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PREAMBLE

In the context of the immense demographic changes characterized as ‘population aging’
(Wiener and Tilly 2002) that are taking place worldwide, the prevention of age-related decline in
health is a highly important challenge for modern societies.

Two important conceptual frameworks have been developed that permit the consideration of
health during aging in a holistic, multidimensional manner — instead of considering isolated
diseases and body functions: the concept of “frailty” and the concept of “successful aging” or
“healthy aging”. While frailty focuses on the “increased vulnerability” that is acquired in the
course of age-related health decline (Cosco et al. 2015a; de Vries et al. 2011), successful or healthy
aging focuses on the presence of positive health aspects. Moreover, frailty- concepts cover
primordially “biomedical” aspects, while a rather large proportion of successful or healthy

aging concepts also cover psychosocial aspects (Cosco et al. 2015a).

The healthy or successful aging- framework has notably been popularized by the conceptual
work published by John W. Rowe and Robert L. Kahn on the basis of data from the
MacArthur Foundation Study of Aging in America (Rowe and Kahn 1987; Rowe and Kahn 1997).
The “successful aging”- concept proposed by Rowe and Kahn includes three dimensions:
“avoidance of disease and disability”, “maintenance of high physical and cognitive function”,

and “‘sustained engagement in social and productive activities” (Rowe and Kahn 1987).

One of the modifiable factors that have been suggested to have an important potential for the
maintenance of good overall health status during aging is nutrition (Kiefte-de Jong et al. 2014).
The general objective of this thesis was thus to investigate the association of different types of
nutritional factors (nutrients, foods, and indicators of overall dietary quality) with overall
healthy aging — and with a component of healthy aging that has a particularly high public

health relevance: cognitive functioning.

This thesis comprises one study that investigated the long-term association of antioxidant
supplementation at nutritional doses with overall healthy aging, two studies that investigated
different indicators of overall dietary quality in relation to later overall healthy aging, and one

study that examined the long-term association of vitamin D status with cognitive functioning.

12



The first part of this thesis manuscript describes the state of knowledge, the second part
specifies the specific objectives and research questions of this thesis, and the third part

presents the general methodology that was applied in the different studies.

The central (fourth) part of the thesis manuscript comprises the published (or submitted)
versions of the original articles that were drafted in the context of this study — as well as short

summaries of these original articles.

Finally, this thesis manuscript includes a detailed discussion of the different findings of this
thesis in the light of similar studies and of potential underlying mechanisms, as well as a final

conclusion.

13



PUBLICATIONS AND
COMMUNICATIONS

I. Original scientific articles
I.A Articles that are part of this thesis

Assmann KE, Andreeva VA, Jeandel C, Hercberg S, Galan P, Kesse-Guyot E. 2015. Healthy
aging five years after a period of daily supplementation with antioxidant nutrients: a
post hoc analysis of the French randomised trial SU.VI.MAX. Am J Epidemiol
182(8):694-704.

Assmann KE , Lassale C, Andreeva VA , Jeandel C, Hercberg S, Galan P, Kesse-Guyot E.
2015. A Healthy Dietary Pattern at Midlife, Combined with a Regulated Energy
Intake, Is Related to Increased Odds for Healthy Aging. J Nutr 145(9):2139-2145.

Assmann KE, Andreeva VA , Camilleri JM, Verger EO, Jeandel C, Hercberg S, Galan P,
Kesse-Guyot E. 2016. Dietary scores at midlife and healthy aging in a French
prospective cohort. Br J Nutr. DOI: 10.1017/S0007114516002233, 11 pages [epub
ahead of print].

Assmann KE, Touvier M, Andreeva VA, Deschassaux D, Constans T, Hercberg S, Galan P,
Kesse-Guyot E. 2015. Midlife plasma vitamin D concentrations and performance in
different cognitive domains assessed 13 years later. Br J Nutr 113(10):1628-1637.

|.B Articles that are not directly part of this thesis

Assmann KE, Bailet M, Amandine Lecoffre A, Galan P, Hercberg S, Amieva H, Kesse-
Guyot E . 2016. Comparison between a self-administered and supervised version of a
web-based cognitive test battery: results from the NutriNet-Santé cohort study. J Med
Internet Res 18(4):e68.

Kesse-Guyot E, Assmann KE, Andreeva VAA, Castetbon K, Méjean C, Touvier M,

Salanave B, Deschamps V, Péneau S, Fezeu L, Julia C, Alles B, Galan P, Hercberg S.
2016. Lessons learned from methodological validation research in e-epidemiology.

[Under review]

14



Kesse-Guyot E, Assmann KE, Andreeva VAA, Touvier M, Neufcourt L, Shivappa N, Hébert
JR, Wirth MD, Hercberg S, Galan P, Julia C. 2016. Long-term association between
the dietary inflammatory index and cognitive functioning. Eur J Nutr. DOI: 10.1007/
s00394-016-1211-3, 9 pages [epub ahead of print].

Neufcourt L, Assmann KE, Fézeu LK, Touvier M, Graffouillere L, Shivappa N, Hébert JR,
Wirth MD, Hercberg S, Galan P, Julia C, Kesse-Guyot E. 2015. Prospective
association between the dietary inflammatory index and metabolic syndrome: findings
from the SU.VI.MAX study. Nutr Metab Cardiovasc Dis 25, 988-96.

Kesse-Guyot E, Assmann KE, Andreeva VA, Ferry M, Hercberg S, Galan P. 2016.
Consumption of dairy products and cognitive functioning: findings from the
SU.VI.LMAX 2 study. J Nutr Health Aging 20,128-37.

Kesse-Guyot E, Lassale C, Assmann KE, Andreeva VA, Julia C, Blacher J, Fezeu L,
Hercberg S, Galan P. 2015. Are different vascular risk scores calculated at midlife
uniformly associated with subsequent poor cognitive performance? Atherosclerosis
243, 286-292.

Neufcourt L, Assmann KE, Fézeu LK, Touvier M, Graffouillere L, Shivappa N, Hébert JR,
Wirth MD, Hercberg S, Galan P, Julia C, Kesse-Guyot E. 2016. Prospective
association between the dietary inflammatory index and cardiovascular diseases in the
SU.VI.MAX cohort. J Am Heart Assoc 4(3):e002735.

Assmann KE, Lassale C, Galan P, Hercberg S & Kesse-Guyot E. 2014. Dietary quality and
6-year anthropometric changes in a sample of French middle-aged overweight and
obese adults. PLoS One 9, e87083.

Andreeva VA, Whegang-Youdom S, Touvier M, Assmann KE, Fezeu L, Hercberg S, Galan
P, Kesse-Guyot E. 2014. Midlife dietary vitamin D intake and subsequent
performance in different cognitive domains. Ann Nutr Metab 65, 81-89.

Touvier M, Deschasaux M, Montourcy M, et al. 2014. Determinants of Vitamin D Status in
Caucasian Adults: Influence of Sun Exposure, Dietary Intake, Sociodemographic,

Lifestyle, Anthropometric, and Genetic Factors. J Invest Dermatol 135, 378-88.

Assmann KE, Joslowski G, Buyken AE, Cheng G, Remer T, Kroke A, Gunther AL. 2013.
Prospective association of protein intake during puberty with body composition in
young adulthood. Obesity (Silver Spring) 21, E782-E789.

15



Joslowski G, Remer T, Assmann KE, Krupp D, Cheng G, Garnett SP, Kroke A, Wudy SA,
Gunther AL, Buyken AE. 2013. Animal protein intakes during early life and
adolescence differ in their relation to the growth hormone-insulin-like-growth-factor
axis in young adulthood. J Nutr 143, 1147-1154.

Il. Communications at scientific conferences

Il Al. Oral communications
Journées Francophones de Nutrition (JFN) 09.-11. December 2015 — Marseille, France

Neufcourt L, Assmann KE, Fézeu LK, Touvier M, Graffouillere L, Shivappa N,
Hébert JR, Wirth MD, Hercberg S, Galan P, Julia C, Kesse-Guyot E. Association
prospective entre le Dietary Inflammatory Index et le syndrome métabolique : résultats
de I'étude SU.VI.MAX. [Presented by Assmann KE]

12th European Nutrition Conference FENS 20.-23. October 2015 — Berlin, Germany

Assmann KE , Lassale C, Andreeva VA , Jeandel C, Hercberg S, Galan P, Kesse-
Guyot E. Midlife dietary patterns and healthy aging among French adults: a

prospective study.
12th European Nutrition Conference FENS 20.-23. October 2015 — Berlin, Germany

Assmann_KE, Andreeva VA , Camilleri JM, Verger EO, Jeandel C, Hercberg S,
Galan P, Kesse-Guyot E. Dietary scores at midlife and healthy aging in a French

prospective cohort.
International Academy Nutrition and Aging (IANA) 18.-19. June 2015 — Barcelona,
Spain

Assmann KE, Andreeva VA, Jeandel C, Hercberg S, Galan P, Kesse-Guyot E. 2015.
Healthy aging five years after a period of daily supplementation with antioxidant
nutrients: a post hoc analysis of the French randomised trial SU.VI.MAX. J Nutr
Health Aging 19, Supplement 1, 18.

Journées Francophones de Nutrition (JFN) 10.-12. December 2014 — Bruxelles, Belgique

Assmann KE, Touvier M, Andreeva VA, Deschassaux D, Constans T, Hercberg S,
Galan P, Kesse-Guyot E. Midlife plasma vitamin D and performance in different

cognitive domains assessed 13 years later.

16



Annual congress of the German Society for Epidemiology (DGEpi) 17.-20. September
2014 — Ulm, Germany

Assmann KE, Andreeva VA, Jeandel C, Hercberg S, Galan P, Kesse-Guyot E. Daily
supplementation with antioxidant vitamins and minerals in French middle-aged adults
and successful aging: a post hoc analysis of the SUpplémentation en Vitamines et
Minéraux AntioXydants (SU.VI.MAX) trial.

Annual congress of the German Society for Epidemiology (DGEpi) 26.-29. September
2012 — Regensburg, Germany

Assmann KE, Joslowski G, Buyken AE, Cheng G, Remer T, Kroke A, Gunther AL.
Prospective association of protein intake during puberty with body composition in

young adulthood.

Il A2. Poster communications

Journées Francophones de Nutrition (JFN) 09.-11. December 2015 — Marseille, France

Assmann_KE, Andreeva VA, Hercberg S, Galan P, Kesse-Guyot E. Association
prospective entre 1’adhérence a la diéte méditerranéenne et un concept

multidimensionnel du vieillissement en bonne santé.
Journées Francophones de Nutrition (JFN) 09.-11. December 2015 — Marseille, France

Collin C, Assmann KE, Deschasaux M, Andreeva VA, Lemogne C, Charnaux N
Sutton A, Hercberg S, Galan P, Touvier M, Kesse-Guyot E. Statut en vitamine D et
symptomes dépressifs récurrents dans la cohorte francaise SU.VI.MAX. [Presented by
Assmann KE]

Journées Francophones de Nutrition (JFN) 09.-11. December 2015 — Marseille, France

Collin C, Assmann KE, Andreeva VA, Lemogne C, Hercberg S, Galan P, Kesse-
Guyot E. Adéquation aux recommandations nutritionnelles : un facteur protecteur vis-

a-vis des symptomes depressifs chroniques ou récurrents dans la cohorte francaise

SU.VI.MAX. [Presented by Assmann KE]

17



Journées Francophones de Nutrition (JFN) 09.-11. December 2015 — Marseille, France

Neufcourt L, Assmann KE, Fézeu LK, Touvier M, Graffouillére L, Shivappa N,
Hébert JR, Wirth MD, Hercberg S, Galan P, Julia C, Kesse-Guyot E. Association
prospective entre le Dietary Inflammatory Index et les maladies cardiovasculaires dans

la cohorte SU.VI.MAX. [Presented by Assmann KE]

International Academy Nutrition and Aging (IANA) 18.-19. June 2015 — Barcelona,

Spain

Assmann KE, Andreeva VA, Camilleri GM, Verger EO, Jeandel C, Hercberg S,
Galan P, Kesse-Guyot E. 2015. Dietary scores at midlife and healthy aging in the
French prospective cohort SUpplémentation en Vitamines et Minéraux AntioXydants
(SU.VI.MAX). J Nutr Health Aging 19, Supplement 1, 26-27.

International Academy Nutrition and Aging (IANA) 18.-19. June 2015 — Barcelona,

Spain

Assmann KE, Lassale C, Andreeva VA, Jeandel C, Hercberg S, Galan P, Kesse-
Guyot E. 2015. Midlife dietary patterns and healthy aging among French adults: a
prospective study. J Nutr Health Aging 19, Supplement 1, 26.

International Academy Nutrition and Aging (IANA) 18.-19. June 2015 — Barcelona,

Spain

Assmann KE, Touvier M, Andreeva VA, Deschassaux D, Constans T, Hercberg S,
Galan P, Kesse-Guyot E. 2015. Midlife plasma vitamin D and performance in
different cognitive domains assessed 13 years later. J Nutr Health Aging 19,

Supplement 1, 27.

Journées Francophones de Nutrition (JFN) 10.-12. December 2014 — Brussels, Belgium

Assmann_KE, Andreeva VA, Jeandel C, Hercberg S, Galan P, Kesse-Guyot E.
Healthy aging five years after a period of daily supplementation with antioxidant

nutrients: a post hoc analysis of the French randomised trial SU.VI.MAX.

18



State of knowledge

STATE OF KNOWLEDGE

|. Population aging as a challenge for modern
societies

I.A Worldwide demographic changes

According to estimates reported in the 2015-revision of the United Nations World Population
Prospects (United Nations 2015), the proportion of individuals aged 60 years or over will be
almost a quarter or more in all main world regions except Africa by 2050 — and even higher
than 30% in regions such as Europe, North America, China, or Russia. In France, 31% of the
population will be aged 60 years or older by 2035 already, according to projections of the
French National Institute of Statistics and Economic Studies (INSEE) (Blanpain et al. 2010).

The 2011-report of the World Health Organization (WHQO) on Global Health and Aging
points out that while important demographic changes are occurring all over the world, these
changes will be the most drastic in less developed countries, where the number of individuals
aged 65 years or older is projected to increase by more than 250% (World Health Organization
2011). In developed countries, this proportion is also projected to show a major increase, yet
much smaller in magnitude as compared to less developed countries (71%) (World Health
Organization 2011). Within the European Union, the ‘demographic old-age dependency ratio’
(the ratio of individuals aged 65 years or older relative to individuals aged 15 to 64 years) has

been projected to increase from 28% in 2013 to 50% in 2060 (European Commission 2015).

I.B Increases in the burden of non-communicable diseases
and disability

According to the WHO, the largest part of the disease burden that concerns elderly individuals
worldwide is attributable to non-communicable diseases (Beard 2015). Thus, the above-
described drastic worldwide demographic changes are expected to be accompanied by an
increase in the burden of age-related non-communicable diseases such as diabetes,
cardiovascular disease, and different types of cancer (World Health Organization 2011).
Moreover, the prevalence of multimorbidity (“the presence of multiple chronic conditions at
the same time”) increases with age, and is associated with elevated health care costs (Beard

2015).
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According to estimations of the WHO (Beard 2015), the largest burden of disability among
individuals older than 60 years is attributable to impairments of sensory functions (notably in
countries with rather low incomes), pain in back and neck, chronic obstructive pulmonary
disease (notably in countries with rather low incomes), depression, falls, diabetes,

neurodegenerative disease (especially in countries with higher incomes), and osteoarthritis.

|.C Dementia as a particular age-related public health
problem

Dementia is a particularly important age-related public health problem as it is closely related
to dependence and disability (World Health Organization 2011). According to a “Delphi
consensus study” published in 2005 (Ferri et al. 2005), over 24 million individuals worldwide
had dementia in 2005, and this number was estimated to “double every 20 years”, so that in

2040, over 80 million individuals may be affected.

According to a report issued by the Organisation for Economic Co-operation and
Development (OECD) in 2007, Alzheimer’s disease is the most frequent form of dementia, as
it accounted for approximately 75% of all dementia cases in an investigation of data from 12
countries. Moreover, less than 3% of individuals aged 65 to 69 years were affected by

Alzheimer’s disease, against nearly 30% among individuals aged 85 to 89 years. (Lafortune
and Balestat 2007; World Health Organization 2011)

Alzheimer’s disease has a long pre-clinical phase, during which early cognitive changes are
detectable (Amieva et al. 2008; Backman et al. 2005; Elias et al. 2000; Ritchie et al. 2016). This phase is
also called the “predementia phase” of Alzheimer’s disease (Amieva et al. 2008). A nested case-
control study published by Amieva et al in 2008 included repeated measurements of cognitive
functioning over 14 years, and was thus able to closely investigate this predementia phase
(Amieva et al. 2008). The first detectable functional declines related to developing Alzheimer’s
disease later on were related to semantic memory (amongst others to “verbal concept
formation”). These changes occurred as early as 12 years before diagnosis of clinical
dementia. Approximately 8 to 9 years before diagnosis, functional decline was also observed

concerning working memory (a subdomain of executive functioning, see Figure 7).

In a meta-analysis of 47 studies with much shorter follow-up periods (ranging from 1.1 to 6.7
years), preclinical “deficits” were notably observed for “global cognitive availability”,

“episodic memory”, “perceptual speed”, and “executive functioning”, and to a “somewhat
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smaller” degree for “verbal ability” and other aspects of cognitive functioning (Backman et al.

2005).

Two elements that have been described as key histopathological characteristics of brains of
Alzheimer’s disease patients, and which have thus been proposed to be “hallmark lesions”,
are neurofibrillary tangles, which are aggregates of hyperphosphorylated forms of the
microtubule-associated protein tau, and plaques containing amyloid-p (Binder et al. 2005;
Braskie et al. 2010; Brion 1998; Ittner and Gotz 2011) . The specificity of very early changes to
semantic memory that was observed by Amieva et al. is in line with the observation that
temporal brain areas are specifically susceptible to the development of neurofibrillary tangle

accumulation (Amieva et al. 2008; Hof et al. 1992).

Curative treatment for Alzheimer’s disease is currently not available (Coley et al. 2008; de la
Torre 2010). Thus, much emphasis has been put on the possibility of preventing or delaying its
onset during — or before — the predementia phrase of the disease, notably by targeting
different types of lifestyle factors, such as diet (Coley et al. 2008; Creegan et al. 2015; Middleton
and Yaffe 2009; Pope et al. 2003) and physical activity (Arenaza-Urquijo et al. 2015; Coley et al. 2008;
Middleton and Yaffe 2009; Pope et al. 2003), as well as cognitive and social activities (Arenaza-
Urquijo et al. 2015; Coley et al. 2008; Middleton and Yaffe 2009; Pope et al. 2003). Singh-Manoux and
Kivimaki have notably insisted on the need to investigate continuous changes in cognitive
performances starting from early midlife — instead of only focusing on dementia incidence or
other binary outcomes — in order to better understand the “cognitive aging process”, and to

identify “risk factors for unfavourable ageing trajectories” (Singh-Manoux and Kivimaki 2010).

I1. The concept of ‘healthy’ or successful’ aging

This thesis refers to ‘healthy aging’ or ‘successful aging’ as multidimensional concepts which
aim to characterize human health during aging as a whole. Such concepts have become
popular objects of research in the last years (Bilow and Séderqvist 2014; Cosco et al. 2014a);
however, there is currently no consensus on how exactly ‘healthy’ or ‘successful’ aging

should be defined (Biilow and Séderqvist 2014; Cosco et al. 2014a; Martinson and Berridge 2015).

I1.A Terminology issues

Different terms are currently used to describe the above-described multidimensional concepts.

The term that was proposed originally, “successful aging”, has been criticised for having a
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discriminatory connotation, because the concept that is generally considered the opposite of
success is “failure” (Bllow and Sdderqgvist 2014). Thus, a separation of elderly individuals
into those who age ‘successfully’ — and those who do not — can be perceived as degrading for
the “‘unsuccessful’ group (Bulow and Séderqvist 2014; Martinson and Berridge 2015; Scheidt R.J. et al.
1999).

