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Some recent studies have highlighted a link between a favorable childhood environment and the strengthening of neuronal resilience against the changes that occur in natural aging neurodegenerative disease. Many works have assessed the factors – both internal and external – that can contribute to delay the phenotype of an ongoing neurodegenerative brain pathology. At the crossroads of genetic, environmental and lifestyle factors, these relationships are unified by the concept of cognitive reserve (CR). This review focuses on the protective effects of maintaining this CR through the cognitive aging process, and emphasizes the most essential time in life for the development and strengthening of this CR. The in-depth study of this research shows that early stimulation with regard to social and sensory interactions, contributes to the proper development of cognitive, affective and psychosocial capacities. Childhood thus appears to be the most active phase in the development of CR, and as such we hypothesize that this constitutes the first essential period of primary prevention of pathological aging and loss of cognitive capacities. If this hypothesis is correct, early stimulation of the environment would therefore be considered as a true primary prevention and a public health issue. The earlier identification of neurodevelopmental disorders, which can affect personal and professional development across the lifespan, could therefore have longer-term impacts and provide better protection against aging.

Keywords: cognitive reserve, childhood, development, aging brain, lifespan, environmental enrichment


INTRODUCTION

The first years of life – from birth to adolescence – are the most defining period of brain development, organization and specialization (Giedd et al., 1999; Johnson, 2001). This development is made possible by a densification of synaptic and dendritic networks as well as an increase in brain volume. In the neurodevelopmental field, research has observed child brain development through both the genetic and environmental lens (Gogtay et al., 2004; Baroncelli et al., 2010; Rao et al., 2010; Anderson et al., 2011; Huang et al., 2013). Environmental stimulations would actively participate in the development of language, motor skills, behavior and emotional management; prerequisites of greater intellectual flexibility (Hochberg et al., 2010; Murgatroyd and Spengler, 2011). Studies have advanced the idea of a link between these favorable conditions and neuronal resilience during natural aging of the brain or potential further brain damage (Stern, 2006).

On the other hand, aging is associated with new diseases affecting cognition (e.g., dementia). The WHO reports that approximately 46.8 million people currently live with dementia (Prince, 2015). This number tends to double almost every two decades (Prince et al., 2016), leading to around 135 million potential patients in 2050 (Wimo et al., 2017), a frequently increasing estimation (Prince et al., 2013). This phenomenon has become one of the greatest challenges of the 21st century, warranting regard as a public health priority, a social emergency affecting mostly developing countries. The annual cost of care for a patient diagnosed with dementia is also increasing (i.e., from $15,122 in 2010 to $17,483 in 2015), leading to a simulated world cost of $2 trillion in 2030 (Wimo et al., 2017). Taken together, these arguments constitute a worldwide health issue. Given the absence of striking effective pharmacological (Bahar-Fuchs et al., 2013; Cooper et al., 2013; Epelbaum et al., 2017) or cognitive (Sitzer et al., 2006; Olazarán et al., 2010; Woods et al., 2012; Bahar-Fuchs et al., 2013; Gates and Sachdev, 2014; Nelson and Tabet, 2015; Oltra-Cucarella et al., 2016) treatment once the pathology has begun, many studies examined modifiable risks and protective factors of dementia before the onset of clinical symptoms. One of the main factors considered, along with genetics, environment and lifestyle (e.g., diet, urban vs. rural lifestyle), seems to be CR.

Defined by Yaakov Stern in the late 1990s, the concept of CR lies on two types of results. First, at the end of the 1980s, authors found different pathological levels in patients at equivalent stage of Alzheimer’s Disease (AD) (Katzman et al., 1989; Snowdon et al., 1996). Similarly, some studies have shown a higher prevalence of dementia among individuals with lower levels of education (Riley et al., 2002). Addressing these ambiguities, CR refers to inter-individual adaptive differences to equivalent brain damage (Stern et al., 2018). These differences can be modulated by a variety of biological, environmental, psychological, educational and activity factors (Satz et al., 2011; Xu et al., 2015). Identified in studies by their proxies, these are represented by both static (e.g., intra-cranial volume) and dynamic elements (e.g., occupation). From the lifespan perspective, CR would vary beginning in, perpetually evolving over time (Katzman, 1995; Richards and Deary, 2005; Richards et al., 2013).

In this review, we want to highlight the most significant research on CR and the protective effects of these factors in adulthood. Furthermore, we will look at their effects on the cognitive aging process. Then, we will focus particularly on the source of those factors from birth and child development. We will thus discuss the concept of CR (i.e., specifically how it develops and is maintained) to help improve resilience, which would prevent brain and cognitive impairment (i.e., acquired or developmental) from childhood and throughout life. Our work examines intersections between previous findings in literature, aiming to identify CR’s origin. This theoretical work will thus make it possible to hypothesize strategies for early prevention of cognitive decline from childhood. Cognitive stimulation would have positive long-term effects, from birth and especially on aging. The issue could be a more serious consideration of public authorities on education and prevention of neurodevelopmental disorders in children, given the cost of low CR and of vulnerability to future life challenges.



THE BRAIN RESERVE


Biology

The concept of BR is defined by many biological quantitative (Barulli and Stern, 2013; Mathias and Wheaton, 2015) and qualitative (Mathias and Wheaton, 2015; Jansen et al., 2019) factors. These define a tolerance threshold for a certain degree of injury, after which clinical difficulties can be observed (Barulli and Stern, 2013). A set of variables can be used to measure this threshold (Satz et al., 2011). For instance, the total volume of the brain of individuals has been related to the risk of developing dementia (Mortimer et al., 2003; Groot et al., 2018) so that a lower volume may reflect a lower BR. Similarly, some results indicate that genetic factors could influence and modulate expression of neural pathology (Sleegers et al., 2010; Scheltens et al., 2016; Selkoe and Hardy, 2016).

Presented as a passive model of CR, BR – also known as Threshold Model (Katzman, 1993; Barulli and Stern, 2013) – refers to structural brain properties. In other words, it accounts for inter-individual differences in tolerance to brain injury, especially through the quantitative aspects of the neural substrate (e.g., brain volume, the number of neurons or synapses). This concept also includes a qualitative side (e.g., neurogenesis, brain plasticity). Thus, passive models of CR refer to a set of structural and functional mechanisms to compensate for brain damage in performing a task. Regarding neurodegenerative pathologies, it has been shown that CR can delay the onset of symptoms (Soldan et al., 2020). For an equivalent level of clinical impairment, a patient with a higher CR will have a higher lesion concentration (Scarmeas and Stern, 2003).

Connectivity can also be used to determine this threshold. Indeed, along with other aforementioned factors, network integrity is also associated with the development of functional disorders (Wang et al., 2012; Chao et al., 2013; Medaglia et al., 2017). Thus, it seems that presenting a greater quantity of neurons or synapses, being physically taller or having a greater volume would constitute protective factors regarding the expression of determined brain damage.

On the other hand, the active model of CR, also called by the same name (i.e., CR) or Compensation (Davis et al., 1999), accounts for inter-individual differences in brain network usage when performing the same task (Stern, 2006). Various studies have attempted to define the best indicators of CR, considering measures as varied as education, leisure activities and life experiences. The hypothesis is that all of these experiences would model the cognitive networks and enable individuals to cope with brain pathology more or less successfully (Resende et al., 2018).



THE COGNITIVE RESERVE IN AGING POPULATION


Education

By far the most used proxy in CR literature (Xu et al., 2015), education can be measured in at least two ways: quantitatively (i.e., years of study) or qualitatively (i.e., regarding the quality of education/attainment). More convenient to use, the number of years of study is the most frequently used measure. In healthy subjects, it has been shown that the years of education can modulate functional relationships between brain regions and a given performance (Richards and Deary, 2005; Clouston et al., 2019). Thus, education would allow the use of memory strategies, based on the hippocampal functioning, to enhance performances. Similarly, in mildly impaired individuals, Mungas et al. (2018) have shown that a higher education level could modulate the rate of cognitive decline related to brain atrophy.

Regarding AD, several studies have highlighted a relationship between education and the expression of the disease. Indeed, it has been shown that a lower level of education correlates with a higher risk of AD diagnosis (Meng and D’arcy, 2012). Once the pathology emerges, an effect of the education on the expression of the pathology was emphasized. For example, regarding amyloid lesions, emblematic of AD, it has been shown that the higher the level of education, the higher the lesion load required in order to be expressed clinically (Bennett et al., 2003; Roe et al., 2008; Rentz et al., 2010; Jansen et al., 2018). This effect was also observed, even more strongly, in relation to neurofibrillary tangles (Bennett et al., 2003). Bennett et al. (2003) offer a parallel with studies showing the positive effect of an enriched environment (see section “Environment” below), assuming that education could elicit plasticity in humans, just as environment in animals.

Even within education studies, literacy itself is also a widely used proxy, being considered as very close and effectively reflecting both quantity and quality of education (Xu et al., 2015). For instance, adjusted for age and gender, this factor could predict performance in memory tests (Fyffe et al., 2011). In AD, some studies showed that patients with greater pre-morbid reading capacities demonstrated a faster decline in their cognitive abilities during longitudinal follow-up (Wilson et al., 2000).

The reading activity is based on the integrity and functioning of a distributed brain network, mainly belonging to the left hemisphere (Barquero et al., 2014), but also involving important inter-hemispheric connectivity (Carreiras et al., 2009). Cognitive studies showed morphological and functional differences between the brains of literate and illiterates adults depending on the reading level of the participants (Dehaene, 2018). Similarly, in illiterate adults learning to read, significant brain changes – both structural and functional, and irrespective of overall cognitive efficiency – can be observed as literacy skills are acquired (Carreiras et al., 2009; Dehaene et al., 2010; Dehaene and Cohen, 2011).

In the CR framework, this more rapid decline of AD participants with a pre-morbid level of education and/or higher cognitive functioning is generally explained by the threshold models presented above. The authors postulate that different contingencies throughout life would shape cognitive functioning (Katzman, 1995), inducing higher levels of protection to equivalent levels of brain damage. Once this threshold is exceeded, the participant would present a higher level of impairment, with the pathology evolving in the background over a longer period of time, resulting in a more rapid decline (Satz, 1993; Katzman, 1995).

