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Abstract. Reserve in aging and Alzheimer’s disease (AD) is defined as maintaining cognition at a relatively high level

in the presence of neurodegeneration, an ability often associated with higher education among other life factors. Recent

evidence suggests that higher resting-state functional connectivity within the frontoparietal control network, specifically the

left frontal cortex (LFC) hub, contributes to higher reserve. Following up these previous resting-state fMRI findings, we

probed memory-task related functional connectivity of the LFC hub as a neural substrate of reserve. In elderly controls

(CN, n = 37) and patients with mild cognitive impairment (MCI, n = 17), we assessed global connectivity of the LFC hub

during successful face-name association learning, using generalized psychophysiological interaction analyses. Reserve was

quantified as residualized memory performance, accounted for gender and proxies of neurodegeneration (age, hippocampus

atrophy, and APOE genotype). We found that greater education was associated with higher LFC-connectivity in both CN and

MCI during successful memory. Furthermore, higher LFC-connectivity predicted higher residualized memory (i.e., reserve).

These results suggest that higher LFC-connectivity contributes to reserve in both healthy and pathological aging.
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INTRODUCTION

Reserve designates the ability to maintain cog-

nitive performance relatively well in the face of
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developing neurodegeneration. The idea of reserve

emerged from the observation that a subset of sub-

jects with neuropathological postmortem diagnosis

of Alzheimer’s disease (AD) were free of demen-

tia during life [1]. These findings suggested that the

absence of dementia cannot be attributed to lower lev-

els of neuropathology but are likely due to protective

brain features [1]. To date, an open question remains
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about what constitutes such protective brain features.

Higher pre-morbid whole brain volume and regional

grey matter volume has been associated with higher

reserve in aging and AD [2–5]. Apart from such vol-

umetric differences, functional brain features may

contribute to reserve. Higher FDG-PET metabolism

or hippocampus activation has been observed in

patients with mild cognitive impairment or AD

dementia, suggesting compensatory activation [6–9].

However, the cognitive benefit of such hyperactivity

is questionable, as higher hippocampus activity and

functional connectivity have been shown to be a sign

of transient diffuse hyperactivation on a trajectory

of functional and cognitive decline [10–13]. Another

common approach to probe for functional brain

changes underlying reserve is to employ protective

factors such IQ, education or occupation as predic-

tors of altered brain activity that may underlie reserve.

The idea is that early life experiences, e.g., education,

may shape brain function in a long-lasting way, and

thus confer protection against the impact of neurode-

generation in late life, an effect also called cognitive

reserve [14]. Functional MRI (fMRI) studies reported

such life-experience factors to be associated with

altered activation during tasks such as language com-

prehension, visual encoding, and working memory in

aging and mild cognitive impairment (MCI) [15–17].

Although the findings showed variability in terms of

the brain regions involved, there is now accumulating

evidence that protective factors are associated partic-

ularly with frontal lobe function across different tasks

and during resting state [18–21].

A core candidate brain region underlying reserve

is a hub region in the left frontal cortex (LFC, cov-

ering BA 6/44) of the frontoparietal control network.

In young to middle-age subjects, resting-state con-

nectivity of that LFC hub region was associated with

protective factors such as IQ and higher cognitive

performance [22, 23]. We recently showed, based

on resting-state fMRI, that global connectivity of

the same LFC hub close to the Broca area is asso-

ciated with both higher education and ameliorated

impact of FDG-PET hypometabolism on memory

in amyloid-positive MCI [24]. These results sug-

gest that higher LFC-connectivity supports the ability

to maintain better memory performance in the face

of developing neurodegeneration in AD. Based on

these previous results from resting-state fMRI, we

asked here in the current task-related fMRI study

the question whether LFC hub connectivity probed

during an episodic memory task is associated with

reserve in aging and MCI. Assessing the association

between task-related LFC-connectivity and reserve

is a critical test for linking LFC-connectivity to

cognitive processes of reserve. Following our pre-

viously introduced research criteria to test neural

mechanisms of reserve [24], we hypothesized that

1) greater education is associated with higher task-

related LFC-connectivity during successful memory

performance (criterion of face validity), and that

2) higher task-related LFC-connectivity contributes

to higher reserve, i.e., higher memory-task perfor-

mance despite neurodegeneration as assessed by

hippocampus atrophy (criterion of cognitive benefit).

