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Abstract

The search for reliable early indicators of age-related cognitive decline represents a critical avenue
for progress in aging research. Chronological age is a commonly used developmental index;
however, it offers little insight into the mechanisms underlying cognitive decline. In contrast,
biological age (BioAge), reflecting the vitality of essential biological systems, represents a
promising operationalization of developmental time. Current BioAge models have successfully
predicted age-related cognitive deficits. Research on aging-related cognitive function indicates
that the interaction of multiple risk and protective factors across the human lifespan confers
individual risk for late-life cognitive decline, implicating a multi-causal explanation. In this
review, we explore current BioAge models, describe three broad yet pathologically relevant
biological processes linked to cognitive decline, and propose a novel operationalization of BioAge
accounting for both moderating and causal mechanisms of cognitive decline and dementia. We
argue that a multivariate and mechanistic BioAge approach will lead to a greater understanding of
disease pathology as well as more accurate prediction and early identification of late-life cognitive
decline.
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1. Introduction

The rapid growth of the older adult population is concomitant with an increased prevalence
in age-related diseases, such as heart disease, cancer, and diabetes. Various age-related
diseases, such as diabetes and atherosclerosis, have been linked to decreases in cognitive
functioning. Indeed, multi-morbidity is known to accelerate cognitive decline in both
normative and the more extreme pathological cognitive aging associated with Alzheimer’s
disease (AD) (Bergman et al., 2007). It was estimated in 2005 that approximately 24.3
million people worldwide suffer from dementia, with a projected development of 4.6 million
new cases every year (Ferri et al., 2005); such estimates underscore the staggering burden
late-life cognitive decline has on individuals, families and society.

Most research on late-life development charts cognitive change as a function of
chronological age (CA). Although chronicity is commonly used for late-life decision making
(e.g., medical screening initiatives, employment, driving privileges), this approach
represents a serious conceptual and practical issue for indexing developmental change. As
described previously (Dixon, 2011), CA as an index of developmental time carries no causal
implications and little explanatory power. CA represents a dimension along which causal
processes operate (Birren, 1959; Salthouse, 1999), reflecting the accumulation of biological
and environmental influences contributing to developmental change (MacDonald et al.,
2004, 2011). The limitations of CA vis-a-vis informing mechanisms of cognitive change
have been well documented (Anstey, 2008; Birren 1999; Birren and Cunningham, 1985;
Ingram, 1983; MacDonald, et al., 2004; MacDonald et al., 2011). Consider two individuals;
one who is 75 and has been diagnosed with Alzheimer’s disease and the other who is 75 and
is not suffering from a neurodegenerative condition. In this scenario, using “age” to predict
AD risk is not informative as it doesn’t take into consideration the neuropathological
processes involved. Arguably, the utility of CA, particularly in isolation, may even impede
efforts to identify specific biological mechanisms underlying age-related cognitive decline
by placing a focus on a time metric rather than causal factors. As such, many other
operationalizations have been constructed to index developmental change including: social
age (Birren and Tenner, 1977), psychological age (Birren 1959), allostatic load (McEwen
2007), functional age (Anstey 1996) and biological age (BioAge) (Birren, 1959; MacDonald
etal., 2004).

Advancing our understanding of the determinants and contributors of age-related cognitive
decline requires that developmental time be operationalized using variables that index
theoretical causes of cognitive aging (Birren, 1999; Dixon 2011; MacDonald et al., 2004).
Markers of biological health may more accurately indicate cognitive changes in late life
compared to CA (Birren and Cunningham, 1985), as they likely reflect both the genetic
make-up and environmental exposures that combine to influence cognitive function (Spiro
and Brady, 2008; Wohlwill, 1973).

In this review, we explore current BioAge models, describe evidence for three broad yet
pathologically relevant biological processes linked to cognitive decline and
neurodegeneration, and propose a novel operationalization of BioAge accounting for both
moderating and causal mechanisms of late-life cognitive decline. Inflammation, oxidative
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stress and vascular integrity are key biological mechanisms that are definitively associated
with many age-related diseases, and may underlie both normative (e.g., typical age-related)
and pathological (e.g., dementia-related) cognitive decline. Targeting change in such
potential mechanisms, rather than change in CA, may serve to strengthen the conceptual and
practical framework of predictive models of change.

