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Abbreviations

ACC anterior cingulate cortex

AD Alzheimer’s disease

ADD Alzheimer’s disease dementia
ADR AD patient first-degree relatives
CN cognitively normal

CR cognitive reserve

CSF cerebrospinal fluid

DMN default mode network

GM grey matter

MCI mild cognitive impairment
PACC5 Preclinical Alzheimer’s Cognitive Composite 5
PC principal component

PCA principal component analysis
PCC posterior cingulate cortex

PFC prefrontal cortex

PL pathological load

SCD subjective cognitive decline

SD standard deviation

TIV total intracranial volume

t-SNE t-distributed stochastic neighbor embedding
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Abstract

The cognitive reserve (CR) hypothesis posits that individuals can differ in how
their brain function is disrupted by pathology associated with aging and neu-
rodegeneration. Here, we tested this hypothesis in the Alzheimer’s disease con-
tinuum using longitudinal data from 490 participants of the DELCODE multi-
centric observational study. Brain function was measured using task fMRI of
visual memory encoding. Using a multivariate moderation analysis we identi-
fied a CR-related activity pattern underlying successful memory encoding that
moderated the detrimental effect of AD pathological load on cognitive perfor-
mance. CR was mainly represented by a more pronounced expression of the
task-active network encompassing the default mode network (DMN), anterior
cingulate cortex (ACC) and inferior temporal regions including the fusiform
gyrus. We devised personalized fMRI-based CR scores that moderated the im-
pact of AD pathology on cognitive performance and were positively associated
with years of education. Furthermore, higher CR scores were associated with
slower cognitive decline over time. Our findings suggest maintenance of core
cognitive circuits including the DMN and ACC as the primary mechanism of
CR. Individual brain activity levels of these areas during memory encoding have
prognostic value for future cognitive decline.
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1 Introduction

Alzheimer’s disease (AD) is biologically characterized by the accumulation of
amyloid beta plaques, neurofibrillary tangles made of tau protein, and neu-
rodegeneration!. Intriguingly, certain individuals resist clinical progression to
dementia in their lifetime despite significant AD pathology in their brains?.
The cognitive reserve (CR) hypothesis addresses this discrepancy. CR is con-
ceptualized as a mismatch between an individual’s brain pathology burden and
level of cognitive performance due to cognitive and functional brain mechanisms
which are not necessarily accompanied by macroscopic structural brain alter-
ations. Recently, a comprehensive whitepaper presented a unified framework for
reserve research and defined CR as the “adaptability (i.e., efficiency, capacity,
flexibility) of cognitive processes that helps to explain differential susceptibil-
ity of cognitive abilities or day-to-day function to brain aging, pathology, or
insult” 3.

In alignment with its definition, the most recent research framework opera-
tionalizes CR. in the form of a moderator variable* (see also https://reservea
ndresilience.com/framework/). As such, it states the requirement of three
components for CR research. First, it requires a measure of changes in brain
status like brain atrophy or pathology. Second, a quantification of longitudinal
changes in cognition theoretically associated with brain status is needed. The
third component of this moderation approach is a proposed CR measure, which
should moderate the relationship between brain status and cognitive changes.
The use of functional neuroimaging methods presents a viable avenue to in-
vestigating the neural implementation of CR within this framework. For this
purpose, the moderator variable can be represented by the expression of brain
activity during cognition using fMRI.

Previous studies have only partially been able to address these aspects, even
though a wide range of methodologies has been utilized. Most functional neu-
roimaging studies on CR have identified regions or networks contributing to CR
by correlating their expression (activity/connectivity) with a CR proxy like ed-
ucation or IQ instead of investigating their ability to moderate the relationship
between aging- or pathology-related brain changes and cognitive performance.
For instance, resting-state functional connectivity profiles have been associated
with sociobehavioral CR proxies, manifesting at different levels, including ROI-
to-ROI®, global connectivity of a seed region®7, global functional connectivity
within a network® and employing dimensionality reduction to a ROI-to-ROI
connectome?. Notably, Van Loenhoud et al. !° recently employed a task potency
method, examining the relationship between whole ROI-to-ROI connectomes in
the resting and task state and their association with CR proxies.

Several task-based fMRI investigations pertaining to CR have relied on the
Reference Ability Neural Networks Study, wherein participants engaged in 12
cognitive tasks during MRI scanning!0:11:12:13 encompassing three tasks each
from the four reference abilities of episodic memory, fluid reasoning, percep-
tual speed, and vocabulary 4. This comprehensive approach first facilitated the
identification of overlapping regions of brain activity across tasks!!'%13 and
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activity patterns exhibiting correlations with IQ'® and education!!'. Moreover,
Stern et al.'® observed a distinctive spatial pattern of BOLD activity, the ex-
pression of which displayed significant correlations with measures of CR as task
load increased.

Among the most notable findings, the default mode network (DMN)?10
emerged as a potential CR-related region, alongside its individual components
such as the left precuneus 16, left posterior cingulate''7, precuneus and cin-
gulate!®, and medial frontal gyrus'3. Left prefrontal cortex activity both within
and outside of the frontoparietal network® as well as global connectivity of the
left frontal cortex” were also related to CR. Additionally, there is some evidence
for involvement of the anterior cingulate cortex (ACC) in CR1317.

However, most previous attempts neglect that a network underpinning CR
should be capable of altering the relationship between aging- or pathology-
related brain changes and cognitive performance®. Moreover, functional neu-
roimaging studies on CR are more prevalent in aging research, whereas very
few investigations have explored CR in the context of neurodegeneration and
AD713 A major challenge in addressing this gap is to obtain brain activity
during cognition in large longitudinal cohorts where AD-related pathological
burden is thoroughly quantified.

The primary objective of this study was thus to investigate the neural imple-
mentation of CR by identifying task fMRI activity patterns associated with cog-
nitive reserve in a large scale multicentric cohort of nearly 500 older individuals
along the AD spectrum with the use of the moderation framework. Notably, the
cohort was enriched in individuals who still perform normal but are at increased
risk for developing AD. To accomplish this, we employed a task fMRI paradigm
on memory formation to explore CR within the context of episodic memory.
Given that episodic memory is among the earliest and most frequently affected
cognitive faculties in dementias like AD dementia'®, memory-related activity
patterns hold particular relevance in CR investigations. As the central hub of
episodic memory formation and due to its vulnerability in AD, the hippocampus
is further of distinct significance for quantification of AD-related neurodegener-
ation . Our study sought to complement previous approaches by (A) adhering
closely to the research framework? while (B) identifying a memory activity
pattern capable of moderating the impact of AD pathology on cognitive perfor-
mance. Drawing on insights from prior functional neuroimaging studies on CR,
we expected that CR-related activity patterns might encompass regions such
as the DMN, frontal regions such as the ACC and task-specific regions like the
MTL?2°, Our approach takes advantage of a moderation model in a multivari-
ate fashion (utilizing principal component regression) and effectively condensing
the multidimensional AD pathological process (reflecting fluid biomarkers and
hippocampal atrophy) into a single pathological load (PL) score. We further
derived a neuroimaging-based CR score from an individual’s expression of the
CR-related fMRI activity patterns and show its alignment with educational at-
tainment, a well-established proxy for CR. Finally, we explored the longitudinal
implications of the CR index, meticulously examining its potential to modify
cognitive trajectories over time.
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2 Results

2.1 Demographics

Our reserve analysis focused on a sample of 490 older participants of cogni-
tively normal (including first degree relatives of AD patients and individuals
with subjective cognitive decline) and cognitively impaired individuals (with
mild cognitive impairment or AD dementia) who performed task fMRI whose
demographics are presented in Table 1 (mean age: 69.74+5.6 years). The sample
included slightly more females (53%) than males and was comparably educated
(14.6+2.9 years of education). The pathological load (PL) reflected biologically
defined AD pathology (AP, tau, and hippocampal volume) in one single in-
dex ranging from 0 to 1 (see methods for details). The sample mean PL was
0.4240.3. PL was significantly higher in patients with Alzheimer’s disease de-
mentia (ADD) and mild cognitive impairment (MCI) compared to other groups
suggesting its validity with respect to clinical diagnosis.

