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Abstract In the absence of any neuropsychiatric
condition, older adults may show declining perfor-
mance in several cognitive processes and among
them, in retrieving and producing words, reflected
in slower responses and even reduced accuracy com-
pared to younger adults. To overcome this difficulty,
healthy older adults implement compensatory strat-
egies, which are the focus of this paper. We provide
a review of mainstream findings on deficient mech-
anisms and possible neurocognitive strategies used
by older adults to overcome the deleterious effects
of age on lexical production. Moreover, we present
findings on genetic and lifestyle factors that might
either be protective or risk factors of cognitive im-
pairment in advanced age. We propose that “aging-
modulating factors” (AMF) can be modified, offer-
ing prevention opportunities against aging effects.
Based on our review and this proposition, we intro-
duce an integrative neurocognitive model of mecha-
nisms and compensatory strategies for lexical pro-
duction in older adults (entitled Lexical Access and
Retrieval in Aging, LARA). The main hypothesis
defended in LARA is that cognitive aging evolves

heterogeneously and involves complementary
domain-general and domain-specific mechanisms,
with substantial inter-individual variability, reflected
at behavioral, cognitive, and brain levels. Further-
more, we argue that the ability to compensate for the
effect of cognitive aging depends on the amount of
reserve specific to each individual which is, in turn,
modulated by the AMF. Our conclusion is that a
variety of mechanisms and compensatory strategies
coexist in the same individual to oppose the effect of
age. The role of reserve is pivotal for a successful
coping with age-related changes and future research
should continue to explore the modulating role of
AMF.
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Cognitive aging: a focus on lexical production

As average lifespan increases, the proportion of older
people is growing exponentially across the globe. In
2050, people over the age of 65 are expected to make
16.7% of the world’s population ([78]; cited by [87])
and the number of individuals over 60 is projected to
triple [8]. This will result in increased demands in terms
of health care costs for an aging population, together
with increased family, societal, and economic burden. In
order to promote healthy aging and prevent neurode-
generative disorders, it is crucial to better understand the
adverse processes associated with aging. Cognitive
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aging is not a uniform process, as some cognitive abil-
ities are significantly impaired by age, while others
remain unaffected or can even improve. Decreases in
the speed of information processing [103], decrements
of encoding in episodicmemory ([99, 112]; see also [11]
for a review), and dysfunctions of working memory
[107, 137] are generally observed in older adults. Fech-
ner et al. [55] argued that aging affects “the flexibility to
form, to switch, and update representations in working
memory.” Executive functions have an important role,
as a “key contributor to age-related declines in a range of
cognitive tasks” [66], with a decline in decision-making
[55, 74], mental flexibility and inhibitory processes [33,
193], and attention [64, 106]. Conversely, over-learned
skills and tasks based on individual experience and
semantic knowledge may remain unaffected for longer
or can even improve with age. Indeed, speech and
language skills appear to remain more stable in healthy
older adults (see [106], cited by [128]), as well as
semantic memory [134], verbal comprehension [179],
and vocabulary [73, 138].

Despite overall language skills preservation, some
linguistic operations can be impaired by age [68, 126,
144]. For instance, verbal fluency, word retrieval, or
confrontation naming can be progressively altered even
if older adults may show greater lexical knowledge
compared to younger adults [157, 199] due to longer
accumulated linguistic experience and greater resistance
of semantic memory [23]. It is admitted that language
comprehension is more resistant to age than language
production (see [27, 43, 149, 162, 166, 207]), a discrep-
ancy explained, according to Sheldon et al. [170], by the
fact that older adults benefit from the semantic context
or the increase of accumulated verbal knowledge
through the lifespan [40]. In contrast, language produc-
tion and specifically lexical generation which involves
word retrieval and word production are more frequently
impaired by age. Older adults have difficulties in re-
trieving names [35, 51, 88, 133] and encounter more tip-
of-the-tongue situations [26, 34, 53, 135, 167], i.e., the
feeling of knowing the meaning of a word without being
able to find and produce the word form immediately.
These difficulties are more frequent in adults above 70
years [198] but may also occur earlier [35, 191]. In the
present paper, we will specifically focus on lexical pro-
duction to understand the mechanisms underlying the
effect of age on language skills and how some lexical
production/cognitive strategies could contribute to
healthy aging.

