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Alzheimer’s disease (AD) is a common neurodegenerative disorder that is associated 
with gradually progressive memory problems and other cognitive deficits. Individual 
differences exist in the degree to which AD-related pathology, such as accumulation 
of amyloid-beta (Aβ), hyperphosphorylation of tau and brain atrophy, is clinically 
expressed. The concepts of cognitive reserve (CR) and brain reserve (BR), which describe 
functional and structural brain properties that enable preservation of cognitive function 
despite cerebral damage, have been introduced to explain these differences. The general 
aim of this thesis was to investigate CR and BR in the context of AD. We also studied 
effects of reserve in cognitively healthy elderly and individuals with dementias of other 
suspected etiologies.

Aim 1. Improve the definition and operationalization of reserve:
 - ICV is a suitable operational measure of BR, but the development of better 

“proxies” is desirable.
 - CR can be successfully captured with a neuroimaging approach that we 

developed to enable an individual-level quantification of cerebral damage level 
relative to cognitive performance.

Aim 2. Determine how reserve affects clinical progression across the AD spectrum:
 - CR is associated with an initially slower and subsequently faster clinical 

progression over the course of AD.
Aim 3. Explore the determinants and underlying brain mechanisms of reserve:

 - Education and intracranial volume (ICV) independently and differentially 
contribute to reserve, consistent with the idea of CR and BR as distinct concepts. 

 - The distribution of various dementia types differs across occupational classes 
(e.g. Transportation/Logistics, Health Care/Welfare).

 - CR emerges, at least partly, from a generic functional brain network that 
supports cognition in a task-invariant manner.

In the sections below, a summary is provided for each chapter of this thesis, after 
which the clinical and therapeutic relevance of our findings is discussed. Next, several 
methodological and theoretical limitations of our work are considered, followed by a 
conclusion and directions for future research.
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Summary

Chapter 2 provided a critical evaluation of the theoretical model and definition of BR, 
as well as the use of ICV as an operational measure of this concept. Several unclarified 
theoretical issues were discussed, such as whether BR should be considered a static 
concept (since structural properties of the brain are largely fixed by early adulthood) or 
a dynamic brain property (as human adult neurogenesis occurs in specific regions). On a 
related note, it was emphasized that no consensus exists regarding conflicting definitions 
of BR as “maximal lifetime brain volume” versus “current brain status”. Furthermore, 
we argued that the mechanism behind BR needs to be explicated, and proposed three 
possible models of the manifestation of BR across the cognitive trajectory of AD (i.e. the 
“threshold”, “initial advantage” and “lower workload” model). Finally, a meta-analysis 
was performed to demonstrate that ICV, currently the most widely accepted operational 
measure of BR, is indeed associated with cognitive status after accounting for cerebral 
damage (as theoretically expected). Our conclusion was that the use of ICV to quantify 
BR is warranted, but that the application of novel measures to capture this concept (e.g. 
positron emulsion tomography [PET] imaging of synaptic density)1 is encouraged. 

In chapter 3, a neuroimaging method to capture CR was developed and scientifically 
applied. In an Aβ-positive sample of predementia (i.e. subjective cognitive decline [SCD] 
and mild cognitive impairment [MCI]) and dementia participants, we first determined 
the general relationship between global cognition and cerebral damage. Based on this 
relationship, each individual’s expected degree of cerebral damage was estimated from 
their level of cognitive performance. This expected value was compared with the actual 
degree of cerebral damage, and the standardized difference was referred to as a W-score; 
our operational measure of CR. In chapter 3.1, we established construct validity by 
showing that W-scores were correlated with education in the expected direction, and we 
illustrated our method’s potential usefulness in practice by demonstrating that W-scores 
explained individual differences in clinical progression. This neuroimaging method thus 
provides an alternative for the use of proxies to capture CR. As W-scores can be calculated 
from any combination of cognitive and neuroimaging parameters, our method is flexible 
and widely applicable (i.e. in any population, also outside the AD field). Chapter 3.2 
describes the application of our neuroimaging method in a large and independent 
sample of individuals across the AD spectrum who were followed longitudinally, with 
the aim to study effects of CR on clinical progression. Results showed that higher 
W-scores (i.e. greater CR) were associated with slower clinical progression in SCD and 
MCI, and faster decline among AD dementia participants. Several other studies have 
demonstrated evidence for a protective quality of CR in early AD or its adverse effect in 
advanced clinical stages, but we uniquely demonstrated this phenomenon within one 
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sample, using a uniform methodology. Apart from their scientific relevance, W-scores 
have clinical potential. The measurement of CR (e.g. from readily available cognitive 
and neuroimaging measures, such as Mini-mental state Examination [MMSE] and 
medial temporal atrophy [MTA] or global cortical atrophy [GCA] scores) could help 
clinicians to better predict cognitive trajectories of individual patients. 

