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This work aimed to investigate potential pathways linking age and imaging measures to early age- and pathology-related changes
in cognition. We used [18F]-Flutemetamol (amyloid) and [18F]-Flortaucipir (tau) positron emission tomography (PET), structural MRI,
and neuropsychological assessment from 232 elderly individuals aged 50-89 years (46.1% women, 23% APOE-€4 carrier, 23.3%
MCI). Tau-PET was available for a subsample of 93 individuals. Structural equation models were used to evaluate cross-sectional
pathways between age, amyloid and tau burden, grey matter thickness and volumes, white matter hyperintensity volume, lateral
ventricle volume, and cognition. Our results show that age is associated with worse outcomes in most of the measures examined
and had similar negative effects on episodic memory and executive functions. While increased lateral ventricle volume was
consistently associated with executive function dysfunction, participants with mild cognitive impairment drove associations
between structural measures and episodic memory. Both age and amyloid-PET could be associated with medial temporal lobe tau,
depending on whether we used a continuous or a dichotomous amyloid variable. Tau burden in entorhinal cortex was related to
worse episodic memory in individuals with increased amyloid burden (Centiloid >12) independently of medial temporal lobe
atrophy. Testing models for sex differences revealed that amyloid burden was more strongly associated with regional atrophy in
women compared with men. These associations were likely mediated by higher tau burden in women. These results indicate that

influences of pathological pathways on cognition and sex-specific vulnerabilities are dissociable already in early stages of

neuropathology and cognitive impairment.
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INTRODUCTION
Brain pathologies and changes in brain structure are commonly
seen in aging [1]. The two main age-related pathological changes
are related to cerebrovascular disease and Alzheimer’s disease (AD)
[2]. These pathologies often develop simultaneously [3, 4] and
explain a substantial proportion of cognitive impairment in older
age [2, 5]. Importantly, both neuropathological changes can be
identified decades before clinical symptoms occur [6, 7] and
emerging evidence suggests that AD- and vascular-related
pathologies can have detrimental effects on brain structure and
cognition already at low pathology burden [8-11]. Thus, studying
healthy individuals to identify and distinguish age- and pathology-
related changes in cognition in the earliest stages will pave the way
to earlier detection, treatment, and preventive strategies [12, 13].
AD and cerebrovascular pathologies have differential impact on
brain health early in the disease process. In AD, amyloid (AB)
pathology has been shown to trigger tau-mediated neuronal
death, thereby altering grey matter structure [14]. The deposition
of tau in the medial temporal lobe (MTL), specifically in the
entorhinal cortex, is consistently found in cognitively healthy older
individuals, including those without concurrent AB pathology

[15-17]. Tau pathology is closely related to local cortical atrophy
[18, 19] and the pattern of tau accumulation and neurodegenera-
tion mirror cognitive domain-specific dementia symptoms in later
disease stages [20]. Cerebrovascular pathologies are commonly
observed as white matter hyperintensities (WMHs) on MRI scans.
The underlying pathology of WMHs mostly reflects demyelination
and axonal loss as a consequence of chronic ischaemia [21]. WMHs
may be clinically silent in many individuals but increasing WMH
volume is associated with cognitive impairment and AD [22].
Although there are exceptions [23], it is commonly observed that
AD-related and cerebrovascular-related pathological processes
target distinct cognitive domains. Episodic memory (MEM) relies
on MTL structures that are preferentially affected in early stages of
AD [5, 24]. In turn, decline in executive function (EXE) are often
observed together with cerebrovascular pathologies and are
associated with frontal-striatal atrophy [5, 24]. Because cognitive
decline in different domains generally occurs together as
individuals age [25], it is important to examine age- and
disease-related brain changes and cognitive decline in the same
context to assess the extent to which they are independent of
each other [3, 25].
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We used multimodal imaging and statistical frameworks for
modeling complex relationships among multiple variables [26] to
simultaneously quantify early age- and pathology-related changes
in cognition. We hypothesized that already low amounts of brain
pathologies in individuals who may be considered “normal aging”
carry meaningful information when domain- and sex-specific
vulnerabilities are considered. Specifically, we demonstrate how
AB, tau, WMH volume, lateral ventricle volume, and volume/
thickness of five a priori-defined brain regions associate with MEM
and EXE through multiple pathways and how age acts as a
common factor influencing all investigated variables.