Table 1: Demographics of the final fMRI sample. Values represent the mean(sd). *9
participants did not have PACC5 scores. **258 participants did not have PL scores due to
missing CSF data. CN = cognitively normal, SCD = subjective cognitive decline, MCI =
mild cognitive impairment, ADD = mild Alzheimer’s Disease dementia, ADR = AD patient
first-degree relatives.

N Age [years] Sex [% female] Education [years] = PACC5 PL
CN 152 68.89(5.1) 63.2 14.57(2.7) 0.21(05) _ 0.33(0.2)
ADR 51  66(4.7) 56.9 14.49(2.8) 0.14(0.7)  0.3(0.2)
SCD 202 70.01(5.9) 44.6 15.2(2.9) 0.04(0.7)  0.4(0.3)
MCI 64 72.62(4.8) 53.1 13.44(2.8) -1.22(0.8) 0.58(0.3)
ADD 21  73.36(5.4) 66.7 13.71(2.8) 2.97(1.2)  0.84(0.2)
all 490 69.73(5.6) 537 14.64(2.9) 20.19(1.0)F  0.42 (0.3)%

2.2 Pathological load is associated with cognitive perfor-
mance

The PL score combines CSF measures of amyloid burden and tau pathology with
MRI measures of neurodegeneration into a single score. As a robust marker for
disease severity along the AD continuum, the PL score exhibited substantial
associations with cognitive measures derived from neuropsychological testing.
Notably, empirical findings indicated a nonlinear relationship (Fig. 1), prompt-
ing a comparison of models with linear and quadratic terms for PL. Both mod-
els demonstrated a strong link between PL and PACC5, a composite measure
of cognitive performance in the memory domain. The model incorporating a
quadratic term displayed a superior fit (p = 8.78 - 10728, standardized regres-
sion coefficient 8 = -0.501, R? = 0.420; supplementary information provides
comprehensive details).

Since this work focuses on reserve as moderation in terms of interactions
with PL, we next tested whether a well-established CR proxy moderated the
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Figure 1: Cognitive performance declines with higher AD pathological load. Cog-
nitive performance is represented by the baseline PACC5 score, which was normalized to the
unimpaired sample (CN, SCD, ADR). (A) Quadratic model: PACC5 = by+by-PL?+c-COV.
The black line depicts a regression model (with 95% confidence intervals) with a quadratic
effect of PL. (B) Same model as in (A), but with an additional interaction term between years
of education and the quadratic PL score. Red and blue dots refer to individuals with high and
low education, respectively, as obtained by a median split. Red and blue lines are regression
models for an individual with average covariate values and 17 (median of the high education
group) or 12 years of education (median of the low education group), respectively. Shaded
areas refer to the respective 95% confidence intervals.

impact of PL on cognitive performance (p = 0.0001, 5 = 0.752), which suggested
the pivotal role of education in shaping how AD pathology influences cognitive
abilities (Fig. 1B). Additionally, in the interaction model, a main effect of the
(quadratic) PL score was evident (p = 2.94-10%, 8 = -1.223), while no further
independent main effect of education was observed (p = 0.575, 8 = 0.033).
The moderation model demonstrated an R? value of 0.441, further affirming its
predictive capability.

2.3 Identification of a CR-related activity pattern

We illustrate brain regions exhibiting heightened activity during encoding for
subsequently remembered scenes (Fig. 2A, warm colors) and later forgotten
ones (cold colors). In exploring cognitive reserve, we subsequently aimed to
identify those spatial patterns (in terms of local voxel-level weights) from this
activity contrast that might moderate the impact of a subject’s AD pathological
load on cognitive performance using a multivariate moderation approach that
predicts performance (see methods). Through cross-validation, we determined
that the optimal number of principal components (PCs) for the model was 7,
yielding a median cross-validation R? = 0.311 (see Fig. S5).

Our investigation next unveiled patterns of brain regions contributing both
positively (depicted in 2B, warm colors) or negatively (cold colors) to the mod-
eration of AD pathology. The former indicates that greater memory encoding
activity (more positive or less negative) is linked to superior cognitive perfor-
mance despite the presence of pathology. Conversely, in regions contributing
negatively to the moderation patterns, more negative or less positive activity
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A Subsequent memory activity pattern

mod.
coeff. -0.20

Figure 2: CR-related activity pattern that moderates effects of pathology. (A) Acti-
vation (hot colors) and deactivation (cold colors) during encoding of subsequently remembered
compared to subsequently forgotten stimuli as identified by t-contrasts of the subsequent mem-
ory regressor in the whole fMRI sample. T values of voxels with ppyw g < 0.05 are shown.
(B) Group level CR-related activity pattern that when expressed minimizes effects of AD
pathology on cognitive performance as identified via a multivariate approach. The net con-
tribution (moderation coefficient; positive/hot and negative/cold colors) of every voxel to the
CR-pattern is displayed (unthresholded). (C) Atrophy pattern in the whole baseline DEL-
CODE sample as obtained by a VBM GM analysis of CN vs ADD patients. T values of voxels
with prpw e < 0.05 are shown.

aligns with better cognitive performance amidst increased pathological burden.
In other words, individuals with elevated pathology demonstrated better-than-
expected cognitive performance when their BOLD signal differences between
subsequently remembered and forgotten stimuli were substantial within regions
bearing corresponding colors in Figs. 2A and B. These findings highlight the
complex interplay between neural activation patterns and cognitive resilience.
To validate and explore the obtained CR-related activity pattern we then
identified clusters with significant contributions (to moderation of pathology)
using bootstrapping (Fig. 3 and Tab. 2). Brain regions with the most positive
moderation effects were located bilaterally in the inferior temporal and inferior
occipital cortices including the fusiform gyri and small parts of right parahip-
pocampal cortex (clusters 1&2). To a weaker extent, parts of the frontal cortex
also contributed positively to CR, especially bilateral inferior frontal gyri includ-
ing opercular, triangular and orbital parts (clusters 3-5) as well parts of right
PFC (cluster 6). The strongest negative contribution to moderation were ob-
served in bilateral precuneus, cuneus, posterior cingulate cortex (PCC; cluster
7), bilateral inferior parietal cortex around the angular gyrus (clusters 8&9), and
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Figure 3: Significant regions in the CR-related activity pattern. Several clusters of
voxels were determined via bootstrapping whose contribution to the CR pattern (w;) was

found to be significant (p < 0.05, see methods). Displayed numbers refer to the clusters
described in Tab. 2 with peaks in the following brain structures. 1: right inferior temporal
cortex, 7: left precuneus.

primary visual cortex (clusters 10&12). Slightly weaker coefficients were found
in the anterior cingulate cortex (cluster 11), the left hippocampus (cluster 13)
and medial orbitofrontal cortex (cluster 14).