Chapter 4 focused on two determinants of reserve: education and ICV. Education is 
often linked to CR, whereas ICV is usually associated with BR.1 Our aim in chapter 
4.1 was to investigate the unique contributions of these factors to cognitive function 
relative to cerebral atrophy among Aβ-positive individuals across the AD spectrum. 
We also assessed the degree to which effects of education and ICV were disease-stage 
specific. Results revealed independent positive relationships with cognition for both 
determinants. Effects of education generally exceed those of ICV. Moreover, in some 
cognitive domains (i.e. attention and executive functions), education was a significantly 
stronger predictor among predementia versus dementia participants, whereas effects for 
ICV were uniform across disease stages. These independent and differential findings for 
education and ICV are consistent with the notion of CR and BR as distinct types of 
reserve. In addition, our results suggested that education has the greatest potential to 
protect cognition in the face of neurodegenerative disease, which is a favorable outcome 
considering the modifiable nature of this determinant.2 In chapter 4.2, we used a 
comparable and partially overlapping sample to study longitudinal effects of education 
and ICV on cognition. We found that education moderated the rate of decline in 
multiple cognitive domains. More specifically, higher education was associated with 
faster clinical progression in the dementia stage. In contrast, ICV was only related to 
baseline cognition and showed no longitudinal effects. Neither reserve determinant 
was related to mortality. These results are compatible with our findings in chapter 3.2, 
and support theoretical frameworks postulating that CR provides an active response to 
neurodegenerative disease, whereas BR operates via a passive mechanism.3 Although 
seemingly counterintuitive, the accelerated cognitive decline for higher education is 
in line with current conceptual models. These models suggest that CR only protects 
against cognitive decline in early AD, as it becomes depleted in later disease stages. 
After this depletion, cognitive differences between individuals with high and low CR 
gradually disappear towards the endpoint of the disease, resulting in a steeper decline.4 
A better understanding of reserve-related heterogeneity in the cognitive trajectory of AD 
may improve prognostic accuracy in a clinical setting.

In chapter 5, we investigated the relationship between occupation and dementia. 
Occupational complexity has been frequently studied as a determinant of reserve. 
However, other aspects of the working environment that potentially affect the 
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emergence or manifestation of dementia have been understudied. In an explorative 
study in a large sample of patients with dementia of different suspected etiologies and 
clinical phenotypes, we captured the multi-facetted nature of occupation through its 
measurement as a categorical (rather than a quantitative) variable. Our sample was 
divided into 11 occupational classes, across which we compared the distribution of 
dementia (sub)types. We found that vascular dementia (VaD) was relatively common in 
the Transportation/Logistics sector. Moreover, the proportion of AD cases was rather low 
within this sector, but relatively high for Health Care/Welfare occupations. These effects 
were (partly) related to a higher number of vascular risk factors in the Transportation/
Logistics occupational class, and different percentages of males (a well-known risk 
factor for AD) in Transportation/Logistics versus Health Care/Welfare groups. Hence, 
relationships between occupation and dementia existed beyond occupational complexity, 
which may offer new opportunities for disease prevention and facilitate more targeted 
health monitoring by occupational physicians.

The aim of chapter 6 was to gain insight into the functional brain mechanisms behind 
CR, and test the hypothesis that CR protects cognition in a task-invariant manner 
(i.e. across several cognitive domains). In a group of cognitively normal elderly who 
had undergone functional magnetic resonance imaging (fMRI) during rest and task 
performance across several cognitive domains, we identified a network of functionally 
connected brain areas that appeared to constitute a generic mechanism underlying CR. 
Specifically, functional connectivity within this network consistently changed between 
rest and cognitive activity across all domains, and the degree of change (referred to as “task 
potency”) was correlated with IQ. Moreover, task potency in this network moderated 
the relationship between brain structure (i.e. cortical thickness) and episodic memory 
performance, and showed a direct effect on fluid reasoning after adjusting for cortical 
thickness. Uncovering the mechanism behind CR may facilitate the development of 
reserve-enhancing treatments. Moreover, this neural substrate of CR could be used as an 
alternative operational measure in future studies.

