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Abstract

Alzheimer’s disease (AD) is a progressive brain disorder that initially affects medial temporal lobe 

circuitry and memory functions. Current drug treatments have only modest effects on the 

symptomatic course of the disease. In contrast, a growing body of evidence suggests that lifelong 

bilingualism may delay the onset of clinical AD symptoms by several years. The purpose of the 

present review is to summarize evidence for bilingualism as a reserve variable against AD and 

discuss potential underlying neurocognitive mechanisms. Evidence is reviewed suggesting that 

bilingualism may delay clinical AD symptoms by protecting frontostriatal and frontoparietal 

executive control circuitry rather than medial temporal lobe memory circuitry. Cellular and 

molecular mechanisms that may contribute to bilingual cognitive reserve effects are discussed, 

including those that may affect neuronal metabolic functions, dynamic neuronal-glial interactions, 

vascular factors, myelin structure and neurochemical signaling. Future studies that may test some 

of these potential mechanisms of bilingual CR effects are proposed.
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1. Introduction

The older adult population is growing rapidly. For example, in the U.S. the number of 

people aged 65 or older will climb to 72.1 million (one in every five Americans) by 2050 

(http://www.aoa.gov/Aging_Statistics/). As our population continues to age, increasing 

numbers of individuals will be at risk for cognitive decline. Aging is the single greatest risk 
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factor for dementia, with Alzheimer’s disease (AD) being the most common form. AD 

affects approximately 15% of individuals in the U.S. aged 65 years or older, with the 

prevalence reaching approximately 50% in people aged 85 years or older (http://

www.alz.org). Beyond the obvious decrease in quality of life of affected individuals, caring 

for older adults with cognitive declines is likely to become a major healthcare issue, 

especially in current times of uncertainty about the future of health insurance programs such 

as Medicare. Increasing our understanding about how to promote the maintenance of 

cognitive health as people grow older has thus become a practical imperative [1].

2. Cognitive Reserve

Cognitive declines in older adults are likely due to multiple forms of age-related 

neurobiological declines, including atrophy of gray matter brain structures, disruption of 

white matter connections, reductions in vascular integrity and depletion of neurotransmitter 

systems [2, 3]. However, considerable heterogeneity exists in the relationship between 

cerebral declines and cognitive functioning in aging, with variability in task performance 

tending to increase with age [4]. While neurodegenerative changes result in significant 

cognitive declines in some older adults, others seem to continue to function like young 

healthy adults [5-7]. Similar heterogeneity between brain burden and cognitive function 

exists with respect to age-related dementias such as Alzheimer’s disease (AD). For example, 

while the majority of individuals who meet criteria for pathological AD also meet clinical 

AD criteria, a significant number continue to function within the normal range [8-10]. A 

striking early example of the gap between neuropathology and cognitive functioning came 

from the Kentucky Nun Study, which found that 32% of older adults with Braak Stage III 

and IV pathology (where Stage VI indicates the most severe pathology) had normal memory 

function before death [11].

The theory of cognitive reserve arose as an explanation for the gap between brain 

pathological burden and cognitive functioning [12]. Cognitive reserve (CR) theory holds 

that certain variables improve the brain’s ability to cope with damage, mitigating its effects 

on cognitive functioning [12, 13]. Putative CR variables include education, intelligence, 

socioeconomic status and aerobic fitness [14-17]. Uncovering other CR variables represents 

an important step toward maximizing the ability of older adults to live independently. In 

addition, this line of research has implications for early detection of dementia. Individuals 

with higher reserve require significantly greater brain declines than their peers before they 

manifest cognitive declines on standard neuropsychological tests. A more complete 

understanding of CR variables is required to develop more sensitive tests geared to detect 

cognitive decline in individuals with high CR.

