheimer's Research & Therapy, 10(1), 15.
https://doi.org/10.1186/s13195-017-0314-2

Jessen, F., Wolfsgruber, S., Kleineindam, L., Spottke, A., Altenstein, S.,
Bartels, C., Berger, M., Brosseron, F., Daamen, M., Dichgans, M.,
Dobisch, L., Ewers, M., Fenski, F., Fliessbach, K., Freiesleben, S. D.,
Glanz, W., Gorss, D., Gursel, S., Janowitz, D., ... Duzel, E. (2022). Sub-
jective cognitive decline and stage 2 of Alzheimer disease in patients
from memory centers. Alzheimer's & Dementia, 19, 487-497. https://
doi.org/10.1002/alz.12674

Knopman, D. S., Lundt, E. S., Therneau, T. M., Vemuri, P., Lowe, V. J,
Kantarci, K., Gunter, J. L, Senjem, M. L., Mielke, M. M,
Machulda, M. M., Boeve, B. F., Jones, D. T., Graff-Radford, J.,
Albertson, S. M., Schwarz, C. G,, Petersen, R. C., & Jack, C. R. (2019).
Entorhinal cortex tau, amyloid-beta, cortical thickness and memory
performance in non-demented subjects. Brain, 142(4), 1148-1160.
https://doi.org/10.1093/brain/awz025

Lehrl, S. (2005). Mehrfachwahl-Wortschatz-Intelligenztest MWT-B (5th ed.).
Spitta.

Li, H. J., Hou, X. H,, Liu, H. H,, Yue, C. L., Lu, G. M., & Zuo, X. N. (2015).
Putting age-related task activation into large-scale brain networks: A
meta-analysis of 114 fMRI studies on healthy aging. Neuroscience and
Biobehavioral ~Reviews, 57, 156-174. https://doi.org/10.1016/j.
neubiorev.2015.08.013

Li, X., Wang, Y., Wang, W., Huang, W., Chen, K., Xu, K., Zhang, J., Chen, Y.,
Li, H., Wei, D., Shu, N., & Zhang, Z. (2020). Age-related decline in the
topological efficiency of the brain structural connectome and cognitive
aging. Cerebral Cortex, 30(8), 4651-4661. https://doi.org/10.1093/
cercor/bhaa066

Liu, J., Zhou, X., Zhang, Z., Qin, L., Ye, W., & Zheng, J. (2019). Disrupted
functional network in patients with temporal lobe epilepsy with
impaired alertness. Epilepsy & Behavior, 101, 106573. https://doi.org/
10.1016/j.yebeh.2019.106573

Maass, A., Schiitze, H., Speck, O., Yonelinas, A., Tempelmann, C., Heinze,
H. J., Berron, D., Cardenas-Blanco, A., Brodersen, K. H., Stephan, K. E.,
& Duizel, E. (2014). Laminar activity in the hippocampus and entorhinal
cortex related to novelty and episodic encoding. Nature Communica-
tions, 5, 5547. https://doi.org/10.1038/ncomms6547

Maillet, D., & Rajah, M. N. (2014). Age-related differences in brain activity
in the subsequent memory paradigm: A meta-analysis. Neuroscience
and Biobehavioral Reviews, 45, 246-257. https://doi.org/10.1016/j.
neubiorev.2014.06.006

Marquez, F., & Yassa, M. A. (2019). Neuroimaging biomarkers for Alzhei-
mer's disease. Molecular Neurodegeneration, 14(1), 21. https://doi.org/
10.1186/513024-019-0325-5

Meng, X.-L., Rosenthal, R., & Rubin, D. B. (1992). Comparing correlated
correlation coefficients. Psychological Bulletin, 111(1), 172-175.

Minkova, L., Habich, A., Peter, J., Kaller, C. P., Eickhoff, S. B., & Kloppel, S.
(2017). Gray matter asymmetries in aging and neurodegeneration: A

85UB017 SUOWIWIOD SA[ee.D 3 (deoldde 8Ly A peusenob ae sajoliie VO ‘85N JO Sa|NJ 10y ARl 8UIIUO AB|IA LD (SUOTIPUOD-PUR-SLLIBY WO A8 | 1M Afe.q 1 |BuUO//SdnL) SUORIPUOD Pue SWie | 8u8eS *[£202/0T/0] U0 AkeidiTauljuo AB(IM ‘WBYULR N U0l qIgsTeISeAIUN AQ T8Z92 WAU/Z00T OT/I0p/W0d A8 | 1M Afe.d 1 jBuluoy/:sdny Wwoy papeo|umod ‘g ‘€202 ‘6T0.60T