METHODS

Study participants

Study participants are part of the ID-cog cohort, an ongoing prospective
cohort study at the University of Zurich, Switzerland that started in 2016.
The participants are volunteers recruited through newspaper advertise-
ments. To be enrolled in the study, participants had to be at least 50 years
of age and German-speaking. Exclusion criteria included inadequate visual
and auditory capacities for neuropsychological assessment, presence of
clinically significant depression, presence of a medical condition that is
seen as the predominant cause of cognitive impairment (e.g., history of
stroke), and presence of diseases that would interfere with study
procedures in subsequent years. The study was approved by the ethics
committee of the Canton Zurich. All participants gave written informed
consent prior to the first study procedure.

We recruited 179 cognitively unimpaired (CU) participants and 54
participants with mild cognitive impairment (MCl). The diagnosis of CU or
MCI was made following published diagnostic guidelines [27]. In the
present study, we included all participants who had both AB-PET imaging,
MRI, and APOE genotype assessment, leading to the exclusion of one
participant due to missing APOE genotype information. Starting in 2017, a
subsample of 93 participants of this cohort obtained tau-PET imaging in
addition to AB-PET. The median time difference between AB-PET and tau-
PET imaging was 12 months (range: 0-38 months). For analyses involving
both AB and tau-PET, we used the T1 image closest to the tau-PET scan
(maximum 6 months prior to tau-PET). Baseline neuropsychological data
obtained during the AB-PET acquisition visit were used in all analyses
because an additional neuropsychological examination during the tau-PET
acquisition visit was not performed in all participants.

Demographic and clinical data

Data on age and sex (self-reported as women or men) were ascertained at
the clinical visit. APOE genotyping was performed by commercially
available Sanger Sequencing (Microsynth AG). Participants were dichot-
omized into individuals carrying at least one copy of the &4 allele and
APOE4 non-carriers.

PET/MRI acquisition

We acquired MR and PET images on a 3T Signa PET/MR GE Healthcare
scanner. AB-PET images were acquired from 90 to 110 min post-injection
using approximately 140MBq [18F]-flutemetamol with 4 frames of 5 min
each. Tau-PET images were acquired from 80 to 100 min post-injection
with 10mCi of [18F]-flortaucipir. A BRAVO 3D T1 MRI sequence (8-channel
coil) with voxel size Tmm in sagittal slice orientation, repetition time
(TR) = 8.4 ms, echo time (TE) = 3.2 ms, inversion time (Tl) = 450 ms, and flip
angle = 12° was acquired in parallel to PET acquisition together with the
3D T2 weighted FLAIR image. A standard 3D CUBE FLAIR sequence with
voxel size of 0.48x0.48x0.6mm was acquired sagittal with TR/TE/
TI=6502/130.7/1962 ms and flip angle = 90°.

A standard high-resolution T1-weighted fast spoiled gradient recalled
acquisition (FSPGR) with inversion recovery scanned on a 750W 3T (32-
channel coil) or Premier 3T (48-channel coil) scanner was used for brain
parcellation (0.5 mm isotropic voxel size, axial slice orientation, TR/TE/
TI=11/5.2/600 ms, flip angle = 8°).

T1 and FLAIR MRI processing

Cortical thickness measurements were obtained by processing FSPGR 3D
T1-weighed images with FreeSurfer image analysis pipelines (version 7.1.1
for CentOS8 (Linux), surfer.nmr.mgh.harvard.edu). FreeSurfer parcellation
of each participant was visually inspected for accuracy, and segmentation
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errors were manually corrected. Cortical thickness regions of interest (ROIs)
included entorhinal cortex, parahippocampal cortex, and mean cortical
thickness of a large neocortical composite ROI [28], hereafter referred to as
NEOcomp. Additional ROIs were volumes of the hippocampus and striatum
(average of putamen and nucleus caudatus). These ROIs were selected
because they are likely mediators of age-related variation in cognition and
were previously used in a study with a similar research question than the
current study [3]. Lateral ventricle volume was included as an additional
potential predictor of cognitive performance in the elderly [29, 30].
Thickness and volume measures were averaged across left and right
hemisphere estimates. Detailed composition of each ROl by FreeSurfer
label is shown in SFig. 1.