3. Bilingualism as a Cognitive Reserve Variable

Lifelong bilingualism (hereafter referred to simply as bilingualism) refers to speaking two 

languages on a regular basis since childhood. Bilingualism has garnered much interest as a 

potential form of CR in part because it is appears to be a primarily environmental factor for 

which no special education or intelligence is needed. The initial evidence for bilingualism as 

a CR variable came from studies showing that lifelong bilinguals tend to develop clinical 
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AD symptoms at an older age than monolinguals [18, 19]. In a seminal study, Bialystok et 

al. [18] found that bilinguals experienced clinical AD symptoms when they were an average 

of 4 years older than their monolingual peers. A similar delay to diagnosis of 4.3 years in 

bilinguals was reported in the Craik et al. [19] study. The older age of symptom onset 

associated with bilingualism in these studies could not be accounted for by gender, years of 

education or socioeconomic status.

Chertkow et al. (2010) found an overall delay in diagnosis of AD of approximately 3 years 

for patients who spoke more than two languages (multilinguals) compared to monolingual 

patients [20]. The effects were weaker when comparing only native-born Canadian 

monolinguals and bilinguals, raising the possibility that bilingualism may only confer CR 

through an interaction with immigration status. However, a recent large-scale study of 648 

individuals conducted in India has provided strong evidence for bilingualism as a CR 

variable independent of immigration effects [21]. Results from this study indicated that 

native-born bilingual patients developed clinical symptoms consistent with diagnoses of AD 

or other dementia when they were on average of 4.5 years older than native-born 

monolingual patients. In addition, even when considering only illiterate individuals, 

bilingualism was associated with a 6 year delay of dementia symptoms. Finally, results from 

another recent large-scale study (N = 853) have provided evidence that the positive effects 

of bilingualism could not be explained by childhood intelligence or verbal fluency [22].

Future research will be required to determine if bilingual protective effects in delaying AD 

are on par with more well-established CR variables. However, preliminary results are 

encouraging. Results from the study by Bak et al. [22] indicated effect sizes associated with 

bilingualism in delaying cognitive declines that were comparable to those reported in the 

same participants for variation in the gene for apolipoprotein E, physical fitness, and (not) 

smoking [23]. Overall, bilingualism appears to have met a reasonable set of criteria that 

should be used to define a CR variable, including demonstration that its effects are 

independent of other CR variables. The available evidence suggests that speaking more than 

one language on a regular basis appears to contribute to a delay in the onset of clinical AD 

symptoms.

4. Effects of Bilingualism on Memory Systems in Aging

Bilingualism could delay the onset of clinical AD symptoms by directly protecting memory 

circuits affected in early-stage AD or by enhancing other neural systems. Regions of the 

medial temporal lobe (MTL) form a critical portion of the neural circuitry for declarative 

memory [24], and are affected in the earliest stages of AD [25, 26] and preclinical stages of 

amnestic mild cognitive impairment/AD [27, 28]. Other brain structures prominently 

affected in preclinical stages of AD include midline parietal and basal frontal regions [29, 

30]. In addition, the integrity of white matter tracts that connect MTL structures with 

midline parietal and basal frontal regions such as the cingulum and the fornix are also 

damaged in early stages of AD [31-33].

There is currently little evidence to suggest that bilingualism protects MTL-based 

declarative memory systems. For example, bilingualism does not attenuate age-related 
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declines in the ability to overcome memory interference [34]. Similarly, in the large-sample 

study by Bak et al. (2014), older adult bilinguals performed significantly better than 

monolinguals on several executive control measures (discussed below) but showed no 

differences on memory measures. At present there exist two neuroimaging studies with 

findings directly related to the relative structural integrity of MTL regions in older adult 

bilinguals and monolingual groups [35, 36].

Before summarizing results from these two studies it is important to describe their 

recruitment methods, which bear directly on their results. These two studies followed the 

original approach to the study of CR, in which sub-groups are rigorously matched on a large 

number of demographic variables and neuropsychological test scores to equate cognitive 

functioning as closely as possible [37]. As summarized above, CR theory predicts that 

individuals with higher reserve should require greater structural brain decline than those 

with lower reserve before they manifest cognitive declines associated with aging or 

dementia. When sub-groups are rigorously matched for cognitive functioning, the high CR 

sub-group is therefore predicted to show poorer brain structure, particularly in neural regions 

that are less relevant contributors to active CR mechanisms.

