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A B S T R A C T   

As the global population faces a progressive shift towards a higher median age, understanding the mechanisms 
underlying healthy brain ageing has become of paramount importance for the preservation of cognitive abilities. 
The first part of the present review aims to provide a comprehensive look at the anatomical changes the healthy 
brain endures with advanced age, while also summarizing up to date findings on modifiable risk factors to 
support a healthy ageing process. Subsequently, we describe the typical cognitive profile displayed by healthy 
older adults, conceptualizing the well-established age-related decline as an impairment of four main cognitive 
factors and relating them to their neural substrate previously described; different cognitive trajectories displayed 
by typical Alzheimer’s Disease patients and successful agers with a high cognitive reserve are discussed. Finally, 
potential effective interventions and protective strategies to promote cognitive reserve and defer cognitive 
decline are reviewed and proposed.   

1. Introduction – Defining healthy brain ageing 

The past 250 years have seen a steady increase in the average human 
life expectancy and, although this trajectory has been temporarily 
altered by the recent Covid-19 pandemic (Aburto et al., 2022), this trend 
is projected to continue in the coming years in most industrialized 
countries (Kontis et al., 2017). This notion is a compelling call to address 
the issue of promoting and supporting a healthy ageing process. Indeed, 
a lengthening lifespan does not necessarily align with an equally pro-
longed healthspan (Crimmins, 2015), defined as the average length of a 
healthy life. Postponing the onset and attenuating the severity of late-life 
morbidity, aptly defined as ‘compression of morbidity’ (Partridge et al., 
2018), has subsequently become a health priority. 

The World Health Organisation (WHO) defines healthy ageing as 
“the process of developing and maintaining the functional ability that 
enables wellbeing in older age” (WHO). Therefore, the WHO’s definition 
emphasizes that a healthy ageing trajectory is a ‘process’, a goal ach-
ieved throughout the lifespan to ensure the best possible outcome for 
one’s later years. The definition relies on the concept of ‘functional 
ability’, qualified as “having the capabilities that enable all people to be 
and do what they have reason to value”. This notion epitomizes the 
influential model proposed 25 years ago by Rowe and Kahn (Rowe and 
Kahn, 1997), which lists three main components of successful ageing: 
maintenance of physical and cognitive function, minimised risk of 
disability and continued engagement with life. 

Embracing this framework, a significant spotlight should be afforded 

* Correspondence to: Associate Professor of Radiology, Harvard Medical School; Director, Precision Neuroscience & Neuromodulation Program Director, 
Department of Radiology, Massachusetts General Hospital Boston, MA, USA. 

E-mail address: esantarnecchi@mgh.harvard.edu (E. Santarnecchi).  

Contents lists available at ScienceDirect 

Ageing Research Reviews 

journal homepage: www.elsevier.com/locate/arr 

https://doi.org/10.1016/j.arr.2023.101939 
Received 15 November 2022; Received in revised form 14 April 2023; Accepted 24 April 2023   

mailto:esantarnecchi@mgh.harvard.edu
www.sciencedirect.com/science/journal/15681637
https://www.elsevier.com/locate/arr
https://doi.org/10.1016/j.arr.2023.101939
https://doi.org/10.1016/j.arr.2023.101939
https://doi.org/10.1016/j.arr.2023.101939


Ageing Research Reviews 88 (2023) 101939

2

to healthy brain ageing. Seminal studies tackling the topic of ageing 
have traditionally focussed on cognitively disabled older individuals 
(Rowe and Kahn, 1987) and, more recently, individuals displaying 
extraordinarily positive ageing outcomes (so called super-agers) (De 
Godoy et al., 2021; Gefen et al., 2014). The present review, instead, 
concentrates on usual healthy brain ageing (Rowe and Kahn, 1987), 
which we define as the composite pattern of modifications the human 
brain physiologically endures with advancing age, from the anatomical, 
functional and cognitive standpoint, when adequate typical functional 
ability and adaptability are retained. 

The first portion of our descriptive review will provide a synopsis of 
the anatomical transformations observed in the brain with advanced 
age, while also summarizing current findings on modifiable risk factors. 
Subsequently, we will relate these neural substrate modifications with 
the associated typical cognitive decline profile displayed by older in-
dividuals (Salthouse, 2014) and propose potential beneficial active in-
terventions to support cognitive reserve (Stern, 2002), a mitigating 
factor preventing pathologic decline discussed in Paragraph 6. 

2. Structural changes associated with healthy brain ageing 

Ageing physiologically causes a whole host of anatomical and func-
tional modifications in the brain, ranging from the intracellular to 
macrostructural (Cohen et al., 2019) levels. For the scope of this 
narrative review, we will discuss these changes in terms of microscale (i. 
e., intracellular), mesoscale (i.e., intercellular or local circuitry) and 

macroscale (i.e., whole brain, large scale networks) changes (Fig. 1). 
However, it is important to note that we are not implying that these 
three levels are separate, nor that they should be studied as such. Indeed, 
they are better understood as an interconnected and mutually influential 
continuum. 

2.1. Predisposing genotypes 

Several studies have investigated the heritability of longevity, esti-
mating that around 25% of the variation in lifespan is caused by genetic 
differences (Christensen et al., 2006); similar efforts have been made to 
estimate the heritability of healthy cognitive ageing (Davies, 2015; 
Gurland et al., 2004; Harris and Deary, 2011; Neuner et al., 2019; 
Ritchie et al., 2020). A meta-analysis of genome-wide association studies 
of 31 cohorts, considering a total sample size of almost 54 thousand 
healthy individuals, found a significant relationship between general 
cognitive function and four genes known to be related to the develop-
ment of Alzheimer’s disease (TOMM40, APOE, ABCG1 and MEF2C) 
(Davies, 2015). Among them, the APOE e4 genotype was found by later 
studies to predict steeper cognitive decline in older adults even when not 
affected by Alzheimer’s (Handing et al., 2023; O’Donoghue et al., 2018; 
Plassman et al., 2010; Ritchie et al., 2020). The meta-analysis results 
indicate a polygenic model of inheritance (Davies, 2015); in recent years 
the calculation of polygenic scores (PGS) has become common in 
research aiming to investigate genetic predictors of disease, health or, 
more generally, traits (Lewis and Vassos, 2020). PGSs are extracted from 

Fig. 1. Ageing from micro to macroscale. Synopsis of changes the healthy brain endures through the lifespan, from the micro to the macroscopic level and the 
associated modifiable risk factors and beneficial active interventions to support a healthy ageing process. 
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published genome-wide association studies that have tested the corre-
lation of millions of single-nucleotide polymorphisms with specific 
phenotypes (e.g., disease, educational attainment…); scores can then be 
computed on any individual genotype to measure the genetic proba-
bility of specific traits or the liability to a specific disease. However, 
although PGSs were found to predict cognitive performance across 
several domains in old age, evidence of their effectiveness in predicting 
cognitive decline is still lacking (Ritchie et al., 2020). 

2.2. The micro scale 

A prominent review published almost ten years ago narrowed down 
the complex biology of ageing by identifying nine hallmarks of it 23, 
which represent widely investigated common denominators of the 
ageing process (Hou et al., 2019): genomic instability, telomere attri-
tion, epigenetic alterations, cellular senescence, altered intercellular 
communication, loss of proteostasis, stem cell exhaustion, deregulated 
nutrient sensing and mitochondrial dysfunction. These hallmarks are 
integrated, co-occurring and mutually causing one another, and can be 
adopted as a roadmap to discuss the microscale level changes occurring 
in the ageing brain. 