Specifically, we assessed reserve by adopting a pre-

viously established quantitative approach of reserve

[25–27], including the residual of memory perfor-

mance after accounting for age, APOE genotype and

hippocampal volume as a scalar index of reserve.

The residualized memory performance reflecting the

extent to which memory is sustained despite old

age, genetic risk of AD (APOE) and hippocampus-

atrophy. Our hypotheses were tested independently

in cognitively normal elderly (CN) and MCI to

assess whether global LFC-connectivity consistently

supports reserve in normal and pathological aging.

METHODS

Participants

We included 37 CN elderly and 17 MCI patients

who were recruited at the outpatient clinic of the

Institute for Stroke and Dementia Research, Munich.

All participants underwent cognitive testing using the

CERAD-NP-Plus battery, memory task-fMRI, and

venipuncture for APOE genotyping. The CERAD-

NP-Plus battery is a widely used cognitive test

battery for cognitive evaluation of elderly subjects

and patients with cognitive impairment or dementia.

It encompasses a wide spectrum of tests assessing

performance in naming, verbal fluency, verbal and

visual memory as well as constructional praxis and

cognitive speed [28].

Inclusion criteria for the current study were age

>60 y, while exclusion criteria were presence of

depressive symptoms, any history of substance abuse,

evidence of past neurological or psychiatric disor-

ders, diabetes mellitus, or MRI contraindications.

Participants were defined as CN when scoring not

lower than 1.5 standard deviations (SD) below the

age, gender and education adjusted norms in all

subtests of the CERAD-NP-Plus battery [29]. In

contrast, amnestic MCI was diagnosed according
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to the Petersen criteria [30] when scoring 1.5 SD

below these norms in at least one of the learning or

recall subtests of the CERAD-NP-Plus battery. Test

standardized group-average test scores of the MCI

subjects can be found in Supplementary Table 1.

Years of education were assessed in a standard-

ized manner as the sum of years spent in school,

professional training or university, following the

recommendations of the CERAD-NP-Plus protocol.

Standard protocol approvals, registrations, and

patient consents

The study was approved by the ethics department

of the Ludwig-Maximilians-University. All partic-

ipants were informed about study procedures and

provided written informed consent.

fMRI associative memory paradigm

We employed a mixed block and event-related

face-name learning task design, adapted from previ-

ous fMRI studies that assessed memory-related brain

activation in CN and MCI samples [31, 32]. The task

encompassed 14 blocks of face-name encoding, dur-

ing each of which participants had to learn 8 novel

face-name pairs that were subsequently shown for

5 s each. Each encoding block was followed by a

block of recognition, during which face-name pairs

were presented again together with a distractor name,

where subjects were asked to select the correct name

via button press. Here, correct responses were classi-

fied as successful recognition, incorrect responses as

incorrect recognition. Based on responses during the

recognition block, the corresponding encoding trials

were classified as successful or incorrect encoding,

respectively. The overall fMRI accuracy was calcu-

lated as the percentage of face-name pairs that were

correctly recognized. For a more detailed description

of the fMRI-task and the technical equipment used,

please see Supplementary Methods 1.

MRI data acquisition

MRI data was acquired on a Siemens Verio 3T

MRI scanner (Siemens AG, Erlangen, Germany), and

a 12-channel head coil. Initially, a high-resolution

T1-MPRAGE sequence (TR/TE = 1750/2.52 ms, Flip

angle = 9◦) with 1 × 1 × 1 mm voxel resolution was

obtained. Task-fMRI was recorded using a T2*-

weighted echo-planar imaging (EPI) pulse sequence

(TR/TE = 2000/30 ms, Flip angle = 90◦) with an in-

plane resolution of 3.4 mm, a slice thickness of 3 mm

and an interslice gap of 1 mm. Overall, 900 EPI

volumes were recorded. Prior to the fMRI task,

gradient-echo fieldmaps were recorded to assess

magnetic field inhomogeneities (TR/TE1/TE2 = 488/

4.92/7.38 ms).

