N

N

Strategies and cognitive reserve to preserve lexical
production in aging
Monica Baciu, Sonja Banjac, Elise Roger, Célise Haldin, Marcela

Perrone-Bertolotti, Hélene Loevenbruck, Jean-Francois Démonet

» To cite this version:

Monica Baciu, Sonja Banjac, Elise Roger, Célise Haldin, Marcela Perrone-Bertolotti, et al.. Strategies
and cognitive reserve to preserve lexical production in aging. GeroScience, 2021, 10.1007/s11357-021-
00367-5 . hal-03253711

HAL Id: hal-03253711
https://hal.univ-grenoble-alpes.fr /hal-03253711

Submitted on 25 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.univ-grenoble-alpes.fr/hal-03253711
https://hal.archives-ouvertes.fr

GeroScience (2021) 43:1725-1765
https://doi.org/10.1007/s11357-021-00367-5

REVIEW

®

Check for
updates

Strategies and cognitive reserve to preserve lexical

production in aging

Monica Baciu® - Sonja Banjac - Elise Roger -
Célise Haldin - Marcela Perrone-Bertolotti -
Héleéne Leevenbruck - Jean-Francois Démonet

Received: 26 February 2021 /Accepted: 9 April 2021 / Published online: 10 May 2021

© The Author(s) 2021

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
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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.

Keywords Healthy aging - Lexical - Production -
Behavioral - Brain - Reserve factors

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 episodic memory ([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.

@ Springer

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

@ Springer



GeroScience (2021) 43:1725-1765

1728

Aue woy uey) Jumnd
orwauoyd woiy arow
JIJouDq ()/ Uy Jop[o
syuedronreq o3e ym

Arenba sauroop sqioa

(VAODNY)

HSINN 189, Suruen

(sorewr

8¢) 6L—0L Pa3e 69
‘(sorewr ¢¢) 6909 pase
€9 ‘(sdrew 07) 6508

[euonRUIAU] Y} JO
[ewnoy “Surde Ayjeay ur
[BASLIIOT QIOA PUB UNON

“(T000) M "1 “RI90

KSotoyoLsdomoN % TN MqIV “L

QAIISAI-S] PUE SUNOU JO [BASLI}OY ~ 9OUBLIBAOD JO SISA[eUY uonoy so, JurweN uojsog  pasSe ¢f ‘sioyeads-ysisuyg [er01ABYDg T ‘IoUUO)) ‘T Y ‘AeNORIA
'SOIUBWIOS
soyoLud SuIdy
‘Surwid [esiSojouoyd
umop-doj 10y 310150p
Pje[aI-o8y "I1oSunok
ur ueyj 1opjo ut alow /T9ELOSTI /A0S YU
pazyIour ammyord oy ‘wjuigou-pawqnd,/:sdyy
0) Paje[aI A[[eonueuids SurSe pue A30[0ydAsq
SI0)OBNSI(] 'SI030RNSIP *3SB) QOUIQJIOIUL
payejar Apeor3ojouoyd prom-ammord
woy Suruud dn-wopoq '68—09 Pa3e 1ap[o 7€ oy ur Surweu
Ul SOOUIQJJIp oFe 10] ‘7781 paSe Sunok 7¢ i :sassa001d [ear3ojouoyd
90UIPIAS OU :$3s59001d yuowadxy (g8—9 paSe puUe O)UBIAS
o3enJue| eo13ojouoyd 19P[0 8% ‘67—81 PoSe uo $)093j0 Surde
QAJRSAI-S PUE ONUEBLIRS UO 159} QOURIJIAUI FurEw unoA gy :T Juowradxyg A3ojoyoAsdomaN  omowwAsy (Z002) ‘N
uedsoI-§ T $1090 Surde oLnowASY VAONV amyord ‘Arenqeoop Aordiyg ‘s1oxeads-ysiSug [elolaRyeg " ‘OyIng 2 Y [ ‘JojAe]
/06€180T /A0S YU wju
‘1qoupawqnd,/:sdyy
*SOWBU UOWIIOD (sooey (sorewt a3en3ueT urerg -Jurweu
J10J JOU JNq ‘soueu Snowej pue s309[(qo) st} 91) /-GS pase ¢¢ amjord ur sowreu
1odoid 103 (SLOL) Surwreu armord “Y-STV A 2 ‘(sorewr €1) $G—G¢ pade 1odo1d pue uourod
QAIOSAI-STT  saye)s anduo3-ayy-jo-dn (VAONY) JO 3s91qns [oqUIAS-NII(T 959} 0¢ ‘(sorewr 1) Ap€—81 A3ojoyoAsdomaN 0} SSOJ0® [BOIXJ[ pue
uedsoJI-ST a10uW PAdUALIdAX? JOPIO doueLeA JO sasAeuy  AIe[nqedoa joyold pue siourg  paSe g¢ ‘sioyeads-youar] [eroaeyeg  SueSy (Z007) N pIeiag
/80LSTTT1/A08 qrurwpu
‘1qourpawqnd/zsdyy
A3ojoyoAsdomau
parddy

*A9UQ)B[ UOISIOAP [BIIXI]

pue urweu piom ur

SQOUQIQYJIpP 9Fe NS

159, SutweN uoysog

oy jo senzodoad [eorxo

A3ojoyoAsdomaN  (0007) "A "L ‘Sonod ¥
[eroiaRyeg Y "o ‘OIBII] “IN ‘TI0QOIN

£6/—09 Topio

1€ ‘A9¢—81 103unok

€7 1z yauwmadxyg

A16-09 10p|0

ST ‘A9g—61 10Sunok

€2 11 yawmadxyg
‘s1oeads-ysiSug

UoISI109p [O1X9] “(LNg) 1591
SurweN uoysog (JS-SAD)
wi1o,] HoyS—o[eds uoissardog
JLIBLION) 959) ATR[NqBOOA
‘(M-SIV ML) PasiAay—o[eds
Q0ULSI[AU] JNPY I[SYIIAN

*05e M soroude]
pasearour pue a3e £q
pajorpaxd doueurojrod
UOISIOp [eI1X9] 93k Aq
uedsoJi[-§T  PAIOSIFE JOU SSA00E [BOIXA]

SISAJeue Uo0ISsaI3ol
opdnnw ‘uonererIo)

SWISTUBYOW

paseq-vIV'1 S)INSI UIBJA! sasA[euy $)S0} pue SYSe ], spuedionre (S)poyroN Q[OTHE QOUAIJIY

pringer

1X0) Urew oy} uwl pajuasad s1 SaIpnjs Jo uoIsn[oUl Y} U0 UOHBULIOUI [[ “SUIFe [BULIOU Ul UONRISUAS PUR [BAJLNAI [BOIXQ] UO S)nsal Suniodar sarpmys urew Jo uonejuasaid onoyiuks | djqe],

A's


https://doi.org/10.1007/s11357-021-00367-5
https://doi.org/10.1007/s11357-021-00367-5
https://pubmed.ncbi.nlm.nih.gov/12081390/
https://pubmed.ncbi.nlm.nih.gov/12081390/
https://pubmed.ncbi.nlm.nih.gov/12507362/
https://pubmed.ncbi.nlm.nih.gov/12507362/

1729

GeroScience (2021) 43:1725-1765

JA10SI-DJ
-03e m

uonn[oA? Jo AI[IqeLreA

unso33ns sojdwesqns

I0SUNoA uet) Iop[o

Suowre doueuriojod

JO suo) ur A31auoSoIa)oy

IoyJIy ‘uoneonpa jo

[9A9] dy) Aq paurejdxaun

‘(Kouoye] osuodsar

OAIOSAI-§]  pue AJBINdoe) IOp[o Uey)
uedsoji-1 douewojiod Jurweu
JAIRSAI-DHJ
‘sanIoy1oads

aandaorad 130

pue ‘Kouanbaiy [eorxo]

‘uonismboe Jo a3k ay

£q Pa1od e synpe 1opjo

ul Sureu 210301 ‘synpe

J10p[o ur A[uo paads

Surureu armord syorpard

Kouonboij pIoA\ JOMO[S

puodsar pue Furureu 10y

QJBINOJE SSI[ AIe IP[O

'SQI9A parmboe-1oye]

uey) poweu

Apprder a1ow Suroq

SQIoA parnboe-Ajres

‘syinpe p[o pue

Sulopour UoISsAIZOY

19)J9q MOUS JSUNO X SUONE[ALIOd ‘Y AODNY

1S9, SurneN uojsog

159, SutweN 9sauIy)

(serew 1) 9809

pase plo (¢ ‘(sorewr

Z1) 771 poSe Sunok

0€ ‘s1oyeads-osaury)
asquojuR)

L8-59 page 1ap[o

A3ojoyoAsdomoN

/08716 1/A08 YU
‘wuriqou-powqnd,/:sdyy
sysi3ojoyoAsdoinaN
Jo Awapeoy [euoneN
oy Jo [euanof [erongjo
oy :A3ojoyoAsdonou

[eoruI[d
Jo soarpory “Aiyiqe
Suruueu [eUONBIUOIIUOD
uo Surofe
Jo 119 341, (€002
[eroaeyeg ‘N "L ‘99T % <1 'H ‘Sues]

/LESSHLT1/A0S iU
‘wurigou-powqnd,/:sdyy

A3ojoyoAsd

reuswnRdxo

uewny ‘A3ojoyoAsd

reyuswLodxo

Jo 1eunol Apoirend)

oy, eep reyuowIodxo

pUE dAlJRULIOU

:uononpoid qroa

pue ‘FuroSe ‘uonisinboe

Jo 33y "(£007)

uedsoy-§ 7 SunoA ur paads Surweu VAONVY (sqioA 0€ ‘L7—81 poSe Sunok g D ‘ueddIng ® “M
JA1RsAI-H  S1d1paid uonismboe jo 93y ‘uorssaigar aydnny uonoe) yse} Jurwreu aMIIg pt s1oxeads-ysiSug [erotaeyeg Y ‘YSIH “N D ‘UOSLLIO]N
‘sopou
TeorSojouoyd pue [eorXa]
U09M)Oq UONBAIIOR
JO UOISSIWSUEL) paonpay
‘TeASLI)AI QIOA PUEB UNOU
JOJ WISIUBYOaW J159)ens JOYLOYTT1/A0S yIu
uowwod 3unso33ns ‘wu-iqou-pawqndy/:sdyy
‘SQIOA pUB SUNOu SNIT : £191008
10q 10§ 2d£) ond 1930 [eo13ojoyoAsdoinaN
SWISTUBTOIU
paseq-yIVv'1 S)[nsar urej SosA[euy $)89) pue syse], sjuedionred (S)PompRIN Qo1 JOUAIJIY

(ponunuoo) 1 djqeL,

pringer

A's


https://pubmed.ncbi.nlm.nih.gov/12240740/
https://pubmed.ncbi.nlm.nih.gov/12240740/
https://pubmed.ncbi.nlm.nih.gov/12745837/
https://pubmed.ncbi.nlm.nih.gov/12745837/
https://pubmed.ncbi.nlm.nih.gov/14591480/
https://pubmed.ncbi.nlm.nih.gov/14591480/

GeroScience (2021) 43:1725-1765

1730

‘goueuIojrad

Kouonyj onuBWIAS IM
Apoanmisod pue oFe ym
SOJB[1I00 A[oATIEToU
Jomod ejay ], "Aouonyy
OIUBWIAS JOJ QUI[OdP