https://doi.org/10.1002/hipo.20834
https://doi.org/10.1093/brain/awab405
https://doi.org/10.1093/brain/awab405
https://doi.org/10.1016/j.neuropsychologia.2008.06.001
https://doi.org/10.1016/j.neuropsychologia.2008.06.001
https://doi.org/10.1073/pnas.1602413113
https://doi.org/10.1177/0956797620916786
https://doi.org/10.1177/0956797620916786
https://doi.org/10.3389/fneur.2019.00789
https://doi.org/10.1016/S1474-4422(17)30159-X
https://doi.org/10.1016/S1474-4422(17)30159-X
https://doi.org/10.1186/s13195-020-00759-3
https://doi.org/10.1186/s13195-020-00759-3
https://doi.org/10.1016/s0959-4388(00)00073-8
https://doi.org/10.1016/s0959-4388(00)00073-8
https://doi.org/10.1007/s00330-018-5710-x
https://doi.org/10.1007/s00330-018-5710-x
https://doi.org/10.1111/psyp.13354
https://doi.org/10.1097/NEN.0000000000000254
https://doi.org/10.1093/cercor/bhu238
https://doi.org/10.1016/S1474-4422(12)70291-0
https://doi.org/10.1016/S1474-4422(12)70291-0
https://doi.org/10.1186/s13195-017-0314-2
https://doi.org/10.1002/alz.12674
https://doi.org/10.1002/alz.12674
https://doi.org/10.1093/brain/awz025
https://doi.org/10.1016/j.neubiorev.2015.08.013
https://doi.org/10.1016/j.neubiorev.2015.08.013
https://doi.org/10.1093/cercor/bhaa066
https://doi.org/10.1093/cercor/bhaa066
https://doi.org/10.1016/j.yebeh.2019.106573
https://doi.org/10.1016/j.yebeh.2019.106573
https://doi.org/10.1038/ncomms6547
https://doi.org/10.1016/j.neubiorev.2014.06.006
https://doi.org/10.1016/j.neubiorev.2014.06.006
https://doi.org/10.1186/s13024-019-0325-5
https://doi.org/10.1186/s13024-019-0325-5

% | WILEY

RICHTER ET AL.

review and meta-analysis. Human Brain Mapping, 38(12), 5890-5904.
https://doi.org/10.1002/hbm.23772

Noble, S., Scheinost, D., & Constable, R. T. (2021). A guide to the measure-
ment and interpretation of fMRI test-retest reliability. Current Opinion
in Behavioral Sciences, 40, 27-32. https://doi.org/10.1016/j.cobeha.
2020.12.012

Nyberg, L., Karalija, N., Salami, A., Andersson, M., Wahlin, A,
Kaboovand, N., Kohncke, Y., Axelsson, J., Rieckmann, A., Papenberg,
G., Garrett, D. D., Riklund, K., Lovden, M., Lindenberger, U., &
Backman, L. (2016). Dopamine D2 receptor availability is linked to
hippocampal-caudate functional connectivity and episodic memory.
Proceedings of the National Academy of Sciences of the United States
of America, 113(28), 7918-7923. https://doi.org/10.1073/pnas.
1606309113

Nyberg, L., & Pudas, S. (2019). Successful memory aging. Annual Review of
Psychology, 70, 219-243. https://doi.org/10.1146/annurev-psych-
010418-103052

Partridge, L., Deelen, J., & Slagboom, P. E. (2018). Facing up to the global
challenges of ageing. Nature, 561(7721), 45-56. https://doi.org/10.
1038/s41586-018-0457-8

Poppenk, J., Kohler, S., & Moscovitch, M. (2010). Revisiting the novelty
effect: When familiarity, not novelty, enhances memory. Journal of
Experimental Psychology. Learning, Memory, and Cognition, 36(5), 1321-
1330. https://doi.org/10.1037/a0019900

Raichle, M. E. (2015). The brain's default mode network. Annual Review of
Neuroscience, 38, 433-447. https://doi.org/10.1146/annurev-neuro-
071013-014030

Sambataro, F., Murty, V. P., Callicott, J. H, Tan, H. Y., Das, S.,
Weinberger, D. R., & Mattay, V. S. (2010). Age-related alterations in
default mode network: Impact on working memory performance. Neu-
robiology of Aging, 31(5), 839-852. https://doi.org/10.1016/j.
neurobiolaging.2008.05.022

Scarpazza, C., Tognin, S., Frisciata, S., Sartori, G., & Mechelli, A. (2015).
False positive rates in voxel-based morphometry studies of the human
brain: Should we be worried? Neuroscience and Biobehavioral Reviews,
52, 49-55. https://doi.org/10.1016/j.neubiorev.2015.02.008