Interestingly, CR-related activity patterns did not predominantly reflect
regions showing atrophy in the DELCODE cohort (mostly found in the hip-

Table 2: Significant clusters in CR activity pattern. Structures and peak voxels were
identified in MRIcroGL, using the aal (Automated Anatomical Labeling) atlas. w; refers
to the CR coefficient of a voxel i. Type refers to the concordance/discordance between the
valence (sign) of the CR coefficient and the subsequent memory contrast coefficient as shown
in Fig. 4. For instance, a concordant region is one where a higher (lower) activity reduces
effects of pathology and which is typically activated (deactivated) during the task. Clusters
smaller than 50 voxels (voxel size: 3.5x3.5x3.5mm) have been omitted.

# Mean w; Size [voxels] Type Peak[x,y,z] Peak Structure

1 0.107 590 Concordant  49,-63,-17 Temporal Inf R

2 0.104 438 Concordant  -49,-66,-17 Occipital Inf_L

3 0.081 104 Concordant 49, 14, 28 Frontal_Inf_Oper_R
4 0.064 90 Concordant -49, 25, 24 Frontal Inf Tri_L

5 0.057 84 Discordant 49, 25, -7 Frontal_Inf_ Orb_R
6  0.060 64 Discordant 35,99, 7 Frontal Mid_R

7 -0.106 894 Concordant 0,-60, 32 Precuneus_L

8 -0.072 242 Concordant -45,-63, 35 Angular_L

9 -0.056 201 Concordant  52,-56, 39 Parietal_Inf_R

10 -0.055 152 Discordant -7,-91, -3 Calcarine_L

11 -0.053 107 Concordant 4,49, -3 Frontal Med_Orb_R
12 -0.057 105 Discordant 14,-91, 3 Calcarine_R

13 -0.059 58 Discordant  -28,-21,-14 Hippocampus_L

14 -0.057 52 Discordant -3, 56, -7 Frontal_ Med_Orb_L
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Figure 4: CR pattern and the subsequent memory contrast predominantly align.
(A) The scatter plot displays the CR coefficients w; and subsequent memory contrast coeffi-
cients (beta) for every voxel with significant contribution to CR. They form three groups: 1.
A concordant where both coefficients have the same sign (blue); 2. positive CR coefficient,
but negative subsequent memory beta (CR+SM-; yellow); 3. negative CR coefficient, but
positive subsequent memory beta (CR-SM+; green). The histograms display the frequency
of the voxels in the corresponding groups. The grey dashed line separates the four quadrants.
(B) The CR-related activation pattern is shown color-coded corresponding to the colors shown
in panel A.

pocampus and medial temporal lobe, Fig. 2C) with minor overlaps in left hip-
pocampus, precuneus and PCC. Overall, this lack of overlap between identified
CR-related regions and regions of strongest atrophy was supported by a low
correlation of -0.102 (Figs. 2B and C).

To delve deeper into our comprehension of the identified pattern, we con-
ducted an examination of the overlap between the CR-related activity pat-
tern and the generic subsequent memory activity pattern (illustrated in Fig.
2A). A substantial concurrence between these patterns was observed in the
most extensive clusters of the CR-related activity pattern, notably in regions
such as the precuneus, posterior cingulate cortex (PCC), angular gyrus, ACC
and inferior temporal areas (Fig. 4, blue). Within those regions a higher re-
serve is reflected by an increase in the ‘amplitude’ of the task-related activa-
tion/deactivation. However, it was also apparent that reserve is not uniformly
contributing across this task-active network and that certain regions exhibiting
significant (de)activation during successful memory encoding did not substan-
tially contribute to cognitive reserve at all (such as portions of the parietal,
frontal, temporal, particularly occipital cortex, as well as the cerebellum and
basal ganglia).

Moreover, a striking observation emerged in a few brain regions where the
valence of the coefficients did not align, a phenomenon we term ”discordant”
(Tab. 2, Fig. 4). For instance, clusters surrounding the calcarine sulci, border-
ing the cuneus and precuneus, displayed activation during successful encoding
but exhibited a negative contribution to CR (CR-SM+, green in Fig. 4). This

10
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Figure 5: Subsequent memory-related activity moderates relationship between PL
and PACCS5. The relationship between the PL score and the PACC5 score (Box-Cox trans-
formed and residualized for covariates) is moderated depending on the subsequent memory-
related activity in two previously identified clusters (see Tab. 2 or Fig. 3). (A) Moderation
effect of activation in cluster 1 located around the inferior temporal cortex including fusiform
gyrus (positive moderation coefficients). (B) Moderation effect of deactivation in cluster 7
including bilateral cuneus and precuneus as well as posterior cingulate (negative moderation
coefficients). The red lines in both panels depict the predicted PACCS5 score for an individual
with an activation 1 SD above the mean, the blue lines for an activation 1 SD below the
mean in the respective cluster. Black dots represent the individual subjects’ values for PL
and (transformed + residualized) PACCS5.

trend was also observed in the left hippocampus and medial orbitofrontal re-
gions. Conversely, positive contributions to CR were evident in certain right
frontal areas, such as the insula and mid/superior orbitofrontal cortex (clusters
5&6; CR+SM-, yellow in Fig. 4), despite subsequent memory-related deacti-
vation. Taken together, the correlation between both patterns stood at 0.384,
underlining that predominantly more of the typical i.e. activation/deactivation
can support cognitive functioning while region-specific multifaceted relation-
ships between these neural signatures and cognitive reserve might exist.

Next, we exemplify how subsequent memory-related activity moderates the
detrimental effect of pathology (PL score) on cognitive performance in two brain
regions located in right inferior temporal cortex (Fig. 5A) and around bilateral
cuneus/precuneus/PCC (Fig. 5B), respectively (taking clusters 1 and 7 from
Fig. 3 and Tab. 2). The moderation effect has unveiled a notable phenomenon:
as levels of pathological load (PL) rise, the disparities in cognitive performance
between individuals with high and low levels of (de)activation become increas-
ingly apparent. Among individuals with high PL, those with high levels of brain
activity (i.e. activation in temporal cortex and deactivation in posterior medial
cortex) have cognitive ability at the level of individuals with low PL.
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2.4 CR score moderates effects of pathology on cognitive
performance, also longitudinally

Utilizing the CR-related activity pattern that we identified above, we next de-
rived individualized CR scores. To ascertain its validity as an indicator of cog-
nitive reserve, we expected it to (1) moderate the effect that pathology has on
independent cognitive performance measures; (2) moderate longitudinal cogni-
tive decline; and (3) be correlated with sociobehavioral proxies of CR according
to the consensus research criteria?.