Results from the structural studies of Schweizer et al. [35] and Gold et al. [36] found that 

bilinguals maintained similar levels of cognitive functioning as their monolingual peers in 

the face of poorer structure within MTL-systems. The study by Schweizer et al. (2012) 

focused on groups of bilingual and monolingual older adults who were diagnosed with mild 

AD and showed similar levels of cognitive impairment. The two AD patient groups were 

compared on several estimates of brain volume derived from computed tomography (CT) 

scans. Results showed that bilinguals had a larger width of the temporal horn ratio, 

suggesting more atrophy of MTL structures in the bilingual AD patients compared to the 

monolingual AD patients. Bilingual CR effects were therefore not based upon 

neuroprotection of MTL-based memory circuits in this study because the bilingual group 

had more damage to MTL structures than monolinguals.

The study by Gold et al. [36] compared matched sub-groups of cognitively normal older 

adult bilingual and monolinguals on several measures of white matter (WM) integrity using 

diffusion tensor imaging. Bilinguals showed lower WM integrity several tracts, particularly 

in those with MTL-connections. For instance, the bilingual group showed lower WM in the 

fornix, a tract containing major cholinergic projections from the hippocampus to basal 

frontal structures. In addition, bilinguals showed lower WM integrity in portions of the 

inferior longitudinal fasciculus that contain connections between MTL structures and visual 

association cortex. These findings suggested that bilingual older adults could retain similar 

cognitive functioning as their monolingual peers despite significantly more damage to MTL 

memory circuits.

It is important to reiterate that neither the findings from the volumetric of Schweizer et al. 

[35] nor those from our DTI study [36] suggest that bilingualism causes MTL atrophy. 

Instead, findings from these studies converge on the view that bilinguals appear to be able to 

tolerate significant MTL damage without showing the expected cognitive impairments. 

These findings, along with the available behavioral evidence, suggest that the principal brain 
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circuits underlying bilingual CR effects are likely to be located outside of classic MTL-

based memory systems affected in the earliest stages of AD.

5. Effects of Bilingualism on Executive Control Systems in Aging

Executive control (EC) functions decline markedly with aging [38]. Tasks tapping EC 

functions such as inhibitory control and switching are subserved by frontostriatal and 

frontoparietal networks [39-41], which undergo significant age-related neurodegenerative 

changes. For example, aging is associated with marked atrophy in prefrontal cortex, the 

caudate, putamen [42-46]. Aging also affects the integrity of the WM connections within the 

frontostriatal and frontoparietal EC circuitries. For example, DTI studies have documented 

pronounced age-related declines in tracts connecting frontal and striatal structures such as 

the anterior limb of the internal capsule and tracts connecting frontal and parietal regions 

such as the superior longitudinal fasciculus [47].

Considerable evidence suggests that age-related declines in EC functions are less steep in 

older adult bilinguals compared to their monolingual peers [reviewed in 48]. Older adult 

bilinguals have been found to outperform their monolingual peers even on EC tasks using 

nonlinguistic perceptual stimuli, suggesting that lifelong bilingualism may strengthen 

generalpurpose executive control systems [49, 50]. For example, Bialystok et al. (2006) 

compared older adult monolingual and bilinguals using a modified antisaccade task. Older 

bilinguals showed proportionally smaller RT suppression costs compared to their 

monolingual peers, suggesting better maintained inhibitory control functions [51].

Several neuroimaging studies relevant to EC circuitry have now been conducted comparing 

older adult bilingual and monolingual groups [52, 53], [54] (Grady et al. under review). The 

first study to suggest that bilingualism attenuates age-related declines in EC systems was 

conducted by Luk et al. (2011), who compared older adult bilingual and monolingual groups 

in measures of DTI and resting-state functional connectivity. The bilingual group showed 

stronger resting-state connectivity between an inferior frontal region and multiple posterior 

structures in temporal, parietal and occipital cortices. In addition, bilinguals showed better 

structural WM integrity than the monolinguals in several tracts including the superior 

longitudinal fasciculus, which connects frontal and parietal portions of the EC network.

Further evidence of resting state functional connectivity differences between bilingual and 

monolingual older adult groups has recently been reported (Grady et al., under review). 