White matter lesion volume was estimated from T2-weighted FLAIR
images. WMH were segmented on FLAIR images using the lesion
prediction algorithm as implemented in the LST toolbox version 3.0.0
(www.statistical-modelling.de/Ist.html) for SPM. Lesion masks were created
by binarizing lesion probability maps at a threshold of 0.65. An optimal
threshold was selected after applying four predefined thresholds (0.3; 0.5;
0.65; 0.75) to 20 randomly selected subjects and visually expecting the
generated binarized lesion masks for accuracy. WMH clusters smaller than
2.5mm?> were removed. The minimum cluster is defined as 80% of the
smallest lesion size that was consistently detected by three manual raters
in a study comparing manual and automated lesion segmentation [31].
Finally, lesion masks were visually inspected and corrected if necessary. In
eight participants, WMH volume estimation was not possible due to
artifacts on the FLAIR image.

PET processing

We used PMOD NeuroTool (Version 3.9 and 4.1, PMOD Technologies LLC)
for processing and analyzing AB-PET and tau-PET images together with the
corresponding anatomy from the BRAVO sequence. For AB-PET, a global
neocortical standardized uptake value ratio (SUVR) was estimated from
[18F]-flutemetamol uptake in a large cortical composite ROI, which
includes frontal, temporal, and parietal cortices and precuneus. The
cerebellar grey matter was used as reference region. For descriptive
purposes and certain analyses, we used two previously established
Centiloid [32] (CL) cut-off values that mark two relevant inflection points
denoting different stages of AB pathology [33]: a CL of 12 that marks the
transition from the absence of pathology to subtle pathology; and a CL of
30 that marks the presence of established pathology.

The tau-PET scan was coregistered to the participant’s T1-weighted MRI
scan using rigid body registration. FreeSurfer parcellation of the T1-
weighted MRI scan was then applied to the PET data to extract mean
regional [18F]-flortaucipir retention. Average uptake was calculated for a
MTL ROI that covered bilateral entorhinal cortex and amygdala and for a
neocortical (NEO) ROI that covered bilateral inferior temporal and middle
temporal gyri [34]. These regions were selected because most normal
elderly adults demonstrate elevated binding confined to the MTL, whereas
neocortical binding, particularly in the inferior temporal lobe, is often
associated with clinical impairment and the presence of Af [34]. An eroded
inferior cerebellar grey matter mask was used as the reference region [35].
We report results of analyses using non-partial volume-corrected tau PET
measurements but note that the results are virtually identical for partial
volume-corrected data (geometric transfer matrix method). Off-target
binding was addressed in a sensitivity analysis. For this purpose, we
created a skull/meninges mask surrounding the brain (SFig. 6) as
previously described [36] to control for a potential effect of off-target
binding in the skull/meninges.

Neuropsychological examination

Participants completed a battery of neuropsychological tasks. We assessed
performance in EXE, MEM, visual construction, and working memory using
16 cognitive tasks as previously described [37]. We converted each
individual test score to z-scores using the mean and standard deviation of
the cohort. Composite scores for each domain were obtained by averaging
the corresponding test z-scores.

Statistical analysis

We specified a series of models that describe pathways to cognitive
function with increasing specificity. Structural equation modeling was used
to test the validity of the hypothesized age- and pathology-related
pathways on cognitive performance. The following paths were included in
models including AP but not tau-PET: age was specified as a predictor of
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Cognitive domain structural equation model demonstrating a near-universal effect of age on all variables in the model and the

mediating roles of pathological and structural measures on cognitive performance in episodic memory and executive function. A shows
significant and non-significant associations in the specified model. Solid lines represent significant paths at P < 0.05, "P < 0.01, and ~P < 0.001. A
continuous amyloid burden variable was included in the presented model. The left-right-headed arrow indicates the residual covariance between
episodic memory and executive function performance or correlated residuals of indicators. Indicators were allowed to correlate as the same words
were used in these tasks. Residual correlations among indicator variables were highly significant (all P’s<0001) In B, significant residual
covariances among mediating variables are shown. All model parameter estimates are standardized. The R? values denote the variance of the
corresponding variables that the model was able to explain. n.s. non-significant, EC entorhinal cortex, PhC parahippocampal cortex. N = 232.