Our results affirm the first criterion, demonstrating a moderation effect of
the CR score on the relationship between the (quadratic) PL score and cog-
nitive performance across various cognitive tests (Fig. 6A). This moderation
effect was evident for the latent memory factor (p = 8.38-10712, 3 = 0.381), the
domain-general factor (p = 2.15-107%, 3 = 0.325) and the PACC5 score (p =
9.15-10715, 8 = 0.447), which was originally used in identifying the CR-related
activity pattern. Importantly, this moderating influence was observed not only
in individuals with cognitive impairment, including MCI and AD patients but
also in cognitively unimpaired individuals, emphasizing that the functional ac-
tivity patterns associated with CR benefit a broad spectrum of cognitive abilities
(memory factor: p = 3.91-1075, 8 = 0.273; domain-general factor: p = 0.0010,
B = 0.220; PACC5: p = 3.77-107%, 8 = 0.301

Furthermore, in an analysis encompassing the remaining sample lacking a
PL score (due to missing CSF data), a weaker yet significant moderation effect
of the CR score on the association between hippocampal volumes and cognitive

A CRgroup — high — low B CRquartile = 1 = 2 = 3 = 4

v PACCS score 1 2 3 4

)
@

Predicted cognitive performance
Predicted PACC5 Score

|
~
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/
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PL score Time difference to baseline visit [years]

Figure 6: CR score is linked to cognitive performance cross-sectionally and longi-
tudinally. (A) The relationship between the PL score and cognitive performance at baseline
is moderated by the CR score. Cognitive performance is represented by three different scores:
a global cognitive factor score, a memory factor score and the PACC5 score (previously used
for identification of the CR-related activity pattern). Cognitive performance was predicted
using the respective regression model for an average individual with high (above median; red
curve) or low (below median; blue curve) CR score. Shaded areas denote 95% confidence
intervals. (B) The longitudinal trajectories of cognitive performance are influenced by the
baseline CR score. From each quartile of the CR score, the highest/lowest 10 individuals were
selected and their PACCS5 scores at a 5 year follow-up were predicted using the previously
described LME (see methods section) fitted on the original longitudinal data.
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performance was observed in the form of the latent memory factor (p = 0.018,
B = 0.131) and PACC5 (p = 0.011, § = 0.145). This moderation effect was not
evident for the domain-general factor when considering hippocampal volumes
alone instead of PL (p = 0.147, 8 = 0.083).

In a longitudinal context, the CR score emerged as a significant moderator
of rates of change of PACC5 (p = 0.002, 5 = 0.045), signifying that the CR
score, and consequently activity patterns during memory retrieval, hold the
potential to influence cognitive trajectories (Fig. 6B). Moreover, the CR score
exhibited a positive correlation with education across the entire sample (p =
0.011, r = 0.114). Collectively, these findings robustly support the contention
that the obtained CR score is intimately associated with cognitive reserve, both
in cross-sectional and longitudinal assessments.
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3 Discussion

In this study, we combined multiple ideas to investigate the neural implemen-
tation of cognitive reserve utilizing task fMRI data from a substantial sample
comprising 490 participants. First, we employed the most contemporary re-
search criteria governing CR assessment via functional neuroimaging®4. Sec-
ond, in order to enable this moderation approach we reduced the dimensionality
of AD biomarkers in a non-linear fashion, introducing a novel data-driven index
quantifying Alzheimer’s disease-related pathological load. Third, we pioneered
a novel multivariate approach to modeling reserve, which uncovered a task-
related functional activity pattern capable of moderating the impact of brain
pathology on cognitive performance. Fourth, we provided both cross-sectional
and longitudinal validation of the proposed activity pattern of cognitive reserve.
Our findings illuminate a compelling connection: older individuals whose brain
responses during successful memory encoding more closely align with this identi-
fied pattern exhibit diminished cognitive deficits when faced with AD pathology.
Moreover, a more pronounced expression of this activity pattern was associated
with a slower rate of cognitive decline over longitudinal follow-ups.

In healthy young individuals and older adults, episodic memory encoding
is associated with a highly replicated “canonical” pattern of brain activation
in some regions and deactivation in other regions??2. We found that a more
pronounced expression of this canonical activation/deactivation pattern was as-
sociated with higher cognitive reserve. CR was especially characterized by a
stronger activation during memory encoding in inferior occipital and inferior
temporal areas including the fusiform gyrus, i.e. parts of the ventral visual
stream. Some frontal areas showed a similar contribution to CR, though to a
smaller extent. CR was further characterized by stronger deactivation in the
posterior cingulate cortex, precuneus, cuneus and lateral parietal cortex includ-
ing angular gyrus, regions that are considered to be part of the DMN 23,

These findings shed new light on the neural implementation of CR. As the
majority of brain regions showed concordant activity for CR and successful mem-
ory encoding, cognitive reserve primarily seems to be associated with continued
recruitment of core cognitive circuits. This indicates that some individuals are
able to maintain functional integrity in parts of the core cognitive circuitry de-
spite the presence of AD pathology. Generally, significant decreases in fMRI
activity in regions of the DMN have been shown to co-occur with amyloid de-
position in older adults?42°. Furthermore, AD has been characterized with
impairment of regional cerebral blood flow and regional glucose metabolism
during resting state, predominantly in temporo-parietal regions2%:27. Hence,
the ability to maintain core fuctional curcuits might represent resilience against
pathological changes like neurodegeneration and A3 accumulation, possibly ac-
companied by conservation of glucose metabolism. Our findings suggest that
this ability is central to CR. The neural mechanisms underlying this ability
are still unclear. One possibility is that pathology within core circuitry can be
counteracted by non-affected neural populations. This possibility is supported
by the pattern of spread of tau pathology within brain tissue where affected and
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intact neurons coexist in the same region. Another possibility is that there are
individual differences in pathology that we have not quantified. These include
inflammation, vascular supply and clearance. It is possible that individuals
who are capable of maintaining function in core circuitry despite of tau, amy-
loid and hippocampal neurodegeneration have less expression of these additional
pathologies. Thirdly, genetic mechanisms could contribute. For instance, a hu-
man leukocyte antigen locus associated polymorphism was recently reported to
provide resilience against tau pathology, indicating a modifying role of adap-
tive immune responses?®. In conclusion, rather than relying on the recruitment
of additional brain regions as a compensatory mechanism, our findings point
towards CR factors operative within core circuits themselves.

Some brain regions of the canonical episodic memory activity network were
not associated with CR. Visual areas showed strong activation in the subse-
quent memory contrast due to the visual nature of the memory task, but did
not contribute substantially to cognitive reserve. Likewise, the cerebellum was
deactivated during successful encoding, but showed essentially no contribution
to CR. These regions have not been discussed much in the context of CR,
although there has been scattered evidence for a contribution of inferior and
middle occipital regions'? and the cerebellum '3.