DNA damage is considered among the primary (López-Otín et al., 
2013) hallmarks of ageing, initiating a signalling cascade that re-
verberates through cells, driving them into apoptosis or senescence to 
avoid the replication of damaged genetic information (Hou et al., 2019; 
Yousefzadeh et al., 2021). Genomic instability is the increased tendency 
of the DNA to mutate, in response to both exogenous and endogenous 
factors, and the subsequent accumulation of genetic damage 
(López-Otín et al., 2013). Even under physiological conditions, the DNA 
is not chemically stable (Lindahl, 1993); additionally, it is vulnerable to 
chemical attacks by agents such as reactive oxygen species, resulting in 
prominent oxidative stress and consequent high levels of DNA mutations 
recorded in advanced age (Salim, 2017; Yousefzadeh et al., 2021). 
Indeed, older brain tissue presents increased DNA deletions rates (the 
removal of at least one nucleotide in a gene during DNA copying) and 
reduced ability for DNA repair (Cohen et al., 2019; Maynard et al., 
2015). Although spontaneous DNA damage occurs randomly in all cell 
types on the order of tens of thousands of times per day (Lindahl, 1993), 
some chromosomal regions are more prone to age-induced deteriora-
tion, such as telomeres, the terminal ends of DNA molecules (Blasco, 
2007). Most mammalian cells do not express telomerase, the enzyme 
responsible for the replication of telomeres (Gorbunova and Seluanov, 
2009); this results in telomere attrition, the physiological gradual and 
cumulative loss of chromosomes’ ends protective caps during DNA 
replication (Blasco, 2007). Telomere attrition limits the overall number 
of times any cell can replicate, slowly leading to cell loss in all organs 
with advancing age; thus, telomere attrition has been studied as a 
biomarker of brain age (Bekaert and De Meyer, 2005; Hou et al., 2019). 
Notably, promising genetic interventions are being studied in animal 
models, and indicate that premature ageing can be reverted in mice 
through telomerase reactivation (Jaskelioff et al., 2011). 

A further aspect of genomic instability are epigenetic alterations 
(Hayano et al., 2019). Epigenetic mechanisms regulate gene expression 
by changing the chemical structure of the DNA without affecting its 
coding sequence; epigenetic alterations consist of either the addi-
tion/removal of methyl groups from DNA (DNA methylation) or of 
changes to the histones, proteins that bind to DNA molecules in chro-
mosomes (PARylation and acetylation of DNA and histones) 12,24,34. 
Epigenetic mechanisms determine both the development and the dete-
rioration of brain tissues (see here (Hwang et al., 2017) for a review on 
epigenetics in neurodegeneration and neuroprotection) and are crucial 
for higher cognitive functions (e.g., memory) (Day and Sweatt, 2010). 
Multiple lines of evidence suggest that ageing is accompanied by 
epigenetic changes (López-Otín et al., 2013); epigenetic clocks, thought 
to capture molecular ageing, are among the best-studied ageing bio-
markers (Higgins-Chen et al., 2021; McCartney et al., 2022). 

DNA damage too extensive to be quickly repaired induces signalling 
events that can results in senescence, which plays a causal role in ageing 
(Yousefzadeh et al., 2021). Cellular senescence is a stable arrest of the 
cell cycle, an adaptive mechanism by which the organism prevents the 
proliferation of damaged genetic material. Due to the phenomenon of 
‘contagious ageing’, senescent cells induce senescence in neighbouring 
ones. The increase in senescent cells generation, coupled with their 
deficient clearance results in their deleterious accumulation (López-Otín 
et al., 2013). Because senescent cells secrete high levels of proin-
flammatory cytokines (Rodier and Campisi, 2011), cellular senescence 
contributes to inflammation. Tissue inflammation is so typical of ageing 
that the term ‘inflammageing’ was coined (Franceschi et al., 2000), and 
upregulated neuroinflammation studied as a marker of brain age (Hou 
et al., 2019). Multiple other causes concur to the chronic inflammatory 
state observed in the ageing brain, such as invading pathogens, the 
accumulation of damaged tissue, neuronal injury, a decrease in the 
immune system efficacy (Cohen et al., 2019), the occurrence of 
improper autophagy (Salminen et al., 2012), and loss of proteostasis (i. 
e., the balance between protein synthesis, folding, trafficking, aggre-
gation, disaggregation, and degradation) 41. The proteostasis network 
becomes increasingly less efficient with age (Powers et al., 2009), and 
the subsequent deposition of proteins is among the best-known corre-
lates of normal ageing (Fukumoto et al., 1996). A recent review of 
proteomic studies has identified over a thousand proteins that, across 
the whole human organism, including the brain, undergo modifications 
with age and are relevant to ageing and age-related disease (Johnson 
et al., 2020). Thus, proteomic clocks could be implemented and serve a 
similar purpose to epigenetic clocks (Higgins-Chen et al., 2021). 

Neuroinflammation is initiated by microglia, the immune cells in the 
central nervous system and primary source of proinflammatory cyto-
kines. Under non-damaged conditions, microglia are physiologically in a 
homeostatic “resting” state; they become activated in response to 
exposure to pathogen-associated or damage-associated molecular pat-
terns (Edler et al., 2021). While microglia cells have a neuroprotective 
role in the young brain, multiple studies have shown that they gradually 
transition to a chronically activated and neurotoxic state in older adults 
(Luo et al., 2010), irrespective of their cognitive status (Gefen, 2019; 
Niraula et al., 2017). Pathological microglia activation is believed to 
promote neurodegeneration (Luo et al., 2010) and an experimental 
intervention based on the induction of high frequency activity in the 
gamma frequency band has proven effective in modifying microglia, 
reducing inflammation and improving protein clearance (Iaccarino 
et al., 2016). 

To counteract tissue inflammation, the use of stem cells has been 
proposed (Ennis et al., 2013). The role of stem cells in healthy ageing 
(Goodell and Rando, 2015) has been at the forefront of the scientific 
debate for a number of years, and exhaustively discussing it is beyond 
the scope of this review. Stem cells have been found in most tissues and 
organs in adult humans including, notably, the brain (Obernier and 
Alvarez-Buylla, 2019). A stable populations of proliferating stem cells is 
necessary to the ability of tissues to recover from damage; however, with 
advanced age the number and proliferative capacity of stem cells 
decline, a phenomenon called stem cell exhaustion (Blasco, 2007; 
Goodell and Rando, 2015; Hou et al., 2019). 

Neuroinflammation is one of the most important alterations in 
intercellular signalling related to ageing. A second one is deregulated 
nutrient sensing 23, which alters the metabolism and plays a critical role 
in the ageing process (Tidwell et al., 2017). Nutrient sensing is the 
ability of all cells, including neurons, to recognize nutrient levels within 
them and in the bloodstream and respond accordingly by absorbing, 
storing and converting nutrients to ensure energy provision and main-
tain blood nutrient levels within safe ranges (e.g., blood sugar levels). A 
wide range of nutrient signalling pathways, especially those involving 
insulin, are deregulated in ageing (Akintola and van Heemst, 2015). 
Excessive activation of nutrient-signalling pathways has been linked 
with negative ageing outcomes: genotypes that determine a lowered 
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activity of nutrient-signalling pathways are also predictive of successful 
ageing (Fontana et al., 2010) and calorie restrictive diets, which 
downregulate nutrient signalling, have well-established neuroprotective 
effects (Mattson and Arumugam, 2018). 

One further source of metabolism imbalance in ageing is mito-
chondrial dysfunction (Tidwell et al., 2017). With advancing age, the 
efficacy of the respiratory chain dwindles, reducing ATP generation 
(Green et al., 2011); this phenomenon is particularly relevant in brain 
cells, as neurons are highly metabolically active (Elia, 1992). Although 
the link between mitochondrial dysfunction and ageing has not been 
fully elucidated yet, it is known that in the elderly brain damaged 
mitochondria overproduce reactive oxygen species (Hou et al., 2019), 
adding to the oxidative damage of DNA and aggravating genomic 
instability. Among its consequences, persistent DNA damage depletes 
the coenzyme NAD+ (Lautrup et al., 2019); indeed, an age-dependent 
reduction of NAD+ has been demonstrated in healthy humans (Zhu 
et al., 2015). NAD+ is an oxidation-reduction factor essential to energy 
metabolism and mitochondrial homeostasis (Lautrup et al., 2019) so 
that its depletion further aggravates mitochondrial dysfunction, in a 
detrimental loop that contributes to the ageing process. 

