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Abstract A well-preserved oral function is key
to accomplishing essential daily tasks. However,
in geriatric medicine and gerodontology, as age-
related physiological decline disrupts several biologi-
cal systems pathways, achieving this objective may
pose a challenge. We aimed to make a systematic
review of the existing literature on the relationships
between poor oral health indicators contributing to
the oral frailty phenotype, defined as an age-related
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gradual loss of oral function together with a decline
in cognitive and physical functions, and a cluster of
major adverse health-related outcomes in older age,
including mortality, physical frailty, functional dis-
ability, quality of life, hospitalization, and falls. Six
different electronic databases were consulted by two
independent researchers, who found 68 eligible stud-
ies published from database inception to September
10, 2022. The risk of bias was evaluated using the
National Institutes of Health Quality Assessment
Toolkits for Observational Cohort and Cross-Sec-
tional Studies. The study is registered on PROSPERO
(CRD42021241075). Eleven different indicators of
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oral health were found to be related to adverse out-
comes, which we grouped into four different catego-
ries: oral health status deterioration; decline in oral
motor skills; chewing, swallowing, and saliva disor-
ders; and oral pain. Oral health status deterioration,
mostly number of teeth, was most frequently associ-
ated with all six adverse health-related outcomes, fol-
lowed by chewing, swallowing, and saliva disorders
associated with mortality, physical frailty, functional
disability, hospitalization, and falls, then decline in
oral motor skills associated with mortality, physical
frailty, functional disability, hospitalization, and qual-
ity of life, and finally oral pain was associated only
with physical frailty. The present findings could help
to assess the contribution of each oral health indicator
to the development of major adverse health-related
outcomes in older age. These have important implica-
tions for prevention, given the potential reversibility
of all these factors.

Keywords Oral health - Hospitalization - Physical
frailty - Falls - Mortality - Quality of life - Functional
disability

Introduction

The last few decades have recorded a number of
welcome changes in the global population. Demo-
graphic growth and life expectancy are impressive,
but population aging is becoming a pressing concern,
especially in upper-middle-income countries with
a lifespan exceeding 80 years. The main concerns
revolve around the quality of the additional years to
be lived compared to previous generations; this issue

A. Dibello
Accident and Emergency Department (AED), F. Perinei
Hospital, Altamura, Bari, Italy

A. Daniele
Institute of Neurology, Catholic University of Sacred
Heart, Rome, Italy

A. Daniele
Institute of Neurology, Fondazione Policlinico
Universitario A. Gemelli IRCCS, Rome, Italy

M. Petruzzi

Interdisciplinary Department of Medicine, Section
of Dentistry, University of Bari Medical School, Bari, Italy

@ Springer

is currently very sensitive [1]. One priority is to better
address care challenges posed by older adults while
reducing the burden of healthcare resulting from the
aging population. As well as improving the overall
quality of health in older age, this aim is driving the
scientific community to make considerable efforts to
develop strategies for the early detection of unhealthy
aging phenotypes.

In this respect, deteriorating physical and behavio-
ral functioning is emerging as an increasing burden
in long-term healthcare for the aging population. Of
greatest concern is the vulnerable subset comprising
older adults with multimorbidity, dementia, frailty,
and other major adverse health-related outcomes
requiring increased care and inducing greater depend-
ency, including hospitalization. Epidemiological evi-
dence suggests that most of these are overlapping,
although clinically separate, entities [2]. Indeed, mul-
timorbidity contributes to frailty, functional disabil-
ity, and increased healthcare costs and also increases
the potential for substandard care, given the pecu-
liar treatment setting in clinical practice. Besides,
frailty and functional disability accelerate the hazard
risk trajectories of adverse health-related outcomes,
including mortality.

Oral health is critical to preserving good general
health [3]. Geriatric medicine is demonstrating that
poor oral health is associated with age-associated
physiological burdens, physical frailty [4], sarcope-
nia [5], cognitive impairment [6], and accumulating
multimorbidity [7]. Some biological explanations
have been advanced to explain the causal associa-
tion between poor oral health and age-related physi-
cal frailty. The hypothesis of a biological common
line between oral health and the different domains
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of the physical frailty phenotype has been raised.
These domains include the functional sphere, through
chronic inflammation; the psychosocial aspects,
impacting self-esteem and inducing late-life depres-
sion (LLD); and the therapeutic approach, involving
prevention and damage control [8].

On the basis of these strict links between frailty
and oral health indicators, the oral frailty phenotype
has been proposed as a conceptualization of age-
related gradual loss of oral function, driven by a set
of impairments (i.e., loss of teeth, poor oral hygiene,
inadequate dental prostheses, difficulty in chew-
ing associated with age-related changes in swallow-
ing) that worsen oral daily practice functions [9, 10].
This novel construct has been defined as a decrease
in oral function together with a decline in cognitive
and physical functions, as well as possible relation-
ships among oral frailty, oral microbiota, Alzheimer’s
disease (AD), and neurodegeneration [11].

Over and above all, poor oral health has a role
in driving the risk of hospitalization due to infec-
tious and non-infectious diseases. In this context, the
awareness of the risk of developing periodontal dis-
ease among individuals with chronic diseases such as
diabetes mellitus [12], coronary heart disease [13],
respiratory disease [14], and osteoporosis [15] is a
recently acquired concept. Indeed, oral infections may
be a significant risk factor for systemic diseases, and
therefore timely oral health management is critical
also to manage non-communicable chronic diseases
[16].

All these assumptions, along with the insidious
association with survival rates [17], make oral wellbe-
ing a key concept to be preserved, from the preventive
and treatment perspective. A large community-based
cohort study over a 44-year follow-up demonstrated
that number of teeth, marginal bone, and dental
plaque were associated with all-cause mortality [18].
Indeed, improving oral health may work well in influ-
encing survival trajectories. Polzer and colleagues
demonstrated that treatment of tooth loss protected
against mortality [19]. A similar systematic review
and meta-analysis revealed that oral care intervention
during hospitalization could lead to more favorable
mortality-related outcomes [20]. The complex and
multidimensional nature of the oral function makes it
difficult to clarify its role in affecting adverse health-
related outcome trajectories in older age. Therefore,
we set up the present systematic review with the aim

of summarizing existing evidence about oral health
indicators that may be significantly involved in deter-
mining a cluster of major adverse health-related out-
comes in older age, including mortality, physical
frailty, functional disability, quality of life, hospitali-
zation, and falls.

Methods
Search strategy and data extraction

The present systematic review followed the Preferred
Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) 2020 guidelines, adhering to the
PRISMA 2020 27-item checklist [21]. We performed
separate searches in the US National Library of Med-
icine (PubMed), Medical Literature Analysis and
Retrieval System Online (MEDLINE), EMBASE,
Scopus, Ovid, and Google Scholar databases to find
original articles probing any association between
exposure to poor oral health indicator(s) and adverse
health-related outcomes in older age. The exposure
factors were selected to include any indicator(s)
of poor oral health, regardless of the measurement
method (clinical examination or self-reported), and
the outcome(s) included major adverse health-related
outcomes of aging, i.e., mortality, physical frailty,
functional disability, quality of life, hospitalization,
and falls. The search strategy used in PubMed and
MEDLINE and adapted to the other four electronic
sources is shown in Supplementary Table S1. The
literature search covers the timeframe from the data-
base inception to September 10, 2022. No language
limitation was introduced. Two investigators (VD,
ML) searched for papers, screened titles and abstracts
of the retrieved articles separately and in duplicate,
checked the complete texts, and selected records for
inclusion.

Protocol and registration

An a priori protocol was established and registered,
without particular amendments to the information
provided at registration, on PROSPERO, a prospec-
tive international register of systematic reviews
(CRD42021241075). Age over 60 years was an inclu-
sion criterion applied when skimming for original
papers correlating item(s) referred to poor oral health
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status and major adverse health-related outcomes
linked to the aging process. No skimming was applied
to the recruitment settings (home care, hospital, com-
munity) or general health status. Technical reports,
letters to the editor, and systematic and narrative
review articles were excluded.

The following information was extracted by the
two investigators (VD, ML) separately and in dupli-
cate in a piloted form: (1) general information about
single studies (author, year of publication, country,
settings, design, sample size, age); (2) item(s) referred
to poor oral health; (3) arbitrarily selected major
adverse health-related outcomes in older age (mor-
tality, physical frailty, functional disability, quality
of life, hospitalization, and falls). No skimming was
applied to assessment methods used to evaluate func-
tional disability and quality of life, while frailty was
identified only with the physical frailty phenotype
according to the Cardiovascular Health Study (CHS)
criteria proposed in 2001 [22] or similar tools or cri-
teria. This choice was driven by a previous system-
atic review that found 39 articles, when not restrict-
ing the search to the most widely used frailty model
[8]. The exposure included every oral health indicator
measured at least once in the study, regardless of the
form of measurement (clinical exam, self-reported).
All references selected for retrieval from the data-
bases were managed with the commonly used MS
Excel software platform for data collection. Then, all
duplicated records were excluded. Potentially eligible
articles were identified by reading the abstract and,
if warranted, then reading the full-text version of the
articles. Data were cross-checked, any discrepancies
were discussed, and disagreements were resolved by
a third investigator (FP). Lastly, data extracted from
selected studies were structured in tables of evidence.

Quality assessment within and across studies and
overall quality assessment

The methodological quality of included studies was
independently appraised by paired investigators
(VD and ML or FP), using the National Institutes
of Health Quality Assessment Toolkits for Obser-
vational Cohort and Cross-Sectional Studies [23]
(National Institutes of Health (NIH), 2018). The
ratings high (good), moderate (fair), or poor were
assigned to studies according to the criteria stated in
the toolkit. This tool contains 14 questions that assess

@ Springer

several aspects associated with the risk of bias, type
I and type II errors, transparency, and confounding
factors, i.e., study question, population, participa-
tion rate, inclusion criteria, sample size justifica-
tion, time of measurement of exposure/outcomes,
time frame, levels of the exposure, defined exposure,
blinded assessors, repeated exposure, defined out-
comes, loss to follow-up, and confounding factors.
Items 6, 7, and 13 do not refer to cross-sectional
studies and the maximum possible scores for cross-
sectional and prospective studies were 8 and 14,
respectively. Disagreements regarding the methodo-
logical quality of the included studies were resolved
through discussion until a consensus was reached,
or resolved by a fourth investigator (FL). A modified
version of the Grading of Recommendations Assess-
ment, Development and Evaluation (GRADE) rating
system was used to assess the overall quality of evi-
dence of the studies included in the present system-
atic review [24]. The following factors were consid-
ered: the strength of association for poor oral health
indicator(s) and adverse health-related outcomes,
methodological quality/design of the studies, con-
sistency, directedness, precision, size, and (where
possible) dose-response gradient of the estimates of
effects across the evidence base. Evidence was graded
as very low, low, moderate, and high, similar to a
GRADE rating system.