Preprocessing of MRI data and hippocampus

volume assessment

Preprocessing was performed using Statistical

Parametric Mapping (SPM) 12 (Wellcome Trust Cen-

tre for Neuroimaging, UCL, London, UK). Spatial

normalization of structural and functional images to

MNI space was conducted using a high-dimensional

non-linear algorithm implemented in SPM [33].

Functional images were motion-, slice-time- and

field-map corrected and subsequently smoothed

using an 8 mm FWHM kernel. As a surrogate for

neuronal loss in aged and MCI cohorts that is highly

related to memory performance [34], we extracted

hippocampal volume via a pre-established protocol

[35] using bilateral hippocampal masks of the AAL

atlas [36]. Detailed procedures on MRI preprocess-

ing and hippocampus volumetric assessment can be

found in Supplementary Methods 2.

Task-fMRI analysis

Subject level task-fMRI data, was analyzed using

a fixed-effects general linear model (GLM) as imple-

mented in SPM. The design matrix was modeled

entering condition regressors (successful encoding,

incorrect encoding, successful recognition, incor-

rect recognition) and instruction regressors each

convolved with a canonical hemodynamic response

function (HRF) plus a multivariate Taylor expansion

(i.e., temporal and dispersion derivatives). The six

motion parameters that were estimated during pre-

processing were entered as nuisance regressors. To

assess brain activation that best reflected brain activ-

ity specific for successful memory performance, we

modeled the contrasts successful encoding > incor-

rect encoding and successful recall > incorrect recall

for each participant, similar to a previous study [37].

Definition of LFC and control regions of interest

(ROIs)

To define ROIs for task-related functional connec-

tivity analyses, we followed the protocol of our pre-

vious resting-state fMRI study [24] using three 8 mm
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spherical ROIs, i.e., the LFC and two control ROIs to

later assess whether our hypotheses were specific for

the LFC. In brief, the LFC ROI (i.e., transition zone

between Brodman areas 6 and 44; MNI: x = –42, y = 6,

z = 28) was previously defined as meta-analytically

derived peak activation associated with cognitive

control (see [24] for detailed methods). The control

ROIs were centered around the occipital pole (MNI:

x = –19, y = –102, z = –3), and the precuneus (MNI:

x = 7, y = –60, z = 21). We used the occipital pole since

it harbors a unimodal sensory region, which is in con-

trast to the LFC not involved in higher cognition. In

contrast, the precuneus was selected because it is a

functional hub region, which is like the LFC globally

connected to the rest of the brain [38, 39] and involved

in higher cognition, including memory [32, 37].

Generalized psychophysiological interaction

(gPPI) analysis

We applied gPPI analyses to assess condition-

specific LFC-connectivity during memory pro-

cessing (i.e., successful encoding and successful

recognition) for each subject. We used gPPIs since

they are more sensitive than standard PPIs, as they

allow independent modeling of different conditions

[40]. Following a recommended protocol [41], we

extracted the LFC time course that was deconvolved

and multiplied with the task regressor (successful

encoding or successful recognition) and subsequently

reconvolved with a canonical HRF yielding the PPI

interaction terms. For subject-level gPPI analyses,

we created a design matrix including PPI terms

for successful encoding and successful recognition,

condition regressors (successful encoding, incorrect

encoding, successful recognition, incorrect recogni-

tion), and instruction regressors each convolved with

a canonical HRF plus a multivariate Taylor expan-

sion. The six motion parameters and the overall LFC

time course were entered as nuisance regressors, fol-

lowing a pre-established protocol [42]. To assess

LFC-connectivity during successful encoding and

successful recognition, we modeled the PPI contrasts

successful encoding > 0 and successful recognition

> 0 for each subject. Equivalent analyses were con-

ducted for both control ROIs (i.e., precuneus and

occipital pole).

Statistical analysis

Baseline demographics were compared between

CN and MCI groups using 2-sample t-tests for

continuous measures and Chi-square tests for

categorical measures.