We remind that difficulties encountered by older
people to produce words may have several origins.
Lexical production involves many coordinated cogni-
tive and linguistic processes which depend on a large
brain network including interconnected regions within
and between hemispheres and which have intricate time
courses [165]. According to dominant neurocognitive
models of lexical retrieval reviewed by Friedmann et al.
[61], producing a word starts with accessing the con-
ceptual system to retrieve and select the target concep-
tual representation, which is still not verbally formulated
but includes semantic properties, and presumably visual
as well as functional representations. Conceptual pro-
cessing depends on a large set of regions including
inferior parietal, middle temporal, fusiform,
parahippocampal, dorso-medial, and ventro-medial pre-
frontal cortices, as well as posterior cingulate, anterior
temporal, and anterior part of the inferior frontal gyrus
(see also [85, 86, 141]). The activation of lexico-
semantic and syntactic representations comes next,
recruiting superior middle temporal gyrus, precuneus,
inferior frontal, and prefrontal regions [85, 171]. The
generated semantic-syntactic representation includes in-
formation about the meaning of a word, its semantic
properties, and its syntactic function. It activates the
phonological representation in the phonological lexicon,
which includes metrical information (stress pattern,
length) as well as segmental information (consonants,
vowels). Phonological encoding has been shown to
involve posterior parts of the left superior and middle
temporal gyri (e.g., [61]). Some researchers argue for
the additional recruitment of the posterior superior tem-
poral gyrus and the temporo-parietal junction, but this
remains debated [61, 71]. According to the set of models
reviewed by Friedmann et al. [61], the output of the
phonological encoding is transferred to the phonological
buffer, which stores phonological representation until
the word is fully uttered and which composes metrically
and morphologically complex words from their mor-
phemes. The phonological output buffer has itself been
associated with an area within the Sylvian fissure at the
parietal-temporal boundary called Spt [80]. As synthe-
sized in Friedmann et al. [61], phonetic encoding is the
stage during which the phonemic string is prepared for
articulation and sent to the motor system. Although this
is still a matter of debates, research on speech motor
control has suggested that phonetic encoding (some-
times also called articulatory planning, e.g., [71]) in-
cludes two phases, motor planning and motor
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programming, that may dissociate in developmental or
acquired speech disorders [102, 188, 196]. The regions
involved in phonetic encoding include the inferior fron-
tal, ventral premotor and motor cortices, supplementary
motor area, and the anterior part of the insula, the
thalamus, and the cerebellum [71, 85]. Overall, lexical
production involves a vast network of interconnected
nodes, linked with the semantic system for word mean-
ing representations, with phonological and orthographic
systems for word sound and spelling representations,
with the motor system for articulatory representations,
and with cognitive control systems, for monitoring (see
[41, 61, 111, 115]).

Given the large number of operations that are needed
for an adequate lexical production, its decline with age
may be explained by different mechanisms, either
language-specific (LS) or domain-general (DG). An
exhaustive presentation of studies on this topic in recent
years is beyond the scope of the present paper. We
simply provide a synthesis of significant findings pub-
lished on lexical retrieval and production in normal
aging in Table 1. To do that, a literature search was
conducted using the PubMed database during Novem-
ber 2020 for a systematic literature review of age-related
lexical changes in lexical production, mainly based on a
behavioral and neuropsychological approach. Key-
words used were “aging/ageing”, “lexical”, “produc-
tion”, “naming”, “tip-of-the-tongue”, “language”,
“healthy” in different combinations (aging OR ageing)
AND lexical AND production; (aging OR ageing) AND
tip-of-the-tongue; (aging OR ageing) AND naming
AND language). Two of the authors first screened the
titles and abstracts of the resulting papers to assess their
eligibility and then performed full-text scans to deter-
mine whether papers met the inclusion criteria. To be
included in the review, the studies had to fulfill the
following inclusion criteria: published between 2000
and 2020, written in English, the study includes older
participants (60+), participants did not suffer from any
form of pathology, tasks included one-word production,
the study specifically assesses the relationship between
lexical production and aging, and employed tasks focus
explicitly on language. The studies were left out if they
fulfilled one of the following exclusion criteria: tasks
included written production, tasks included a sentence
or narrative production, and only a neuroimaging ap-
proach. Case studies, meta-analysis, and review papers
were excluded. Through this process, 46 papers were
identified.

Thereafter, we remind the main mechanisms under-
lying lexical production decline with aging.

Mechanisms involved in lexical production decline
with aging

Regarding language-specific mechanisms, the difficulty
to produce a word can first be explained by difficulty to
access conceptual and semantic representations [22, 84,
198], even if some authors argue for an additional
disruption in semantic processing [46, 195]. Finding a
word can also be imperiled by difficulties to retrieve or
activate its phonological representation [2, 45]. Based
on the node structure theory (NST; [114]), the transmis-
sion deficit hypothesis [116, 187] provides a model of
age-related activation impairment. According to the
NST, linguistic information is stored in interconnected
nodes within a large hierarchically organized network
with two crucial levels, a phonological system
representing the sounds and metrical structure of words
and a semantic system representing conceptual and lex-
ical information about words. Language production is
assumed to be influenced by the amount and speed of
priming transmission across connections between
nodes. Priming is a form of excitation that prepares a
node for activation, allowing retrieval of the information
represented by the node. Under the transmission deficit
hypothesis, the strength of connections between nodes
would become weaker with age, which would produce
priming transmission deficits. Transmission deficits
from semantic to phonology can impair activation of
phonological nodes, leading to word retrieval failure [1,
25, 90, 203]. This hypothesis is supported by neuroim-
aging data collected by Shafto et al. [168]. They showed
that the reduced ability of older adults to find words is
related to neural atrophy in regions critical for phono-
logical processes, which decreases the flexibility of the
word production network. Overall, these findings sug-
gest that two complementary language-specific mecha-
nisms, one lexico-semantic and another one phonolog-
ical, can explain age-related difficulties to produce
words.

As mentioned above, other non-linguistic or domain-
general mechanisms can explain lexical production dif-
ficulties in older adults, typically a decline in executive
functions [76, 81, 204], together with reduced process-
ing speed or not [156]. The processing speed theory
attributes cognitive decline to a decrease in information
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processing speed, which results in operations prevented
from being successfully executed or chained due to
limited time [155]. The links between processing speed
decrease and cognitive inhibition deficits have been
debated [75, 113, 158]. Some studies suggest that nam-
ing deficits can be explained by difficulties to select an
appropriate word among a set of similar alternatives [9,
101] or to inhibit non-pertinent competitors [67, 131]. A
decline in attention and working memory has also been
incriminated [27, 104, 130] as a potential source of word
production deficit. Altogether, the studies reviewed
above reveal that uncovering the mechanisms responsi-
ble for cognitive aging is challenged by the facts that age
has heterogeneous effects on different cognitive pro-
cesses and that cognitive aging does not manifest uni-
formly in the general population.