Clinical and therapeutic relevance

The results presented in this thesis have several clinical and therapeutic implications. A 
major challenge in the care and management of AD is the inability to provide patients 
with an accurate prognosis, due to their heterogeneity in the clinical manifestation and 
rate of cognitive decline. Our research demonstrates that this heterogeneity can be partly 
explained by the concept of reserve, which in turn suggests that incorporating CR and 
BR measurements in clinical practice could significantly improve prognostic accuracy. 
The neuroimaging approach presented in chapter 3 offers clinicians a potentially useful 
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tool. W-scores could be applicable in a clinical setting when they are calculated from 
feasible measures such as cognitive screening tests and MRI visual ratings. As evidenced 
by an increasing popularity of biomarker-based prognostic tools for clinical applications, 
we are confident that such individual-level integration of neuroimaging and cognitive 
parameters will receive a prominent position in the clinical future.

Research into reserve is also important for the development of treatment against 
AD. For example, data pointing to the importance of lifestyle factors in the context 
of CR (and perhaps also BR), emphasize the great potential of non-pharmacological 
therapies to treat symptoms of AD. Interventions designed to boost reserve through 
physical exercise, cognitive training or a combination of both, may become a powerful 
strategy to delay or minimize cognitive impairment. Cognitive training can be either 
compensatory (i.e. learning new strategies to “work around” cognitive deficits, such as 
using external reminders and calendars) or restorative (i.e. interventions developed to 
enhance or preserve cognitive functions).5-6 Examples may include computer games that 
aim to improve memory or problem solving skills, as well as more general approaches to 
increase mental stimulation through various cognitive (group) activities. Furthermore, 
the identification of brain networks underlying CR could provide new targets for future 
clinical trials. The rationale behind this idea is that (pharmacologically) enhancing the 
strength of these networks would improve the brain’s capability to cope with cerebral 
damage and thus preserve cognitive function.

Finally, our work has relevance to participant selection procedures in clinical trials. 
Heterogeneity in the conversion rate and clinical progression among patients represents 
a serious confounder in pharmacological studies. For example, when the treatment 
group includes persons with a priori greater risk to decline over the course of the study, 
this could result in a failure to detect the efficacy of a drug. Matching participants on 
their levels of reserve could substantially reduce this confounding effect and thus propel 
the discovery of new targets for medicine. An increased understanding of reserve and 
its effects on the cognitive trajectory of AD may also improve the cost-effectiveness 
of clinical trials, as it allows for the selective recruitment of “rapid progressors”. That 
is, inclusion of individuals who are prone to show the fastest decline will reduce the 
number of trial participants needed to observe significant treatment effects within a 
reasonable time period.
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Methodological and theoretical considerations and limitations

The use of  a neuroimaging method to capture CR
A considerable part of this thesis describes our introduction and application of a novel 
neuroimaging method to capture CR. The rationale was to provide a better alternative to 
the use of proxies as measures of CR. Conceptual challenges of this traditional approach 
include the inability to distinguish between the concept and its determinants, the fact 
CR is determined by more factors than what is usually measured, and the overlap in 
proxies between CR and parallel concepts. Our neuroimaging method offers a more 
direct measure of CR, as it does not rely on determinants and instead is based on 
parameters that constitute the core of the concept (i.e. an individual’s degree of cerebral 
damage relative to the level of cognitive performance). Another important feature of 
W-scores is that they are dynamic, as they allow for within-individual changes over 
time (contrary to several proxies, which often have are more “static” nature). As CR is 
theorized to become depleted over the course of AD,4 our neuroimaging method may 
capture this concept more comprehensively than most proxies. Finally, our method is 
based on a model with cerebral damage as an outcome variable and yields W-scores on 
a voxel-level, which enables studying the effects of reserve with greater spatial detail and 
flexibility.