2.3. The Meso scale 

Age-driven mesoscale modifications (i.e., impacting the intercellular 
or local circuitry level) are among the most studied phenomena con-
cerning the ageing brain. The best known of them is the formation of 
neurofibrillary tangles (NFT) and amyloid plaques (AP), a firmly 
established characteristic of brains affected by dementia of the Alz-
heimer’s type which is also observed in healthy ageing (Cohen et al., 
2019; Fukumoto et al., 1996). Neurofibrillary tangles form in the 
intracellular space; they are insoluble twisted fibres made mostly of tau 
protein, an essential building block of the microtubular structure that 
allows intracellular molecular transport. Amyloid plaques, instead, 
accumulate in the extracellular space; while protein fragments (i.e., 
amyloids) are broken down and removed in the healthy young brain, 
ageing causes protein clearance to decline, resulting in the accumulation 
of hard insoluble plaques of protein fragments between neurons (Currais 
et al., 2017; Fukumoto et al., 1996). One the one hand, the pathological 
misfolding of tau protein impacts the microtubule structures, which 
collapse and disrupt the intracellular trafficking of materials; on the 
other, plaques around nerve cells induce their death, conceivably by 
triggering an immune response. Thus, AP and NFT lead to local hypo-
activation and atrophy (Treusch et al., 2011) in older brains. Although 
manifesting on different timescales (Scahill et al., 2003), atrophy is 
observed across different multimodal associative brain regions, partic-
ularly the medial temporal and parietal cortex (Peters, 2006). Because 
episodic memory loss is among the cognitive functions most susceptible 
to ageing, medial temporal (i.e., hippocampal, entorhinal and para-
hippocampal) grey matter atrophy (Jack et al., 1998) and hypo-
activation (Gutchess et al., 2005) have been especially extensively 
studied and reported. 

The cerebrovascular system is impacted by age. Vessels tend to 
diminish in size 12,(Bullitt et al., 2010; Pantoni, 2010), capillaries to 
reduce in number (Brown et al., 2007) and microbleeds and small in-
farctions are common (Smith et al., 2015) with advanced age, causing 
overall decreases in cerebral perfusion: blood flow to both the grey and 
white matter lowers by an estimated 0.5% every year from early 
adulthood onwards (Leenders et al., 1990). Cerebrovascular causes have 
been indicated for the white matter lesions commonly observed in 
ageing (Cohen et al., 2019): an age-related loss of myelinated axons 
(Marner et al., 2003) and a decline in fractional anisotropy (Sullivan and 
Pfefferbaum, 2006) have been observed; the periventricular and deep 
subcortical white matter lesions in particular are thought to likely arise 
as a result of hypoperfusion and microvascular disease (Brown et al., 
2007; Buckner, 2004; Fernando et al., 2006). 

Intercellular communication impairment is one of the hallmarks of 

ageing discussed in the previous section with regards to inflammageing 
and deregulated nutrient sensing. At the larger neural population scale, 
intercellular communication is impaired by neurotransmitter imbal-
ances. Most neurotransmitters show decrements with age (e.g. dopa-
mine and serotonine (Peters, 2006)) with cascade effects on cognitive 
function; GABAergic and glutamate dysregulation (Hermans et al., 
2018) are of particular interest because of their implication in brain 
plasticity (Zacharopoulos et al., 2021) and on local oscillatory activity 
changes. EEG and MEG studies found that healthy ageing is character-
ized by changes in several metrics of resting state oscillatory activity 
(frequency, power, morphology and distribution). Background oscilla-
tory activity tends to slow down in the elderly, with the alpha rhythm 
(8–13 Hz) becoming dominant, and an increase in delta (0.1–4 Hz) and 
theta (4–8 Hz) power with respect to young adults (Ishii et al., 2017); 
this is coupled with decreased activity in the gamma frequency band 
(30–80 Hz) (Murty et al., 2020). The decrease in oscillatory activity in 
the gamma band is particularly interesting; previous studies have tied 
local activation in the gamma frequency band to peri-somatic inhibition 
(Buzsáki and Wang, 2012), which relies on the activation of 
Parvalbumin-positive intracortical inhibitory GABAergic nets whose 
dysfunction accounts for the reduction in gamma power observed in the 
elderly (Cardin, 2009). Moreover, their impairment leads to aberrant 
modulation of intrinsic neuronal excitability and, subsequently, aber-
rant neuronal plasticity (Debanne et al., 2019). Indeed, local mecha-
nisms of brain plasticity, and particularly synaptic plasticity (Lynch, 
1998; Barnes, 2003), are impaired in the ageing brain (Arcos-burgos 
et al., 2019; Mahncke et al., 2006). 

2.4. The Macro scale 

On a macroscale level (i.e., whole brain, large scale networks), the 
modifications that impact the brain during ageing are well character-
ized, and the relevance of these changes on cognitive functions is widely 
recognized in the scientific literature. 

Recently, a brain-wide cerebrospinal fluid and interstitial fluid 
drainage pathway was characterized, the glymphatic system. The glial- 
lymphatic system of vessels channels extracellular fluid within the 
central nervous system to clear interstitial metabolic waste from the 
brain parenchyma; recent evidence suggests that ageing leads to an 
abnormal glymphatic function (Benveniste, 2019), which results in the 
accumulation of metabolic waste in the extracellular space, such as 
amyloid fragments which, as discussed in paragraph 2c, contribute to 
neuronal death and cortical atrophy (for a review see (Carlstrom et al., 
2022)). 

As discussed in the previous paragraph, cellular loss and widespread 
hypoperfusion (Leenders et al., 1990; Tarumi and Zhang, 2018) result in 
local atrophy (Treusch et al., 2011) across the entire brain; therefore, an 
overall decrease in cortical volume and thickness is observed in older 
individuals. A recent study, which pooled structural MRIs of more than 
100,000 human participants, measured brain volumes during the life-
span and found that both grey and white matter volumes decline over 
time, with steeper declines for the grey matter (Bethlehem et al., 2022), 
accompanied by an increase in ventricular size and cerebrospinal fluid 
volume (Bethlehem et al., 2022). Cortical atrophy is particularly inter-
esting because of its strong correlation with cognitive performance 
(Lövdén et al., 2013). 

Moreover, whole-brain structural and functional connectivity are 
similarly and coherently impacted by ageing (Damoiseaux, 2017). 
Findings on structural metrics consistently describe widespread de-
creases in fractional anisotropy in older compared to younger adults 
(Damoiseaux, 2017; Damoiseaux et al., 2009; Sullivan and Pfefferbaum, 
2006) and age-related reduction in structural connectivity and effi-
ciency starting from early adulthood (Gong, 2009; Zhao et al., 2015). 
Studies focussing on functional connectivity also report age-related 
modifications: first, the ageing brain is characterized by within 
network effects, i.e., alterations of synchronized activity between nodes 
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of cortical networks. Key brain networks such as the default mode 
network (DMN), the frontoparietal network (FPN) and the salience 
network (SN) all show a decreased within network connectivity in the 
elderly (Vidal-Piñeiro et al., 2014; Ng et al., 2016; Campbell et al., 2012; 
Touroutoglou et al., 2018). Second, between-network effects have been 
found in normal ageing. These include increased between network--
connectivity (i.e., increased positive correlations between networks that 
are not typically coupled and decreased anticorrelations between net-
works) (Damoiseaux, 2017; Deery et al., 2023). This has been inter-
preted as a loss of functional system segregation between large-scale 
networks subserving cognition and it may potentially reflect an 
over-recruitment compensatory strategy (Damoiseaux, 2017; Ferreira, 
2016; Spreng et al., 2016). It is worth noting that functional connectivity 
studies systematically measuring its changes during the lifespan are still 
scarce and not always consistent in their results (Heckner et al., 2021). 
Recent systematic reviews and meta-analyses have validated the find-
ings described above, especially confirming the reported disruption of 
within network connectivity in the DMN (Cansino, 2022) and reduced 
network-to-network segregation (Deery et al., 2023), but further second 
level evidence is still needed. 