Encoding-related activity in the hippocampus was discordant with cogni-
tive reserve. Thus, although the hippocampus is well-known to be activated
during successful memory encoding, weaker left hippocampal activity during
encoding was associated with better cognitive performance in the presence of
AD pathology. This aligns with observations regarding hyperactivity of the hip-
pocampus in an Ap- and especially tau-dependent manner that is not related
to better cognitive performance?*2?39. An absence of pathology-related over-
activation in the hippocampus might actually be beneficial for cognitive per-
formance and clinical progression. The calcarine sulci and medial orbitfrontal
regions also show discordant acitivity for successful memory encoding versus
CR. Some frontal regions including the insula and mid/superior orbitofrontal
cortex were deactivated during memory encoding and have positive moderation
coefficients, indicating better cognitive performance with weaker deactivation.
Yet, it is also conceivable that decreased activity in these regions itself is not
actually beneficial for cognitive performance, but systematically co-occurs with
beneficial activity changes in other regions.

Generally, the strongest negative contributions to CR were observed in the
cuneus, angular gyri, PCC and particularly the precuneus. This is in line with
a large body of evidence highlighting the role of the DMN in cognitive reserve.
For instance, deactivations of the left precuneus''6 and posterior cingulate '
were associated with CR in previous studies. Moreover, the precuneus together
with the cingulate gyrus contributed negatively to some aspects of a CR-related
fMRI pattern'®. Connectivity-based methods provide additional evidence for
DMN contribution. For instance, using a task-potency method, which captures
a brain region’s functional connectivity during task performance after adjusting
for its resting state baseline, the DMN has been found to be the predomi-
nant contributor to a task-invariant CR network!?. Additionally, Stern et al.®
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suggested that connections involving the DMN might be weaker at rest in in-
dividuals with higher 1Q. Our findings provide further evidence that stronger
deactivation of some DMN regions is related to CR.

Albeit weaker in magnitude, the ACC and medial (pre-)frontal cortex, an-
other region attributed to the DMN, showed negative contributions to CR as
well. The ACC has also previously been identified in the context of cognitive
reserve, e.g. as part of the task-invariant CR pattern of Stern et al.'3. More-
over, greater volume and metabolism in the ACC were found to be related to
higher levels of education®. It was further identified as part of a ‘resilience sig-
nature’ whose metabolism was associated with global cognitive performance in
cognitively stable individuals over 80 years.3!

The strongest positive contributions to CR were observed in the fusiform
gyri and surrounding temporal to inferior occipital regions. With respect to the
fusiform gyrus, there has been both evidence for negative as well as positive con-
tributions to CR. 2! Further, some frontal regions have been proposed to play a
role in cognitive reserve. For instance, Franzmeier et al.” discovered that global
connectivity of the left frontal cortex attenuated the relationship of precuneus
FDG-PET hypometabolism on lower memory performance in amyloid-positive
individuals with MCI. The left frontal cortex also showed positive contributions
to CR in our study. Likewise, left prefrontal cortex connectivity both within
and outside the frontoparietal network has been found to correlate with fluid
intelligence as a proxy of CRS.

The expression of this CR activity pattern in an individual, as represented
by the task-derived CR score, further fulfills the latest research criteria on CR.
First, the CR score moderates the effect of pathological load on cognitive perfor-
mance. Hence, individuals with lower cognitive reserve scores show a stronger
nonlinear decline in their cognitive abilities with increasing pathological bur-
den compared to individuals with higher levels of cognitive reserve. The CR
score retains its disease-moderating characteristic in the context of multiple dif-
ferent cognitive scores like an independent composite memory measure as well
as a very broad measure of cognitive abilities spanning learning and memory,
language, visuospatial abilities, executive function and working memory. This
reveals a certain robustness of the moderating effect of the CR score and sup-
ports its validity. Importantly, the CR score influenced the change of cognitive
trajectories over longitudinal follow-ups, stressing its significance not only for
present cognitive abilities, but also for their development over time. Further-
more, the CR score was related to education, even though the correlation was
found to be rather low to moderate. On the one hand, this could mean that
our CR score might capture cognitive reserve incompletely due to the appar-
ent task-dependency. On the other hand, the correlation should not be close
to 1 either, since education itself is only a proxy of CR. Thus, education and
CR as identified via functional neuroimaging approaches do share parts of their
variance, but are also partially independent.

Taken together, the moderating effect of the obtained CR score and its
relation to another sociobehavioral CR proxy suggest it as a valid, even though
incomplete representation of overall cognitive reserve. It also provides evidence
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that the underlying network indeed contributes to CR, at least in context of the
incidental encoding task at hand.

This study has a number of shortcomings. The approach was enabled by di-
mensionality reduction of ATN via the t-SNE method, which provided us with
a useful tool for quantifying pathological load. Yet, the PL score is a purely
cross-sectional construct that is agnostic for the order of events along the disease
progression towards Alzheimer’s disease and it may be an oversimplification to
represent the ATN system of AD biomarkers by a single variable. Likewise,
while hippocampal atrophy is a key feature of AD, it is on oversimplification to
represent neurodegeneration solely by hippocampal measures. Strong associa-
tions with the three biomarkers (see supplementary) as well as with cognitive
performance nevertheless suggest the PL score as a meaningful index of overall
disease severity (rather than disease progression) for the purpose of this study.
Despite its limitations, t-SNE or other non-linear dimensionality reduction tools
like multidimensional scaling or Laplacian Eigenmaps among many others (see
e.g. Van Der Maaten et al.??) might be useful in many other studies investigat-
ing multidimensional disease-related phenomena. Furthermore, our multivariate
regression approach relied on a reduction of fMRI data complexity via PCA. As
a consequence the moderation analysis might represent an incomplete charac-
terization of CR in the context of successful memory encoding. Moreover, one
might consider learning the moderating function of brain activity f(A) and its
interactions with pathology (see methods Eq. 1) more directly using neuronal
nets and other data-driven approaches? . Additionally, CR is treated as a static
measure in this study, contrasting with CR’s conceptualization as a dynamic en-
tity, susceptible to variation over time3334. However, our approach theoretically
allows to represent CR in a dynamic manner by incorporating longitudinal fMRI
data. Last, we remark the dependency of the CR-related activity pattern on the
task and contrast at hand. We recognize the efforts of task-invariant approaches
to identify an underlying pattern of CR that is task-independent and note that
the presented multivariate model could be extended to accommodate multi-task
data as well. Nonetheless, apart from task-specific components the presented
CR activity pattern most likely also contains task-invariant components, e.g.
the DMN and ACC. Furthermore, since our contrast probes memory, which is
the earliest and most strongly affected faculty in AD, our specific CR-related
activity pattern is also of great significance.