2. Extant Research on Biological Aging

The concept of BioAge was originally developed because of the inaccuracy of CA as an
index of development in old age (Birren and Cunningham 1985). BioAge has frequently
appeared in scientific literature since its formal introduction by J.E. Birren in 1959, who
initially defined it as the estimation of a person’s present position with reference to their
total potential lifespan. The BioAge concept has since expanded to reflect the functioning of
essential physiological systems and processes in the body (Birren and Cunningham, 1985;
MacDonald et al., 2004), to encompass a composite indicator of biological vitality (c.f.
Dixon, 2011), physiological reserve (Goffaux et al., 2005), senescence (Nakamura and
Miyao, 2007), organism viability (Comfort, 1969), or vigor (Nakamura and Miyao, 2003).
Regardless of its formal definition, this area of research may provide insight into an
individual’s lifespan more accurately compared to predictions based on chronology
(Schroots and Birren 1990). Although the multitude of BioAge definitions and diverse
methodology add to the controversy regarding its measurement, validity and usage (Bulpitt
et al., 1995; Ingram, 1983; Ludwig and Smoke, 1980), considerable progress in honing the
concept and operationalizing candidate markers has been made (c.f. Dixon, 2011) for both
age-related health decrements (Goffaux et al., 2005; Spiro and Brady, 2008; Wahlin 2004)
and cognitive decline (Anstey et al., 1997; Anstey and Smith, 1999; Elias et al., 1995;
MacDonald et al., 2004, 2011). Certainly, the utility of non-cognitive variables to predict
differences in age-related cognitive performance has been a coveted focus for cognitive
aging research (c.f. Anstey, 2008), with an overarching goal to produce estimates that lead
to an improved understanding of psychological aging and associated processes (c.f. Dixon,
2011). Although lacking direct mechanistic underpinnings, existing BioAge models have
been successfully used to relate cognitive changes to physiological markers of development.

2.1 BioAge and Cognition

2.1.1 Indirect Markers Indexing Cognitive Change—The majority of BioAge
markers used to date can be classified as being indirect, or rather targeting more distal
processes (e.g., health factors as well as physiological and sensory function) (Dixon, 2011).
Although indirect measures, such as physiological function (e.g., lung capacity, grip
strength) are relatively accessible, inexpensive to measure and non-invasive, they also could
be strong indicators of central nervous system (CNS) integrity and therefore may accurately
predict age-related cognitive change (Anstey, 1999). Further, physiological functioning
could indirectly index the functioning of underlying processes involved in cognitive
functioning. For example, pulmonary capacity is likely related to physical activity levels,
which have been associated with brain plasticity, brain-derived neurotrophic factor levels
(Cotman and Berchtold, 2002) and inflammation (Kasapis and Thompson, 2005); blood
pressure can be a marker for hypertension, in which oxidative stress likely plays a key
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pathological role (c.f. Rodrigo et al., 2011); and age-related declines in muscle strength can
be indicative of sarcopenia, an age-related muscle degenerative disease, associated with high
levels of inflammation and oxidative stress (c.f. Kamel 2003; Weindruch 1995;).

Conversely, physical health may play an equally important role of exposing those to risk
factors linked to impaired function. Investigations into the link between frailty and cognition
highlight the importance of overall health, spanning multiple domains (e.g., health status,
history of diseases, sensory function) for the mitigation of neurodegenerative risk (Song et
al., 2010, 2011). Conceivably, the link between overall health and cognitive decline is
perhaps not simply a mechanistic one. Rather, it may represent a situation whereby
compromised bodily health across multiple systems further predispose those to risk factors
linked to compromised cognitive function, thereby influencing the neuropathological
change-point of decline. Despite these associations, further research is needed to understand
the true extent to which non-invasive biomarkers index or moderate causal processes.

Strong associations exist between physiological markers and cognitive functioning in older
adults. Measures of sensory functioning, including visual and auditory acuity, have been
associated with age-related cognitive decline (Anstey et al., 2001; Baltes and Lindenberger,
1997; Glass 2007; Lindenberger and Baltes, 1994; MacDonald et al., 2004; Tay et al., 2006),
whereas measures of blood pressure (Anstey et al., 1996; Elias et al., 1995) and
cerebrovascular function (Cherbuin et al., 2009) are negatively associated with cognitive
performance. Further, physiological functioning, such as weakened grip strength
(Christensen et al., 2000; Takata et al., 2008), lower limb strength (Anstey et al., 1997),
muscle strength (Auyeung et al., 2008) and reduced peak expiratory flow (Albert et al.,
1995) have been linked to cognitive decline. Combining BioAge indicators, such as grip
strength, health status, forced expiratory volume, vibration sense, hearing and vision
demonstrated that BioAge markers can explain most age-related variance in cognitive
performance (Anstey et al., 1999; Wahlin et al., 2006) and can predict mortality in very old
adults (Anstey et al., 2001). Further, a factor analytic approach, using biomarkers of visual
and auditory acuity, grip strength, peak expiratory flow, blood pressure, and body mass
index, predicted 12-year age-related cognitive decline in the elderly independent of CA
(MacDonald et al., 2004). This investigation demonstrated that BioAge can uniquely explain
considerable variance associated with between-group differences in intra-individual
cognitive change over and above variance explained using CA.. Consistently, a BioAge/
Physiological Reserve index, computed using physical fitness measures (6 minute walk,
weight lifting, balance, one-foot stand, standing reach, physical activity), cognitive
performance, and disease comorbidity status predicted 3-year adverse outcomes better than
using CA (Goffaux et al., 2005). Furthermore, similar biological age indices have been
employed in other studies assessing age-related changes (Nakamura and Miyao, 2003,
2007). Covariation between changes in biomarkers and changes in cognition within
individuals indicates that biological status is an important predictor of age-related cognitive
change (MacDonald et al., 2004). Recently, we observed significant time-varying
covariation between theoretically-relevant biomarkers of cognition, such as muscle strength,
body mass and pulmonary capacity, and declines in cognition, such as semantic memory and
fluid reasoning within individuals (MacDonald et al., 2011). This research supports the
interpretation that age-related changes in cognition are not due to CA, but they index
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multiple factors spanning a wide range of biological and physical health domains that simply
arise along the CA continuum.