3. Modifiable risk factors 

Based on the most recent report from the Lancet commission on 
dementia prevention, twelve modifiable risk factors have been identified 
which might delay or avoid dementia and promote healthy ageing: 
excessive alcohol consumption, history of traumatic brain injury (TBI), 
exposure to air pollution, lower education level, hypertension, hearing 
impairment, smoking, obesity, depression, physical inactivity, diabetes 
and infrequent social contact 104. After reviewing the available litera-
ture, we propose two additional modifiable risk factors: high stress 
exposure and sleep fragmentation/sleep disorders (Fig. 1, top arrow). In 
this revised framework, we included depression into the broader 
construct of negative psychological traits. Furthermore, we integrate 
low education level into the wider concept of cognitive reserve (Menardi 
et al., 2018), which is also related to IQ, occupational attainment, 
physical fitness, and several other lifelong exposures discussed in 
paragraph 6. 

Some authors propose that several risk factors for cognitive decline 
could be traced to low socioeconomic status (House et al., 1994). For 
example, low income is associated with worse eating habits (Alkerwi 
et al., 2015), increased rate of school dropout (Kearney and Levine, 
2014), a higher probability of living in densely polluted areas (Mohai 
et al., 2009) and diminished life expectancy (Chetty et al., 2016). A 
recent longitudinal study found that lower wealth predicts a steeper 
decline in physical, sensory and cognitive health, as well as in emotional 
well-being (Steptoe and Zaninotto, 2020). In the United States, such 
factors are inextricably linked to disparities in health care delivery and 
economic status in racial and ethnic minorities (Noël, 2018; Ferraro 
et al., 2017). Therefore, when considering risk and protective factors to 
improve healthy ageing in the whole population, bridging disparities in 
social and racial inequalities must be considered. 

The analysis of predisposing risk factors and beneficial interventions 
protecting from cognitive decline is for the most part based on obser-
vational studies; although the preferred research design, at least for 
interventions, would be a randomized clinical trial (RCT), it is often 
complex to build a study to be able to evaluate them in trials (e.g., 
educational attainment, lifelong physical fitness exercise). This can 
impact the quality of the available evidence on predisposing risk factors 
and beneficial interventions, which is sometimes low (Plassman et al., 
2010). Because study designs are mainly limited to observational de-
signs, improvements in research methods are needed, such as better 
validated standardized metrics of cognitive decline and exposure to 
risk/protective factors, as well as confirmatory second level evidence. 

3.1. Cognitive hallmarks of healthy ageing 

The physiological brain changes associated with age, described in 
paragraphs 2b, 2c and 2d, are accompanied by a typical decline in 
cognitive functions, which follow different trajectories (Hedden and 
Gabrieli, 2004) (Fig. 2a). Note that the profile described here is a 
correlate of normal ageing, rather than a pathological outcome: it rep-
resents a natural decay in cognitive functions, similar to expected de-
clines in physical functioning that accompany normal ageing. As such, 
the cognitive declines outlined here do not prohibit functional inde-
pendence, particularly when compensatory strategies are engaged. 

When reviewing the literature on the cognitive correlates of ageing, 
it is necessary to consider some methodological issues. Ageing cognitive 
trajectories can be studied adopting cross-sectional or longitudinal study 
designs, whose findings can sometimes be inconsistent. Inconsistencies 
can be ascribed, on the one hand, to cross-sectional study designs being 
flawed by well documented biases and inferential problems such as 
cohort effects, resulting in inappropriate estimations of the effect of age 
on cognition during the lifespan (Baltes, 1980; Hofer and Sliwinski, 
2006; Schaie, 2008; Kuhlen, 1961). However, on the other hand, they 
could due to longitudinal study designs presenting retest or practice 
effects; positive gains due to retest have been reported even when time 
intervals are of considerable magnitude (above 5 years) (Rabbitt et al., 
2009; Salthouse et al., 2004), and could therefore be very complex to 
minimize in longitudinal study designs. Moreover, previous evidence 
indicates retest effects to have a rather large positive effect size, 
potentially masking age-related decline (McArdle et al., 2002; Salt-
house, 2009; Salthouse et al., 2004) and, critically, that it is hard to build 
a statistical model to effectively control for retest effects (Hoffman et al., 
2011). Based on these considerations on the impact of cohort and 
retest/practice effects, we included in the literature informing this sec-
tion of the review on cognitive ageing both longitudinal and 
cross-sectional evidence with large sample sizes, and report findings 
with convergent support in both kinds of study designs. 

Cognitive functions broadly follow three patterns of age-related 
change: some decline across the lifespan, some in late-life, and others 
are relatively stable, or even moderately increase over time (Hedden and 
Gabrieli, 2004). Performance in life-long declining cognitive abilities 
decreases from its peak throughout the adult lifespan. The hallmark of 
cognitive ageing is decreased processing speed, which slowly declines in 
early adulthood and linearly recedes after age 40 (Schaie et al., 2004; 
Park and Bischof, 2013; Salthouse, 2011). Similarly, working memory 
performance also linearly declines, both in its visuospatial and in its 
verbal components (Park et al., 2002; Park and Reuter-Lorenz, 2009; 
Salthouse and Davis, 2006). Critically, and in part due to the deterio-
ration of working memory abilities, memory encoding abilities also 
decline from a very young age, resulting in worsened performance both 
in long term (Nilsson et al., 1997; Nyberg et al., 1996; Park and 
Reuter-Lorenz, 2009; Salthouse, 2010; Schaie et al., 2004) and 
short-term memory (Christensen, 2001; Smith et al., 2002) tasks. 

Most cognitive functions, however, experience only slight declines 
until later in life. Numerical ability, measured through mathematical 
tests, is stable until one’s mid-fifties (Schaie et al., 2004). Spatial 
orientation seems to slightly increase until age 30 (Schaie et al., 2004), 
then plateaus and only declines after one’s sixties (Salthouse, 2010; 
Berggren et al., 2018). A similar pattern has been reported for reasoning 
abilities, which undergo a significant decline after the age of 50 (Schaie 
et al., 2004; Salthouse and Davis, 2006; Salthouse, 2010; Salthouse and 
Ferrer-Caja, 2003). Shifting (i.e. mental set shifting) and inhibition 
abilities (i.e. inhibition of prepotent responses) (Miyake et al., 2000) 
also display a late-life decrease (Salthouse, 2011; Salthouse, 2010): 
performance steeply declines after 50 and 70 years of age, respectively. 
These late-life declining abilities are the ones most affected by dis-
crepancies in results between longitudinal and cross-sectional mea-
surements; indeed, although cross-sectional estimates demonstrate clear 
declines in spatial orientation and reasoning with ageing, longitudinal 
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assessments support a maintenance of these functions at the individual 
level (Salthouse, 2009). 

Cognitive functions which remain stable in life have been termed 
“crystallized intelligence” (Park and Bischof, 2013). Semantic knowl-
edge is one of them, increasing until the mid-fifties and only slightly 
lowering after age 70 (Berggren et al., 2018; Nilsson et al., 1997; Nyberg 
et al., 1996; Salthouse, 2010; Schaie et al., 2004; Smith et al., 2002). 
Emotional regulation and processing seem to be maintained, or even 
improved, with age: for instance, performance in theory of mind tasks 
which require the attribution of mental states to others remains intact 
(Happé et al., 1998), and data suggests that the elderly attend to the 
emotional content of memories more than young adults do (Hedden and 
Gabrieli, 2004; Carstensen et al., 2003). Although the most character-
istic and recognisable symptom of old age is memory loss, not all 
memory functions decline with age. Autobiographical memory is largely 
preserved (Fromholt et al., 2003), especially for events occurring in 
young adulthood (for a review see (Rubin, 2000)). Automatic memory, 
measured as the magnitude of priming effects, seems to remain intact 

until late age as well (La Voie and Light, 1994; Nilsson et al., 1997). 
Declining and stable cognitive functions are broadly referred to as 

fluid and crystallized, respectively (Park and Bischof, 2013), and it has 
been put forth that fluid declines might be compensated for by retained 
crystallized abilities. According to the ‘dedifferentiation hypothesis’, 
however, all abilities deteriorate after the age of 85, potentially because 
of vision and hearing loss (Sánchez-Izquierdo and Fernández-Balles-
teros, 2021); however, this generalized decline has not been consistently 
confirmed (Tucker-Drob and Salthouse, 2008). Moreover, recent studies 
have moved past this classical distinction and reported that, although 
they diverge in the steepness of their decline, rates of change correlate 
across all cognitive domains, so that individuals with greater losses in 
fluid abilities also display smaller gains, or even losses, in crystallized 
abilities (Tucker-Drob et al., 2019, 2022). 