In response to this criticism, a large number of alternative names has been proposed,
including “successful aging”, “healthy aging”, “active aging”, “active and healthy aging”,
“robust aging”, “productive aging”, “effective aging”, “positive aging”, “optimal aging”, and
“aging well” (Bousquet et al. 2015a; Bulow and Soderqvist 2014; Depp and Jeste 2006; Katz and

Calasanti 2014).

For the work included in this thesis, we have chosen to adapt the term ‘“healthy aging” in
order to avoid possible discriminatory connotations. Thus, this term is preferentially used
throughout this thesis manuscript, except in the “State of knowledge”- section that describes
the historical development of the concept, criticisms made concerning the most popular
version of the concept, and a description of the heterogeneity of available definitions. In this
section, many references to “successful aging” are made, since this is the term was proposed

originally, and is still used by many authors.

11.B Historical overview

Figure 1 presents a timeline that illustrates some key aspects of the historical development of

multidimensional concepts of successful aging or healthy aging.
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Figure 1. Timeline illustrating key aspects of the historical development of the successful aging- framework (in part based on (Btlow
and Soderqvist 2014)
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11.B.1 Rowe and Kahn’s model of successful aging

The scientific work that has led to a large dissemination of the ‘healthy’/ ‘successful’ aging —
concept, and that established it as a key theoretical framework in geriatric research, was the
set-up of the McArthur Foundation Study on Successful Aging (Bulow and Sédergvist 2014). In
1987, the principal investigator of the study, Robert W. Rowe, and his colleague Robert L.
Kahn published an article titled “Human Aging: Usual and Successful” in the high-ranking

generalist journal Science (Rowe and Kahn 1987).

As highlighted by Bulow et al., the ideas published in this article should be seen, amongst
others, as a reaction to rising criticisms with respect to “disengagement theory” (Cumming and
Henry 1961), which had been a key concept used in geriatric research (Biilow and Soderqvist
2014). While disengagement theory postulated that “aging naturally and inevitably entailed a
gradual withdrawal from society and social relations” (Biilow and Séderqvist 2014), Rowe and
Kahn’s publication underlined that age-related decline should not too readily accepted as
fate, stating that too much emphasis had been put on the “role of aging per se” when trying to

explain health-decline during life.

Rowe and Kahn underlined the existence of “substantial heterogeneity within age groups”
with respect to health status, which even appeared “to increase with increasing age”. In this
context, they insisted on the possibility of prevention, while highlighting that lifestyle factors
such as diet and psychosocial factors made up a large part of the causal explanation for health
deterioration during aging. Their hypothesis that ‘successful aging’ was indeed possible was
derived from observations that within groups of elderly people, individuals existed that

showed “minimal physiologic loss”.

Ten years later, in 1997, Rowe and Kahn published another article in which they further
developed their idea of 'successful aging' (Rowe and Kahn 1997). It was in this article that they
highlighted the multidimensional nature of their successful aging- construct, and defined its
different dimensions: “avoidance of disease and disability”, “maintenance of high physical

and cognitive function”, and “sustained engagement in social and productive activities”.

11.B.2 Other early concepts

In 1961, Havighurst proposed a concept of successful aging that can be regarded as a
multidimensional model of happiness and satisfaction with life:
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“A theory of successful aging is a statement of the conditions of individual and social life under

which the individual person gets a maximum of satisfaction and happiness and society maintains an

appropriate balance among satisfactions for the various groups which make it up”. (Havighurst

1961)
The proposed components of happiness and satisfaction with life were “zest”, “resolution and
fortitude”, “goodness of fit between desired and achieved goals”, “positive self-concept”, and
a happy and optimistic “mood tone”. Rowe and Kahn’s model can be considered as very
different from this framework, as it does not include any explicit notion of happiness and

satisfaction with life.

Rowe and Kahn’s concept is also quite different from an early framework of successful aging
developed within the Kansas City Study of Adult Life (williams and Wirths 1965), which
includes “the amount of activity in which the individual engages, his ability to disengage, his
satisfaction with life, and the maturity or integration of his personality” as well as being
persistently autonomous, with autonomy defined as giving at least the same amount of “input”

or “energy” to others as received.

On the other hand, Rowe and Kahn’s model is rather similar to two to other earlier concepts,
proposed in 1974 by deCarlo (“able to carry on daily routine and absence from more than
mild illness which would not impair one's daily routine” as well as good cognitive and mental
health) (DeCarlo 1974), and in 1979 by Palmore (surviving to 75 years of age, good physical
function/ low disability, and happiness) (Palmore 1979).

An important psychological model published in 1989, thus shortly after Rowe and Kahn's first
article, is the “Selection, Optimization, and Compensation (SOC)”’- model developed by Paul
B. Baltes and Margret M. Baltes (Baltes and Baltes 1989). This model postulates that successful
aging involves “efforts at maintaining and achieving high levels of functioning by promoting
an adequate level of general reserve capacity” (optimization), “reduction in the number of
high-efficacy domains” (selection), and “compensatory skills and activities that become
necessary when the required behavioural skills, capacities, and resources are no longer
available” (compensation). This model is quite different from Rowe and Kahn’s approach,
since adaptive efforts of aging individuals are stressed, rather than external factors, and since

it does not include the notion of avoiding disease.
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11.B.3 The rising popularity of the successful aging- framework in

research

Since Rowe and Kahn's publications on successful aging, a very large number of scientific
articles have adopted or discussed this concept. Bllow et al. have counted 2,050 citations of
Rowe and Kahn’s 1987- paper by the 31 December 2013 using Google Scholar, and 998
citations using Web of Science (Biilow and Séderqvist 2014). By the 29" of January 2016, these
numbers had already risen to 2570 citations in Google Scholar, and 1,214 citations in Web of
Science. Katz et al. have called the successful aging- framework “one of gerontology’s most
successful ideas” (Katz and Calasanti 2014), and Holstein et al. stated that “the new
gerontology” was “built on the concept of successful aging” (Holstein and Minkler 2003),
underlining the immense influence of Rowe and Kahn’s work and of its adaption by other

authors.

11.C Criticisms of Rowe and Kahn’s concept

I11.C.1 Themes of criticism

A large number of review articles or editorials on the healthy/ successful aging- framework

have been published (Angus and Reeve 2006; Anton et al. 2015; Belgrave and Sayed 2013; Biilow and

Soéderqvist 2014; Butler et al. 2011; Calasanti et al. 2006; Coleman 1992; Cosco et al. 2013a; Cosco et al.
2013b; Cosco et al. 2014a; Cosco et al. 2014b; Cosco et al. 2015a; Cosco 2015; Crowther et al. 2002; Depp
et al. 2010; Depp et al. 2012; Depp and Jeste 2006; Dillaway and Byrnes 2009; Friedman et al. 2015; Fries
2002; Hansen-Kyle 2005; Holstein and Minkler 2003; Jeste et al. 2010; Kahana et al. 2014; Katz and
Calasanti 2014; Katz 2013; Khaw 1997; Kivimaki and Ferrie 2011; Kuh 2007; Lamb 2014; Liang and Luo
2012; Martin et al. 2014; McKee and Schutz 2015; Minkler 1990; Morley 2009; Ouwehand et al. 2007;
Peel et al. 2004; Peterson and Martin 2015; Phelan and Larson 2002; Pruchno 2015; Rubinstein and
deMedeiros 2015; Ryff 1982; Scheidt R.J. et al. 1999; Schulz and Heckhausen 1996; Stowe and Cooney

2015; Tavel 2008; Topaz et al. 2014; Young et al. 2009), most of which made suggestions on how the
concept proposed by Rowe and Kahn could be improved, or simply expressed concerns about
the relevance of the successful aging- framework as it had been developed in geriatric

research.

In 2014, Martinson and Berridge published a review of the literature that attempted to
summarize the different critiques and suggestions for improvement stated in scientific

publications between 1987 and 2013, which were listed in a specific gerontology-related
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scientific database, the “Abstracts in Social Gerontology (AGS) database” (Martinson and

Berridge 2015).

Several critical reviews of the successful aging concept were not included in Martinson and
Berridge’s analysis, either because they were published later or because their abstracts had not

been referenced in the above-mentioned AGS- database (Belgrave and Sayed 2013; Bowling and

Dieppe 2005; Bulow and Séderqvist 2014; Calasanti et al. 2006; Cosco et al. 2013a; Cosco et al. 2013b;
Cosco et al. 2014a; Cosco et al. 2014b; Cosco 2015; Depp and Jeste 2006; Kahana et al. 2014; Katz and
Calasanti 2014; Katz 2013; Kuh 2007; Lamb 2014; Martin 2001; Morley 2009; Ouwehand et al. 2007; Peel
et al. 2004; Peterson and Martin 2015; Phelan and Larson 2002; Pruchno 2015; Rubinstein and

deMedeiros 2015; Ryff 1982; Schulz and Heckhausen 1996; Stowe and Cooney 2015). Yet, the different
themes of criticism revealed by Martinson and Berridge provide a very complete overview, as
criticisms expressed in other publications were largely redundant with what had already been
highlighted by Martinson and Berridge.

The following paragraphs, as well as Figure 2, which illustrates the different aspects of
criticism of Rowe and Kahn’s model in a visual manner, are thus largely based on the review

article by Martinson and Berridge (Martinson and Berridge 2015).
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Figure 2. Summary of criticisms of Rowe and Kahn's successful aging- model (largely based on (Martinson and Berridge 2015))
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a)  Low proportions of successful aging

A further identified theme of criticism was related to the generally rather low proportions of healthy aging reported by studies that applied
definitions based on Rowe and Kahn’s model (Martinson and Berridge 2015). Martinson and Berridge notably cited McLaughlin et al., who have
suggested adapting the criteria and thresholds for successful aging definitions so as to not “limit the study of healthy aging to those with near-
perfect health” (McLaughlin et al. 2012). Several other authors (notably Cosco and Schulz (Cosco et al. 2014b; Schulz and Heckhausen 1996)) have
highlighted this issue by stating that, especially for the oldest-old, Rowe and Kahn’s criteria were unrealistic to achieve. Of note, proportions

obtained when applying Rowe and Kahn’s criteria tend to be much lower than proportions of self-rated successful aging (Cosco et al. 2014a).
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b)  Too little emphasis on psychosocial factors, subjective factors, and
‘positive’ factors

Several of the identified studies underlined that Rowe and Kahn’s concept was lacking one or
more important aspects. Very general suggestions were to put more emphasis on
psychological and social factors, subjective factors, and to use “positive as opposed to

pathological health characteristics”. (Martinson and Berridge 2015)

The need to put more emphasis on ‘subjective’ factors was, amongst others, stressed by Cosco
et al. who highlighted that “augmenting objective components with subjective components
provides a more holistic conceptualization” of successful aging (Cosco et al. 2014a), and by
Pruchno et al. who proposed a “Two-Factor Model of Successful Aging”, including both

objective and subjective measures (Pruchno et al. 2010).

c)  Too little emphasis on criteria that matter to elderly individuals

A further type of criticism was that the Rowe and Kahn- model was not sufficiently based on
criteria that actually matter to elderly individuals, i.e. aspects that they perceive as important
for their own successful aging. The criteria identified by Martinson et al. as having been
reported to be part of older adults' subjective representations of successful aging include
“emotional well-being”, “spirituality”, “comportment”, “acceptance of change”/ “accepting
the aging process”, “self-acceptance and self-contentment”, “self-care”, “financial well-

being”, “living with family” and “emotional care”. (Martinson and Berridge 2015)

The importance of giving more weight to criteria of successful aging that matter to aging
individuals themselves has been stressed by various authors, such as Cosco (Cosco et al. 2013a),
Bowling (Bowling and Dieppe 2005), Cernin (Cernin et al. 2011), Jopp (Jopp et al. 2015), and
Troutman (Troutman et al. 2011; Troutman-Jordan and Staples 2014). Cosco et al., who have
conducted a systematic review on studies reporting lay perspectives of successful aging, have
concluded that the most recurrent elements of lay perspectives were “attitudinal and
engagement components”, as well as “external factors, such as finances and environment”

(Cosco et al. 2013a).

d)  Specific missing components
Martinson and Berridge also identified voices which proposed to add various rather specific

components to the successful aging- framework, in order to obtain a more complete and
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holistic concept. The listed components were “spirituality”, “marital status and quality”,

“affective status”, “life satisfaction”, and “leisure activity”. (Martinson and Berridge 2015)

e)  Dichotomous nature of the construct

The dichotomous nature of Rowe and Kahn’s successful aging concept has notably been
criticised by Cosco (Cosco et al. 2014b) and Schulz (Schulz and Heckhausen 1996). Schulz and
Heckhausen underlined that a binary vision of successful aging prevented researchers from
considering the “large heterogeneity within the normal category”, that is, the variety of health

states among ‘usual agers’. (Martinson and Berridge 2015)

f) Problematic basic philosophy

Martinson and Berridge also identified publications that fundamentally challenged the
relevance of Rowe and Kahn's successful aging- concept for various different reasons. One
major reason was the lack of consideration of socioeconomic and political factors, such as
social injustice, as important determinants of successful aging (i.e. an overestimation of the

capability of individuals to be in control of their own fate by adopting a healthy lifestyle).
(Martinson and Berridge 2015)

This point was notably stressed by Rubinstein (Rubinstein and deMedeiros 2015). According to
them, Rowe and Kahn’s model showed an exaggerated focus on the possibilities of the
individual to change its fate, which revealed a spirit of neoliberalism and “Western possessive
individualism”. For the authors, an immense problem of Rowe and Kahn’s concept is that
external factors related to the socioeconomic and political environment, such as social

inequalities, are not accounted for.

Another important aspect revealed by Martinson and Berridge was that the exclusiveness of
the concept, related to its binary approach, which leads to labelling the presence of disability
as ‘non-successful’ aging. Since this can be perceived as discriminatory and judgemental,
suggestions were made to create concepts that avoid creating groups of individuals that, by
definition, do no longer have the chance to “age successfully” because they have disability or
chronic illness. One example is a model of “resilient aging” which represents, according to

the authors, a more inclusive concept as resilience was “attainable by all older adults”.

(Martinson and Berridge 2015)

Moreover, Rowe and Kahn’s objective to mark a clear depart from disengagement theory has

led to the fact that the reality of death, and thus the inevitability of health decline at some
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point is missing from their concept. This has notably been criticised by Cosco (Cosco et al.

2013a) and by Lamb (Lamb 2014).

g)  Lacking life-course perspective

A final critically viewed aspect of Rowe and Kahn’s model is the fact that it does not
explicitly take a life-course perspective. Stowe et al. stated that it thus failed “to capture
developmental processes and trajectories of continuity and change in function over
time” (Stowe and Cooney 2015). Further advocates for integrating a life-course perspective into
concepts of successful or healthy aging are Pruchno (Pruchno and Wilson-Genderson 2014), Kuh

(Kuh 2007), and Schulz (Schulz and Heckhausen 1996).

11.C.2 Reaction of Rowe and Kahn to these criticisms

Rowe and Kahn have, in part, reacted to these different elements of criticism in an article
published in 2015: “Successful Aging 2.0: Conceptual Expansions for the 21st Century”.
They clarify that in their view, models with a psychological focus that adopt life-course
perspectives - such as the SOC- model developed by Baltes and Baltes (Baltes and Baltes 1989) -
indicated the “how” of successful aging, while Rowe and Kahn’s model indicated the “what”.
They also underline that their concept did not view the opposite of “successful aging” as
“unsuccessful aging”, but as “usual aging”, stating that the terminology that was used during
early phases of the development of their concept was “usual aging” versus “better than usual
aging”. With respect to criticisms stating that their model was “too biomedical”, they pointed
out that there were other voices that suggested focusing more - and not less - on aspects such

as “biomarkers and genetics” as factors with a role for healthy aging (Silverstein 2015).

A theme of criticism that appears to be of great importance to Rowe and Kahn is the lack of
consideration of social, societal, and political factors in their initial successful aging model. A
large part of their 2015- article is dedicated to this issue, underlining that they do consider
these factors to be of major importance, and have thus, in 2007, assembled a research network
dedicated, amongst others, to “recommend specific policies to facilitate emergence of a
successfully aging society”. This research network developed several important aspects of
successful aging “at the society level”: “productivity and engagement”, “cohesion, including
the degree of synergy or tension between generations and socioeconomic strata”, “balance in
dealing with the risks and benefits of demographic change”, “resilience”, and “sustainability”
(Rowe 2010). Moreover, Rowe and Kahn make three suggestions for research perspectives

aimed at developing a successful aging concept that includes societal aspects: “re-engineering
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core societal institutions”, “adopting a life-course perspective”, and “focusing on human
capital”. Research on societal institutions should cover aspects such as the identification of
“institutional or structural obstacles to successful aging”. In Rowe and Kahn’s view, the
adoption of a life-course perspective should include discussions on how different life tasks
(raising children, professional activities, etc.) could be better distributed across lifespan.

“Focusing on human capital” makes reference to using the talent of older individuals.

Rowe and Kahn also note that calls for completely abandoning their successful aging concept
in response to the numerous criticisms were the “minority”, and refer to Stowe and Cooney
who suggested that the immense popularity and the large use of the concept in scientific

research warranted “modification over disposal” (Stowe and Cooney 2015).

11.D The heterogeneity of available definitions

11.D.1 Heterogeneity with respect to the included criteria

a)  Description of the broad range of applied criteria

In 2006, Depp and Jeste conducted a comprehensive review of the literature in which they
considered “published English-language peer-reviewed reports of data-based studies” on
adults older than 60 years, which contained operationalized concepts of successful aging, and
which “examined successful aging as a dependent variable” (Depp and Jeste 2006). They
retrieved 28 studies that included 29 different successful aging- definitions. The authors
concluded that there was a large heterogeneity among the retrieved definitions, but that most
concepts included the notion of “absence of disability” or good “physical performance”, and

(although to a lesser degree), the “absence of cognitive impairment”.

The most recent systematic review of the literature was publish by Cosco et al. in 2014 (Cosco
et al. 2014a), and included original, peer-reviewed scientific articles that contained an
operational definition of successful aging, which was not a “single-item self-report” measure
of successful aging, and which did not use “previously identified operational definitions”. A
total of 84 studies met these criteria — and as some studies reported multiple definitions, a
total of 105 different definitions were identified. A large majority (over 90%) of the
definitions contained factors related to physiological health (such as “physical functioning”),
and almost 50% contained elements related to engagement with life. Factors related to “well-
being” were also found in almost 50% of definitions, and more than a quarter of

operationalized definitions contained aspects related to “personal resources”, such as
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resilience. Only a small fraction (about 5%) included external factors such as an individual’s
financial situation. Three of the 84 studies also included self-rated successful aging as part of

a multidimensional model.

Figure 3 illustrates the general groups of healthy/ successful aging- components identified by
Cosco et al. (Cosco et al. 2014a), as well as the more concrete criteria with which the
components were operationalized. In addition, a number of concrete criteria that were not
explicitly mentioned in Cosco’s review (mostly because the respective studies had not yet
been published, or because they did not provide data-based operationalized definitions, but

rather suggestions for definitions) are listed.

The main categories of healthy/ successful aging- criteria identified by Cosco et al.

9 (13 b (13

(“physiological” criteria, “well-being”, “engagement”, “personal resources”, and ‘“extrinsic
factors”) are represented as central dark blue ellipses in the Figure. In addition, these main

categories are discussed in the manuscript text below the Figure.
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Not shown due to copyright considerations

Figure 3. Components of published operational definitions of healthy or successful aging (largely based
on (Cosco et al. 2014a))

Elements identified in the review of the literature published by Cosco et al. are displayed in circles or

rectangles with a dark-blue background; additional elements are displayed in circles or rectangles with a
light-blue background.
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Physiological factors

Concerning the general component “physiological factors”, Cosco et al. mentioned the
concrete criteria “longevity”, “physical function/ disability”, “health status™, “illness/ disease
presence”, and “mental health”. Cosco et al. have not listed examples in order to detail what
kind of specific criteria were summarized under the headings “longevity” and “health status”.
However, it can be hypothesized that “longevity” referred to survival up to a specific age (as
used by authors such as Sabia et al. (Sabia et al. 2012) or Vaillant and Mukamal (Vaillant and
Mukamal 2001)). Concerning “health status”, it can be hypothesized that this category referred
to indicators that were not directly related to physical functioning, cognitive functioning,
diseases, or mental health — such as self-rated overall health status (as used by authors such as

Roos and Havens (Roos and Havens 1991) or Hamid et al. (Hamid et al. 2012)).