2.1.2 Direct Markers Indexing Cognitive Change—Despite the ability of indirect
markers to account for age-related variance in cognitive performance, biological markers
directly reflecting the functioning of key underlying processes will likely index cognitive
function most accurately. It has been reasoned that more direct measures, which proximally
target underlying biological processes theoretically relevant to cognitive decline and/or
neurodegeneration (e.g., systemic oxidative stress or neuroinflammation), should be
employed in future research on cognitive aging (MacDonald et al., 2011). Direct biomarkers
symptomatic of the cellular processes involved in age-related cognitive change, such as
hyperlipidemia, elevated levels of pro-inflammatory cytokines or byproducts of oxidative
stress, could provide a more sensitive prediction of cognitive function while highlighting the
contributing processes. Consistently, a primary goal of biomarker research is to target a
biological index representing a proxy for a given behaviour (Biomarkers Definitions
Working Group, 2011). In the field of cognitive aging, biomarkers of dementia have
spanned a wide continuum of processes, ranging from genetic markers (Harris and Deary,
2011), CSF proteins (Blennow et al., 1995; Ewers et al., 2012) and brain beta-amyloid
burden (Nordberg, 2010) to directly indexing brain atrophy (Spulber et al., 2010).
Structurally indexing brain degeneration or beta amyloid accumulation (e.g., by using a PET
amyloid ligand such as Pittsburgh compound B (PIB) (Klunk et al., 2004), or [L8F]FDDNP
PET (Small et al., 2012) is informative in terms of understanding cognitive symptoms and
trajectories However, targeting progressive stages along the pathological continuum fails to
highlight many of the causal processes implicated. Similarly, elevated levels of CSF tau
(Blennow et al., 1995) and beta-amyloid 42 (c.f. Blennow et al., 2001) are consistently
found in AD patients and are associated with the future development of AD in patients with
mild cognitive impairment (MCI) (Hansson et al., 2006), with such proteins being
increasingly used in clinical settings for disease detection and tracking. Despite some
evidence that CSF tau and beta-amyloid can be used to predict future decline in cognitively
normal older individuals (Fagan et al., 2007, Small et al., 2012), accumulation of such
proteins may still be proximally related to symptom onset. That is, targeting the potential
biological antecedents, such as neuroinflammation (Granic et al., 2009; Zotova et al., 2010),
oxidative stress (Torres et al., 2011), neurovascular factors (Marchesi 2011) or brain-
specific metabolic processes (Kaiser et al., 2010) that may underlie and/or exacerbate
neurodegeneration or cognitive decline, may identify individuals at risk for future decline at
the earliest stages. Furthermore, lumbar puncture poses substantial drawbacks in terms of
expense and invasiveness, particularly in light of soaring dementia-related healthcare costs
and frailty associated with the targeted demographic. Mechanism-based blood biomarkers
(Kruman et al., 2002; Yagi et al., 2011) may fulfill the need for less invasive, inexpensive
and efficient measures.

3. Toward an Emerging Concept of BioAge

Although multiple definitions of BioAge exist within the literature, a formal and universal
operationalization of BioAge for indexing non-normative cognitive decline remains elusive.
Despite increasing knowledge in the extant literature on the key biological processes
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involved in declining cognitive function with age, biological indicators are often selected
based on convenience, rather than based on a priori, theory-driven mechanisms. That is,
utilizing knowledge garnered by cross-disciplinary research as well as tailoring
psychological research designs and methodological approaches to contemporary cognitive
aging theories are critically important for the development of predictive models of cognitive
change. Furthermore, environmental factors likely influence late-life cognitive function.
Although this is an emergent area, there is much to be learned of the biological-by-
environmental interactions that modulate the risk and/or acceleration of cognitive decline.
Investigations into the cognitive implications of environmental influences are currently
underway. For example, exposure to environmental stress has been linked to reactive
oxygen species (ROS) accumulation and plaque pathology in AD-like brains (Seo et al.,
2011), pesticide exposure has been linked to increased dementia risk (Hayden et al., 2010)
and, although age-associated decline in general health status is a risk factor for AD (Song et
al., 2011), higher physical activity levels are associated with the maintenance of cognitive
and brain health in old age (c.f. Voss et al., 2011). Additionally, accumulating evidence
suggests that environmental stressors may trigger epigenetic modifications (i.e., factors that
influence gene expression but do not exert genomic alterations), such as DNA methylation
(Wu et al., 2008) and histone acetylation (Fischer et al., 2007), that contribute to cognitive
dysfunction. Although the mechanisms through which environmental contributions impact
cognitive function remain unclear, altered risk/protective biological pathways are likely at
the heart of such alterations (Sng and Meaney, 2009). Taken together, recent evidence
indicates that late-life cognitive decline may be the result of a lifelong interaction of
multiple environmental and genetic influences. Multivariate approaches that index, for
example, key molecular (e.g., inflammatory cascades), physical (e.g., general physical
health) and environmental (e.g., stress exposure) risk factors may more accurately index
those at risk compared to considering any of these factors in isolation. Consistently, recent
investigations into the link between health predictors and risk of cognitive decline reveal
that a broad constellation of factors confer increased predictivity of dementia risk (Song et
al., 2010, 2011) or cognitive maintenance (Yaffe et al., 2009). Combined with the need to
index key biological processes directly underlying late-life cognitive function, implementing
a multivariate BioAge approach represents a promising BioAge operationalization; one that
more accurately indexes age-related cognitive change by capturing both aetiological causes
and contributing factors.