Schmidt, P., Gaser, C., Arsic, M., Buck, D., Forschler, A., Berthele, A., Hoshi,
M., lig, R., Schmid, V. J., Zimmer, C., Hemmer, B., & Muhlau, M. (2012).
An automated tool for detection of FLAIR-hyperintense white-matter
lesions in multiple sclerosis. Neurolmage, 59(4), 3774-3783. https://
doi.org/10.1016/j.neuroimage.2011.11.032

Schott, B. H., Seidenbecher, C. I., Fenker, D. B., Lauer, C. J., Bunzeck, N.,
Bernstein, H. G., Tischmeyer, W., Gundelfinger, E. D., Heinze, H. J.,, &
Duizel, E. (2006). The dopaminergic midbrain participates in human epi-
sodic memory formation: Evidence from genetic imaging. The Journal
of Neuroscience, 26(5), 1407-1417. https://doi.org/10.1523/
JNEUROSCI.3463-05.2006

Schott, B. H., Sellner, D. B., Lauer, C. J., Habib, R, Frey, J. U.,, Guderian, S.,
... Dlzel, E. (2004). Activation of midbrain structures by associative
novelty and the formation of explicit memory in humans. Learning &
Memory, 11(4), 383-387. https://doi.org/10.1101/Im.75004

Soch, J., Richter, A., Kizilirmak, J. M., Schutze, H., Feldhoff, H., Fischer, L.,
Knopf, L., Raschick, M., Schult, A., Dizel, E., & Schott, B. H. (2022).
Structural and functional MRI data differentially predict chronological
age and behavioral memory performance. eNeuro, 9(6). https://doi.
org/10.1523/ENEURO.0212-22.2022

Soch, J., Richter, A., Schitze, H., Kizilirmak, J. M., Assmann, A., Behnisch,
G., Feldhoff, H., Fischer, L., Heil, J., Knopf, L., Merkel, C., Raschick, M.,
Schietke, C. J., Schult, A., Seidenbecher, C. I., Yakupov, R., Ziegler, G.,
Wiltfang, J., Duzel, E., & Schott, B. H. (2021a). A comprehensive score
reflecting memory-related fMRI activations and deactivations as
potential biomarker for neurocognitive aging. Human Brain Mapping,
42(14), 4478-4496. https://doi.org/10.1002/hbm.25559

Soch, J., Richter, A., Schitze, H., Kizilirmak, J. M., Assmann, A., Knopf, L.,
Raschick, M., Schult, A., Maass, A., Ziegler, G., Richardson-Klavehn, A.,

Duzel, E., & Schott, B. H. (2021b). Bayesian model selection favors
parametric over categorical fMRI subsequent memory models in young
and older adults. Neurolmage, 230, 117820. https://doi.org/10.1016/j.
neuroimage.2021.117820

Steffener, J., Barulli, D., & Hill, B. (2020). Neural capacity limits on the
responses to memory interference during working memory in young
and old adults. PLoS One, 15(8), €0236897. https://doi.org/10.1371/
journal.pone.0236897

Steiger, T. K., Herweg, N. A., Menz, M. M., & Bunzeck, N. (2019). Working
memory performance in the elderly relates to theta-alpha oscillations
and is predicted by parahippocampal and striatal integrity. Scientific
Reports, 9(1), 706. https://doi.org/10.1038/s41598-018-36793-3

Stern, Y. (2012). Cognitive reserve in ageing and Alzheimer's disease. Lan-
cet Neurology, 11(11), 1006-1012. https://doi.org/10.1016/51474-
4422(12)70191-6

Tsapanou, A., Habeck, C., Gazes, Y. Razlighi, Q., Sakhardande, J.,
Stern, Y., & Salthouse, T. A. (2019). Brain biomarkers and cognition
across adulthood. Human Brain Mapping, 40(13), 3832-3842. https://
doi.org/10.1002/hbm.24634

Vinke, E. J.,, de Groot, M., Venkatraghavan, V., Klein, S., Niessen, W. J.,
Ilkram, M. A., & Vernooij, M. W. (2018). Trajectories of imaging markers
in brain aging: The Rotterdam Study. Neurobiology of Aging, 71, 32-40.
https://doi.org/10.1016/j.neurobiolaging.2018.07.001

Weise, C. M., Bachmann, T., Schroeter, M. L., & Saur, D. (2019). When less
is more: Structural correlates of core executive functions in young
adults—A VBM and cortical thickness study. Neurolmage, 189, 896-
903. https://doi.org/10.1016/j.neuroimage.2019.01.070