In Figure 3, “illness/ disease presence” is generalized as “absence/ small number of (chronic)
diseases” as some authors do not insist on the absence of disease, but rather on the presence of
few diseases (Pruchno et al. 2010). In an article titled “A proposed panel of biomarkers of
healthy ageing”, Lara et al. furthermore proposed to include metabolic health (including
glucose metabolism and body composition), as well as endocrine function and immune

function (Lara et al. 2015).

Personal resources

With respect to the general component “personal resources”, Rowe and Kahn mentioned the
concrete criteria “resilience”, “coping”, and “independence/ autonomy”. Other studies have
operationalized this element with the factors “self-efficacy” (Bowling and lliffe 2006),
“optimism” (Bowling and Iliffe 2006; Cosco et al. 2015b), “education” (Tyrovolas et al. 2015),
“geotranscendence” (Troutman et al. 2011), “spirituality” (Araujo et al. 2016; Crowther et al. 2002;
Troutman et al. 2011; Young et al. 2009) and “health behaviours™ (such as high dietary quality and

physical activity) (Tyrovolas et al. 2015; Zolnikov 2015).

Gerotranscendence is a concept developed by Tornstam, which has been summarized as “a
shift in meta-perspective, from a materialistic and rationalistic perspective to a more mature

and existential one” by Troutman et al. (Troutman et al. 2011).

Extrinsic factors
Specifications concerning the component “extrinsic factors” in Cosco’s review article

included “environment” and “finances”. A more concrete criterion related to “environment”
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was mentioned by Zolnikov et al.: “environment free of contaminants” (Zolnikov 2015).
Zolnikov et al. also included the factor “healthcare framework™ into their successful aging

concept.

Engagement

The component “engagement” has been operationalized as “active life” and “social
engagement”, as well as “support system”, and “voluntary work™ according to Cosco et al.
Further authors have also considered the factors “few sedentary activities” and “sense of

belonging to a local community” (Weir et al. 2010).

Well-being

Concerning “well-being”, Cosco et al. have identified the concrete criteria “affective status”
and “life satisfaction”. Others have suggested the factors “little or no pain” (Kaplan et al. 2008;
Pruchno et al. 2010; Troutman et al. 2011) and “quality of life” (Bousquet et al. 2015a), including
self-perceived health (Cernin et al. 2011; Cho et al. 2012; Cosco et al. 2015b; Holden et al. 2014; Kok et

al. 2015; Roos and Havens 1991; Thielke and Diehr 2012).

Subijective rating
As mentioned above, a final general component identified by Cosco et al. was “subjective

rating of successful aging”.

While the general categories of successful aging- components identified by Cosco et al. are
very useful for comparing different definitions in a structured manner, it is evident that many
of the various ‘concrete criteria’ listed above could be connected to multiple ‘general
categories’. For example, “little or no pain” could be interpreted as a factor related to well-
being, but also as a factor related to physiological health. “Education” can be seen as a
personal resource, but also as an external factor (Lara et al. 2015). Moreover, “mental health”,
which has been classified among the physiological factors by Cosco (Cosco et al. 2014a), IS

closely related to “affective status”, which Cosco et al. have related to well-being.

b)  Reasons for the observed differences in definitions

Overall, Depp’s and Cosco’s Systematic reviews above all underline the large heterogeneity in
operationalized definitions of healthy or successful aging (Cosco et al. 2014a; Depp and Jeste
2006). This heterogeneity is largely related to the criticisms made with respect to Rowe and
Kahn’s concept. For example, many authors perceived a lack of emphasis on psychosocial

dimensions, and thus added factors such as “resilience”, “optimism”, “spirituality”, or
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“purposefulness” — while others did not. Furthermore, the missing consideration of external
factors/ societal determinants such as financial situation and education caused some authors to
directly include such elements into their successful aging- definitions (Cheung and Lau 2015;
Tyrovolas et al. 2015; Wang and Lin 2012) — while others preferred to study such factors as

predictors, and not inherent components, of healthy or successful aging (Arias-Merino et al.

2012; Avlund et al. 1999; Bell et al. 2014; Berkman et al. 1993; Britton et al. 2008; Chou and Chi 2002;
Formiga et al. 2012; Hamid et al. 2012; Hank 2011; Jang et al. 2009; Kaplan et al. 2008; McLaughlin et al.
2010; Ng et al. 2009; Nosraty et al. 2012; Pruchno et al. 2010; Pruchno and Wilson-Genderson 2014;

Strawbridge et al. 2002; White et al. 2015; Willcox et al. 2006).

In their 1997-article, Rowe and Kahn had explained that avoidance of disease referred “not
only to absence or presence of disease itself, but also to absence, presence, or severity of risk
factors for disease” (Rowe and Kahn 1997). This explains why some authors included
components such as body composition or body mass index (Lara et al. 2015; Tyrovolas et al.
2015), blood pressure (Cho et al. 2012; Gureje et al. 2014; Hamid et al. 2012; Holden et al. 2014; Jang et
al. 2009; Pruchno et al. 2010; Pruchno and Wilson-Genderson 2014; Strawbridge et al. 2002) Or even
health behaviours such as favourable eating habits and physical exercise (Tyrovolas et al. 2015;
Zolnikov 2015). However, most authors did not follow the suggestion to also include risk
factors, and focused on the simple absence of disease and disability (Cosco et al. 2014a; Depp and

Jeste 2006).

In addition, it is natural that operationalized, data-based definitions of healthy or successful
aging can only account for indicators for which data is available. Thus, an important reason

for differences in available healthy aging definitions is probably related to data availability.

11.D.2 Heterogeneity with respect to chosen cut-offs

Even when using the same variables to define certain components of successful aging,
operationalized definitions can differ with respect to the chosen instruments to measure
particular indicators, and with respect to the chosen cut-offs for continuous variables.
Notably, a large proportion of studies that use components based on cognitive and physical

functioning tests use fixed cut-offs to define cognitive health (Almeida et al. 2014; Andrews et al.
2002; Arias-Merino et al. 2012; Cernin et al. 2011; Chaves et al. 2009; Cho et al. 2012; Edwards et al.
2011; Formiga et al. 2012; Hsu 2011; Jorm et al. 1998; Li et al. 2006; Newman et al. 2003; Ng et al. 2009;
Puig-Domingo et al. 2008; Reed et al. 1998; Roos and Havens 1991; Samieri et al. 2013; Sarnak et al. 2008;
Sun et al. 2011; Tyas et al. 2007; von Faber et al. 2001; White et al. 2015; Willcox et al. 2006; Young et al.
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2009) and physical health (Andrews et al. 2002; Cernin et al. 2011; Edwards et al. 2011; Hamer et al.

2014; Reed et al. 1998; Strawbridge et al. 2002).

On the other hand, other studies use distribution-based cut-offs for cognitive functioning
(Akbaraly et al. 2013a; Akbaraly et al. 2013b; Hamer et al. 2014; Hank 2011; Jang et al. 2009;
McLaughlin et al. 2010; Sabia et al. 2012; Singh-Manoux et al. 2014) and physical functioning
(Akbaraly et al. 2013a; Akbaraly et al. 2013b; Sabia et al. 2012; Singh-Manoux et al. 2014; von Faber et
al. 2001) — especially studies based on the Whitehall 11 cohort (Akbaraly et al. 2013a; Akbaraly et

al. 2013b; Sabia et al. 2012; Singh-Manoux et al. 2014).

11.D.3 Heterogeneity with respect to proportions of healthy or

successful aging

In the systematic review of the literature published by Cosco et al. (Cosco et al. 2014a), there
were 69 studies that reported percentages of successful aging, and 115 distinct groups of
“successful agers”. Healthy or successful aging- proportions ranged from less than 0.5% to
about 92%. The median was 23%, and the mean was 28%. Among the six identified studies
that investigated self-rated successful aging, however, as many as 71% were — on average —

classified as “successful agers”.

A number of studies have created multiple models of healthy or successful aging and have
reported such proportions for each of their models. For instance, Nosraty et al. (Nosraty et al.
2012) have investigated successful aging among Finish individuals aged > 90 years, using SiX
different operationalized definitions. The definition that yielded the highest proportion of
‘successful agers’ (18%) included a specific component on physical health (absence of
dementia, good vision and hearing, independence in three mobility activities and in two
activities of daily living (ADL) - activities), as well as a social component (“having met one’s
children and having talked on the phone with family members/ friends during the past two
weeks”). The definition that yielded the lowest proportion (1.6%) differed from the former
definition with respect to the physical health-component (“no dementia” was replaced by
“absence of disease”), and included an additional component referring to psychological health
(“absence of depressiveness, average or good self-rated health, and agreement with the view
that it is good to live to be 100™).

Another example is a study published by Cho et al. (Cho et al. 2012), in which a definition

based on Rowe and Kahn’s concept (absence of five specific chronic diseases as well as of
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high blood pressure, no limitations in instrumental activities of daily living (IADL) and in
physical activities of daily living, Mini Mental State Examination (MMSE) score > 23, and
active engagement with life) was compared with a definition focused on psychosocial factors
(good or excellent self-rated health, good perceived financial situation, and ‘happiness’).
Within a sample of octogenarians, only 15% met the criteria of the first definition, while as
many as 62% met the criteria of the second definition. Among a sample of centenarians, no
individual met the criteria of the first definition, while 48% met the criteria of the second

definition.

A very similar approach was taken by Cernin et al. (Cernin et al. 2011), who compared an
“objective definition” (good physical and cognitive functioning, independence in terms of
IADL) with a “self-rated definition” (at least “good” self-rated overall health status). The
mean age of the study sample was 73 years, and 30% of participants met the criteria of the

“objective definition”, while 63% met the criteria of the “self-rated definition”.

Tyas et al. (Tyas et al. 2007) have attempted to take a non-binary approach at healthy aging by
defining four different groups instead of two: non- healthy aging, “good” healthy aging, “very
good” healthy aging, and “excellent” healthy aging. The definition of these groups depended
on the choice of cut-offs for the different criteria (good cognitive functioning - as assessed by
the MMSE and a Delayed Word Recall- test, basic activities of daily living, IADL, and “self-
rated function”). For example, to be classified into the category “excellent” healthy aging, an
individual had to have > 28 points on the MMSE and to be independent in terms of all IADL.
To fall into the category “good” healthy aging, > 24 points on the MMSE and having a score
> 3 on the IADL- scale was sufficient. Finally, 6% of participants were classified as ‘excellent

agers’, 14% as ‘very good agers’, and 18% as ‘good agers’.

These different examples illustrate that multiple factors have an influence on the observed
proportions of healthy or successful aging: the age of the participants, the types of
components chosen (i.e. rather biomedical components of rather psychosocial components, or
self-rated measures of healthy or successful aging), the variables chosen to operationalize

these general components, and the applied cut-offs. These aspects are illustrated in Figure 4.
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Figure 4. Factors related to observed proportions of healthy or successful aging

I1.E Attempts to create consensus definitions

I1.E.1 Workshop organized by German researchers (Regensburg,
Germany, 2012)

Attempts have been made to create consensus definitions of healthy or successful aging, or at
least to make progress on the way of obtaining such consensus definitions. A group of
German researchers has organized a workshop in 2012 that aimed to investigate health
indicators related to aging that are used in German research projects, with the final objective
to help develop “a set of indicators for the assessment of healthy ageing”. The results of the
workshop were published in the form of a scientific article in 2013 (Fuchs et al. 2013), which
concluded, amongst others, that taking a multidimensional approach was crucial. Such an
approach should include “a comprehensive assessment of resources, diseases and complaints,
cognitive and functional capacities, and limitations and disability”. Moreover,
“environmental, sociodemographic, and socioeconomic factors and biological/genetic
determinants” should be taken into account. A key objective of the publication was to
encourage further collaborative discussions in order to develop “an agreed-upon basic set of

instruments” for research projects on the health of elderly individuals.
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I1.E.2 European workshop (Montpellier, France, 2014)

In October 2014, a workshop with similar objectives was also organized on an international
level, in the context of the annual conference of the European Innovative Partnership on
Active and Healthy Aging in Montpellier, France. On the basis of the discussions during this
workshop, two scientific publications have been drafted and published (Bousquet et al. 2015a;
Bousquet et al. 2015b).

The first publication (Bousquet et al. 2015a) focused on the proposed framework for defining
“active and healthy aging”, which was based on previous work by Kuh et al. (Kuh et al. 2014).
This framework included both proposed inherent components of active and healthy aging, and
factors suggested to have a major role in the development of active and healthy aging. The
inherent components were “physical and cognitive capability”, “psychological and social
wellbeing, mental health and quality of life”, and “functioning of underlying physiological
systems [...], preventing or delaying onset of chronic diseases, frailty and disability”. It was
underlined that all three components should be considered throughout the life course, not only
punctually at one point during aging. The suggested factors with an influence on active and

healthy aging were “education, lifelong learning, working and caring”, “lifetime lifestyles”,

and “lifetime social, economic, and physical environment”.

The second publication (Bousquet et al. 2015b) focused on means of assessing these different
proposed components. The proposed instruments included two “core” questionnaires, and a
number of optional questionnaires. The first proposed core questionnaire was the World
Health Organization Disability Assessment Schedule (WHODAS) 2.0. The second core
domain was quality of life. Rather than proposing one single most pertinent measure of
quality of life, a number of potentially adequate instruments were proposed: the EuroQoL
Quiality of Life Scale 5 (EuroQoL 5), the Short Form-12 healthy survey (SF-12), and the Short
Form-6D healthy survey (SF-6D).

I1.F Concepts developed by the WHO

The WHO has developed two concepts that can be regarded as closely related to
multidimensional concepts of healthy or successful aging: “active aging”, and “healthy
aging”. The “active aging”- concept has been developed within a very policy- and society-
oriented framework, published in a 2002- report titled “Active Aging — A Policy Framework”

(World Health Organization 2002).
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The WHO’s “healthy aging”- concept, on the other hand, has been developed in the context of
the “World Report on Ageing and Health” published in 2015, and presents a model which is
(as its name indicates) more directly focused on concrete health- aspects (Beard 2015).

The following chapter is entirely dedicated to these two concepts for two reasons. First, the
WHO is an authority with immense importance for public health research and action. Second,
the “healthy aging”- concept developed by the WHO provides a very holistic framework that
in a certain manner responds to many criticisms expressed with respect to Rowe and Kahn’s
concept (such as a missing life-course approach, the missing consideration of external factors,
and the missing consideration of resilience as an important modulator of the aging process). It
should be noted, however, that the consideration of such a large number of different factors
renders the concept difficult to implement into cohort studies with a biomedical focus such as
the SU.VI.MAX study.

II.F.1 The WHO’s “active aging”- framework

a)  Core definition

The concept of “active ageing” proposed by the WHO in 2002 (World Health Organization 2002)
should not be understood as a health outcome, but rather as a continuous process: “Active
ageing is the process of optimizing opportunities for health, participation, and security in

order to enhance quality of life as people age”.

a)  Specifications

This process should permit individuals to “realize their potential for physical, social, and
mental well being throughout the life course” and also assure “adequate protection, security
and care”. It is underlined that ‘activity’ does not only refer to physical exercise, or to
professional activity, but to involvement in a large number of different domains (“social,
economic, cultural, spiritual, and civic affairs”). In line with above-mentioned voices that
insist on the development of inclusive concepts of healthy aging, the WHO’s concept
explicitly “aims to extend healthy life expectancy and quality of life for all people as they age,

including those who are frail, disabled and in need of care”. (World Health Organization 2002)

b)  Proposed determinants of active aging
Proposed determinants of active aging are the “cross-cutting determinants” culture and

gender, and other elements, including economic, social, behavioural, and personal factors, as
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well as “health and social services” and the “physical environment”. (World Health Organization

2002)

C) Proposals for policies that facilitate active aging
The key policy proposal made in order to facilitate active aging for individuals worldwide
were constructed around three “pillars”: health, participation, and security. Key policy

proposals concerning health were related to (World Health Organization 2002):

e diminishing the burden of chronic illness and premature maturity,

e diminishing major health risk factors (such as low dietary quality, smoking, and
psychological factors),

e assuring the accessibility, quality, and ‘age-friendliness’ of social services, and

e providing training for “caregivers”.
Proposals with respect to participation were related to:

e improving “basic education” and possibilities for “lifelong learning”,
e assuring secured incomes, and augmenting possibilities for professional and volunteer
work, and

e continued involvement in family and community life.
Suggestions concerning security were related to:

e assuring “protection, safety and dignity” (especially for vulnerable groups such as
HIV-infected individuals, and people in emergency situations), and

e improving gender equality.

I11.F.2 The WHO?’s “healthy ageing”- framework

a)  Definition of healthy aging
In their 2015-report “World Report on Ageing and Health” (Beard 2015), the WHO defined
healthy aging as “the process of developing and maintaining the functional ability that enables

well-being in older age”.

“Functional ability” was defined as involving “the health-related attributes that enable people

to be and to do what they have reason to value”. This concept does not only refer to the
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individual’s “physical and mental capacities”, but also to external environmental factors
(related to the individual’s home, its community, and the society it lives in) and the interaction
between these internal and external elements. The WHO underlines that “well-being” should

be “considered in the broadest sense”, involving elements like “happiness”, “satisfaction”,

and “fulfilment”.

a)  Healthy aging as a process

The WHO explicitly states that their concept of healthy aging takes on a life-course
perspective. Healthy aging is thus considered as a continuous process, during which multiple
factors play a role. According to the framework proposed by the WHO, an individual’s

physical and mental capacities are influenced by the following factors (Beard 2015):

e genes,

e gene-environment interactions before and after birth,

e non-modifiable “personal characteristics” (sex, ethnicity),

e partly modifiable “personal characteristics” (Socio-professional status, education,
gender, financial/ material situation),

e different “exposures”, “opportunities”, “barriers”, and “access to resources”, which
depend on the above-mentioned personal characteristics (sex, education, financial
situation, etc.)

e accumulating damage on the molecular and cellular level, which can result in lowered
“physiological reserves”, and shifts in homeostasis (these changes are considered as
“largely inevitable”, but subject to substantial variations concerning their magnitude),

e other characteristics related to health (which are, themselves, influenced by various
environmental factors):

o specific behaviours, personality traits, and competences related to health,
o factors that augment the risk for diseases (such as hypertension),
o diseases or injuries,

o ‘“broader geriatric syndromes”.

As described under “a) Definition of healthy aging”, the “functional ability” of an individual
is then influenced by both its above-mentioned physical and mental capacities, environmental

factors, and the interaction between personal capacities and the environment.
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The process of healthy aging is further shaped by an individual’s “resilience”, which the
WHO defines as “the ability to maintain or improve a level of functional ability in the face of
adversity”. According to the WHO, resilience comprises both internal factors (such as
personality characteristics and “physiological reserves”) and external factors (such as good

social integration).

As stated above, the WHO defines “functional ability” as “the health-related attributes that
enable people to be and to do what they have reason to value”. In this light, considering
healthy aging in a life-course perspective is crucial, as “the beings and doings that people

have reason to value differ among individuals, and change over the course of people’s lives”.