In the following sections, we further explore three major biological processes (inflammation,
oxidative stress and vascular health) and their use as biomarkers of cognitive decline.
Considerable empirical evidence links these select processes with the neuro-aetiology of
both AD-pathology and general age-related cognitive decline. The inclusion of process-
specific markers will likely enhance the ability to identify cognitive decline at earlier phases
by indexing the potential biological processes underlying the disease process.

4. Potential BioAge Mechanisms Underlying Cognitive Aging

BioAge conceptualizations have largely overlooked the direct biological contributions to
functional changes with age. In modern conceptualizations, recent scientific gains in the area
of molecular biological research should be integrated to reflect critical pathways underlying
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cognitive change. More specifically, it has been suggested that multiple biological
processes, such as inflammation and oxidative stress, should be the focus for the
pathophysiological progression of cognitive disorders, such as AD (Castellani et al., 2008).
Further, vascular health is thought to be a crucial risk factor for cognitive decline. Not only
is the apolipoprotein-4 (APOE &4) allele, which is implicated in cholesterol transport and
atherosclerosis, the most widely known genetic risk factor for late onset AD (Corder et al.,
1993; Saunders et al., 1993;), it is also associated with MCI (Brainerd et al., 2013; Dixon et
al., 2014), cognitive decline (Bretsky et al., 2003; Caselli et al., 2009) and cognitive deficits
in old age (Small et al., 2004; Davies et al., 2014). However, evidence suggests that good
episodic memory in young, healthy adults may be mediated by APOE ¢4 (Mondadori et al.,
2007). Indeed, greater beta-amyloid deposition has been found in cognitively healthy APOE
€4 carriers (Morris et al., 2010). Although APOE ¢4 carriers have a greater risk for AD and
cognitive decline (Seeman et al., 2005), its prevalence is low (e.g., approximately 50% of
non-familial AD cases are APOE ¢4 carriers), indicating that other susceptibility genes,
likely in concert, are involved in the pathogenesis of age-related cognitive decline and late-
onset AD. Consistently, several recent genome-wide association studies have identified
multiple genetic AD risk loci, conferring significant population risk. Of note, principal
biological processes implicated, among others, are; immune system function (e.g., clusterin
(CLU), complement receptor (CRI), sialic acid-binding lg-like lectin (CD33)) (Harold et al.,
2009; Hollingworth et al., 2011; Lambert et al., 2009; Naj et al., 2011), lipid and beta-
amyloid metabolism (e.g., APOE, CLU, ATP-binding cassette transporter (ABCA7) (Harold
et al., 2009; Hollingworth et al., 2011; Lambert et al., 2009;), and cell to cell communication
(e.g., phosphatidylinositol binding clathrin assembly protein (PICALM), bridging integrator
1 (BIN1), CD33 and CD2-associated protein (CD2AP) (Harold et al., 2009; Hollingworth et
al., 2011; Naj et al., 2011;). Although much evidence highlights the involvement of these
particular processes, a recent meta-analysis utilizing the AlzGene database indicates that
greater than a dozen genetic loci are implicated in AD susceptibility, including genes
associated with vascular function (e.g., APOE, angiotensin converting enzyme (ACE),
insulin degrading enzyme (IDE), oxidative stress (e.g., glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), mitochondrial transcription factor A (TFAM)) and inflammation
(e.g., tumor necrosis factor alpha (TNF-a) (Bertram et al., 2007). These findings, along with
a surfeit of studies associating these processes with cognitive decline and the more severe
neurodegenerative disorders, indicate that inflammatory mediators, oxidative stress and
vascular health indicators are critical BioAge targets for indexing the theoretical underlying
causes of both normative and neuropathological cognitive decline. Although there are a
multitude of indicators that can index these major biological processes, here we review
evidence substantiating the need to incorporate such key biological processes in predictive
models of aging-related cognitive change.

4.1 Inflammation

Markers of systemic and neuro-inflammation have been linked to both normative age-related
cognitive change as well as non-normative decline associated with diseases of the aging
process (MCI, AD, etc.). Inflammation is a complex immune response to harmful stimuli,
such as infection, injury or irritation and is characterized by the infiltration and activation of
the body’s immune cells and subsequent production of pro-inflammatory cytokines. The
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innate immune system, the first line of host defence which responds to stressors in a generic
way, plays a major role in the generation of an immune response. Immune system activation
is generally thought to be an adaptive mechanism which promotes organism survival.
However, chronic levels of inflammation may be detrimental in late life (Franceschi et al.,
2000) resulting in “Inflamm-aging,” the peculiar chronic inflammatory status characterizing
aging (De Martinis et al., 2005).