Overall, it seems that educational attainment, in particular literacy, could act positively on CR, helping patients to cope with brain damages. Nevertheless, although important, education is not an isolated factor in coping abilities, and others, in particular the environment, would influence CR.



Environment

Studies of pathological mice models have demonstrated the interest of the enriched environment in the expression of lesions in AD. Some studies have shown positive effects on cognitive abilities (Sampedro-Piquero and Begega, 2017; Zhang et al., 2018), especially memory (Jin et al., 2017), and even an effect on lesions themselves (Rodriguez et al., 2013; Klein et al., 2017; Selvi et al., 2017; Zhang et al., 2018). On the contrary, a negative influence of an impoverished environment has also been demonstrated (Volkers and Scherder, 2011). Taking these results as a basis, some authors drew parallels with humans.

Many studies in both animals and humans have demonstrated a significant and positive effect of an enriched environment on the neurogenesis of the hippocampus (Richards and Frankland, 2017). For instance, the results would show a protective effect of cognitive functioning, resulting in a slower decline (Xu et al., 2015). Likewise, in AD, a protection, or even inversion of the deficits has been observed (Xu et al., 2015). Similarly, the extent of the social network has a positive influence on the risk of AD, and can also slow down the cognitive decline (Xu et al., 2015). Older people generally suffer from a social network impoverishment (Freedman and Nicolle, 2020), being one of the most frequent complaints of this population (Miranda-Castillo et al., 2010) and a risk factor (Fratiglioni et al., 2000). Thereby, the introduction of support groups would not only significantly improve the quality of life, but also depressive and behavioral symptoms in mild AD (Nelson and Tabet, 2015). In the same way, the social network density would have a strong role on cognitive functioning in AD (Xu et al., 2015).

Altogether, in both animals and humans, many studies have highlighted the positive effect of an enriched environment on a variety of factors related to cerebral health, including for example the neurogenesis of the hippocampus (Richards and Frankland, 2017). Moreover, besides these external factors, some studies have emphasized the importance of internal ones (i.e., psychological variables).



Psychological Factors

Many studies have shown an influence of emotions on cognitive performance (Dolan, 2002; Carvalho and Ready, 2010; Brosch et al., 2013). For instance, in dementia, the presence of depression would influence negatively the clinical phenotype (Opdebeeck et al., 2018). It appears that the combination of high (Spitznagel et al., 2006) or low (Opdebeeck et al., 2015) depression and CR is related to symptomatic expression. Similarly, depression is recognized as a significant risk factor in early onset dementia (Barnes and Yaffe, 2011; Byers and Yaffe, 2011; Scheltens et al., 2016; Bos et al., 2017; Planton et al., 2017). Regarding AD, presenting a psychiatric or behavioral syndrome has been shown to accelerate cognitive and functional decline (Nelson and Tabet, 2015).

Overall, it seems that a link can be established between CR on the one hand and psychological factors on the other. The findings indicate that a high CR and absence of psychological disorders would allow better coping with brain pathology. We could also hypothesize that high CR could be protective against psychological harm. Moreover, it has been shown that activity would also both reduce the risk of depression (Cadden et al., 2018; Patel et al., 2018) and contribute positively to CR.



Activities

As for education, the level of activity can be divided into two modalities with intellectual activity on the one hand, and PA on the other.

Concerning intellectual activity, many authors highlight its protecting role regarding the risk of AD (Barnes and Yaffe, 2011; Scheltens et al., 2016). In adulthood, two variables are considered: occupation and leisure activities. Regarding occupation, it appears that increasing the complexity of activities would be accompanied by a faster cognitive decline when AD occurs, with higher CR being protective by delaying the clinical expression of lesions (Xu et al., 2015; Lee et al., 2019). Some results show a relationship between the amount of brain injury on the one hand and the degree of engagement in intellectual activities on the other hand (Landau et al., 2012). Similarly, leisure seems to follow the same pattern. Indeed, engagement in intellectual activities throughout life seems to have an impact on the rate of decline (in MCI or AD individuals) and on the occurrence of dementia (Xu et al., 2015).

Physical activity would also play a significant role (Barnes and Yaffe, 2011; Baumgart et al., 2015; Dubois et al., 2016; Scheltens et al., 2016) – although weak (Ludyga et al., 2020) – and is considered as one of the most important modifiable factors (Sabia et al., 2017). For a long time, and in particular studies on mice models (Intlekofer and Cotman, 2013), physical exercise has been thought of as neuroprotective for neurodegenerative pathologies (Paillard et al., 2015). PA could thus influence age-related decline (Hamer et al., 2018; Lerche et al., 2018; Loprinzi et al., 2018; Engeroff et al., 2019) – particularly on episodic memory (Hamer et al., 2018) – and would be related to a lower risk of later onset of dementia (Guure et al., 2017; Zotcheva et al., 2018). As for the underlying mechanisms, two modes of action are reported. On the biological level, some results suggest that sports practice would reduce cardiovascular risks (Nelson and Tabet, 2015; Hamer et al., 2018) and/or an increase in the production of neurotrophic factors as well as neuronal excitability (Nelson and Tabet, 2015; Loprinzi et al., 2018). Stimulating the production of new synapses, PA would indirectly have a significant effect on brain plasticity and therefore on memory (Lourenco et al., 2019).

PA has also been quantitatively correlated with the level of Aβ by increasing its clearance rate or reducing its deposition (Intlekofer and Cotman, 2013). In addition, PA would increase brain flow in the region of the hippocampal dentate gyrus with a possible improvement in neurogenesis (Paillard et al., 2015). In healthy elderly humans, some studies have shown an impact of the participants’ sports history on both cognition (Nelson and Tabet, 2015) and brain structure. PA would thereby significantly moderate age-related atrophy in several brain areas, including frontal (Nelson and Tabet, 2015) and medial temporal (especially hippocampal) regions (Intlekofer and Cotman, 2013). Studies involving various types of PA have shown a significant reduction in cognitive decline in AD, despite important methodological variability (Intlekofer and Cotman, 2013; Nelson and Tabet, 2015).

Overall, the findings tend to show that many factors could influence individuals’ abilities to cope with brain damages. Those variables are both internal and external, modifiable and not. In adulthood, the most studied variable seems to be education, which would be an efficient proxy for CR. But less is known about these factors and their effects on individual development.



DEVELOPMENT OF COGNITIVE RESERVE

We have seen that the expression of lesions can be modulated by numerous epigenetic factors. Among the environmental conditions, education indeed plays a critical part. However, the majority of these studies focus on adult or even older populations and there are fewer studies on the development of these protective factors during childhood. Considering the work on brain plasticity and sensitive periods during childhood, it can be hypothesized that this time constitutes a decisive period in the emergence and strength of CR (Richards et al., 2013). Stimulation of CR during childhood could thus influence the nature of cognitive aging.


Childhood Environment

The first years of life are the most determining period in brain development, organization and specialization. Neuronal and volume development grows fourfold between birth and early adulthood (Giedd et al., 1999; Johnson, 2001), enabling optimal action of brain plasticity. On a neurodevelopmental level, recent research has shown that the genetic heritage, the developmental timetable, but also stimulations from surrounding sources and environmental enrichment have a direct impact on the human brain structural networks (Gogtay et al., 2004; Baroncelli et al., 2010; Rao et al., 2010; Anderson et al., 2011; Huang et al., 2013). As a matter of fact, a higher level of stimulation (e.g., parental and environmental demand, learning activities) generates an increased synaptic proliferation, a denser cortex, and a greater intellectual flexibility (Hochberg et al., 2010; Murgatroyd and Spengler, 2011), preparing for reinforcing neuronal resistance to natural aging brain or potential brain damage (Stern, 2006; Asaridou et al., 2020).

Although their association tends to decrease due to a slight improvement in access to education around the world, educational attainment and social origin remain strongly linked (Bernardi and Ballarino, 2016; Mirowsky, 2017). Children from families with higher social class background obtain better scores on achievement tests and better grades in school than children from underprivileged backgrounds (Mullis et al., 2004; Hair et al., 2015). Moreover, children who experienced family persistent poverty perform almost 20 percentile ranks lower than other children at cognitive development test scores, even after controlling for parental investment and others background conditions (Dickerson and Popli, 2016). Similarly, a recent neuroanatomical study tends to show some differences in brain structure of children and adolescents with low or high-income families, particularly in brain regions supporting language, reading, executive function and spatial skills (Kolb and Gibb, 2015; Noble et al., 2015). Studies also linked socioeconomic factors with hippocampal and amygdala volumes (Hanson et al., 2011; Luby et al., 2013). However, other studies report no association (Hanson et al., 2011; Jednoróg et al., 2012). Parental socioeconomic status has therefore a strong impact on children’s cognitive abilities from an early age, and this condition has a direct link to future educational background (Erola et al., 2016). In this regard, research has shown that home environment and adequate parenting (e.g., stimulations, interactions) enhance a better understanding of this link. Parents with higher level of education are better informed about protective or deleterious environmental factors to ensure children’s optimal development, starting from prenatal life (Prickett and Augustine, 2016; Jeong et al., 2018). Studies have also highlighted that time investment from parents on children is linked to parental economic level (Park, 2008) and has a major impact on cognitive outcomes in childhood (Cunha and Heckman, 2009; Del Boca et al., 2017). This investment generally involves the amount of time children spend in physical or cultural activities with their father, mother, or both, but also their general exposure to discussion and social interaction. However, a further study shows that a child’s and adolescent’s own investment also matters, defeating an immutable social determinism (Del Boca et al., 2017). Moreover, level of interest in books and arts is significantly higher before 12 years old and seems not related to parental income status (Nanhou et al., 2016). Nevertheless, growing up in advantaged socioeconomic conditions and a stimulating environment in childhood seems to facilitate CR development (Stern, 2009; Aartsen et al., 2019).