Universal vs. idiosyncratic aging

Even though a universal decline in specific cognitive
functions is manifest in all individuals as they grow
older, the degree of decline varies from one individual
to another. Comparison between older and younger
groups is the commonly used approach to assess the
effect of age on cognitive processes. It is generally
observed at a group level that behavioral and cognitive
performance scores in older adults are lower when com-
pared to younger groups, reflecting a universal effect of
age. However, among the older adults, a significant
inter-individual variability may be observed, reflecting
a non-uniform or idiosyncratic effect of age, some aging
adults being cognitively more efficient than others and
for longer periods [28, 32, 185, 191]. Understanding this
variability is particularly important for identifying risk
and preventive factors associated with cognitive aging,
in order to promote successful aging. More specifically,
healthy aging can in fact be described as either success-
ful or usual/common [152, 153]. Successful aging, also
called optimal health or super-aging [184], is associated
with a low probability of disease or disability, high
cognitive and physical function, and active engagement
in social activities, while usual/common aging describes
good cognitive and physical performance levels but
higher risks of disease or disability [152]. Even if the
theoretical concept of successful aging has been
questioned because of the difficulty to find a consensual
definition and implementation [36, 120], it offers a more
positive prospect on aging and has opened a line of

research focusing on the biological and lifestyle factors
that may favor a more performant aging [10, 200].

Cognitive aging, reserve, and compensatory
mechanisms

The inter-individual variability in aging is generally
explained by the notion of reserve [182] with two com-
plementary dimensions [13, 183], one passive or cere-
bral [92, 159] and another active or cognitive [182]. The
cerebral reserve is described as the amount of brain
deterioration that can be tolerated before reaching a
critical threshold, above which functional consequences
are unavoidable. On the other hand, cognitive reserve,
an active mechanism which may explain some inter-
individual variability, refers to the ability to efficiently
use the available cerebral reserve to perform a specific
task. Two implementations of the cognitive reserve have
been proposed, neural reserve, i.e., the optimized use of
typical predefined networks for a given cognitive pro-
cess, and neural compensation, i.e., the use of alternative
networks than those classically predefined for a specific
cognitive process [13, 183]. Large cognitive reserve
suggests more flexible cerebral networks and greater
ability to adjust behavior to the task constraints [15].

Cognitive reserve, be it neural reserve or neural com-
pensation, is related to the reorganization or plasticity of
cerebral networks, either intrinsic, which are observed in
the absence of cognitive tasks (rest), or extrinsic, which
are required by cognitive tasks. In the absence of any
specific task, the intrinsic activity is represented by
several distinct and distributed functional subnetworks
or modules, involving several brain regions which are
connected with each other [205]. Among these modules,
one canmention the default mode network (DMN; [123,
143, 172]), executive control, salience, sensorimotor,
and visual networks [109, 176]. The modular organiza-
tion may offer a protective mechanism in the case of
injury [58]. Moreover, these intrinsic networks evolve
under the effect of age toward a decrease in network
segregation, as has been observed in older participants
[29, 63]. A recent longitudinal study [117] performed on
a 4-year period showed significant reconfiguration of
these networks in healthy older adults, with significant
network flexibility between modules, even if the authors
did not find a correlation with cognitive performance.
Other studies focused on variations in the activity of the
default mode network with age. The DMN is associated
with a variety of functions such as semantic processing
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[19, 206], mind-wandering [121] and, more generally,
with internally generated cognitive operations [4, 72].
With normal aging, DMN activity is modified in terms
of either reallocation of activity within DMN regions
[125, 146] or changes in the magnitude of DMN deac-
tivation [21]. Another line of research has revealed
disrupted functional connectivity (FC) within the
DMN and reorganizations of the connectivity between
and within large-scale cognitive networks [154]. Specif-
ically, FC decreases with age [5, 38, 50, 69, 202, 209]
and older individuals show reduced brain connectivity
[5, 70]. In the same line, Li et al. [108] showed modifi-
cations of functional and structural connectivity
reflecting increased bilateral prefrontal recruitment, as
a compensatory mechanism that may counteract age-
related unilateral efficiency decline. Krieger-Redwood
et al. [100] showed that behavioral changes with age for
a semantic control task are correlated with measures of
intrinsic connectivity between the anterior temporal lobe
and medial prefrontal cortex within the DMN. Authors
showed that compared to younger individuals, older
adults showed reduced connectivity between the right
anterior temporal lobe and medial prefrontal cortex and
this decrease in connectivity was correlated with pre-
served verbal semantic performance but reduced seman-
tic retrieval control. The patterns of functional changes
in prefrontal regions implicated in cognitive control
together with modifications in the DMN led Spreng
and colleagues to propose the DECHA model (De-
fault-Executive Coupling Hypothesis of Aging; [180,
181, 194]). In the DECHA model, it is claimed that
older adults fail to modulate functional connectivity
between executive control regions and the DMN in
response to increasing task challenge, relying more on
stored semantic knowledge (DMN) and less on execu-
tive control. This would be reflected in reduced DMN
suppression during goal-directed tasks and an increased
inflexible coupling with lateral prefrontal executive net-
works, in older adulthood. In the same line, Muller et al.
[127] found that a finely coordinated interaction be-
tween DMN, executive-control, and language networks
is crucial for successful verbal fluency performance in
older adults. Furthermore, He et al. [77] quantified
dynamic reconfiguration of several resting state func-
tional networks in adults of different ages and showed
differential modifications of segregation and integration
with age. Reduced dynamic segregation was observed
for all networks with age, except for the cerebellum.
Aging increased dynamic integration of several intrinsic

networks, such as the DMN, FPN (fronto-parietal net-
work), and visual network. According to the authors,
these findings suggest a significant modulation of the
intrinsic activity of aging brain networks, reflecting age-
related adaptive dedifferentiation (reduced neural spec-
ificity) and compensation mechanisms. This might con-
tribute to maintaining cognitive performance through
the modulation of cognitive reserve. These findings are
in line with other studies which found increased
between-network connectivity and reduced within-
network connectivity [29, 31, 95], supporting the idea
of increased integration with compensation and reduced
segregation with dedifferentiation during aging.