The life-course approach taken by the WHO also considers the inevitability of death. Instead
of regarding healthy aging as a punctual outcome, “trajectories of healthy aging” are
considered, which end — as all human biological life — with death. An “optimal” trajectory
distinguishes itself from suboptimal trajectories personal capacities that “remain high until the
end of life”.

b)  Suggested “key issues for public-health action”

As stated above, the “active ageing”- framework proposed by the WHO was a much more
policy- and society- oriented approach than the “healthy ageing”- framework. The “healthy
ageing”’- framework does not include equally detailed policy suggestions, but proposed “key
issues for public-health action”. These issues are grouped according to four main themes:
“dealing with diversity”, “reducing inequity”, “enabling choice”, and “ageing in place”. (Beard
2015)

The first aspect refers to developing research that helps to increase the understanding of
“diverse pathways” of healthy aging, but also to changing health services so that “people have
access to health services that respond to their preferences” and are “coordinated around their

needs”.

The aspect “reducing inequity” includes, amongst others, the notion of reaching “groups that
are particularly disadvantaged”. The WHO notably suggested that public health programs

should be evaluated with respect to their potential to reduce inequalities.

“Enable choice” refers to helping individuals develop the competences that are necessary to
make choices that are beneficial for their health and lives. This aspect is, according to the

WHO, strongly connected with “reducing inequity”, as disadvantaged groups tended to have
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less access to the resources that are important for developing the ability to make favourable
choices.

The final aspect, “ageing in place”, refers to improve the possibilities for elderly individuals
to keep living in their own homes, and to further develop “new forms of assisted living and

nursing-home care”.
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Figure 5 attempts to visualize key aspects of the very complex “healthy ageing”- framework proposed by the WHO.

Figure 5. lllustration of the framework of healthy aging developed by the World Health Organization (based on (Beard 2015))
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[11. Nutritional epidemiology

Multiple definitions of “epidemiology” have been proposed. A frequently used and well-
accepted definition is the one proposed by Brian MacMahon, a former director of the Havard
School of Public Health’s Department of Epidemiology. According to MacMahon,
epidemiology is “the study of the distribution and determinants of disease frequency in man”

(MacMahon and Pugh 1970).

The WHO defines epidemiology as:

“[...] the study of the distribution and determinants of health-related states or events (including

disease), and the application of this study to the control of diseases and other health problems.

Various methods can be used to carry out epidemiological investigations: surveillance and descriptive

studies can be used to study distribution; analytical studies are used to study determinants”. (\World

Health Organization 2016)
Nutritional epidemiology can be considered as a sub-discipline of epidemiology, which
specifically focuses on nutritional determinants of health (including dietary factors and

physical activity, which contributes to a regulated overall energy balance).

[I.LA Assessment of dietary consumption

Methods of assessment used in nutritional epidemiology can be roughly divided into methods
that aim to assess the foods that are “actually consumed by an individual on one or more
specific days” (24-hour recalls and dietary records), and into methods that “report usual intake
over longer periods of time” (food frequency questionnaires and diet histories) (Willett 1998).

The principal of 24-hour recalls is the conduction of a detailed interview by a trained
examiner, during which participants report all food consumption from “midnight to midnight

of the previous day” or “over the past 24-hour period” (Willett 1998).

Dietary records consist of “a detailed listing of all foods consumed on one or more days”.
Participants of studies conduct the work of noting details on food consumption themselves,
ideally shortly after food or beverage consumption takes place. The assessment of the
consumed quantities relies either on standard portion sizes or on household measuring tools,

or the participants are encouraged to weigh the foods and beverages they eat. (Willett 1998)

Food frequency questionnaires are composed of two elements: a “food list” (containing the

names of various foods and/ or food groups) and a “frequency response section” (inquiring
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information on the frequency of consumption of these foods/ food groups). Food lists can be
specific (thus not covering the overall diet, but only specific aspects) or comprehensive (the

latter option has the advantage that overall energy intake can be estimated). (Willett 1998)

The diet history method developed by Burke includes one self-administered 3-day food diary,
a list of usually consumed foods, and a detailed interview, which is to be carried out by highly
qualified professionals. Given the large efforts needed to complete such a dietary history, this
method is not often used in nutritional epidemiology (Shim et al. 2014).

Advantages of 24-hour recalls or dietary records covering a 24-hour period (’24-hour dietary
records’) include the precise assessment of the consumed quantities over a 24-hour period
(Andreeva and Kesse-Guyot 2015). Food frequency questionnaires, on the other hand, provide
less precision concerning the consumed quantities, and are thus more susceptible to
misreporting (‘overreporting’ or ‘underreporting’) (Andreeva and Kesse-Guyot 2015). The
advantage of this method is that habitual food intakes can be obtained via a single
administration of the tool, while 24-hour recalls or 24h-dietary records require repeated
administration over sufficiently long time periods (in a non-consecutive manner, i.e.
distributed across the different days of the week and seasons of the year) in order to supply

reliable estimates of usual dietary intakes (Andreeva and Kesse-Guyot 2015; Willett 1998).

Food composition tables are necessary in order to calculate nutrient intake from information
on food or food group consumption. Measurement errors related to this procedure are related
to the variation of food composition according to “environmental conditions, geographical

location, food production and preparation methods”. (Andreeva and Kesse-Guyot 2015).

Further types of bias related to dietary assessment in nutritional epidemiology include
memory-related bias (“recall bias”), social desirability bias (leading, for example, to general
energy underreporting or to the underreporting of foods perceived as ‘unhealthy’), as well as
measurement errors related to the portion size estimation (Andreeva and Kesse-Guyot 2015;

Gibson 2005; Hebert et al. 1995; Thompson and Byers 1994).

111.B Investigation of specific dietary factors

The investigation of the relation between single nutrients, foods, or food groups with
biological indicators or health outcomes is highly important for the development and
confirmation of mechanistic hypothesis concerning the aetiology of diseases, and to better

understand general aspects of human physiology and metabolism. However, an immense
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challenge for such analysis is that the presence of specific nutrients and other constituents
(such as fibres or polyphenols) in specific foods or food groups is highly correlated with the
presence of other constituents (one example is the fact that milk products are important
sources of both animal protein and easily absorbable calcium (Bonjour et al. 2013; Pereira 2014)).
Moreover, specific food constituents show strong interactions (both antagonism and
synergism). Examples include interactions of the minerals copper and zinc or manganese and
iron with respect to their absorption in the intestine, or effects of alcohol on iron metabolism

(Jacobs, Jr. et al. 2009).

Moreover, it has been suggested that the association of single nutrients with health outcomes
may be of too small magnitude to be detectable in epidemiologic studies, while the
cumulative effect of diverse nutrients and other dietary components could be identified more

easily (Hu 2002; Jacobs, Jr. et al. 2009).

[11.C  The ‘whole diet’- approach

In response to the above-mentioned limitations of the traditionally applied approach to focus
on specific dietary factors such as nutrients, foods, and food groups, an alternative approach
has been developed in nutritional epidemiology: the ‘whole diet’- or ‘overall diet’- approach,

which has also been named “dietary pattern analysis” (Hu 2002).

In nutritional epidemiology, historically, two main types of methodologies have been

developed in order to consider the diet of an individual as a whole.

The first method involves the construction of scores or indices based on existing knowledge
and/or hypothesis. This method is also referred to as “a priori” dietary pattern analysis. The
second method involves the extraction of dietary patterns by empirical, data-based methods
such as principal component analysis or cluster analysis, and is also referred to as “a

posteriori” dietary pattern analysis. (Andreeva and Kesse-Guyot 2015; Hu 2002; Kant 2004)

With the application of reduced rank regression to nutritional epidemiology, a method has
been introduced that can be seen as a hybrid method (i.e. a method sharing both elements of
the a priori- and the a posteriori- approach), as this method is essentially data-driven, but also
requires reflection on specific mechanistic hypotheses by which diet may affect health

outcomes (Andreeva and Kesse-Guyot 2015; Hoffmann et al. 2004).
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I11.C.1 A priori dietary scores

A large variety of different a priori — dietary scores has been developed to this day (Andreeva
and Kesse-Guyot 2015; Kant 2004; Kourlaba and Panagiotakos 2009; Waijers et al. 2007; Wirt and
Collins 2009). Many of these scores have been designed to measure adherence to national

nutritional guidelines, such as the Healthy Eating Index (HEI), and its updated version, the
HEI-2010 (Guenther et al. 2013; Kennedy et al. 1995), the Alternate Healthy Eating Index (AHEI)
(McCullough et al. 2002) and its updated version, the AHEI-10 (Chiuve et al. 2012), the Dietary
Guidelines for Americans Index (DGAI) (Fogli-Cawley et al. 2006), the Healthy Eating Index for
Australians (Roy et al. 2015) and its modified version, the Total Diet Score (TDS), or the French

Programme National Nutrition Santé- Guideline Score (PNNS-GS) (Estaquio et al. 2009).

Other scores reflect adherence to specific forms of diet such as the Mediterranean diet
(Buckland et al. 2010; Patterson et al. 1994; Rumawas et al. 2009; Sofi et al. 2014;
Trichopoulou et al. 2003), measure dietary diversity (Drescher et al. 2007; Drewnowski et al. 1997;

Kant et al. 1991; Krebs-Smith et al. 1987), or the adequacy of the diet to nutrient reference values
(Krebs-Smith et al. 1987; Verger et al. 2012).

Moreover, particular scores have been developed to reflect a diet that is hypothesized to be
beneficial concerning specific health outcomes, such as cardiovascular health (Appel et al. 1997)

or cognitive health (Morris et al. 2015), based on available evidence and hypotheses.

Finally, a number of scores have been designed to generally reflect a type of diet that is
thought to be beneficial for overall health, such as the AHEI (McCullough et al. 2002) or the
Dietary Quality Index- International (DQI-I) (Kim et al. 2003).

111.C.2 A posteriori dietary patterns

A posteriori dietary patterns have the advantage that they can reveal new interesting aspects,
since their construction is data-based, and not dependent on the existing state of knowledge
and specific hypotheses (Hu 2002). On the other hand, subjective decisions have to be made in
the phase of food group- construction, which precedes the application of data-reduction
methods (Andreeva and Kesse-Guyot 2015; Newby and Tucker 2004). Further subjective decisions
concern potential transformations of the dietary “input” variables (i.e. the food groups), and

the number of dietary patterns to retain (Newby and Tucker 2004).

Two frequently applied data-reduction methods are principal component analysis (or more

generally factor analysis) and cluster analysis (Newby and Tucker 2004). In the case of principal
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component analysis, the aim is to “construct linear combinations of food intakes, which
explain a high proportion of the variation in food intakes” (Wirfalt et al. 2013). Cluster analysis,
on the other hand, “aggregates individuals into relatively homogeneous subgroups (clusters)

with similar diets” (Hu 2002).

While a priori dietary scores mostly serve to confirm specific hypotheses (for example on the
relevance of national dietary guidelines for disease prevention), a posteriori dietary patterns
rather serve exploratory purposes (Andreeva and Kesse-Guyot 2015). A disadvantage of a
posteriori dietary patterns is that the extracted patterns are specific to the investigated
population, and may be difficult to reproduce in other study samples (Jacques and Tucker 2001;
Schulze et al. 2003). Schulze et al. have developed a more robust methodological approach that
consists of computing “simplified pattern variables” that can be better applied to study
samples other than the sample that served for the extraction of the dietary pattern scores
(Schulze et al. 2003). These simplified patterns are obtained by calculating the sum of those
“unweighted standardised food variables” that were highly correlated with a specific pattern
(Schulze et al. 2003). Usual dietary pattern scores are a linear combination of all initial food
variables (and the different food variables have different ‘weights’ according to the magnitude

of their correlation with the dietary pattern).

Two frequently identified dietary patterns are ‘healthy’ dietary patterns characterized by a
high consumption of “plants foods”, “fish and seafood”, “vegetable oils” and “low-fat dairy
products” on the one hand, and ‘Western’ dietary patterns characterized by a high
consumption of “food products low in essential nutrients and high in energy”, and “red and

processed meats”. (Wirfalt et al. 2013)
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V. Diet and healthy aging

IV.A Diet in relation with multidimensional healthy
aging concepts

IV.A.1 Studies investigating overall dietary quality

Four studies (Akbaraly et al. 2013a; Gopinath et al. 2015; Hodge et al. 2014; Samieri et al. 2013)
investigated the relation between a priori dietary scores or a posteriori dietary patterns with
multidimensional constructs of healthy aging. The names of the chosen constructs already
indicate conceptual differences: while Hodge, Samieri, and Gopinath used the terms
“successful aging” or “healthy aging”, Akbaraly et al. employed the term “ideal aging”, which

suggests the identification of a group with particularly high levels of functioning.

Akbaraly et al. (Akbaraly et al. 2013a) employed the term “ideal aging”, which well describes
the fact that the applied construct identified a small group (4%) of individuals who had
maintained very high levels of functioning during aging, as compared to their peers. In order
to be considered as showing ‘good functioning’ in the areas cognition, physical health,
respiratory health, and cardiovascular health, individuals had to present scores above the sex-
and age- specific median. Further criteria of the definition chosen by Akbaraly et al. were that
an individual had to survive to age 60, present no major chronic disease (coronary heart
disease, stroke, cancer, or diabetes), not present any limitations in IADL, and have a score
higher than 42 points on the mental health subscore of the Medical Outcome Study Short
Form-36 (SF-36) questionnaire. After a mean follow-up of 16 years, the average age of
participants at follow-up was approximately 67 years. Lower scores on the AHEI were
associated with a higher probability for cardiovascular and non-cardiovascular death, but not
with a higher probability for ideal aging. On the other hand, of two dietary patterns extracted
by principal component analysis, named “healthy foods”-pattern and “Western-type”-pattern,
the Western-type pattern showed a significant (inverse) association with ideal aging. This
dietary pattern was positively correlated with intakes of fried and sweet food, processed food

and red meat, refined grains, as well as high-fat dairy products.

Samieri et al. (Samieri et al. 2013) considered the updated version of the AHEI (the AHEI-
2010) as an exposition variable, and observed — in contrast to Akbaraly et al. — a positive
relation between higher scores on this index and higher odds of “healthy aging”. An
additional exposition variable investigated by Samieri et al. was adherence to the
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Mediterranean diet, as measured by the Alternate Mediterranean Diet Score. The observed
odds ratios (OR) were somewhat higher for the Alternate Mediterranean Diet Score than for
the AHEI (the respective OR and 95% -confidence intervals (95%-CI) were 1.46 [1.17, 1.83]
and 1.34 [1.09, 1.66]). Participants in this study were, on average, substantially older at
follow-up than in the study by Akbaraly et al. (approximately 74 years). Moreover, the chosen
healthy aging definition was quite different as a distribution-based cut-off was only applied
for one variable (the SF-36 mental health subscore). Further criteria were survival to 70 years,
the absence of 11 different types of chronic disease, no major impairments in cognitive
function (as defined by a score higher than 31 points on the telephone adaption of the
MMSE), and no major impairments in physical function. The observed proportion of
successful aging was quite low (11.0%), which may be related to the fact that the absence of a
rather large number of chronic conditions was required, and that the participants were rather
old at follow-up.

Much higher proportions of “successful aging” (18.9% among men and 18.4% among
women) were observed in the study published by Hodge et al. (Hodge et al. 2014), although the
average age at follow-up (approximately 75 years) is comparable to that in Samieri et al.’s
study. Successful aging was defined as survival to 70 years, absence of major chronic disease
(diabetes, cancer, and three different types of severe cardiovascular events), no impairment or
perceived major difficulty concerning physical functioning, and having at least 20 points on
the Kessler psychological distress scale (Hodge et al. 2014). Hodge et al. observed significant
relations with two out of four dietary patterns extracted by principal component analyses: a
pattern correlated with high fruit intake (positive association with odds for healthy aging), and
a pattern correlated with high intakes of meat and fatty foods (inverse association with odds

for healthy aging).

Finally, Gopinath et al. (Gopinath et al. 2015) observed a positive association of higher
adherence to the Australian Dietary Guidelines, as measured by the TDS, with odds for
“successful aging”. Successful aging was defined as the absence of major chronic disease
(cancer, coronary artery disease, stroke, angina [pectoris], acute myocardial infarction),
absence of observed walking difficulties and of limitations in IADL, functional independence
(assessed by a larger number of indicators), and having a score of at least 24 on the MMSE.
Compared to the above-mentioned studies, the observed proportion of successful aging was of
intermediate size (15.5%). The average age at follow-up was about 72 years for ‘normal

agers’ and about 70 years for ‘successful agers’.
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Thus, overall, studies investigating measures of the overall diet with respect to healthy aging
generally identified higher dietary quality as a beneficial factor, and “Western-type” dietary
patterns as a detrimental factor. However, only one of two studies that investigated the AHEI
obtained significant results, and not all data-based dietary patterns were significantly

associated with healthy aging.

A further study that investigated a variable that could be considered as an indicator of dietary
quality was published by Britton et al. (Britton et al. 2008). However, dietary quality was only
one among many investigated exposition variables, and the chosen indicator was of very
simple nature: “not having a poor diet” was defined as showing at least two of the following
three criteria: “most frequently used bread was white”, “usually used milk was whole”; “fruit
or vegetables were eaten less often than daily”. A further issue that makes it difficult to draw
valid conclusions from this study is that only a very restricted statistical adjustment (for age
and socioeconomic category) was applied. The study’s findings concerning diet were that “not

having a poor diet” was associated with higher odds for healthy aging among men, but not

among women.