Psychosocial and Psycho-Affective Development

The earlier stages of child development are reported to be deeply self-centered (Heo et al., 2011), although children are already able to show affection and altruistic intentions. Thus, before well-developed language, a child’s learning process is based on imitations, which require interaction with others. This process leads to duplication and strengthening of connections between mirror neurons (Rizzolatti, 2005; Cattaneo and Rizzolatti, 2009). This growing network provides empathetic movements (i.e., affective theory of mind) (Kaplan and Iacoboni, 2006). It also allows better abilities to understand interpersonal relationships (e.g., connivance, conflicts) and others’ mental states (i.e., based on beliefs, intentions, feelings…), aims and achievements (i.e., cognitive theory of mind), for more nuanced language processing. Development of social cognition, through both sides of theory of mind, helps children to progressively decrease their self-centered perception by prosocial behaviors and to develop and balance their emotional regulation.

This balance allows social adaptation and individual well-being (Cole et al., 2004; Spinrad et al., 2006), such that proper socio-cognitive abilities contribute to empathetic and prosocial behaviors. They provide help to adapt feelings and emotional expression according to the context, and to solve some negative or disturbing situations through appropriate strategies. As a result, a well-balanced emotional regulation contributes to reduced psychopathological risk factors.

From a cognitive perspective, those socio-cognitive abilities are also interrelated with the learning capacity of children using motivation and executive functions (Rueda et al., 2004; Posner et al., 2007), future language skills through early sensory experiences (e.g., eye tracking, facial emotional expression, sensorial communication), frequency and levels of communication (Rosenzweig, 2003; Cates et al., 2012). The interest in physical and emotional experimentation with the surrounding world increases, as well as the focus abilities with sustained attention.

Furthermore, reading abilities develop specific areas in visual cortex, contributing to decrypt shapes and face recognition (Rueckl et al., 2015; Dehaene, 2018), and allowing faster processing of visual information into sounds and meanings (Bouhali et al., 2014; Saygin et al., 2016). As an extension, research underlines a close relationship between reading skills, emotional distress and behavior issues. Studies and meta-analysis show that about 60% of kids in school with emotional and behavioral troubles have difficulties with basic reading and comprehension. Interestingly regarding adult outcomes, those troubles tend to remain with time (Kauffman, 2001; Nelson et al., 2003). Thus, access to early childhood education is a determinant factor in cognitive and psychosocial development.



Childhood Education

Low linguistic ability in early life is a strong predictor of poor cognitive function and AD in late life (Lo et al., 2013; Deckers et al., 2014). Research shows that literacy learning and reading skills are identified as critical prerequisites of cognition and socio-emotional development in childhood (Wehbe et al., 2014).

The learning of reading in children is thus accompanied by progressive brain changes (Dehaene-Lambertz et al., 2018). In group studies, children with or without reading difficulties show differences in activity of certain regions of the left hemisphere, including a lesser activation of temporo-parietal (Barquero et al., 2014) and occipito-temporal areas, as well as hyper activation of the inferior frontal gyrus (Barquero et al., 2014; Dehaene-Lambertz et al., 2018). These differences would persist in adults with reading difficulties. Compensatory hyper activation would also be demonstrated in the right hemisphere.


On Attention

Interacting with a book while listening to a story is the backbone of joint attention, which is a basic function of future attention skills, double task processing, empathetic behaviors and eye gaze meaning (Girardot et al., 2009). A 3-year longitudinal study shows that attentional skills, and particularly visual attention in preschoolers, predict quality of future reading acquisition (Franceschini et al., 2012). The same longitudinal study reports that about 60% of poor readers at school displayed visual-attention deficit in preschool.



On Mathematical Achievements

An early reading exposure program for children from low-income families showed better academic results and cognitive abilities (particularly in mathematics), with long-term effects, as compared with children from the same environment who have not followed the program (Campbell et al., 2001). Thus, mathematical reasoning is directly related to adequate early reading exposure, in particular with regard to phonological awareness and syntax (Gathercole et al., 2006; Chow and Ekholm, 2019).



On Intelligence

Studies show that children with an early psychosocial stimulation (e.g., play session program or assessment on play time at home with parent-children interaction) also have a higher adult IQ and better general knowledge, as compared to peers without such stimulation (Raine et al., 2002; Walker et al., 2011). Raine’s longitudinal study shows that increased stimulation seeking at 3 years old enhanced both scholastic performance and neuropsychological results in later childhood (i.e., at age 11) (Raine et al., 2002). This link is not mediated by parental education and occupation. A common hypothesis is that early cognitive stimulation creates a continuous enrichment of the environment that stimulates brain development. Moreover, this study suggests that a sensation-seeking personality trait in children is associated with more PA, and that this PA may be more impactful on increased cognitive ability.



On Working Memory and Non-verbal Reasoning

Studies show that working memory is a prerequisite of skill and knowledge in reading comprehension. Working memory deficit is moreover a very well-known diagnostic criterion for dyslexia (Gathercole et al., 2006; McVay and Kane, 2012; American Psychiatric Association, 2013; Wu et al., 2017). Conversely, early reading abilities extend the working memory process. An experiment of exposure to books and initiation to manual arts has been done in 49 children, aged from 7 to 12 (Wandell et al., 2008). Over 2 years, significant impact on intellectual abilities (notably on processing speed) and on reading skills were observed. From all activities, reading is the most stimulating on phonological awareness, hearing and attention span/memorizing activities. Lastly, exposure to reading and listening to stories between 3 and 5 years old may promote activation of cerebral areas in charge of mental imagery, narrative understanding, memory and imagination (Hutton et al., 2015). Those abilities are also stimulated in a different but complementary way by extracurricular activities.



Childhood Activities

According to some studies, artistic and play stimulation significantly increases the capacity for sustained attention (Wolfe and Noguchi, 2009), including motivation sources (Kieras, 2006) through feedback. At the age of 6 years old, children who learn musical instruments are more impervious to noise (i.e., more resistant to auditory distraction) (Strait and Kraus, 2011). This improvement has a significant impact on attention and intellectual efficiency test scores (Posner and Patoine, 2009). The access to exhibition or initiation in visual arts, music and dance over 2 years significantly improves intellectual efficiency (especially the processing speed) and reading skills (Wandell et al., 2008). But music is the most effective art for working memory and reading abilities (i.e., phonological awareness, hearing). Children receiving musical education also have denser neural connections in the areas governing verbal communication (Moreno et al., 2011). Moreover, functional magnetic resonance imaging (fMRI) studies show common brain activations during musical learning and mathematical thinking. To assess the impact of artistic stimulation on scholastic performance, Wandell et al. (2008) showed that learning a musical instrument improved mathematics (+50%) and history-geography (+40%) grades in children from underprivileged environments (study on 300,000 American students). Music also increases recall in memory and visual imagery. Overall, learning to play an instrument also promotes some motor and coordination skills, creating deep and permanent changes in the brain (Schlaug et al., 2005).

In line with artistic activities, children’s “free play” also develops language, emotional regulation, imagination and helps to densify the socio-behavioral responses to obstacles and dilemmas (Lillard et al., 2013). Thus, free play allows a reinforcement of the identification (i.e., by the appropriation of other identities) and increases self-esteem. But free play requires some free time and some space which are not available in all families. Indeed, since the 2000s, the use of digital technologies (e.g., video games, internet use) has been an integral part of children’s activities (screen time has been estimated to be around 8 h a week for 3-4-year-olds in the United Kingdom) (Kabali et al., 2015; Children’s Commissioner, 2017). The debate around children’s digital activities covers many aspects: the potential consequences on the brain development of toddlers (Johnson, 2015; Reid Chassiakos et al., 2016), the risks related to children’s exposure to inappropriate images (Tomopoulos et al., 2010), and the unpermitted use of a child’s image [risks that have been very well covered by Sziron and Hildt (2018)], to name but a few. From a cognitive developmental perspective, some research considers that access to screens facilitates the stimulation of communication, literacy or executive function development (Courage and Setliff, 2010; Neumann, 2016; Huber et al., 2018), while others consider that it diminishes experiences, quality of interpersonal relationships (i.e., communication, empathy), outdoor activities, healthy living (i.e., well-being, sleep and food) (Zimmerman et al., 2007; Lin et al., 2015; Kirkorian, 2018; Stiglic and Viner, 2019).

Without settling this debate here, an emerging literature seems, however, to observe that screen time, being done at the expense of other activities and real stimulations, contributes to weakening children’s cognitive development (e.g., language, attention skills, behavior regulation) (Christakis, 2009). Moreover, excessive screen use is more at risk in low-income families (Atkin et al., 2014; Hinkley et al., 2014). In this context, a drastic limitation of the use of digital technologies, as well as restriction to content that is compatible with developmental capacities, remains advocated in clinical practice (American Academy of Pediatrics, 2013). Based on the hypotheses defended in this article and informed by the literature described above, we could therefore consider that the effects of the massive and unsupervised use of new technologies at an early age can undermine the capitalization of a robust CR. Conversely, a wise and intentioned use of adapted and age-targeted content can accompany its reinforcement.

To sum up, cognitive and psycho-social development are interlinked but also heterogeneous, mostly because of environmental inequalities: parental socio-economic and socio-cultural status, family stress and behavioral patterns (e.g., nutrition, sleep, screen-time) (Cantin et al., 2012; Duncan and Magnuson, 2012; Noble et al., 2015; Sampedro-Piquero and Begega, 2017), parenting style (e.g., education, level of stimulation, usage, attitude, attachment to school, reading level and interest in books) (Del Boca et al., 2017), methods and approach to learning (e.g., Montessori pedagogy, Public/Private school…) (Al-Mansour and Al-Shorman, 2011; Dehaene, 2018), and access to extracurricular activities (Nanhou et al., 2016) (see Figure 1).


[image: image]

FIGURE 1. Title: CR factors dynamic interactions in a lifespan perspective.