In summary, using a multivariate approach to modeling CR we have identi-
fied a memory encoding-based activity pattern of cognitive reserve in the context
of successful memory encoding according to the latest research definitions. We
provide further support for the strong evidence for the hypothesis of a generic
role of the DMN and ACC in cognitive reserve. Additionally, we identified re-
gions less commonly associated with cognitive reserve like the fusiform gyrus
and some frontal regions. Overall, our findings suggest an enhanced mainte-
nance of core cognitive circuits as the primary mechanism of cognitive reserve.
Consequently, interventional efforts should be focused on maintaining the func-
tionality of core cognitive circuitry over the compensatory enhancement of other
brain regions with the aim to ameliorate future cognitive decline. Ultimately,
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more longitudinal studies are necessary to assess the degree of dynamics of CR
over time and its ability to modulate trajectories of cognitive decline. Further-
more, CR patterns have only been assessed on the group-level, assuming CR
works similarly across all individuals. Upcoming approaches should account for
individual differences in functional (re)organisation, considering individual-level
expressions of cognitive reserve.
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4 Methods

4.1 Sample

The sample is part of the DZNE-Longitudinal Cognitive Impairment and De-
mentia Study (DELCODE) study, a multicentric observational study of the
German Center for Neurodegenerative Diseases (DZNE). It focuses on the char-
acterization of subjective cognitive decline (SCD) in patients recruited from
memory clinics, but additionally enrolled individuals with amnestic MCI, mild
AD dementia patients, AD patient first-degree relatives (ADR), and cognitively
normal (CN) control subjects. Participants were scheduled for annual follow-
up appointments over five years. More detailed information about the study
has been provided previously.?> Our analyses were based solely on the baseline
measures of the participants, with the exception of annually acquired cognitive
data, which was used to assess cognitive trajectories and how they might be
modified depending on an individual’s cognitive reserve. The whole baseline
sample comprised 1079 participants, of which 558 participants had undergone
an MRI session including the fMRI task. 442 participants had cerebrospinal
fluid (CSF) data available and could thus be used for creating the PL score.
The final fMRI sample used in the subsequent CR analysis consisted of 490
participants after quality control and outlier exclusion, of which 232 had CSF
measures and thus a PL score. Of the 490 participants, 152 were CN, 202 had
SCD, 64 MCI and 21 had a clinical diagnosis of AD dementia. The sample also
contained 51 first-degree relatives of AD patients.

CN was defined as having memory test performances within 1.5 SD of the
age-, sex-, and education-adjusted normal performance on all subtests of the
CERAD (Consortium to Establish a Registry of AD test battery). ADR had to
achieve unimpaired cognitive performance according to the same criteria. SCD
was defined as the presence of subjective cognitive decline as expressed to the
physician of the memory center and normal cognitive performance as assessed
with the CERAD.35 Participants were classified as MCI when displaying an
age-, sex-, and education-adjusted performance below —1.5 SD on the delayed
recall trial of the CERAD word-list episodic memory tests. MCI patients were
non-demented and had no impairment in daily functioning. Finally, only par-
ticipants with a clinical diagnosis of mild AD dementia3” obtaining > 18 points
on the Mini Mental State Examination (MMSE) were included in DELCODE.
All participants were 60 years or older, fluent speakers of German and had a rel-
ative who completed informant questionnaires. Exclusion criteria are described
in Jessen et al.3®.

The study protocol was approved by Institutional Review Boards of all par-
ticipating study centers of the DZNE.35 The process was led and coordinated
by the ethical committee of the medical faculty of the University of Bonn (trial
registration number 117/13). All participants provided written informed con-
sent.
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4.2 Cognitive tests

An extensive list of all neuropsychological tests administered in DELCODE is
provided elsewhere.3® In our analysis we use composite scores from those tests,
namely the Preclinical Alzheimer’s Cognitive Composite 5 (PACC5)38 a neu-
ropsychological composite measure designed to index cognitive changes in the
early phase of AD, and a latent memory factor derived from a confirmatory
factor analysis (details in Wolfsgruber et al.3?). The factor analysis yielded five
factors for different cognitive domains: learning and memory, language, visu-
ospatial abilities, executive function and working memory. These were further
combined to a domain-general global cognitive factor in the form of their mean
value. Prior to calculation of the PACCS5 scores, the five subitems (see Papp
et al.3® for a specification of the subtests) were z-transformed using the mean
and standard deviation of the cognitively unimpaired sample consisting of CN,
ADR and SCD participants. Nine of the fMRI-participants lacked PACC5 test
scores. One of them also had missing factor scores. In terms of the PACC5H
score, for most of the subjects data from multiple time points was available (68,
125, 72, 107, 96, 17 participants with 1, 2, 3, 4, 5, 6 time points, respectively)
which was used to model the cognitive trajectories longitudinally.

4.3 CSF measures

Procedures of CSF acquisition, processing, and analysis in the DELCODE
cohort have previously been described.3® Here, we focused on APus.4o and
phospho-taul81 (p-tau) as CSF measures of amyloid # and tau pathology. Of
note, these were used as continuous measures.

4.4 MRI acquisition

MRI data was acquired with Siemens scanners (3 TIM Trio systems, 4 Verio
systems, one Skyra and one Prisma system) at 10 different scanning sites. The
current analysis was performed using T1-weighted (3D GRAPPA PAT 2, 1mm?
isotropic, 256x256 px, 192 slices, sagittal, ca. 5min, TR 2500ms, TE 4.33ms,
TI 1100ms, FA 7°), T2-weighted (optimized for medial temporal lobe volume-
try, 0.5x0.5x1.5 mm?>, 384x384 px, 64 slices, orthogonal to the hippocampal
long axis, ca. 12min, TR 3500ms, TE 353ms) images and a task fMRI proto-
col (2D EPI, GRAPPA PAT 2, 3.5mm? isotropic, 64x64px, 47 slices, oblique
axial/AC-PC aligned, ca. 9 min, TR 2580ms, TE 30ms, FA 80°, 206 volumes).
For more details see previous publications.3?4%, For task fMRI, all sites used
the same 3000 MR-compatible LCD screen (Medres Optostim) matched for
distance, luminance, color and contrast constant across sites, and the same re-
sponse buttons (CurrentDesign). All participants underwent vision correction
with MR~compatible goggles (MediGlasses, Cambridge Research Systems) ac-
cording to the same standard operating procedures. SOPs, quality assurance
and assessment were provided and supervised by the DZNE imaging network.
Subjects performed a modified version of an incidental visual encoding task
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using pictures of indoor and outdoor scenes. 4?41 After familiarization with two
“Master” scenes (one indoor, one outdoor) outside of the scanner, participants
were presented with 44 repetitions of the Master scenes (22/22) and 88 novel
scenes (half outdoor, half indoor) in the MRI scanner using the software Presen-
tation (Neurobehavioral Systems Inc.). Participants were instructed to classify
each scene as either indoor or outdoor by pressing a button. Each scene presen-
tation lasted 2500ms, with an optimized inter-trial jitter for statistical efficiency.
After a retention delay of 60min, memory was tested outside of the scanner with
a b-point recognition-confidence rating for the 88 former novel scenes and 44 new
distractor scenes, to assess successful incidental memory encoding. A response
of 1 referred to “I am sure I have not seen this picture before”, a 5 meant “I
have definitely seen this picture before” and 3 referred to “I don’t know”.