3.2. The four components of cognitive decline 

The profile of physiological cognitive decline described in paragraph 

Fig. 2. . The cognitive hallmarks of healthy ageing. A) Trajectories displaying the typical performance across the lifespan of different cognitive functions. B) Different 
cognitive trajectories in crystallized (red) and fluid (blue) intelligence components in typical adults (dashed line), adults with high cognitive reserve (solid line) and 
adults with Alzheimer’s Disease (dotted line). C) The age-related cognitive decline can be epitomized as a model comprising four main domains: Processing Speed, 
Reasoning, Memory and Numeric and Spatial Abilities. 
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4a can be characterized with a four-factor model (Fig. 2C). Previous 
studies that have applied latent component analyses to both longitudinal 
171 and cross-sectional data (Salthouse and Ferrer-Caja, 2003) report 
that, although the bulk of individual differences in cognitive decline can 
be attributed to domain general processes, a significant amount of it is 
accounted for by four distinct domains: processing speed, memory, 
reasoning and visuospatial function. 

Processing speed, i.e. the ability to carry out mental operations 
quickly and efficiently, has been proposed as the prime indicator of 
cognitive ageing and the driving cause of other impairment (Salthouse, 
1996). Interestingly, however, some studies suggest that the impairment 
in other cognitive tests, especially memory and reasoning, emerges 
sooner in life than processing speed deficits (Salthouse, 2009; Schaie 
et al., 2004; Salthouse and Davis, 2006); yet, this could be accounted for 
by the fact that pure processing speed tests (e.g., letter or pattern com-
parison, finding A’s) are very simple, and may be prone to ceiling effects. 
Because processing speed is known to heavily rely on general white 
matter integrity (Penke et al., 2010), interventions known to promote its 
health, such as physical activity (Gow et al., 2012), might be beneficial, 
as reported by a meta-analysis of randomized clinical trials on the effect 
of aerobic exercise training, which found it to be associated with im-
provements in processing speed (Smith et al., 2010). 

Declarative memory, i.e. the ability to retrieve and state previously 
encoded information after a brief (short term memory) or long (long 
term memory) time interval, is notoriously linked to the activity and 
integrity of medial-temporal structures, which are essential nodes of the 
DMN. Although research on the definitive benefits of memory training is 
still underway (Zehnder et al., 2009), promising results hint that mne-
monic stimulation could be a tool for long time memory maintenance 
(Gates et al., 2011). 

The aforementioned studies that have investigated latent compo-
nents of cognitive decline (Salthouse and Ferrer-Caja, 2003; 
Tucker-Drob, 2011) include. 

visuospatial function, i.e. the ability to mentally rotate 2D and 3D 
patterns, as one of their components. In the present review, we revisit 
this concept in light of novel findings that tightly link this capacity with 
numerical abilities (Thompson et al., 2013). Although they are two 
separate functions, numeric and spatial abilities rely on the same neural 
substrate, centred around the frontoparietal network (Hawes et al., 
2019), which can be preserved and enhanced through cognitive training 
(Park and Bischof, 2013; Yates et al., 2016; Ball et al., 2002). 

Reasoning requires a complex and composite definition: it is the 
ability to divergently think, make use of unfamiliar information, identify 
relations, form concepts and draw inferences (Tucker-Drob, 2011). 
However, taking into consideration the overlapping neural substrates 
underlying these processes (Santarnecchi et al., 2021), we believe 
reasoning comprises the three “frontal lobe” executive functions: mental 
set shifting (‘Shifting’), information updating and monitoring (‘Working 
Memory’), and inhibition of prepotent responses (‘Inhibition’) (Miyake 
et al., 2000). This high-order reasoning factor has widespread neural 
bases, which mainly rely on the dorsal attention network, and to a lesser 
extent on both the left and right fronto-parietal control networks (San-
tarnecchi et al., 2017b,a). Reasoning abilities, too, draw positive bene-
fits from cognitive training (Park and Bischof, 2013; Yates et al., 2016; 
Ball et al., 2002). 

4. Entering the era of personalized brain health tracking 

In light of the critical relevance of implementing any intervention 
with prompt timing, the issue of tracking brain and cognitive health is 
pivotal. A new wave of technological progress is opening the stimulating 
prospect of designing innovative tools to measure and track health daily, 
increasing the temporal resolution of traditional cognitive check-ups 
and giving access to an abundance of digital biometric measures so far 
undetected (Stavropoulos et al., 2020). 

Shifting from pen and paper cognitive assessment and stimulation 

tools to computerized methods, besides potentially yielding better re-
sults (Djabelkhir et al., 2017) because of the increased interactive 
engagement, allows for the collection of more informative data. 
Eye-tracking technologies to assess dynamic vision and measure atten-
tion allocation through recording of fixation and saccades (Liston and 
Stone, 2014), biomarkers derived from human voice (Wroge et al., 
2018), the use of wearables such as actigraphs to track sleep and other 
health parameters (Martin and Hakim, 2011) and the recording of pen 
pressure or speed in drawing and writing tasks (Zham et al., 2017) are all 
examples of viable metrics and potential proxies of general health and 
cognitive functioning; their application to tracking healthy brain ageing 
may become a key component of health monitoring. 

5. From structural to cognitive: how well can the brain adjust to 
change? 

Brain age may or may not align with chronological age, but it can be 
estimated by measuring structural and functional brain markers (Hig-
gins-Chen et al., 2021). This roughly falls within the ambit of estimating 
one’s brain reserve, defined as the ‘neurobiological capital’, or the 
quantifiable brain resources (e.g., synaptic count, intracranial volume, 
white and grey matter integrity) necessary to maintain adequate func-
tion (Stern et al., 2020). The extent to which individual brains preserve 
their neurochemical, structural and functional integrity, at micro, meso 
and macro-scale levels, has also been referred to as “brain maintenance” 
in longitudinal studies (Nyberg et al., 2012). 

The concept of brain maintenance implies that variations in struc-
tural characteristics would tightly correspond to a better cognitive 
performance. However, this is not always the case (Roe et al., 2007; 
Snowdon, 2003), as certain individuals display better coping abilities 
and mitigate the cognitive decline which would be expected based on 
their underlying brain damage. This raises the question of how to bridge 
the gap between one’s brain structure, brain function and metrics of 
cognition. The construct of cognitive reserve (CR) was put forward as a 
moderator between brain pathology and its clinical outcome (Stern, 
2002; Menardi et al., 2018). While brain reserve is a passive protective 
factor, based on the sheer amount of expendable substrate, CR is 
conceptualized as the brain’s active coping in response to damage, 
through compensatory or pre-existing cognitive processing (Stern, 
2013). Although potentially influenced by common lifestyle factors, 
cognitive reserve and brain maintenance/reserve are two separate, un-
correlated processes (Habeck et al., 2017). 

One major hurdle to the research on CR is its measurement, which is 
to this day uneven across studies. The most frequently adopted proxy of 
CR is years of education (Kemppainen et al., 2008; Roe et al., 2007, 
2008); however, high education alone is arguably a reductive index for 
this broader construct. Indeed, while it is true that individuals with 
higher education have higher scores in all cognitive domains, evidence 
casts doubt on the notion that high education per s é is a predictor of 
slower cognitive decay rates, as multiple studies on large sample sizes 
have reported no difference between the decline trajectories of adults of 
higher or lower than average education (Berggren et al., 2018; Zahodne 
et al., 2011). Some questionnaires have been proposed, such as the 
Cognitive Reserve Index questionnaire, which take into account the 
multiple aspects of CR (Nucci et al., 2012); studies that have included 
social engagement and occupational attainments as components of CR 
have reported consistent findings of its beneficial impact on cognitive 
ageing (Li et al., 2021; Pettigrew and Soldan, 2019; Stern, 1994). 