DISCUSSION

In view of these studies, early stimulations with human sensory interactions, language, music and play help children to develop robust and flexible cognitive, affective and psychosocial abilities. By confronting data from adult studies, we may venture the hypothesis that CR origin and development take place beginning in early childhood. We could consider childhood as the first act of primary prevention of pathological aging and loss of cognitive abilities. Indeed, densifying synaptic reserve and increasing CR as early as possible, and then maintaining and strengthening it throughout adulthood, could contribute to giving people, caregivers and health professionals the skills to live a better, happier life and to postpone dementia.

This association made between the developing and the developed CR is therefore currently theoretical and based on an intellectual construction, but could become tomorrow scientifically attested. In order to follow the impact of these links, we could imagine the creation of a longitudinal epidemiological database. It could collect environmental and socio-cognitive data from children and monitor their progress, through indicators on their education, job, quality of life and health until their end of life.

By supporting this hypothesis, early environmental stimulation would therefore be seen as a true primary prevention and a public health matter. Identifying neurodevelopmental disorders, which can affect personal and professional outcomes (Johnson and Reader, 2002; Mannuzza et al., 2004; Alexander-Passe, 2006; Barkley et al., 2006; Retz and Rösler, 2009; Daley and Birchwood, 2010; Brod et al., 2012; Lichtenstein et al., 2012; Wymbs et al., 2012; Groenman et al., 2013; Gaïffas et al., 2014; Harpin et al., 2016; Schoentgen, 2017), would therefore have much longer-term impact. In addition, this research would motivate the development of innovative school pedagogies, especially for children with academic difficulties. Finally, considering these developmental elements could provide benefits in aging and, by delaying and reducing the risk of their occurrence, have a positive impact on the treatment of neurodegenerative pathologies.



AUTHOR CONTRIBUTIONS

BS and GG contributed equally to the bibliography research and writing the manuscript. BD supervised conceptual orientation of this manuscript. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

We would like to thank Madeline Kuppe, both for her benevolent and wise proofreading and for her valuable advices.


ABBREVIATIONS

AD, Alzheimer’s disease; BR, brain reserve; CR, cognitive reserve; MCI, mild cognitive impairment; MRI, magnetic resonance imaging; PA, physical activity; WHO, world health organization.


REFERENCES

Aartsen, M. J., Cheval, B., Sieber, S., Van der Linden, B. W., Gabriel, R., Courvoisier, D. S., et al. (2019). Advantaged socioeconomic conditions in childhood are associated with higher cognitive functioning but stronger cognitive decline in older age. Proc. Natl. Acad. Sci. U.S.A. 116, 5478–5486. doi: 10.1073/pnas.1807679116

Alexander-Passe, N. (2006). How dyslexic teenagers cope: an investigation of self-esteem, coping and depression. Dyslexia 12, 256–275. doi: 10.1002/dys.318

Al-Mansour, N. S., and Al-Shorman, R. E. A. (2011). The effect of teacher’s storytelling aloud on the reading comprehension of Saudi elementary stage students. J. King Saud Univ Lang. Transl. 23, 69–76. doi: 10.1016/j.jksult.2011.04.001

American Academy of Pediatrics. (2013). Policy statement: children, adolescents, and the media. Pediatrics 132, 958–961.

American Psychiatric Association (2013). Diagnostic and Statistical Manual of Mental Disorders, 5th Edn. Arlington, VA: American Psychiatric Association.

Anderson, V., Spencer-Smith, M., and Wood, A. (2011). Do children really recover better? Neurobehavioural plasticity after early brain insult. Brain 134, 2197–2221. doi: 10.1093/brain/awr103

Asaridou, S. S., Demir-Lira, ÖE., Goldin-Meadow, S., Levine, S. C., and Small, S. L. (2020). Language development and brain reorganization in a child born without the left hemisphere. Cortex 127, 290–312. doi: 10.1016/j.cortex.2020.02.006

Atkin, A. J., Sharp, S. J., Corder, K., and van Sluijs, E. M. International Children’s Accelerometry Database (Icad) Collaborators. (2014). Prevalence and correlates of screen time in youth: an international perspective. Am. J. Prevent. Med. 47, 803–807. doi: 10.1016/j.amepre.2014.07.043

Bahar-Fuchs, A., Clare, L., and Woods, B. (2013). Cognitive training and cognitive rehabilitation for persons with mild to moderate dementia of the Alzheimer’s or vascular type: a review. Alzheimer’s Res. Ther. 5:35. doi: 10.1186/alzrt189

Barkley, R. A., Fischer, M., Smallish, L., and Fletcher, K. (2006). Young adult outcome of hyperactive children: adaptive functioning in major life activities. J. Am. Acad. Child Adolesc. Psychiatry 45, 192–202. doi: 10.1097/01.chi.0000189134.97436.e2

Barnes, D. E., and Yaffe, K. (2011). The projected effect of risk factor reduction on Alzheimer’s disease prevalence. Lancet Neurol. 10, 819–828. doi: 10.1016/s1474-4422(11)70072-2

Baroncelli, L., Braschi, C., Spolidoro, M., Begenisic, T., Sale, A., and Maffei, L. (2010). Nurturing brain plasticity: impact of environmental enrichment. Cell Death Diff. 17:1092. doi: 10.1038/cdd.2009.193

Barquero, L. A., Davis, N., and Cutting, L. E. (2014). Neuroimaging of reading intervention: a systematic review and activation likelihood estimate meta-analysis. PLoS ONE 9:e83668. doi: 10.1371/journal.pone.0083668

Barulli, D., and Stern, Y. (2013). Efficiency, capacity, compensation, maintenance, plasticity: emerging concepts in cognitive reserve. Trends Cognit. Sci. 17, 502–509. doi: 10.1016/j.tics.2013.08.012

Baumgart, M., Snyder, H. M., Carrillo, M. C., Fazio, S., Kim, H., and Johns, H. (2015). Summary of the evidence on modifiable risk factors for cognitive decline and dementia: a population-based perspective. Alzheimer’s & Dementia 11, 718–726. doi: 10.1016/j.jalz.2015.05.016

Bennett, D. A., Wilson, R. S., Schneider, J. A., Evans, D. A., De Leon, C. M., Arnold, S. E., et al. (2003). Education modifies the relation of AD pathology to level of cognitive function in older persons. Neurology 60, 1909–1915. doi: 10.1212/01.wnl.0000069923.64550.9f

Bernardi F. and Ballarino G. (eds.) (2016). Education, Occupation and Social Origin: A Comparative Analysis of the Transmission(of)socio-economic Inequalities. Cheltenham: Edward Elgar Publishing.

Bos, I., Vos, S. J., Frölich, L., Kornhuber, J., Wiltfang, J., Maier, W., et al. (2017). The frequency and influence of dementia risk factors in prodromal Alzheimer’s disease. Neurobiol. Aging 56, 33–40.

Bouhali, F., Thiebaut, de Schotten, M., Pinel, P., Poupon, C., Mangin, J.-F., et al. (2014). Anatomical connections of the visual word form area. J. Neurosci. 34, 15402–15414. doi: 10.1523/jneurosci.4918-13.2014

Brod, M., Schmitt, E., Goodwin, M., Hodgkins, P., and Niebler, G. (2012). ADHD burden of illness in older adults: a life course perspective. Qual. Life Res. 21, 795–799. doi: 10.1007/s11136-011-9981-9

Brosch, T., Scherer, K. R., Grandjean, D. M., and Sander, D. (2013). The impact of emotion on perception, attention, memory, and decision-making. Swiss Med. Weekly 143, w13786.

Byers, A. L., and Yaffe, K. (2011). Depression and risk of developing dementia. Nat. Rev. Neurol. 7:323. doi: 10.1038/nrneurol.2011.60

Cadden, M. H., Guty, E. T., and Arnett, P. A. (2018). Cognitive reserve attenuates the effect of disability on depression in multiple sclerosis. Arch. Clin. Neuropsychol. 34, 495–502. doi: 10.1093/arclin/acy067

Campbell, F. A., Pungello, E. P., Miller-Johnson, S., Burchinal, M., and Ramey, C. T. (2001). The development of cognitive and academic abilities: growth curves from an early childhood educational experiment. Dev. Psychol. 37:231. doi: 10.1037/0012-1649.37.2.231

Cantin, G., Bouchard, C., and Bigras, N. (2012). Les facteurs prédisposant à la réussite éducative dès la petite enfance. Rev. Sci. ’Éducation 38, 469–482.

Carreiras, M., Seghier, M. L., Baquero, S., Estévez, A., Lozano, A., Devlin, J. T., et al. (2009). An anatomical signature for literacy. Nature 461, 983–986. doi: 10.1038/nature08461

Carvalho, J. O., and Ready, R. E. (2010). Emotion and executive functioning: the effect of normal mood states on fluency tasks. J. Clin. Exp. Neuropsychol. 32, 225–230. doi: 10.1080/13803390902902458

Cates, C. B., Dreyer, B. P., Berkule, S. B., White, L. J., Arevalo, J. A., and Mendelsohn, A. L. (2012). Infant communication and subsequent language development in children from low income families: the role of early cognitive stimulation. J. Dev. Behav. Pediatr. JDBP 33, 577.

Cattaneo, L., and Rizzolatti, G. (2009). The mirror neuron system. Archives of Neurology 66, 557–560.

Chao, L. L., DeCarli, C., Kriger, S., Truran, D., Zhang, Y., Laxamana, J., et al. (2013). Associations between white matter hyperintensities and β amyloid on integrity of projection, association, and limbic fiber tracts measured with diffusion tensor MRI. PLoS One 8:e65175. doi: 10.1371/journal.pone.0065175

Children’s Commissioner (2017). Growing Up Digital. A report of the Growing up Digital Task Force. Available online at: https://www.childrenscommissioner.gov.uk/publication/growing-up-digital/.

Chow, J. C., and Ekholm, E. (2019). Language domains differentially predict mathematics performance in young children. Early Childhood Res. Quart. 46, 179–186. doi: 10.1016/j.ecresq.2018.02.011

Christakis, D. A. (2009). The effects of infant media usage: what do we know and what should we learn? Acta Paediatr. 98, 8–16. doi: 10.1111/j.1651-2227.2008.01027.x

Clouston, S. A., Smith, D. M., Mukherjee, S., Zhang, Y., Hou, W., Link, B. G., et al. (2019). Education and cognitive decline: an integrative analysis of global longitudinal studies of cognitive aging. J. Gerontol. Ser. B 6:gbz053.