Whitty, E., Mansour, H., Aguirre, E.,, Palomo, M., Charlesworth, G.,
Ramjee, S., Poppe, M., Brodaty, H., Kales, H. C., Morgan-Trimmer, S.,
Nyman, S. R, Lang, |, Walters, K., Petersen, |, Wenborn, J,
Minihane, A. M., Ritchie, K., Huntley, J., Walker, Z., & Cooper, C.
(2020). Efficacy of lifestyle and psychosocial interventions in reducing
cognitive decline in older people: Systematic review. Ageing Research
Reviews, 62, 101113. https://doi.org/10.1016/j.arr.2020.101113

Wittmann, B. C., Schott, B. H., Guderian, S., Frey, J. U.,, Heinze, H. J., &
Duzel, E. (2005). Reward-related FMRI activation of dopaminergic
midbrain is associated with enhanced hippocampus-dependent long-
term memory formation. Neuron, 45(3), 459-467. https://doi.org/10.
1016/j.neuron.2005.01.010

Wong, J. T., Cramer, S. J., & Gallo, D. A. (2012). Age-related reduction of
the confidence-accuracy relationship in episodic memory: effects of
recollection quality and retrieval monitoring. Psychology and Aging, 27,
1053-1065.

Woodard, J. L., Seidenberg, M., Nielson, K. A., Smith, J. C., Antuono, P.,
Durgerian, S., Guidotti, L., Zhang, Q. Butts, A. Hantke, N.,
Lancaster, M., & Rao, S. M. (2010). Prediction of cognitive decline in
healthy older adults using fMRI. Journal of Alzheimer's Disease, 21(3),
871-885. https://doi.org/10.3233/JAD-2010-091693

World Medical Association. (2013). World Medical Association Declaration
of Helsinki: Ethical principles for medical research involving human
subjects. JAMA, 310(20), 2191-2194. https://doi.org/10.1001/jama.
2013.281053

Wright, M. E., & Wise, R. G. (2018). Can blood oxygenation level depen-
dent functional magnetic resonance imaging Be used accurately to
compare older and younger populations? A mini literature review.
Frontiers in Aging Neuroscience, 10, 371. https://doi.org/10.3389/
fnagi.2018.00371

Xing, X.-X. (2021). Globally aging cortical spontaneous activity revealed by
multiple metrics and frequency bands using resting-state functional
MRI. Frontiers in Aging Neuroscience, 13, 1-8. https://doi.org/10.
3389/fnagi.2021.803436

Zhou, J., & Seeley, W. W. (2014). Network dysfunction in Alzheimer's dis-
ease and frontotemporal dementia: Implications for psychiatry. Biologi-
cal Psychiatry, 75(7), 565-573. https://doi.org/10.1016/j.biopsych.
2014.01.020

85UB017 SUOWIWIOD SA[ee.D 3 (deoldde 8Ly A peusenob ae sajoliie VO ‘85N JO Sa|NJ 10y ARl 8UIIUO AB|IA LD (SUOTIPUOD-PUR-SLLIBY WO A8 | 1M Afe.q 1 |BuUO//SdnL) SUORIPUOD Pue SWie | 8u8eS *[£202/0T/0] U0 AkeidiTauljuo AB(IM ‘WBYULR N U0l qIgsTeISeAIUN AQ T8Z92 WAU/Z00T OT/I0p/W0d A8 | 1M Afe.d 1 jBuluoy/:sdny Wwoy papeo|umod ‘g ‘€202 ‘6T0.60T