Other brain reorganization patterns have been
observed in older adults, at an intra-hemispheric
level, such as the Posterior-Anterior Shift in Aging
(PASA) model [39, 42] assuming reduction of
activity of posterior occipito-temporal regions with
increased frontal activity. Hoyau, Roux-Sibilon,
et al. [84] examined if the compensatory strategies
associated with the effect of age on the effective
connectivity of lexical production networks would
pertain to a neural reserve mechanism (reflected by
increased connectivity between the medial tempo-
ral cortices including the hippocampus and lateral
temporal cortices), or to a neural compensation
mechanism (reflected by increased connectivity be-
tween the inferior frontal cortex and medial tem-
poral cortex). While younger adults showed bi-
directional interaction between left inferior frontal
and left temporal cortices, suggesting recruitment
of lexico-semantic representations, older adults
showed bi-directional interaction between inferior
frontal and medial temporal cortices, but not be-
tween inferior frontal and lateral temporal cortices.
These results suggested that older adults develop
compensation strategies facilitated by top-down
mechanisms from inferior frontal to medial tempo-
ral cortices. Another compensatory mechanism ob-
served in older adults is described by the HAR-
OLD (Hemispheric asymmetry reduction in older
adults) model of cognitive aging. Namely, during
the performance of various cognitive tasks, older
participants show a reduction of hemispheric
asymmetry in comparison to younger adults [28].
This pattern is especially patent in high-performing
older adults [118]. It could represent the use of
either cerebral or cognitive reserve, at regional or
network levels.
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Aging-modulatory reserve factors (AMF)

Available evidence on inter-individual variation in vul-
nerability to cognitive decline [91] reveals resilience
mechanisms that need to be better understood in order
to prevent pathological aging and neurodegenerative
conditions.

In recent studies, more attention is drawn to aging-
modulatory reserve factors (AMF), various elements
that can modulate reserve, either increasing it or acting
as a potential risk for pathological aging. In general,
aging can be described as a result of the interaction
between genetic and environmental factors [96]. In the
case of damage or tissue loss and reduced functionality
of organs, this interaction will manifest through a de-
crease in performance, including cognitive decline.

The notion of consilience, the independent converg-
ing agreement of explanations at various levels, sup-
ports the theory construction of health and by extension,
to cognition. In the domain of aging, it might suggest
that the effects of a specific modulatory factor are
exerted at various levels, from molecular genetics, epi-
genetics, sub-systems to higher complex and dynamic
interactions between cognitive systems. Indeed, a spe-
cific modulatory factor may affect the relations between
cerebral functions from perception to high-level cogni-
tive processes, from a molecular to a cerebral and cog-
nitive level, in tight relation with social and environ-
mental factors (for details, see [163]).

It is beyond the scope of the present paper to provide
an exhaustive description of studies on modulatory fac-
tors of cognitive reserve and normal aging. Therefore, in
Supplementary Table (Annex), we present a synthesis of
main studies on AMF and their relation with cognitive
aging. This synthetic presentation of main studies was
conducted using the PubMed database during Novem-
ber 2020 for a systematic literature review of age-related
lexical changes in lexical production. Keywords used
were “aging/ageing”, “reserve”, “healthy”, “cognitive”
in the following combination: (aging OR ageing) AND
reserve AND healthy AND cognitive. Two of the au-
thors first screened the titles and abstracts of the
resulting papers to assess their eligibility and then per-
formed full-text scans to determine whether papers met
the inclusion criteria. To be included in the review, the
studies had to fulfill the following inclusion criteria:
published between 2000 and 2020, written in English,
the study includes older participants (60+), and the study
specifically assesses the modulatory factors of the

cognitive reserve during aging (i.e., not just effects of
the cognitive reserve). The studies were left out if they
fulfilled one of the following exclusion criteria: partic-
ipants suffered from some form of pathology, results
reported on very low statistical level (i.e., p < 0.1), and
the majority of participants were middle-aged (<60).
Case studies, meta-analysis, and review papers were
excluded. Through this process, 48 papers were identi-
fied, some of them (in green) being mentioned several
times, for several tested AMF. In the next section, we
describe the main mechanisms considered to be in-
volved in lexical production decline.