global AB burden, entorhinal cortex thickness, parahippocampal cortex
thickness, NEOcomp thickness, hippocampal volume, striatal volume,
lateral ventricle volume, WMH volume, and cognitive performance. AR
burden was specified as predictor of entorhinal cortex thickness,
parahippocampal cortex thickness, NEOcomp thickness, hippocampal
volume, and striatal volume. As there is evidence that AP pathology may
contribute to WMH volume [21], AB burden was also specified as a
predictor of WMH volume. All structural and pathological measures were
specified as predictors of cognitive performance. Cognitive performance
was measured using latent variables, similar to our previous work [37].
Here, a latent variable represents the commonality of all neuropsycholo-
gical tests assigned to it and thus reduces the influence of measurement
errors inherent in each individual test [26]. Neuropsychological tests and
composite scores assigned to each construct are indicated in Fig. 1A and
STable 3.

In a first model, global cognition was set as outcome variable (named
global cognition model). Then, the global cognition variable was replaced
with MEM and EXE latent variables (cognitive domain model). We focused
on MEM and EXE cognitive domains because we suspected distinguishable
pathways towards impairment in the two domains [5, 24]: AD-related
pathways towards memory impairment and vascular-related pathways
toward executive function impairment. Based on the result of this model,
but also considering previous literature [24], we subsequently split the
model into an MEM and EXE sub-model to investigate sex differences. Sex
differences were examined in these sub-models after establishing
measurement invariance of the MEM and EXE constructs (details in
Supplementary Materials). Finally, MTL and NEO tau were added to the
MEM sub-model (tau sub-model). Given that AB-PET signal is no longer
associated with atrophy measures after accounting for tau-PET signal [19],
AB burden was specified as a predictor of MTL and NEO tau, but no longer
as a predictor of structural measures. MTL tau was specified as predictor of
entorhinal and parahippocampal thickness, and hippocampal volume.
Based on evidence suggesting tau in the entorhinal cortex is associated
with MEM independently of atrophy [38, 39], MTL tau was also specified as
direct predictor of MEM performance. NEO tau was specified as a predictor
of NEOcomp thickness but not as a direct predictor of MEM performance.

All models were also assessed using a dichotomized rather than a
continuous AP load variable using a cut-off of 12 CL. The following
covariates were included in all models: effects on cognitive performance
were adjusted for years of education, effects of volume measures were
adjusted for total intracranial volume, and all effects were adjusted for sex.
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Time between AR and tau-PET was included as a covariate in models
including tau-PET measures.

We conducted the following sensitivity analysis: (1) we used the olsrr
package to identify participants that were both outlier and leverage cases.
Unless reported otherwise, results remained unchanged when these
influential cases were removed. (2) Models were assessed when tau off-
target binding in the skull/meninges mask is included as a covariate.

Analyses were performed in R version 4.0.2. Model assumptions were
checked using the olsrr package. Models were estimated using robust
maximum likelihood estimation in the lavaan package. All continuous
variables were standardized prior to model entry. Full information
maximum likelihood estimation was used to handle missing values. Fit
indices for all models can be found in STable 10.

RESULTS

Sample characteristics

The characteristics of the total cohort and the sub-cohort with an
additional tau-PET scan are summarized in Table 1. Sex-stratified
characteristics for the total and tau-PET cohort are provided in
STables 1 and 2, respectively.

Associations between age, structural, and pathological
measures

We first report the effects of age and AP pathology on structural
and pathological measures. These estimates are practically
identical for the global cognition model and the cognitive domain
model. Significant estimates for these associations are shown in
Fig. 1A. Significant residual covariances among mediating
measures are shown in Fig. 1B. Complete model coefficients are
provided in STable 3. The model demonstrates that age is a
significant predictor of almost all structural and pathological
measures. Only the association between age and parahippocam-
pal cortex thickness did not reach our significance threshold
(B=-0.13; 95% Cl, —0.26 to 0.003; P=0.06). Estimating the
model with CU participants only showed that AB pathology was
no longer associated with entorhinal cortex thickness (P=0.72)
and hippocampal volume (P =0.07). Higher A3 burden was still
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Table 1. Characteristics of all participants with AB-PET and sub-group
with additional tau-PET.