Founded on the observations that peripheral blood mononuclear cells can produce higher
amounts of pro-inflammatory cytokines in older compared to younger adults (Fagiolo et al.,
1993), inflamm-aging highlights the critical importance and impact of a chronic, lifelong
antigenic load on aging and longevity (Franceschi et al., 2007). Chronic inflammation is a
major contributing factor in many age-related diseases such as cancer (c.f. Caruso et al.,
2004; DeCarlo et al., 2010, 2012), diabetes (c.f. Granic et al., 2009), obesity (c.f. Dandona et
al., 2004; Hotamisligil et al., 1993), arthritis, cardiovascular disease, osteoporosis,
atherosclerosis, metabolic syndrome (Dik et al., 2007) as well as age-related cognitive
decline (Weaver et al., 2002) and neurodegeneration (c.f. McGeer and McGeer, 2001). As
such, the acute phase C-Reactive Protein (Jenny et al., 2012; Schram et al., 2007;) and
interleukin-6 (I1L-6) (Schram et al., 2007; Weaver et al., 2002), both sensitive markers of
systemic inflammation, have been associated with an increased risk of age-related cognitive
decline, and cognitive decline in high-functioning older adults (Yaffe et al., 2003).

The inflammatory underpinnings of neurodegenerative diseases have long since been
recognized (McGeer et al., 1987). The link between brain inflammation and AD dates back
to 1910 when Fischer described a foreign substance (now known as beta amyloid) in the
cerebral cortex that induced both the formation of plaques and a local inflammatory
response (Fischer, 1910). Correspondingly, inflammatory molecules have been associated
with amyloid deposits in the brain (Eikelenboome and Stam, 1982). Further, inflammatory
pathways likely play a role in disease susceptibility due to their implicit link to immune
system function. Dementia frequently co-occurs with other conditions (Marengoni et al.,
2009) and it has been found that individuals with multiple pathological disorders are
significantly more likely to develop dementia than those diagnosed with just one disorder
(Schneider et al., 2007), rendering disease comorbidity an essential factor to consider in
aging models.

Microglia are the major contributors to brain inflammation, and are found co-localized with
AD plaques within the neocortex (Griffin et al., 1995)). Both invading organisms and
endogenous stimuli, such as damaged associated molecular patterns generated from injured
cells or amyloid-beta oligomers, can trigger innate immune responses in the CNS by binding
and activating Toll-like receptors (TLRs) (c.f. Salminen et al., 2009). TLRs are
transmembrane receptors that recognize structurally conserved molecules and ligands. Once
activated, TLRs are known to initiate host protective mechanisms by triggering the
production of pro-inflammatory cascades; cascades which are thought to contribute to
neuronal damage and dysregulation (c.f. Amor et al., 2010). TLR polymorphisms and
expression levels have been implicated in AD susceptibility (Balistreri et al., 2007; Walter et
al., 2007), and beta amyloid has been found to activate microglia through TLRs (Lotz et al.,
2005). Additionally, a recent investigation into the involvement of innate immune pathways
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in AD revealed that TLR mediated nuclear-factor of kappa B (NF-xB), a downstream
transcription factor responsible for the upregulation of proinflammatory genes, plays a
critical role in the pathological effects of beta amyloid (Tan et al., 2008). Conditions such as
pro-inflammatory cytokines, insulin receptor activation and oxidative stress can lead to
chronic activation of NF-xB (c.f. Granic et al., 2009), which can influence beta-amyloid
metabolism and inflammatory cascades; further perpetuating the activation and nuclear
translocation of NF-xB (Granic et al., 2009). Inflammatory mediators induced by NF-«xB are
strongly associated with neurodegenerative diseases. Polymorphisms oflL-6, a pro-
inflammatory cytokine, have been linked to AD susceptibility (Combarros et al., 2009),
particularly in the presence of TNF-a polymorphism (Vural et al., 2009), and elevated
plasma IL-6 levels have been found in AD patients (Bermejo et al., 2008; Engelhart et al.,
2004; Licastro et al., 2000; Singh and Guthikonda, 1997; ) with protein levels contributing
to a 6-protein AD signature (Gomez Ravetti and Moscato, 2008). Polymorphisms in the
acute phase (TNF-a) have been linked to AD risk (Gnjec et al., 2008; Randall et al, 2009;),
TNF-a over-expression has been associated with a decline in learning capabilities (Aloe et
al., 1999) and elevated plasma TNF-a levels have been found in AD patients (Bermejo et
al., 2008) with protein levels contributing to several recent AD protein signatures (Ray et al.,
2007; Ravetti and Moscato, 2008; Soares et al., 2009). Further, elevated levels of C Reactive
Protein have been associated with an increased risk of AD (Engelhart et al., 2004; Schmidt
etal., 2002;).