Genetic predisposition and biological factors play a
significant role in the neuroplasticity observed during
aging. For instance, the catechol-O-methyltransferase
(COMT) genetic polymorphism has been brought up.
Indeed, carrying less favorable combinations of alleles
leads to poorer cognitive performance during aging [48,
122, 192]. Similarly, carrying the ε4 variant of ApoE is
a risk factor for Alzheimer’s disease and this variant
seems to be more frequently associated with increased
risks for poorer functional status ([3]; see Supplementa-
ry table for specific relationsof the APOE-ε4 with cog-
nitive activities) and reduced cognitive performance
([24, 44] cited by [175]). Positive associations have
been found between social activities and the ADRB2
genotypes, with a favorable effect on health and longev-
ity [208]. Moreover, the brain-derived neurotrophic fac-
tor (BDNF; see Supplementary Table) gene and expres-
sion of BDNF protein are particularly important for
cognitive aging. The BDNF has a significant effect on
the brain and cognition, based on synaptic plasticity,
neurogenesis, memory, and neuronal stress resistance
(see [119] cited by [163]). It has been observed greater
cognitive decline in older individuals carrying less fa-
vorable combinations (Met variants) of alleles [49, 94,
136]. We mentioned above the stress as a significant
factor that may affect global health and cognition. The
stress would target the level of BDNF. BDNF is a potent
neurotrophic factor and its reduced levels were identi-
fied in normal aging and neuropathological conditions
(e.g. Alzheimer’s disease) in which its downregulation
was related with neuronal atrophy and death [129].
Chronic stress can contribute to age-related changes by
decreasing hippocampal BDNF expression [174]. Other
genetic factors have been incriminated, such as genetic
polymorphisms of the kidney and brain expressed pro-
tein (KIBRA; [93, 164]) and of the dopamine D2 recep-
tor (DRD2; [139]) genes. In terms of biological factors
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and as mentioned in the Supplementary table, the cere-
brovascular reserve, the integrity of noradrenergic sys-
tem, and the initial size of the hippocampal volume, as
well as vascular health, showed a significant effect on
cognitive abilities during aging.

Environmental factors can also show significant ef-
fects on cognitive aging. Social interactions can have a
significant role in improving mental health and general
well-being [190]. In addition to physical interactions,
virtual interactions (e.g. via social media) can help older
people in dealing with stress and loneliness [105].

Overall, as mentioned in the column “Cogni-
tively stimulating activities” (Supplementary table),
education [3, 10], occupational status [142, 189],
premorbid IQ estimation, and engagement in stim-
ulating physical [140, 148], intellectual, and leisure
activities [83, 178, 201], as well as a balanced diet
and nutrition [54, 56, 57], might all have a neu-
roprotective role in aging. The wide concept of
“activity” includes both social interactions with
one or more people and more solitary activities
such as reading or gardening [124]. Participation
in leisure social activities seems to have a benefi-
cial role on executive performance [151], and it is
associated with a lower risk of developing demen-
tia [197]. Regarding lexical production and aging,
a recent study [83] found a positive correlation
between the frequency of group activities and
naming performance, as well as between social
activities and left superior and medial frontal gyrus
activation during picture naming. These results
suggest that social leisure activities may contribute
to maintaining the lexical production performance
in older adults, through the neural and cognitive
reserve mechanisms mainly dependent on the left
prefrontal cortex. This region and particularly the
superior medial frontal gyrus are involved in
accessing semantic representations that can be
guided by the emotional state. These results coin-
cide with current studies showing a positive im-
pact of emotional qualities of social activities [20]
on global well-being and cognitive aging of older
adults. We claim that regular practice of social
leisure activities would modulate behavior, as well
as brain activity, probably by boosting the affec-
tive drive and improving the efficiency of lexico-
semantic search processes. Such activities require
people to communicate more which results in more
training. When people meet together, they are

expected to talk and share ideas. Therefore, they
can be expected to use language more than when
they are not interacting with other people. This
way, they regularly train their lexico-semantic
search. In addition to positive effects related to
emotion processes, the relation between the fre-
quency of participation in social activity and lan-
guage production scores may also be explained by
preserved perspective-taking skills which might be
beneficial. Perspective-taking refers to the ability
to adopt the point of view of other people. It has
been suggested that perspective-taking may be
considered as a strategy to strengthen social bonds
and is beneficial in several ways, for instance by
favoring social coordination through increasing
self–other overlap [62] which facilitates inter-
human communication. Other explanations can be
taken into account. According to Eyme et al. [52],
a more active lifestyle in general is associated with
increased gray matter volume in frontal areas as-
sociated to self-awareness and working memory.
Additionally, many studies show a beneficial effect
of social engagement on the protection against
cognitive decline [14, 89, 173]. Specifically, social
network size mediates the relation between an
active lifestyle during middle adulthood and better
cognitive functioning in old age [160]. In addition,
a recent review showed that foreign language
learning even at an advanced age has a positive
impact on the maintenance of cognitive abilities,
probably also via better socializing and integration
into society, with a positive influence on their
well-being [97]. However, the underlying factors
that are responsible for the observed beneficial
effects remain to be understood. Previous studies
proposed stress prevention [60], reduction of de-
pressive symptoms [37], forms of cognitive enrich-
ment [79], and cognitive reserve [161]. In addi-
tion, emotional regulation processes could also
play an important modulatory role between social
activities and cognitive aging. Conversely, habits
such as smoking or an inappropriate diet that can
lead to biological dysfunctions can also have a
deleterious effect on cognition during aging. Typ-
ically, high blood pressure and cholesterol, as well
as diabetes, induce cognitive decline during aging
(see [6, 7, 177]). The role of environmental fac-
tors, beneficial or deleterious, may be reflected in
BDNF protein secretion which respectively
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stimulates or inhibits endogenous neurogenesis, es-
pecially during aging [65, 186].