Results from this study indicated stronger resting-state connectivity between an inferior 

frontal region and the overall frontoparietal control (FPC) network in bilinguals than 

monolinguals. The FPC includes frontal structures such as the DLPFC and VLPFC and the 

posterior parietal lobes. It is thought to act as a switch to flexibly control the specific EC 

processes needed to meet task demands [54]. In contrast, the bilingual group did not show 

higher functional connectivity at rest between MTL or lingual gyrus and their respective 

mean overall networks. These findings are consistent with a view that bilingualism may 

enhance EC networks rather than memory networks.

There is also evidence suggesting different strength of frontal cortex activation between 

older adult bilinguals and monolinguals during EC task performance [53]. In this fMRI 

Gold Page 5

Behav Brain Res. Author manuscript; available in PMC 2016 March 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



study from my lab, the older adult bilingual group was faster than their monolingual peers at 

switching between tasks. Interestingly, the older bilinguals outperformed their monolingual 

peers in the context of lower BOLD response in several task-relevant frontal cortex regions 

(left DLPFC, left VLPFC and ACC) (Figure 1). The pattern of faster performance and lower 

frontal activation in the older bilingual group suggested that bilingualism may help maintain 

functional efficiency in frontal regions in aging.

Finally, there is recent evidence suggesting that bilingualism may enhance and/or protect the 

macrostructural integrity parietal cortices[55]. This study found greater gray matter volume 

in the inferior parietal lobules bilaterally in older adult Chinese bilinguals in Hong Kong 

than their monolingual peers. Interestingly, more prominent volumetric differences were 

observed in speakers of languages that are linguistically more similar (Cantonese-Mandarin) 

than linguistically distinct (Cantonese-English). This finding suggested that beneficial 

effects of bilingualism on the aging brain may increase as inhibitory control demands 

increase (i.e. from having to suppress highly competing linguistic codes not under active 

use). [55].

6. Protecting EC Pathways through Experience

The combined evidence from behavioral and neuroimaging studies suggest that bilingualism 

may offset AD by strengthening EC pathways. In considering how the experience of 

bilingualism may strengthen EC circuits, it is important to note that bilingual control of two 

languages involves frontostriatal and frontoparietal structures sharing close correspondence 

with structures involved in EC processes more generally such as the DLPFC, VLPFC, 

insula, ACC, basal ganglia, thalamus and posterior parietal cortex [56]. The continuous need 

for bilinguals to determine when language switches are appropriate and inhibit the language 

not currently under use may serve to implicitly strengthen the functioning of EC 

neurocognitive circuits in bilinguals [48, 56, 57].

The precise neural mechanisms underlying CR variables such bilingualism are unknown due 

to the coarseness of most available neuroimaging methods. However, the animal literature is 

replete with findings relevant to mechanistic underpinnings of environmental enrichment 

that likely to have major parallels with neural substrates of human CR. Early enrichment 

studies showed that housing conditions which enhance sensory, motor, cognitive or social 

stimulation have beneficial effects on brain structure and function [58, 59]. The relevance of 

environmental enrichment studies to human CR variables (such as bilingualism) became 

more apparent with subsequent studies showing that animals placed in enriched 

environments developed greater ability to adapt to highly conflicting or demanding 

situations [60-62]. Another pattern to emerge from the enrichment literature of relevance to 

understanding the brain bases of human CR studies is that specific forms of enrichment 

(e.g., motor or spatial navigation) tend to produce beneficial effects within specific brain 

systems underlying those functions [63].

Consideration of the frontostriatal and frontoparietal neural pathways relevant to 

bilingualism suggests clues about cellular mechanisms that may underlie its CR effects. 

Many mechanisms of environmental enrichment have been documented and may play a role 
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in human CR including neurogenesis, angiogenesis and synaptogenesis [60, 64, 65]. 

However, in adult mammals, neurogenesis is thought to be mainly restricted to the 

hippocampal dentate gyrus [66]. Neurogenesis is thus unlikely to represent an active, 

ongoing CR mechanism in older adult bilinguals. However, neurogenesis could be relevant 

as a developmental mechanism that may contribute to brain reserve in later life by endowing 

older adult bilinguals with an increased number of neurons/synapses in relevant circuits.