Therapeutic use of non-steroidal anti-inflammatory drugs (NSAID) to stop the progression
of AD is a controversial topic. Although NSAID use has been found to decrease beta
amyloid aggregation (Thomas et al., 2001) and slow MCI conversion to dementia (Gomez-
Isla et al., 2008), the inability of clinical trials to arrest the progression of the disease (Aisen
et al., 2003; Feldman et al., 2007) indicates the multi-factorial nature of the disease and/or
the need for interventions to target neurodegeneration at its earliest stages (Marchesi 2011).
Recently, however, promising progress has been made on the use of immune-based
treatments for cognitive decline associated with neurological conditions (c.f. Hughes et al.,
2009). As described, substantial evidence implicates the role of inflammatory mediators in
age-related cognitive impairment and AD, although the precise mechanisms remain
unresolved.

4.2 Oxidative Stress

Akin to inflammatory processes, oxidative stress pathways and markers have been
associated with both age-related cognitive decline and neurodegeneration associated with
non-normative age-related changes. A popular molecular hypothesis for age-related changes
is the oxidative stress theory of aging, which stems from the Free Radical Theory of Aging,
proposed by D. Harman in 1956. The oxidative stress theory posits that the balance between
the production and scavenging of ROS determines the state of oxidative stress within a cell.
It is now understood that mitochondria are major intracellular sources of damaging ROS,
which promote damage to cellular proteins, lipids and DNA (c.f. Bokov et al., 2004) as well
as mitochondrial DNA and oxidative phosphorylation machinery. If left unrepaired,
oxidative stress may have pervasive detrimental effects on aging-related mechanisms, such
as cell senescence, inflammation and mitochondrial dysfunction (c.f. Vitale et al., 2013).
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Furthermore, extant literature identifies a potential causal link between ROS-mediated
impaired mitochondrial respiration and cognitive decline (c.f., Chakrabarti et al., 2011). t
The brain, in particular, is highly susceptible to oxidative damage due to high oxygen
consumption rates, a high proportion of polyunsaturated fatty acids that are targeted for lipid
peroxidation, and naturally low levels of antioxidants. Consequently, the link between
oxygen radicals, such as superoxide and hydrogen peroxide, and both age-related normative
cognitive change and non-normative neurodegeneration has long since been recognized.

Like inflammation, much literature exists which link oxidative stress to age-related ailments,
such as diabetes and cardiovascular disease, and associate heightened oxidative stress with
age-related cognitive decline. Oxidative stress levels have been found to increase with age,
corresponding to an age-related decrease in antioxidant capacity (Rodrigues Siqueira et al.,
2005). This highlights oxidative stress as a likely process involved in the initiation of
cognitive decline. As such, oxidative stress pathways and markers have been widely
associated with age-related cognitive decline. Age-related memory and cognitive decline has
been associated with a decrease in brain and plasma anti-oxidant levels (Akbaraly et al.,
2007; Rinaldi et al., 2003; ) and an increase in oxidative stress levels (Torres et al., 2011).
Furthermore, neuroproteomic analysis of the aging hippocampus indicates that there is a
decreased expression of anti-oxidant proteins, which likely aids in the increase in
hippocampal oxidative stress and associated inflammation often found in both normative
aging and age-related neurodegeneration (c.f. VanGuilder and Freeman, 2011).

The link between oxidative stress and neurodegeneration has plenty of empirical support. It
has been found that oxidatively damaged lipid membranes in the brain promote the
aggregation of amyloid beta proteins, which in turn promote lipid oxidation and perpetuates
beta amyloid misfolding and aggregation in AD (Murray et al., 2005). Moreover, plasma
levels of antioxidant enzymes have been found to be decreased in both AD and MCI patients
compared to controls (Guidi et al., 2006) and levels of oxidized proteins, such as
malondialdehyde and protein carbonyls, have been found at increased levels in AD patients
(Keller et al., 2005). Although ROS can potentially affect all classes of biomolecules, their
detriment to nucleic acids is particularly worrisome, as this may impart long-term changes in
the host (Marchesi, 2011). As such, pronounced increases in DNA damage (Mullaart et al.,
1990; Su et al., 1997), a lower capacity for DNA repair (c.f. Boerrigter et al., 1992) and
increased RNA oxidation (Nunomura et al., 1999) have all been found in patients suffering
from AD. Further, levels of oxidative stress by-products are highly associated with
neurodegeneration. Paraoxonasel (PON1), an antioxidant enzyme which is responsible for
the protective effects of HDL on LDL peroxidation, has been implicated in the pathogenesis
of AD (Dantoine et al., 2002; Erlich et al., 2006) and PON1 polymorphisms are associated
with the progression of white matter lesions in the elderly (Schmidt et al., 2000).
Furthermore, isoprostanes, which are potent inflammatory mediators induced by oxidative
stress-mediated lipid peroxidation, are present at high levels in the CSF of MCI (Brys et al.,
2009) and AD patients (Pratico et al., 1998), are increased in many brain regions of patients
with MCI and AD (Marksbery et al., 2005) and are associated with MCI to AD conversion
(Brys et al., 2009).

Ageing Res Rev. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

DeCarlo et al.