Bilingualism and education are factors that showed
modulation of various cognitive functions, even if the
results are not consistent among authors. As mentioned
in Supplementary Table and illustrated by the results of
several studies that found such modulations, speaking
two or several languages would improve executive and
visuo-spatial functions and would delay the onset of
neurodegenerative disorders of several years, by im-
proving the cognitive reserve. Interestingly, early bilin-
gualism would also be associated with lower CSF total-
tau and lower prevalence of preclinical Alzheimer’s
disease. In relation with the noradrenergic system men-
tioned previously, bilingualism would induce a
sustained activation of this system, explaining the ben-
eficial effects on cognitive functions. Moreover, next to
cognitive reserve, bilingualism/multilingualism would
also modify the cerebral reserve, typically the thickness
of several white matter fascicles or even cortical regions,
such as the anterior cingulate cortex. Overall, according
to studies, daily bilingual experience mitigates the typ-
ical effects of aging on cognitive functions at both,
behavioral and neural levels. As mentioned in Supple-
mentary table, education has a significant role to main-
tain the cognitive level during aging. Indeed, working
memory, several executive functions, and visuo-
constructive abilities are modulated by education (see
[150]) by modulating several cognitive reserves for
these functions. Some other competencies (fluency, di-
vided attention, interference, spatial reasoning) do not
seem to be correlated to education.

As indicated in the same table (column “Phys-
ical activity and other factors”), other AMF seem
to be closely related to cognition during aging,
such as sleep and microbiota. Indeed, poor sleep
would be associated with reduced cognitive flexi-
bility and altered microbiome composition in older
adults. Altered composition of the gut microbiome
may be a mechanism linking inadequate sleep to
low cognitive abilities in older adults. In addition,
a cognitively enriched environment that may be
achieved through education may be associated with
right-lateralized fronto-parietal networks, which in
turn contributes to the preservation of cognitive
function in aging by offsetting the age-related de-
cline in the ability to ignore salient distraction, as
mentioned by Shalev et al. [169]. Indeed, as the
authors explain, the ability to suppress distractors

with age is driven by the right lateralization of
neural substrates (including the fronto-parietal at-
tention network, with a key role in cognitive re-
serve. Physical fitness and physical activity in
general are factors frequently studied as having a
positive effect on electrical brain activity and cog-
nitive functions. Their influence is manifested ei-
ther through direct modulation of executive func-
tions, by reduced obesity or even by modulating
the level of choline in the brain and allowing the
synthesis of neurotransmitters, or by modulating
the effect of APOE-ε4. An interesting 27-year
longitudinal study [145] explored the effect of
regular physical activity on cognition. The authors
showed a significant beneficial effect on global
cognitive function in older adults that would be
gender-independent, not affected by differences in
survival or by potential lifestyle confounders.

As mentioned previously, these factors do not act in
isolation, but are rather interrelated. Papenberg et al.
[136] suggest that the gene–environment correlation is
particularly important and a specific genotype can be
more frequently associated with a particular environ-
ment. This could explain why individuals with an ad-
vantageous genetic profile tend to seek for a more
stimulating environment. In turn, a stimulating environ-
ment enhances the expression of particular genes. In line
with this, Bartrés-Faz & Arenaza-Urquijo [12] hypoth-
esized that the exposure to a protective and stimulating
environment associated with a genetic predisposition
can provide a high potential for adaptive neuroplasticity,
in terms of reserve and neural compensation. A system-
atic review by Ngandu et al. [132] suggested that cog-
nitive decline in seniors at risk of pathological aging can
be avoided by a multi-domain intervention which in-
volves diet, exercise, cognitive training, and vascular
risk monitoring. The 2020 Lancet Commission report
[110] completed a list of modifiable risk factors of
pathological aging including excessive alcohol con-
sumption, head injury, air pollution, less education,
hypertension, hearing impairment, smoking, obesity,
depression, physical inactivity, diabetes, and infrequent
social contact. According to this report, about 40% of
neurodegenerative disorders could be delayed or even
prevented if a global care plan based on these factors
was deployed in older adults while they are healthy.
Finally, in a recent study, Belleville et al. [16] have
shown in the StayFitLonger study that a multi-domain
training that includes physical and cognitive activities
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may improve physical and cognitive health in older
adults.

LARA model: Lexical Access and Retrieval
in successful Aging

One way to synthesize and conceptualize how aging
affects lexical production and cognition in general is
through a neurocognitive model that integrates possible
mechanisms underlying lexical difficulties in aging. We
propose a comprehensive model, LARA, for Lexical
Access and Retrieval in Aging. LARA describes the
strategies and mechanisms gradually put in place during
aging to perform lexical access and retrieval (see Figs. 1,
2 and Table 1).

An integrative view of compensatory mecha-
nisms is also represented by the Scaffolding The-
ory of Aging and Cognition (STAC; [138]), based
on compensatory scaffolding. According to STAC,
additional networks are recruited in older adults, in
interaction with defective or less-functioning ones,
to maintain correct normal functioning. STAC as-
sumes that a large cognitive reserve could deter-
mine the quality, quantity, and efficiency of com-
pensatory scaffolding [138]. A revised version of
the STAC model (STAC-r) was proposed [147] to
incorporate the role of lifestyle factors that could
increase or deplete brain resources and cognitive
reserve. The LARA model is in line with these
assumptions and our model can be seen as one of
STAC-like models.