Results

The preliminary systematic search of the literature
yielded 30,804 records. After excluding duplicates
and records removed for other reasons, 2224 were
considered potentially relevant and retained for the
analysis of titles and abstracts. Then, 1399 articles
were excluded for failing to meet the characteristics
of the approach or the review goal. After reviewing
the full text of the remaining 825 articles, only 68 met
the inclusion criteria and were included in the final
qualitative analysis (Table 1) [25-92]. The PRISMA
2020 flow chart illustrating the number of studies
at each stage of the review is shown in Fig. 1. The
endpoints of the literary skimming process result-
ing in 68 eligible articles evaluating eleven different
oral health indicators are listed as follows: mastica-
tory function, tongue pressure, occlusal force, oral
diadochokinesis, dry mouth, oral health, periodontal



GeroScience

SOJBLIBAOD
Srdnnur 10§ juow
-1snfpe 10158 UoAd

osauedef Iop[o U1
S[Tej Juaprout

) 10§ NSII 10y31Yy
IIM PAJRIOOSSE SeM
saInjuap
Sutsn j0u Inq Y13 d %¥'8y ‘W (s1eaf ) [8zl z10T
IOMJ 10 ] SutaeHq Y3ty (ueder) eisy  Amunwwio) +s1e34 69 %9°1G) €9/1 110402 A10ads0Id 399} JO JoqUInN S[[ed ‘Te 19 ojowewe X

9rdoad asoueder
Iop[o ut ApIqesip
[euonouny Jo JosU0

Jo ysi1 1oysiy
B [)IM pajeoosse d%ET1S W (s1e0k ) Aiiqestp [Le]
SeM SNJB)S [BIUIP J00J ysiyg (ueder) e1sy  Ayunwiwo)) +s1eak G9 %L°8Y) STHY 110y0d 9ANdadsold U399} JO JoquINN [euonoung 710¢ ‘[e 1 epry
ety
reorsAyd 3ureq jo
Aniqeqoad 1oySmy Surmayd
B [IIM PIJBIDOSSE ur sennIYIg
AIOM )[BIY [BIO ENZN1 (SHD)
Jjo uondaorad-jres pue [eiuoporreg  odAjouayd [92]
S9OIAISS (091N (€'9) sreak g7/ d%Tes yireay [elo Kyreyy cloc e e
[eIuap JO uonezIn UYSIH eouowy yuoN  Ajunuiuo)) +s1eK 0L ‘IN %8°9¥) 8€8 [BUOI103S-SSOID) 399} JO JOqUINN [eo1sAyq  zo1pd-uolomse)
syo0lqns

asouede( 1opjo ur
Aeyiow 190UBd

jou Jnq

KjreyIowr 9seasIp
K1ojedsar pue

Te[noSeAOIpIED T %ETS N (s1eak 1) [stl
payorpaxd yreay 10 Y3ty (ueder) e1sy  Aunwwo) + 81834 69 %L'8Y) STHY 110402 9ANdadsold U399} JO JoquINN ANeIoN 1102 ‘T8 10 epry
JUSWISSISS® (9ouaIyar)
s3urpuy urejy Aneng) Anuno) (s)3umyeg (@s) uesw a3y N (dn-mofoy) uSisog (s)war [RIO (s)swoonQ Ieok ‘sioyiny

Arewrwns [esrexdde Kyirenb pue (89 = A7) 9Se J9P[O UT SAWOINO PAJL[AI-YI[BAY ISIGAPE PUE SWSI YI[eay [eIo SuneSnsoAur saIpnis pajoo[es | dqel,

pringer

A's



GeroScience

JTegroun

paurewal A)esned

) ySnoyiye ‘A
-[e3I0W JOOUED

EING)

-$a31poIO paseaIour

(M POIRIOOSSE
Sem SSO[ 100} e}

uonjendod

1op[o asaueder ©
Ul 9JUQPIAD ISI1]

S[enpIArput

Sno[Muapa uey)
[rexy A[reorsAyd Sureq

JO QoURYD JOMO]

© pey Y)e9) a1oul 10
0T ynm syuedronred

S

Kj1eriow Jenosea
-0IpIBd pUE ASNELd-[[B

paseaout

M PIIBIOOSSE SBM

uonnuUIp PaIoIs
-aIun ‘padnpal y

jusWIYOR)IE [BIUOPO

-11ad JO SSO[ 159MO]

I3 LA 2soY) Ym
paredwod yyeap

JO YSLI paseaIour

ue Je 9IoM JUdW
-yoene [eyuoporrad

JO sso[

QI9AQS JSOW AY)
s uow ueadorng

ysiy (ueder) eisy  Ayrunwwo))

(nze1g)
Y31 eouLowy ynoS - Ayunwiwo))

(Auew
Y3ty -1on) adomnyg  Ayrunwwo)

y3stg (3IN) 2domyg  Kunwwo)

(A %€°68 (sreah 71)

s189K 08 ‘%N L'0F) 9S9 1I0Y0d 9AT)0oads0oId  1ad) JO JoquinN

d%L6S N

+s1eak 09 %E0b) PLET [BUOT}O9S-SSOID)  199) JO JoquInN

(d %€0S ‘W (sreak 01)

s1e9k 9°¢9 9%L°6%) 08T 1I0Y0d 2A10ads0Id (399} JO JoqUINN

(s1eak )
(0°¢) sTeak 8¢9 (JN %001) 00%1 110y0d dan2dsord

ENEN T
[eIUOpPOLId]

Kelion

AeroN

AyeroN

[zel €102
Te 30 TRSUY

(SHD)
adKyouoyd [1€]

Ayrexy

[eo1sAyq

€10T Te
opeIpuy ap

[og] €102
‘Te 30 uyemyos

l6cl T10C
‘Te 10 uopury

s3urpuy urejy

JUaWISSasse

Anend) Anuno) (s)3umes

(@s) ueow o3y N (dn-mof[oy) uSiseg (s)wall TRIO

(s)awoanQ

(9ouaI1aya1)
Ieok ‘sioyiny

(ponunuoo) T dqel,

pringer

H's



GeroScience

)y [eJo
0} paje[al sANI[Iqe
-s1p [eots&yd pey oy

S)[npe 1op[o ur

pastwoidwod a1ow
sem oJ1] Jo Aend)

grdoad 1apjo JO

K31A93U0] JO J0JROIpUT

[yasn © 9q WyStw
)99} 210U 3UTUTR)OY
Kj[e)Iow Ie[noseA
-OIpJed pue Jsned-[[e

IO0J J0}08J YSLI & SeM
9SBASIP [BIUOPOLID]

1YI1OMIOA0

pue jySromiopun

yim syuedronred
10§ Apre[nonted

‘Kyerrow

asned-[[e Jo S
pasealoul ue ym

PJBIOOSSE SEM ISO[
399) JO Joquunu Y],

[rey pue Jrexj-aid
TeorsAyd oq 03 Aoy
Q10w ApjueoyIugIs
A1oMm
sasaysold [ejuop
10} Paau & (IIm
S[enplAIpul 19p[O
SSO[ 100}
{atm STenprAIpur
Iop[o Ul AJITelIow
)M PIIRIOOSSE
A[9SIoAUT Q19M
SOINJUIP JO asn pue
‘S)ISIA [RIUDP Je[
-n3a1 ‘urysniq Yooy,

(2S°8) S1BA 9" T
+s1e34 ()9

(nzeig)
QJRIOPOJA]  BOLIOWY UINOS  AJunwiwo))

ySTH (ueder) ey Ayrunwwro)) s1eak ()L

(99) sreak ¢/

Y3ty (uemrel) eisy  Ajunwiwo)) +s1e34 69

(87°9) s1eh $¢¢L

yStg  (uemrel) eisy  Ayunwwo)) +s1e34 69

(¢p) steak ¢'18
+s1eak G/

(puer

yStH -ur]) odoing  Ayunwwo))

(6°6) steak 1L

Y3ty (ueder) eisy  Amunwwo) +s1e34 69

(" %1708

‘N %6°1%) 1€

(d %88

[BUOT103S-SS0ID)

(s183£ G)

Peay 1210

N %TTS) 69S 11040d 2A10adsorg  [399) JO Jaquunn

(d %897 ‘W

(s1eak 1)

%T'€S) £9T°001 HOYOD An0adsord

(d %697
NBTES)

1S9°SS

(g %8°SL

‘W %HTYD) 91

d%ILS W

(s189K 9) 110Y0D

(s1eak 1)

%6°TH) 0ELTT 11070d oAnoadsord

aseasIp
[eIUOpOLIDg

ATI0adsonay  Y1ed) Jo JoquunN

[BUOI103S-SSOID)  [399) JO JOqUINN

ey [P0

[8€1910C
‘[e 10 sunIejy
o1y Jo Ayen)  ewI solreg op

[Lgl s10C

AN[elIolN  Te 39 TWOJOIIH

[9€]
AeroN 10T T8 10 uey)

[cel

ANEMOIN  ST0T ‘T2 1 nH

(SHD)
adKyouoyd

Ayregy
TeatsAtq

[l
¥10T e 1
udureNuo|

[e€l €102

Ao ‘[ 12 BYeseARH

s3urpuy urejy

JUaWISSasse

Anend) Anuno) (s)3umes (@s) ueow o3y

N (dn-mof[oy) uSiseg

(s)want 210

(9ouaIdyar)