Page 11

Evidence from investigations into the implications of a redox imbalance during aging
indicates that NF-kB is activated by ROS and finely balanced by both inflammatory and
antioxidant pathways (c.f. Lavrovsky et al., 2000). The NF-xB transcription factor,
responsible for regulating the transcription of genes involved in inflammatory responses, is
altered in response to oxidative stress (Adcock et al., 1994) as well as age-related increases
in ROS production (Kim et al., 2000). Oxidative stress may therefore be involved in the
initiation and/or propagation of inflammatory responses associated with age-related
cognitive decline or AD-related neurodegeneration.

4.3 Vascular Health

Like inflammatory and oxidative stress pathways, the detrimental effects of poor vascular
health is empirically linked to both normative and neurodegenerative cognitive decline.
Aging is associated with changes in the vascular system. Vascular health factors play a
critical role in many age-related ailments, such as cardiovascular disease, obesity, diabetes,
chronic kidney disease and cancer. Epidemiological studies strongly associate deteriorating
vascular health with cognitive deficits. High blood pressure, particularly systolic blood
pressure, at midlife (Knecht et al., 2009; Swan et al., 1998;), plasma aldosterone (Yagi et al.,
2011), a risk factor for cardio- and cerebrovascular disease, hyperlipidemia, and metabolic
syndrome (Dik et al., 2007; Raffaitin et al., 2011), have all been associated with cognitive
decline in late life. High blood levels of homocystein, a risk factor for cardiovascular disease
and contributor to impaired DNA repair associated with beta amyloid-induced oxidative
stress (Kruman et al., 2002), have been linked with dementia risk (Seshadri et al., 2002).
Increasing evidence points towards a link between cholesterol homeostasis and cognitive
decline. High mid-life plasma cholesterol and low density lipoprotein levels have been
associated with late-life cognitive decline (Helzner et al., 2009), and research suggests a link
between cholesterol-related genes, such as 3-hydroxy-3-methylglutaryl1-coenzyme A
synthase 2 (HMGCS2), an enzyme involved in sterol biosynthesis, and farnesyl diphosphate
synthase (FDPS), an enzyme involved in providing cholesterol to cells, and risk for AD
(Wollmer et al., 2007). Further, even the presence of subclinical vascular disease, indexed
using measures such as arm-ankle systolic blood pressure ratio and internal carotid artery
thickness, is predictive of incident cardiovascular disease (Newman et al., 1993), stroke,
frailty, mortality as well as physical and cognitive decline (Chaves et al., 2004).

APOE €4, a protein which coordinates cholesterol transport in nerves (Boyles et al., 1989)
and plays a critical role in hippocampal cell membrane remodelling following injury (Poirier
etal., 1991), is associated with diseases involving the transport or metabolism of lipids, such
as diabetes mellitus, high cholesterol and cardiovascular disease (c.f. Martins et al., 2006) as
well as age-related cognitive impairment (Caselli et al., 2009; Dixon et al., 2014), vascular
dementia (Hebert et al., 2000) and AD (Corder et al., 1993; Saunders et al., 1993;). In AD,
APOE €4 is involved in many of the pathological events, such as beta amyloid generation,
deposition and elimination, neurofibrillary tangle formation, APP expression and
production, and inflammation (c.f. Leoni, 2011) with AD risk in particular linked to allele
phase (Lescai et al., 2011).
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Cerebrovascular abnormalities are concomitant with presence of cognitive deficits and
dementia. Correspondingly, individuals with a history of cerebrovascular infarcts are at risk
for subsequent declines in memory and AD (Snowdon et al., 1997). Changes in vascular
density have been found in the hippocampus and basal forebrain regions of AD brains
(Fischer et al., 1990). Vascular changes have been associated with a reduced threshold for
AD diagnosis amongst non-symptomatic individuals with AD pathology, and cerebral
infarctions have been associated with greater dementia severity (Heyman et al., 1998).
White matter hyperintensities (WMHSs), associated with a history of hypertension, stroke,
and diabetes (Fazekas et al., 1993), have been specifically linked with declines in frontal
lobe functioning (Burton et al., 2004). In addition, WMHs may be the result of chronic
kidney disease (Takahashi et al., 2010), recently found to be a risk factor for cognitive
impairment (Etgen et al., 2009); further demonstrating the likely co-morbid nature of age-
related cognitive decline. Correspondingly, it was recently suggested that oxidative stress,
along with neuroinflammation and somatic mutations of APP, contributes to the
neurovascular origin of AD (Marchesi, 2011). It is conceivable that genetic susceptibilities,
such as APOE status, interact with oxidative stress and inflammation to initiate and
propagate neurodegeneration.

5. Conclusions

A primary objective in this review is to foster a significant theoretical step forward in
identifying early markers and development of multivariate models that increase our ability
to detect those at risk of cognitive decline and impairment at early disease phases. Although
there are a wealth of indicators that can index inflammation, oxidative stress and vascular
health, we reviewed evidence substantiating the need to incorporate such key biological
processes in predictive models of aging-related cognitive change. To advance our
understanding of the causes of and contributors to age-related cognitive deficits,
operationalizations of developmental time must move away from using CA as a sole
predictor. Increased knowledge gleaned from basic science research outlining critical
biological processes associated with neuropathology, such as inflammation, oxidative stress
or vascular health, should be incorporated into predictive models of cognitive change.
Although heuristically useful for indexing age-related cognitive and functional change, CA
is but an indirect reflection of accumulated biological and environmental influences. As
such, CA is not a causal mechanism underlying cognitive and functional decline, but rather a
temporal dimension along which causal factors operate. Arguably, supplementation and
perhaps supplantation of chronological age with theoretically linked biological and health
variables will help advance our understanding of the mechanisms underlying age-related
cognitive change.