Nonetheless, there are also several methodological considerations that should be 
discussed. First, the principle behind W-scores is that they reflect “residual” cerebral 
damage, which amounts to variance that is unexplained by cognition and additional 
covariates. In essence, our neuroimaging approach thus employs a negative definition 
of reserve (i.e. specifying what a phenomenon is not, rather than what it is).7 From 
a theoretical perspective this is insufficient, as it offers no insight in the mechanisms 
behind reserve. A second issue is that residuals are inherently correlated with the 
dependent variables from which they are calculated.8 In the context of W-scores, this 
means that they are not orthogonal to cerebral damage. Consequently, any findings 
related to W-scores which are interpreted in the context of reserve, could alternatively 
be explained by potential effects of cerebral damage. It is therefore advisable to test 
(and adjust for) the influence of cerebral damage in statistical models that aim to study 
reserve (as described in chapters 3.2 and 4.2). A third point of discussion is that the 
validity of our method critically depends on the nature and number of parameters 
included in the underlying model. That is, when cognitive or neuroimaging measures 
do not adequately represent the cerebral damage and cognitive symptoms characteristic 
of the neurodegenerative disease under investigation, the resulting W-scores will less 
accurately reflect reserve. AD has a complex pathophysiology that requires multiple 
neuroimaging modalities to be captured comprehensively (e.g. amyloid and tau PET 
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imaging, MRI, diffusion tensor imaging [DTI]), and thus it is challenging to incorporate 
all relevant measures of cerebral damage in W-score models. This increases the degree of 
unexplained variance in W-score models, on top of the already occurring (systematic or 
unsystematic) measurement errors that are inherent to all neuropsychological assessments 
and neuroimaging techniques. As a result, W-scores will inevitably contain some “noise” 
that is unrelated to reserve. However, despite these methodological challenges, W-scores 
as an operational measure of CR arguably provide a useful and practical starting point 
from which contributing factors, underlying brain mechanisms and clinical effects can 
be studied. Ultimately, the more we learn about the concept of reserve, the smaller the 
perceived discrepancy between cerebral damage and cognitive performance becomes. 

The effects of  CR on clinical progression of  AD
Theoretical models suggest that clinical progression in AD is initially attenuated and 
subsequently accelerated for persons with higher CR. As shown in Figure 1, reserve-
related individual differences in cognitive performance are therefore prominent in early 
AD, but gradually disappear in final stages of the disease. In fact, cognitive trajectories 
of persons with high and low CR are schematically represented to converge at maximum 
levels of cerebral damage. Although our results, as well as many other studies, have 
provided empirical evidence for these hypothesized effects of CR, it is worth considering 
alternative explanations. Cognitive function is examined through neuropsychological 
assessment, which has its inherent limitations. Many neuropsychological tests suffer 
from ceiling effects, and thus may not be sensitive to subtle cognitive changes in persons 
who still perform within normal limits. Initial decline among high CR individuals 
(who presumably exhibit above-average premorbid cognitive function) may therefore 
especially remain undetected, suggesting that part of the observed attenuated or delayed 
clinical progression in this group could be spurious. A similar issue concerns advanced 
AD stages, in which cognitive trajectories are theorized to converge. Apart from ethical 
concerns related to mental incompetence, clinical progression in severely affected AD 
patients is difficult to capture due to neuropsychological floor effects. Most-tests have 
a minimum level of memory capacity, attention or language ability that is required 
for their proper administration, which makes it almost impossible to accurately 
measure someone’s cognitive function and rate of decline towards the endpoint of 
AD. Consequently, it remains somewhat speculative whether cognitive trajectories of 
individuals with high and low reserve truly “meet”.
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Figure 1. Schematic representation of an individual with high cognitive reserve (A) and an individual with low cognitive 
reserve (B). Compared to individual B, individual A has a higher premorbid level of cognitive functioning, and is able 
to maintain this premorbid level at more advanced levels of cerebral damage. After their inflection point, however, 
individual A exhibits a faster clinical progression than individual B. When both subjects first present with significant 
cognitive impairment (“score at incident AD visit”) individual A will have more underlying cerebral damage than 
individual B. Reprinted from The Lancet Neurology, 11(11), by Y. Stern, “Cognitive reserve in ageing and Alzheimer’s 
disease” (2012), 1006–1012, with permission from Elsevier.