As concerns Lifespan and Reserve components
(L-R), the mechanisms developed can be mostly
L- or R-related, even if they may intersect. For
instance, L-related strategies may be implemented
to overcome increased latencies observed initially,
related to the universal effect of aging during
lexical production. They are mostly semantic strat-
egies expressed either by (a) supplementary re-
cruitment of lexico-semantic representations and
increased activity of temporo-parietal regions [18]
along the anterior (frontal)-posterior (lateral
temporo-parietal) axis [82] or (b) a supplementary
access to stored knowledge and semantic memory
[26] triggered by top-down activation from frontal
to medial temporal areas including hippocampi
[84]. In line with this account, Catheline et al.
[30] reported a significant correlation between task

performance (verbal fluency) and hippocampal vol-
ume in older adults. The hippocampus has indeed
an important role in semantic memory, allowing
flexible maintaining and updating of semantic rep-
resentations [47, 98]. On the other hand, R-related
strategies can explain inter-individual variability in
cognitive aging, since older adults are cognitively
more or less successful depending on the amount
of their reserve. For instance, during lexical pro-
duction, lower-performing older adults, who dis-
play reduced accuracy and increased response la-
tencies compared to younger adults, might not be
able to rely only on semantic (L) strategies de-
scribed above and additional (R) compensatory
mechanisms need to be recruited. A compensatory
mechanism for overcoming this difficulty could be
achieved through a stronger connectivity between
the left inferior frontal and left superior temporal
gyri involved in phonological processing.

Therefore, we propose that in order to overcome
lexical production difficulties, older adults universally
implement semantic (L) strategies, and depending on
their individual capacity to produce words, they might
need to employ supplementary phonological (R)
strategies.

The L-R compensatory strategies could be also de-
scribed in terms of intrinsic TF (task-free) brain activity
and various resting-state networks. This dimension, in
interaction with TI (task-induced) activity, should also
be considered in order to explain the cognitive evolution
of adults as they age. As mentioned previously, the
universal dimension of aging implies a specific pattern
with reduced intra-network segregation and increased
inter-network interaction, either between DMN network
and executive-control and language networks [127] or
between intrinsic networks such as DMN, FPN, and
visual networks [77]. According to the authors, these
changes occurring within and between intrinsic net-
works in interaction with extrinsic ones reflect age-
related adaptive dedifferentiation or reduced specificity,
and compensation mechanisms. They are in line with
observations reporting increased between-network and
reduced within-network connectivity [29, 31, 95]. Be-
sides these general considerations on TF changes during
aging, some of the results could be related to a specific
strategy. For instance, in support of a semantic strategy,
Krieger-Redwood et al. [100] showed increased intrin-
sic connectivity between the anterior temporal lobe and
the medial prefrontal cortex, within the DMN. This
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increased within-DMN connectivity may reflect stron-
ger access to conceptual and semantic representation, as
accounted by the semantic strategy.

The main assumption within the language-specific–do-
main general (LS-DG) perspective is that word production
difficulties observed in the elderly involve mechanisms
and compensatory strategies which include both

language-specific and domain-general processes, mostly
executive functions depending on prefrontal cortices. As
reported above, a large panel of TI studies [21, 125, 146]
and TF studies [5, 38, 50, 69, 154, 202, 209] revealed
various reorganization patterns at a prefrontal level, with a
tendency toward reduction of hemispheric asymmetry. As
wementioned above, naming latencies in older adults were

Fig. 1 Complex mechanisms associated with aging. Aging is
polymorphic and three general forms of aging are described:
pathological/problematic, common/usual, and successful aging.
Although classically considered to be categorical, these forms of
aging can also be seen as a continuum (spectrum of aging; e.g.,
[59]). The underlying determinants of these different forms of
aging are multifactorial and depend on various genetic, environ-
mental, and epigenetic factors (see text for a description).
Concerning the “gene–environment correlation” in aging, specific
genotypes are more frequently associated with a particular envi-
ronment and individuals with an advantageous genetic profile seek

stimulating environments. Reciprocally, stimulating environments
enhance the expression of favorable genetic profiles along with
epigenetic mechanisms [136]. These different factors have an
impact on the phenotypic profile of individuals and, as concerns
the neurocognitive phenotype, at several levels of brain structure
and function. More precisely, these modulating factors influence
the capacities of neural (cerebral) and cognitive reserves (aging-
modulatory reserve factors, AMF). These two forms of interrelat-
ed reserves are directly related to behavioral performances such as
in lexical access and retrieval, particularly affected in aging
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modulated by the degree of inter-hemispheric asymmetry
of frontal regions, with shorter naming latencies being
correlated with more bilateral activity in frontal regions,
revealing a compensatory mechanism via executive

functions, a result that is also supported by the HAROLD
model [28]. These findings suggest that domain-general
executive strategies are also recruited in older adults, to
help maintain processing speed and improve reaction

Fig. 2 LARA model (Lexical Access and Retrieval in Aging).
Neurocognitive compensatory strategies associated with success-
ful Lexical Access and Retrieval in Aging. LARA model postu-
lates the existence of two interrelated strategies: language-specific
and domain-general (LS-DG). Language-specific mechanisms im-
ply as a general trend a shift in recruitment from the frontal regions
to posterior areas. Two main strategies are typically observed. (1)
Semantic strategies that are related to universal aging (lifespan
aspects) and implying an over-recruitment of temporo-parietal and
mesial temporal regions.More specifically, this is characterized by
(i) an increased lexico-semantic representation related to supple-
mentary activation of temporo-parietal regions; (ii) an increased
access to semantic memory knowledge store engaging top-down
from inferior frontal medial temporal cortices; and (iii) an in-
creased within-DMN connectivity with stronger access to concep-
tual and semantic representation. (2) A phonological strategy,
dependent on cognitive reserve capacity, is characterized by (i)
increased connectivity between the left inferior frontal and left
superior temporal gyrus to overcome phonological deficits in
aging. Domain-general mechanisms generally involve recruitment
from the contralateral hemisphere (traditionally the right hemi-
sphere in the case of language). This bilateral recruitment is
observed in particular in the (pre)frontal regions (executive