(s)awoanQ Ieok ‘sioyiny

(panunuoo) T dqel,

pringer

H's



GeroScience

Kyerow asned

-I[e YIIM PJBIDOSSE
Sem ‘wWsI|

-NJUIPI PajoALIoOUN
0) 9np uaym Agaryo

‘uonounysKp £10yed (A %L'9S ‘W (sreak 6) uonoung [+¥] 910C
-psew payodal-Jjo§  eIGPON  (A[ey)) odoinyg  Aunwwo) +s1e34 69 %¢°€) SSTT  1oyod aandadsord K103BO1ISRIN] AN[eloN ‘[ 39 o1sipne]
sy00lqns
19p[0 Suremp-Lu
-nurwod ur KJIqesip
feuonouny Jo ysui [ev]
191EI5 (IM PAJETD (') stk T°6L (d %618 (steak g) Aiiqestp 910T 'Te 1
-0SSE sem SSO[ [}00], yStH (ueder) e1sy  Ayrunwwro)) +s18K 0L N %1°8%) $€8 110402 9A10adso1d  Y199) Jo Joquunn [euonoun,g BUWRATWOY]
Kyreyrowr
asned-[[e YPIm
PYEIDOSSE AYUSP (T smeak g8 (d %¥°98 (sTeak ¢) [zvl 9102
-uadopur sem JOIN yStH (ueder) ey Ayrunwwro)) +s189A G8  “IN %9°€¥) TS 110Yod 9A1oadsord  90I0f [BSN[O0Q AyreyIoN ‘Te 3 ewnuIp
somjipuadxo
[eo1pawt Joy3Iy
pue sKeis Tejdsoy
I93Uo[ Y)Im paje
-100SSE 2JoM 19U)250)
JOIP SISAIP-SSI[ B
pue uorounj 10380 A %96 ‘N (s1e9k 8) uorouny uorn [1%]
-nsew A10joejspesu)  BIOPO]A  (UemIe]) BISY  ANUNWWOD) + 189K G9 %%°0S) €6L1 10yod 2Andadsoid Klojeonsely  -ezieydsoH 9107 ‘[e 10 0]
ssaupunogqawoy jo
Josu0 armng pajorpard
Yieay [eiusp
Jood ‘vonendod (o) smwak Le7L (A %LES W (s1eaf ) Aipiqesip [ov] 910C
pro-3unoA ay) Suoury yStH (ueder) eisy  Ayrunwwro)) +s1e34 69 %€°9%) 06 10Y0d 29ANdadsold 3o} JO JOqUINN [euonoun  Te 30 BWIRBAOY
synpe
orew asouede[ 19p[o
ur K)1eliouwr asneod-[[e
UM PIJBIOOSSE
Apuopuadopur sem (d %S 6 (steak ¢1) l6€] 910C
90J0J 9)1q WNWIXB]A ySiH (ueder) e1sy  Aunwwo)) +S1BK 0L ‘N %S°0S) 6SS 10y0d 2An0adsold  9910§ [BSN[OQ AireyroN ‘[e 19 Iyesem]
JUQWISSISSL (9ouaIdyar)
s3urpuy urejy Anend) Anuno) (s)3umes (@s) ueow o3y N (dn-mof[oy) uSiseg (s)wall TRIO (s)awoonQ Ieok ‘sioyiny

(ponunuoo) T dqel,

pringer

H's



GeroScience

SQOTAISS [D T I0F
SUOIBOYNIOD MIU pue

Ayreliow 0y
PoJe[aI Sem uonOuUny
K103BOT)ISBW 0O

dnoi3 jsnqox oy
uey} eI SISURYOYd
-OpEIp [€I0 JOMO] pue
‘ssau
YOIy} A[osnul 12)3s
-SeW JOMO] ‘9010J
[esn[990 JoMO[
‘(0L < poSe uowom)
109}
juasard 1omaj pey
dnoi3 Tre1y reorsAyq

SIOPUNOJUOD
10J SuI[ONUOd
I91Je Ayrey reorsAyd
J0 JuowrdofoAap oy}
()M POIRIOOSSE QJoMm
snnuopotad 210498
Jo oouesaid oy} pue
399) JO Joquinu Y],

sj[npe Jopjo Jur
-[[emp-AIunwwod
Jo Suroqom [eIoudd
Y} 109 e ued
9ouereadde [eyuop
pue Surmayp noqe
SUIOOUOD
Surssarppe Apredoxd
pue Surziu3ooa1 pue
SSO[ 300} SunuaAdIg

QJRISPOIA (ueder) e1sy  Aunwwo)

yStH (ueder) eisy  Ayrunwwro))

(GRS
UYSIH eouLoWY YUoN  Ajunwiwo))

(nzexq)

Y31 eouowy ynoS§ - Ayrunwwo))

+ 81834 G9

(9°6) steak 1°ZL
+ 81834 G9

(T'9) steak 479,
+s1e34 (L

+ s18aK ()9

Aniqesip
[euonoun
AyreyoN

[8v] L10T
‘Te 30 BINYO

(d %€°8S ‘W (sreak ¢)
%L TH) €80S 10Y0d dAndadso1d

uonouny
K103B01)SRIN

SISOUTOYD
-OpEIp [BI0

9010J [eSN[990)

[BUOTO9S-SSOID) 399} JO JoqUINN

(SHD)
adKyouoyd

Ayrey
[eatsAyd

[Lv] L10T
‘T8 19 9qeuRIBA\

d%81S ‘W
%T'8Y) OTLY

(SHD)

adKyouayd [ot]
Kyrey L10T 1810
[eo1sAygd  za1pd-uolonse)

9SBISIp
d%S°1S (sreak ¢) [BIUOPOLId]
N %S 8) LET 10402 9A10adsold  Y199) Jo Joquunn

uonounjy
(I %6°L9 (s1eaf Q) K1oyeonsey
N %1°CE) 68€ 10Y0d aA1ndadsord  Yie9) Jo roquuny 1] Jo Ajend)

[s+] 910C
"2 10 onourprg

s3urpuy urejy

JUaWISSasse

Anend) Anuno) (s)3umes

(@s) ueow o3y

(9ouaIdyar)

N (dn-mof[oy) uSiseg (s)wall TRIO (s)awoonQ Ieok ‘sioyiny

(panunuoo) T dqel,

pringer

A's



GeroScience

sjuouodwiod [eyusw

pue [eorsAyd uo
0q ‘o1 jo Ayenb

M0]

M PAIBIOOSSE SeM

xoput [ejuoporrod
pue [eA13uI3 oy,

$9JOqEIp JNOYIIM
S[enpIAIpUl JOp[O
ur K)1elour 1830} 10§
s10yo1paxd
QI9M PAUIqUIOD
SUOTIOQJUI [€I0 pue
UOoNOQJUI JOJ )09}
PIoBIX? JO Joquinu
pUE SUOTIOBTIXD
Jo Joquinu [e30)
Y} Sk yons sI0}oef
UuonoJJUI YIeay [eI0
KT1QESIp JO JosU0
) 193Je A)IerIow
Joysuy pue ‘Aifiqe
-SIp TeUOnOUNY JO
Qoudprour
IoMoJ ® ‘Ajpeirowr
IomO] pey Y3ed)
arow s rdoad
19p[0 Suremp-Lu
-nuIwod $A)Iprqiowr
Jo uorssardwod oy
UM PIJBIOOSSE
sem [)o9) Sur
-urewal arow SurAey

-ewoy) odoing

(eru
rendsoy

(Kem

-10N) odomyg  Ayunuwwo))

(ueder) eisy  Amunwwo)

(e'71) sreak ¢'zg

(d %¥'9S

‘W %9°€¥) 101

[BUOT}O9S-SSOID)

(s1eak 74 71)

oseasIp
[eIUOPOLID]

EN RN
[eIUOPOLId]

+s189K 69 (N %001) €9 110402 9A103dso1d  Y199) Jo JoquunN

+s1e34 69

(d %S8% ‘N
%G°TS) T91°G]  10Y02 2A102ds0Id  [3199) JO JoqUInNN

(s1eak 1)

911 Jo Anend

KyreyIoN

(1] L10T
‘[e 30 BSIOA.