Tables 1 provides an overview of these different studies, which are all prospective cohort

studies with varying times of mean or median follow-up (10 to 16 years).
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Table 1. Observational studies on the relation between a priori dietary scores and multidimensional concepts of healthy aging

Baseline

Article Country, age (y Follow- Follow- o _ Further % I_Diefca}ry factors _sh(_)wing_a
Study, sex, mean + | upage (y, up (v) Definition of successful aging and further comments comments Healthy significant association with
number sD) - mean) aging healthy aging (OR [95%-CI])
(Akbaraly United 51.3£5.3 | =67 Mean: “Ideal aging”: 4% No association
etal. 2013a) | Kingdom, 16 - aged > 60 years and survived Overall dietary quality, as
- no coronary artery disease, stroke, cancer, diabetes The % healthy assessed by the AHEI
Whitehall Il | &2, - < 1 difficulty in IADL aging was
study - no mental health problems (> 42 points on mental health | computed among (-) Higher scores on a
n=5,350 component of the SF-36) survivors and “Western-type” dietary
- good functioning in the following areas: deceased pattern (extracted via principal
* cognition: score of global cognition calculated from 5 component analyses)
cognitive tests Good functioning:
* physical health: walking speed measured over an 8- scores > sex- and ORighest vs. lowest tertile
footlong course age- standardized 0.58 [0.36-0.94]
* respiratory health: forced expiratory volume in 1 median (> median
second for blood
* cardiovascular health: blood pressure pressure)
(Samieriet | USA, 59.1+2.5: Mean: “Healthy aging”: 11.0% (+) Higher scores on the
al. 2013) usual 15 - aged > 70 years and survived AHEI-2010, and on the
Q, agers ~74: both - no chronic disease The % healthy Alternate Mediterranean Diet
Nurses’ groups - no major impairments in cognitive function: telephone aging was score (A-MeDi)
Health Study | n=10,670 | 58.6%2.5: adaption of MMSE > 31 points computed among
healthy - no major impairments in physical function (impairment: | survivors only ORnighest vs. lowest quintile:
agers limited at least “a little” on moderate activities (items of AHEI-2010: 1.34 [1.09, 1.66]

the SF-36) or limited “a lot” on more difficult items)
- good mental health: SF-36 mental health index score
>84 (the median value in the cohort)

A-MeDi: 1.46 [1.17, 1.83]
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Baseline

Article Country, age (y Follow- Follow- o . Further % ‘?ie.t?ry factors _s,h(_)wing_a
Study' sex, mean + | upage (y, up (v) Definition of successful aging and further comments comments He_althy S|gn|f|can'_[ association with
number SD) - mean) aging healthy aging (OR [95%-CI])
(Hodge et Australia, | 64.0£3.3: | =75.7: Median: | “Successful aging”: 318.9%; | (+/-) 2 of 4 dietary patterns
al. 2014) usual usual 11.7 for | - aged > 70 years and survived Q18.4% | extracted via factor analysis: a
32, agers agers; survivors | - no diabetes, heart attack, coronary artery bypass graft pattern high in fruits (+), and
Melbourne surgery, angioplasty, stroke, cancer The % healthy a pattern high in meat and
Collabor- n=6,308 63.4+3.2: | =75.1: 6.4 for - no impairment, perceived major difficulty with physical aging were fatty foods (-)
ative Cohort successful | successful | deceased | functioning (criteria based on the questionnaires SF-12, computed among
Study agers agers ADL, and IADL) survivors and ORnighest vs. lowest quintile:
- low risk of psychological distress (> 20 points on the deceased 1.31[1.05, 1.63] and
Kessler psychological distress scale) 0.69 [0.55, 0.86]
(Gopinath Australia, | MeantSE: | =72: 10 “Successful aging”: 15.5% (+) Higher adherence to the
et al. 2015) 61.9£0.3: | normal (unclear | - no cancer, coronary artery disease, stroke, angina, Australian dietary guidelines
32, normal agers if mean acute myocardial infarction, or diabetes The % healthy (as measured by the “Total Diet
Blue agers or - no disability (no observation of walking difficulties by aging was Score” TDS)
Mountains n=1,609 =70: median) | trained examiner and <1 limitation in IADL) computed among
Eye Study 59.94£0.5: | successful - functional independence (various criteria) survivors and ORighest vs. lowest quartile:
successful | agers - good cognitive functioning (MMSE >24) deceased 1.58 [1.02-2.46]
agers - good respiratory functioning

- good cardiovascular functioning (blood pressure)
- good mental health (=59 points on the MHI of the SF-36;
<10 points on the CES-D-10)

Respiratory
functioning: no
continual
shortness of
breath/ coughing,
heart or lung
problems
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Baseline o , .
Article Country, age (y Follow- Follow- o . Further /o plepqry factors _sh(_)wmg_a
Study' sex, mean + | upage (y, up (v) Definition of successful aging and further comments comments He_althy S|gn|f|can'_[ association with
number SD) - mean) aging healthy aging (OR [95%-CI])
(Britton et | United 3 Median: | “Successful aging”: - Very restricted | 312.8%; | (+ among men only)
al. 2008) Kingdom, | 43.845.9 ~61: both | 17 - no major disease adjustment of ?14.6% | “Not having a poor diet”
groups - good functioning in the following areas: analyses (only for (>2 criteria: “most frequently
Whitehall Il | &2, Q * cognition: Alice Heim 4-I cognitive test age and used bread was white”,
study 44.315.9 * physical health: walking speed measured over an 8- socioeconomic “usually used milk was whole”;
5,823 footlong course; physical component score of the SF-36 category) “fruit or vegetables were eaten
* respiratory health: forced expiratory volume less often than daily”)
The % healthy
Good functioning: being in the highest sex-specific tertile | aging was 4 1.4[11-17]
for at least three of the “functioning components” computed among © 1.1[0.8-1.6]

survivors only

Abbreviations: ADL, activities of daily living; AHEI, Alternative Healthy Eating Index; A-MeDi, Alternate Mediterranean Diet score; CES-D, Center for Epidemiological
Studies Depression Scale; GDS, Geriatric Depression Scale; IADL, Instrumental Activities of Daily Living; IPAQ, International Physical Activity Questionnaire; MHI,

Mental Health Index; MMSE, Mini Mental State Examination; SD, standard deviation; SE, standard error; SF, Short Form Healthy Survey.
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IVV.A.2 Studies investigating specific dietary factors

Three studies considered specific components of the diet: the frequency of fruit and vegetable
consumption (Sabia et al. 2012), dietary flavonoid intake (Samieri et al. 2014), and overall energy
intake (Tyrovolas et al. 2015). Sabia et al. (Sabia et al. 2012) used a definition that is very similar
to that employed by Akbaraly et al., as both investigations were based on the British
Whitehall 11 cohort. However, cut-offs for functioning measures were chosen differently.
High function was defined as not being in the lowest age- and sex-specific quintile (as
opposed to ‘not as having scores above the median’). This lead to a healthy aging proportion
that was much higher than in the study by Akbaraly et al. (21%). The main diet-related
finding of the study was that consuming fruits and vegetables everyday was related to higher

odds of “successful aging”.

For their investigation on the relation between dietary flavonoid intake and healthy aging,
Samieri et al. (Samieri et al. 2014) used the same definition as in their study on overall dietary
quality and healthy aging. They identified a significant positive relation of the consumption of

four groups of flavonoids (flavones, flavanones, anthocyanins, and flavonol) with healthy

aging.

The “successful aging”- definition used by Tyrovolas et al. (Tyrovolas et al. 2015) iS very
different from those used in the other studies that have investigated dietary factors in relation
to healthy aging. In fact, a measure of dietary quality (adherence to the Mediterranean diet)
was an integral part of the definition. Moreover, two elements that can be considered
‘external’ factors were integrated into the successful aging- concept: education and financial
status. The definition included no notion of absence of disease, but factors that can be
considered disease risk factors (body mass index and a cardiovascular risk score). Further
components were physical activity, mental health, social activities and excursions. An
additional fundamental difference with respect to the other concepts is that successful aging is
not considered as a binary variable, but as a continuous construct. Finally, the study is of
cross-sectional nature. Its main findings were that an overall energy intake higher than 1,700
kcal (corresponding to the upper tertile cut-off) and a positive energy balance were associated

with lower scores on the developed successful aging index.

Tables 2 provides an overview of these different investigations. All of the studies but one
(Tyrovolas et al. 2015) are based on prospective cohorts with mean or median follow-up periods

ranging from 15.2 to 17 years.
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Table 2. Observational studies on the relation between specific dietary factors and multidimensional concepts of healthy aging

Baseline o : .
Article Country, age (y Follow- Follow- o _ Further Yo I_Dlefca}ry factors _sh(_)wmg_a
Study, sex, mean + | upage (y, up (v) Definition of successful aging and further comments comments Healthy significant association with
number sD) - mean) aging healthy aging (OR [95%-CI])
(Samieriet | USA, 59.1+2.5: Mean: “Healthy aging”: 11.0% (+) Higher intakes of multiple
al. 2014) usual 15.2 Same definition as Samieri et al. 2014 classes of flavonoids
Q, agers ~74: both The % healthy
Nurses’ groups aging was OR highest vs. lowest quintile-
Health Study | n=13,818 | 58.6+2.5: computed among Flavones: 1.32 [1.10, 1.58]
healthy survivors only Flavanones: 1.28 [1.08, 1.53]
agers Anthocyanins: 1.25 [1.04, 1.50]
Flavonol : 1.18 [0.98, 1.42]
(Sabiaetal. | United 51.3(SD | =68 Median: | “Successful aging”: 21% (+) Daily consumption of
2009) Kingdom, | 5.3) 16.3 Same definition as Akbaraly et al. 2013a, except: fruits and vegetables (yes/no)
- survival is considered separately The % healthy
Whitehall Il | 39, - cut-off for functioning measures chosen differently: “not | aging was 1.35[1.15-1.58]
study being in the lowest quintile” computed among
n= 5,100 survivors and
deceased
(Tyrovolas Mediter- Range: None None Continuous “successful aging index”, based on: -> Assignment of | - () high energy intake (>1,700
etal. 2015) | ranean 65-100 (cross- - education (years of school) 0 to 1 points to kcal/day vs. < 1,700 kcal/d);
islands years sectional) - financial status each component positive (vs. negative) energy
MEDIS (various - physical activity (measured via the IPAQ) -> Final score: 0- balance
Study countries) | (no mean/ - body mass index 10 points
median - mental health (measured via the GDS): B [95%-ClI]
(more details | 82, values - participation in social activities =-0.21[-0.37, —0.05], and
given in provided) - yearly excursions =-0.21[-0.37,—0.05],
(Tyrovolas n=2,663 - cardiovascular risk score (criteria: hypertension, respectively.
et al. 2014)) hypercholesterolemia, diabetes and obesity)

- adherence to the Mediterranean diet (MedDiet score)

Abbreviations: ADL, activities of daily living; AHEI, Alternative Healthy Eating Index; CES-D, Center for Epidemiological Studies Depression Scale; GDS, Geriatric
Depression Scale; IADL, Instrumental Activities of Daily Living; IPAQ, International Physical Activity Questionnaire; MMSE, Mini Mental State Examination; SD, standard
deviation; SE, standard error; SF, Short Form Healthy Survey.
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I\V.B Nutritional components associated with healthy
aging criteria

This section will notably focus on what is known on the association of dietary factors with
three main components of Rowe and Kahn’s model of healthy/ successful aging: the absence
of disease (interpreted here as the absence of three major chronic diseases: cardiovascular
disease, diabetes, and cancer), good physical functioning, and good cognitive functioning.
The relation between diet and cognitive functioning will be considered in a particularly

detailed manner, as this thesis has a particular focus on cognitive health during aging.

IVV.B.1 General considerations

The specific relations between diet and healthy aging largely depend on how exactly healthy
aging is defined. Within the framework proposed by the WHO (Beard 2015), diet is considered
as a “health characteristic”, which interacts with other health characteristics such as diseases,
injuries, “geriatric syndromes”, disease risk factors, and notably with “physiological reserves”
and “shifts in homeostasis”, which are provoked by growing molecular damage during aging

(see Figure 5).

These different health characteristics then influence an individual’s physical and mental
capacities, which, in interaction with various external factors, make up a person’s general
“functional ability”. In turn, overall well-being, which includes the possibility to carry out

activities that are valued as important, is then influenced by functional ability.

With respect to Rowe and Kahn’s framework, the role of nutrition would not be
fundamentally different, except that “functional ability” and “well-being” as defined by the
WHO are not explicitly part of the Rowe and Kahn- model. Moreover, rather than being
health characteristics among others, the presence of disease has the role of an “outcome” in
Rowe and Kahn’s framework. In their model, the indicator that most closely resembles the
“functional ability”- and “well-being” components of the WHO- framework is “active
engagement with life”, which can be considered as a consequence of the absence of disease
and disability and the presence of good cognitive and physical functioning (Rowe and Kahn

1997).
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1VV.B.2 Diet and chronic diseases

a)  Cardiovascular disease

A systematic review of the literature on the link between dietary factors and coronary heart
disease (Mente et al. 2009) concluded that there was “strong evidence” (notably among
investigations with good methodologic quality) for a beneficial role of vegetables, nuts,
monounsaturated fatty acids, adherence to the Mediterranean diet and to other “high-quality
dietary patterns”, and for a detrimental role of trans-fatty acids, foods with an elevated
glycaemic index or glycaemic load, and adherence to ‘Western-type’ dietary patterns.

An important role of overall diet for the prevention of cardiovascular disease has also been
highlighted in a review of the literature published by Mozaffarian et al., who concluded that
“a focus on foods and overall dietary patterns rather than individual nutrients or supplements”
was warranted (Mozaffarian et al. 2011). They underline, however, that public health prevention
strategies should also target specific selected nutrients — notably “sodium and industrially

produced trans fats”, whose consumption should be limited.

Furthermore, a systematic review and meta-analysis of observational studies on the link
between dietary fibre intake and cardiovascular disease concluded that higher consumption of
dietary fibre appeared to have a preventive role with respect to cardiovascular disease and
coronary heart disease (Threapleton et al. 2013).

In addition, the United States Department of Agriculture (USDA) has recently published a
report on the relation between overall dietary quality and three health outcomes: body weight
and obesity, cardiovascular disease, and diabetes (United States Department of Agriculture 2014),
Concerning cardiovascular disease, the authors concluded that there was “strong and
consistent evidence” concerning a beneficial role of adherence to a priori dietary patterns

characterized by:

e a high consumption of “fruits, vegetables, whole grains, nuts, legumes, unsaturated
oils, low-fat dairy, poultry, and fish”,

e a low consumption of “red and processed meat, high-fat dairy, and sugar-sweetened
foods and drinks”,

e and a moderate consumption of alcohol.
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a)  Diabetes type 2
Concerning diabetes type 2, the above-mentioned USDA-report (United States Department of
Agriculture 2014) concluded that there was “limited evidence” concerning a beneficial role of

adherence to a priori dietary patterns characterized by:

e a high consumption of “fruits, vegetables, legumes, cereals/whole grains, nuts, fish,
and unsaturated oils”,

e alow consumption of “meat and high-fat dairy”.

With respect to a posteriori dietary patterns, the available evidence was labelled as “limited
and inconsistent”. Concerning particular types of diet, the report concluded that there was
“insufficient evidence” as regards Mediterranean-style or vegetarian diet patterns in relation
to diabetes type 2 risk, and “limited, inconsistent evidence” concerning the relation between

specific types of diet and improved glucose tolerance and insulin resistance.

Among specific dietary factors, one of the most discussed elements is dietary glycaemic index
(GI) or dietary glycaemic load (GL). A recent systematic review of observational studies has
concluded that the observed findings were “consistent with protective effects of low dietary
GI and GL” (Greenwood et al. 2013). In addition, a systematic review and meta-analysis on the
association between fruit and vegetable intake and the incidence of type 2- diabetes has come
to the conclusion that an elevated consumption of green leafy vegetables could have an

important preventive role (Carter et al. 2010).

b)  Cancer

Concerning cancer, the available evidence with respect to overall dietary quality is less
consistent than concerning cardiovascular disease (Kant 2010). However, various specific
dietary factors have consistently been shown to be associated with particular locations of
cancer. A recent systematic review of the literature has identified a number of detrimental
factors with respect to overall cancer risk: “alcoholic beverages, overweight and obesity, red
meat and processed meat, salt and salted foods and beta-carotene supplements”. Factors that
were identified as beneficial were: “physical activity, fruits and vegetables, dietary fiber, dairy

products and breastfeeding”. (Latino-Martel et al. 2016)

Moreover, the “Continuous Update Project (CUP) matrix” of the World Cancer Research fund
provides updated summary of evidence for the relation between specific nutritional factors

and cancer (World Cancer Research Fund International 2016). A “convincing decreased risk” for
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colorectal cancer is attributed to foods containing dietary fibre, as well as to lactation. For
postmenopausal breast cancer, lactation is also attributed this high level of evidence.
“Probable decreased risk” for various cancer types is attributed to non-starchy vegetables,
fruits, garlic, diets high in calcium, coffee, and physical activity. On the other hand,
“convincing increased risk” for different types of cancer is attributed to aflatoxins, red meat,
processed meat, alcoholic drinks, beta-carotene, and body fatness and adult attained height;
and “probable increased risk” to “cantonese-style salted fish”, salt, salted and salty foods,

glycaemic load, arsenic in drinking water, maté, and greater birth weight.

IVV.B.3 Diet and physical functioning

A review of the literature on the role of dietary factors for mobility concluded that current
evidence was in favour of a beneficial role of adequate intakes of micronutrients, especially
antioxidants and vitamins (Milaneschi et al. 2010). Moreover, a recent study published by the
same author indicates that higher adherence to the Mediterranean diet may be associated with

slower decline in mobility among elderly individuals (Milaneschi et al. 2011).

In addition, malnutrition is discussed as a key factor for the development of mobility
limitations (Cederholm et al. 2014), which has led to the development of the “Mini Nutritional
Assessment”- tool in order to screen individuals at risk for malnutrition in clinical settings
(Guigoz et al. 2002).

IVV.B.4 Diet and cognitive functioning

Various systematic reviews of the literature on the association between diet (or modifiable
risk factors in general) and neurodegenerative diseases (or cognitive decline) have been
conducted (Lehert et al. 2015; Lafortune et al. 2016; Deckers et al. 2014; Plassman et al. 2010; Berendsen

et al. 2015; Lourida et al. 2013).

a)  General conclusions from systematic reviews of observational studies

A recent systematic review and “Delphi consensus study” on the link between lifestyle factors
and dementia has concluded that the “strongest support” was identified for “depression,
(midlife) hypertension, physical inactivity, diabetes, (midlife) obesity, hyperlipidemia, and
smoking” and that concerning diet and other aspects (coronary heart disease, renal illness, and
“cognitive activity”), more research was needed (Deckers et al. 2015). A systematic review
published by Plassman et al. came to a similar conclusion, stating that evidence on the link

between nutritional factors was “limited” (Plassman et al. 2010). In line with this, Lafortune et
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al. concluded that there was “limited evidence’ that overall dietary quality in midlife was

related to later risk of dementia or overall cognitive functioning (Lafortune et al. 2016).

a)  The Mediterranean diet and other overall dietary patterns

A systematic review of available randomized controlled trials conducted by Lehert et al.
underlined, above all, the preventive potential of interventions based on a Mediterranean diet
supplemented with olive oil (although this conclusion was only grounded on one randomized
controlled study, the PREDIMED trial) (Lehert et al. 2015).

In line with this, a systematic review on the association between the overall diet and cognitive
decline or dementia in both observational and intervention studies highlights the available
evidence for a beneficial role of adherence to the Mediterranean diet (which had been
identified in “4 of 6 cross-sectional studies, 6 of 12 longitudinal studies, 1 trial, and 3 meta-
analyses”) (van de Rest et al. 2015). In the same systematic review, evidence for a favourable
role of other types of measures of overall dietary quality — both a priori dietary scores and a
posteriori dietary patterns — was found in all 6 investigated cross-sectional studies and in 6 of
8 prospective observational studies.

A review of the literature published by Gu et al. has concluded that a priori or a posteriori
dietary patterns reflecting “higher intake of fruits, vegetables, fish, nuts and legumes, and
lower intake of meats, high fat dairy, and sweets” appeared to have a beneficial role in the
prevention of Alzheimer’s disease (Gu and Scarmeas 2011). Of note, the above-described pattern
is rather close to general representations of the Mediterranean diet. This is in line with a
review published by Alles et al., which stated that the areas that were, at present, regarded to
provide “the most promising leads” included Mediterranean-type dietary patterns and “any

diets high in vegetables” or in omega-3 polyunsaturated fatty acids (Allés et al. 2012).

A recent review of the literature that specifically focused on the relation between adherence to
the Mediterranean diet and cognitive outcomes has concluded that there was a strong
“biological rationale” for a beneficial role of the Mediterranean diet, but that results from
observational studies were “mixed”, especially when considering the findings of the most

recently published investigations (Feart et al. 2015).

b)  Omega-3 fatty acids
With respect to omage-3 fatty acids, Lehert et al. (Lehert et al. 2015) stated that their meta-

analysis “confirmed the absence of cognitive effect”, citing a Cochrane review that had not
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found a “clear role” of omega-3 fatty acids for dementia prevention (Sydenham et al. 2012). This
iS in contradiction with a statement of a “National Institutes of Health State-of-the-Science
Conference” on the prevention of Alzheimer’s disease and cognitive decline, which
underlined that “the most consistent evidence” (based on observational studies) concerning
the prevention of cognitive decline was available for long-chain omega-3 fatty acids (Daviglus

et al. 2011).

c) VitaminD

Lehert et al. also found no indication for a protective role of vitamin D; however, this
observation was only based on one single randomized controlled trial (Lehert et al. 2015).
Similar to the evidence available for omega-3 fatty acids, there is a large divergence between
results from observational studies and from intervention trials with respect to vitamin D.
While the randomized controlled trials included intro Lehert et al.’s review (Lehert et al. 2015)
and other intervention trials (Anastasiou et al. 2014) have, overall, obtained rather discouraging
results, findings from observational studies tend to suggest a beneficial role of an adequate
vitamin D status. In a systematic review of epidemiological studies on vitamin D and
cognition (van der Schaft et al. 2013), 18 out of 25 cross-sectional studies have found a
significant link between lower vitamin D concentrations or intake and worse cognitive
performance or a higher prevalence of dementia. Out of six prospective studies, four have
found that lower vitamin D concentrations were related to an increased risk of cognitive

decline.

d)  B-vitamins and antioxidants
With respect to B-vitamins, Lehert et al. highlighted that although observational studies had
indicated possible relations with Alzheimer’s disease, the results from randomized controlled

trials have been mixed (Lehert et al. 2015).