AB-PET AB and tau-PET

(n=232) (n=93)
Age, years mean (SD) [range] 66.4 (8.2) 66.4 (7.9)

[50-89] [50-84]
Women, n (%) 107 (46.1) 39 (41.9)
Education, years mean (SD) 15.5 (2.9) 16.2 (2.8)
APOE-¢4 carriers, n (%) 54 (23.3) 19 (20.4)
History of Hypertension, n (%) 73 (31.5) 27 (29.0)
MCI, n (%) 54 (23.3) 20 (21.5)
MMSE, mean (SD) 29.1 (1.2) 29.1 (1.1)
Working Memory, mean (SD) 0 (0.79) 0.13 (0.84)
Visual Construction, mean (SD) 0 (0.8) 0.12 (0.74)
MEM, mean (SD) 0.02 (0.8) 0.09 (0.73)
EXE, mean (SD) 0.01 (0.66) 0.06 (0.62)
CL>12, n (%) 77 (33.2) 28 (30.1)
CL> 30, n (%) 27 (11.6) 8 (8.6)

Standardized composite scores for cognitive domains in the tau sub-
cohort are based on the full cohort. SD standard deviation, MC/ mild
cognitive impairment, MMSE Mini-Mental State Examination, MEM episodic
memory, EXE executive function, CL Centiloid.

associated with lower global NEOcomp thickness. When we
replaced the continuous AP variable with a dichotomous AR
variable, we observed similar results as in the model with CU
participants only, suggesting that once AP can be linked to MTL
atrophy, individuals are more likely to be in the MCI stage.

Effects on global cognition, episodic memory and executive
function

Lateral ventricle volume (B=—-0.34; 95% Cl, —0.55 to —0.13;
P=0.002) and age (B = —0.27; 95% Cl, —0.43 to —0.10; P = 0.002)
were the only measures that were significantly associated with
global cognition. Both associations remained comparable when
the model was estimated with CU participants only (STable 4). Age
was associated with worse performance in MEM and EXE domains
(Fig. 1A). After accounting for the effects of the predictor variables,
the cognitive domains still showed strong and highly significant
residual covariance. Of the structural and pathological measures
that were not associated with cognitive measures, paths from Ap
burden (P = 0.07) and hippocampal volume (P = 0.10) to MEM and
striatal volume (P=0.10) to EXE were closest to the significance
threshold. When the model was estimated with CU participants
only, parahippocampal cortex thickness was no longer associated
with MEM whereas increased lateral ventricle volume was still
associated with poorer EXE. WMH volume was not associated with
cognitive performance in any of the models. It is worth noting that
despite its higher complexity, the cognitive domain model
provided a considerably better fit to the data than the global
cognition model (STable 10).

Sex differences in episodic memory and executive function
sub-model

To investigate sex-differences, we split the cognitive domain
model into MEM and EXE sub-models. Figure 2 shows the results
for women (A and C) and men (B and D) in separate models.
Complete model coefficients and correlation plots are provided in
STables 6 and 7 and SFig. 2, respectively. Overall, these models
demonstrate that in the MEM sub-model, increased AP burden is
more closely related to atrophy measures and MEM in women,
whereas in men, atrophy measures are more closely related to
MEM. However, constraining single paths to be equal for both
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sexes did not significantly decrease the model fit to data (data not
shown), implying that the model fits equally well when paths for
men and women are estimated as one. We identified 9 influential
cases (4 in EXE sub-model, 5 in MEM sub-model) whose removal
led to changes in some parameter estimates. With one exception
(61 years), influential cases were older than 74 years. In women,
the association between AR burden and entorhinal cortex
thickness was no longer significant after excluding influential
cases (P=0.079). In men, some associations between structural
measures and cognition became stronger. Most notable, in
addition to parahippocampal cortex thickness also hippocampal
volume was associated with MEM (P = 0.028).