4.5 Image processing

FreeSurfer 6.0 (http://surfer.nmr.mgh.harvard.edu/) was used to obtain
measures for hippocampal volumes by combining T1- and T2-weighted images
using a multispectral analysis algorithm2. Total intracranial volumes (TIV)
were obtained using the CAT12 toolbox (version 12.6)*3 in SPM12 r7771 (Well-
come Center for Human Neuroimaging, University College London, UK).

fMRI data preprocessing and analysis were performed using SPM12 and
MatlabR2016b/MatlabR2018a. The image preprocessing followed standard pro-
cedures: (1) Slice time correction; (2) realignment and unwarping using voxel-
displacement maps derived from the fieldmaps; (3) segmentation into grey mat-
ter, white matter and CSF; (4) coregistration of functional images to the struc-
tural; (5) normalization of the functional images to a population standard space
via geodesic shooting nonlinear image registration; (6) normalization to MNI
space via an affine transformation; (7) spatial smoothing of the functional im-
ages with a 6mm isotropic Gaussian kernel.

In this study, we focused on reserve patterns based on the so called subse-
quent memory effect, also referred to as successful (memory) encoding , which
considers the BOLD-activation during encoding of a stimulus as a function of its
subsequent remembering. Following recent methodological research, we decided
to model the subsequent memory effect parametrically (see Soch et al.?%) as
opposed to categorically. Higher 8 values of the subsequent memory contrast
images indicate a stronger modulation of the local voxel-based BOLD signal
according to the form of the parametric modulator (here arcsine; see below),
i.e. alarger difference in BOLD during encoding of later remembered compared
to neutral (“unsure”) or later forgotten stimuli.

In the first-level general linear model (GLM), all novel scenes were col-
lected into a single onset regressor and a parametric modulator with an arcsine-
transformation was applied resulting in the subsequent memory regressor:
arcsine(£53) - 2 for a given confidence rating . A previous study has revealed
evidence that this parametric modulator, which puts higher weights on definitely
forgotten (1) or remembered (5) items in comparison to probably forgotten (2)
or remembered (4) items, is the best choice for a theoretically derived parametric
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modulator in the same task-design.2? The first-level GLM further included the
onsets of the Master scenes and covariates including the six motion regressors
from the realignment and a CSF-based nuisance regressor. Including nuisance
regressors from regions with noise/artifact signal has been shown to increase the
sensitivity of BOLD-fMRI studies. 4 In order to obtain a time series for the CSF
nuisance regressor, the first eigenvariate of the BOLD time-series was extracted
from an anatomical CSF mask. The CSF mask was obtained by thresholding
the MNI shoot template of CSF tissue probabilities with a conservative value
of 0.9 and eroding it once.

Additional smoothing with a 6mm Gaussian kernel was applied to the sub-
sequent memory contrast images to improve the signal to noise ratio in the
heterogeneous large clinical sample. In view of the multivariate setting of our
analysis and the required dimensionality reduction of the (high-dimensional)
memory contrast images, an inclusion of potential noise components seemed
particularly problematic. Hence, we focus on regions with significant subse-
quent memory contrast activation and deactivation (ppw g < 0.05; illustrated
in Fig. 2A; 13695 voxels) and therefore excluded regions that might reflect
more substantial noise. The obtained “task-active mask” was used to restrict
all subsequent fMRI-based reserve analyses.

To enhance the signal-to-noise ratio, we opted for stringent outlier exclu-
sion criteria, predicated on behavioral and task-related fMRI metrics. Indi-
viduals were excluded if either of the following was true: (1) Errors in the
indoor/outdoor judgement > 8. (2) Absolute response bias > 1.5 in their confi-
dence rating. (3) Framewise displacement (FD) was above 0.5mm in a single EPT
or above 0.2mm in more than 2% of the EPIs. (4) An individual had extreme
outliers in the S values of more than 10% of the voxels of their (GM-masked)
regressor image. 68 individuals were excluded based on these criteria, leaving
an fMRI sample with 490 individuals. More comprehensive details regarding
this selection process can be found in the supplementary methods.

4.6 One-dimensional pathological load score

We base our multivariate reserve model of CR on a dimensional approach to
individual pathological load. More specifically, we here extend the ATN classi-
fication system®® to continuous measures by focusing on joint variation across
A, T and N simultaneously. This enables a simplified biological assessment of
the individual pathological state, which is likely to be on the continuum from
healthy to AD and also avoids difficult a-priori choices for cut-offs. The uti-
lized ATN measures were the following: CSF Af42.40 ratio (A), CSF p-tau (T)
and hippocampal volumes (N). The latter were represented by the sum of their
bilateral volumes, divided by the subject’s TIV.

All three variables were normalized with their respective means and stan-
dard deviations to ensure similar scaling. Due to potential nonlinearity of the
disease progression trajectory along the AD continuum in 3D ATN space, a non-
linear dimensionality reduction method called t-distributed stochastic neighbor
embedding (t-SNE)“® was employed in order to reduce the dimension to one,
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yielding a single PL score per subject (for more details see supplementary). For
this purpose, the scikit-learn library 0.23.2 in Python 3.7 was utilized. The
resulting PL score ranged from 0 (minimal AD pathology) to 1 (maximal AD
pathology in the sample).

4.7 Multivariate reserve model of brain activity patterns

According to the recent consensus definition, a network that underlies CR should
moderate the effect of brain pathologies on cognitive performance®. The exami-
nation of this moderation effect represents the essence of our multivariate model
of CR. More specifically we further study CR in the context of fMRI activity
patterns during memory encoding as represented by first level GLM contrast im-
ages, one per subject, quantifying their encoding success (for details see section
4.5).

First, if one assumes (scalar) brain activity in a region is given by A and
pathological load by PL, then a trivial (linear) moderation model that enables
testing a CR effect of activity on cognitive outcomes y could be described as

y=by+b-A+ f(A)- PL+e¢ (1)

with intercept by, main effect of activity b; and some function f(A4). For CR
to improve performance there might be (1) a (linear) additive effect of activity
(e.g. by > 0 for activations) and/or (2) a (per se non-linear/multiplicative) mod-
eration effect where pathology affects cognition in terms of the slope of PL being
a function of activity (f(A) # const). In principle, it would follow that regional
brain activity could (by means of intervention or individual predispositions) be
optimized with respect to showing improved performance and/or minimize the
detrimental effect of pathology. We are aware that most biological processes are
more complex, but for reasons of simplicity we here further focus on the case
where the above slope is a simple linear function of activity i.e. f(A) = ba+b3-A
with main effect of pathology bs and interaction/moderation effect bs. Please
note that in what follows PL is just used as a quadratic term, as it has been
identified as a better predictor of PACCH compared to a linear term (see section
2.2).

Second, it would be feasable to implement this approach in a mass-univariate
(voxel-based) manner that enables testing whether a region (in isolation) con-
tributes to CR in above described ways (1) and/or (2). However, since the
subsequent memory contrast activity is representing spatially correlated pat-
terns in many brain areas reflecting distributed information processing we opt
for a multivariate approach (also avoiding multiple testing and increasing sensi-
tivity). We therefore further assume the above activity A that might contribute
to CR (via f(A)) to be reflected by patterns of voxelwise subsequent mem-
ory contrast images (in task-active areas), i.e. b3 - A = > w;B; with linear
(group-level) weights w; describing a voxel’s potential contribution to CR and
its contrast value ;. Please note that we assumed free weight parameters to
be positive or negative enabling potentially enhanced and reduced activations
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serving reserve processes. This approach generalizes above ideas of univariate
CR as well as brain-based multivariate cognition-prediction models by asking if
there is any activity pattern (which a subject could more or less express) that
facilitates CR by means of a moderation of pathology effects.