The inconsistency in defining and measuring CR has made the 
investigation into its neurobiological underpinnings particularly chal-
lenging (Stern et al., 2020), but some findings have been replicated by 
different researchers and on different cohorts of participants. Although 
high CR does not offset structural brain ageing, as indexed by similar 
levels of objective brain lesions (Snowdon, 2003), protein burden 
(Kemppainen et al., 2008; Roe et al., 2008) or cortical atrophy (Nyberg 
et al., 2021) irrespective of CR scores, those with high CR appear to be 
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more resilient to this brain deterioration, so that the same extent of 
objective substrate damage causes, comparatively, less cognitive 
impairment (Menardi et al., 2018; Roe et al., 2007); functional imaging 
studies indicate that this is accompanied by more efficient patterns of 
metabolism in posterior brain areas and increased activation and con-
nectivity in the frontal lobes (Menardi et al., 2018). 

The interpretation of cognitive reserve as one’s ability to sustain a 
higher degree of damage before displaying overt symptoms closely re-
sembles the definition of the metric of brain graph resilience (Menardi 
et al., 2021; Santarnecchi et al., 2015). Resilience is a concept derived 
from graph-theory which reflects a complex system’s robustness to 
progressive lesioning, i.e., the ability to compensate for the endured 
damage without losing its overall characteristics and efficiency (Bar-
abási and Bonabeau, 2003). Although the precise genetic basis of CR and 
brain resilience have yet to be clarified, studies suggest the heritability 
of both (Lee, 2003; Menardi et al., 2021). Exploring the involvement of 
brain graph resilience as a correlate of CR might provide interesting 
insights into its neurobiology. 

6. Deviating trajectories: cognitive performance in high CR 
individuals and AD patients 

The profile described in paragraphs 4a and 4b is typical of ordinary, 
cognitively healthy individuals. However, trajectories can deviate both 
ways, displaying a better or worse than average performance. This is the 
case for, respectively, individuals with high cognitive reserve (CR) and 
patients affected by dementia (Fig. 2b). 

The most prevalent form of dementia is amnesic Alzheimer’s disease 
(AD). Its cognitive symptoms are well known and have been extensively 
described elsewhere (Weintraub et al., 2012) (Fig. 2b, dotted line). 
Memory impairment is typically the first reported symptom, although 
processing speed deficits seem to be the first to appear objectively 
(Daugherty et al., 2020), followed closely by executive and spatial def-
icits (Weintraub et al., 2012). Moreover, those crystallized functions 
which are spared in typical healthy ageing also become impaired in AD 
patients: semantic knowledge (McKhann et al., 2011), autobiographical 
memory (El Haj et al., 2015), automatic memory (Giffard et al., 2005) 
and emotion regulation (Weintraub et al., 2012) all endure significant 
deterioration with the progression of the disease. 

On the contrary, individuals with high CR display particularly 
favourable outcomes (Fig. 2b, solid line). A recent longitudinal study 
conducted on 1697 individuals has assessed the influence of CR on 
cognitive trajectories (Li et al., 2021). Measuring CR as a composite 
score including education, early, mid and late-life cognitive activities 
and social engagement, the study showed that those with higher CR 
experience a longer cognitive healthspan across all domains. Further-
more, having a high cognitive reserve protects from cognitive decline 
even in patients with AD pathology, so much so that individuals with AD 
pathology but high CR scores and individuals without AD pathology but 
low CR scores can display the exact same cognitive profile and decline 
trajectories. This demonstrates the practical gains derived from 
considering the risk factors presented in paragraph 3 and Table 1 and 
embracing the beneficial interventions proposed in the following 
paragraph. 

7. Beneficial active interventions to promote healthy brain 
ageing 

Active interventions to promote healthy brain ageing can prolong the 
cognitive healthspan (Krivanek et al., 2021) (Fig. 1, bottom arrow). 
These target both cognitive and brain reserve and increase resilience to 
functional decline, however, to the best of our knowledge, no study has 
systematically compared and quantified the impact of concomitant risk 
and protective factors for cognitive decline. That is, how does the 
adoption of positive habits, such as lifelong cognitive engagement, or 
the fortuitous lack of risk factors, like a history of TBI, stack up with 

Table 1 
Modifiable risk factors impacting healthy brain ageing.  

Risk Factor Level Evidence 

Air Pollution Micro Animal models suggest airborne particulate 
pollutants accelerate neurodegenerative 
processes through cerebrovascular and 
cardiovascular disease, Aß deposition, and 
amyloid precursor protein processing( 
Livingston et al., 2020). A systematic review 
including 13 longitudinal studies found that 
exposure to air pollutants was associated with 
increased dementia risk(Peters et al., 2019). 

Smoking Micro Different systematic reviews confirm that 
active smoking increases the risk of dementia( 
Peters et al., 2008; Plassman et al., 2010). 
Indeed, smoking increases oxidative stress 
and is a risk factor for multiple vascular 
conditions (e.g., high blood pressure, high 
cholesterol) as well as for insomnia and sleep 
apnea, all linked to an increased probability of 
pathological cognitive decline. 

History of TBI Micro Evidence indicates that even one single severe 
TBI is associated in both humans and mouse 
models with widespread 
hyperphosphorylated tau pathology( 
Livingston et al., 2020). Multiple studies and 
meta-analyses have confirmed that a history 
of TBI increases the risk of dementia( 
Dams-O′Connor et al., 2016; Redelmeier et al., 
2019), even reporting a two-fold surge( 
Redelmeier et al., 2019). It is worth noting 
that data from the National Alzheimer’s 
disease Coordinating Center database suggest 
that the clinical profiles of older adults with 
and without a history of TBI differ 
significantly and can be distinguished, 
suggesting that TBI is not necessarily just a 
risk factor for other known dementia 
subtypes, but rather that TBI-induced 
dementia should be considered a subtype of 
his own(Sayed et al., 2013). 

Sleep fragmentation/ 
Sleep disorders 

Micro Insomnia is associated with increased AD risk, 
while Sleep disordered Breathing correlates 
with a higher incidence of all-cause dementia( 
Shi et al., 2018). Because of the critical role 
afforded to sleep in protein and neurotoxic 
waste clearance(Xie et al., 2013), the primary 
proposed pathway revolves around 
diminished protein clearance function and 
subsequent pathological accumulation(Holth 
et al., 2017). 

Obesity/weight Micro/ 
Meso 

Metabolic morbidity accelerates most of the 
hallmarks of brain ageing (e.g., 
neuroinflammation, impaired neuronal 
homeostasis)(Mattson and Arumugam, 2018). 
Moreover, studies have documented reduced 
grey matter volume(Li et al., 2022) and white 
matter integrity(Carbine, 2020) in multiple 
brain regions and reduced functional 
connectivity(Syan et al., 2021) in obese 
individuals. 

Chronic Stress Micro / 
Meso 

Chronic stress leads to the secretion of 
glucocorticoids, such as cortisol, whose 
excessive level is harmful to brain structures; 
research has especially focussed on the 
deleterious effects of stress on the 
hippocampal formation. Animal studies found 
that stress impairs hippocampal synaptic 
plasticity and neuronal proliferation, resulting 
in hippocampal atrophy(Kim et al., 2015). In 
humans, high stress levels were found to be 
associated with increased neural 
inflammation and diminished immune 
responses(Depp et al., 2010) as well as 
decreased brain volume and more prominent 
white matter lesions(Krivanek et al., 2021). 
In contrast hormesis, i.e., the steady 

(continued on next page) 
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concomitant adverse conditions such as genetic predisposition, or risky 
behaviours such as smoking? The pursuit of this line of research would 
be particularly interesting, considering most elderly adult individuals 
present a mix of protective and risk factors in both their personal history 
and current lifestyle. 

Promising experimental interventions to prevent genetic 

degradation are in development. For instance, new techniques are being 
studied with the aim of reversing age-related decline by promoting brain 
tissue repair through epigenetic reprogramming (Kane and Sinclair, 
2019; Lu et al., 2020) and multiple clinical trials investigating the 
beneficial effect of administrating NAD+ precursors to increase NAD+

levels in healthy elderly adults are currently ongoing, and hold 
encouraging results (Dellinger et al., 2017; Lautrup et al., 2019; Martens 
et al., 2018). 