Cole, P. M., Martin, S. E., and Dennis, T. A. (2004). Emotion regulation as a scientific construct: methodological challenges and directions for child development research. Child Dev. 75, 317–333. doi: 10.1111/j.1467-8624.2004.00673.x

Cooper, C., Li, R., Lyketsos, C., and Livingston, G. (2013). Treatment for mild cognitive impairment: systematic review. Br. J. Psychiatry 203, 255–264.

Courage, M. L., and Setliff, A. E. (2010). When babies watch television: attention-getting, attention-holding, and the implications for learning from video material. Dev. Rev. 30, 220–238. doi: 10.1016/j.dr.2010.03.003

Cunha, F., and Heckman, J. J. (2009). The economics and psychology of inequality and human development. J. Eur. Econ. Assoc. 7, 320–364. doi: 10.1162/jeea.2009.7.2-3.320

Daley, D., and Birchwood, J. (2010). ADHD and academic performance: why does ADHD impact on academic performance and what can be done to support ADHD children in the classroom? Child Care Health Dev. 36, 455–464. doi: 10.1111/j.1365-2214.2009.01046.x

Davis, D. G., Schmitt, F. A., Wekstein, D. R., and Markesbery, W. R. (1999). Alzheimer neuropathologic alterations in aged cognitively normal subjects. J. Neuropathol. Exp. Neurol. 58, 376–388. doi: 10.1097/00005072-199904000-00008

Deckers, K., van Boxtel, M. P. J., Schiepers, O. J. G., Vugt, M., de, Sánchez, J. L. M., Anstey, K. J., et al. (2014). Target risk factors for dementia prevention: a systematic review and Delphi consensus study on the evidence from observational studies. Int. J. Geriatric Psychiatry 30, 234–246. doi: 10.1002/gps.4245

Dehaene, S. (2018). Apprendre!: Les Talents du Cerveau, le défi des Machines. Paris: Odile Jacob.

Dehaene, S., and Cohen, L. (2011). The unique role of the visual word form area in reading. Trends Cognit. Sci. 15, 254–262. doi: 10.1016/j.tics.2011.04.003

Dehaene, S., Pegado, F., Braga, L. W., Ventura, P., Nunes Filho, G., Jobert, A., et al. (2010). How learning to read changes the cortical networks for vision and language. Science 330, 1359–1364. doi: 10.1126/science.1194140

Dehaene-Lambertz, G., Monzalvo, K., and Dehaene, S. (2018). The emergence of the visual word form: longitudinal evolution of category-specific ventral visual areas during reading acquisition. PLoS Biol. 16:e2004103. doi: 10.1371/journal.pbio.2004103

Del Boca, D., Monfardini, C., and Nicoletti, C. (2017). Parental and child time investments and the cognitive development of adolescents. J. Labor Econ. 35, 565–608. doi: 10.1086/689479

Dickerson, A., and Popli, G. K. (2016). Persistent poverty and children’s cognitive development: evidence from the UK Millennium cohort study. J. R. Statist. Soc. Ser. A (Statistics Soc.) 179, 535–558. doi: 10.1111/rssa.12128

Dolan, R. J. (2002). Emotion, cognition, and behavior. Science 298, 1191–1194.

Dubois, B., Hampel, H., Feldman, H. H., Scheltens, P., Aisen, P., Andrieu, S., et al. (2016). Preclinical Alzheimer’s disease: definition, natural history, and diagnostic criteria. Alzheimer’s Dementia 12, 292–323.

Duncan, G. J., and Magnuson, K. (2012). Socioeconomic status and cognitive functioning: moving from correlation to causation. Wiley Interdiscipl. Rev. Cognit. Sci. 3, 377–386. doi: 10.1002/wcs.1176

Engeroff, T., Vogt, L., Fleckenstein, J., Füzéki, E., Matura, S., Pilatus, U., et al. (2019). Lifespan leisure physical activity profile, brain plasticity and cognitive function in old age. Aging Mental Health 23, 811–818. doi: 10.1080/13607863.2017.1421615

Epelbaum, S., Genthon, R., Cavedo, E., Habert, M. O., Lamari, F., Gagliardi, G., et al. (2017). Preclinical Alzheimer’s disease: a systematic review of the cohorts underlying the concept. Alzheimer’s & Dementia 13, 454–467. doi: 10.1016/j.jalz.2016.12.003

Erola, J., Jalonen, S., and Lehti, H. (2016). Parental education, class and income over early life course and children’s achievement. Res. Soc. Stratif. Mobility 44, 33–43. doi: 10.1016/j.rssm.2016.01.003

Franceschini, S., Gori, S., Ruffino, M., Pedrolli, K., and Facoetti, A. (2012). A causal link between visual spatial attention and reading acquisition. Curr. Biol. 22, 814–819. doi: 10.1016/j.cub.2012.03.013

Fratiglioni, L., Wang, H. X., Ericsson, K., Maytan, M., and Winblad, B. (2000). Influence of social network on occurrence of dementia: a community-based longitudinal study. Lancet 355, 1315–1319. doi: 10.1016/s0140-6736(00)02113-9

Freedman, A., and Nicolle, J. (2020). Isolement social et solitude : les nouveaux géants gériatriques: approche à l’intention des soins primaires. Can. Family Phys. 66, e78–e85.

Fyffe, D. C., Mukherjee, S., Barnes, L. L., Manly, J. J., Bennett, D. A., and Crane, P. K. (2011). Explaining differences in episodic memory performance among older African Americans and whites: the roles of factors related to cognitive reserve and test bias. J. Int. Neuropsychol. Soc. 17, 625–638. doi: 10.1017/s1355617711000476

Gaïffas, A., Galéra, C., Mandon, V., and Bouvard, M. P. (2014). Attention-deficit/hyperactivity disorder in young french male prisoners. Journal of Forensic Sciences 59, 1016–1019. doi: 10.1111/1556-4029.12444

Gates, N. J., and Sachdev, P. (2014). Is cognitive training an effective treatment for preclinical and early Alzheimer’s disease? J. Alzheimer’s Dis. 42, S551–S559.

Gathercole, S. E., Alloway, T. P., Willis, C., and Adams, A. M. (2006). Working memory in children with reading disabilities. J. Exp. Child Psychol. 93, 265–281.

Giedd, J. N., Blumenthal, J., Jeffries, N. O., Castellanos, F. X., Liu, H., Zijdenbos, A., et al. (1999). Brain development during childhood and adolescence: a longitudinal MRI study. Nat. Neurosci. 2:861. doi: 10.1038/13158

Girardot, A. M., De Martino, S., Rey, V., and Poinso, F. (2009). Étude des relations entre l’imitation, l’interaction sociale et l’attention conjointe chez les enfants autistes. Neuropsychiatrie de l’Enfance et de l’Adolescence 57, 267–274. doi: 10.1016/j.neurenf.2008.09.009

Gogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M., Greenstein, D., Vaituzis, A. C., et al. (2004). Dynamic mapping of human cortical development during childhood through early adulthood. Proc. Natl. Acad. Sci. U.S.A. 101, 8174–8179. doi: 10.1073/pnas.0402680101

Groenman, A. P., Oosterlaan, J., Rommelse, N., Franke, B., Roeyers, H., Oades, R. D., et al. (2013). Substance use disorders in adolescents with attention deficit hyperactivity disorder: a 4-year follow-up study. Addiction 108, 1503–1511. doi: 10.1111/add.12188

Groot, C., van Loenhoud, A. C., Barkhof, F., van Berckel, B. N., Koene, T., Teunissen, C. C., et al. (2018). Differential effects of cognitive reserve and brain reserve on cognition in Alzheimer disease. Neurology 90, e149–e156. doi: 10.1212/wnl.0000000000004802

Guure, C. B., Ibrahim, N. A., Adam, M. B., and Said, S. M. (2017). Impact of physical activity on cognitive decline, dementia, and its subtypes: meta-analysis of prospective studies. BioMed Res. Int. 2017:9016924.

Hair, N. L., Hanson, J. L., Wolfe, B. L., and Pollak, S. D. (2015). Association of child poverty, brain development, and academic achievement. JAMA Pediatr. 169, 822–829.

Hamer, M., Terrera, G. M., and Demakakos, P. (2018). Physical activity and trajectories in cognitive function: English longitudinal study of ageing. J. Epidemiol. Commun. Health 72, 477–483. doi: 10.1136/jech-2017-210228

Hanson, J. L., Chandra, A., Wolfe, B. L., and Pollak, S. D. (2011). Association between income and the hippocampus. PLoS ONE 6:e18712. doi: 10.1371/journal.pone.0018712

Harpin, V., Mazzone, L., Raynaud, J. P., Kahle, J., and Hodgkins, P. (2016). Long-term outcomes of ADHD: a systematic review of self-esteem and social function. J. Attent. Disord. 20, 295–305. doi: 10.1177/1087054713486516

Heo, J., Han, S., Koch, C., and Aydin, H. (2011). Piaget’s egocentrism and language learning: language egocentrism (LE) and language differentiation (LD). J. Lang. Teach. Res. 2:733.

Hinkley, T., Verbestel, V., Ahrens, W., Lissner, L., Molnár, D., Moreno, L. A., et al. (2014). Early childhood electronic media use as a predictor of poorer well-being: a prospective cohort study. JAMA Pediatr. 168, 485–492.