Jo orer 1918013 05 M
Ajreaur] auroop Aduanyy

UOT}E[OLI0D

yse) Kouanyy

(sorew ¢[)

78—1L pade (g ‘(sorewt
L1) 0L—19 pade ¢¢
‘(sorewr £T) 09—1¢ paSe
19 “(ss[ew £7) 0S—1¥
pade 7/ “(sorew ¢g)
0b—1¢ pade L8 ‘(sorew
¥6) 0¢—1¢7 Pade 961

A} SSOI0B AoUan(j [eqIoA

1039] pue A103318D)

"(S007) "9 ‘uopi0n

3 [ ‘peIsung

‘@ el TV UOSIdP[

1 '3 ‘10321Dde]N

“IN T ‘SWerIp

DHA “V Y ‘ueyoD “H

uedsoy-g7 onuewss pue [edifojouoyq  ‘erenbs-1yo ‘YAONV [eou03a3e0 pue onaqeydyy :s1oyeads-yoingg/ysiSug [elolaRyeg Y ‘ned ‘N 'V ‘Ueunpug
‘pooynpe
ul S)O9JJ Je[IuIs
dAey spiom Jo sonzodord
uoj pue Aouonbary
plop\ “Surweu
10} 9[01 9An0)01d
' Aerd Krerjuey
pue uonisinboe
Jo 93y "a3e ynm a3ueyo
03 s1eadde s1ojoey
[eo1X9[ Jo Sunysom
ay) Inq ‘Surteu
10§ 103unoA se sanadoid
[earSojouoyd pue /TOST1¥91/A08 qru WU
[BOIX9] PUE ONUBWIAS JO ‘1qoupawqnd/:sdpy
S)00JJo Jeqruurs pakejdsip (sorewr ()91) £8—07 pade yooadg pue oSendue]
19p[O "Suide yPm stejdwoxa A1030)e0 0) Jurwreu synpe §G¢ ‘(sorew 91 €) ‘Surweu [e1o uo
SOUI[Odp puE poonpe ‘s00uQ)uas papuo-uado 61—C1 poSe syudosojope S10J08J [BOIX9] JO S}
[Iun uoneInyew 0} Surweu ‘(suonoe 06S S)npe Iop[o ueds 9J17 *(S002) [ A
uedsoyi-g1 s soaordur SurueN, VAOONV pue $109[qo) Surweu a1morg pue 105unok ‘s1o8eud ], [eIOIARUQY ‘UBULIDD) 29 'S Y ‘UBWIMIN
‘s1sayjodAy 9A10sAX /26L8SES /A0 yIu WU
Anu30o oYy Suntoddns ‘1qoupawqnd/:sdny
QuIny JOAO dUI[OJP SOJURIOS [BIO0S PUB
SS9] Mmoys doueuLIofdd SOOUQIOS [BI1S0[0YIAS]
JO 1oA9] Y31y [eniul ‘g soueg "A30[0ju0103
yum 91doa  (apeoap Jo spewmofl oy,
1od syutod 957) apqns st (sorewt ‘poopnpe JuLnp ANjiqe
QuIpo9p su y3noye ‘oge 6T1) SIe2A ()7 JoA0 Suruwreu 109(qo ur 93uey)
UIM [BASLIT [BIIXI] sowr) oAl 0} dn pasay ‘#007) "1 N ‘HoqIy
QAIISAI-S J10J 23ueyo onerpenb L8—0€ PaSe Arenmur 2 <3 T ‘1°[q0 ‘pIE
uedsoji-S1 pue Ieoul] JuedyIudIS 9¢g ‘s1oxeads-ysiSug “y ‘ondg ¢, "1 ‘Touuo)
SWISTURYOIW g
paseq-vyv1 S)NSAI UIBJA[ SsasAJeuy S1S9) pue SYse, sjuedronred (s)poyroN Qo1 JOUAIJIY £
o

(ponunuoo) 1 djqeL,

A's


https://pubmed.ncbi.nlm.nih.gov/15358792/
https://pubmed.ncbi.nlm.nih.gov/15358792/
https://pubmed.ncbi.nlm.nih.gov/16411502/
https://pubmed.ncbi.nlm.nih.gov/16411502/

1731

GeroScience (2021) 43:1725-1765

I0p[0 pue 193unoA
ur oouewioyred Surweu

(5102[q0) yse) Surweu
ammord ‘oeosqns AIe[nqeoo A

Iopjo pue 3unoA ur
Surpooud [es13ojouoyd

armord yo siojorpard VAONY SIVM “(IT-STV M) 9[edS Synpe 1opjo pue uonneduwod
juedyIuSIs are Aouonbaxy 10}0BJ-paxIul QOUASI[AIU] NPV I[SYIIAN 0€ pue synpe 3unoA A3ojoyoAsdomaN rearxo *(9002) 'H
uedsoJI-§] owkeU pue JUSWIAAISE JWEN ‘SISATeUR UOISSAITOY Jo oreoasqns [oquIAS—IIg 0¢ ‘s1oveads-ysiSug [erolaeyeg “( ‘Io[ords 29 “S ‘ouoine]
‘syuedroned 1o3unoA 10y
PauIeIqo 1991J9 JOpUAD)
's3doouoo 3urArj-uou pue
SulAl] Jo suonejuosaidor
ApuaIagyp spayye /#8€968S 1/A0S YU wu
SurSe Suump [easInox ‘1qou-powqndy/:sdpy
JO UOISOId 9AISSAIZ0Ig a3en3ue]
‘(108uno£ ur poAIdsqo pue urexg ‘s[enprarpur
10U) SWoN SUIAI[ Uel) (sorewr §) 76—LL pageuwrep-ureiq-uou
SUIAI[-UOU 10})9q dureu pade synpe (¢ ‘(sorewr ur J093J0 Surweu
IOp[O "Swoy SUIAl] J0J 6) ¥.—SS PaSe synpe ¢ onroads-A103918)
Aqurewr ‘oe yum dnoid (se11039380 SUIAI-UOU pUR ‘(sorewr £) 0€—0T pade A3ojoyoAsdoman (S000) 'd
uedsoji-S1 (OB UI POSLIOUT SIOLIH VAONY 5917 Suial) Surweu aimord “GSININ - SHNPe O ‘s1oyeads-ysisuyg [e1o1ARYeg  “10TUISLI] 29 “d ‘suaddo)
“Sut[osp /L068FT91/A08 qrurwu
9[qeI[oI B 9pN[OU0d ‘1qoupawqnd;/:sdpy
0] ATBSS900U ST TN ‘SN[ : £&191008
oy uo sputod § 1se9] [ea13ojoydAsdomnaN
Je JO QUI[O9p [enuue Uy [euoneuIAIU]
'sdnoi3 oFe spg pue s(/ oy Jo [euInor
o} ur QUI[oop pue ‘oFe "A[10p[9  JewIou,, dy)
S09 9y} ur oFueyo ou ‘dOFe ur Jurweu uonejuoIFu0d
SOS oy ut JuowdAoxduuy uoISsaI3ar Jo Apms [eurpryiSuo|
“JeduI[-uou Jeaul| “Xapur (sorewr Vv (S002) 1 °d ‘udsie
JAI0SAI-S ] QIe [BAJLIAI [BOIXI] oSueyp o[qerjar 9[BOS JUOWISSSSY dSBASI(] 681) 66—0S paSe 1opj0 2 Y ‘N ‘poying
AAIRSA-D(J 10} sa3ueyo paje[al-o3y ‘UONB[OIIOD )S9)-7 JOWIAYZ[Y 9S9], SureN uojsog 146 ‘s1oeads-ysi3uyg ASojoyoAsdomnoN ‘[ *S TOMNIBIN “ Y 997
/T816£6S1/A03 iU
‘wu-iqou-pawqndy/:sdpy
syst3ojoyoAsdormnaN
JO Awopeoy [euoneN
ay Jo [ewmof [eoyjo
oy :A3ojoyoAsdonou
[eotut|o
Jo saAyary “1omod ey
D4 01 diysuonefar
:uedsojIy ynpe
SWISIUBYOW
paseq-yIVv'1 S)[nsar urej SsasAJeuy S1S9) pue SYse, sjuedronred (s)poyroN Qo1 JOUAIJIY

(ponunuoo) 1 djqeL,

pringer

A 's


https://pubmed.ncbi.nlm.nih.gov/15939182/
https://pubmed.ncbi.nlm.nih.gov/15939182/
https://pubmed.ncbi.nlm.nih.gov/16248907/
https://pubmed.ncbi.nlm.nih.gov/16248907/
https://pubmed.ncbi.nlm.nih.gov/15896384/
https://pubmed.ncbi.nlm.nih.gov/15896384/

GeroScience (2021) 43:1725-1765

1732

‘Synpe 1sop[o ul Ajurew
pUE UOTOI[S [BOIXI]
douanyjur ued A3ojouoyd
‘[TeISAQ "SSE[O
[eonewwels s owd oy
Jo uonounj e se STOL

(suonsanb
93pojmour| [e1oua3)

68—/ pdTe synpe
09 pue ¢/~[9 poge
sympe (9 :¢z-§1 pade

/TOE6LT8T/A0S YU
‘wu-iqou-pawqndy/:sdyy
‘Suie pue A30[0ydAsq

's9je)s anguoj-oyl-Jo-dn

S)npe 19p[o pue Junok

JO uonn[osaI SOoUANJUI
SSE[O [eonRWIWIERIS

Jo uoneanoe

:rureuns) e djoy

jouued ueuradns & AYA\

A3ojoyoAsdomaN  *(L00T) 'V T ‘[HISIN %

QAIOSAI-ST] O UOINJOSAI S}0Je 93y VAONV s uonedIR LOL “ASININ  SHNpe (09 ‘s1oxeads-ysiSug [elotARyeg T (@ unif, ‘T ‘Swelqy
"SpI0M JeI|Iue}
SS9 10} Aprernonaed
‘91qISSed0E d10W
suonejuasaidor [eorxa|
soyew sjnpe 19p[o
Jo doudnadxa pasearouf
‘[BASLIJAI [BOIXO]
uo $109JJ0 oAne3ou-o3e
pue 2anisod-o3e
y10q soonpur d3e jey)
Sunsagsns ‘uodIxa| Ay /9L279%891/A03 YyIu
$S900€ 01 AJI[IqE 10139q ‘wiu-iqou-pawqndy/:sdyy
199[J1 SLOL ‘9oudy 1 Apms - A3ojoyoAsd
{[BASLIAI [NSSAIINS [euowLIodXa JO [ewInOf
Arented qrejud s3OL "[BASLIAI 10)9q SuBdW
'SpIOM JeIIue] ssof 10} SLOL 210w udym :sdays
AJuo Jnq 193unoA ueyy om} ur suoneorjdur
SLOL low Apuedoyjrugis [8I1}21031]) 0} B)RP
PaMmoys 19p[0 (Buruwreu 100[qo) (K8TLL (LO1) @nduoj-ayp-Jo-dn
uedsojI-ST “IOMO[S INq 9)eINdOR 3[Se} UonBIdIR JOL Iseqns = IN) synpe 1op[o 81 ‘(A A3ojoyoAsdomaN woi] (9007) 'S
QAIRSAI-DA SeM I9p[O Ul [BAILDSY VAONV  Am®[NqedoA Y-SIVM ‘ASININL 68°0C = IAD Snpe Sunok g [eIO1ARYDY "V ‘UMOIg 29 “H "L ‘Ue[[0D
‘uononpoid [eorxa]
10J 93e)S dANISUIS-o3e
ue 9q ABW UOI)O[IS
[eo1X9[ 10J uonnadwo) /66¥102L1/A03 qiu
"I03UNOA uey) JUSWOAITE ‘wu-iqou-pawqndy/:sdyy
Quwreu Ay Aq paoudnjur Sudy pue
Q10w Are IAP[ ‘Snpe K3ojoyohs ‘s1oyeads
SWISIUBYOW
paseq-vyv1 S)NSAI UIBJA[ SsasAJeuy S1S9) pue SYse, sjuedronred (s)poyroN Qo1 JOUAIJIY