[og]
L10T T8 30
WIoygH pung

Aniqesip l67]
[euonoung

ArerIoN

L10T T8 ¥
rwWRANSIBIAl

s3urpuy urejy

Anuno) (s)3umes

(@s) ueow o3y

N (dn-mof[oy) uSiseg

(s)want 210

(s)awoanQ

(9ouaI1aya1)
Ieok ‘sioyiny

(ponunuoo) T dqel,

pringer

H's



GeroScience

synpe osouedef
I9p[O UI A)[TeIy [ed

-1sKyd jo ysi1 1omof e (SHD)
IIM PIJBIOOSSE adKyouoyd
Apuesyruss sem d %8€r (s1eaf ¢) Ayrery [Ls] 810¢C
UuonNUIP [BUONOUN] ySiy (uedep) e1sy  Ayiunwiwo)) +SIBOK G/ ‘N %T°9S) TZE 1oyod aAndadsold  1ed) Jo JoquinN [eo1sAyq ‘[e 39 Dyesem]
Kyregy
reorsAyd yym paje
-100sse Apuedoyrudis (SHD)
sem (8L adKyouoyd
Liiqe L1o1Eonsewr 0199) s1eak 7/ A %91L uonounj Ayrexy [9og] 810¢
panseawt A[oA102(q0 yStg (puefreyl) eisy Ajunwwo)) +s189K 09 “IN %+°87) 1+1 [BUONDS-SSOID) K103B01)SRIN [eorsAyd ‘Te 30 Iesem]
Kyregy
1eorsAyd yiim paje
-100sse Apuapuadopur (SHD)
SI QOUBULIOJ adKjouayd [sg]
-1od anssaid an3uo) L) sreok gL (d%¥6S ‘N Kyrexy 8107 Te 10
OLI)OWOST WNWIXBA yStH (ueder) sy Ayrunwwio)) +s1e34 ()9 %9°0%) €091 [euonoas-ssox) ainssaxd on3uog, [eo1sAyg Iyseuewex
Kyrexy
[earsAyd juaprout yim
pajeIoOosse
Apuspuadopur a1om aseasIp
swaqoxd [eIUOPOLId] (SHD)
[I[eaY [BI0 AT yeay 1o odAousyd
-B[nuInd pue ‘yInow 8% T6L (s1eak 7) ynowr K1 Kyrexy [+¢] 810C
KIp ‘sso[ yroo], Y3ty (3IN) 2domng  Kunwwo)) +s1eak 1L (N %001) 2291 10Yod aAnoadsord Y1o9) Jo Ioquunn [eorsAyd Te 10 Aeswey]
21008 (SHD)
LVHO paseaiout adKyouoyd
Apueoyugis pey (Souery) (€9)smwahk gy (d%1'S9 ' Kyrexy [€s]
$302[qns [re1y [BO1SAYJ ~ 9IBISPOIN adomyg rendsoy +s1ek G/ %6'vE) YI1ET [EUOIDIS-SSOID) yIreay [eI1Q [eo1sAyd  £10¢ ‘T 32 ddey
syuouodwos sj1 pue
Kyyrexy TeorsAyd yaim
uone[aI Juedyrugis e ured (SHD)
pey juouwriredur ynow 10 o],  adKjouoyd
Surmoyp pue ured (pueproz (6€°T) s1EOK 6L, (1 %865 uonouny Kyrexy [zs] L1oT
[eo paytodal-Jjos ySiH -umg)odomyg  Aununuo) +s189K 69 ‘N %T°0%) 766 [eUOI)D9S-SS0I) K1o1eoMSEIN [eo1sAyg ‘[ 30 wopwey]
JUQWISSISSL (9ouaIdyar)
s3urpuy urejy Anend) Anuno) (s)3umes (@s) ueow o3y N (dn-mof[oy) uSiseg (s)wall TRIO (s)awoonQ Ieok ‘sioyiny

(panunuoo) T dqel,

pringer

A's



GeroScience

Kyrexy

pue Kouspuadap

M PAIBIOOSSE

Sem pue enuowap
s suosiad Jop[o

Suremp-Lu

-nuwod ur juanbaiy

1o sem eiSeydsAp (eouery) (1°6) sreak 648 (d %859 (stpuow 1) Surmo[[ems Aiqesip (1918102
[eaSukieydory  QjeIOpOIN odoing rendsoyq +s18K 0L N %T¥E) L11 1oyodaanoadsord — ur sennoyjig [euonoung ‘T8 19 [QYOTIA
S[[®} JUIPIOUL JO SI0)
-o1paid a1om saInjuop
3ursn jou pue
“U1o2) 1oMaJ SutAky H@%T1S W (s1e0A €) U122} JO ToqUINN (091 8102
‘uonouny [elo 1004 ysiy (ueder) e1sy  Ayunwiwo)) +s189A GO  %6°8%) €68°0 110Y0d daandadsoid ynow A1Qq s[red [® 19 BPIYOOIA
Suimorrems
ut senmogiqg
Surmayd
Kirexy ur san[noLyIq
reorsAyd Surpnour SISQUI OO
‘SQUWI0JINO PaJe[al -opeIp [e10)
-{)[eaY] ISIQAPE JO uonouny (SHD)
Jasuo 2y} pajarpaid K1ojeonsely adAjouayd
A[Suoms snje)s [eI10 (G°G) s1eak ¢/ A %08 (s1eek7) 1399 JO JoqUINN Kyrexy [6S] 810C
100d paje[nuINOdY ysiy (ueder) eisy  Aunwwo) +s189A 69 ‘N %0S) 1107 10Yod aandadsorq ainssaid anduog, [eorsAyd ‘[e 12 eyeuR],
Kyyrexy reorsAyd
Jo juowdopaAap oy
JO YSLI 9y} paseaIour
“9010§ (SHD)
[eSN[O00 WnWIXew adKyouayd
mo[ £q pajedrput se (I %8'€y (s1034 ) Kyrexy (8] 8107
‘uonouny [eIo 1004 ysiy (uedef) e1sy  Ayunwiwuo)) +SIBK G/ ‘N %T'9S) TZE MOyod 2Anoadsold  9910§ [BSN[990 [earsAyd ‘[e 19 Iyesem]
JUSWISSISSL (9ouaI1aya1)
s3urpuy urejy Anend) Anuno) (s)3umes (@s) ueow o3y N (dn-mof[oy) uSiseg (s)wall TRIO (s)awoonQ Ieok ‘sioyiny

(ponunuoo) T dqel,

pringer

H's



GeroScience

Kyreyrowr
1oySTY Im poje
-100SSE Sem )1 pue
‘SJUSPISAT SWOY

3ursInu ur uowrwod
sem e1deydsLq

porrad dn-morjoy
3uof 2y} sso1oe

suerreudgemdos pue
suerreudgenbunb ur

Suroqrom

QA1399[qns Jo 10}

-orpaxd [enuelsqns
® SeM [I[eaY [eIQ

Aiqestp

[euonouny Jo ysui
PIseaIdUI Uk YIIMm

pae

-100sse Apuedyrusis

Sem 9010 [BSN[00
wnwrxew J9mof y

fmqe
-SIp [euonOUNy JO

uonuaaaxd

oy} 0} pAINQLIUOD
syroddns [esn[oo0

Jo uonuajal

pue ()29} Jurureurar
JO QourULIUIBIA

9JRISPON

USTH

USTH

USIH

souwoy

(A1) 2doing SursiN

(Auew
-10n) odomyg  Ayrunwwo)

(ueder) e1sy  Aunwwo))

(ueder) eisy  Amunwwo)

(1'8) seak g'¢g
+s1e34 69

(z6) sreak 919

(S) sk 176/
+s1e3k (L

(6) sreak TG
+ s1eaK (L

d %S LW
%S'80) 061

(d %8
‘N %TS) ¥01

A %LTS
‘N %E8Y) S18

(d %818

‘N %T'8H) 8€8 110402 2AT)0ads0Id  [399) JO JoquunN

(syyuowr 71-9)
110Y09 2A1)0adsoI1g

(s1eak 1)
110409 dA130ads01g

(s1eak 8)
110409 dA1309ds01g

(s1e9K 8)

K)reyIoN
uon

-ezirendsoy
Apiqestp

[euonoung

Surmorems
ut ssnmogyiq

Peay [eI0 A Jo Areng)

Ayriqestp

9010§ [BSN[200 [euonoun,

Apiqestp
[euonoung

[s9]
610 T2 1
o1pe[ad oring

[+9] 810C
‘Te 30 7101

[€9]
810C Te 12 4O

[29]
810C Te 1
BWERATWOY]

s3urpuy urejy

JuawIssasse
Anen®

Anuno) (s)3umes

(@s) ueow o3y

N

(dn-morjoy) udiseq

(s)ywan IO (s)awoanQ

(9ouaI1aya1)
Ieok ‘sioyiny

(panunuoo) T dqel,

pringer

A's



GeroScience

QIed QJRIPIULIAUL
ur odoad 1op[o ur
Ayreysow asnes-e
10J s10)oe)
st juapuadopur
Se POyIIUpPI 2Jom
ey
[e10 J00d pue uor
-ounysAp Suimorems
(presy
[e1ouag pajeI-Jios
poaoxdwr) paseaout
as-od ‘(wresy
[e10 paaoxduwur)
PISBAIOIP $AI0DS
Y1-dIHO sV "W[eay
[e1oua3 paAteorad-jros
pue
yI[eay [eI0 UsaMmIaq
UOTJR[QII00 QATIRTON

Aeys
rendsoy jo YI3u9[
pue ‘Ajrfelrowt
edsoy-ur asneo-[[e
‘a31eyosIp
Je Suray Aqrep
JO SONIATIOR (IIMm
pajeIoOSse
Apuspuadopur
Sem UOISSIWPE Je
21038 DVOY UL

USIH

QIBIOPOIN

yStH

(usp

-omS) adoing rendsoy

(puef [endsoy
-o17) adomyg  Ayrunwwo))

(ueder) e1sy rendsoy

(1) s1eak 18
+s1e34 69

(69) sk 96°¢ L

(L1) sreak oL
+s1e3£ 69

(d %S°€s

(1e£ 1)

‘N %S'9%) 16€ 110Y0d 2AT0ads01]

(d %¥°SS

‘W %91¥) LTE

(d %cs

[BUOI}OS-SSOID)

(s1eak 7)

‘I %8%) 9S0T  H0q09 2A103dsoid

Suimorrems
ur sannoyiiq
resy [elo

Weay [e10

ey [e10

oj1[ Jo Anengy

[89] 610¢

AeloN T 12 pun[33eH

[L9] 610T
“[€ 19 BIRIA] BD

KyreroN
uon

-ezireydso
Apiqestp

[euonoun,g

[99] 610C
T8 39 ISy

s3urpuy urejy

JuawIssasse
Anen®

Anuno) (s)3umes

(@s) ueow o3y

N (dn-mof[oy) uSiseg

(s)want 210

(9ouaI1aya1)

(s)awoanQ Ieok ‘sioyiny

(ponunuoo) T dqel,

pringer

H's



GeroScience

Kyregy

eorsAyd yim paje
-100SSE AIom YI[eaY

[e1o0 jo uondad

-1od pajrodai-jios
pue snyejs 9JeIud(q

Kyreyrowr

9sneo-[[e Jeak-|
M PAJBIOOSSE oM

159) Surmorrems
JIoyem payIpow pue

uoIsu9)

Q[oSNUW I9JOSSEW JO
uonedyed jo synsoy

Suryojewr

2100s Apsuadoxd
Sunonpuos 10)Je USAD

Aniqesip

[euonouny 10y 10)oeY
st yuapuadopur ue

2q 0)

PIWLIGUOD SeM [3ad)
0T uey ssof SurAey

uede[ ur sorewoy
pue s9[ew Jop[o

Suremp-Ayunw

-wod ur Ayrejiow
asnes-[[e M JON

[e193e]1q JO

uoneroosse juapuad
-9pul pue JuedyIusig

(eren

JJRIOPOJN|  -SNY) BIUBIO()  AJUNWWOD)

sowoy

Y3ty (ueder) e1sy SursiN

yStg (ueder) e1sy  Aunwwo)

y3stg (ueder) eisy  Amunwwo)