Significant group-level brain activation related to

successful memory was assessed based on voxel-

wise t-tests > 0 on the GLM contrasts of successful

encoding > incorrect encoding and successful recog-

nition > incorrect recognition, controlling for age

and gender. Group differences between CN and MCI

in these contrasts were assessed using a voxel-wise

ANCOVA controlling for age, gender and voxel-

wise grey matter volume by entering the subjects’

modulated, smoothed, and normalized GM maps

as covariate images as implemented in the bio-

logical parametric mapping toolbox [43]. For all

voxel-wise analyses, activation differences were con-

sidered significant when surpassing a voxel threshold

of � = 0.001 and a FWE corrected cluster thresh-

old at � = 0.05. Stratified by diagnostic group, we

subsequently tested whether greater education was

associated with greater task activation in the above

listed contrasts, using robust multiple regression to

reduce sensitivity against outliers controlling for age,

gender, and voxel-wise grey matter volume. To test

whether greater LFC activation (rather than func-

tional connectivity) was related to higher reserve in

the memory domain, we extracted the mean activation

of the LFC-ROI from the GLM maps (i.e., success-

ful encoding > incorrect encoding and successful

recognition > incorrect recognition). We quanti-

fied memory reserve adopting a modified approach

of computing residualized memory performance by

regressing out demographics, a measure of brain atro-

phy and genetic risk for AD [25]. The principle of this

reserve measure is illustrated in Fig. 1. In brief, we

determined to what extent an individual’s observed

memory performance was better or worse than the

performance levels as expected based on age, hip-

pocampus atrophy, and APOE genotype. To this end,

linear regression with mean fMRI-task accuracy as

the dependent variable, and age, gender, hippocampal

volume, APOE genotype, and mean fMRI-task reac-

tion time was computed. The residuals were saved for

each subject and used as a measure of memory reserve

in subsequent analyses. Residuals showed no signifi-

cant deviation from a Gaussian normal distribution as

assessed via a Shapiro-Wilk test and were standard-

ized to z-scores for further analyses. In an exploratory

approach, we created a second residual score, this

time also regressing out the MMSE score, to more

specifically assess residual memory performance

that is independent of global cognition, following a

previous approach [44]. Using linear regression strat-
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Fig. 1. Illustration of the principle underlying the reserve measure

used for the current study. The actual level of memory performance

is plotted against the memory performance as predicted by age,

hippocampal volume, APOE carrier-status, and gender. Individuals

whose actual memory performance level is higher than predicted

(green circles) have high reserve, whereas individuals whose actual

memory performance is lower than predicted (blue circles) have

low reserve in the memory domain.

ified by diagnostic group, we then tested whether

greater LFC-activation predicted higher residualized

memory accounted for MMSE.

Next, we assessed the spatial pattern of condition-

specific LFC-connectivity during successful encod-

ing and successful recognition. To this end, we

applied voxel-wise one-sample t-tests > 0 to the

PPI derived contrasts of successful encoding > 0

and successful recognition > 0, again applying a

voxel threshold of � = 0.001, FWE cluster corrected

at � = 0.05, controlling for age, gender, fMRI task

accuracy and voxel-wise grey matter. Subsequently,

for each subject the PPI-derived LFC-connectivity

values were averaged across voxels that fell within

clusters of significant effects and saved as a measure

of task-related LFC-connectivity that was specific for

successful encoding or successful recognition. This

LFC-connectivity measure is related to the resting-

state fMRI derived global connectivity score, which

we have previously shown to support reserve in

MCI [24]. To assess whether LFC-connectivity was

decreased in the MCI group, we compared the lev-

els of task-related LFC-connectivity between CN and

MCI using an ANCOVA controlling for age, gender,

and APOE genotype.

We next tested our first hypothesis (criterion of

face validity) that greater education is associated

with higher LFC-connectivity during memory pro-

cessing. To this end, we used multiple regression

with LFC-connectivity (successful encoding or suc-

cessful recognition) as a dependent variable, and

education as an independent variable, controlling for

age, gender, and the APOE genotype. This analysis

was conducted stratified by diagnostic group, in order

to assess whether associations between education and

LFC-connectivity can be consistently detected across

normal (i.e., CN) and pathological (i.e., MCI) aging.