Concerning antioxidants, current evidence from randomized controlled trials is not in favour
of a beneficial role for cognitive outcomes (Daffner 2010). Yet, the SU.VI.MAX trial showed a
beneficial role of antioxidant supplemental for later episodic memory performances, and
verbal memory scores were higher among supplemented individuals as compared to non-
supplemented individuals in two subgoups: non-smokers, and individuals with low baseline

serum- vitamin C concentrations (Kesse-Guyot et al. 2011b).
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A systematic review on antioxidant nutrients in relation to age-related cognitive decline,
based on observational studies, has concluded that there was “a possibility for protective
effects of antioxidant nutrients against decline in cognition in older people although the
supportive evidence is still limited in number” (Rafnsson et al. 2013). A review that specifically

focused on vitamin C and Alzheimer’s disease highlighted that there was “a large body of
evidence” for a protective role of “maintaining healthy vitamin C levels”, but that the
avoidance of deficiency was probably more favourable than the consumption of supplements
in addition to generally healthy dietary habits (Harrison 2012). Among the different types of
dietary antioxidants, notably polyphenols have been identified to have a positive role for the
prevention of dementia or the maintenance of good cognitive functioning during aging

(Commenges et al. 2000; Kesse-Guyot et al. 2012; Letenneur et al. 2007; Nooyens et al. 2015).

IV.B.5 Mechanisms relating diet to general age-related health

decline

In line with the WHO’s suggestion that accumulating “molecular and cellular damage” as a
key underlying mechanism of age-related decline, two major biological pathways have been
suggested by which diet could, in part, counteract (or help to not accelerate) this decline: the
prevention of low-grade chronic inflammation (Barbaresko et al. 2013; Shivappa et al. 2014; Szarc
vel et al. 2015), and the prevention of damages provoked by excessive oxidative stress (Harman
1992; Yoshihara et al. 2010). These two pathways are linked, as oxidative stress can be a cause

and consequence of inflammation (Khansari et al. 2009; Reuter et al. 2010).

The important role of inflammation a number of researchers now use the term “inflammaging
processes for age-related decline is underlined by the fact that” (Franceschi and Campisi 2014).
A large number of specific dietary components (Shivappa et al. 2014) - such as fibre, different
vitamins and minerals, spices like garlic and ginger, polyunsaturated fatty acids, and
polyphenols — as well as overall dietary patterns (Barbaresko et al. 2013), have been shown to be

associated with biomarkers of chronic low-grade inflammation.

With respect to oxidative stress, dietary antioxidants and antioxidants supplied by
supplements have been in the centre of attention with respect to age-related disease prevention
for a long time (Ames et al. 1993). Yet, the current evidence makes it difficult to draw firm

conclusions — especially concerning antioxidant supplements, which have yielded
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disappointing results in the context of prevention trials (Biesalski et al. 2010; Bjelakovic et al. 2012;

Hemila and Kaprio 2011a; Myung et al. 2010; Myung et al. 2013).

A further key mechanism that has been suggested to be related to longevity and healthy aging
in animal models is caloric restriction (Fontana and Partridge 2015). However, the relevance of

this pathway for humans is still under debate.

Other biological mechanisms that have been suggested to relate nutritional factors with the

prevention of age-related decline in health include:

e the prevention of telomere shortening (Shammas 2011),

e the prevention of genomic instability via the maintenance of well-functioning DNA
repair mechanisms (Choi and Mason 2000),

e the prevention of metabolic disorders (Calcada et al. 2014),

e the modulation of epigenetic alterations (Szarc vel et al. 2015),

e and the modulation of changes related to gut microbiota (Claesson et al. 2012).

Mechanisms that are specific to the prevention of cognitive decline include the maintenance
of well-functioning membrane structures in the brain (which notably include omega-3 fatty
acids) (Andreeva and Kesse-Guyot 2015), the regulation of neurotransmitters (Andreeva and Kesse-
Guyot 2015; Gomez-Pinilla 2008), and an enhancement of autophagy of misfolded or damaged

proteins (such as amyloid S protein) (Banerjee et al. 2015).
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OBJECTIVES

As explained in the “State of knowledge”- section of this thesis, a healthy diet has been
suggested to be a key factor that could help maintain a good overall health status during the
process of aging, and delay the onset of chronic disease, functional impairment, and disability.
Notably, a rather large body of research on the relation between dietary factors and chronic
diseases is available. However, only very few studies have, to this day, evaluated the relation
between dietary factors and multidimensional models of healthy or successful aging. This is
of interest for multiple reasons. Practically, public health initiatives should not aim to prevent
or delay the onset of specific health conditions, but help improve the overall health status of
the population (and in particular of elderly individuals). Thus, results on the relation between
modifiable risk factors and multidimensional concepts of healthy or successful aging are a
valuable complement to available function- and disease- specific research. Furthermore, in a
similar manner as overall diet- approaches, the use of multidimensional models of healthy
aging may help to identify associations that are too small to be detected when analysed
separately, but become detectable when considered in the context of an ‘overall health’-
framework. Finally, the aetiology of age-related chronic diseases and functional decline is
probably, at least in part, related to common underlying biological mechanisms, such as

oxidative stress and chronic low-grade inflammation.

Thus, the first objective of this thesis was to investigate the effect of antioxidant
supplementation (i.e. the initial main exposition factor of the SU.VI.MAX trial) in order to
provide more data suitable to confirm — or to not confirm — the hypothesis according to which
antioxidant nutrients have a protective role against age-related decline by counteracting the
detrimental effects of excessive oxidative stress. We furthermore aimed to determine whether
the tested antioxidant supplementation was more effective (or only effective) among
individuals with initially low levels of the tested antioxidants and in those with a lower
consumption of foods that are rich in antioxidants. In addition, we aimed to determine
whether the efficacy of the supplementation also depended on smoking status and alcohol
consumption, two lifestyle factors that are known to influence antioxidant status and

metabolism (Stryker et al. 1988), and on age.

The second objective was to investigate the relation between nutritional factors and a

multidimensional model of healthy aging. In particular, we chose to use two different ‘overall

70



State of knowledge

diet’- approaches (a posteriori dietary patterns and a priori dietary scores), given the multiple
advantages of these approaches over traditional ‘single food’- or ‘single nutrient’- approaches,
which we have listed in the “State of knowledge”- section of this thesis. Concerning the ‘a
posteriori - approach, we chose to apply principal component analysis in order to obtain data-
driven dietary patterns, which we then aimed to examine concerning their relation to overall
healthy aging. Concerning the ‘a priori’- approach, we took a special focus on the role of
adherence to nutritional recommendations, and questioned whether both food-based and
nutrient-based recommendations were pertinent for the maintenance of good overall health

during aging.

The a priori- dietary scores that we investigated, the modified Programme National Nutrition
Santé- Guideline Score (MPNNS-GS), the Probability of Adequate Nutrient Intake Dietary
Score (PANDiet), and the Dietary Quality- International score either directly penalize
excessive total energy intakes (MPNNS-GS) or at least put substantial emphasis on
‘moderation’ (i.e. consumption of specific macronutrients, micronutrients, or food groups in
limited amounts). Data-reduction methods that are used to extract a posteriori- dietary
patterns (such as principal component analysis) do not have such inherent control elements.
We thus chose to not only investigate the simple adherence to specific a posteriori- dietary
patterns with respect to healthy aging, but also to specifically investigate whether the highest
probability for healthy aging would be observed among individuals with both regulated
overall energy intakes and high adherence to a posteriori- dietary patterns that would

potentially indicate higher overall dietary quality.

The third objective of this thesis was to more specifically investigate the relation between
diet and the maintenance of high levels of cognitive functioning during aging. The prevention
of age-related cognitive decline and dementia is a major public health challenge, given the
immense impact of these conditions on an individual’s autonomy. We more specifically
investigated the relation between midlife vitamin D status and later cognitive functioning.
Obtaining more knowledge on potential detrimental health effects of vitamin D deficiency
and insufficiency is of high importance, as large proportions of populations worldwide have
low circulating vitamin D levels. In France, for example, more than 45% of the population is
estimated to have vitamin D ‘insufficiency’ (or ‘moderate deficiency’, depending on the

chosen terminology).
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Table 3 details the different objectives of this thesis and the corresponding concrete research questions.

Table 3. Objectives and research questions of this thesis

Objective

Research questions

Objective 1

To examine the prospective association between
daily supplementation with antioxidant vitamins
and minerals, over a period of 8 years, with a
multidimensional concept of healthy aging, in a
population of French adults

Research question 1.1: Is there a long-term association of antioxidant nutrient supplementation
with respect to the probability of healthy aging, as assessed with the help of a multidimensional
model? Is such a supplementation more effective among individuals with initially low levels of the

tested antioxidants and in those with a lower consumption of foods that are rich in antioxidants?

Objective 2

To examine the prospective association between

overall dietary quality at midlife and a
multidimensional concept of healthy aging in a

population of French adults

Research question 2.1: Is adherence to different a posteriori dietary patterns at midlife, extracted
by principal component analysis, prospectively associated with a multidimensional concept of

healthy aging? Is this association modulated by overall energy intake?

Research question 2.2: Are higher adherence to the French official food-based dietary guidelines
(as measured by the mPNNS-GS), higher adequacy of the diet to the French nutrient reference
values (as measured by the PANDiet), and higher adherence to both food-based and nutrient-based
dietary guidelines of different countries (as measured by the Dietary Quality- International score) at

midlife prospectively associated with a multidimensional concept of healthy aging?

Objective 3

To examine the prospective association between
plasma vitamin D status at midlife and later

cognitive functioning

Research question 3.1: Is there a prospective association between plasma vitamin D status at

midlife and cognitive functioning in different domains assessed 13 years later?
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GENERAL METHODOLOGY

I. The SUVI.MAX and SU.VI.MAX 2 studies

| A. The SU.VI.MAX study
|.A.1 Basic design

The SU.VI.MAX study was a primary prevention trial with a randomized, placebo-controlled,
double-blind design and a follow-up- period of 8 years (Hercberg et al. 1998; Hercberg et al. 2004).
The trial had the objective to evaluate the effect “of a combination of antioxidant vitamins and
minerals, namely beta-carotene, vitamin C, vitamin E, selenium, and zinc at doses considered
to be nutritional and nonpharmacologic” on the incidence of fatal or non-fatal ischemic heart
disease (International Classification of Diseases (ICD-10) codes 120-124) and cancer at all
sites (ICD-10 codes C00-C97) (Hercberg et al. 2004), among adults recruited from the general
population. The pre-specified secondary study objectives were to evaluate the effect of
antioxidant supplementation on “the main localizations of cancers and infectious diseases,

overall and cause-specific mortality, and perceived health and health-care consumption”.
(Hercberg et al. 1998; Hercberg et al. 2004)

|.A.2 Ethical approval

The ethical committee for studies with human subjects (i.e. the “Comité Consultatif pour la
Protection des Personnes se prétant a la Recherche Biomédicale” (CCPPRB)) of Paris-Cochin
has given approval to the SU.VI.MAX study (approval number 706). Moreover, the study has

received approval by the Comité National Informatique et Liberté (CNIL, number 334641).
(Hercberg et al. 1998; Hercberg et al. 2004)

I.A.3 Recruitment and eligibility criteria

Recruitment was based on multiple channels that were used nationwide (in France):
television, radio, and newspapers. Eligibility criteria were (Hercberg et al. 1998; Hercberg et al.

2004);

e Provision of written informed consent, and completion of a screening questionnaire

e Absence of discases “likely to hinder active participation or threatened 5-year survival
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e Acceptance of participation constraints (amongst others the possibility to receive a
placebo rather than antioxidant supplementation)

e No previous regular consumption of supplements containing the antioxidants that were
tested in the trial

e No “extreme beliefs or behaviour” concerning diet

e Aged 35-60 years (women) or 45-60 years (men)

Before inclusion, potential participants received 15 ‘test capsules’ in order to ‘simulate’ the
study protocol and thus to help them decide whether the protocol was acceptable for them.
The justification for the differential pre-defined age-ranges according to sex was that breast
and uterine cancers already occur with substantial frequency at relatively young ages. The

final study sample of the SU.VI.MAX trial contained 12,741 individuals. (Hercberg et al. 1998;
Hercberg et al. 2004)

1.A.4 Intervention

The finally enrolled participants were randomly assigned to the intervention- or the placebo-
group, according to a stratified randomization strategy, accounting for sex, age group,
smoking status, and area of residence. The administered doses of the different antioxidants
were as follows: 6000 mg of beta-carotene, 120 mg of vitamin C, 30 mg of vitamin E, 100 mg

of selenium, 100 mg of selenium, and 20 mg of zinc. (Hercberg et al. 1998; Hercberg et al. 2004).
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Figure 6 presents multiple aspects of the design of the SU.VI.MAX trial, notably the different elements of follow-up.

Design of the SU.VI.MAX trial

Intervention: antioxidant supplementation or placebo (randomized attribution)
Distribution of the capsules (which were to be consumed daily) at inclusion and at each yearly visit

Inclusion:
12 October 1994
— 30 Auvril 1995.

| | | L,

1994 1996 2001 2002

Yearly visit in 65 French towns: biological and clinical examination in alternating order

At inclusion (year 0) and at years 2, 5, and 7: biological examination (blood draw)

At year 1, 3, and 7: clinical examination

Follow-up by Minitel
Every two months (or more or less often if desired): 24-hour dietary record
Each month: Possibility to declare health events, consultations, hospitalisations, and other information
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I.A.5 Collection of sociodemographic and other data

The obligatory SU.VI.MAX inclusion- questionnaire inquired information on
sociodemographic indicators such as sex, date of birth, marital status, occupation, and
education level, and on other indicators, such as tobacco consumption and medication use

(Kesse-Guyot et al. 2011c).

1.A.6 Collection of data on health events

In addition to yearly visits, which consisted of a blood-draw or a clinical examination in
alternating order, participants were followed via Minitel, a “French telephone-based terminal”
that was frequently used in France at the time of the study. By the means of these terminals,
participants were notably asked to declare occurring health events, medical consultations, and
hospitalizations. (Hercberg et al. 1998; Hercberg et al. 2004)

The ascertainment of health relied both on self-reporting by participants themselves, or on
inquiries to the participant’s neighbours or physician. A detailed medical file was created for
all participants with suspected health events, and event validation was then conducted by a
blinded expert committee on the basis of all pertinent records (such as histologic records for
cancers, or radiologic records and other criteria for ischemic disease). By the end of the
follow-up period, vital status and causes of death for all participants were compared with data

from the national death registry. (Hercberg et al. 1998; Hercberg et al. 2004)

I.A.7 Collection of data on blood pressure, weight and height

Clinical examinations took place one year after inclusion (at year 1) and then at years 3 and 7.
They notably included the measurement of blood pressure at both arms according to a
standardized protocol (with the help of a mercury sphygmomanometer, after a period of lying
down for at least 10 minutes), and the measurement of weight (with an electronic scale;
participants did not wear shoes and only indoor clothing) and height (with a wall-mounted
stadiometer; participants did not wear shoes). In addition, clinical examinations also included
specific investigations, for instance thyroid ultrasound examinations, or mammography for

women. (Hercberg et al. 2004; Kesse-Guyot et al. 2011d)

I.A.8 Collection of biological data

Draws of 35 ml- venous blood samples were carried out at inclusion (year 0), and then at

years 2, 5, and 7, after a 12-hour fast. All blood draws at baseline (year 0) occurred between
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October 1994 and April 1995. After the blood draw, the samples were instantly centrifuged.

Within less than 1 hour after the blood draw, aliquots of plasma were stored in dry ice, and

then, within a period of no more than 24 hours, shipped to a central biobank. In this central

biobank, the aliquots were stored frozen in liquid nitrogen, at a temperature of minus 196°C.

For vitamin C measurements, the procedure was slightly different: “before freezing, whole

venous blood was collected in heparinized tubes and immediately centrifuged for 20 minutes

at 3000 x g and 4°C, and 0.5 mL plasma was diluted 1-in-10 with 4.5 mL of an aqueous 5%

metaphosphoric acid solution”(Czernichow et al. 2006). Table 4 summarizes the different

biological measures that were included in the analyses of this thesis, and the respective

measurement procedu res.

Table 4. Summary of the biological measures included in the analyses of this thesis

Measured molecule Serum/ plasma Measurement method

vitamin C (i.e. ascorbic acid) serum

retinol serum
beta-carotene serum
vitamin E (i.e. tocopherol) serum
zinc serum
selenium serum
total cholesterol serum
fasting glucose serum
25-hydroxy-vitamin D plasma

“automated method based on the principle of continuous

flow segmented by air bubbles” (Bourgeois CF et al. 1989)

high-performance liquid chromatography; Biotek-Kontron
HPLC system (Biotek-Kontron, Montigny-le-
Bretonneux, France) (Vuilleumier et al. 1983)

flame atomic absorption spectrometry (Perkin Elmer 3110
spectrometer for zinc and selenium; Perkin Elmer 4100 ZL
for selenium) (Perkin Elmer, Norwalk, Conn) (Arnaud et
al. 1991; Néve et al. 1987)

enzymatic method (Technicon flow analysis device;
Technicon DAX-24; Bayer Diagnostic, Pittsburgh, PA)

Roche Cobas electrochemoluminescent total 25-hydroxy-
vitamin D assay (Knudsen et al. 2012; Touvier et al. 2014)
measured in the context of a nested case-control study on

the link between vitamin D and cancer

I.A.9 Collection of dietary data

Participants were invited to complete one 24-hour dietary record every two months, via

Minitel. The specific week days were randomly chosen in order to cover each day of the week

and all seasons of the year. (Kesse-Guyot et al. 2013)
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In order to code food portions in the context of the 24-hour dietary records, assistance was
provided to participants by the means of an instruction manual that contained “validated
photographs of over 250 foods represented in 3 different portion sizes”. In addition,
participants could select 2 different “intermediate” and 2 different “extreme” portion sizes;

thus, a total number of 7 different portion sizes was available. (Le Moullec et al. 1996)

The estimation of nutrient intake on the basis of the 24-hour dietary records was implemented
with the help of a food-composition table developed specifically for the SU.VI.MAX study
(Hercberg S 2005; Kesse-Guyot et al. 2013). For all analyses included in this thesis, usual dietary
intakes at baseline were defined as the average intakes of a person across all available 24-h
dietary records that were provided during the first 2 years of follow-up. In order to obtain
sufficiently precise estimates, dietary data were only calculated for participants who had
provided at least 3 dietary records during this period. Moreover, dietary records that were
characterized by a reported overall energy intake of less than 100 kcal per day or of more than
6000 kcal per day were excluded. In addition, men reporting less than 800 kcal per day and
women reporting less than 500 kcal per day across at least one third of their 24-hour dietary
records were excluded from analyses. This procedure is usually applied for studies based on

data of the SU.VI.MAX study (Kesse-Guyot et al. 2011d; Lassale et al. 2012).

For alcohol and fish, which tend to be consumed with very varying frequency, or infrequently
by large groups of the population, data was collected from questionnaires in addition to the
information provided by the 24h- dietary records. The usual consumption of alcohol was also
assessed with the help of a validated semi-quantitative questionnaire (Lasfargues et al. 1990),
and usual consumption of seafood was also assessed via a specific item of a general baseline-

questionnaire (Kesse-Guyot et al. 2011d).

I.A.10 Collection of data on physical activity

Two types of information on physical activity were collected: an item of the inclusion-
questionnaire inquired whether participants had a regular physical activity, and if yes, whether
this activity corresponded to more than 1 hour of walking per day. Moreover, in 1998, the
validated French version of the Modifiable Activity Questionnaire was administered to the
participants of the SU.VI.MAX study (Kriska et al. 1990; Schulz et al. 1994; \Vuillemin et al. 2000).
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| B. The SU.VI.MAX 2 study

In 2007-2009, all participants of the SU.VI.LMAX trial were invited to be part of the
observational SU.VI.MAX 2 study, which can be considered as a supplemental follow-up

point.

The SU.VI.MAX 2 study was approved by the CCPPRB of Paris-Cochin Hospital (no. 2,364)
and the CNIL(no. 907,094). Written informed consent was obtained from each subject.