+s1eak (L

(1°8) sk 948
+ 81834 G9

(S) sk 7761
+s1eak (L

(S'p) sreak 1°GL
+ s1eak (L

Wesy [e10

(N %001) 109~ [BUONDIS-SSOID 393} JO JQUINN

Suimorrems
ur sanmogiIq

(d %9°68 (124 1)
‘N %Y 1) STE 11040d 9A10ads01g

(d %818 (sreak ¢1)
N %T°8F) 8E8 110402 9A1)0adso1d  Y199) Jo Joquunn

A %LTS (sreah ¢1)

N %E°8%) ST 10Y00 9A10adsorg 9010 [esn[oo0)

(SHD)
adKyouoyd

Ayrexy
[eatsAuyq

[zLl ozoe
‘T8 19 ZopeA

[1L] 020T

ANeio e 19 ourysoy

[0L]
0c0T 'Te 1
BWERATWOY]

Ayriqestp
[euonoung

[69]

ANBUOIN (20T T8 1 YO

s3urpuy urejy

JUaWISSasse

Anend) Anuno) (s)3umes

(@s) ueow o3y

N (dn-mof[oy) uSiseg (s)wall TRIO

(9ouaIdyar)

(s)awoanQ Ieok ‘sioyiny

(panunuoo) T dqel,

pringer

A's



GeroScience

sj[npe 1opo Juowe
Ayreysow asnes-e

Jo 10y
-o1paxd jueoyrusis (1zexg) (d%1°8¢ ‘W (sreak 11) [9L1 00T
B Sem WSI[Muapyg Y31 eowowy yino§  Ayunwwo)) +s1e34 ()9 %6°19) L89] 110400 9A10ads0I1d 399} JO JoqUInN AeroN ‘Te 19 BIDAIQ

aInyrej Jeay
JO UOTIBQIadRXd
9Inoe Yim syuanyed ur
(uonrsodsrp
a8reyosIp pue ‘Aes
[endsoy jo yI3uo|
‘KyITe)IoW 9sned-[[e
readsoy-ur) sawod AyreyIoN
-Ino wR)-1Io0ys (d %S°€S (skep z¢) Suimoyrems uon [sL10zoz
parooye eideydsAg  QIvIOPOIN (uedef) e1sy rendsoy +S1K G/ ‘N %S9%) LTE 11040d 2A10adso1q ursonmoyjIq  -ezieydsoy ‘Te 19 BIOYO L

Ss)[npe I19p[o ur
KyITe)Iow asned-[re Jo
SSII PaseaIour

Ue [IM p3)BIo0osse (66 (1 %685 ‘W (steok ¢) [vL]
sem SSO[ J00], yStH (eury)) BISY  Ayunwiwo)) 01 18) S18K 06 %1 TH) €8T°9¢ 1M0Y0O 0A130ads0Id [399) JO JoqUInN KIeIIoN 0707 Te 10 ueng
dn-morjoy

qjuow-g 1 Yy 3ur
-Inp AjIfelIow asned
-[[e pue SUOTIOYUT
K1oyedsar yyim pue
‘UoISSIWIp. 18 PAyst
-mouyew Suraq jo
YSLI 10)ea13

B [)IM PIIBIOOSSE (gLl
sem ergeydsAp (d %919 (stpuowr 81) Surmo[[ems 020 T8 19
[eoSukreydoig  oeropoly  (uredg) adoing rendsoy (8) S1BIA 668  “IN %¥°8€) SST 110402 aAn0adsold ur sannoYIq AyeroN [eA-esourdsyg
JUSWISSISSL (9ouaI1aya1)
s3urpuy urejy Anend) Anuno) (s)3umes (@s) ueow o3y N (dn-mof[oy) uSiseg (s)wall TRIO (s)awoonQ Ieok ‘sioyiny

(ponunuoo) T dqel,

pringer

A's



GeroScience

Surmorrems
ut senmogiiq
Surmayd
ut senmoyiqg
SISQU{OYd
-OpeIp [BI0
uonouny (SHD)
Ky[rexy Te1o K1ojeonise]  odAjouayd
01 paje[ar Apoarip (9°9) sreak ¢'¢/, (d %609 1991 JO JaquunN Ayreyy [os] 0z0T
sem Aj[rerj [eo1sAyq  9JBIOPOIA (ueder) eisy  Amunwwo) +s13£G9 ‘N %1°6€) 789 [euornoas-ssor) ainssaid on3uog, [eo1sAyd  Te 19 ejeuoIy
s)[npe asauIy)) Iopo
Suowre ((1ea) 07 >) (SHD)
199} Jomay 3ur adKjouayd
-Ae{ JJIM pajeroosse (6'6)steek 879 (I %E'8S ‘N Kirexy [6L] 020T
sem AJ[resj [eo1sAyq y3Stg (eury)) vISY  AJIUnwiwio)) + 51834 ()9 %L 1Y) LEOY [RUONIDS-SSOID) )99} JO JoqUINN [eo1sAyd ‘Te 30 Sueyyz
xopu] Ajre1 pue
adKjouoyd Aprexy
eorsAyd yjoq pue
‘wresy
[©10 PAJRI-J[3S pue
uonnUAp [eUONOUNJ
‘0199
Jo Joquinu A[oweu
Slojedrpur yifeay (SHD)
[eI0 U2aMIRq adKjouayd
punoj a1am suonero (eiqery  Amunwwo) - (¢'9) sk €1°£9 (d%8'LT Kirexy [8L1 0zoT
-0SSe JuRdYIUSIS yStg pnes) eIsy rendsoy +s18K (09 N %TTL) 9SE [BUOTDIS-SSOID)  [[399) JO JoqUInN [eorsAyq ‘Te 10 woayey
Surde [nyssad
-ons 9T “9JI] 19)e[ Ul
Suroqrom
Jo QourUdIUTRW
)M PIIRIOOSSE
sem 39} (g < Sut
-urejox ‘opdoad 1op[o (€) sk 69 (d %6°TH (s1eak 6) [LL]
9souede[ Juoury Y3ty (ueder) eisy  Amunwwo) +s1eh ()L IN%I°LS) 0Sy 10yod aanoadsord Yie9) Jo oquuny 11 Jo Ayend) 0gOg ‘Te 10 tuey,
JUQWISSISSL (9ouaIdyar)
s3urpuy urejy Anend) Anuno) (s)3umes (@s) ueow o3y N (dn-mof[oy) uSiseg (s)wall TRIO (s)awoonQ Ieok ‘sioyiny

(panunuoo) T dqel,

pringer

A's



GeroScience

[Jeap pue sased
-SIp 1189y OTWAYDST
JO SJUAAQ 2IMINJ
IOJ Y[SLI PaseaIour
ue dARY SIHUOPO
-11od [Im STeNpIAIpUL

Apms

ST} UT K)Iperious Jo
10301pa1d jsa3uomns

Yy 2q 0}

pareadde yjoa) Sur
-SSIW JO Joquunu Y],

ordoad

Iop[o Suowe YSLI

KiTeyIow saseaIour
$10J0BJ YI[edY

[elo jo

uone[NWNOOE UL

pue ysLI A)felrowr
1M PIJRIOOSSE 2q 0}

pareadde uon

-ounj [eIo 0} paje[al
SI10)9B} YI[eY [BI0

SIBA InOjY
urgm Ajersour yrrm

pae

-100sse Apueoyrudts
Sem SSQUAIp [BIQ

Kyyrexy reorsAyd
oM uet pim

sjuanjed ur

Iomo] Apyueoyrugis
a1om 310ddns [esnyoo0

Jo aouareaard

) pue juasaxd
)99) JO Joquunu oy,

Y3t

USTH

Y3t

USTH

YStH

(uap
-omQ) odoinyg  Aunwwo)

(puer

-ur) edoing rendsoy

(ueder) e1sy  Aunuwwwo)

(ueder) e1sy  Aunwwio))

(uedef) e1sy rendsoy

(I %S°€S (s1eak 1)
‘W %S9%) 858 10Y0d dAndds0I]

osBISIp
[eIUOPOLIdg

(€6) ‘s1eh 7L
+s1e34 ()9

(s1e9K 18°L
uedw) 110Yyod
9A1Noadso1d  Y399) JO JoquunN

(d %ee
‘N%LY) 80S

(1°6) ‘s1eok ¢'¢9
+s1e34 ()9

Suimorrems
Ut SannoyIq
ynowr A1q
(I %586 (s1eak G°¢) ey .10
+s180K G/ ‘IN%S T¥) S9Lp 11040 9A1)0adso1d  Y1o9) Jo Joquunn

(d %69L (s1eak 1)
‘N %1°€T) 68T 11040 9Andds01g

(TL) sreak 7°68

+ 1894 69 ynowr A1

9010J [eSN[90)
[BUOT03S-SSOID) 199} JO JoqUINN

% LE

+s129K 09 ‘N %8°79) LST

(sl 1202

ANEIION TR 19 uossisuag

[+8] 1202
A)[eIoN e 30 puensaliry

[¢8]
ANTRMON  TZ0T T 10 ONes

[zl 1202

A)N[BIIOIN  'Te 39 BIIYSLIOIA]

(SHD)
adKyouoyd

Kyrey
Tearsyg

(18] 120
‘Te 10 eme3Q

s3urpuy urejy

JuawIssasse
Anen®

Anuno) (s)3umes

(@s) ueow o3y N (dn-mof[oy) uSiseg (s)wall TRIO

(9ouaIdyar)

(s)awoanQ Ieok ‘sioyiny

(ponunuoo) T dqel,

pringer

H's



GeroScience

SIBaA 7 191Je Kj[rey
Jo 10301pa1d & 2q 0}

punoy

sem IS J0JOUW [BIO0
K10JB[NONIIR JOMO

Kyeliow s
PIBIOOSSE SEM [I[eoy

[e10 100d jey)
Ppa1sa83ns s3urpur

potrad yjuowr
-1 ® JoA0 Kjrely
Surdogaaap
JO JSLI paseaIoul
ue pey yiesy
120)
J00d pue wSINuUape
Pim sjnpe 19p[o
syuoul g 1e AIye)
-IOW YIIM UOTJBIOOSSE
JuBROYIUIIS
B 9JRI)SUOWAP JOU
PIP IVHOD pue
‘LANA
‘HSHO4 Woq
‘9pIs 1910 Yl U
‘sypuout 9
Je AIelIouwr yirm
PaJRIOOSSE SEM
21098 [N 2} A[UQ