strategies) and will also depend on the cognitive reserve (see text
for more details). A, anterior; P, posterior; FC, frontal cortex; TP,
temporo-parietal regions; IFG, inferior frontal gyrus; STG, supe-
rior temporal gyrus; MTL, mesial temporal lobe; LH, left hemi-
sphere; RH, right hemisphere; L-PFC, left prefrontal cortex; R-
PFC, right prefrontal cortex. There are three main aspects of the
LARAmodel. First of all, it considers two dynamics: (a) a univer-
sal or uniform one that refers to the general effect of age on
cognition during lifespan and (b) an idiosyncratic or non-
uniform one that refers to cognitive aging variability among indi-
viduals, depending on the amount of reserve or cognitive resil-
ience of each individual. Secondly, these two dynamics are tightly
and dynamically interrelated. They intervene in parallel and at any
moment of aging and prompt the development of compensatory
mechanisms. These mechanisms are implemented at a cognitive
and cerebral level. Thirdly, LARA differentiates between two
categories of compensatory mechanisms, language-specific and
domain-general. To summarize these three accounts, LARA ele-
ments can be presented along two perspectives: (i) Lifespan vs.
Reserve (L-R) mechanisms and (ii) Language-Specific vs.
Domain-General (LS-DG) mechanisms, both types presenting
interactions either within-side (L and R; LS and DG) or
between-sides (L-R and LS-DG)
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times. Specifically, left frontal cortices might be involved
in translating affective drive states into a coordinated plan
to help retrieve semantic information from memory [17].

In the column“LARA-basedmechanisms” fromTable1,
we interpreted the results of studies we synthesized from the
last 20 years on lexical production and aging, according to
mechanisms possibly involved according to our proposed
LARA model. Among the 46 studies cited in Table 1, all
except one can be interpreted according to LARA mecha-
nisms. Results of the majority of studies are in line with
language-specific mechanisms only (20/46) while a few
(5/46) with domain-general mechanisms. The majority of
studies (21/46) reported results that could be in line with
both, domain-general and language-specific mechanisms.
Furthermore, more than a half (25/46) of studies can be
interpreted according to both lifespan and reserve mecha-
nisms. Overall, our interpretation within the framework of
LARA mechanisms shows that cognitive aging of lexical
production is a multidimensional phenomenon that should
be explored along at least two dimensions, lifespan and
idiosyncratic. Even if our approach is only semi-
quantitative and our interpretation may be more or less
subjective, results reported by these studies show a large
variety of possible mechanisms explaining the ability of
each individual to cope with aging effects, according to
his/her own life trajectory and his/her level of cerebral,
neural, and cognitive reserve. We also mentioned in Sup-
plementary Table the main AMF that modulate the cogni-
tive and cerebral reserve and claim that they are multidi-
mensional and their effects are interconnected. It is difficult
to disentangle, in the same individual, the effect of this or
that specific factor. We rather propose that for each individ-
ual, we can depict a composite reserve index representing a
group of interrelated factors, some of them being beneficial
and some others deleterious for the cognitive evolution
while aging. This composite reserve index clearly depends
on the specific life and health trajectory of an individual, its
education in a grad sense, style, and quality of life.

Conclusions

Cognitive aging is an inevitable process which affects all
individuals. An important amount of studies has been
conducted to assess the effect of age on cognitive func-
tioning and to determine cognitive, behavioral, and
anatomo-functional correlates and biomarkers of this pro-
cess. A specific cognitive function addressed in this review
was lexical production, which is generally impaired in

normal aging. We showed that the decline in lexical pro-
duction skills is variable among older adults, according to
the variable amount of reserve. Older adults implement a
variety of compensatory strategies to maintain lexical per-
formance as long as possible and avoid pathological aging.
The LARA model provides an overview of compensatory
strategies and the way in which they are implemented in
older adults, in terms of cognitive mechanisms and cere-
bral networks. These strategies relate both to language-
specific mechanisms and to domain-general, executive
functions. We argue that the degree and variability of
cognitive aging depend on the amount of reserve specific
to each individual and that they are modulated by a large
panel of AMF factors. A variety of mechanisms and
compensatory strategies coexist in the same individual to
compensate for complex deleterious effects of aging,
LARAdescribing only some of them.A better understand-
ing of these strategies and of the protective and risk factors
for pathological aging is critical to society and public
policies, to promote successful aging and avoid or push
back the occurrence of neurodegenerative disorders.

In conclusion and as mentioned in Sholl and Rattant
[163], aging is one of the most challenging public health
issues, considered as a “cellular danger response to envi-
ronmental stressors or injury leading to the development of
neurodegenerative disorders.” New research directions
have recently emerged to understand the effect of genetic,
biological, social, and environmental factors on cognitive
reserve in each individual. The role of life conditions,
environment, physical activities, or nutrition seems to be
also significantly considered. Identifying personalized bio-
markers of the cognitive reserve can help characterizing
biologically vulnerable individuals and the implementation
of strategies that may help neurobiological changes at a
cerebral level, reflected for instance, by increased brain
connectivity and new circuits and strategies to overcome
cognitive weaknesses. Overall, these new research direc-
tions will help elucidating the role of beneficial AMF
factors in promoting a successful aging.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11357-
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