(ponunuoo) 1 djqeL,

pringer

A 's


https://pubmed.ncbi.nlm.nih.gov/17201499/
https://pubmed.ncbi.nlm.nih.gov/17201499/
https://pubmed.ncbi.nlm.nih.gov/16846276/
https://pubmed.ncbi.nlm.nih.gov/16846276/
https://pubmed.ncbi.nlm.nih.gov/18179301/
https://pubmed.ncbi.nlm.nih.gov/18179301/

1733

GeroScience (2021) 43:1725-1765

oy Sunoopjor Surweu
10J pautodar orom
soqyoxd oary], 10518} oy
0} paje[al A[[BOlUBWIAS
uononpoid sem
sunou J10j Jo11d juonbaxy
JSOW Y], ‘[eAdLIAI
[B91X9] J0J SIOLID

yew synpe Jo pIry} duQ
-03e pm
syo1yap uononpoid prom
0} 9INQLIUOD p[nom
uononpouid 1esr3ojouoyd
Ul POAJOAUL SUOIZAI
18192190 Jo Aydone
Ppare[a1-03y “e[nsul
o Jo Aydone 1opewr
K13 )M 9)e[O1I0d
jou pIp douewoyrad oy
nq oFe M pasearour
SIOLIO SIILNBIA
QAISSAIT01J S, UIARY
‘e[nsur JYo[ 9y} Jo
Aydone 1opew Ae13 ym

uedsayi-§T

(gvm) Aopeg

eiseydy wisom (4-LAdd)
Uom;vxnumo.ﬁ \Cm_:n_moo A
amId Apoqead “ASININ
(AMV.L) Suipur] pIop

UOIB[OLI0D
‘SUBQWI-Y ‘SISATeuE
I9)SN[O [BOTYOTCIT

(sooey snowrej Jo Surweu
ammord) yse) uonedId

LOL ‘AI0JudAU] SSQUPIPUBH
ysinqurpy 9s9], SureN
u01sog ‘)sq) AIe[nqesoA
WoN-(f POZIPIEpUL)S
(I9[SYOIAN) pIEMYORq

pue premioj ueds y31p

(sorewr 67) §L—¢

JNPYAUDSIA[OPY JO ISOL YL, paTe (g ‘sioveads-ysiSug  ASojoyohsdomoN

JO UONBIOOSSY
JeuoneUINU]
o jo uesio
[eo1jo eorpoedo3o]
19 eorneruoyd
©e1j0,] ‘SuIe [ewou
ul s)yap Surpuly
pIom JO 9oUdpIOU]
"(L00T) "N USnoH ssneng

/T6ETE]LT /A0S iU

‘wu-iqou-pawqndy/:sdyy
90USIOSOINAU JATIUT0D
Jo 1eunor ‘3uide jeuLiou
ur saInjrey Surpuy-piom
PoseaIoul JO SAJB[LI0d
[eanau :onJuoj-oy-jo-dn
ay uO (L0020 M

PAje[a1I0 A[PAnRSoU 9507, Surpedy JNpy [euoneN IWIATIN 1 0AL 2 “d 'd ‘we]
pue a3e ym paje[aLIod uoIssaigor 9ser LOL “ASININ ‘(N ‘88— pade A3ojoyoAsdomnoN V" ‘Spyejewels “\
OA10SaI-§]  Ajoanisod Aouonboyy spO],  Jeour] o[dujnwr ‘D SOOLIEA QAISSAIZ0I] S USARY  SHNPe 9t ‘s1oeads-ysiSug [elolARyeg ' ‘yIng “V ‘N ‘OJeys
/6TSELYLT/A0S YU
‘wuriqou-powqnd,/:sdyy
SOJURIOS [BI00S pue
SIOURIOS [BIISO[OYIAS
‘sowreu 9ANdLIOSOp 10f 1 soLeg A30[03u0I100)
IO[[eWS QI8 SOOUILJIP JO s[ewInor 9y J, ‘soweu
o3 oy ‘synpe 1opjo 1odoid jo [easinar
ur pamreduwr A[jeroadsa S)Npe I9p[0 pue unok
sowreu dAndLosap-uou uo ssouaAndLosap
JO [eAdoy JO $1091J9 Y, :MYM
"3unoA uey soweu MOUS SNSIOA UMOIg
SuIASLIOI UT SAN[NOLJIP (s2oey) 159) Surweu armord 18—€9 pade 07 ‘€781 A3ojoyoAsdomaN anreyd ((L007) A
uedsoji-S1 10w MOYS J9P[O 189)-7 ‘VAONV  ‘ASINIA ‘1593 Are[nqeooa Aodiyg — pase (g ¢sioxeads-ysi3uyg [eloiARyDg T ‘Sowref 2 <V 'Y ‘19[30]
SWISIUBYOW
paseq-yIVv'1 S)[nsar urej SosA[euy $)89) pue syse], sjuedionred (s)poyroN Qo1 JOUAIJIY

(ponunuoo) 1 djqeL,

pringer

A 's


https://pubmed.ncbi.nlm.nih.gov/17673529/
https://pubmed.ncbi.nlm.nih.gov/17673529/
https://pubmed.ncbi.nlm.nih.gov/17892392/
https://pubmed.ncbi.nlm.nih.gov/17892392/

GeroScience (2021) 43:1725-1765

1734

*SWISIUBYOQW
K1oresuadwiod oq pynom
SUONBOYIPOW JSAY ],
‘uoeZ1I039)ed WA JO
uoIsIAd1 pue ‘Furssaoord
[ed130jouoyd-0orxa]
‘Kyryuopr Surssaode YHm
pajeroosse ‘syuouodwod
Jd¥4 Jo uoneso|
[BJUOI} SIOW PUB JOPIM
pamoys Aoy, ‘snjnuns
oy Surzuo3ayed
Ul sanmoyjIp
3unooJal ‘SpIeMuO
soFe)s uontugooar
WY ISI1) Sy} WOIJ
opmyijdwe JYH peonpar
MOUS I9P[O "1oFunok
0} paredwod Surweu
a1mord 1oy sesuodsax
J021100UT PUE JOALI00
U09M](q SIIUIIP

ddd Moys jou op 12p[0
*93e Yim WSIURYOIW
A1oyesuaduwiod
e juosaxdax
S jey) A1e[nqeooa
I103Ie] 1197} JO 9SNEOAq
AJoYI] Jsouw ‘sunou
juanbaiy ssop oonpoxd
0 1eadde synpe 1opjo
‘SUNOU UOWWO) JSOW
oy Surooes Jo peasu|
*Kouonboy [eorXa[
uedsoy-§7 01 Surproooe uononpoid

QAIISAI-ST
uedsayi-§T

VAONY ‘d¥d

(sooe} snowej Jo Furueu

uonduosap ammord “sey
Kouanyy onuewss ‘(s103[qo)

amoid) yse) uoneoId LOL

(sorew £) 18-09

paSe synpe o[ ‘(sorewt

6) Y61 pade synpe
€1 ‘s1oyeads-ysruedg

(sorewr 1) $8—(0L poe
7€ “(sdrew 01) 6909
page (g “(sorewr 1)
650G Page [T ‘(sopewr
L) 670t Pa3e 0T
‘(sorewr [1) 6€-0¢ pade
€2 ‘(sdrew 01) 62-0T

A3ojoyoAsdoman

/#968TH61/A08 qIu
‘wu-igou-pawqndy/:sdyy

A3ojoyoAsd

[eo130]01g "918)S

(LOL) ensuoj-ay-jo-dn

U M pue Sururey doej

WM pajetoosse (JYd)

srenuojod paje[aI-udAd

uo o3k Jo 30939 YL,

ogd  (6007) d Zeid ® "N
[BIOIABYDE  “UIPUIT S ‘ZOIBATY-OP[ED

/PELO6TET /A0S YU
‘wiurigou-powqnd,/:sdny

Suie pue

A3ojoyoAsq "uononpoid

10J PJOQ[As sunou

Jo Aouonbaiy oy pue o3e

U39M19q UONRIOOSSE A |,

(6007) S APV %

QAIRSA-D(J [BOIXQ] SOsEAIdOp FUITY 159)-7 ‘SUONB[OLI0)) Surweu axmord ‘GSINJN  pase (g ‘s1oyeads-maiqay [eIOIABYDE  ‘UOOUH-[oNWES ‘D) QAR
/T8LTLILT/AOS YU
‘3uide ‘wu-iqou-pawqndy/:sdyy
A)[eay] Ul [BASLDAI pIom (dTVD) soeruoyq
JO suwd) ur AJjIqeLreA pue sorpado3o]
SWISTUBTOIU
paseq-yIVv'1 S)[nsar urej SosA[euy $)89) pue syse], sjuedionred (S)PompRIN J[oIIE QOUAIY

(ponunuoo) 1 djqeL,

pringer

A 's


https://pubmed.ncbi.nlm.nih.gov/17172782/
https://pubmed.ncbi.nlm.nih.gov/17172782/
https://pubmed.ncbi.nlm.nih.gov/19290734/
https://pubmed.ncbi.nlm.nih.gov/19290734/
https://pubmed.ncbi.nlm.nih.gov/19428964/
https://pubmed.ncbi.nlm.nih.gov/19428964/

1735

GeroScience (2021) 43:1725-1765

‘soInjrej
[BASLI)AI A} SWIOOIIAO

pue sosuodsar eInau

dje[npow 03 Afiqe

oy soonpar Aydony -oSe

Aq paroedur AjesIoArun

jou st uononpoid

plom y3noyye o5e yim

[BASLI}AI PIOA JO JUNOJOE

[eanau poddns s)nsoy

‘synpe 1o3unoA uey

a1ow 1ap[o Sunoedur

WSTURYOW [LINAU

pare[aI-3e ue Jo 9]01 A

Sunzoddns s 0], Suumnp

PIAISSqO d1om AJATIOR

JO S[OA9] JoMO] “IOp[O

uJ “Surweu [njssadons

0} paredwoo ‘ensur

1J9[ JO ANAnoR 210U

JAIRSAI-D(  Suneroudd I9pjo jou Ing
QAI0SI-ST]  193unok ‘s] O Juunp

uedsoJi-§]  POAISSQO 2IOM $109J0 28y

"SPUBWIAP [BAJLIOI
paseaour ypm Surdoo
FunoopjaI JuI)Xo 19)eaId
© 0} ySnoyye ‘[eAsLnar
[nyssaoons urnp
108uno£ se suor3or
owes oy AJeANoR I9P[O
‘[[eIOAQ "TeASLIAI JO
SSO00NS Y} UO SE [[OM S
uonIpPuOd [RUAILIOAXd
pue oFe3s Jurssodord
ot uo Surpuadop
uoneAnoe [eyuogaid
[euonIppe Moys Loy]
“103unoA o} pareduwod
KJAOR UIRIq PaONpal

(soor)

snourey Jo Surureu armord)