Another methodological issue that may have complicated the ability to model cognitive 
trajectories in the Amsterdam Dementia Cohort (ADC) - on which most of our research 
was based - is the potential problem of selection bias. Besides the fact that the earliest and 
latest stages of AD are usually underrepresented in memory clinic cohorts (i.e. patients 
usually do not enter the diagnostic process before they experience significant cognitive 
problems, and often discontinue follow up evaluation in clinically severe stages), it is 
possible that CR also directly influenced (onset of ) study entry. Educational level has 
been positively linked to self-awareness of clinical symptoms of AD.9 Therefore, highly 
educated people (who presumably have greater levels of reserve) may thus seek medical 
care in earlier disease stages than lower educated individuals. This could have introduced 
bias in the estimation of the general relationship between cognition and cerebral damage 
(on which the calculation of W-scores is based) as well as the investigation of reserve-
related differences in clinical progression. Finally, the concept of “regression to the mean” 
should be taken into account when interpreting the convergence of cognitive trajectories 
of individuals with low versus high reserve. According to this statistical principle, people 
who obtain extreme (low or high) cognitive scores on their baseline assessment, generally 
tend to perform closer to the mean on a second visit. As this thesis – and the field of 
reserve in general – essentially concerns the study of “outliers” (i.e. we capture the degree 
to which individuals deviate from the group average by performing cognitively better/
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worse than expected for their level of cerebral damage), it cannot be ruled out that 
regression to the mean has affected our results to some degree. However, this does not 
explain why we consistently observed (in chapter 3.2 and 4.2) a convergence effect for 
clinical progression in the dementia stage only, and not in predementia participants. 
We are thus confident that our findings on the relationship between reserve and clinical 
progression represent a true phenomenon.

Determinants of  reserve
Throughout this thesis, several determinants of reserve have been discussed, such as 
education, ICV and IQ. The term “determinant” was used to convey that an individual’s 
level of reserve can be approximately determined from lifestyle and biological factors. 
However, it is important to point out that we do not necessarily assume these factors 
to be determinants in a cause-and-effect manner. For example, while it is a common 
conception that CR is built through intellectual challenge and education, one could 
also argue that the relationship is reversed and CR determines the likelihood to engage 
in mentally stimulating activities and achieve academic success. As reserve is essentially 
a latent quality of the brain that is manifested only in the presence of neurodegenerative 
disease or during the normal cognitive aging process, it is conceptually difficult to 
establish whether factors related to reserve should be interpreted as “formative” or 
“reflective” (i.e. causing reserve or being its consequence, respectively).9 Nonetheless, 
the advent of randomized trials on cognitive and physical training and their longitudinal 
effects on cognitive status do allow for some degree of causal inference. These studies 
suggest that reserve, at least partially, can be enhanced as a direct result of increased 
mental or physical activity in both predementia and (early) dementia stages.6,11

Reserve and brain maintenance
“Brain maintenance” is a complementary concept to CR and BR that is used to describe 
differences between individuals in the degree to which they develop cerebral damage over 
the lifespan.12 Brain maintenance could be regarded as a measure of “brain health” and is 
thought to be related to both genetic (e.g. APOE ε4 status), lifestyle and environmental 
factors. The concepts of brain maintenance and reserve are not entirely independent, as 
they likely have shared determinants and their respective interpretations are, to some 
degree, contingent on each other (e.g. an individual with high brain maintenance has 
little cerebral damage to cope with, and thus the manifestation of CR will also be less 
pronounced). The work described in this thesis did not explicitly take the effects of brain 
maintenance into account, which has two important implications. First, one could argue 
that with the data from the ADC, our analyses were limited to individuals in the lower 
continuum of brain maintenance (i.e. those who developed AD pathology and thus 
showed poor brain maintenance). Nonetheless, one study (chapter 5) was conducted in 
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a sample of cognitively healthy elderly, thereby presumably expanding our research to a 
broader range on the brain maintenance spectrum. Second, in our longitudinal studies, 
cognitive function was repeatedly examined, but measures of cerebral damage were only 
established at baseline. As a consequence, the interpretation of our results was based on the 
assumption that all participants, regardless of their cognitive trajectory, were comparable 
in terms of their (rate of ) underlying pathological progression. In other words, to draw 
conclusions about CR, one had to assume that brain maintenance was not a confounding 
factor. In reality, it is possible that individuals who showed less cognitive decline over 
time, also exhibited lower brain atrophy rates. To gain more insight in the unique and 
combined effects of reserve and brain maintenance, future studies should therefore include 
longitudinal measures of both cognition and cerebral damage.