Despite the focus on aetiological mechanisms, moderators of cognitive health are of
importance. Exposure to environmental stressors, epigenetic modifications, disease
comorbidities or general health ailments, for example, likely play an important role in late-
life cognitive function. Frailty research highlights that a diverse range of health deficits,
themselves not known for being risk factors for dementia, can be combined as a multivariate
frailty index to identify those at risk of not only death (due to all causes) but dementia as
well (Song et al., 2011). The fact that a related but novel frailty index comprised of 19
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“nontraditional” risk factors can predict dementia status, independent of traditional risk
factors such as cognitive deficit, suggests that accumulating deficits in general bodily health
warrants further attention. Overall health may predispose those already at risk for dementia
to an accelerated disease course, and as such, may represent an early precipitating factor
whereby none of the individual components play a particularly central role. That is, declines
in general health or increased frailty may be a harbinger of cognitive deterioration.
Likewise, in a recent dementia review (Grand et al., 2011), it was argued that until the
precise underlying mechanisms are known, attention should be placed on the maintenance of
general health. Although the issue of mechanism(s) of cognitive decline remains important,
recent theorizing underscores the importance of improving the general health of those at
greatest risk and suggests that such a focus may be as beneficial as targeting specific
etiologic mechanisms (Dartigues and Feart, 2011; Song et al., 2011).

An emergent area in cognitive aging research concerns the implementation of multivariate
and interactive approaches. . As such, an individual’s level of cognitive function could be
best understood as a result of a complex interaction between host genetic, biological and
environmental risk and protective factors across the lifespan (Figure 1). Given that a
diversity of biomarker predictors have been shown to exert differential influences on
cognitive performance, as well as the many specific relations documented between cognition
and brain structure and function, the search for single causal mechanisms of age-related
declines in cognition appears less tenable than multi-causal, interactive explanations. As
such, many investigations into age-related changes have utilized multivariate models, such
as the construction of a biological aging score (Nakamura et al., 2003, 2007) and prediction
of dementia risk (Kivipelto et al., 2006; Song et al., 2010, 2011), and death (Goffaux et al.,
2005).

To the extent that BioAge models index health moderators (e.g., general health) as well as
causal factors (e.g., anti-oxidant levels, inflammatory status, vascular health), BioAge may
more accurately index the true multi-determined, interactive nature of cognitive function; an
approach congruent with systems biology, which focuses on the simultaneous interaction
between various components or systems and the resulting function/behaviour. To be sure, as
part of a targeted, theory-driven, multi-factorial approach, the research design and
methodologies used are also particularly critical components. The utility and predictivity of
any marker or group of risk-factors rests on the relevance of the indexed biological
process(s) (e.g., vascular, redox) to the cognitive outcome under study (MacDonald et al.,
2011). In addition, adopting a multivariate approach entails identifying latent factors of
biological aging in a structural equation modelling framework. Further, as most biological
processes are dynamic and change at different rates across individuals, appropriate
longitudinal analytic approaches are required for the accurate measurement of such
processes across time, settings and individuals (Hofer and Sliwinski, 2001; Mendes de Leon
etal., 2007;). As such, using appropriate methodology, an a priori-driven, multivariate
BioAge approach may improve upon existing knowledge of cognitive aging and associated
processes, relate cognitive function to biomarkers of development, and, thereby, more
accurately predict cognitive change at an early stage by indexing theoretical causes and
contributors rather than indexing the continuum upon which these factors operate.
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The process of decline likely begins years, if not decades, prior to the onset of detectable
symptoms, but detection usually occurs at the point when irreversible neuronal damage has
already been established. For example, recent evidence suggests that the early prodromal
stage of cognitive impairment and dementia can onset 10 years or more prior to the first
clinical signs of cognitive deficit and subsequent diagnosis (Thorvaldsson et al., 2011), but
that the onset of such decline can be delayed by select factors (e.g., Hall et al., 2009). Recent
data from the U.S. indicate that delaying the clinical manifestation of dementia by 2 years
would reduce the total number of AD cases by 600,000 or more. As such, early
identification of high-risk populations may be essential for the implementation of early
prevention strategies which could slow disease progression, lead to better disease outcomes
and lessen the impact of cognitive impairment or decline on patients and their families.
Implementing a multivariate, mechanism-based approach to the early identification of at-risk
individuals is an exciting and promising enterprise.
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Figure 1. An interaction model of possible moderating and causal mechanisms contributing to
aging, cognitive function and brain neurodegeneration

Both moderators (i.e., epigenetics, disease comorbidity, DNA repair mechanisms, etc.) and
theoretical causal influences (i.e., inflammation, oxidative stress, etc.) are thought to interact
with each other over the lifespan, resulting in a unique individual susceptibility to age-
related diseases such as cognitive decline or more severe neurodegenerative disorders.
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