Hochberg, Z. E., Feil, R., Constancia, M., Fraga, M., Junien, C., Carel, J. C., et al. (2010). Child health, developmental plasticity, and epigenetic programming. Endocr. Rev. 32, 159–224. doi: 10.1210/er.2009-0039

Huang, H., Shu, N., Mishra, V., Jeon, T., Chalak, L., Wang, Z. J., et al. (2013). Development of human brain structural networks through infancy and childhood. Cereb. Cortex 25, 1389–1404. doi: 10.1093/cercor/bht335

Huber, B., Yeates, M., Meyer, D., Fleckhammer, L., and Kaufman, J. (2018). The effects of screen media content on young children’s executive functioning. J. Exp. Child Psychol. 170, 72–85. doi: 10.1016/j.jecp.2018.01.006

Hutton, J. S., Horowitz-Kraus, T., Mendelsohn, A. L., DeWitt, T., and Holland, S. K. C-Mind Authorship, et al. (2015). Home reading environment and brain activation in preschool children listening to stories. Pediatrics 136, 466–478. doi: 10.1542/peds.2015-0359

Intlekofer, K. A., and Cotman, C. W. (2013). Exercise counteracts declining hippocampal function in aging and Alzheimer’s disease. Neurobiol. Dis. 57, 47–55. doi: 10.1016/j.nbd.2012.06.011

Jansen, I. E., Savage, J. E., Watanabe, K., Bryois, J., Williams, D. M., Steinberg, S., et al. (2019). Genome-wide meta-analysis identifies new loci and functional pathways influencing Alzheimer’s disease risk. Nat. Genet. 51, 404–413.

Jansen, W. J., Ossenkoppele, R., Tijms, B. M., Fagan, A. M., Hansson, O., Klunk, W. E., et al. (2018). Association of cerebral amyloid-β aggregation with cognitive functioning in persons without dementia. JAMA Psychiatry 75, 84–95.

Jednoróg, K., Altarelli, I., Monzalvo, K., Fluss, J., Dubois, J., Billard, C., et al. (2012). The influence of socioeconomic status on children’s brain structure. PLoS ONE 7:e42486. doi: 10.1371/journal.pone.0042486

Jeong, J., Kim, R., and Subramanian, S. V. (2018). How consistent are associations between maternal and paternal education and child growth and development outcomes across 39 low-income and middle-income countries? J. Epidemiol. Commun. Health 72, 434–441. doi: 10.1136/jech-2017-210102

Jin, X., Li, T., Zhang, L., Ma, J., Yu, L., Li, C., et al. (2017). Environmental enrichment improves spatial learning and memory in vascular dementia rats with activation of Wnt/β-Catenin signal pathway. Med. Sci. Monitor Int. Med. J. Exp. Clin. Res. 23:207. doi: 10.12659/msm.902728

Johnson, G. M. (2015). “Young children at risk of digital disadvantage,” in Young Children and Families in the Information Age, eds K. L. Heider and M. Renck Jalongo (Dordrecht: Springer), 255–275. doi: 10.1007/978-94-017-9184-7_15

Johnson, J. H., and Reader, S. K. (2002). Assessing stress in families of children with ADHD: preliminary development of the Disruptive Behavior Stress Inventory (DBSI). J. Clin. Psychol. Med. Settings 9, 51–62.

Johnson, M. H. (2001). Functional brain development in humans. Nat. Rev. Neurosci. 2:475. doi: 10.1038/35081509

Kabali, H. K., Irigoyen, M. M., Nunez-Davis, R., Budacki, J. G., Mohanty, S. H., Leister, K. P., et al. (2015). Exposure and use of mobile media devices by young children. Pediatrics 136, 1044–1050. doi: 10.1542/peds.2015-2151

Kaplan, J. T., and Iacoboni, M. (2006). Getting a grip on other minds: mirror neurons, intention understanding, and cognitive empathy. Soc. Neurosci. 1, 175–183. doi: 10.1080/17470910600985605

Katzman, R. (1993). Education and the prevalence of dementia and Alzheimer’s disease. Neurology 43, 13–20.

Katzman, R. (1995). Can late life social or leisure activities delay the onset of dementia? J. Am. Geriatr. Soc. 43, 583–584. doi: 10.1111/j.1532-5415.1995.tb06112.x

Katzman, R., Aronson, M., Fuld, P., Kawas, C., Brown, T., Morgenstern, H., et al. (1989). Development of dementing illnesses in an 80-year-old volunteer cohort. Ann. Neurol. 25, 317–324. doi: 10.1002/ana.410250402

Kauffman, J. M. (2001). Characteristics of Children’s Behavior Disorders. Upper Saddle River, NJ: Merrill.

Kieras, J. E. (2006). Effects of Motivation on Children’s Attention and Performance. Doctoral dissertation. University of Oregon, Oregon.

Kirkorian, H. L. (2018). When and how do interactive digital media help children connect what they see on and off the screen? Child Dev. Perspect. 12, 210–214. doi: 10.1111/cdep.12290

Klein, C., Schreyer, S., Kohrs, F. E., Elhamoury, P., Pfeffer, A., Munder, T., et al. (2017). Stimulation of adult hippocampal neurogenesis by physical exercise and enriched environment is disturbed in a CADASIL mouse model. Sci. Rep. 7:45372.

Kolb, B., and Gibb, R. (2015). Childhood poverty and brain development. Hum. Dev. 58, 215–217. doi: 10.1159/000438766

Landau, S. M., Marks, S. M., Mormino, E. C., Rabinovici, G. D., Oh, H., O’Neil, J. P., et al. (2012). Association of lifetime cognitive engagement and low β-amyloid deposition. Arch. Neurol. 69, 623–629.

Lee, D. H., Lee, P., Seo, S. W., Roh, J. H., Oh, M., Oh, J. S., et al. (2019). Neural substrates of cognitive reserve in Alzheimer’s disease spectrum and normal aging. Neuroimage 186, 690–702. doi: 10.1016/j.neuroimage.2018.11.053

Lerche, S., Gutfreund, A., Brockmann, K., Hobert, M. A., Wurster, I., Sünkel, U., et al. (2018). Effect of physical activity on cognitive flexibility, depression and RBD in healthy elderly. Clin. Neurol. Neurosurg. 165, 88–93. doi: 10.1016/j.clineuro.2018.01.008

Lichtenstein, P., Halldner, L., Zetterqvist, J., Sjölander, A., Serlachius, E., Fazel, S., et al. (2012). Medication for attention deficit–hyperactivity disorder and criminality. New Engl. J. Med. 367, 2006–2014.

Lillard, A. S., Lerner, M. D., Hopkins, E. J., Dore, R. A., Smith, E. D., and Palmquist, C. M. (2013). The impact of pretend play on children’s development: a review of the evidence. Psychol. Bull. 139:1.

Lin, L. Y., Cherng, R. J., Chen, Y. J., Chen, Y. J., and Yang, H. M. (2015). Effects of television exposure on developmental skills among young children. Infant Behav. Dev. 38, 20–26. doi: 10.1016/j.infbeh.2014.12.005

Lo, R. Y., Jagust, W. J., and Initiative, A. A. D. N. (2013). Effect of cognitive reserve markers on alzheimer pathologic progression. Alzheimer Dis. Assoc. Disord. 27, 343–350. doi: 10.1097/wad.0b013e3182900b2b

Loprinzi, P. D., Frith, E., and Edwards, M. K. (2018). Resistance exercise and episodic memory function: a systematic review. Clin. Physiol. Funct. Imag. 38, 923–929. doi: 10.1111/cpf.12507

Lourenco, M. V., Frozza, R. L., de Freitas, G. B., Zhang, H., Kincheski, G. C., Ribeiro, F. C., et al. (2019). Exercise-linked FNDC5/irisin rescues synaptic plasticity and memory defects in Alzheimer’s models. Nature Med. 25, 165–175. doi: 10.1038/s41591-018-0275-4

Luby, J., Belden, A., Botteron, K., Marrus, N., Harms, M. P., Babb, C., et al. (2013). The effects of poverty on childhood brain development: the mediating effect of caregiving and stressful life events. JAMA Pediatr. 167, 1135–1142.

Ludyga, S., Gerber, M., Pühse, U., Looser, V. N., and Kamijo, K. (2020). Systematic review and meta-analysis investigating moderators of long-term effects of exercise on cognition in healthy individuals. Nat. Hum. Behav. 4, 603–612. doi: 10.1038/s41562-020-0851-8

Mannuzza, S., Klein, R. G., Abikoff, H., and Moulton III, J. L. (2004). Significance of childhood conduct problems to later development of conduct disorder among children with ADHD: a prospective follow-up study. J. Abnormal Child Psychol. 32, 565–573. doi: 10.1023/b:jacp.0000037784.80885.1a

Mathias, J. L., and Wheaton, P. (2015). Contribution of brain or biological reserve and cognitive or neural reserve to outcome after TBI: a meta-analysis (prior to 2015). Neurosci. Biobehav. Rev. 55, 573–593. doi: 10.1016/j.neubiorev.2015.06.001

McVay, J. C., and Kane, M. J. (2012). Why does working memory capacity predict variation in reading comprehension? On the influence of mind wandering and executive attention. J. Exp. Psychol. General 141:302. doi: 10.1037/a0025250

Medaglia, J. D., Pasqualetti, F., Hamilton, R. H., Thompson-Schill, S. L., and Bassett, D. S. (2017). Brain and cognitive reserve: translation via network control theory. Neurosci. Biobehav. Rev. 75, 53–64. doi: 10.1016/j.neubiorev.2017.01.016

Meng, X., and D’arcy, C. (2012). Education and dementia in the context of the cognitive reserve hypothesis: a systematic review with meta-analyses and qualitative analyses. PLoS ONE 7:e38268. doi: 10.1371/journal.pone.0038268

Miranda-Castillo, C., Woods, B., Galboda, K., Oomman, S., Olojugba, C., and Orrell, M. (2010). Unmet needs, quality of life and support networks of people with dementia living at home. Health Qual. Life Outcomes 8:132. doi: 10.1186/1477-7525-8-132

Mirowsky, J. (2017). Education, Social Status, and Health. Abingdon: Routledge.