Associations between AB-PET, Tau-PET, and cognition in Tau
sub-model

Figure 3A shows the results of the tau sub-model when a
dichotomous AP variable is used. Complete model coefficients
and correlation plots are provided in STables 8 and 9 and SFigures
3,4, and 5, respectively. The model demonstrates that elevated A3
burden is associated with increased NEO tau but not with MTL tau
whereas higher age is associated with increased MTL tau but not
with NEO tau. When we used a continuous A variable we found
that AB, but not age, is associated with increased MTL tau (Table
2). However, these associations were dependent on 3 influential
cases with high AP burden (CL>71), so that when these cases
were excluded, neither AR nor age was associated with MTL tau.
Associations of age and AP with NEO tau did not change when
influential cases were excluded. Sex had strong and highly
significant effects on tau burden, such that female sex was
associated with increased tau burden in both MTL and NEO RO,
despite that there were fewer women with increased AP than men
(6/39 women vs. 22/54 men with CL>12). Using two-sample
t-tests, we found significantly higher tau burden in women in both
ROIs, also when the analysis was restricted to men and women
with CL< 12 (MTL tau: P=0.009; NEO tau: P <0.001). Previous
studies suggest that tau in the entorhinal cortex is associated with
MEM performance independently of atrophy [38]. To test this
possibility, we built a model that specifically examines MTL
structures (Fig. 3B). The model demonstrates that entorhinal
cortex tau is directly associated with lower MEM performance
independent of MTL atrophy. Controlling for age, sex, education,
time between PET scans, and hippocampal volume, we found that
this association was only observable in individuals with CL > 12
(Fig. 3C). The same path did not reach significance when
parahippocampal measures were used in the model (P = 0.06).

Tau-PET off-target binding

[18F]-flortaucipir off-target binding in the meninges/skull has
been found previously particularly in women [36, 40]. Similarly, we
found higher off-target binding in meninges/skull in women
compared with men (SFig. 7). Including [18F]-flortaucipir uptake in
the skull mask as a covariate in the tau sub-model did not change
the results reported above.

DISCUSSION

Our structural equation models show that in middle-aged to older
adults, age is the main contributor to cross-sectional structural,
pathological, and cognitive variability whereas structural or patho-
logical measures themselves show subtle or even absent associations
with cognition. Although MEM and EXE performance were highly
correlated with each other, AD-related pathways involving Ap and
tau pathology, and medial temporal structures selectively affected
MEM performance. In contrast, EXE was exclusively related to lateral
ventricle volume, a marker that is dominated by widespread tissue
loss throughout the brain and itself strongly correlated with age.
Furthermore, we identified sex as an important modifier of many
associations. Finally, our results suggest that the effect of age on MTL
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composite ROI. A significant association between sex and Ap burden was found as well (§ = 0.28, P=0.001), but this was not included in the
model for ease of visualization. “Sex” was coded as women = 0 and men = 1. In B, MTL regions were examined separately in one model. Tau
load in the amygdala, not the hippocampus, was used as a predictor of hippocampal volume because the amygdala is less affected by [18F]-
flortaucipir off-target binding in the choroid plexus. The moderated mediation model in C indicates the association between EC tau, EC
thickness and an episodic memory composite score in Ap positive (A+; CL > 12) and Ap negative (A-; CL < 12) participants. Despite being of
similar magnitude, the association between EC tau and EC thickness did not reach significance in AP negative participants (P=0.09).
Parameter estimates are unstandardized in B and C so that estimates on the same path can be compared. n.s. non-significant, EC entorhinal
cortex, PhC parahippocampal cortex. P<0.05, P<0.01, P<0.001. N=293.
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Table 2.
Continuous amyloid

Path B (95% ClI)

Amyloid to MTL Tau 0.494 (0.172 to 0.816)
Amyloid to NEO Tau 0.464 (0.108 to 0.819)
Age to MTL Tau 0.056 (—0.153 to 0.265)
Age to NEO Tau 0.084 (—0.107 to 0.274)

Amyloid-to-tau and age-to-tau paths when continuous or dichotomous Ap variable is used in the structural equation model.

CL>12
P B (95% ClI) P
0.003 0.086 (—0.510 to 0.682) 0.778
0.011 0.675 (0.215 to 1.134) 0.004
0.598 0.266 (0.061 to 0.472) 0.011
0.389 0.222 (—0.024 to 0.468) 0.077

Model parameter estimates for both models are unstandardized so that estimates for the same path can be compared across models.

tau may be twofold: a modest age-related increase in MTL tau
detectable when A is low, and a pronounced AD-related increase
mediated by increased AB pathology.