VAONY ‘sisA[eue Jse} uoneIdNd TOL 9S9L
oyI0ads-TOY NTD  Supedy NPy [euoneN ‘GSIWIN

(S189) UOnEZILIOPULL)
SISATeuE [eO1ISI)B)S
oawrered-uou

‘& (VOd)
sisATeue jusuodwod

(sooe} snowrej jo Surweu
aimoid) yse) uoneoId

"88—99 page synpe
1 ‘LE-0T pa3e synpe G|

(sorewr £) 1809
pade synpe o] ‘(soewr

6) Y761 pa3e synpe

INGA TING
K3ojoyoAsdonaN

/068TH961/408 qru-wu
‘1qoupawqndy/:sdpy
QOUSIOSOINON
aAnIu30)) Jo [euInor
"uonoUNy UL SINJONNS
usomiaq diysuonefar
oy o8k pjo ur
SOIN[Te} [BASLII PIOA
(0102) " T “RIAL
% “d’'d WwelL v d
[eIOIABYRE  SDRJRWE)S “V N ‘OYeUS

/0L06SS61/A03 qru
‘wiu-iqou-pawqndy/:sdyy
K3ojoyoksd
[ed130[01g "o18)S
anJuoy-oy-jo-dn oy pue
Jurwreu ooeJ [NJSsadons
woJJ QOUIPIAY :[BAILII
A1owowr dnuBwos
Ul JUSUINLIOAI-TOA0
[eyuoggaid pojear-o3y
odd  (6007) 4 Zeid ® “IN

QAISAI-D  MOUS JOu Op S)npe I9p[0 Tedound [erodwo ], LOL ‘A1enqesoa SIV A €1 ‘s1oeads-ysruedg [eIOIABYDE  ‘UIPUIT 'S ‘ZOIBA[Y-OP[ED
SWISTUBTOIU
paseq-yIVv'1 S)[nsar urej SosA[euy $)89) pue syse], sjuedionred (S)PompRIN Qo1 JOUAIJIY

(ponunuoo) 1 djqeL,

pringer

A 's


https://pubmed.ncbi.nlm.nih.gov/19559070/
https://pubmed.ncbi.nlm.nih.gov/19559070/
https://pubmed.ncbi.nlm.nih.gov/19642890/
https://pubmed.ncbi.nlm.nih.gov/19642890/

GeroScience (2021) 43:1725-1765

1736

‘Surureu 1oy doueuiojrad
1018213 IM

Ss)npe Iop[o ul Ajsuop
pasearour sjedrpur
Jopew A1yM JO INFA
*SUOI3aI [BIUOLJ-PIUL
pue ueiAjAg-tod
Qroydsrwuey-y3u

pue o8enJue] ur
PAA[OAUI SUOISAI [RIUOL)
uey) A[IOLIQ)UE dIOUWT
SUONOUNJ JAINIOXD

0} paje[aI suordar
[ewuongaxd oyeAnoe

OS[E [BADLI}OI [BIIXI]

10 doueunIojiad 1010q
M 0P[O "SUOIFaI
[eIUOI-PIW UO SB

[1om se ‘ouoydsruoy-19|
M uonounfuoo

Ul suorgar uerAjAs-tad
ouoydsTay-1y3u

QAISSAI-S] uo AJor

QAIRSAI-D(J douewiojiod Jurweu

uedsoyi-§'T 1apeq ym synpe Iopjo
‘s)npe

IOPJO UT [RAJII}OT [EITXI]
SOJENIOR] JUSUIYOLIUD
Alosuasnnjy “Surweu
A1o031pne 10J saroudye]
paseaIour pue KoeInooe
IOMO] MOUS s)npe
IOP[O 'SUOTIBUIqUIOd

/T6¥66£0T/A03 YIu
‘wpuriqou-pawqndy/:sdyy

o3en3ue| pue

urelg ‘synpe Idp[o ut

Surweu yim pajeroosse

suor3ar urelq [erore[ig

(0102) "1 Maqry

2 “ Te0D S " Wy

(sorewt “[ ‘unky ‘pig “vy ‘ondg
IN'TD ‘sousiels 1) 6.9 pase synpe R ARG R Hfe)
[eneds paseq-joen 1S9 [, SUIUEN] UONOY 1T ‘LLA “(sdrew g ) ILd ‘NEA “Q ‘10Kuyos g

‘UOTSSaI3aI JROUI'] oy} pue Jso], SurweN uoysog 6/—9G pase sinpe |7 ‘TIIN  ASojoydAsdomoN  ‘BrexsASIYNAY I “T 19190

[ensiao1pne 10 saxmord suonIpuod Arosudsninur /088..907/A03 yIu
UBy) SPUnNos uonoe pue ‘fensia ‘A1oypne ‘wuiqou-powqnd,/:sdyy

Surueu o[Iym IoMOo[s JIopun Js9) Surweu ‘A1oplq Suide pue A3o[oydAsq

pue parredur 210U 910M oy} 103 A1ojudau] dedsipuey ‘Surweu UOIBIUOLUOD

syuedronued [y ‘Surueu Sulreoy 9s9], SurweN 'G8—(09 pade A10)1pne Ul S)oyop

uedsojI-§]  JOJ JOMO[S PUB 2JBINOJR uojsoq “)sa], Surpeay INpy SINpe 49 ‘sc—O¢ pode A3ojoyoAsdomaN  pare[a1-e3y (0102) 'H
QAISAI-DJ $S9[ a1k Sy npe dp[O 189)-7 ‘VAONV [euonEN UBOLIOWY ‘GSININ SHNPE [/ ‘s1oxeads-ysi3uyg [ero1ARYDg  ‘T0UD) 29 “°q ‘Appe|d-euueH

SWISIUBYOW

Paseq-vIv'1 S}NSaI UIRJA[ sosATeuy S)S9) pue SYSe], sjuedronred (s)poyroN Qo1 JOUAIJIY

(ponunuoo) 1 djqeL,

pringer

A 's


https://pubmed.ncbi.nlm.nih.gov/20677880/
https://pubmed.ncbi.nlm.nih.gov/20677880/
https://pubmed.ncbi.nlm.nih.gov/20399492/
https://pubmed.ncbi.nlm.nih.gov/20399492/

1737

GeroScience (2021) 43:1725-1765

pue o€ im (V) [EUOHEN ‘BHUSWP 10 153} LA T RAL % “d ‘we, ma
Adonosrue [euonoely uoIssaI3ar reaur| Suruaoros ‘GSININ ‘A10juoAU] #'2S =IN) 7861 PoTe K3ojoyoAsdonaN “0) ‘SWelIA “V ‘N g,
uedsoI-S T ur soSueyo peardsapipy g[dnnur ‘uoneero) ssoupopueH ysinquipg synpe gg ‘sioxyeads-ysysuyg [e101ARYRg  ‘OyeyS “V T ‘SDelewe)S s
‘3uiSe ur uononpoid &l
[BOIX9] Sunen[eAd
uaym Aouonbouy
[e91X9[-qNS FULIIPISUOD
Jo oouepodur oy
SMOUS pue SWSIUBYOU
[201X9] pue [edrSojouoyd /811#bC1T/A08 iU
Aq paurejdxa ‘wiuiqou-powqnd,/:sdny
SI 309JJ0 Aouonbouy uoniugo)) pue ‘AIOWIN
JIqR[IAS "SIqe[IAS ‘Surures| A3ojoyoAsd
ys113 Kouanbaxy-y3iy [eruswdxo
ym Suruurdaq uonipuod Jurwrd JO [euInof 10910
SpIOMm 10J Uey) SO[qE[[AS M (suonsonb oFpomoury Kouonboij o[qe[iAs o
is11y Aouanbog-mof s [eI0U9S PIseq-uonIuLyIp) 68—S. poTe synpe Ul SOJURIIP a3k [BIAL
Suruuidoq spiom Ioj 3Se) UONERIIPR [OL 98 pue ‘4,/—09 pade s9jeys anguoj-oyy-Jo-di,
OAI0SAI-§T  SLOL 10w 20udLedxd ‘ueds n31p premyoeq pue sinpe Q11 ‘97—81 poSe A3ojoyoAsdomoN (1102 1
uedsojI-ST synpe p[o AI9A pue P[0 159)-7 ‘VAONV pIemioJ ‘ATe[nqeooA “‘GSININ  SHNpe 6/ ‘s1oxeads-ysisug [eloIABYRg  ‘SWRIQY % “I A ‘[[ole]
-98pajmous| Sunsixo
o) $s990€ 0} AYNJIIIP
Aq paonpur 2q 0} Jeadde
o5e 0) poje[al SANNIJIP
SurweN] 'ssa09€ pIom Ul
sarouaIop Arerodwoy
QW0210A0 0} sdjoy
S)[Npe JOp[O Ul dqe[IeA®
UODIXQ[ YOLI pue 931e] Y[,
‘pooynpe
9Je[ Ul 9SBAIIP S
ueyyy 10do9)s S1 pooyplIyo
Suunp Surweu /SL6ESR0T/A0T I
Ul 9SBaIOUl AU ], "OpLIop ‘wjuriqou-pawiqnd,/:sdpy
S [PYS12 o) oI “JI] UI Suie pue
e[ AJUO SINDOO SANI[IqE (p1o s1eak (9 K3ojoyoksq ‘uedsojr|
Surweu ur 93ueyd anoqe syuedronted 9/7) A1) SSOIO [BAJLIAI
WeoLIUSIS V7 [[e ‘98-81 pase sinpe 569 pIom JO [[e} pue osut
Ji[-a1e] B AQ pamo[[o}  VAOONV ‘VAONY ‘L1-6 page sjuedionred  ASojoydhsdomeN 2y (0107) 'V ‘BOqIID
uedsoji[-§T ST Surwieu J0j ASLI JI[-AIe  ‘UONB[ALIOD ‘UOISSAITY 159} Surweu MAIQIH “‘ASININ  PITYO S ‘s1oxeads-maiqoy [e1o1ABYOg 2 “V ‘ojeuy] ‘D ‘QARY
SWISIUBYOW
paseq-yIVv'1 S)[nsar urej SosA[euy S1S9) pue SYse, sjuedronred (s)poyroN Qo1 JOUAIJIY

(ponunuoo) 1 djqeL,


https://pubmed.ncbi.nlm.nih.gov/20853975/
https://pubmed.ncbi.nlm.nih.gov/20853975/
https://pubmed.ncbi.nlm.nih.gov/21244118/
https://pubmed.ncbi.nlm.nih.gov/21244118/

GeroScience (2021) 43:1725-1765

1738

Ppamors Aq paje[npowr

Kjoane3ou st Kouonbouy

L1OL paseazou] ‘paads

Surssaooid Jo uononpar

pue ‘ooueurojrad

Arowowr Funyrom

10100d ‘Are[NqEOOA

10 QoueuIojtod

Iap9q ‘saweu

Jodoid 10§ Afurew

‘sLOL Jo Aouonbaxy
QAIRSAI-D  YIIY YHm pIjeroosse JuIy

‘suorgor

1endiooo jo Sutreds

pue [erodwo)-ojuoly 10y

9SBAIOAP YIIM PIAIDSQO

sem V Jo juorpeid

Jouysodoyue uy

'SUOT)EOIJIPO [BIOYR[Iq

paejo1-o3e poddns

01 AuI3our A\ [enprsar

JUSIONJNS 0q PINOM 1Y}

‘uononpal yJ [eqo[s

e oudso "uedsojry

oy noy3noIy) 9[qess

pourewal YoIyMm ‘v

JO SULIA) Ul SOLIOUIUASE

oueydstuuay 1y3L-19[

1M 1Y L, *(J1S)

snnorose} [eurpniIduo]