Second, we hypothesized that higher task-related

LFC-connectivity is associated with greater cognitive

reserve in the memory domain (criterion of cogni-

tive benefit). Again, this analysis was stratified by

diagnostic group. Specifically, we tested our hypoth-

esis that higher LFC-connectivity predicted higher

memory reserve, by applying linear regression using

the residualized memory performance measure as

a dependent variable and LFC-connectivity as an

independent variable.

All voxel-wise analyses reported in this manuscript

were restricted to a group specific GM mask. Multiple

linear regression models were computed using R sta-

tistical software and regression weights are reported

as standardized beta values [45]. Linear model

assumptions (skewness, kurtosis, heteroscedasticity,

multicolinearity) were tested using the gvlma func-

tion in R. For all models reported, no significant

violations of linear model assumptions were found.

RESULTS

Baseline demographics of the current sample are

presented in Table 1. fMRI task accuracy was cor-

related with word list learning scores from the

CERAD-NP-Plus battery in CN (r = 0.37, p = 0.044)

but not in MCI (r = 0.07, p = 0.787).

Memory-related brain activation

In a first step, we assessed brain activation that

was specific for successful memory performance. For

the GLM contrast successful encoding > incorrect

encoding, brain activation was found predominantly

in left frontotemporal and parietal brain areas (see

Fig. 2A; for detailed cluster statistics, see Supplemen-

tary Table 2). For the contrast, successful recognition

> incorrect recognition, significant brain activation

was found bilaterally in the mediofrontal, posterior-

cingulate, occipital and inferior temporal cortex,

and hippocampus (see Fig. 2B, for detailed cluster



1386 N. Franzmeier et al. / LFC Supports Reserve in Aging and MCI

Table 1

Sample demographics and neuropsychological characteristics

CN MCI p-value

(n = 37) (n = 17)

Age 72.33 ± 5.77 73.4 ± 6.66 0.505

Gender (male/female) 12/25 6/11 0.836

Education, y 13.51 ± 3.02 13.82 ± 4.1 0.850

APOE genotype (ε4/other) 12/25 9/8 0.151

fMRI task: Reaction Time [ms] 2,254.39 ± 316.09 2,507.98 ± 500.10 <0.001

fMRI task: Accuracy [%] 0.79 ± 0.06 0.63 ± 0.11 <0.001

MMSE score 29.32 ± 0.91 28.35 ± 2.4 0.120

Fig. 2. Brain areas that showed significant activation in the GLM analysis of the fMRI memory task. Depicted are clusters where brain

activation was significantly greater during successful than incorrect encoding (A) or recognition (B) at a voxel threshold of � = 0.001 and a

FWE corrected cluster threshold at � = 0.05.

statistics Supplementary Table 3). When assessing

voxel-wise group differences using ANCOVAS, we

did not detect brain activation differences between

MCI and CN.

Brain activation during episodic memory is not

related to education or residualized memory

We subsequently assessed whether more years of

education were related to greater brain activation;

however, we found no significant clusters in both

CN and MCI. This suggests that greater education is

not related to higher memory-related brain activation.

We further tested whether the mean activation of the

LFC-ROI during memory task fMRI (i.e., success-

ful recognition > incorrect recognition and successful

encoding > incorrect encoding) was related to higher

residualized memory; however, no association was

detected for CN and MCI.

Greater education is associated with increased

task-related LFC-connectivity

We found the LFC to exhibit widespread con-

nectivity during both successful encoding (Fig. 3A)

and successful recognition (Fig. 3B), which is

in agreement with the notion that the LFC is

a globally connected functional hub [23, 24].

When comparing between groups the level of task-

related LFC-connectivity, i.e., connectivity averaged

across voxels showing significant LFC-connectivity

(Fig. 3A,B), we did not detect significant group differ-

ences, neither for LFC-connectivity during successful

encoding (Fig. 4A) nor during successful recognition

(Fig. 4B). These findings suggest that task-related

LFC-connectivity is not pathologically altered in the

course of MCI.