My working hypothesis is that increased activity within frontoparietal and frontostriatal 

networks associated with the bilingual experience may protect against age-related declines 

in cellular and synaptic functions within these EC circuits (Figure 2). In the schematic, the 

DLPFC represents a key hub in both frontoparietal and frontostriatal EC networks. As part 

of a fronto-striatal-thalamic pathway, the DLPFC has connection to the dorsolateral portion 

of the caudate nucleus [67, 68]. Neurons in the dorsolateral portion of the caudate nucleus 

project to the globus pallidus and substantia nigra as part of a direct pathway. Basal ganglia 

neurons project to the ventral anterior and mediodorsal nuclei of the thalamus via the 

thalamic fasiculus [68]. The mediodorsal nucleus of the thalamus projects back to neurons 

within the DLPFC via the anterior limb of the internal capsule [69] completing this so called 

‘cognitive portion’ of the fronto-striatal-thalamic circuit.

It is hypothesized that increased neuronal activity within EC circuits, and related increases 

in delivery of oxygen and glucose, may result in a synergistic cascade of beneficial effects in 

the bilingual brain. One such potential mechanism could relate to strengthening of dynamic 

neuronal-glial interactions. For example, neuronal activity appears to promote myelination 

by oligodendroglia [70, 71]. Interestingly, increased myelination associated with neuronal 

activity may in turn benefit neuronal metabolism given that myelin provides neurons with 

lactate, an energy-generating metabolite of glucose [72, 73]. Increased neuronal metabolism 

could also promote angiogenesis, which would appear to be a relevant mechanistic 

contributor to bilingual CR effects in that age-related small vessel disease appears to 

predominantly disrupt frontostriatal circuits [74] that appear to be protected by bilingualism.

Strengthening of neuronal-glial interactions would also be expected to benefit neurovascular 

coupling, which could contribute to some of the fMRI activation differences observed 

between older adult bilinguals and their peers (summarized above). Cortical astrocytes form 

an anatomical link between gluatamergic synapses and capillaries via their specialized 

processes[75]. During neural activity, glutamate activates astrocytic receptors, initiating 

processes leading to local vasodilation and increased blood flow to active brain regions[75]. 

In addition to their importance in neuro-vascular coupling, astrocytes may contribute to the 

BOLD response itself, as they actively respond to visual stimuli with increases in calcium 

concentration and have many of the receptive-field characteristics of neurons[76].

A contribution of synaptic mechanisms to bilingual CR effects also seems likely given that 

the BOLD signal is more closely related to local field potentials generated by subthreshold 

synaptic activity than neuronal spike rate[77]. Beneficial effects of CR variables at the 

synaptic level could relate to protection of terminal arbours, presynaptic boutons or the 

density/affinity of neurotransmitter receptors within these circuits [63]. Synaptic plasticity 

has been welldocumented within fronto-striatal-thalamic circuitry relevant to EC and 
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bilingualism. The link between enrichment and alterations in neuronal branching and 

synaptogenesis has been most extensively demonstrated in cortex [78, 79]. However, there is 

evidence of experience-dependent synaptic plasticity in the striatum involving medium 

spiny neurons [80-82]. In addition, there is evidence for experience dependent 

synaptogenesis in the thalamus based on markers of excitatory postsynaptic spines [83].

Experience-dependent alterations in receptor affinity may in part operate through 

modulation of brain-derived neurotrophic factor (BDNF), which is altered by environmental 

enrichment [84, 85] and promotes synaptic plasticity [86, 87]. Another nerve growth factor 

that may be modulated by the bilingual experience is glial-derived neurotrophic factor 

(GDNF), which has been found to promote survival of dopaminergic neurons within the 

frontostriatal circuitry [88]. Finally, maintenance of optimal synaptic activity in aging may 

also be in part based on modulation in signaling between astrocytes and neurons in-and-

around the synaptic cleft, which is altered with environmental enrichment [89].

Ultimately, protection of synapses associated with CR would be expected to offset age-

related declines in neurochemical signaling within relevant brain circuits. Multiple 

neurotransmitter systems are likely to be implicated in CR and three in particular may be 

especially relevant to bilingual CR effects within frontostriatal and frontoparietal circuits. 