Jouadns jo Audour

9y} JO UONBIOLIDIOP

0} pajefar st a3e ym

asearoul O L “HomPu

o3en3ue 1opeW

Aei3 [eonoo Sunioddns

SOIMJONIS JOPeW AIYM

oY) INOYSNOIY) [BASLII

[NJSS200NS M Vo]

JO uone[a1109 aAnIsod

(NEs)

Surjopow uonenba
[eImonns (v42)
SISAJeue [eLI0}oej

AI07ULITIUOD

(v .Ad) sis&jeue
Teuojoey A1oje1ofdxa
‘SUOI)B[1I0 JJBLIBAIQ
8189} AJJAYIS

o0 350d pue YAONV

syse}

UOIUSYIE [BNSIA PUE ‘SSOULIDR

orseyd ‘ssauale oo}
QOUBWIOND [EUOHUINY
Jo1so], ‘uedg Sununo)
‘sprom s uedg uonerad
sty uedg Surpeay 9s9L
Arenqesop ammorg Apoqesd
‘[0S oUAII[AU] NPV
IO[SUOIAN O} JO 9[eosqns

Are[nqesoA yser LOL ‘SN

(seoe} snowey Jo Surueu
aimord) yse) uoneyoIe
101 9sa], SurueyN uojsog
9s59) Arejnqeooa Aordiyg
‘pIemyoeq pue premioJ ueds
uSIp 9897, Supeay NPy

(sorew ¢ 1) 8—(0L pase
1€ “(so[ew €1) 6909
pade ¢¢ {(sarewr 91)
65—0S pade ¢¢ ‘(sofew

61) 9761 pa3e synpe
9¢ ‘s1oxeads-ysiuedg

/65T0967¢/A08 yIu
‘wu-iqou-pawqndy/:sdyy

[oIeasal

[eruowiLadxa pue

[eorurpo Suidy paads

Surssaooid pue Arowaw

Sunpiom ‘AIB[NQEO0A

Jo oouanpur :Fuige

ur onguoy-ayp-jo-di,

(2107) "X 'V ‘oxa1ad

A3ojoyoAsdomaN 29 “°S "N ‘Zzon3upoy <O
[eIOIARYDg  ‘UpeqEY-sodun( (] ‘[ede]

/LTI6YC1Z/A0 yrurwu
‘1qoupawqndy/:sdpy
Qu0S0[d 93e Sursearour
M saInrej Surpury
plom pue sagueyd
Jopewr MM “(1107)

SWISIUBYOAW

paseq-vIV'1 S)[NSaI UIBIA

sosATeuy

S1S9) pue SySe],

syuedionred

Q[OTHE OUAIYIY

(ponunuoo) 1 djqeL,

pringer

A's


https://pubmed.ncbi.nlm.nih.gov/21249127/
https://pubmed.ncbi.nlm.nih.gov/21249127/
https://pubmed.ncbi.nlm.nih.gov/22960259/
https://pubmed.ncbi.nlm.nih.gov/22960259/

1739

GeroScience (2021) 43:1725-1765

YoI pue [ejuoly 1yof

IMm pIje[aLI0d Aouanyy
JNUBUWIRG dWN[OA (JAD)
Jopew AeI3 [erodwd)

Yol pue [eyuox 131 s

QAISAI-S PaeR1I0d (LYAMOD)
uedsojI-ST sono orwsuoyd
QAISAI-D(J 0} UONRIdUIT PIOA\

"woIsAs agenJue|

oY) JO [9AQ] ONUBWIAS

© & QUI[Oop PAJe[aI-dTe
15933ns synsoy
‘JuouLredwr onuBwos
pamoys a3e Jo s1eak

0L oA0qe syuedronied
A[uQ "Koudje| pasearour
pue A9eIndoe ur 9seaIddp
10q PAMOYS S()/, pue
$09 11 ur syuedionied
*SOIOUQ)E] PASBAIOUT [)IM
doueuiojad Surureu

1507, SurweN

uoysog ‘(:§D) Aouany,] A10398)

sisAJeue uonounfuoo
‘uone[pLIo)

“(LVMOD) YSe], uoneoossy

ysey juowdpn(

WAUOUAS 9s9) SOa1], Wed
pue sprueikd “ysej juowdpnl
U2A3/pPoO (5192[qo) ysey

PIOA\ [BIO PI[[ONUO))

(sorewr

09) 06-08 pase synpe
plo K10A 6€ ‘(so[ew
L6) 6L—0L poSe synpe

GOZ ‘s1oxeads-ysi3ug  NGA ‘Teloiaeyeg

(sorew

1) 0L dA0QE synpe

0€ “(Sdrew ¥1) 69-09
pase synpe (¢ ‘(soewt
8) 6505 Pa3e sInpe ¢

921U} JO SAJB[ALI0D
Topew K210 *(€107) ‘N
“f “Iofjo1], 79 'y ‘Suey|
g ‘punuadday “r
‘N ‘uIAR[S “H ‘Kiepoig
“d ° ‘projmRI) UV
‘N ‘UBYOOY “A\ ‘UM
rm d h>®—v£omm rm hWENSN

/POELETET/AOS YU
‘wuriqou-powqnd,/:sdpy
SN[ :A11008
[ed13ojoydAsdornoN
[euOnRUINU] U}
JO [euInof “s1edk (6 03 0§
woyj Juide yyum sanijiqe
onueWdS pue Jurueu

uedsoji-S1 Ul QUI[OP B MOUS Surweu armord 959} [[TH-TA ‘(sorewr 1) Gg—G pode A3ojoyoAsdomaN  ur sa3uey) (€107) ‘N
dAI0SAI-DJ sog zoyy ur syuedionted  UONBOLIOD ‘VAONYVY — Q[eos Suney enuowd SIMeN  SHnpe (¢ ‘s1oyeads-youdry [eIolARYQg  IO[o0UO] 2 D) ‘UOSIBYIIA
/1LT66¥F¢/A0S yrurwyu
‘1qou-powqndy/:sdpy
A3ojoyoAsdonau
“1o3unok sarmord a1 aAnugo)
UBY} 90UQIOJIOUI --}lemIopue A -pue-ssei3pous *K1039)85 pue ‘19pI0
onuewds 03 9jqndoosns 9s0], SureN ‘93e Jo )00 yse)
dI0W J0U dIB S}npe erydjoperiyq ‘A1opeg SurueN Suneu poziwopues €
10p]O “Surwreu arxmord uonoy 2 10[qO 9s9L Ul 9JUQIQJIUI ONUBIIOS
J10J SO} UOTOBAI UO UOISSaIZax SurueN uojsog Y} ‘91098 (sorewr (09) 68— pade A3ojoyoAsdomaN  (€107) °S ‘noLrewIdYD
OAIOSAI-D 19919 SuImo[s e pey 93y Tedul| S)OQYJR-PIXIA PaJeos A1e[nqeooa AI-SIVAL ~ SHNpe ‘sioeads-ysiSug [eIo1ARYOg ¥ “ [ ‘uopion
'SLOL pue AIe[nqeooa
U22M)2q UONB[AI ON
"AIowow SunpIom
Aq parenpowr Ajoanisod
SI 5159} AIR[NQBIOA
10 2oueumIojad
pasearou] Jurssodord
SWISIUBYOW
paseq-yIVv'1 S)[nsar urej SsasAJeuy S1S9) pue SYse, sjuedronred (s)poyroN Qo1 JOUAIJIY

(ponunuoo) 1 djqeL,

pringer

A 's


https://pubmed.ncbi.nlm.nih.gov/24499271/
https://pubmed.ncbi.nlm.nih.gov/24499271/
https://pubmed.ncbi.nlm.nih.gov/23237304/
https://pubmed.ncbi.nlm.nih.gov/23237304/

GeroScience (2021) 43:1725-1765

1740

se AnowwAse [eyuoygard
SSO M PJRIVOSSE 9q
pnom SurSe [njsseoong
*Kouoniy orwouoyd
1019q 1M UOIBIOOSSE
ur AnowuAse
Dd’1d ou :synpe
Jopjo Jouuojrad-y3iy
loJ “Apuemongour
PANNIOAI Ing ‘Synpe
105unok se yromju
Teqrurs Sunsagdans jy3u
< Y31 D4d1d -synpe
I9p[o JouogIad-mof
10, ‘sosuodsax
10)seJ pue AoeInooe
IOUSIY YIM UOLRIOOSSE
ur sem JuIweu uonoe
Suump (91 TQA) X400
[eyuogaid [e1oejosIop
JO JUSWIDAJOAUL
WSL-Yo [ENUAIRII
"9J1] 9ye JO SoSe)s ur
uonezijeld)e| 95endue|
Jo suraped o[qerrea
unso33ns ‘syuedronred
PIo A19A 01 paredwod
doueuriojiod oFen3uef
pue sao1pur AyijeIde|
[eINONNS UdOMIOq
Uuone[1I00 1oFuons
moys syuedronred
10p[Q "SIS9) 9SAY) 0}
paye[a1 suordar 10y JND
JO SwId) ul AnowAse
oLIYASIWAY PONPY
ownjoa O [erodud)
[eI9)B[1q YIM PIJR[ALIOD
Surureu ormyord
‘QuwINjoA D) [erodwd)

AAISAI-D(

(suonoe
pue s303(qo) yse) Sureu
amyord ‘sypoge drseydy

Jo sisA[euy 10y A1opeq

‘d pue y 1891, SUDYeIN [rer],
‘Ado) ‘uedg Teneds ‘uedg
N31( ‘Teody 23 xordwo)
YRLIAISO Ay ‘[[eody K101
‘(onuewes pue oruouoyd)
Kouanyj 1eqIoA 9s9],

U0, ‘SOOLIBIA QAISSAIS0I]

UONB[ALIOD )S9)-7 pamojo)) s udAey ‘GSINIA

/TTETO9ET/A0B

YIuwiuIqou

‘pawqnd,/:sdny yoreasar

urelq [eInoiAeyeg

-o3en3uef uo Surege jo

S199J9 dY) JOBIDIUNOD 0}

syzomjdu Arojesuoduwio)

SINL (€100 ‘N ‘NP10D ® D

A3ojoyoAsdomaN  “Issniury N ‘15919 “IN
[e101ARYOH ‘e[iquielg ¥ ‘DUIUBIA

(seew ¢) 8/—69 pase
synpe ¢ ‘s1oveads-uerfey

[pYOYTTy /A0S iU WU
‘1qoupawqnd/:sdny
Juo SO[d ‘SHnpe

JOP[O PAIUSWP-UOU

ur s)s9) a3en3ue|

SWISIUBYOAW

paseq-vIV'1 S)[NSaI UIBIA

sosATeuy $)S0} puE SYSe,

syuedionred

(S)pPOyRIN J[ONIB QOUAIJY

pringer

(ponunuoo) 1 djqeL,

A's


https://pubmed.ncbi.nlm.nih.gov/24224044/
https://pubmed.ncbi.nlm.nih.gov/24224044/
https://pubmed.ncbi.nlm.nih.gov/23602922/
https://pubmed.ncbi.nlm.nih.gov/23602922/
https://pubmed.ncbi.nlm.nih.gov/23602922/