A central aspect of this work was to investigate the contribution
of age to pathologies, brain atrophy, and cognition. Age was a
significant and consistent contributor to almost all investigated
structural and pathological measures and showed similar associa-
tions with MEM and EXE performance. Associations of age with
WMH and lateral ventricle volume were particularly strong. Age
showed also strong associations with cortical thickness in a large
neocortical ROl (NEOcomp ROI) and hippocampal volume but this
was not the case for entorhinal or parahippocampal cortex
thickness, similar to previous cross-sectional analyses [41-43].
Longitudinally, we would expect accelerated atrophy of MTL
structures with advancing age [13, 42, 43]. Additionally, age was
associated with structural measures through the mediating
influence of AB pathology. MCl participants drove the associations
between AP and MTL structure volume/thickness, but not the
association with NEOcomp thickness. Fjell and colleagues have
previously pointed out AB-atrophy relationships that differ in CU
and MCI [13]. The authors speculated that AB may reflect
processes related to brain changes that can be compensated for
in the cortex. Once these processes reach the MTL, the likelihood
of an MCI diagnosis increases because compensation in this
region is more difficult [13].

Tau pathology mediates the relationship between Af and
atrophy measures [14, 19]. This is reflected in the tau sub-model in
which MTL tau was strongly associated with entorhinal cortex
thickness and hippocampus volume. Although continuous AP was
strongly associated with MTL tau, our sensitivity analysis indicates
that the association was driven by three influential cases, all of
which had CL > 71. This is consistent with our finding that age and
AR burden were inconsistently associated MTL tau burden. If a
continuous A variable was used, Ap but not age was associated
with MTL tau, whereas if a dichotomous A variable was used, age
but not AB was associated with MTL tau. Autopsy studies
previously showed that MTL tau pathology is related not only to
AB pathology but also to age [44], and revealed that MTL
neurofibrillary tangles in the elderly are essentially universal even
in the absence of Af pathology [45]. Imaging studies also suggest
that tau in the entorhinal cortex, and possible outside MTL
regions, may accumulate independently of AB and gradually
increases with age [39, 46-48]. This association can be observed in
individuals with low AP pathology but less so in individuals with
increased AR pathology [46], as higher A itself is associated with
both exacerbated tau accumulation in the MTL and advanced age.

In our models, AR pathology showed a robust association with
tau in NEO RO, consistent with previous studies that found the
strongest AD-related tau accumulation in inferior temporal lobe
[49]. The presence of AP and tau in this region is associated
widespread neocortical tau accumulation and increased risk for
progression to MCI [34, 50]. Previous work found that Af in the CL
range of 15-18 robustly predicts future cognitive decline [11].
Similarly, we found that in individuals with CL > 12, tau pathology
in the entorhinal cortex is linked to subtle MEM alterations
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independent of MTL atrophy. This is also consistent with studies
indicating that tau-PET is a better predictor of longitudinal
cognitive decline than MRI-based cortical thickness in CU
individuals [51] and that tau pathology affects memory perfor-
mance in early disease stages predominantly via aberrant MTL
functional connectivity [38]. It is conceivable that a direct
relationship between MTL tau and memory loss may be observed
in the absence of AB, although evidence regarding such an effect
is inconclusive [52, 53]. Overall, our results support a model in
which tau is in part an aging phenomenon [44, 45, 48],
characterized by gradual accumulation in the absence of A,
particularly in MTL regions [46]. This may be related to primary
age-related tauopathy (PART) [54], which by itself is also related to
MTL atrophy and memory decline, albeit to a lesser extent than in
the presence of AR [52, 54, 55]. In individuals with elevated AP
pathology, tau pathology in the entorhinal cortex is associated
with subtle MEM alterations independently of MTL atrophy
[38, 53, 56] and later with the spread of tau into the temporal
neocortex and MTL atrophy [46]. If MTL atrophy is associated with
memory performance, a diagnosis of MCl is likely [13, 38].