We next tested our first hypothesis (i.e., criterion

of face validity) that greater education is associated
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Fig. 3. Results of the gPPI analysis and associations between LFC-connectivity and education. Shown in the upper panel are clusters of

significant connectivity of the LFC (blue ROI) during successful encoding (A) and successful recognition (B) as assessed by voxel-wise

t-tests against zero, applying a voxel threshold of � = 0.001 and a FWE-corrected cluster threshold of � = 0.05. Depicted in the lower panels

is the association between years of education and LFC-connectivity (i.e., connectivity averaged across significant voxels shown in the upper

panel) for CN (C, D) and MCI (E, F).



1388 N. Franzmeier et al. / LFC Supports Reserve in Aging and MCI

Fig. 4. Boxplots illustrating mean task-related LFC-connectivity across diagnostic groups for successful encoding (A) and successful

recognition (B).

with greater task-related LFC-connectivity, strati-

fied by diagnostic group. Supporting our hypothesis,

we found greater education to predict higher LFC-

connectivity during successful encoding (� = 0.506,

p = 0.009; Fig. 3C) and successful recognition

(� = 0.347, p = 0.035; Fig. 3D) in the CN group.

When tested in the MCI group, we found a trend-

level association between greater education and

higher LFC-connectivity during successful encod-

ing (� = 0.384, p = 0.097; Fig. 3E) and a significant

association for education and successful recognition

(� = 0.504, p = 0.032; Fig. 3F).

In contrast, greater education was not significantly

associated with higher task-related connectivity of

two control ROIs (occipital pole and precuneus), nei-

ther in CN nor in MCI, suggesting specificity of the

current findings for the LFC.

Greater task-related LFC-connectivity is

associated with higher residualized memory

Next, we tested our second hypothesis (i.e., cri-

terion of cognitive benefit), that greater task-related

LFC-connectivity was associated with higher reserve

in the memory domain, i.e., residualized memory

task performance after accounting for effects of

age, hippocampal atrophy, APOE genotype, gender,

and mean fMRI-task reaction time (illustrated in

Fig. 1). Supporting our hypothesis, higher residu-

alized fMRI-task performance was associated with

higher LFC-connectivity during both successful

encoding (� = 0.294, p = 0.041; Fig. 5A) and success-

ful recognition (� = 0.402, p = 0.008; Fig. 5B) in the

CN group. Similarly, in the MCI group, higher resid-

ualized fMRI-task performance was associated with

higher LFC-connectivity during successful encoding

(� = 0.526, p = 0.037; Fig. 5C) but not during suc-

cessful recognition (� = 0.246, p = 0.198; Fig. 5D).

Together, these findings support the hypothesis that

higher LFC-connectivity is associated with higher

reserve in the memory domain across normal and

pathological aging.

When restricting this analysis to LFC-connectivity

to those brain regions that were specifically activated

during successful encoding and successful recogni-

tion (as shown in Fig. 2), we obtained a similar result

pattern but less strong effects (successful encoding:

CN, � = 0.232, p = 0.087; MCI, � = 0.484, p = 0.054;

successful recognition: CN, � = 0.381, p = 0.011;

MCI, � = 0.193, p = 0.257).

Again, no significant associations were found

between residualized memory performance measures

and connectivity of the control ROIs (occipital pole

and precuneus) suggesting specificity of our findings

for the LFC. All results described in this paragraph

remained virtually unchanged when repeating the

analyses using the residualized memory score from

which we additionally regressed out the MMSE score

as a measure of global cognition.

DISCUSSION

The major results of the current study showed

that 1) more years of education were associated

with increased LFC-connectivity during memory

processing, and 2) increased LFC-connectivity was

associated with higher reserve in the memory domain.

This result pattern was found in both CN and MCI,
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Fig. 5. Scatterplots illustrating the association between LFC-connectivity during successful encoding (left panels) or recognition (right

panels) on the x-axis and residualized memory performance on the y-axis for CN (upper panels) and MCI (lower panels).

suggesting that connectivity of a key hub of the

frontoparietal control network contributes to reserve

in both normal and pathological aging.

The current findings confirm and extend our

previous finding on resting-state fMRI assessed LFC-

connectivity and reserve in MCI [24]. The current

results from memory task fMRI suggest that the active

engagement of the LFC hub of the frontoparietal

control network during the task facilitates reserve.