Third, due to the large number of parameters (w;) we implement the multi-
variate reserve model by means of representing the subsequent memory contrast
images by projections on P-order principal components basis functions (images)
obtained from PCA. This resembles an application of principle components re-
gression with principal components being used for quantification of patterns
of (1) main effects as well as (2) the moderation effect representing CR in a
narrower sense. The finally applied multivariate reserve model is a prediction
model of cognitive performance including main effects of activity patterns and
their interactions with pathology:

P P
y=bo+ Y bip-PCp+(ba+ Y bsp PCp)-PL*+c-COV+e (2)

p=1 p=1

with PACCS5 cognitive performance scores y, individual pathological load score
PL, component scores PC,, for corresponding (PCA) eigenimages p and COV
representing the covariates age at baseline, sex, TIV and a binary dummy vari-
able indicating MRI acquisition at a specific site. Since PL scores were de-
pendent on the availability of CSF measures, the model was restricted to a
subsample of 232 participants (see Fig. S2). Age and TIV were mean-centered.
Education was deliberately not chosen as a covariate in this context due to
its role as a CR proxy. PACC5 scores had been transformed with a Box-Cox
transformation (lambda = 2.8) in order to achieve a closer approximation of the
model’s residuals to the normal distribution. The coefficients b3 ,, represent the
moderation effect indicative of CR according to the consensus framework?®. The
optimal number of principal components P required to characterize reserve pat-
terns based on subsequent memory contrast images is a free hyperparameter in
the multivariate reserve model. It was optimized using a 10-fold cross-validation
approach described in the supplementary. In the next step, PCA was performed
on the complete (mean-centered) functional data using the optimized value of P.
The multivariate reserve model (Eq. 2) with the previously identified optimal
number of principal components was estimated on the whole data set, obtaining
coefficients for each principal component.

Then, the approach enables us to project the obtained moderation coeffi-
cients b3, for the PCs back into the image space for the purpose of illustration
and to determine the net moderation effect w; = 25:1 bs pVp,i of all voxels ¢
with eigen-images V,, obtained from PCA. Therefore, w; represents how (strong)
the local subsequent memory contrast in voxel ¢ (i.e. the activity associated
with successful memory encoding) contributes to moderation of the effect that
pathology has on cognitive performance differences and thus its potential role
for cognitive reserve. Finally, we introduce a useful reserve score (denoted as
CRscore) as the amount of how an individual’s successful encoding activity aligns
with the reserve pattern we identified on the group level by aggregating indi-
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vidual contrast images using the reserve weights over all voxels in the mask:
CRscore = Z wzﬂz

4.8 Statistical Analyses
4.8.1 PL score

For validation purposes, the association between the retrieved PL scores and
PACCS5 cognitive test scores was examined, including education and the covari-
ates age at baseline, sex and site of data acquisition. Both models with PL as
a linear and a higher-order quadratic predictor of PACC5 were tested and their
performance was compared in terms of their explained variance (R? value). The
quadratic predictor was tested due to visual indications for a quadratic relation-
ship between PL and PACC5. Furthermore, such quadratic relationships have
been observed in similar contexts, for example between age and brain structure
(see e.g. Ziegler et al.*7). Instead of testing a full quadratic model including
a linear term, we restricted ourselves to finding a single predictor of disease
severity in order to avoid a further increase in the complexity of the subse-
quent multivariate reserve model and thus aid its interpretability. Furthermore,
inclusion of an additional linear term did not provide substantial increases in
explained variance (AR? = 0.014; in comparison: AR? = 0.040 between the
quadratic-only and linear-only model). An additional model assessed an inter-
action of the PL score with education as a CR proxy according to the assumption
that cognitive reserve moderates the effect that brain pathology (PL) has on
cognitive outcomes (PACCS).

4.8.2 Multivariate reserve model - voxel-wise inference

Inference on the voxel-level in the context of the multivariate moderation analy-
sis was performed using a bootstrapping procedure similar to the one previously
presented in the context of multivariate mediation analysis of Chen et al.*®. The
following steps were done in 5000 iterations of bootstrapping:

1. Create a bootstrap sample of equal size as the original sample used in
the multivariate moderation model by randomly resampling subjects with
replacement from it.

2. Estimate bootstrap coefficients 133717 from Eq. 2 for the bootstrap sample.
3. Obtain individual voxel bootstrap moderation coefficients w;.

The coefficients w; were then stacked into a 5000%13695 matrix. Subsequently,
the bootstrap distribution of all voxels was sorted by their median values and
voxels whose median lies within the second or third quartile were selected. 10 %
of all coefficients w; from the selected voxels were randomly sampled and com-
bined to form a pseudo-null distribution. Finally, the pseudo-null distribution
was utilized to fit a normal distribution, which can be used to obtain a p value
for every voxel based on its coefficient w;. Voxels with p values below 0.05 were
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regarded as significant. Please note that non-identifiability of the sign of the
coefficients is, unlike in the multivariate mediation approach, not a problem in
the multivariate moderation approach and thus the inference step here deviates
slightly from the one in Chen et al.*®.

4.8.3 Validation of the CR score

In order to ensure the validity of the CR score (section 4.7), its moderating
effect between the PL score and cognitive performance was tested in a separate
moderation model using different cognitive scores on top of PACC5.

Per formance = by + by - BAE + by - PL? + b3 - CRyeore - PL? 4 ¢-COV +¢€ (3)

where CRgcore represents the subject level weighted sum of moderation coeffi-
cients (bs ). Moreover, BAE reflects the simpler additive effect of brain activity
on performance, i.e. a score calculated analogously to the CR score but aggre-
gating the additive components b, , from Eq. 2 instead. In addition to PACC5
we here used a memory factor and a global cognitive factor score as dependent
variables to demonstrate that the main result obtained from learning reserve
patterns based on PACC5 generalizes to other cognitive scores. This valida-
tion analysis was not possible in the subset of participants without a PL score
(due to biomarker unavailablility). We instead performed a similar analysis for
these participants in which the PL score (in Eq. 3) was replaced solely by neu-
rodegeneration, represented by TIV-corrected bilateral hippocampal volumes
(squared). Additionally, the correlation between the CR score and education as
a typical CR proxy was assessed across the whole sample. Since above model
training and analyses were cross-sectional, as a final validation step, we uti-
lized linear mixed-effects modelling (package Ime4 in R) to test longitudinally if
the CR score would also predict individual differences of cognitive trajectories in
PACCS5 (i.e. not explicitly accounting for individual AD pathology). The model
included a subject-specific intercept and slope, as a model comparison had sug-
gested a model with both random intercept and slope as superior compared to
one with a random intercept alone. The model examined the interaction effect
between the CR score and time between measurements (continuous variable).
Age at baseline, sex, site of data acquisition and diagnostic group were included
as covariates.
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