1741

QAIISAI-ST
uedsoyri-§ T
QAISAI-DHJ

QAISAI-ST
uedsoyij-§ T

onuewos pue paads
Surssaooxd usomidq
UONR[OLIOD dAIIBIIN
"uoneINPa JO [9A9]
431y ARy oym S)npe
Iop[o Aypesy ur 9[qels
K[oAT)B[a1 UTBWIAI ASUan([}
[eq12A Tesr3ojouoyd
PUE OIJUBWIOS Ul PIAJOAUL
soniiqe uononpoxd
09adg "seFueyo
[eUOnOUNJOINAU
s parueduioooe
AqremSrewr AJuo st 19p[o
Ul uononpar Aouanyy
[ea13ojouoyd pue onuewog
‘SPUBLUAP Y[SB}
pue o8e £q paje[npowr
are uononpoid
[eorxo[ Suntoddns
seare Juowe UoNeISAUI
[euonouny ur sa3ueyo
[8007T Iom)au Aduanyy
[eqQIoA JO SyIOMIOUQNS
Jou)sod pue oL
o) UM ANMATIOUUOD
[euonouny 10y punoj sem
uonoeIAIUI d5e/puetop
dse) 7 'synpe
Iop[o Suruoyed-ysiy
ur seniiqe uononpoid
yooads [eorxo] Sundnisip
JNOYIM SHIOMIOU
[8911109 JO uoneI3AIUL
[euonouny s)o0)je FWIy
"[BASLIAI [BOIXO]
JO ouI[O9p paje[aI-o5e
SunoeIAUNOd
10J A391e1)S JUQIONJO UE

sosAeue
SIOY dnoiS-usamiaq
‘sisA[eue uonoun(uoo

(rea13ojouoyd noj pue
ONUBLAS INOJ) SySB) Aoudnyy
Teqioa Syse) uedg-eydy

‘(g pue v sued ‘AL

159} Sunyewt [re1], ‘(LAS) 1591
er0301 A doong ‘ArojusAuy

(sorewr
9) £.-09 PoSe SINpe [
“(sorewr £) 1€-0C pase

98037 ‘INID  sseupapueH ySiquipg ‘ASININ - SHNPE ] ‘s1oxyeads-youar

1S9)-7 ‘UonRIZAIUI
SHoM}aU [euonouUny Jo
SOINSBAUI [BOIYOIRINY
(VoIadaN)
ampaooxd

UuonoIP oMU

(reor3ojouoyd 1noy

puE onuBWas IN0y) Kouanyy
[eqioa “yse} ueds-eydyy

‘(g pue v sped [ALL) 191
Sunfey eI, ‘(LAS) 1591
er10301A doong ‘ArojuaAuy

(serewr 9) £/—-09
pade synpe 4] pue
(seewt /) [€—0g pase

Aojeroldxa ‘D[ sseupopueH y3inquipg ‘GSININ  SHNPE ] sioyeads-youar]

/91619%ST/A03 YIu
‘wiuriqou-powqnd,/:sdyy
a3en3ue]

pue urerg yse)

Aduan(j [eqIoA © Ul S)npe
Jopo Suruurored-ySiy ur
Sa3UeRYD [BUOTIOUNJOINAU
[eurSIelN

AT "(ST0Q) “A “amdueof 2

AN TS |

/719%10§Z/A03 Yrurwyu
‘1qoupawqnd;/:sdpy
x0110)) “ooueuIojod

Kouanyj [eqIOA JO S[OAJ]
ySIy yIm pajeroosse
KJIATIOOUUOD JI0MIQU

Teuonouny ur soSueyo

PAIRRI-08Y ($107) A

TAAG  ‘omeuror % “H ‘euag

[ero1ABYRg A ‘TIRqUIOd ¢ A ‘SIB[OSIBIA]

SWISIUBYOAW

pringer

A's

“T ‘TebUIOIN K ‘StejosIey

Poseq-VIv'T S)INSAI UIBJA! sosATeuy $)S0} puE SYSe, sypuedronred (S)poyroN Q[OTHE OUAIYIY

GeroScience (2021) 43:1725-1765

(ponunuoo) 1 djqeL,


https://pubmed.ncbi.nlm.nih.gov/25014614/
https://pubmed.ncbi.nlm.nih.gov/25014614/
https://pubmed.ncbi.nlm.nih.gov/25461916/
https://pubmed.ncbi.nlm.nih.gov/25461916/

GeroScience (2021) 43:1725-1765

1742

[BOIXJ] J0J SHIOMIdU
ureiq jo suroped
[eordAye pamoys TIINF
‘swspewone juonbayy
pue ‘Aoudnyj [eqIoA
PaoNpal 03 ASUIPUD}
‘SuonOUNJ SANNIIXD
10J paads 1omof

Sem Q10U ‘uonIppe

uj "sso [enydoouod

Aue jnoyim ‘suonouny
JATINOIXI JO UMOPMO[S

ssoupopueH y3inquipg
‘arreuuonsand) pneuanioq
‘arreuuonsanb JIeNOA 59}
Arowaw d1postdd  stoqng
‘AVH ‘IS ‘K1opegd
JUSWISSASS Y [BIUOL,] {ATOWSA
uedg 43I *g-V 1oL
Suryepq [re1], ‘swsnewone
[eqQI0A 9eds ATe[NqedoA
[ITHTITAL “99UaSI[[JuT [eqIOA
pue AIB[nqeooA ‘Aouonyy

(sorewr 0 1)

/0L9TTL9T/A08 ru
‘wu-iqou-pawqndy/:sdyy

(spueayN

IU2IPIO(])

93y "Suide [eutou

Suumnp uonerdud3d

PUE [2AQII}OT PIOM JO

QUI[OOp Oy} JOJ AOUOPIAD

TMIA Teuonoun,y

(9100) 'V “urery 1

‘afrewe] T “H ‘Aeurey)

“N 9euwmoyd “D yeyord

e Aq suonejuosardor SISAJeUR UOIJB[LI0) onuBWAS (1S9, 991, pue $8—09 paSe synpe | AT N ‘TH0[0M9g-ouoLIdd
uedsoji[-§T  ONUBLIAS-0OIXI] SSA00E 989)-7 ‘sedIpul  W[ed prweIAd) UonezLo3ed ‘(sorewr 11) 6S—0¢€ pode A3ojoyoAsdoaN “IN ‘uIsno)
OAIOSAI-D( 0} SOOI dARY IOP[O uonezIeINe| ‘NI1D amord ‘Sureu oxMo1d  SNPe 9 ‘SIONeIds-youdL] [e01ARYOg “N ‘Jeipnog “]N ‘nioeg

‘Buide Juunp
paads Surssadoid pue
UONU3YE JO UONRIOLIIP
109321 Surssaooid
3se) JO umop Jurmo[s
dA18s21301d pue [RASLDAI
[BOIX3[-O1UBWIAS
ur Qynoygip
L, "S)npe 1sapjo
ul poAe[op AppueoyIusis
st aseyd s-g 1s11y oy
urgm uononpoid prom
1s11J oY, “ooueULIOfIod /91S0ELY /A0S Yrurwu
js10M AU} Surmoys ‘1qou-powqndy/:sdpy
sdnoi3 1opjo ym [euonRUIOUI
sk} Aoudn[J dNUBLIAS £30[01u0193 29
JO (S 0791 ‘019 ‘S—0) SOLELIaN) J0dJjo Suise
soseyd sory) ur sdnoi3 JO 2Ano[Ja1 Suraq se
93e Suowre douewrIojrad Y[se) Aouanyy [eqIoA s-()¢
Ul 9JUSIQJIP JUBOYIUFIS & w1 douewiojrod aseyd
9A1S3I-S] "08e (PIM SOUI[IIP [eniuf ((S107) 4 °S
uedsojI-S T A[renper3 paonpoid (A1039385 [eWITUE) (serewr £7) $8—09 ‘wry 2 “H [ ‘WOOX “f
QAIRSAI-D(J spiom jo roquinu Y],  VAONVIN ‘VAONV Kouonyj onuewds ‘GSINJN  PaSe 61| ‘sioxeads-uearoy A3ojoyoAsdomoN  ‘wry] “H ‘wry “H 'S 997
‘s)npe I1op[o
ur oouewoyrad Aouanyy
SWISTURYOIW g
paseq-vyv1 S)NSAI UIBJA[ SsasAJeuy S1S9) pue SYse, sjuedronred (s)poyroN Qo1 JOUAIJIY £
o

(ponunuoo) 1 djqeL,

A's


https://pubmed.ncbi.nlm.nih.gov/24730516/
https://pubmed.ncbi.nlm.nih.gov/24730516/
https://pubmed.ncbi.nlm.nih.gov/26711670/
https://pubmed.ncbi.nlm.nih.gov/26711670/

1743

GeroScience (2021) 43:1725-1765

Jo saseazour SuojayI|
[IM PAJRIOOSSE JOU

SI [ASLI)AI PIOM JO UI[0J
‘KoeInooe Jurueu
21moid 10§ punoy arom
sdrysuonyefor Jerurg
'S2I00S OUATI[[AUI
PAZI[[RISAID JOMO] YIIM
syuedronaed 1oy pue 1opjo
10J SLOJ, 10yS1y M

‘SLOL 2ys Apuspuadopur
uedsojI-S T jo1pard douaSi[erur
QAIRSAI-D(J Pazi[[eIsAId pue a3y

"OAI9SA1 ANIUS02 Ay 0)
UONe[aI Ul SWSIURYIOUL
Paseq-oANNIIXd
A1oyesuaduod
Sunoojar ‘srourtojrad
10)SBJ QI8 oYM S)[Npe
Jop[o ur A[eroadse sown
asuodsar oyerrdordde
urejurew o) SuoIgar
[BIUOI} JO JUSUIINIOA
[e1ore[g “Surueu

10J A9BINOoR 1091100
urejurew o} synpe
IOp[O Ul a3paymouy
JNUBWIAS JO JUIUIINIOAL
paooueyud unosper
‘stxe [eroduwoy-ojuoy
oI oy Suofe

UOIBAT}OR JLIOUILIASE
PUB I3P[O UI SUOIFaI

(s192[qo)

sey Surwreu 21o1d € ¢(sa0By

snowrej Surweu 21moid)

3SE) UOHEIND LOL *V WO

suorssarSor T 9e0S “Ie,{ 21myn)) [[one)
JIeaul| ‘UOIB[ALI0))

(s190[q0) 08-0a

sy Surwreu oxmord ‘(g-LIAL
pue y-LJALL) 1S9 SUDfejn
[re1], ‘a1reuuonsanb JreNoRA
‘s159) ueds J1S1p premoeq
pue premioj 9[eos AIe[nqesoA
€ [TH-IIAL 959) swsnewiome
[eqIoA oy} ‘Aoudnyj [eqioA
JIUBWIAS “(3S3) SPIOM-G)
syoyop Arowdw orposida

88-69 pase synpe
0ST ‘$9-0F pade synpe

‘(MLS) 159, pro ay-1ods 08T ‘6€—81 PaSe snpe gL

(sorewr 1

‘g soueg ‘A30[0ju0103

Jo Tewmol oy [ 'no X ung

LUOA MOUS] NO X JBYA\

-HoYoD NvO-we)

oy ur sw[qoId

Surpurg prog s

PAIRI0SSY JON AT

93pomouy] [eqIoA Ul

SOSBOIOU] PJR[IY-93Y

(L100) NVD-we) %

A3ojoyoAsdomaoN 3] T IOJAL T ‘Swelqy
[eIolARYDg T “SSWe[ “V N ‘0yeyqS

/0TS9€S8T/A0T Yrurwu
‘1qoupawqnd,/:sdny
Q0UAISOINAU

Suide ur s1onuo1j
‘uononpoId pIop
Suump uonezierdadg
ouydstuoy

oy} SARINPOIA]