UStIH

USTH

(vsn/3n)
ROLIOWY

yoN/edomyg  Ayrunwwo))

(09rXo]N)

(ueder) e1sy  Ayunwwio))

Y31 eouowy yuoN  Ajunwwo))

YSIH

(Auew

-190)) adoing

rendsoy

(16 ‘s1eak 61 L
+s1e34 ()9

(Apms

OIVH—LL—TL)
s1edk $1/(SHIL

—1'78-8'%L)
s1eak [/

(1°9) ‘sxeak 1°89
+s1834 69

(t79) ‘seak 69,
+s1e34 69

‘N %S€) L6 10yoo aanoadsold

s1eak ¢1/(SHIA

L¥1T 10y0d 2Andadsold U399} JO JoquInN

N %EPP) €99 110Y00 9A130dS0IJ (399} JO JoqUINN

‘N %T°8S) 00T 1104od aandadsorg

(SHD)
adKjouayd

Ayrexy [68] zz0T
[eo1syd e 30 Iyonaye],

[88] 1202

A)re)IoN ‘[& 32 eIUONOY]

(SHD)

adfjouoyd [L8] 120T
\O:mc ‘Te 19 opaw[Q
[eo1skyq -zonbzg[oA

[98] 1202

AyerIoN ‘[€ 10 [9Z)90N

s3urpuy urejy

JuawIssasse
Anen®

Anuno)

(s)3umes

(@s) ueow o3y

N (dn-mof[oy) uSiseg

(9ouaIdyar)

(s)awoanQ Ieok ‘sioyiny

(panunuoo) T dqel,

pringer

A's



GeroScience

uonisodwo)) Apog pue SuIdy ‘YiesH ‘DFVH ‘ApmS 11eof [euor3ay ysnuyg ‘SHYY ‘Xopu[
JUSWISSASSY YIBIH [eIQ SR ‘TVHOD XpU] YIadT, PA[L] I0 ‘SurssIjy ‘pokesd( ‘LA ‘UONBUTEXF SNJeIS YI[edH [eIQ JOLIg SQUOr-19sAey] ‘FSHOF ‘Xopu] dnsouSoid [euors

-UQWIPHNIN ‘I ‘uoisuawi( 9AL] 9J1T jo Arend) ueadony ‘qs-0A [yoid 1vedw] YiesH [BIQ ‘dIHO OpIND JUSWSSISSY [BIQ PISIANY ‘DYQY 9010 9)Iq WNWIXRW ‘,JFN (00}
JUSWISSASSE YI[BaY [BIO ‘[ YH () ‘QdURINSUJ 1B WID]-SUOT /) [T 99I0] [BSN[I0 [RWIXBW ‘O ‘APNIS YI[BIH IB[NOSBAOIPIRD) ‘SE) ‘UONBIASD SPIBPURIS ‘(]S ‘SO[BWIAJ ¢ SO[RW ‘Jy/

Kyrey (SHD)
eorsAyd jo s10) adKyouoyd
-o1paxd £y ayp Jo (LL=69) ‘sTeak ¢/ (d %865 (s1eak G) Krey [z6l TToe
QUO SeM BIWO)SOINY ySiy (uedep) e1sy  Ayiunwiwo)) +SI89K G9 ‘N %Z°0%) 609 10y0d 2Andadsoid ynow K1 [eo1sAyq ‘[e 19 BIRYQ

uede ur syinpe
19p[0 Sur[omp

-Kyunuuod Juowre (SHD)
Kyrexy adKjouoyd
[eors&yd girm pajerd (69-89) ‘s1eak ¢/ (d %¥T9 Kirexy (16l zZ0C
-0SSE Sem BIWO0JSOIOY  9JeIOPOIA (ueder) e1sy  Kyunwwo)) +8189£G9 ‘N %9°LE) €49 [BUOT}O9S-SSOID) ynowr K1q TeorsAyg Te 30 eIRYyQ
Aimqe
-SIp JO aduspiout (Apmis DGVH
108213 YIIm pIje (Apmis a4 %TS ‘N ynow A1q
-1D08SE QIOM [I[EaY D4VH—LL=TL)  %8%) (Apms (Apms DIVH oseasIp
[e10 pajel-j[os pue (vsn/in) s1edk 4/ /(SHIL D4dVH) sreak 4/(SHIH [eauopoLiad
‘ynow A1p pajiodar BOLIOWY —I'T8-8vL)  8667/(SHID) —Ss1e3k 1) wrEay eI0  Aiiqestp [06] Tz0T
-J]9S “SSO[ y300], yStH  yMoNyedomyg  Ayununuo)) STe9K [/ [ L¥17 110402 9A1303ds01d  199) JO JoquunN [euonoung  Te )9 BIUOIOY]
JUQWISSISSL (9ouaIyar)
s3urpuyy urejy Anend) Anuno) (s)3umyes (gs) ueow 93y N (dn-mof[oy) uSiseg (s)wall TRIO (s)awoonQ Ieok ‘sioyiny

(ponunuoo) T dqel,

pringer

H's



GeroScience

Identification of studies via databases and registers

Records identified from*:
PubMed (n = 6.024)
MEDLINE (n = 4.126)
EMBASE (n =4.254)
Scopus (n=5.977)
Ovid (n = 3.954)

Identification

Google Scholar (n = 6.508)

Records removed before screening:
Duplicate records removed
(n=27.661)

Records removed for other
reasons (n =919)

Records screened
(n=2.224)

Records excluded
(n=1399)

Screening

(n =825)

Reports sought for retrieval

Reports not retrieved
(n=28)

(n=797)

Reports assessed for eligibility

Reports excluded:
———| Wrong adverse outcomes (n=329)
Wrong population age (n =400)

Studies included in review
(n =68)

Included

Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) 2020: flow chart illustrating the number of

studies at each stage of the review

disease, number of teeth, difficulties in chewing, dif-
ficulties in swallowing, and tooth or mouth pain
(Fig. 2). Given the original heterogeneous labeling,
which prevented a rapid conceptual interpretation, we
grouped oral health factors into four separate catego-
ries: oral health status deterioration (number of teeth,
oral health, and periodontal disease); decline in oral
motor skills (masticatory function, oral diadochoki-
nesis, occlusal force, and tongue pressure); chewing,
swallowing, and saliva disorders (dry mouth, difficul-
ties in swallowing, and difficulties in chewing); and
oral pain (tooth or mouth pain).

Details of the design (cohort or cross-sectional),
sample size (N) and gender ratio (%), minimum age
and mean (SD), setting (community, hospital, home

care), and country of included studies are shown in
Table 1. Given the mixed shape of the recruitment
settings for a small percentage of selected studies (2
of the 68), the distribution resulted as follows: 80%
(N=56) community, 17.15% (N=12) hospital, and
2.85% (N=2) nursing homes. The Asian continent
led the geographical distribution of selected stud-
ies (57.14%, N=40), followed by Europe (28.60%,
N=20, of these 2 studies were from Europe (UK)/
North America (USA)), South America (5.70%,
N=4), North America (7.14%, N=5), and Oceania
(1.42%, N=1) (Figure S1). This latter perspective
pointed to both the lack of homogeneity in geographi-
cal distribution and the inadequate representativeness
of all continents. Mean (SD) age and gender ratio of

@ Springer
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Difficulties Masticatory :
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. Functional Masticatory
o Mortality D Physical . . Function
Difficulties in ry Periodontal oral _ disability
i frailt
swallowing mouth disease railty iadochokines}
Dry mouth
Periodontal
Masticatory Oral Difficulties in disease
Function health Tongue swallowing
pressure
Number
of teeth
Dry mouth
Oral Masticatory i

health Function

- Periodontal

disease

Quality of

Masticatory life

Function

Fig. 2 Eleven oral health items associated to the identified
four categories (oral health status deterioration; decline in oral
motor skills; chewing, swallowing, and saliva disorders; oral

study participants were recorded if applicable. Across
a total of 426,538 subjects, the gender distribution
was balanced (48% males versus 52% females). A
longitudinal cohort design was more common than
cross-sectional (73.5%, N=50 versus 25%, N=17);
there was only one retrospective study (1.5% N=1).

Adverse health-related outcomes assessment tools
and their distribution across studies

The percentage distribution of the different adverse
health-related outcomes investigated in selected
studies is shown in Fig. 3. Given the multiplicity of
adverse health-related outcomes observed in 5 of
the 68 selected studies, in total, 75 outcomes were
recorded as the denominator when calculating the
representativeness of each adverse health-related
outcome. More specifically, three studies were found
to simultaneously evaluate two different outcomes
each (two of them investigating mortality and func-
tional disability [48, 49], and one investigating

@ Springer

Hospitalization Falls

i

Number
of teeth

Difficulties in

swallowing

pain), related to six adverse health-related outcomes (mortality,
physical frailty, functional disability, quality of life, hospitali-
zation, and falls)

hospitalization and mortality [75]), while two stud-
ies evaluated three different outcomes, i.e., functional
disability, hospitalization, and mortality [65, 66].
Overall, mortality was found to be the most com-
mon (38.67%, N=29 out of 75), followed by physical
frailty (29.34%, N=22 of 65), functional disability
(16%, N=12 of 75), quality of life (8%, N=6 of 75),
hospitalization (5.33%, N=4 of 75), and falls (2.66%,
N=2 of 75).

As regards the different types of quality of life
assessment tools, both the Brazilian validated ver-
sion of WHOQOL-BREF (25%, N=2) and the
EUROQOL 5D (EQ-5D) (25%, N=2) were the most
frequently adopted, followed by the Short Form
36-Items Health Survey (12.5%, N=1), the German
version of the Philadelphia Geriatric Center Morale
Scale (PGCMS) (12.5%, N=1), the General Life
Satisfaction (GLS) (12.5%, N=1), and the Satisfac-
tion With individual Health status (SWH) (12.5%,
N=1). Of the 6 studies focused on quality of life, one
used three different assessment tools [64], while the
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Fig. 3 Percentage distribu- Falls
tion of the different adverse 3%
health-related outcomes in Hospitalization
older age investigated in the 5%

| .
selected studies Quality of life

8% N

Functional disability
16%

Physical frailty

Mortality
39%

29%

remaining five each used only one tool [38, 45, 51,
67, 77].