Moreno, S., Friesen, D., and Bialystok, E. (2011). Effect of music training on promoting preliteracy skills: preliminary causal evidence. Music Percept. Interdiscipl. J. 29, 165–172. doi: 10.1525/mp.2011.29.2.165

Mortimer, J. A., Snowdon, D. A., and Markesbery, W. R. (2003). Head circumference, education and risk of dementia: findings from the Nun Study. J. Clin. Exp. Neuropsychol. 25, 671–679. doi: 10.1076/jcen.25.5.671.14584

Mullis, R. L., Mullis, A. K., Cornille, T. A., Ritchson, A. D., and Sullender, M. S. (2004). Early Literacy Outcomes and Parent Involvement. Tallahassee, Fl: Florida State University.

Mungas, D., Gavett, B., Fletcher, E., Farias, S. T., DeCarli, C., and Reed, B. (2018). Education amplifies brain atrophy effect on cognitive decline: implications for cognitive reserve. Neurobiol. Aging 68, 142–150. doi: 10.1016/j.neurobiolaging.2018.04.002

Murgatroyd, C., and Spengler, D. (2011). Epigenetics of early child development. Front. Psychiatry 2:16. doi: 10.3389/fpsyt.2011.00016

Nanhou, V., Desrosiers, H., Tétreault, K., and Guay, F. (2016). La motivation en Lecture Durant l’enfance et le Rendement Dans la Langue D’enseignement à 15 ans. Québec: Institut de la Statistique du Québec.

Nelson, J. R., Benner, G. J., and Rogers-Adkinson, D. L. (2003). An investigation of the characteristics of K–12 students with comorbid emotional disturbance and significant language deficits served in public school settings. Behav. Disord. 29, 25–33. doi: 10.1177/019874290302900105

Nelson, L., and Tabet, N. (2015). Slowing the progression of Alzheimer’s disease; what works? Ageing Res. Rev. 23, 193–209.

Neumann, M. M. (2016). Young children’s use of touch screen tablets for writing and reading at home: relationships with emergent literacy. Comput. Educ. 97, 61–68. doi: 10.1016/j.compedu.2016.02.013

Noble, K. G., Houston, S. M., Brito, N. H., Bartsch, H., Kan, E., Kuperman, J. M., et al. (2015). Family income, parental education and brain structure in children and adolescents. Nat. Neurosci. 18:773.

Olazarán, J., Reisberg, B., Clare, L., Cruz, I., Peña-Casanova, J., Del Ser, T., et al. (2010). Nonpharmacological therapies in Alzheimer’s disease: a systematic review of efficacy. Dement. Geriatr. Cognit. Disord. 30, 161–178.

Oltra-Cucarella, J., Perez-Elvira, R., Espert, R., and Sohn McCormick, A. (2016). Are cognitive interventions effective in Alzheimer’s disease? A controlled meta-analysis of the effects of bias. Neuropsychology 30:631. doi: 10.1037/neu0000283

Opdebeeck, C., Matthews, F. E., Wu, Y. T., Woods, R. T., Brayne, C., and Clare, L. (2018). Cognitive reserve as a moderator of the negative association between mood and cognition: evidence from a population-representative cohort. Psychol. Med. 48, 61–71. doi: 10.1017/s003329171700126x

Opdebeeck, C., Nelis, S. M., Quinn, C., and Clare, L. (2015). How does cognitive reserve impact on the relationships between mood, rumination, and cognitive function in later life? Aging Mental Health 19, 705–712. doi: 10.1080/13607863.2014.962005

Paillard, T., Rolland, Y., and de Souto Barreto, P. (2015). Protective effects of physical exercise in Alzheimer’s disease and Parkinson’s disease: a narrative review. J. Clin. Neurol. 11, 212–219.

Park, H. (2008). Home literacy environments and children’s reading performance: a comparative study of 25 countries. Educ. Res. Eval. 14, 489–505. doi: 10.1080/13803610802576734

Patel, V. P., Walker, L. A., and Feinstein, A. (2018). Revisiting cognitive reserve and cognition in multiple sclerosis: a closer look at depression. Multiple Sclerosis J. 24, 186–195. doi: 10.1177/1352458517692887

Planton, M., Raposo, N., Albucher, J. F., and Pariente, J. (2017). Cerebral amyloid angiopathy-related cognitive impairment: the search for a specific neuropsychological pattern. Rev. Neurol. 173, 562–565. doi: 10.1016/j.neurol.2017.09.006

Posner, M. I., and Patoine, B. (2009). How arts training improves attention and cognition. Cerebrum 2–4. Available online at: dana.org/article/how-arts-training-improves-attention-and-cognition/ (accessed January 25, 2011.)

Posner, M. I., Rothbart, M. K., Sheese, B. E., and Tang, Y. (2007). The anterior cingulate gyrus and the mechanism of self-regulation. Cognit. Affect. Behav. Neurosci. 7, 391–395. doi: 10.3758/cabn.7.4.391

Prickett, K. C., and Augustine, J. M. (2016). Maternal education and investments in children’s health. J. Marriage Family 78, 7–25. doi: 10.1111/jomf.12253

Prince, M., Bryce, R., Albanese, E., Wimo, A., Ribeiro, W., and Ferri, C. P. (2013). The global prevalence of dementia: a systematic review and metaanalysis. Alzheimer’s & Dementia 9, 63–75.

Prince, M., Comas-Herrera, A., Knapp, M., Guerchet, M., and Karagiannidou, M. (2016). World Alzheimer Report 2016: Improving Healthcare for People Living with Dementia: Coverage, Quality and Costs now and in the Future. London: Alzheimer’s Disease International.

Prince, M. J. (2015). World Alzheimer Report 2015: The Global Impact of Dementia: An Analysis of Prevalence, Incidence, Cost and Trends. London: Alzheimer’s Disease International.

Raine, A., Reynolds, C., Venables, P. H., and Mednick, S. A. (2002). Stimulation seeking and intelligence: a prospective longitudinal study. J. Personal. Soc. Psychol. 82:663. doi: 10.1037/0022-3514.82.4.663

Rao, H., Betancourt, L., Giannetta, J. M., Brodsky, N. L., Korczykowski, M., Avants, B. B., et al. (2010). Early parental care is important for hippocampal maturation: evidence from brain morphology in humans. Neuroimage 49, 1144–1150. doi: 10.1016/j.neuroimage.2009.07.003

Reid Chassiakos, Y., Radesky, J., Christakis, D., Moreno, M. A., and Cross, C. (2016). Children and adolescents and digital media, AAP council on communications and media. Pediatrics 138:e20162593. doi: 10.1542/peds.2016-2593

Rentz, D. M., Locascio, J. J., Becker, J. A., Moran, E. K., Eng, E., Buckner, R. L., et al. (2010). Cognition, reserve, and amyloid deposition in normal aging. Ann. Neurol. 67, 353–364.

Resende, E. D. P. F., Rosen, H. J., Chiang, K., Staffaroni, A. M., Allen, I., Grinberg, L. T., et al. (2018). Primary school education may be sufficient to moderate a memory-hippocampal relationship. Front. Aging Neurosci. 10:381. doi: 10.3389/fnagi.2018.00381

Retz, W., and Rösler, M. (2009). The relation of ADHD and violent aggression: what can we learn from epidemiological and genetic studies? Int. J. Law Psychiatry 32, 235–243. doi: 10.1016/j.ijlp.2009.04.006

Richards, B. A., and Frankland, P. W. (2017). The persistence and transience of memory. Neuron 94, 1071–1084. doi: 10.1016/j.neuron.2017.04.037

Richards, M., and Deary, I. J. (2005). A life course approach to cognitive reserve: a model for cognitive aging and development? Ann. Neurol. 58, 617–622. doi: 10.1002/ana.20637

Richards, M., Sacker, A., and Deary, I. J. (2013). “Lifetime antecedents of cognitive reserve,” in Cognitive Reserve, ed. Y. Stern (London: Psychology Press), 54–69.

Riley, K. P., Snowdon, D. A., and Markesbery, W. R. (2002). Alzheimer’s neurofibrillary pathology and the spectrum of cognitive function: findings from the Nun Study. Ann. Neurol. 51, 567–577. doi: 10.1002/ana.10161

Rizzolatti, G. (2005). The mirror neuron system and imitation. Perspect. Imitat. From Neurosci. Soc. Sci. 1, 55–76.

Rodriguez, J. J., Terzieva, S., Olabarria, M., Lanza, R. G., and Verkhratsky, A. (2013). Enriched environment and physical activity reverse astrogliodegeneration in the hippocampus of AD transgenic mice. Cell Death Dis. 4:e678. doi: 10.1038/cddis.2013.194

Roe, C. M., Mintun, M. A., D’Angelo, G., Xiong, C., Grant, E. A., and Morris, J. C. (2008). Alzheimer disease and cognitive reserve: variation of education effect with carbon 11–labeled Pittsburgh Compound B uptake. Arch. Neurol. 65, 1467–1471.

Rosenzweig, M. R. (2003). Effects of differential experience on the brain and behavior. Dev. Neuropsychol. 24, 523–540. doi: 10.1207/s15326942dn242

Rueckl, J. G., Paz-Alonso, P. M., Molfese, P. J., Kuo, W.-J., Bick, A., Frost, S. J., et al. (2015). Universal brain signature of proficient reading: evidence from four contrasting languages. Proc. Natl. Acad. Sci. U.S.A. 112, 15510–15515. doi: 10.1073/pnas.1509321112

Rueda, M. R., Posner, M. I., and Rothbart, M. K. (2004). Attentional control and self-regulation. Handb. Self-Regul. Res. Theory Appl. 2, 284–299.

Sabia, S., Dugravot, A., Dartigues, J. F., Abell, J., Elbaz, A., Kivimäki, M., et al. (2017). Physical activity, cognitive decline, and risk of dementia: 28-year follow-up of Whitehall II cohort study. BMJ 357:j2709. doi: 10.1136/bmj.j2709

Sampedro-Piquero, P., and Begega, A. (2017). Environmental enrichment as a positive behavioral intervention across the lifespan. Curr. Neuropharmacol. 15, 459–470. doi: 10.2174/1570159x14666160325115909

Satz, P. (1993). Brain reserve capacity on symptom onset after brain injury: a formulation and review of evidence for threshold theory. Neuropsychology 7, 273–295. doi: 10.1037/0894-4105.7.3.273

Satz, P., Cole, M. A., Hardy, D. J., and Rassovsky, Y. (2011). Brain and cognitive reserve: mediator (s) and construct validity, a critique. J. Clin. Exp. Neuropsychol. 33, 121–130. doi: 10.1080/13803395.2010.493151

Saygin, Z. M., Osher, D. E., Norton, E. S., Youssoufian, D. A., Beach, S. D., Feather, J., et al. (2016). Connectivity precedes function in the development of the visual word form area. Nat. Neurosci. 19, 1250. doi: 10.1038/nn.4354

Scarmeas, N., and Stern, Y. (2003). Cognitive reserve and lifestyle. J. Clin. Exp. Neuropsychol. 25, 625–633.