(1esorred-osoduway) (@vh) s uotssardod ‘69 =dS ‘1T IL=IN) Swdy ‘(L1020
Jouysod pue Karxuy [eydsoy S)[npe 1op[0 ] (so[ewt ‘N ‘nioeg 29 “V ‘pIef[Ie[
o[ Jo uoneanoe VAODNY ‘sisAeue *K10)U9AU] SSAUPIPUELH 8 ‘€€'8=dS ‘LOOY “V urery] “N Joumnog
uedsoyI-ST Areyuowoddns 109 9597 ‘IN'ID y3mquipg ‘ameuuonsanb = JA) S¥npe 123unok AT D Feyoid g ‘uisno)
QAIOSAI-D(J  JO SunsIsuod J09jo SuIdy  ‘sise) AoWIy\—UuRI pneuaniod ‘ASININ €1 ‘Synpe s1oxeads-youa,] [ero1ARYOg “N ‘Jeipnog “q ‘nekoy
‘synpe I1o3unok
0} paredwoo ‘uononpoid
SWISTUBTOIU
paseq-yIVv'1 S)[nsar urej SosA[euy $)89) pue syse], sjuedionred (S)PompRIN J[oIIE QOUAIY

(ponunuoo) 1 djqeL,

pringer

A 's


https://pubmed.ncbi.nlm.nih.gov/28536520/
https://pubmed.ncbi.nlm.nih.gov/28536520/

GeroScience (2021) 43:1725-1765

1744

‘3uide

[euLIOU Ul INOJ0 KB
Surssaooid onuewas jo
UMOPMO[S  "S9ssad01d
onewone A1ojesudadwod
uo paseq ‘3e

UM PaId)[eun Surewal
uononpouid [eorxa|

Jo Aoemnody -Jurssadord
9ANIUS00 JO UMOPMO[S
[exoua3 oyroedsuou
s ‘oFe s

JNOLFIP 9IOW SAUI0Iq
uedsoji-§7  Surssaoold onuewas pue

oFen3ue| pue Arowdw

Jo arreuuonsonb IIeNOIA 159}
Arowow drposide  stoqn(
‘(@VH) d1eos uorssaido pue
Aprxuy [endsoH ‘(IS
uonen[eAr 21e)S [BUSIN
I ‘AIopeg JUSWSSISS Y
[eIUOI] 1S9, AIOWN

uedg 81 *g-V 1oL
SunyeIA [1R1], ‘Swsnewone
[BQIOA 9[BOS ATR[NqEO0A
[ITH-IIIAL “douaSijjoyut

[BQIOA pUB AIB[NQEO0A

{(rD) yuowdpnl 10[00 (s}
yuowSpnl Ared) juowdpnl
[eouWINU ‘(389 ], A1, pue
wied pruelfd) uonezuogared

(sorew
S€) $8-0¢ ULamIdq pade

/067€88LT/A08 U
‘wu-iqou-pawqndy/:sdyy
uonugo)
pue quowdojarsg
‘K3oroyoAsdomaN
‘yoeoidde
Suropou $)09JJe-paxIut
Teaur] [0y e :Suide £q
uopnonpoid [ed1xd] pue
Surssaooid onuewas jo
UONE[NPOW [BUSILIP &
10J 90UDPIAD [BIOIARYY
(8100) " ‘nioeg
%V urery “N
ASojoyoAsdomaN  jouImo, “g ‘uIsno)

QAISSAI-D(  dNBWIOINE dIOW SI FUIBN W1D amord ‘Sureu aImd1d  SHNPe g/ (SIoNeads-youdi] [elolARyg  ‘QIdIssioqe] N ‘Jeipnog
“19p[o ur Surpoous
[es13ojouoyd-oydiow
Paonpal pue [0NUu0d
[euonUANE A Wol
Judpuadopur sonnOYJIp
Surweu ainjord “oge /¥ LY0P0E/A08 rurwu
[IIA SSUT[OIP [ONUOD ‘1qou-powqndy/:sdpy
[eUOIIUS)E [BQIOA-UON ©0130]0Y0ASq
*98e Aq perodpyeun B0y “SUIPOOUD [NJLIO
S)00JJ9 J0JORHSIP ONUBWIOS 3Se) UOWIS [0NU0D UOHUdIE d1ow Jnq suonejudsaidar
‘uone)I[Ioef [eqIoA-UOU {(AJ[EONUBWISS PUB [e91X3] J0'IU]
[eo13ojoydiow 1o3uons A[rear3ojoydiour) 9oudIoIUL €y :uononpoid punoduwod
pamoys s1oeads 10p|O M (s)00[qo) dysey =S ‘S’0L = A ‘Soewt ul S0 pore[a-o3y
‘S)npe 1opjo ul Surureu 21myd1d *g UOISIOA 6) P10 0€ (6’7 = AS (8100) 'V Y ‘uewiyey
uedsoJI-§ ] sasuodsar ajeImode ssI| 50} 90UaSI[IU] ATB[NQEIO A ‘LT =IN ‘so[ew ) Sunok A3ojoyoAsdomoN 2 “d ‘poolIRsSuMZ
9A19SAI-DJ  pue Surweu arnord 1omolg INID do1o0y) d[dnnA ‘GSININ 0€ ‘s1oyeads-ueurIon [ero1ABYOg “Q ‘[989Y 'V ‘Zualo]
“S)|npe. JOp[O Ul [BAILNAI
pIom 0] oFpajmouy
[BOIX9] pasealoul /T8Y1LELT/AOT YU
Jo o101 A103esuadwiod ‘wu-iqou-pawqndy/:sdyy
A[renuajod SOJURIOS [BI00S pue
-03pojmouy| [eqIoA SIOURIOS [BO130]0YAS
SWISIUBYOW
paseq-vyv1 S)NSAI UIBJA[ SsasAJeuy S1S9) pue SYse, sjuedronred (s)poyroN Qo1 JOUAIJIY

(ponunuoo) 1 djqeL,

pringer

A 's


https://pubmed.ncbi.nlm.nih.gov/27371482/
https://pubmed.ncbi.nlm.nih.gov/27371482/
https://pubmed.ncbi.nlm.nih.gov/30404741/
https://pubmed.ncbi.nlm.nih.gov/30404741/
https://pubmed.ncbi.nlm.nih.gov/27883290/
https://pubmed.ncbi.nlm.nih.gov/27883290/

1745

GeroScience (2021) 43:1725-1765

[eorxo pownid
Jo uoniqryur ot ur Keop
paje[aI-o3e ue payso33ns
uonIqIYUI JO SAINSLW
[eoturpo pue Aoudye] yead
N U99M19q UOT)E[LI0)
y3S1H "s10poduwioo
powtid Jo uoniqryur
ur sAe[op poje[aI-a3e nq
Surwreu axmord Suumnp
uedsoji-§7  Surssaooid jeor3ojouoyd
QAISA-D(J JO UONBALOR [BULION
“(sndweooddry
oy} Surpnjour) sad1109
[erodwoy JeIpow 0}
[euoy Joryul umop-doy
Jo douanyjur oy}
Jopun ssadoe A1owou
JNUBWIAS PISeAIoUl
uo paseq e synpe
J1opjo ur uononpoid
[BO1X9] JOJ SWISIUBYOUWL
K1oyesuadwo))
'$9559001d [BAdLAI
onuewos pue s1doouod
01 559908 TeyuowR[ddns
Pim A3orens
MU SN S)NPE IP[O
's01109 [erodwo) [eIole]
PUE [E)UOI} JOLIJUL
U99M19q JOU JNQ ‘SIII0I
[erodwa) [erpaw pue
[BIUOI} JOLIQJUI USOMID]
UONIRIONI [BUONIMP-Iq

(sownid piom-opnosd)
yse) Surweu pawd
99 ‘(s109[qo) Surueu
amyrd ‘(JMV L) Supur piopy
JNPY/AUISI[OPY JO 1S9,
(#-LAdd) uonipg yunog
950, ATB[NQBO0 A 2101
Apoqead 1S9, P10\ —I0[0D)
doong atp “[I[-9[e0S ATOWN
IO[SYOI AN Y3 JO 15AQNS (FSA)
premyoeq uedg 331 9591,
o) onsm3ur-oAnIugo)
VAONV

(s190[q0) 08-O( ¥ser

Surureu armord (359) SpIom-gG)

syoyop Arowdw orposida

18937 “@vH) 159 uorssaxdo pue

‘INDQ) Furjepowr Karxuy [endsoy A1ojuoAuy

(189K €' (E—(07 ‘Sorewaf
11) synpe Junok G|
‘(s189K GG—/ "1 ‘SO[eWR)
€1) sinpe page-o[pprur
€1 “(s1e0k 8%/ ~1°09
SSoreWd) ()1) S)npe

‘O[eas uoneonpa peaysSuI[joy P[0 G ‘s1oyeads-ysySug

(ssrew 1)
G865 Pase synpe |
‘(sorewr O 1) 95-0¢ pade

/90LETTOE/AOT I
‘wu-iqou-pawqndy/:sdyy

uonmuso))

pue A3ojoyoAsdomaN

‘Smsy

‘g uonoag "uonIu3od

pue quawrdoorop

‘K3oroyoAsdoinaN

[eAdLaI prom SuLnp

sassao01d A10yqryur uo

SuSe Jo $109J0 S[eaAdI

Odd  AAnoe [emaN ‘(8107)
[eIOIARYg D TOQIM 29 <Y ‘UBRUOIA

/9TEET66T/A08 iU
‘wu-iqou-pawqndy/:sdpy
o3en3ue] pue
urerg "Apmjs Surjopowt
[esned orueuAp
v ‘uononpoid [eorxo]
SuLmp suonoeIoyur
[eo1109 Terodwe)-ojuoiy
sdjepowr SuIdy
(8100) ‘W ‘nwoeg % D
‘uikag v ‘peqief v
rurersy “f ‘usno) <5
RIAY - TeYdId “N Jerpnog Y

uedsoji-S1 © SI Q19U ‘S)NPe JOP[O U]  [BSNED JIWERUAP ‘NTD  SsoupapueH y3inquipg ‘GSININ  SHnpe G ‘s1oxeads-youar] [eloIABYDg  ‘UOIQIS-XNOY “H ‘NeAoHq
K101U9AU]
ssoupapueH y3inquipg
‘aIreuuionsan() pneuaniod
Qq1 Arep ur syurejdwod
SWISTURYOJW
Paseq-vIv'1 SINSaI UIBJAl SsasAJeuy S1S9) pue syse|, sjuedronred (s)poyoN J[O1I. QOUDIJIY

(ponunuoo) 1 djqeL,

pringer

A 's


https://pubmed.ncbi.nlm.nih.gov/29913316/
https://pubmed.ncbi.nlm.nih.gov/29913316/
https://pubmed.ncbi.nlm.nih.gov/30223706/
https://pubmed.ncbi.nlm.nih.gov/30223706/