There were 11 studies focused on the functional
disability outcome; among them, the most common
tool adopted was the certification for Long-Term
Care Insurance (LTCI) (50%, N=06), followed by the
Activities of Daily Living (ADL) (16.8%, N=2), the
Functional Independence Measure motor score (FIM)
(8.3%, N=1), the 12-items of behavioral status (8.3%,
N=1), a clinical assessment to evaluate mobility lim-
itations, ADL, and Instrumental Activities of Daily
Living IADL) (8.3%, N=1), and a single-item ques-
tionnaire (8.3%, N=1), each of which was used only
once.

Association among oral health indicators and
different adverse health-related outcomes

Mortality was found to be the most studied outcome.
We recorded prevailing markers of oral health status
deterioration (62.18%), driven by the number of teeth
(32.44%, N=12), followed by the items oral health
(16.22%, N=6) and periodontal disease (13.52%,
N=5) (Fig. 4, panel A). The burden of items belong-
ing to the categories chewing, swallowing, and saliva
disorders and decline in oral motor skills was similar
(24.32% and 13.5%, respectively). For the chewing,
swallowing, and saliva disorders category, the item

difficulties in chewing was most frequently associ-
ated with mortality (16.22%, N=6), followed by dry
mouth (8.1%, N=3). For the decline in oral motor
skills category, the item occlusal force was most fre-
quently associated with mortality (8.1%, N=23), fol-
lowed by masticatory function (5.4%, N=2) (Fig. 4,
panel A).

For physical frailty, we recorded prevailing mark-
ers of oral health status deterioration (51.04%), driven
by the number of teeth (30.62%, N=15), followed by
the items oral health (11.36%, N=5) and periodon-
tal disease (12.26%, N=06) (Fig. 4, panel A). For the
decline in oral motor skills category, the items mas-
ticatory function (8.16%, N=4) and oral diadochoki-
nesis (8.16%, N=4) were most frequently associated
with physical frailty, while the items tongue pres-
sure (6.12%, N=23) and occlusal force (6.12%, N=23)
were less common (Fig. 4, panel A). For the chewing,
swallowing, and saliva disorders category, the item
difficulties in chewing was most frequently associ-
ated with physical frailty (8.16%, N=4) compared
to the items dry mouth (6.12%, N=3) and difficulties
in swallowing (4.08%, N=2). Finally, we found oral
pain to be the category least investigated, including
only 2.04% (N=1) of the oral items linked to physical
frailty (Fig. 4, panel A).

For functional disability, we found higher rep-
resentativeness of items of the oral health status

@ Springer
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Fig. 4 Doughnut chart

for the four categories

of oral health items (oral
health status deteriora-

tion; decline in oral motor
skills; chewing, swallowing,
and saliva disorders; oral
pain), and combined with
the corresponding eleven
indicators of oral health and
relative metrics for each of
the heath-related adverse
outcomes: mortality (a),
physical frailty (b), func-
tional disability (c); quality
of life (d), hospitalization
(e), and falls (f)
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Fig. 4 (continued)

(d)

Masti y function
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»— Number of teeth

28.57%

Periodontal disease —  14.29%

Quality of life

42.86%

L Oral health

(e)

o~ Oral health

Difficulties in swallowing Hospitalization

————— Masticatory function

(f)

“—— Number of teeth
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deterioration category (66.68%), driven by the num-
ber of teeth (46.68%, N=7), followed by the item
oral health (13.34%, N=2) and periodontal disease
(6.66%, N=1) (Fig. 4, panel A). For the decline in
oral motor skills category, the association of the items
masticatory function and occlusal force with func-
tional disability was the same (6.66%, N=1). Finally,
for the chewing, swallowing, and saliva disorders
category, we found that only the items difficulties in
swallowing (13.34%, N=2) and dry mouth (6.66%,
N=1) were related to functional disability (Fig. 4,
panel A).

For quality of life, we identified an overwhelm-
ing prevalence of the oral health status deterioration
(85.71%) category, driven by oral health (42.86%,
N=2), followed by number of teeth (28.57%, N=2),
and periodontal disease (14.29%, N=1) (Fig. 4,
panel B). The only other category investigated was a
decline in oral motor skills (14.29%) covered by the
item masticatory function (14.29%, N=1) (Fig. 4,
panel B).

For the hospitalization outcome, each of the cat-
egories was represented by a single item, namely oral
health (25%, N=1) for the oral health status deterio-
ration category (25%), masticatory function (25%,
N=1) for the decline in oral motor skills category
(25%), and difficulties in swallowing (50%, N=2) for
the chewing, swallowing, and saliva disorders cat-
egory (50%) (Fig. 4, panel B).

Finally, only two items were found to be associated
with falls, the item number of teeth (66.66%, N=2),
representing the oral health status deterioration cat-
egory (66.66%), and the item dry mouth (33.34%,
N=1), representing the chewing, swallowing, and
saliva disorders category (33.34%) (Fig. 4, panel B).

Risk of bias across studies and overall quality of
evidence for oral health items associated with adverse
age-related outcomes

Examining all 68 included studies, we found a mod-
erate (n=14) to high (n=54) methodological qual-
ity (Table 1). An overview of quality ratings within
(panel A) and across studies (panel B) is shown in
Fig. 5, highlighting areas with higher or lower risk
ratings. Bias was detected predominantly in the
domains of blinded assessors (detection bias) (68/68
studies, 100% of studies with a higher risk of bias)
and sample size justification (selection bias) (66/68

@ Springer

studies, 97% of studies with a higher risk of bias) and,
to a lower extent, in the domains of multiple expo-
sure (40/51 prospective/retrospective studies, 78% of
studies with a higher risk of bias), participation rate
(17/68 studies, 25% of studies with a higher risk of
bias), and different levels of exposure (16/68 stud-
ies, 23% of studies with a higher risk of bias) (Fig. 5,
panel B). Using the GRADE approach, the overall
quality of evidence of our four categories was judged
moderate for oral health status deterioration; low
to moderate for decline in oral motor skills; low for
chewing, swallowing, and saliva disorders; and very
low for oral pain (Table 2).

Discussion

The present systematic review explored the relation-
ship between several oral health indicators and their
role in determining adverse health-related outcomes
including death, physical frailty, functional disabil-
ity, quality of life, hospitalization, and falls in older
age. For the outcome mortality, we recorded prevail-
ing markers of the categories oral health status dete-
rioration; chewing, swallowing, and saliva disorders;
and decline in oral motor skills, driven by the items:
number of teeth, difficulties in chewing, and occlusal
force. For physical frailty, we found associations with
indicators of oral health status deterioration (num-
ber of teeth), decline in oral motor skills (mastica-
tory function), and chewing, swallowing, and saliva
disorders (difficulties in chewing). For functional
disability, we found higher representativeness of the
oral items number of teeth (oral health status deterio-
ration category), masticatory function/occlusal force
(decline in oral motor skills category), and dry mouth
(chewing, swallowing, and saliva disorders). For
quality of life, we identified an overwhelming preva-
lence of the oral health status deterioration category
driven by the item oral health. The oral item most fre-
quently associated with the hospitalization outcome
was difficulties in swallowing for the chewing, swal-
lowing, and saliva disorders category, while only two
oral health items were found to be associated with
falls, namely number of teeth for the oral health status
deterioration category and dry mouth for the chew-
ing, swallowing, and saliva disorders category.

The present findings suggest that the oral health
indicator most frequently associated with mortality
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Fig. 5 Methodological
quality assessment within
studies (panel A) and
overall quality assessment
across studies (panel B)
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Fig. 5 (continued)
B

Study question

Population

Participation rate
Inclusion criteria

Sample size

Exposure prior to outcome
Sufficient time frame
Different levels of exposure
Exposure measures
Multiple exposure
Outcome measures
Blinding of outcome

Loss to follow-up

Confounding

0% 20%

Low risk

was the number of teeth. Edentulism is an impor-
tant oral health indicator in older age [93], capturing
cumulative effects of oral diseases over the life course
[94]. Worldwide, approximately 30% of adults aged
65-74 years are edentulous, periodontal disease being
the primary cause [95]. Recent systematic reviews
and meta-analyses have reported reduced survival
rates among older edentulous individuals [19, 96, 97].
In particular, in a linear dose-response analysis, Peng
and colleagues found 15%, 33%, and 57% increments
in the relative risks of all-cause mortality per 10-, 20-,
and 32-tooth loss [97]. The present findings also sug-
gest relationships between a reduced occlusal force
and higher mortality and between difficulties in chew-
ing and increased survival in older age; these lack
previous systematic review/meta-analytical evidence.

Limiting our search to physical frailty, we found
an association with indicators of oral health status
deterioration, decline in oral motor skills, and chew-
ing, swallowing, and saliva disorders, driven by the
items number of teeth, masticatory function, and dif-
ficulties in chewing, respectively. In a previous sys-
tematic review of all frailty models, we found 12 oral
health indicators linked to frailty [8], while another
very recent systematic review found 7 oral health
characteristics linked to frailty status [4]. Of these

@ Springer

60% 80% 100%

M Unclear risk M High risk

oral factors, only three were present in both system-
atic reviews: number of teeth, difficulties in chewing,
and periodontal disease [4, 8]. Two of these three
oral items were confirmed in this systematic review
focused only on physical frailty, i.e., number of teeth
and difficulties in chewing.