In addition to age, another focus was on potential sex
differences, as susceptibility to AD and cerebrovascular patholo-
gical processes may differ between men and women [57]. We
speculated that connections among variables in the EXE sub-
model are stronger in males whereas females might show
stronger connections in the MEM sub-model. While no prominent
sex differences in the EXE sub-model were observed, we found
that sex moderates the associations between A burden and
cortical structures and MEM. The tau sub-model suggests that the
increased tau load observed in women mediates the effect of AB
on atrophy. While this interpretation would be in line with
previous studies [58], we did not examine an interactive effect
between sex and AP pathology on tau burden because AR
pathology in females in the tau sub-cohort was generally low (only
6 with CL > 12). A cohort of similar age to ours showed no such
interaction [59], and we found increased tau burden in women
even if we examined sex differences only in those participants
with CL < 12. Thus, we would not rule out the possibility that there
are AB-independent drivers of tau pathology in late middle-aged
females as has been suggested previously [60]. Interestingly,
despite the higher tau burden in women, sex differences in
thickness or volume of brain regions were minimal or absent but
linking these structures with AR burden is nevertheless possible in
women. One explanation could be that factors not necessarily
related to AD contribute more strongly to brain atrophy in men as
they age, which may have led to greater variability in cortical
thickness in men. For instance, increased vascular risk was
associated with lower cognitive performance in men but not in
women in our previous analysis, which was based on the same
cohort [37]. This association could be mediated by brain atrophy,
which was associated with MEM in men but not in women in the
present analysis. Other imaging studies also suggest that
compared to men, women are more resistant to the detrimental
effects of tau pathology as they measured higher cross-sectional
cortical thickness at similar tau burden [61]. Finally, we found that

Translational Psychiatry (2023)13:278



women showed significantly better MEM performance. This
observation is not unexpected, especially since our MEM variable
focuses on verbal memory performance [62], but it underscores
the need for sex-specific standards for verbal memory testing, as
the memory advantage seen in women can mask early signs of AD
and delay the diagnosis of MCI [63].

Our results need to be interpreted in light of the study cohort.
Participants in this study are volunteers who were recruited via
newspaper advertisements and were selected to represent a
healthy aging population. Thus, most participants are at an early
stage of developing brain pathologies, and many will age without
developing dementia. In addition, it is reasonable to assume that
participants with MCl are in the early stages of the condition. Other
studies with similar research questions were able to link age-related
cognitive changes much more consistently to underlying brain
alterations [3, 64]. However, individuals in these cohorts were older
and probably had a greater pathological burden and greater
variability in cognitive performance than the present cohort. Our
recruitment strategy, coupled with the cross-sectional study design,
may also explain the unexpected direction of the association
between NEOcomp thickness and MEM. Higher NEOcomp thick-
ness might be significantly associated with poorer MEM perfor-
mance because older participants in the cohort were increasingly
selected to have preserved, well-functioning MEM, but age- and
AD-related processes continued to adversely affect NEOcomp
thickness. Particularly older individuals with high Ap pathology or
other pathologies associated with reduced cortical thickness will
need to have well-preserved MEM to participate in the study. This
in turn would suggest compensatory or reserve mechanisms that
allow these individuals to maintain cognitive performance [65].

There are several limitations of this study. The sample size of the
sub-group with both AP and tau-PET was relatively small. The
good model fit to data and the fact that paths in our structural
equation models were based on previous literature increase our
confidence in the correctness of our results despite the limited
sample size. Furthermore, many of our conclusions are consistent
with a recent study with a different statistical approach and a
novel tau PET-tracer [66]. Nevertheless, we were limited in
investigating potentially moderating effects of sex and APOE
genotype or Ap-independent effects of the APOE genotype
[46, 67]. Furthermore, as the participants were selected to
represent a relatively healthy aging cohort, the variability in AB
and tau pathology was low with many participants, particularly
women in the tau sub-cohort, having very low A( pathology. As
for our statistical approach, we chose structural equation
modeling because it allowed us to examine multiple variables
simultaneously; however, this likely weakened the predictive
power of many mediating variables in the model due to
suppression of their non-shared variance. Furthermore, the
individual structures do not act independently of each other to
predict cognition. For example, the MTL is a complex system in
which the ensemble likely behaves in ways not predicted by its
components [68]. Future research should therefore investigate
functional properties of these regions and how they respond to
structural atrophy and pathological measures [38]. Finally, we took
a closer look into AD-related processes as the a priori knowledge
of the pathophysiological processes is broader than is the case, for
example, with WMH. However, detrimental effects of WMH on
brain structure or cognition would likely be detectable even in
healthy adults if more regional WMH were studied [69].

In conclusion, we showed that with increasing age, multiple,
often sex-modified pathological pathways begin to develop that
ultimately may lead to cognitive decline. The contribution of these
underlying pathological processes to cognitive alterations were
subtle in this cohort and a large proportion of the effect of age on
cognition was not mediated by any of the pathological and
structural measures included in this analysis. Recognizing these
early signs of pathology-related cognitive decline may be critical
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for selecting individuals for therapies before degenerative
processes have progressed too far.
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