GeroScience (2021) 43:1725-1765

1746

JA10SAI-DJ

J1qels urewal Inq Ajiqe
Sunyiys 1a100d ypm
synpe 10§ o5e Suroueape
[IM JOMO] dJe sow)
osuodsar [ Ng “Sureu
uonoe pue 39[qo
1oy AoeInode Jurueu
syorpaid ssaooxd Furyiyg
‘sjnpe 1op[o ur AorInooe
pue paads Surueu
101pa1d suonouny 9ANNIOXg
*93e M J[qeIS Urewax
0} SWA9s suoneudsardar
[ea13ojouoyd-oydiow
puE ONJUBLISS-[BIIX]
SBAIOUM
‘Surpoous [esrgojouoyd
JUDIDLJOP WOI)
J[NSI IOPJO UI SAN[NOLJIP
SuIpuIj-pIOAN "PIAIISQO
Sem uone|Ioe}
OIUBLIDS 1O UIAJIAUI
ONUBWIDS JO JO9JFQ Ou Ing
synpe 1opjo ur Jurwd
[ed13ojouoyd-oydiow
0} pAINQLIUOd
$9559001d [0RU0O
[BUOTIUSNE [BQIOA-UON
o5 Aq
PAJOJJ. 10U AIOM SIOIPJD
ONUBWIAS ‘IOPO 10}
105U0IS 9IOM SIOORIISIP
JUOMIISUOD-ISITJ
JO $109330 Teo13ojoydioly
‘syuedronred 1o3unok
Uey) SIOLIQ dJOW

suoIssaigor

ordpnu ‘suone[oro)

S[OPOW S}OLJO-PAXIW

e} (1YD) dwiL], uonoesy
2010y A ‘SULIdPIO YHuOw
pue ‘Suriopio y31p ‘ueds
Surudysi| ‘wdipered [eudig
doyg “ysey doong payrpow
‘Kouanyj [eqIOA ONUBLIAS
pue orwsuoyd ‘yse) Aouanyy
AK103918) JuneuIdy 9s9L
Sunfepy [rer], ‘(INV) 3oL

SuneN uonoy ‘(LN) 1S9L
SurwreN uojysog 9y} ‘GSINIA

3[SE) UoUIg
a1} JO UOISIOA [enjeds-Tensia

‘s1031e) punodwod yIm ysey

(sorewr

¥ST) $8-6 paSe synpe
Iop[o pue page-o[ppiu

SO¢ ‘s1oxeads-ysiSug

(sorew 01) LL—S9
pa3e syuedronted 1opjo

7€ ‘(sorewt 1) $€-81

[OIeasay
Sudy [eyuowedxy
SHNPY 18P0

Suowre FurueN-uonoOYy
pue -192[q0

U1 SUOnoUN, dANOOXT
Jo 310y YL (6102)
TR0 ® TN
‘Weqry ‘pig v ‘omds
“y ‘Aukg-1o80A “q

A3ojoyoAsdomopN  ‘Aeyury-eueye)) “g ‘AqSIH

/#996920€/A03 Yrurwyu
‘1qoupawqnd;/:sdpy
A3ojoyohsq
[eyuowiLIdxy Jo fewnor
Apouen() se) Surueu
amyord 109(qo-a1qnop

© WOIJ 90USPIAT
:uononpoid punoduwod
Ul S)09JJ0 pare[aI-a3y
(6100) d ‘uewyey

paonpoid pue 1omols 301 “(SININ'D) QoudIdpIduI Surteu aumord page syuedronred SunoA A3ojoyoAsdomoN  [opqVy 2 S ‘[089Y “d
QAIISAI-ST are syuedionted 1op[0Q S[OpOW PAXIW JBdUI] “se} prom-e-jods ‘GSINIA 7€ ‘s1oeads-ueuon [eIo1ARYOYg ‘POOLIdSIMYZ “Y ZUdIO]
-a3e o[ppru Je wdaq
ued YoIym siopeduiod
SWISIUBYOUW
paseq-vyv1 S)NSAI UTRJA[ SsasAJeuy S189) pue syse [, sjuedionred (S)poyroN J[O1IB JOUDIJIY

(ponunuoo) 1 djqeL,

pringer

A's


https://pubmed.ncbi.nlm.nih.gov/30269664/
https://pubmed.ncbi.nlm.nih.gov/30269664/

1747

GeroScience (2021) 43:1725-1765

9100 U0 A1 103UNO X

‘(sprom Aouonbaij-mor)

SOSEAIOUT PULop

uayMm suoIgar (dre[nurd

‘[eyuoxy Jorddns)

[013U0D QANTUT0O

Jo (ensur) oSenJue|

Koy ssof o5e3ud 10p[0

‘103unoA oy paredwo)

‘spiom Kouonbox-y3iy

JIOJ UOTJBAT}OR JO [0AJ]

JTe[IwIs e 1019 1oFunok

pue 10p[O "oSe woxy

Apuopuadapur ‘so01nosar

[emydoorod pue jonuod

QANIUS0o d10W d1nbax

sty Juonbaiy ssa]

*103unoA uey) AoeInode

(uony SS9 MOUS ISP[O

-BIUAIYJIPIP) ‘spiom Aoduonbai-mof

paseq-yyv1 10J A[oyeIndoe ssa|
uey) JoylQ puodsar 19p[o pue 10Funo x

‘suonouny

JAIINOOXD JO SOUI[OIP

0y anp Aped oq Aewr

a3e ynm douewiojrad

Surwreu ur souroaq

‘S)[npe 1op[O Ul paje[or

oIe Surwey [nysseoons

J10J PYINIOAI SOy}

pUE SUONOUNJ QANNOIXD

Surk[Iopun swsIueyodW

aAnugo) Surweu

U1 So1oudye] Jo AoBINooe

Surweu 03 INqLIUOd

jou pIp ssaooid

uoniqIyuy “AoeInooe

Surweu pojorpard

Kouonyg “Aiqe Surgrys

19)9q (1M 9SO} I0F

VAONY ‘$199))2
paxI Jo sisA[eue
[830] S dIIINA
‘SISATeUR UOISSaISaI
J09JJo-paxIwt d1sIZ0]

(s102[qo) Ysey

Surwreu axmord ysey Arowow
Funjiom [eqida-uou paydepe
{(uonTUS 0031 PIOM ‘T[BOI
PIAe[op pue JJeIPAWILLI) 1S9,
SuruIes | [eqIOA BIUIOJRD
Y} Yse) 1Y 9910y B pue
(uonoop adeys) ysey (1Y)
awm uonoear (I1-SIVA)
9[eos oudIeIu]

NPV I9[SYIPM 34}
JO1s21qns A1B[NQEO0A ‘AdUdn()
[BGIOA [BO11039)80 pUR
orpuoyd yse], doong ‘opeos

uorssaido( ommeLn “‘GSININ

syse) uosLeduro)
uIoed pue 1oPoT

(sarews €1)

6L—09 Pae s)npe 1opjo
0€ *(Sorew 1) $€-81
pase s)npe 123unok

0¢ ‘s1oyeads-ysiSug

[eI01ARYOg

/650161¢E/A08 qIu
‘wiu-iqou-pawqndy/:sdyy

Suidy pue A3ojoyohsq

‘synpe Ja3unok

pue Jopjo Suowre Jurweu

amyord ur Aoenodoe

pUE UOTBANOR [RUONOUN]

sjo9)Je Aouanbaxy

107 *(0Z07)

‘LN 7ZeId® vV

RIAT Y “A[9aN “V "N ‘stuuo(q
“H ‘Tees] “H A [PHeD

/8¥691T1€/A08 U
‘wijuriqou-pawqndy/:sdny

SWISIUBYOAW

paseq-vIV'1 S)[NSaI UIBIA

sosATeuy

S1S9) pue SySe],

syuedionred

(S)pOmON

Q[OTHE OUAIYIY

(ponunuoo) 1 djqeL,

pringer

A's


https://pubmed.ncbi.nlm.nih.gov/31216948/
https://pubmed.ncbi.nlm.nih.gov/31216948/
https://pubmed.ncbi.nlm.nih.gov/32191059/
https://pubmed.ncbi.nlm.nih.gov/32191059/

GeroScience (2021) 43:1725-1765

1748

QAIISAI-ST
uedsayi-§T

‘paonpar
are suonejuasardax
[ea13ojouoyd

M SUOTIOUU0D

II9Y) Inq 95 YIIM JOYOLI
9q prnom suonjejuasador
JIUBWIDG

‘Surud onuewas
dn-wopoq ur jou nq
[ed13ojouoyd dn-wopoq
Ul 9JUQIQJIP pore[aI-a3e
2JI01JOp [BAJLAI
paseq-fesr3ojouoyd

1o "1opjo ur Surwid
[ed13ojouoyd dn-wopoq
Jo[rews pue Sururd
onuewsos dn-wopoq

10} 9JURIJIUI

1o3Ie] ([BAQLIAI

JOIJAp PAseq-OnUBLIAS
10 "SONUBLIAS UO Paseq
uayMm doueuIojId
Surweu ojqeredwoo
MOys p[o pue

Suno & *A3ojouoyd uo
Paseq SI [BASLIAI USYM
Apuonbaiy a1ow Jurweu

10J SLOL wodar 10pj0

*A[oyeInooe

Q1o sarmord

Jweu 0) d[qe dIe SUoIZaI
oFen3uel-enxo SS9
JINIDAI OYM S)NPE JIP[O
-98e M uone3aidos
donpar 3unso33ns
SHOMIDU SIY) OPISINO
SuoI3a1 pue JI0M}U
a3en3ue] yroq ynIdAI
1opjo ‘suordar oen3ue|

doong

‘(ssoupajerar [eor3ojouoyd
Jo sad£y ¢ pue ssoupayejar
onuewos Jo sad4) 7) sowmd

/9L8LTTE/AOT YU WU

‘1qoupawqnd,/:sdny

A30[0yoAsq ul s1onuoI]

‘yoeorddy dojg-omJ,

© WOI,] 90USPIAT

:on3uo] -oyp-jo-dif, oy

Ul SUTWLL OBUBWRS pue

[ed1S0j0uoyq U0 $)0PH

3usy (0z07) ‘O ‘Sueyz
® X ‘1D “ ‘SuednQ

SWISIUBYOAW
Poseq-VIVv1

S)INSAI UIBJA!

M (S908)) s} Jurweu s1eok 7/—(09 pade

ammord (saoey) yysey Surweu S)npe p[o y ‘8781
amyord ‘(YDOIN) 9[edS pade synpe Sunok A3ojoyoAsdomaN
VAOODNYV JUSWSSIsSY 9ANIUS0)) [ESTUOIN 0f ‘s1oyeads-urrepuey [eI01ABYOY
SosA[euy $)89) pue syse], sjuedronred (s)poyroN

Q[OTHE OUAIYIY

pringer

(ponunuoo) 1 djqeL,

A's


https://pubmed.ncbi.nlm.nih.gov/32174876/
https://pubmed.ncbi.nlm.nih.gov/32174876/

GeroScience (2021) 43:1725-1765

1749

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
anon-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 can mention 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
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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 ¢4 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-e4 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
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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-c¢4. 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
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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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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).
Conceming 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

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

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

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
we mentioned above, naming latencies in older adults were
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Language Specific (LS) compensatory mechanisms
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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

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
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strategies) and will also depend on the cognitive reserve (see text
for more details). A, anterior; P, posterior; F'C, frontal cortex; 7P,
temporo-parietal regions; /FG, inferior frontal gyrus; STG, supe-
rior temporal gyrus; M7TL, 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
LARA model. 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)

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
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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-based mechanisms” from Table 1,
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,
LARA describing 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.
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