This supplemental follow-up point included a clinical examination (which notably included
the physical functioning tests that are part of the Short Physical Performance Battery (SPPB)
(Guralnik et al. 1994)), a neuropsychological evaluation that was carried out by trained
neuropsychologists, and the completion of additional questionnaires, notably the SF-36
questionnaire (Leplege et al. 1998), and the Lawton Instrumental Activities of Daily Living-
scale (Graf 2008). In addition, the participants were also presented with the MMSE (Folstein et
al. 1975), and were asked to complete the Center for Epidemiological Studies- Depression
Scale (CES-D) (Morin et al. 2011). In addition the above-listed aspects of data collection during
the SU.VI.MAX 2 follow-up point that are directly relevant for this thesis, a variety of other
data were collected, such as dietary data (via a food frequency questionnaire), anthropometric

measurements, measurement of blood pressure, and audiometric measures.

The final study sample of the SU.VI.MAX 2 observational follow-up point contained 6,850
individuals. The rather large difference between the sample sizes of the original SU.VI.MAX
trial and the SU.VI.MAX 2 study can be explained by the fact that participation in the
SU.VI.MAX 2 study was completely facultative, and had in no way been presented as a

condition for participation in the original SU.VI.MAX trial.

The neuropsychological evaluation included a number of different tests and was carried out in
a subsample of about 5000 participants. The RI-48 (Rappel Indicé-48 items test), designed to
assess episodic memory function, is based on a list of 48 words that belong to 12 different
categories. For the analyses included in this thesis, we used the delayed cued-recall, which
corresponds to recalling the words after a certain amount of time, after being presented with a
“cue”, i.e. after being asked to name words belonging to a specific category. The final test
score corresponds to the number of correctly recalled words (the score thus has a maximum of

48 points). (Adam et al. 2007; Kesse-Guyot et al. 2013)
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Lexical-semantic memory was evaluated with the help of verbal-fluency tasks. The first
task was a “semantic fluency task”, during which participants were asked to name as many
animals as possible. The second task was a “phonemic fluency task”, during which
participants were asked to name words starting with the letter “P.” The final test score
corresponded to the number of correct words listed during a period of 2 minutes for each of

the tasks. (Kesse-Guyot et al. 2013; Lezak et al. 2004)

Short-term and working memory was evaluated with the help of forward and backward
digit span- tests. These tests consisted of repeating sequences of digits forward or backward.
The number of digits was continuously augmented “by one unit” until the individual was not
able to correctly complete two “consecutive trials of the same digit-span length”. For each
sequence that was correctly repeated, one point was attributed. Each of the two digit span-

tests had a maximum score of 14 points. (Kesse-Guyot et al. 2013; Wechsler 1981)

Mental flexibility was evaluated via condition 4 (“number-letter switching”) of the Delis-
Kaplan Trail Making test (DK-TMT). This condition is similar to “Part B” of the original
version of the TMT, which was designed for the U.S. “Army Individual Test Battery”
(Tombaugh 2004). For this test, participants were asked to connect numbers and letters in
alternating order. The final test score corresponds to the time (in seconds) that was needed to
complete the task (thus, lower scores were indicative of higher performance). According to
the conversion tables provided by Delis and Kaplan, “scaled scores” corrected for age-group
were also calculated. These scaled score were reverse-coded so that higher scores were

indicative of higher performance. (Delis et al. 2001a; Delis et al. 2001b)

Figure 7 presents the different domain-specific tests included in the neuropsychological

evaluation, and their interpretation with respect to different domains of cognitive functioning.
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Not shown due to copyright considerations

Figure 7. Presentation of the different tests used in the neuropsychological evaluation, in the context of
the different domains of cognitive functioning

The Figure was created on the basis of the following references: (Cowan 2008), (Elliott 2003), (Baddeley 2010),
(Deschamps and Moulignier 2005), (Gazzaniga et al. 2000). The names of the cognitive tests are displayed in green.
Abbreviations: DCR: delayed cued recall; R1-48: rappel indicé- 48 items; TMT, Trail Making Test.
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1. Development of an operational definition of
healthy aging

I1.A General rationale

When developing an operationalized definition of healthy aging for the SU.VI.MAX and
SU.VI.MAX 2 studies, we considered the following criteria:

1) In order to obtain results that would be well comparable with those of other studies,
we aimed to create a definition that would generally fit the framework proposed by
Rowe and Kahn, as their model has served as a reference for most existing definitions.
Furthermore, we aimed to model healthy aging as a binary variable, in line with the
majority of available studies (although more and more studies with continuous indices
have been published since we have developed our definition for the SU.VI.MAX
study).

2) Our definition had to fit the variables available in the SU.VI.MAX and SU.VI.MAX 2
studies, and the age-range of participants

3) We aimed to take into account two of the most frequent criticisms expressed with
respect to the Rowe and Kahn- model:

a. The need for more emphasis on subjective criteria, such as perceived health
status

b. The need for more emphasis on mental health

In line with our aim to obtain a definition that would reflect elements of health that matter to
individuals and/or have a direct impact on their everyday lives, we decided not to include risk
factors for health deterioration (such as high body mass index, high blood pressure, or high

blood cholesterol).

Furthermore, when determining cut-offs for transforming continuous variables into binary
constructs (in order to obtain an overall binary “healthy aging”- indicator), we used cut-offs
with a clinical significance whenever possible. Thus, our strategy was to consider that an
individual was “aging healthily” with respect to a specific criterion as long as the individual
did not show test results or questionnaire scores that indicated a probably meaningful

impairment.
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11.B Presentation of the chosen criteria and cut-offs

We defined healthy aging as follows:

e The absence of:
o incident major chronic disease (cancer, cardiovascular disease or diabetes)
during follow-up,
o limitations in IADL,
o function-limiting pain,
o depressive symptomatology,
o and health-related limitations in social life;
e the presence of:
o good physical functioning,
o good cognitive functioning,

o and good overall self-perceived health.

Healthy aging was operationalized as a binary variable: individuals who met all of the above
criteria were considered to show healthy aging, while individuals who did not meet at least
one of the above criteria were considered to not show healthy aging.

11.B.1 Avoidance of disease and disability

We decided to operationalize Rowe and Kahn’s criterion ‘“avoidance of disease and
disability” by ‘absence of incident cancer, cardiovascular disease, or diabetes’, and ‘no

limitations in IADL’ (the latter of the two as a proxy for absence of disability).

11.B.2 Good cognitive functioning

Concerning Rowe and Kahn’s criterion ‘good cognitive functioning’ we decided to not
include all of the neuropsychological variables available in the SU.VI.MAX study — in order
to avoid giving a disproportionate weight to this dimension of healthy aging with respect to
the other dimensions. First, we aimed to choose variables that would both allow a good
comparison with the results of other studies. We thus included the MMSE, which has been

used in a rather large number of operationalized definitions of healthy or successful aging
(Almeida et al. 2014; Andrews et al. 2002; Arias-Merino et al. 2012; Cernin et al. 2011; Chaves et al. 2009;
Cho et al. 2012; Formiga et al. 2012; Jorm et al. 1998; L. et al. 2006; Newman et al. 2003; Ng et al. 2009;
Puig-Domingo et al. 2008; Samieri et al. 2013; Sarnak et al. 2008; Tyas et al. 2007; von Faber et al. 2001;

Young et al. 2009). Second, given the rather young age-range of our study population at follow-
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up (as compared to other studies on healthy aging or cognitive decline), we aimed to include
variables that would limit ceiling effects, and that would be sensitive to early detrimental
cognitive changes. We have thus included the RI-48 test, which measures episodic memory
and is used for the detection of early Alzheimer’s disease (Adam et al. 2007), and the TMT,
which measures mental flexibility. Mental flexibility is a subcategory of executive
functioning, a domain that is thought to also be affected in preclinical Alzheimer’s disease

(Backman et al. 2005).

We considered a cut-off of > 27/30 points on the Mini-Mental State Examination, which has
been referenced in the literature (O'Bryant et al. 2008; Pendlebury et al. 2010), and appeared to us
as sufficiently high considering the age-range of our study population. For the RI-48 test, we
considered the cut-off of > 19/48 points suggested by the authors (Adam et al. 2007). For
condition 4 of the DK-TMT, no fixed cut-off has been suggested in the literature. We thus
chose the 10. percentile (i.e. the mean minus 1.29 standard deviations, which corresponds to
5.5 points) on the scaled (i.e. age-corrected and reverse-coded) score of the Delis-Kaplan
reference population aged 50-89 years (Delis et al. 2001a; Delis et al. 2001b). Within the above-
mentioned Delis-Kaplan reference population, the mean * the standard deviation of the ‘DK-
TMT scaled score’ is 9.82 + 3.37, and its range is 1-19.

11.B.3 Good physical functioning

Concerning the criterion ‘good physical functioning’, the principal measure available in the
SUVI.MAX/ SU.VI.MAX 2 study was the SPPB. As for the MMSE, we chose a cut-off that
was referenced in the literature (Bogin et al. 2014; Cavallari et al. 2013; Hugenschmidt et al. 2014;
Wakefield et al. 2010), but sufficiently high when considering the age-range of our study

population: 11/12 points.

11.B.4 Engagement in social and productive activities

Concerning the criterion “Sustained engagement in social and productive activities”, the only
relevant information that was available in the SU.VI.MAX study were the items concerning
health-related limitations in social life in the SF-36 questionnaire. We thus included a
component “no health-related limitations in social life” into our definition. Individuals were
considered to not present health-related limitations in social life if they reported that their
health affected their social life only slightly or not at all (in the negative way) and that the

frequency of such limitations was no higher than “some of the time”.
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11.B.5 Further components on mental and self-perceived health

As stated above, we aimed to enrich Rowe and Kahn’s original concept by further
components on mental health and on self-perceived health. We chose to define the component
“good mental health (no depressive symptoms)” as having less than 16 points on the CES-D,
which is the internationally applied cut-off for the presence of depressive symptoms (Langevin
et al. 2011; Radloff 1977).

A further component “good overall self-perceived health” was defined as judging one’s own

health status as ‘excellent’, ‘very good’, or ‘good’ in the SF-36 questionnaire.

Finally, as we considered pain to be a highly important determinant of overall well-being, we
included a component “no function-limiting pain”. Individuals were considered to not present
function-limiting pain if they stated having experienced no more than “mild” physical pain in
the previous month and if the experienced pain had no impact or only a limited impact on

their daily activities.
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Table 5 presents the specific variables and the chosen-cut offs that were used to define each
criterion.

Table 5. Criteria used to define “healthy aging” in the SU.VI.MAX study
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11.C Descriptive data concerning the chosen healthy aging
definition

11.C.1 Data availability

In the SU.VI.MAX/ SU.VI.MAX 2 studies, data on healthy aging status were available for
3,966 individuals. Information on healthy aging status was collected at the SU.VI.MAX 2
observational follow-up point (2007-2009), in which 6,850 SU.VI.MAX participants were
included on a voluntary basis. We decided to only determine healthy aging status among
individuals aged at least 45 years at inclusion (1994-1995). Hence, we excluded participants
who were still rather young at baseline (the SU.VI.MAX cohort comprised men aged 45-60
years at inclusion and women aged 35-60 years at inclusion; we thus excluded women aged
35-44 years at inclusion). Since our healthy aging definition included the absence of incident
major chronic disease, we excluded participants who already had such chronic disease
(diabetes, cancer, cardiovascular disease) at inclusion. Out of these 5,243 participants, 3,966
individuals had full information on all variables needed to compute healthy aging status,
based on our definition. Figure 8 illustrates the above-explained details on data availability

and participant selection.

Not shown due to copyright considerations

Figure 8. SU.VI.MAX participants with available information on healthy aging status
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The information given in Figure 8 corresponds to the sample- selection flowchart of our
investigation on the association between antioxidant supplementation and later healthy aging,
since antioxidant supplementation status (supplementation vs. placebo) was known for all of
the 3,966 participants with available information on healthy aging status. Of these
participants, 1,466 (37.0%) presented healthy aging according to our criteria, and 2,500

(63.0%) did not present healthy aging according to our criteria.

For our investigations on the association of a posteriori dietary patterns and a priori dietary
scores with later healthy aging, the respective flowcharts are different, since not all of the
3,966 participants with available information on healthy aging status had available dietary

data at baseline.

11.C.2 Distribution of the chosen criteria in the SU.VI.MAX study

Table 6 presents, for each criterion of our healthy aging definition:

e the proportion of all participants who corresponded to this criterion;

o the proportion of all participants who did not correspond to this criterion;

e the proportion of participants classified as ‘non-healthy’ agers who did not correspond
to this criterion;

e the proportion of participants classified as ‘non-healthy’ agers who did not correspond
to this criterion — but who corresponded to all other criteria (and who were thus only

classified as ‘non-healthy’ agers due to this specific criterion).

In Table 5, the specific criteria of our definition have been grouped according to their
correspondence to the criteria of the concept developed by Rowe and Kahn. However, this
correspondence is ambiguous. For example, we chose to group “no function-limiting pain”
together with another variable issued from the SF-36 questionnaire (“good perceived health™)

and with “good mental health (no depressive symptoms)”.

We are aware that “no function-limiting pain” may as well have been grouped together with
“absence of major chronic disease” and “no limitations in IADL”. Yet, the information given
in Table 6 is of purely descriptive nature and thus only provides information that can help to
better understand and interpret the results of our analysis in which “healthy aging” was

investigated as a binary variable.
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Table 6. Distribution of healthy aging criteria in the SU.VI.MAX study (n=3,966 with available information on healthy aging status in

2007-2009)

[0) ' -
Criterion of Rowe and % not hegolt%fy Iglot_:]grs' % of “non-healthy agers
R Criterion of the SU.VI.MAX- definition of healthy %o corresponding . who corresponded to all
Kahn’s concept of . L corresponding to not . L
; aging to criterion " . healthy aging criteria
successful aging criterion corresponding to except this specific one
criterion
Avoidance of disease and No diabetes, cancer, cardiovascular disease, or 79.4 20.7 67.2 12.2
disability limitations in instrumental activities of daily living
Absence of disease (i.e. no incident diabetes, 85.5 145 77.0 8.7
cancer, or cardiovascular disease)
No incident diabetes 96.9 3.1 95.1 1.6
No incident cardiovascular disease 96.4 3.6 94.3 1.9
No incident cancer 96.4 3.6 86.5 4.9
No limitations in instrumental activities of 92.6 7.4 88.3 3.0
daily living
Maintenance of high Good physical functioning 73.2 26.8 57.5 171
physical and cognitive Good cognitive functioning 79.9 20.1 68.1 12.9
function
Sustained engagement in No health-related limitations in social life 90.3 9.7 84.7 15
social and productive
activities
None Other criteria 73.8 26.3 58.4 11.6
Good mental health (no depressive symptoms) 83.6 16.4 74.0 6.1
No function-limiting pain 87.1 12.9 79.5 3.2
Good perceived health 94.5 5.5 91.3 0.6
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Of the 3,966 individuals with information on healthy aging status, 26.8% did not correspond
to the “good physical functioning”- criterion, 20.1% did not correspond to the “good cognitive
functioning”- criterion, 16.4% presented depressive symptoms, 14.5% were not free of major
chronic disease, 12.9% were not free of function-limiting pain, 9.7% did not correspond to the
“no health-related limitations in social life”- criterion, 7.4% were not free of limitations in

IADL, and 5.5% did not report good perceived overall health.

Of the 2,500 participants who did not present healthy aging according to our criteria, 17.1%
were only classified as ‘non-healthy’ agers because they did not present good physical
functioning, 12.9% only because they did not present good cognitive functioning, 8.7% only
because they were not free of major chronic disease, 6.1% only because they did not present
good mental health, 3.2% only because they were not free of function-limiting pain, 3.0%
only because they were not free of limitations in IADL, 1.5% only because they were not free
of health-related limitations in social life, and 0.6% only because they did not report a good

overall perceived health status.

In order to better understand how often —and to what degree — individuals cumulated different
‘health impairments’ (i.e. lacking correspondence to a criterion), we counted the frequency of
such ‘health impairments’ with respect to the 8 different criteria (absence of major chronic
disease, no limitations in IADL, good physical functioning, good cognitive functioning, no
health-related limitations in social life, good mental health, no function-limiting pain, and

good perceived health).
The following frequency distribution was observed:

e 1466 participants (37.0%) had no ‘health impairments’ (i.e. those individuals that were
classified as ‘healthy agers’),

e 1326 participants (33.4%) had 1 ‘health impairment’,

e 677 participants (17.1%) had 2 ‘health impairments’,

e 286 participants (7.2%) had 3 ‘health impairments’,

e 135 participants (3.4%) had 4 ‘health impairments’,

e 51 participants (1.3%) had 5 ‘health impairments’,

e 20 participants (0.5%) had 6 ‘health impairments’, and

e 5 participants (0.1%) had 7 ‘health impairments.
No participant had ‘impairments’ with respect to all 8 criteria of our definition.
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[11. Statistical analyses

IH1L.A Multivariable analyses: types of statistical models
and adjustment

Analyses concerning the relation between dietary factors and healthy aging were generally
implemented with the help of multivariable logistic regression models, as healthy aging was

conceptualized as a binary outcome.

For analyses on the relation between antioxidant supplementation and healthy aging, however,
the initial randomized design of the SU.VI.MAX trial allowed us to simply compute
unadjusted relative risks (RR) as main statistical analyses. As the proportion of healthy aging
was relatively elevated in our study population, OR cannot be interpreted in the same manner
as RR (Ragland 1992; Zhang and Yu 1998). Thus, the computation of RR as main statistical
analyses had the advantage that the magnitude of the observed effect was estimated in a more
realistic manner. Because RR are not dependent on the ‘baseline risk’ p0O (i.e. the risk in the
‘control” or ‘reference’ group) (Grant 2014), which can differ across studies, the use of RR

permits a better comparison of results across studies than the use of OR.

Sensitivity analyses in which we conducted unadjusted as well as extensively adjusted logistic
regression models confirmed that potential confounding variables had no substantial influence

on our results.

Analyses on the relation between midlife vitamin D status and later cognitive functioning
were carried out with the help of multivariable regression models and analyses of variance
and covariance (ANCOVA), since all cognitive test variables were of continuous nature. The
variables for which all main models (except the computation of RR in the analyses on

antioxidant supplementation and healthy aging) were adjusted are listed below:

e Sociodemographic factors:
o Sex,
o Age,
o Educational level,
o Occupation,
o Family situation/ living arrangement;

e Factors related to the design of the study:
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o Follow-up time,
o Intervention group (antioxidant supplementation or placebo);
e Lifestyle factors;
o Smoking status,
o Physical activity level (except for analyses on the nutritional score PNNS-GS,

which already contains a physical activity component).

In addition, statistical multivariable models were adjusted for specific factors that were
identified as potential confounders concerning the specific association of interest.

111.B Inverse probability weighting

Inverse probability weighting is a statistical method that allows to partially account for
selection bias that is related to missing data at follow-up (Cole and Hernan 2008; Seaman and
White 2011). The strategy of the method is to attribute more weight to individuals who have
similar characteristics as those individuals who were excluded from analyses. Its

implementation includes the following steps:

1. Creation of a logistic regression model that predicts the probability to be included into
the study sample with a maximum of accuracy (i.e. with a maximal area under the
curve- value), and a Hosmer-Lemeshow-test indicating adequate fit (i.e. p > 0.05);

2. Extraction of the predicted probabilities for inclusion into the study sample for each
participant;

3. Verification that the highest 10% predicted probabilities are not larger than 50% of the
sum of all probabilities;

4. Computation of the inverse of the predicted probabilities (1/probability);

5. Computation of ‘stabilized weights’: multiplication of each “1/probability” with the
sampling proportion (i.e. the proportion of included participants among all participants
of the ‘source’ population);

6. Inclusion of these stabilized weights into the desired statistical analysis (using, for

example, the ‘weight’- statement of SAS proc logistic).