The brain’s microstructure can be protected through several in-
terventions. Among the best established of these are sleep interventions 
(Romanella et al., 2020). Disrupted sleep induces higher inflammation 
and decreased protein clearance (Krivanek et al., 2021), which can be 
minimized by promoting slow waves during non-REM sleep (Romanella 
et al., 2020). A randomized control study (RCT) has indeed demon-
strated that treating sleep disorders partially mitigates negative effects 
on brain health (Ooms et al., 2014). Managing stress and depression also 
represents a viable intervention. In humans, high stress levels are 
associated with increased oxidative stress and AD pathology, as well as 
decreased brain volume and more prominent white matter lesions 
(Krivanek et al., 2021). RCTs demonstrate that stress reducing practices, 
such as yoga or meditation, lead to improved cognitive functioning in 
ageing (Wells et al., 2013; Innes et al., 2016). On the other hand, the 
importance of treating depression as a beneficial preventative inter-
vention is debatable: it is hard to disentangle the relationship between 
dementia and depression, because depression is considered both a risk 
factor for and an early symptom of dementia. However, the correlation 
between depression and cognitive decline is among the best-supported 
ones by empirical data (Plassman et al., 2010) and, because of the 
relevant impact depression has on stress and brain health and particu-
larly on medial-temporal cortex integrity (Sheline et al., 1996), treating 
depression is likely to benefit processes of brain ageing (Krivanek et al., 
2021). 

Among the most robust effective interventions are physical exercise 
and adopting a healthy diet (Plassman et al., 2010). Exercise yields an 
increase in BDNF concentration (Choi et al., 2018) and insulin-like 
growth factor 1, promoting a healthier metabolism (Klimova et al., 
2017; De la Rosa, 2020; Stillman et al., 2020), and induces better sleep 
patterns (Kline et al., 2021; Sewell et al., 2021) in all age groups 
(Stillman et al., 2020). Moreover, physical exercise interventions 
decrease overall AD pathology and brain volume loss, while strength-
ening the cardiovascular system and thus decreasing the connected risks 
(Krivanek et al., 2021). A recent meta-analysis conducted on 15 inter-
national cohorts has proven a direct negative association between reg-
ular daily exercise, computed as daily steps, and all-cause mortality 
(Paluch et al., 2022); trials testing exercise interventions show it has 
cascading effects, improving memory, mood, executive function and 
promoting brain plasticity (Fausto et al., 2022; Krivanek et al., 2021). 
Interestingly, a recent study (American Academy of Neurology, 2022) 
that examined 1369 adults found that pet ownership, by inducing 
beneficial behaviours such as walking regularly and through its 
well-known positive effects on blood pressure and stress (Levine et al., 
2013), may be linked to slower cognitive decline. The benefits of 
adopting a balanced and heart-healthy diet throughout the lifespan, 
such as the Mediterranean diet (Roman et al., 2008), are widely 
accepted (Melzer et al., 2021). Positively impacting cardiovascular 
health, a heart-healthy diet protects from brain volume loss and is 
associated with lesser atrophy in the hippocampal region and reduced 
AD pathology (Krivanek et al., 2021); also, some emerging studies have 
even linked the Mediterranean diet with augmented telomere length 
(Crous-Bou et al., 2019). RCTs have shown that these diets induce 
improved global cognition and executive function (Klimova et al., 
2017). 

In the recent decades, several studies have focussed on behavioural 
interventions (Klimova et al., 2017) (i.e., physical activity, social in-
terventions, cognitive stimulation), and have obtained significant and 
encouraging findings. The importance of the social environment should 

Table 1 (continued ) 

Risk Factor Level Evidence 

prolonged exposure to mild levels of stress, 
increases stress resilience and reduces 
vulnerability, with positive effects on 
cognitive ageing(Depp et al., 2010). 

Diabetes Micro/ 
Meso 

Diabetes leads to vascular pathology( 
Alexandru, 2016) and to reduced 
hippocampal neurogenesis and 
neuroplasticity(Ho et al., 2013). A systematic 
review of observational studies totalling a 
sample size of over 32 thousand individuals 
has confirmed the increased risk of cognitive 
decline in diabetic patients(Plassman et al., 
2010). 

Hearing impairment Meso A US prospective cohort study of 194 adults 
found that midlife hearing impairment is 
associated with steeper temporal lobe volume 
loss, including in the hippocampus and 
entorhinal cortex(Armstrong et al., 2019). 

Excessive Alcohol 
consumption 

Meso/ 
Macro 

According to the UK Whitehall study, with 23 
years follow-up, drinking more than 14 
alcohol units per week is associated with 
right-sided hippocampal atrophy(Sabia et al., 
2018) and increased dementia risk. Moreover, 
alcohol consumption is linearly negatively 
associated with grey and white matter volume 
(Rehm et al., 2019), so that high alcohol 
consumption correlates with increased 
atrophy. 

Physical inactivity Meso/ 
Macro 

Exercise yields an increase in brain plasticity, 
indexed by heightened BDNF concentration, 
and has a protective role against brain volume 
loss and AD pathology, as well as 
cardiovascular pathologies, that are risk 
factors for dementia(Krivanek et al., 2021). 

Hypertension Meso/ 
Macro 

Midlife hypertension is associated with 
reduced brain volumes and increased white 
matter hyperintensity volume(Livingston 
et al., 2020). 

Negative 
Psychological Traits 

Macro Psychological and personality attributes such 
as optimism, positivity, and a sense of purpose 
have been associated with healthy ageing. 
One review reported that both early and late- 
life depression correlate with increased in 
dementia risk(Byers and Yaffe, 2011; 
Plassman et al., 2010). Proposed pathways 
include the direct effects of depression on 
stress hormones, neuronal growth factors and 
hippocampal atrophy(Bennett and A, 2014). 

Social isolation Macro Low social interaction is associated with 
increased stress, disrupted sleep patterns and 
inflammation, leading to more prominent AD 
brain pathology and steeper rates of brain 
volume loss(Krivanek et al., 2021). 
Additionally, social contact enhances 
cognitive reserve by encouraging beneficial 
behaviours (e.g., physical activity, cognitive 
stimulation). 

Low Cognitive Reserve Macro Individuals with higher Cognitive Reserve 
display lower task related cortical activation, 
more robust connectivity in key brain 
networks, and a better compensatory 
activation in response to ageing and 
pathology(Menardi et al., 2018; Stern and 
Barulli, 2019; Stern, 2021). 
Additionally, higher cognitive activity levels, 
especially in early life and in middle age, 
correlate with decreased Aβ deposition( 
Krivanek et al., 2021).  
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not be underestimated. Epidemiological evidence suggests that less 
frequent social contact and feeling lonely are associated with increased 
dementia risk and cognitive impairment (Wang et al., 2002), although 
the relationship could to some extent be bidirectional. Interventions 
aimed at promoting social engagement hold promising results, including 
increases in memory and executive function (Carlson et al., 2008; 
Cohen-Mansfield et al., 2015), which is reflected in imaging studies as 
increased prefrontal and anterior cingulate cortex activation (Carlson 
et al., 2009) and an overall higher brain volume (Carlson et al., 2015). 

The importance of remaining cognitively active throughout one’s life 
is undisputed. However, measuring the exact impact on brain health and 
cognitive function is somewhat challenging: the wide variety of cogni-
tive stimulation interventions are difficult to compare and loosely 
defined (Gates et al., 2011), ranging from daily crosswords (Murphy 
et al., 2014) to structured multisession programs (Ball et al., 2002). 
However, converging evidence shows that late life cognitive activity is 
associated with improved performance in memory, processing speed 
and executive function, as well as reduced dementia risk (Park and 
Bischof, 2013; Yates et al., 2016; Ball et al., 2002). Critically, cognitive 
training programs and memory training seem to be effective only if 
enacted before dementia onset (Kallio et al., 2018). The mechanisms 
underlying these beneficial effects are still unclear (Krivanek et al., 
2021). Potentially, it might be due to an increase in neuroplasticity, 
indexed by a higher BDNF concentration recorded in older individuals 
after an intensive cognitive training program (Ledreux et al., 2019); 
other possible mechanisms include a reduction in AD pathology and 
maintained grey matter volume (Krivanek et al., 2021). 