Reserve was quantified as the residualized memory

performance which expresses the difference between

the actual observed memory task performance and

the performance level predicted by age, brain atro-

phy, and individual AD risk [25, 46]. Although

such a residualized measure may also reflect in

part a random prediction error of memory, previ-

ous studies have shown higher residualized memory

scores to be predictive of slower longitudinal cogni-

tive decline, lower incident dementia and attenuated

impact of neurodegeneration on cognition [25–27],

suggesting the residualized memory a meaningful

measure of reserve. Higher LFC-connectivity both

during rest [24] and memory task was associated

with higher education, a protective factor associated

with lower risk of dementia [47]. Interestingly, higher

resting-state LFC-connectivity was previously found

to be associated with higher IQ, i.e., another protec-

tive factor in aging, and cognitive performance in

younger adults [23]. Together these results suggest

that a higher LFC-connectivity may be a long-lasting

trait susceptible to environmental influences such

as education, consistent with the idea of cogni-

tive reserve as a capacity that is modifiable during

life [14]. Note that in the current study the levels

of task-related LFC-connectivity were similar when

compared between MCI and CN, again suggesting
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that higher LFC-connectivity was not a compensatory

change triggered by pathological neurodegeneration

but rather reflects a stable brain feature that con-

fers higher resilience in normal and pathological

aging.

The LFC is a brain region particularly well-suited

to subserve reserve. First, the LFC (BA 6/44) ranks

among the top 5% of brain regions in terms of num-

ber of connections in the brain [38, 39] and is a key

connector hub between different functional networks

[22]. As a hub of the frontoparietal control network,

the LFC exhibits widespread multi-task connectiv-

ity across different cognitive domains, and may thus

be a key region to sustain cognition [48]. The fron-

toparietal control network has been proposed to play

a vital role in mental health [49] and has recently been

proposed to be associated with higher reserve capac-

ity [19]. The current results are in line with these

notions.

Note that education was associated with higher

LFC-connectivity but not with the strength of brain

activation, neither in the LFC nor in any other region.

This is partially in conflict with studies reporting an

association between education or lifestyle factors and

brain activation during task [50, 51]. However, so far

no consistent association between education or other

protective factors and a specific regional pattern of

task-related activation could be established [52]. A

possible explanation is that the amplitude of activa-

tion is highly variable and may be majorly driven by

task demands and transient states of learning, whereas

the intrinsic brain architecture as revealed by func-

tional connectivity is more closely correlated with

stable traits [53, 54] and general cognitive capac-

ity [23]. Functional connectivity of the frontoparietal

control network was found to be highly stable across

time [55], where global connectivity within that net-

work may serve as a robust marker of higher reserve

in MCI [39].

For the interpretation of the current findings some

caveats should be considered. Firstly, we employed

a hypothesis-driven approach focusing on the LFC,

which has the advantage to limit the risk of ran-

dom false positive findings. This comes at the cost

of potentially missing relevant connectivity changes

in brain areas other than the LFC. However, we ana-

lyzed control regions including the occipital pole

(harboring primary sensory areas) and the precuneus

(as a region of multimodal associations and higher

cognitive abilities including memory), where no

association with education or residualized memory

performance was observed. This supports the speci-

ficity of our findings for the LFC; however, a role of

other brain areas in reserve cannot be excluded and

may be systematically assessed by future studies. It

should also be considered that our sample of CN sub-

jects included carriers of the ApoE ε4 allele, which

increases the likelihood of incipient AD pathology.

To account for this, we have included the APOE geno-

type in the computation of the residualized memory

score, so that genetic AD risk is considered when

estimating individual reserve levels.

In conclusion, education, i.e., a protective factor

that is associated with a lower dementia risk, may be

specifically associated with LFC-connectivity which

in turn may underlie increased reserve in late-life

that helps to maintain memory performance relatively

well in normal and pathological aging. The current

results encourage testing the modifiability of LFC-

connectivity as a potential therapeutic intervention.

Transcranial direct-current stimulation (tDCS) [56,

57], or cognitive training [58, 59] may increase cogni-

tive performance and frontal lobe function in normal

aging and MCI. Connectivity of the LFC may thus

provide an attractive therapeutic target as well as a

read out in drug or cognitive intervention trials.
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