For functional disability, we found higher repre-
sentativeness of the oral items number of teeth for the
oral health status deterioration category and masti-
catory function/occlusal force for the decline in oral
motor skills category. For these items, there were
no previous systematic reviews/meta-analyses that
investigated the relationship with functional disabil-
ity. We also identified an overwhelming prevalence
of the oral health status deterioration category (item
oral health) associated with quality of life in older
age. In this context, oral health-related quality of life
(OHRQoL) is a distinct aspect of health-related qual-
ity of life [98]. Together with orofacial pain, orofa-
cial appearance, and psychosocial impact, oral func-
tion is one of the four dimensions of the OHRQoL
[99]. These four suggested dimensions have been
investigated in four very recent systematic reviews
[100-103], suggesting a framework serving to inter-
pret OHRQoL impairment in individual patients, or
groups of patients, for clinical practice and research
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purposes [104]. Previous systematic reviews mainly
investigated OHRQoL in specific conditions, or a
group of related conditions [103, 105].

A very recent systematic review suggested that
OHRQoL in older age predicted global ratings of oral
health from 16.4 to 80.2 of variance in relation to the
different tools used to evaluate quality of life [106].
The oral items most frequently associated with the
hospitalization outcome were difficulties in swallow-
ing/masticatory function, therefore altogether related
to oropharyngeal dysphagia, that lack previous sys-
tematic review/meta-analytical evidence. Finally,
only two oral health items were found to be associ-
ated with falls, namely number of teeth (oral health
status deterioration category) and dry mouth (chew-
ing, swallowing, and saliva disorders category), again
lacking previous systematic review/meta-analytical
evidence.

Various possible pathways have been suggested
to explain the relationship between oral health and
adverse health-related outcomes in older age. In
particular, a reduced number of teeth, difficulties in
chewing, lower occlusal force/masticatory function,
and dry mouth were the oral health indicators most
frequently associated with an increased risk of death,
physical frailty, functional disability, and falls. The
first plausible pathway taking into account these oral
indicators and mortality/physical frailty/functional
disability/falls is the impact of poor oral health on
nutrition, food intake and selection. Among older
people with a reduced number of teeth, there is an
increased tendency to consume processed food ver-
sus raw healthy food, and hence a higher likelihood
of inadequate nutrition [19, 107]. Furthermore, the
impact of a reduced number of teeth on OHRQoL
and multimorbidity [104, 108], may influence the
risk of mortality. Nutritional status also appeared
to mediate the association between oral health and
frailty [110, 111], owing to difficulties in eating.
Changes in nutrition intake and malnutrition are also
risk factors for dementia and stroke [111, 112]. In
particular, tooth loss due to periodontal disease and
irregular tooth brushing was associated with a dou-
bled risk of AD [113] and a higher risk of demen-
tia [114]. These diseases and systemic condition
such as frailty were the major causes of functional
disability in older age. Moreover, there was a cross-
sectional association between oral frailty and mal-
nutrition among community-dwelling older adults

@ Springer

[59], and the interplay among oral health indicators,
nutrition, and frailty supported the novel constructs
of oral frailty [8-10] and nutritional frailty [110].
In particular, in a very recent Italian population-
based study, older people with nutritional frailty,
firstly defined as a feature of vulnerable older adults,
characterized by loss of weight, muscle mass, and
strength (sarcopenia), making individuals suscep-
tible to functional disability [115], were at higher
risk for all-cause mortality than those with physical
frailty, nutritional imbalance (i.e., two or more of the
following: low body mass index, low skeletal mus-
cle index, 58 >2.3 g/day sodium intake, <3.35 g/
day potassium intake, and <9.9 g/day iron intake),
and cognitive frailty [116]. Moreover, the loss of
occlusion due to not using dentures after losing
teeth may result in poor functional balance [117],
a well-known risk factor for falls [118], and these
functional declines may explain the increased risk
of falls among subjects with poor dental occlusion.
Finally, for the suggested link between dry mouth
and falls, a possible underlying mechanism could
be that some drugs are associated with dry mouth
[119], and patients treated with such medications are
more likely to suffer falls [120].

The second possible link of tooth loss to mortal-
ity, physical frailty, and functional disability is the
inflammatory pathway, where infectious agents, such
as Streptococcus sanguinis and Actinobacillus actin-
omycetemcomitans, play an important role in oral
health, possibly exerting direct effects contributing
to the pathogenesis of atherosclerosis and thrombo-
sis [121]. On the other hand, periodontal infection/
inflammation is a major reason for eventual tooth
loss, and tooth loss is a direct marker of a higher level
of periodontal inflammation. Therefore, this increas-
ing cumulative inflammation load caused by oral
bacterial infections may increase the risk of mortal-
ity, in particular due to its adverse impact on the car-
diovascular system [30]. A general susceptibility to
inflammation with the early onset of inflammation-
driven tooth loss or damaged hip or knee joints may
also result in higher mortality than in normal popula-
tions [122]. Moreover, a relationship between inflam-
mation and frailty has been suggested [123], and the
inflammatory status may increase oxidative stress
and insulin resistance, reducing the muscle capacity
to synthesize proteins [124], thereby increasing the
risk of functional disability in older age.
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Difficulties in chewing and lower occlusal force/
masticatory function were other oral health predic-
tors associated with mortality, physical frailty, and
functional decline identified in the present systematic
review. At present, only one operational definition of
oral frailty has been introduced, by Tanaka and col-
leagues [59], based on the identification of six oral
health items (i.e., number of teeth, masticatory func-
tion, difficulties in chewing, oral diadochokinesis,
tongue pressure, and difficulties in swallowing) show-
ing an increased risk of physical frailty, sarcopenia,
functional disability, and all-cause mortality. The first
three oral items suggested by this operational defini-
tion are among the indicators mostly identified in
the present systematic review (i.e., number of teeth,
masticatory function, and difficulties in chewing).
Another possible definition of oral frailty was that
encompassing difficulty in chewing associated with
age-related changes in swallowing (presbyphagia)
[8—10]. Therefore, sarcopenia, a progressive and gen-
eralized skeletal muscle disorder involving the accel-
erated loss of muscle mass and function, could be the
connecting link, possibly describing a novel frailty
phenotype. To date, sarcopenia is recognized as a
whole-body process also affecting masticatory and
swallowing muscles (sarcopenic dysphagia) [125]. A
reduced nutrient intake in older individuals is directly
or indirectly associated with a progressive loss of
muscle mass and a decline of oral functions, and
coordination capabilities, all of which partly or jointly
affect the intricate process of swallowing/eating
[126]. With links to both oral frailty and nutritional
frailty [8, 100], sarcopenia could share a bidirectional
relationship with cognition, producing muscle dys-
function, slow gait, and cognitive dysfunction [127,
128]. Furthermore, the oral health indicators most fre-
quently associated with the hospitalization outcome
(i.e., difficulties in swallowing/masticatory function)
also encompassed the conditions oropharyngeal dys-
phagia/sarcopenic dysphagia. Finally, sarcopenia
may also be an underlying factor explaining the oral
health-falls link because it can cause both swallowing
disorders and an increased risk of falls [120].

The link between poor oral health and adverse
health-related outcomes may also have some under-
lying psychosocial factors that should be explored.
For example, the social effects of oral health deterio-
ration and its impact on OHRQoL [129], given that

loneliness could contribute to the development of
frailty [130], mortality [131], and functional disabil-
ity [132]. However, in older age, for the link between
oral health indicators and OHRQoL, we must also
take into account the other three dimensions (i.e.,
orofacial pain, orofacial appearance, and oral func-
tion) to better interpret OHRQoL impairment in
specific groups of patients [104]. Finally, LLD may
affect mortality [133], frailty [134], functional dis-
ability [135], OHRQoL [136], hospitalization [137],
falls [138], and oral health status [139]. In particular,
LLD is frequently associated with poor oral hygiene,
a cariogenic diet, diminished salivary flow, rampant
dental decay, advanced periodontal disease, and oral
dysesthesias [139].

In the present systematic review, owing to the
heterogeneity of different variables in oral health
assessment and the evaluation of the different adverse
health-related outcomes, a quantitative meta-analysis
might be unreliable. Some other limitations of the
present systematic review should also be considered.
Firstly, the study designs were different in the selected
studies. The statistical survey of oral factors associ-
ated with different adverse health-related outcomes,
even using the same definition, was different among
the studies, in terms of the rating tools used and the
definition of the oral items. Secondly, the number of
oral items and the sample size varied between studies.
Given the original heterogeneous labeling, we sub-
jectively grouped oral health indicators in four sepa-
rate categories, driven by the oral health items found
in the reviewed studies, with some degree of overlap
between these categories (i.e., deterioration of oral
motor skills and chewing, swallowing, and saliva
disorders).

Conclusion

The present systematic review highlights the impor-
tance of oral health as a predictor of several adverse
health-related outcomes in older age and shows that
the use of oral health indicators in health surveys and
clinical practices when conducting a comprehensive
clinical oral examination is not currently adequate.
In fact, oral health is a part of an individual’s gen-
eral health status, and a multidisciplinary approach
is needed to assess the contribution of oral health
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measures to specific conditions. On May 27, 2021, the
World Health Assembly passed its first-ever resolu-
tion on oral health, recognizing it as an issue of global
concern, and urging member states to address causes
of oral disease, particularly as they overlap with other
non-communicable diseases (diets with a high sugar
and alcohol content, a smoking habit), and to enable
better access to dental care [140]. The number of teeth
may serve as a good marker for general health, reflect-
ing the net accumulation of experiences over time,
from poor hygiene habits to the occurrence of caries,
periodontal diseases, and trauma. Furthermore, routine
oral health assessment could pose several challenges
in non-gerodontologic settings. In fact, dentists’ con-
ceptions of good healthcare were in line with the con-
ceptualization of patient-centered care; however, inad-
equate reimbursement and limited resources and time
were the most important barriers to providing good
care, while one of the most important facilitators was
healthcare providers’ attitude and motivation [141].
The tooth count is clinically friendly information
that can be easily retrieved during the comprehensive
geriatric assessment (CGA) of older people. This oral
health indicator may provide useful insights supporting
the design of the most appropriate intervention, i.e.,
the maintenance and/or improvement of oral function
and nutritional status. In the near future, oral deficits
could be used to integrate the CGA, so as to measure
the contribution of oral diseases to frailty and other
adverse health-related outcomes in older age. Main-
taining or increasing oral function may be associated
with an improvement of dietary and functional status
in older people and may be implicated in reducing the
risk of mortality and of the development of frailty and
other major adverse health-related outcomes.
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