https://doi.org/10.1002/hbm.23772
https://doi.org/10.1016/j.cobeha.2020.12.012
https://doi.org/10.1016/j.cobeha.2020.12.012
https://doi.org/10.1073/pnas.1606309113
https://doi.org/10.1073/pnas.1606309113
https://doi.org/10.1146/annurev-psych-010418-103052
https://doi.org/10.1146/annurev-psych-010418-103052
https://doi.org/10.1038/s41586-018-0457-8
https://doi.org/10.1038/s41586-018-0457-8
https://doi.org/10.1037/a0019900
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1016/j.neurobiolaging.2008.05.022
https://doi.org/10.1016/j.neurobiolaging.2008.05.022
https://doi.org/10.1016/j.neubiorev.2015.02.008
https://doi.org/10.1016/j.neuroimage.2011.11.032
https://doi.org/10.1016/j.neuroimage.2011.11.032
https://doi.org/10.1523/JNEUROSCI.3463-05.2006
https://doi.org/10.1523/JNEUROSCI.3463-05.2006
https://doi.org/10.1101/lm.75004
https://doi.org/10.1523/ENEURO.0212-22.2022
https://doi.org/10.1523/ENEURO.0212-22.2022
https://doi.org/10.1002/hbm.25559
https://doi.org/10.1016/j.neuroimage.2021.117820
https://doi.org/10.1016/j.neuroimage.2021.117820
https://doi.org/10.1371/journal.pone.0236897
https://doi.org/10.1371/journal.pone.0236897
https://doi.org/10.1038/s41598-018-36793-3
https://doi.org/10.1016/S1474-4422(12)70191-6
https://doi.org/10.1016/S1474-4422(12)70191-6
https://doi.org/10.1002/hbm.24634
https://doi.org/10.1002/hbm.24634
https://doi.org/10.1016/j.neurobiolaging.2018.07.001
https://doi.org/10.1016/j.neuroimage.2019.01.070
https://doi.org/10.1016/j.arr.2020.101113
https://doi.org/10.1016/j.neuron.2005.01.010
https://doi.org/10.1016/j.neuron.2005.01.010
https://doi.org/10.3233/JAD-2010-091693
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.3389/fnagi.2018.00371
https://doi.org/10.3389/fnagi.2018.00371
https://doi.org/10.3389/fnagi.2021.803436
https://doi.org/10.3389/fnagi.2021.803436
https://doi.org/10.1016/j.biopsych.2014.01.020
https://doi.org/10.1016/j.biopsych.2014.01.020

RICHTER ET AL.

WILEY-_L®

Zimmermann, P., & Fimm, B. (1993). Testbatterie zur Aufmerksamkeitsprii-
fung (TAP). Psytest.

Zonneveld, H. I., Roshchupkin, G. V., Adams, H. H. H., Gutman, B. A,, van
der Lugt, A., Niessen, W. J., Vernooij, M. W., & lkram, M. A. (2019).
High-dimensional mapping of cognition to the brain using voxel-based
morphometry and subcortical shape analysis. Journal of Alzheimer's Dis-
ease, 71(1), 141-152. https://doi.org/10.3233/JAD-181297

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Richter, A., Soch, J., Kizilirmak, J. M.,
Fischer, L., Schiitze, H., Assmann, A., Behnisch, G., Feldhoff,
H., Knopf, L., Raschick, M., Schult, A., Seidenbecher, C. |,
Yakupov, R., Duzel, E., & Schott, B. H. (2023). Single-value
scores of memory-related brain activity reflect dissociable
neuropsychological and anatomical signatures of
neurocognitive aging. Human Brain Mapping, 44(8),
3283-3301. https://doi.org/10.1002/hbm.26281

85UB017 SUOWIWIOD SA[ee.D 3 (deoldde 8Ly A peusenob ae sajoliie VO ‘85N JO Sa|NJ 10y ARl 8UIIUO AB|IA LD (SUOTIPUOD-PUR-SLLIBY WO A8 | 1M Afe.q 1 |BuUO//SdnL) SUORIPUOD Pue SWie | 8u8eS *[£202/0T/0] U0 AkeidiTauljuo AB(IM ‘WBYULR N U0l qIgsTeISeAIUN AQ T8Z92 WAU/Z00T OT/I0p/W0d A8 | 1M Afe.d 1 jBuluoy/:sdny Wwoy papeo|umod ‘g ‘€202 ‘6T0.60T


https://doi.org/10.3233/JAD-181297
https://doi.org/10.1002/hbm.26281

	Single-value scores of memory-related brain activity reflect dissociable neuropsychological and anatomical signatures of ne...
	1  INTRODUCTION
	2  METHODS
	2.1  Participants
	2.2  Neuropsychological assessment
	2.3  Subsequent memory paradigm for fMRI
	2.4  Magnetic resonance imaging
	2.4.1  Neuroimaging single-value scores (FADE and SAME scores)
	2.4.2  Brain morphometry

	2.5  Statistical analysis

	3  RESULTS
	3.1  Demographic data
	3.2  Voxel-wise representation and inter-correlation of the imaging scores
	3.3  The imaging scores are associated with different tests of episodic memory
	3.4  Relationship of the imaging scores with measures of global cognition
	3.5  Correlations of the imaging scores with brain morphology

	4  DISCUSSION
	4.1  Neurocognitive correlates of the FADE and SAME imaging scores
	4.2  Age-related variation in functional and structural neuroanatomy
	4.3  Deactivation of the DMN and cognitive function in old age
	4.4  A potential role for the mesolimbic dopamine system in successful aging
	4.5  Implications for clinical research
	4.6  Limitations

	5  CONCLUSION
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