Scheltens, P., Blennow, K., Breteler, M. M. B., Strooper, B., de, Frisoni, G. B., et al. (2016). Alzheimer’s disease. Lancet 388, 505–517.

Schlaug, G., Norton, A., Overy, K., and Winner, E. (2005). Effects of music training on the child’s brain and cognitive development. Ann. N. Y. Acad. Sci. 1060, 219. doi: 10.1196/annals.1360.015

Schoentgen, B. (2017). Étude des Liens Entre Fonctionnement Exécutif, Cognition Sociale et Facteurs Psychopathologiques Dans le Contexte de l’obésité Pédiatrique. Doctoral dissertation.,. Angers: University of Angers.

Selkoe, D. J., and Hardy, J. (2016). The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol. Med. 8, 595–608.

Selvi, Y., Gergerlioglu, H. S., Akbaba, N., Oz, M., Kandeger, A., Demir, E. A., et al. (2017). Impact of enriched environment on production of tau, amyloid precursor protein and, amyloid-β peptide in high-fat and high-sucrose-fed rats. Acta Neuropsychiatrica 29, 291–298. doi: 10.1017/neu.2016.63

Sitzer, D. I., Twamley, E. W., and Jeste, D. V. (2006). Cognitive training in Alzheimer’s disease: a meta-analysis of the literature. Acta Psychiatrica Scand. 114, 75–90. doi: 10.1111/j.1600-0447.2006.00789.x

Sleegers, K., Lambert, J. C., Bertram, L., Cruts, M., Amouyel, P., and Van Broeckhoven, C. (2010). The pursuit of susceptibility genes for Alzheimer’s disease: progress and prospects. Trends Genet. 26, 84–93. doi: 10.1016/j.tig.2009.12.004

Snowdon, D. A., Kemper, S. J., Mortimer, J. A., Greiner, L. H., Wekstein, D. R., and Markesbery, W. R. (1996). Linguistic ability in early life and cognitive function and Alzheimer’s disease in late life: findings from the Nun Study. JAMA 275, 528–532. doi: 10.1001/jama.275.7.528

Soldan, A., Pettigrew, C., and Albert, M. (2020). Cognitive reserve from the perspective of preclinical alzheimer disease: 2020 update. Clin. Geriatr. Med. 36, 247–263. doi: 10.1016/j.cger.2019.11.006

Spinrad, T. L., Eisenberg, N., Cumberland, A., Fabes, R. A., Valiente, C., Shepard, S. A., et al. (2006). Relation of emotion-related regulation to children’s social competence: a longitudinal study. Emotion 6:498. doi: 10.1037/1528-3542.6.3.498

Spitznagel, M. B., Tremont, G., Brown, L. B., and Gunstad, J. (2006). Cognitive reserve and the relationship between depressive symptoms and awareness of deficits in dementia. J. Neuropsychiatry Clin. Neurosci. 18, 186–190. doi: 10.1176/jnp.2006.18.2.186

Stern, Y. (2006). Cognitive reserve and Alzheimer disease. Alzheimer Dis. Assoc. Disord. 20(3 Suppl. 2), S69–S74.

Stern, Y. (2009). Cognitive reserve. Neuropsychologia 47, 2015–2028. doi: 10.1016/j.neuropsychologia.2009.03.004

Stern, Y., Arenaza-Urquijo, E. M., Bartrés-Faz, D., Belleville, S., Cantilon, M., Chetelat, G., et al. (2018). Whitepaper: defining and investigating cognitive reserve, brain reserve, and brain maintenance. Alzheimer’s & Dementia S1552–5260, 33491–33495.

Stiglic, N., and Viner, R. M. (2019). Effects of screentime on the health and well-being of children and adolescents: a systematic review of reviews. BMJ Open 9:e023191. doi: 10.1136/bmjopen-2018-023191

Strait, D. L., and Kraus, N. (2011). Can you hear me now? Musical training shapes functional brain networks for selective auditory attention and hearing speech in noise. Front. Psychol. 2:113. doi: 10.3389/fpsyg.2011.00113

Sziron, M., and Hildt, E. (2018). Digital media, the right to an open future, and children 0–5. Front. Psychol. 9:2137. doi: 10.3389/fpsyg.2018.02137

Tomopoulos, S., Dreyer, B. P., Berkule, S., Fierman, A. H., Brockmeyer, C., and Mendelsohn, A. L. (2010). Infant media exposure and toddler development. Arch. Pediatr. Adolesc. Med. 164, 1105–1111.

Volkers, K. M., and Scherder, E. J. (2011). Impoverished environment, cognition, aging and dementia. Rev. Neurosci. 22, 259–266.

Walker, S. P., Wachs, T. D., Grantham-McGregor, S., Black, M. M., Nelson, C. A., et al. (2011). Inequality in early childhood: risk and protective factors for early child development. Lancet 378, 1325–1338. doi: 10.1016/s0140-6736(11)60555-2

Wandell, B., Dougherty, R. F., Ben-Shachar, M., Deutsch, G. K., and Tsang, J. (2008). “Training in the arts, reading, and brain imaging,” in Learning, Arts, and the Brain, ed. M. Gazinga (New York, NY: Dana Press), 51–60.

Wang, Y., West, J. D., Flashman, L. A., Wishart, H. A., Santulli, R. B., Rabin, L. A., et al. (2012). Selective changes in white matter integrity in MCI and older adults with cognitive complaints. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 1822, 423–430. doi: 10.1016/j.bbadis.2011.08.002

Wehbe, L., Murphy, B., Talukdar, P., Fyshe, A., Ramdas, A., and Mitchell, T. (2014). Simultaneously uncovering the patterns of brain regions involved in different story reading subprocesses. PLoS ONE 9:e112575. doi: 10.1371/journal.pone.0112575

Wilson, R. S., Bennett, D. A., Gilley, D. W., Beckett, L. A., Barnes, L. L., and Evans, D. A. (2000). Premorbid reading activity and patterns of cognitive decline in Alzheimer disease. Arch. Neurol. 57, 1718–1723.

Wimo, A., Guerchet, M., Ali, G. C., Wu, Y. T., Prina, A. M., Winblad, B., et al. (2017). The worldwide costs of dementia 2015 and comparisons with 2010. Alzheimer’s & Dementia 13, 1–7. doi: 10.1016/j.jalz.2016.07.150

Wolfe, D. E., and Noguchi, L. K. (2009). The use of music with young children to improve sustained attention during a vigilance task in the presence of auditory distractions. J. Music Ther. 46, 69–82. doi: 10.1093/jmt/46.1.69

Woods, B., Aguirre, E., Spector, A. E., and Orrell, M. (2012). Cognitive stimulation to improve cognitive functioning in people with dementia. Cochr. Datab. Systemat. Rev. 2:CD005562. doi: 10.1002/14651858.CD005562.pub2

Wu, S. S., Chen, L., Battista, C., Watts, A. K. S., Willcutt, E. G., and Menon, V. (2017). Distinct influences of affective and cognitive factors on children’s non-verbal and verbal mathematical abilities. Cognition 166, 118–129. doi: 10.1016/j.cognition.2017.05.016

Wymbs, B., Molina, B., Pelham, W., Cheong, J., Gnagy, E., Belendiuk, K., et al. (2012). Risk of intimate partner violence among young adult males with childhood ADHD. J. Attent. Disord. 16, 373–383. doi: 10.1177/1087054710389987

Xu, W., Yu, J. T., Tan, M. S., and Tan, L. (2015). Cognitive reserve and Alzheimer’s disease. Mol. Neurobiol. 51, 187–208.

Zhang, Y., Wang, G., Wang, L., Zhao, J., Huang, R., and Xiong, Q. (2018). The short-term improvements of enriched environment in behaviors and pathological changes of APP/PS1 mice via regulating cytokines. Human Vaccines Immunother. 14, 2003–2011. doi: 10.1080/21645515.2018.1463944

Zimmerman, F. J., Christakis, D. A., and Meltzoff, A. N. (2007). Television and DVD/video viewing in children younger than 2 years. Arch. Pediatr. Adolesc. Med. 161, 473–479.

Zotcheva, E., Bergh, S., Selbæk, G., Krokstad, S., Håberg, A. K., Strand, B. H., et al. (2018). Midlife physical activity, psychological distress, and dementia risk: the HUNT Study. J. Alzheimer’s Dis. 66, 825–833. doi: 10.3233/jad-180768

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Schoentgen, Gagliardi and Défontaines. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Environmental and Cognitive Enrichment in Childhood as Protective Factors in the Adult and Aging Brain



		INTRODUCTION



		THE BRAIN RESERVE



		Biology







		THE COGNITIVE RESERVE IN AGING POPULATION



		Education



		Environment



		Psychological Factors



		Activities







		DEVELOPMENT OF COGNITIVE RESERVE



		Childhood Environment



		Psychosocial and Psycho-Affective Development



		Childhood Education



		On Attention



		On Mathematical Achievements



		On Intelligence



		On Working Memory and Non-verbal Reasoning







		Childhood Activities







		DISCUSSION



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fpsyg-11-01814-g001.jpg
COGNITIVE
RESERVE






OPS/images/cover.jpg
frontiers
in Psychology

Environmental and Cognitive
Enrichment in Childhood as
Protective Factors in the Adult
and Aging Brain









OPS/images/logo.jpg
’ frontiers
in Psychology