Future research

Our work has generated several recommendations for the future. First, an exciting area 
of research is the further optimization of W-scores and other reserve-related residual 
approaches. As medical technology is continually advancing, the neuroimaging 
measures to capture AD pathology become more diverse and comprehensive. With the 
recent advent of tau PET tracers, highly detailed information can be extracted about the 
deposition and localization of this important AD hallmark, which makes the inclusion 
of tau PET information in W-scores models a logical next step. As tau pathology appears 
to be more closely related to cognitive function than Aβ and is uniquely associated with 
cognition in addition to cerebral atrophy measures,13-14 we expect the consideration of 
this biomarker to result in a significant improvement of the W-scores as operational 
measures of CR. Another important research area concerns the longitudinal measurement 
of residual scores, to determine how they evolve over the course of AD. For example, it 
would be interesting to assess to what degree higher W-scores at baseline are predictive 
of faster decline in W-scores over time, and whether this pattern is rather consistent 
or heterogeneous across individuals. This would provide useful insights into residual 
approaches on a methodological level, but could also improve our understanding of 
reserve from a theoretical perspective. Moreover, the prediction of cognitive trajectories 
for individual patients may also benefit from repeated measurement of residual scores. 
Furthermore, as residual-based measures have also been introduced for related concepts, 
such as brain maintenance,12 it would be meaningful to study their unique and shared 
determinants and effects in single datasets. A few studies have already taken a step in 
this direction.8,15 Finally, the clinical implementation of residual approaches is another 
relevant topic for future studies. As we expect our W-scores to be potentially useful in 
a clinical setting, we are keen to investigate ways to realize their successful application, 
possibly in conjunction with other prognostic biomarkers.
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Throughout this thesis, it has been mentioned that our research could ultimately be 
translated into interventions against AD. On a non-pharmacological level, several 
questions need to be empirically addressed in order to accomplish such a translation 
to the clinic. For example, literature suggests that multimodal strategies (e.g. physical 
exercise combined with cognitive training) provide the most beneficial results, but more 
studies are required to establish the optimal combination of modalities.5 Additionally, 
research should more systematically examine how the frequency, intensity and duration 
of non-pharmacological interventions affect long-term cognitive outcomes. Moreover, 
it is important to determine in what clinical disease stage treatment is most successful. 
While there is evidence that non-pharmacological interventions can be effective in both 
predementia (i.e. SCD, MCI) and dementia patients with AD,6,11 it is possible that 
certain intervention types are more feasible in one particular disease stage than others. 
Finally, apart from targeted treatments for specific (patient) groups, the global impact 
of electronic media also enables intervention on a societal level. The role of “e-health” 
(i.e. the use of information and communication technology for health) becomes 
increasingly important with respect to disease prevention. Currently, e-health tools are 
being developed to educate people about the cognitive benefits of a healthy lifestyle and 
to empower individuals on a large scale to become more physically, socially and mentally 
active.16 Although the research field is still in its infancy, first results obtained in this area 
are promising.17-19

The field of AD is currently undergoing a shift of focus towards earlier stages of the 
disease, as the presence of amyloid and tau pathology can nowadays be detected prior to 
the onset of significant neuronal loss and cognitive impairment. Therefore, it becomes 
possible to prospectively monitor the “real-time” manifestation of CR within individuals 
in preclinical stages. This enables us to investigate whether someone’s ability to cope 
with cerebral damage can be predicted from premorbid brain characteristics (e.g. certain 
functional network properties). Such a “brain signature” of reserve could allow for a 
more effective identification of individuals who are most at risk to develop clinical 
symptoms in the face of neurodegenerative diseases, and facilitate premorbid evaluation 
of the efficacy of preventive strategies for AD.

Other areas for future research include the investigation of genetic components of 
reserve, and their complex environmental interactions, as this will elucidate the biological 
pathways of reserve. An example of genes with a potential role in the protection of 
cognition in the face of cerebral damage, is the BDNF Val66Met polymorphism, which 
affects the robustness properties of the white matter structural networks.20 Other genes 
that have been linked to reserve include ENC1 and UNC5C, which are thought to be 
associated with depressive symptoms and presynaptic protein levels, respectively.21 These 
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genes should be studied further to expand our understanding of molecular mechanisms 
relevant to reserve.

Finally, further work on the definition and theoretical frameworks of CR and BR is 
required. For this research field to move forward, it is of critical importance to reach 
consensus on the conceptual models of reserve, and work out theoretical aspects 
in greater detail (e.g. the influence of BR on the cognitive trajectory of AD, the 
fundamental links between CR, BR and brain maintenance). Recently, a major step 
was taken towards this goal with an internationally co-authored publication of a white 
paper on reserve.1 Other initiatives by independent research groups to define concepts 
of reserve and “compensation” have emerged in parallel,22 which has further sparked 
the scientific discussion. Moreover, as CR and BR are thought to play a role in many 
conditions of the brain, we should foster even broader collaborations between disciplines 
(e.g. AD, Parkinson’s disease, multiple sclerosis, cognitive aging) to promote integration 
of conceptual models and empirical findings. Ultimately, the concept of reserve may 
constitute an essential key towards better general cognitive health in our rapidly aging 
population.
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