Although more rigorous RCTon cognitive training are still needed to 
clearly define its efficacy (Zehnder et al., 2009), one RCT conducted on a 
cohort of 1260 elderly participants, the Finnish Geriatric (FinGer) 
Intervention Study to Prevent Cognitive Impairment and Disability, has 
found that the combination of multiple non-pharmacological in-
terventions (diet, exercise, cognitive training and vascular risk moni-
toring) may be especially effective and beneficial (Ngandu et al., 2015). 
This finding gave rise to the creation of a global network of ongoing 
studies exploring the potential of multi-pronged approaches to reduce 
risk of cognitive impairment or dementia (Worldwide FinGer). 

Finally, recent neuroscientific research has investigated the feasi-
bility and efficacy of non-invasive brain stimulation (NIBS) techniques 
to promote and preserve cognitive abilities in the healthy ageing brain 
(Tatti et al., 2016), offering unique neuromodulation potential and 
minimal side effects. Transcranial magnetic stimulation (TMS) can be 
applied using its multiple repetitive paradigms to increase synaptic ef-
ficiency and strength (repetitive TMS, rTMS, and theta-burst stimula-
tion, TBS) (Antal et al., 2022; Tatti et al., 2016) or to modulate cortical 
connectivity (cortico-cortical paired associative stimulation, ccPAS) 
(Chiappini et al., 2018; Fiori et al., 2018; Koch, 2020; Turrini et al., 
2023a,b). Transcranial electric stimulation (tES) is based on the appli-
cation of electrical potentials with the aim of modulating intrinsic 
oscillatory brain activity (transcranial alternating current stimulation, 
tACS) or to alter membrane polarisation and the spontaneous firing rate 
of neurons (transcranial direct current stimulation, tDCS) (Salehinejad 
et al., 2020; Talar et al., 2022; Tatti et al., 2016). Although both TMS and 
tES have been adopted to modulate brain activity and cognition in the 
older individuals, TMS studies are strongly skewed toward patient 
populations, and studied on the application of repetitive TMS protocols 
on healthy elderly individuals are rarer (Tatti et al., 2016). Anodal tDCS 
to increase excitability of specific brain areas is the most frequently 
adopted technique and evidence supports its effectiveness in improving 
episodic, semantic and working memory, motor and cognitive control, 
and the feasibility of non-invasive brain stimulation treatments in 
healthy older adults (Goldthorpe et al., 2020; Tatti et al., 2016). 

8. Conclusions 

Cognitive functions and their neural underpinning physiologically 

decline with ageing following characteristic trajectories, which can 
however be modified. In the present paper, we have summarized the 
modifiable risk factors and the main beneficial interventions which 
could promote a healthy brain ageing process and significantly cut the 
risk of cognitive decline in old age. Those who adhere to these recom-
mendations, indeed, do show a longer cognitive healthspan. The critical 
mediating factor which moderates the relationship between structural 
and cognitive decline is Cognitive Reserve. A better understanding of the 
neural substrate of Cognitive Reserve will provide further insight into 
relevant markers of cognitive decline, allowing for the development of 
more precocious and prompt multi-pronged interventions. 
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Happé, F.G., Winner, E., Brownell, H., 1998. The getting of wisdom: theory of mind in 
old age. Dev. Psychol. 34, 358–362. 

Harris, S.E., Deary, I.J., 2011. The genetics of cognitive ability and cognitive ageing in 
healthy older people. Trends Cogn. Sci. 15, 388–394. 

Hawes, Z., Sokolowski, H.M., Ononye, C.B., Ansari, D., 2019. Neural underpinnings of 
numerical and spatial cognition: an fMRI meta-analysis of brain regions associated 
with symbolic number, arithmetic, and mental rotation. Neurosci. Biobehav Rev. 
103, 316–336. 

Hayano, M., Yang, J.H., Bonkowski, M.S., Amorim, J.A., Ross, J.M., Coppotelli, G., 
Sinclair, D.A., 2019. DNA break-induced epigenetic drift as a cause of mammalian 
aging. BioRxiv 808659. 

Heckner, M.K., Cieslik, E.C., Eickhoff, S.B., Camilleri, J.A., Hoffstaedter, F., Langner, R., 
2021. The aging brain and executive functions revisited: implications from meta- 
analytic and functional-connectivity evidence. Journal of cognitive neuroscience 33 
(9), 1716–1752. 

Hedden, T., Gabrieli, J.D., 2004. Insights into the ageing mind: a view from cognitive 
neuroscience. Nature reviews neuroscience 5 (2), 87–96. 

Hermans, L., Leunissen, I., Pauwels, L., Cuypers, K., Peeters, R., Puts, N.A., Swinnen, S.P., 
2018. Brain GABA levels are associated with inhibitory control deficits in older 
adults. Journal of Neuroscience 38 (36), 7844–7851. 

Higgins-Chen, A.T., Thrush, K.L., Levine, M.E., 2021. Aging biomarkers and the brain. 
Semin Cell Dev. Biol. 116, 180–193. 

Ho, N., Sommers, M.S., Lucki, I., 2013. Effects of diabetes on hippocampal neurogenesis: 
links to cognition and depression. Neurosci. Biobehav Rev. 37, 1346–1362. 

Hofer, S.M., Sliwinski, M.J., 2006. Design and analysis of longitudinal studies on aging. 
Handbook of the psychology of aging. Academic Press, pp. 15–37. 

Hoffman, L., Hofer, S.M., Sliwinski, M.J., 2011. On the confounds among retest gains and 
age-cohort differences in the estimation of within-person change in longitudinal 
studies: a simulation study. Psychol. Aging 26, 778–791. 

Holth, J.K., Patel, T.K., Holtzman, D.M., 2017. Sleep in Alzheimer’s disease–beyond 
amyloid. Neurobiol. Sleep. Circadian Rhythms 2, 4–14. 

Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S.G., Croteau, D.L., Bohr, V.A., 2019. 
Ageing as a risk factor for neurodegenerative disease. Nature Reviews Neurology 15 
(10), 565–581. 

House, J.S., Lepkowski, J.M., Kinney, A.M., Mero, R.P., Kessler, R.C., Herzog, A.R., 1994. 
The social stratification of aging and health. J. Health Soc. Behav. 213–234. 

Hwang, J.Y., Aromolaran, K.A., Zukin, R.S., 2017. The emerging field of epigenetics in 
neurodegeneration and neuroprotection. Nat. Rev. Neurosci. 18, 347–361. 

Iaccarino, H.F., Singer, A.C., Martorell, A.J., Rudenko, A., Gao, F., Gillingham, T.Z., 
Tsai, L.H., 2016. Gamma frequency entrainment attenuates amyloid load and 
modifies microglia. Nature 540 (7632), 230–235. 

Innes, K.E., Selfe, T.K., Khalsa, D.S., Kandati, S., 2016. Effects of meditation versus music 
listening on perceived stress, mood, sleep, and quality of life in adults with early 
memory loss: a pilot randomized controlled trial. J. Alzheimer’s Dis. 52, 1277–1298. 

Ishii, R., Canuet, L., Aoki, Y., Hata, M., Iwase, M., Ikeda, S., Ikeda, M., 2017. Healthy and 
pathological brain aging: from the perspective of oscillations, functional 
connectivity, and signal complexity. Neuropsychobiology 75 (4), 151–161. 

Jack, C.R., Petersen, R.C., Xu, Y., O’Brien, P.C., Smith, G.E., Ivnik, R.J., Kokmen, E., 
1998. Rate of medial temporal lobe atrophy in typical aging and Alzheimer’s disease. 
Neurology 51 (4), 993–999. 

Jaskelioff, M., Muller, F.L., Paik, J.H., Thomas, E., Jiang, S., Adams, A.C., DePinho, R.A., 
2011. Telomerase reactivation reverses tissue degeneration in aged telomerase- 
deficient mice. Nature 469 (7328), 102–106. 

Johnson, A.A., Shokhirev, M.N., Wyss-Coray, T., Lehallier, B., 2020. Systematic review 
and analysis of human proteomics aging studies unveils a novel proteomic aging 
clock and identifies key processes that change with age. Ageing Res Rev. 60, 101070. 
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