Maintenance of dopamine (DA) signaling is likely to play a significant role in bilingual CR 

effects given its ubiquity in frontostriatal systems and established role of DA projections 

from the midbrain in modulating frontally-based EC functions [39]. For example, positron 

emission tomography (PET) imaging in humans has revealed a correlation between 

performance on EC tasks and both DA receptor availability [90] and dynamic DA release 

[91]. Other human studies suggest that there may be optimal dopamine levels for EC 

functions such as attentional capacity [92] and inhibitory control [93].

Bilingualism may also have protective effects on glutamatergic synapses within fronto-

striatal-thalamic systems given that glutamate is the main neurotransmitter for thalamo-

cortical signaling [94]. Neuroanatomical and neuromodulatory studies have shown that the 

thalamus plays a critical role in integrating communication between the basal ganglia and 

cortex [95, 96]. A third neurochemical system that may be modulated by the bilingual 

experience is norepinephrine (NE), which is part of the brain’s general arousal/alertness 

system. NE originates from cells in the locus ceruleus of the pons, and contains widespread 

neocortical projections, but with particularly dense projections to parietal structures involved 

in attention processes [97]. In addition, pharmacological studies have shown that NE 

reuptake inhibitors improve some EC functions affected positively by the bilingual 

experience such as sustained attention and inhibitory control [98, 99].

7. Conclusions

In conclusion, bilingualism appears to delay the onset of clinical symptoms associated with 

AD. Neuroimaging studies are in their infancy but suggest that bilingual cognitive reserve 

effects appear to operate through protection of executive control circuits rather than direct 

protection of memory circuits initially affected in AD. The cellular and molecular 

mechanisms underlying functional neuroimaging advantages in older adult bilinguals remain 
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to be elucidated. It is hypothesized that the continued use of EC circuits may protect a range 

of neuronal, glial and synaptic functions within frontostriatal and frontoparietal networks.

Future biomarker studies comparing older adult monolingual and bilingual groups should 

help elucidate some of the potential mechanisms underlying bilingual CR effects discussed 

in this review. For example, older adult monolingual and bilingual groups could be 

compared for levels of specific neurotrophins found in saliva or blood. PET radioligand 

studies may also contribute to an increased understanding of bilingual CR mechanisms. For 

instance, it would be relevant to determine if bilingualism modulates the relationship 

between amyloid deposition and neuropsychological performance. It may be possible to 

perform this kind of analysis based upon on previously collected data, as multicenter studies 

such as ADNI have undoubtedly scanned lifelong bilingual participants. Finally, it would be 

informative to determine if older adult monolingual and bilingual groups differ in DA 

binding or dynamic DA release in fronto-striatal-thalamic circuits.
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Highlights

• Bilingualism may delay the onset of Alzheimer’s disease (AD) symptoms

• Evidence of bilingualism as a cognitive reserve variable against AD is reviewed

• Bilingualism may protect or enhance the brain’s executive control systems

• Potential mechanisms underlying bilingual reserve effects are proposed
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Figure 1. 
Behavioral and fMRI task switching differences between older adult bilinguals and 

monolinguals. Older adult bilinguals showed smaller behavioral switch costs than their 

monolingual peers (A). Task switching (switch – nonswitch contrast) was associated with 

the activation of frontostriatal and frontoparietal regions, including left frontal activations 

seen here in the DLPFC and VLPFC (B). Older adult bilinguals showed lower task 

switching fMRI activation (i.e. lower neural switch costs) in several frontal regions, 

including the left DLPFC (C). Adapted from Gold et al. [51] with permission. *P < 0.05.
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Figure 2. 
A schematic representation of potential bilingual CR mechanisms. Bilingualism may delay 

the onset of clinical AD symptoms through positive effects on the functioning of 

frontostriatal and frontoparietal brain systems involved in executive control functions. The 

DLPFC represents a key hub in both frontoparietal and frontostriatal networks relevant to 

executive functions. DA, dopamine; NE, norepinephrine. See text for discussion of potential 

mechanisms that may contribute to bilingual CR effects.
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