In the case of our analyses, the probability to be included in the study sample notably
corresponded to the probability to have data on healthy aging at follow-up. The basic logistic
regression model comprised ‘inclusion in our final study sample (yes/ no)’ as the dependent

variable, and the exposition variable of interest as an independent variable. Further
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independent variables to be included were chosen from the different available
sociodemographic, lifestyle, and health- variables on the basis of descriptive tables comparing
included and excluded participants: variables that showed a significant (or nearly significant)
difference between included and excluded participants were included in the logistic regression
model. Moreover, interaction terms were tested in order to improve the predictive potential of

the model.
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PUBLICATIONS

The chapter “Publications” concerns the main original scientific articles that have been
drafted in the context of this thesis, and includes both already published articles (n=3) and
articles that have not yet been published (n=1). For each article, a short summary of the
scientific background, objectives, methods, and results is presented. The discussion of the
findings of each article is included in the chapter “Discussion” of this thesis manuscript. For
more detailed information, please refer to the original articles that are included in the form of
screenshots for the already published articles, and as conventional text for the other article.
Table 7 presents the different scientific articles and their correspondence to the research

questions stated in the chapter “Objectives”.
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Table 7. List of scientific articles included in this thesis

Publications

Research questions

Drafted scientific articles

Research question 1.1: Is there a long-term association of antioxidant nutrient supplementation with the
probability of healthy aging, as assessed with the help of a multidimensional model? Is such a supplementation
more effective among individuals with initially low levels of the tested antioxidants and among those with a
lower consumption of foods that are rich in antioxidants?

Research question 2.1: Is the adherence to different a posteriori dietary patterns at midlife, extracted by
principal component analysis, prospectively associated with a multidimensional concept of healthy aging? Is this

association modulated by overall energy intake?

Research question 2.2: Are higher adherence to the French official food-based dietary guidelines (as measured
by the mPNNS-GS), higher adequacy of the diet to the French nutrient reference values (as measured by the
PANDiet), and higher adherence to both food-based and nutrient-based dietary guidelines of different countries
(as measured by the Dietary Quality Index- International) at midlife prospectively associated with a

multidimensional concept of healthy aging?

Research question 3.1: Is there a prospective association between plasma vitamin D status at midlife and

cognitive functioning in different domains assessed 13 years later?

Publication 1: Healthy aging 5 years after a period of daily
supplementation with antioxidant nutrients: a post hoc analysis of
the French randomized trial SU.VI.MAX (published

American Journal of Epidemiology)

in the

Publication 2: A healthy dietary pattern at midlife, combined with
a regulated energy intake, is related to increased odds for healthy

aging” (published in the Journal of Nutrition)

Publication 3: Dietary scores at midlife and healthy aging in a
French prospective cohort (in revision at the British Journal of
Nutrition)

Publication 4: Midlife plasma vitamin D concentrations and
performance in different cognitive domains assessed 13 years later

(published in the British Journal of Nutrition)
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|. Publication 1: Antioxidant supplementation
and healthy aging

Title: Healthy aging 5 years after a period of daily supplementation with
antioxidant nutrients: a post hoc analysis of the French randomized trial
SU.VI.MAX

Authors: Assmann KE, Andreeva VA, Jeandel C, Hercberg S, Galan P, Kesse-
Guyot E

Publication details: Am J Epidemiol 2015;182(8):694-704. doi: 10.1093/aje/kwv105

Not shown due to copyright considerations
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Publications

I1. Publication 2: A posteriori dietary patterns
and healthy aging

Title: A healthy dietary pattern at midlife, combined with a regulated energy
intake, is related to increased odds for healthy aging

Authors: Assmann KE, Lassale C, Andreeva VA, Jeandel C, Hercberg S, Galan
P, Kesse-Guyot E

Publication details: J Nutr 2015;145(9):2139-45. doi: 10.3945/jn.115.210740

Not shown due to copyright considerations
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[11. Publication 3: A priori dietary scores and

healthy aging

Title: Dietary scores at midlife and healthy aging in a French prospective
cohort

Authors: Assmann KE, Andreeva VA, Camilleri GM, Verger EO, Jeandel C,

Hercberg S, Galan P, Kesse-Guyot E
Publication details: Br J Nutr 2016. doi: 10.1017/S0007114516002233, 11 pages [epub

ahead of print].

Not shown due to copyright considerations
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V. Publication 4: Plasma vitamin D and later
cognitive functioning

Title: Midlife plasma vitamin D and performance in different cognitive

domains assessed 13 years later

Authors: Assmann KE, Touvier M, Andreeva VA, Deschasaux M, Constans T,
Hercberg S, Galan P, Kesse-Guyot E

Publication details: Br J Nutr 2015;113(10):1628-37. doi: 10.1017/S0007114515001051

Not shown due to copyright considerations
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DISCUSSION

The objective of this thesis was to investigate the role of different dietary factors for healthy
aging. Overall healthy aging was examined with the help of a multidimensional model largely
based on the framework proposed by Rowe and Kahn. The maintenance of high levels of
cognitive functioning throughout aging was examined with the help of results of a
neuropsychological test battery, which were modelled as ‘synthetic cognitive factors’ derived

by principal component analysis.
The “Discussion”- section of this thesis includes the following elements:

1. a discussion of the main results of the conducted studies in relation to the research
questions specified in the “Objectives”-section, and in the light of other investigations
referenced in the literature;

2. an overall discussion of the potential underlying factors related to our different
findings, including an examination of the interrelations of the specific results — and
their consideration within a general framework on the beneficial potential of diet for
healthy aging;

3. an examination of the methodological strengths and limitations of the studies
conducted within this thesis;

4.  a discussion of perspectives for future research and a final conclusion, including the

public health impacts of our findings.

100



|. Critical discussion of the main findings of this thesis

Table 8 summarizes the main elements of discussion that will be highlighted in this chapter (i.e. a summary of the main results corresponding to

Discussion

each research question, a discussion of the observed specificities of these results to certain subgroups of our study population - or to specific

dietary indicators -, and a comparison with other studies).

Table 8. Summary of basic discussion elements for each of this thesis’ research questions

Research question

Summary of results

Hypotheses for specificities

Comparison with other studies

Research question 1.1:

- Long-term  association  of
antioxidant nutrient supplementation
with HA?

- Effect modification by initial levels
of the tested antioxidants and by
initial consumption of foods rich in
antioxidants?

- No overall association
participants

- Interaction with sex: significant association
among men only

- In addition, significant beneficial effects
among participants with low baseline
vitamin C or zinc concentrations, or with
low baseline fruit and  vegetable

consumption

among all

- Men had lower baseline vitamin C
concentrations then women

- Among women with low baseline vitamin C
levels, the observed effect size (RR for HA) was
even larger than among men with low initial
vitamin C (but not significant, probably due to
the small number of women with low initial
vitamin C levels)

-> Possibly, the observed sex-specificity largely
reflects a specificity to low baseline vitamin C.
However, additional mechanisms may be
involved.

- Available meta-analyses do not suggest a
beneficial effect of antioxidant supplementation
on mortality or chronic disease

- Hypotheses that have been made to explain
this: relatively short treatment and follow-up
duration of many trials; dependency of the
supplementation effect on specific baseline
characteristics (antioxidant levels, smoking,
exercise); specific combinations of antioxidants
may be particularly effective (and others not)

Research question 2.1:

- Prospective association between
different a posteriori dietary patterns
at midlife and HA?

- Effect modification by overall
energy intake?

- Identified a posteriori dietary patterns: a
“western pattern” and a “healthy pattern”

- No overall association between either
dietary pattern and HA

- Interaction between overall energy intake
the “healthy pattern”:
association with HA among individuals with
energy intakes < sex-specific median

and significant

- High energy intake may ‘counterbalance’
beneficial effects of “healthy” dietary patterns

- A previous study has shown an inverse
relation between relatively high energy intakes
and HA

- The “caloric restriction”- hypothesis suggests
a beneficial effect of rather low energy intakes
on the aging process

- (Akbaraly et al. 2013a): 2 dietary patterns
were extracted: ‘‘healthy foods’” and ‘‘Western-
type.”” Only the Western-type pattern was
(inversely) associated with ‘‘ideal aging.”

- (Hodge et al. 2014): inverse association
between a “meat and fatty foods”- pattern and
HA, and positive association between a “fruit”-
dietary pattern and HA.
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Research question

Summary of results

Hypotheses for specificities

Comparison with other studies

Research question 2.2:

- Prospective association between
adherence to the French food-based
guidelines, higher adequacy to the
French nutrient reference values, and
higher adherence to both food- and
nutrient-based guidelines of different
countries with HA?

- Positive association between quartiles of
the mMPNNS-GS, the PNNS-GS and the
PANDiet and odds of HA

- Investigation of continuous scores:
significant results only observed for the
MPNNS-GS and the PNNS-GS

- Main difference in the conception of the
scores: only the (m)PNNS-GS entirely reflects
food-based nutritional guidelines

- Moreover, only the (m)PNNS-GS considers
alcohol consumption

- Specific technical details of score construction
may also play a role

- (Samieri et al. 2013): positive association of
the AHEI-2010 and the AMDS with HA

- (Gopinath et al. 2015): positive association of
the TDS with HA

- (Akbaraly et al. 2013a): no relation of the
AHEI with HA

Research question 3.1:

- Prospective association between
plasma vitD status and cognitive
functioning in different domains?

- No overall relation between plasma vitD
status at midlife and later HA

- Interaction with educational level:
significant results concerning the main
cognitive outcomes for participants with a
low educational level only

- Specificity of this relation to short-term
and working memory

- According to the literature, higher educated
individuals may have higher ‘cognitive reserve’,
and thus an improved ability to cope with
potential neurologic damage

- impairments of brain function were
potentially only measurable in participants with
lower cognitive reserve

Out of the n=14 prospective studies that have
been published to this day?:

- n=6: lower risk of negative cognitive
outcomes or less cognitive decline

- n=3: subgroup-specific positive associations or
an association between outcomes at follow-up
but not with changes in cognitive functioning
during follow-up

- n=5: no statistically significant longitudinal
associations

Little evidence for a protective role of vitamin
D supplementation from intervention studies

Abbreviations: AHEI-2010, Alternate Healthy Eating Index-2010; AMDS, Alternate Mediterranean Diet Score; HA, Healthy Aging; mPNNS-GS, modified Programme
National Nutrition Santé- Guideline Score; PNNS-GS, Programme National Nutrition Santé- Guideline Score; RR, Relative Risk; TDS, Total Diet Score, VitD: vitamin D.

To the best of our knowledge.

102




Discussion

I.A Objective 1

Objective 1 of this thesis was to examine the prospective association between daily
supplementation with antioxidant vitamins and minerals, over a period of 8 years, with a
multidimensional concept of healthy aging measured 5 years later. This objective included
only one specific research question (divided into a primary and a secondary research

question), which is detailed below.

I.A.1 Basic discussion of the study findings

Research question 1.1 focused on whether there was a long-term association of antioxidant
nutrient supplementation with the probability of healthy aging, as assessed with the help of a
multidimensional model. A secondary question was whether such a supplementation was
more effective (or only effective) among individuals with initially low levels of the tested

antioxidants and among those with a lower consumption of foods that are rich in antioxidants.

This research question was addressed by publication 1: “Healthy aging 5 years after a period
of daily supplementation with antioxidant nutrients: a post hoc analysis of the French

randomized trial SU.VI.MAX”, published in the American Journal of Epidemiology.

Brief summary of the results in relation to the specified research questions

Not shown due to copyright considerations

Hypotheses concerning the observed specificity of our results to men

Not shown due to copyright considerations

I.A.2 Comparison with other studies

Not shown due to copyright considerations

Potential reasons for the limited evidence of beneficial effects of antioxidant

supplementation

Not shown due to copyright considerations
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I.B Objective 2

Obijective 2 of this thesis was to examine the prospective association between overall dietary
quality at midlife and a multidimensional concept of healthy aging in a population of French

adults. This objective included two specific research questions, as detailed below.
I.B.1 Basic discussion of the study findings

a)  Research question 2.1

Research question 2.1 focused on whether a higher adherence to different a posteriori dietary
patterns at midlife, extracted by principal component analysis, was prospectively associated
with a multidimensional concept of healthy aging. A secondary research question was

whether this association was modulated by overall energy intake.

This research question was addressed by publication 2: “A healthy dietary pattern at midlife,
combined with a regulated energy intake, is related to increased odds for healthy aging”,

published in the Journal of Nutrition.

Brief summary of the results in relation to the specified research questions

Not shown due to copyright considerations

Hypotheses concerning the specificity of our results to participants with relatively low

overall energy intakes

Not shown due to copyright considerations

b)  Research question 2.2

Research question 2.2 focused on whether a higher adherence to the French official food-
based dietary guidelines (as measured by the mPNNS-GS), a higher adequacy of the diet to
the French nutrient reference values (as measured by the PANDiet) and a higher adherence to
both food-based and nutrient-based dietary guidelines of different countries (as measured by

the DQI-I) at midlife was prospectively associated with a multidimensional concept of healthy

aging.

Brief summary of the results in relation to the specified research question

Not shown due to copyright considerations
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Hypotheses concerning the heterogeneous magnitude of the observed association

according to the type of dietary recommendation investigated

Not shown due to copyright considerations

1.B.2 Comparison with other studies

a) General comparison of the different studies’ findings
To the knowledge of the author of this thesis, only four other studies have investigated the

association between a priori dietary scores or a posteriori dietary patterns and healthy aging.

A priori dietary scores and healthy aging

Not shown due to copyright considerations

A posteriori dietary patterns and healthy aging

Not shown due to copyright considerations

b)  Comparison of the indicators of the overall diet used in the different

studies
Table 9 provides a brief overview of the basic characteristics of the different a priori dietary
scores and a posteriori dietary patterns investigated in the above-discussed studies, in

comparison with the scores and pattern used or extracted in our analyses.

The AHEI-2010, which has — in contrast to the original AHEI (Akbaraly et al. 2013a) — been
positively related to a multidimensional concept of healthy aging (Samieri et al. 2013), differs
from the original AHEI in multiple aspects (Chiuve et al. 2012; McCullough et al. 2002). First, the
group of ‘components to limit’ has been enlarged from “trans fat” to “sugar sweetened drinks
and fruit juice”, “red and processed meat”, “trans fat”, and “sodium”. Second, three
‘components to increase’ have been modified: “cereal fiber” has become “whole grains”,
“nuts and soy protein” has become “nuts and legumes”, and the “ratio of polyunsaturated to
saturated fatty acids” has become simply “polyunsaturated fatty acids” and “long chain
omega-3 fats”. Finally, “multivitamin use” has been deleted from the list of ‘components to
increase’. These differences may be one potential explanation concerning the different

conclusions of the studies published by Samieri et al. (Samieri et al. 2013) and by Akbaraly et al.
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(Akbaraly et al. 2013a). However, the characteristics of the study samples and the differences in

healthy aging definitions have probably also played a role.

The mMPNNS-GS (Assmann et al. 2014) and the PNNS-GS (Estaquio et al. 2009) can be considered
as closer to the AHEI-2010 than to the AHEI, as these scores also put an emphasis on the
limitation of sweetened beverages and of salt. Moreover, the components “vegetable added
fat” and “seafood” (whose consumption should be increased) imply an increase of
polyunsaturated fatty acids and of long chain omega-3 fatty acids. The TDS (Russell et al. 2013)
(which has as well been positively associated with healthy aging) also puts an emphasis on an
increased consumption of whole grains and of fish (thus a source of long chain omega-3 fatty

acids), and a limited consumption of sodium and added sugars.

A large difference between the different whole-diet approaches concerns the consideration of
overall energy intake. Neither the AHEI (McCullough et al. 2002), nor the AHEI-2010 (Chiuve et
al. 2012) or the PANDiet (Verger et al. 2012) or DQI-I (Kim et al. 2003) include an explicit
mechanism to account for overall energy intake — in contrast to the PNNS-GS (Estaquio et al.
2009), the MPNNS-GS (Assmann et al. 2014), and the TDS (Russell et al. 2013). Out of the different
studies that have investigated a posteriori dietary patterns, only our study has stratified

analyses according to overall energy intake.

Common characteristics of the a priori dietary scores and the a posteriori dietary patterns that

have been positively related to multidimensional concepts of healthy aging are:

e a high consumption of fruits and vegetables,

e ahigh consumption of whole grains or fibre,

e a high consumption of fish or long chain omega-3 fatty acids,

e a low consumption of sweetened products (sweetened beverages, added sugars,
sweetened desserts or chocolates,

e a low consumption of salt or sodium (or of “processed food” that tends to be high in

sodium (Webster et al. 2010)).

Not all of these characteristics are present in all scores or patterns that have been associated
with healthy aging (in particular, the PANDiet as a nutrient-based score includes only nutrient

components).
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Table 9. Brief overview of the characteristics of the dietary scores and dietary patterns investigated in other studies, as compared to
those investigated in our analyses

Study

Overall diet- indicators

Characteristics

(Samieri et al. 2013)

(Gopinath et al. 2015)

(Akbaraly et al. 2013a)

(Hodge et al. 2014)

AHEI-2010

A-MeDi

TDS

AHEI

“healthy foods”- pattern

“Western-type” pattern

“fruit”-pattern
“vegetables”-pattern
“southern European”-pattern

“meat and fatty foods”-pattern

+ vegetables, fruit, whole grains, nuts and legumes, long chain omega-3 fats, polyunsaturated fatty acids
+ alcohol

— sugar sweetened drinks and fruit juice, red and processed meat, trans fat, sodium

+ fruits, vegetables (excluding potatoes), whole grains, nuts, legumes, fish, ratio of MUFA to SFA
+ alcohol

— red meat or processed meat

+ vegetables, legumes, fruit, cereals (preferably wholegrain), fish, physical activity
+ lean meats, fish, poultry and/ or alternatives, dairy products, ratio of energy intake to energy expenditure

— saturated fat, sodium, alcohol, added sugars, “extra food” (i.e. snacks)

+ vegetables, fruit, cereal fibre, nuts and soy protein, multivitamin use, ratio of white to red meat, ratio of
polyunsaturated to saturated fatty acids
+ alcohol

— trans fat

+ vegetables, fruits, fish
+ fried food, processed food, red meat, pies, sweetened desserts, chocolates, refined grains, high-fat dairy products,

condiments

+ fruit
+ vegetables
+ feta, legumes, salad, olive oil, and inverse loadings for tea, margarine, cake, sweet biscuits and puddings

+ meat, white bread, savoury pastry dishes and fried foods
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Study

Overall diet- indicators

Characteristics

Our analyses on a
posteriori dietary patterns
and healthy aging
(Assmann et al. 2015b)
Our analyses on a priori

dietary scores and healthy

aging

“healthy”-pattern

“western”’-pattern

PNNS-GS

MPNNS-GS

PANDiet

DQI-I

+ vegetables, vegetable fat, fruit, whole grains, fish, sweetening products, soup, and fresh dairy products

+ alcoholic beverages, meat and poultry, processed meat, refined grains, cheese, potatoes, and salted snacks;

— fresh dairy products

+ fruit & vegetables, water, vegetable added fat, seafood, whole grain, physical activity
+ starchy foods, dairy products, non-dairy sources of animal protein, overall energy intake (penalization for
excessive overall energy intakes)

— added fat, sweets, sweetened beverages, alcohol, salt
equal to the PNNS-GS, except that there is no physical activity- component

+ polyunsaturated fatty acids, fibre, specific vitamins and minerals
+ total carbohydrates, total fats, total protein, various vitamins and minerals

— saturated fatty acids, cholesterol, sodium

+ overall food group variety, protein source variety, vegetables, fruits, cereals, fibre, protein, Fe, Ca, vitamin C
“balance™: ratios “carbohydrate : protein : fat” and “PUFA : MUFA : SFA”

— total fat, saturated fat, cholesterol, Na, empty-energy foods

Abbreviations: AHEI, Alternative Healthy Eating Index; DQI-I, Dietary Quality Index- International; HEI, Healthy Eating Index; mPNNS-GS, modified
Programme National Nutrition Santé- Guideline Score; MUFA, monounsaturated fatty acids; PANDiet, Probability of Adequate Nutrient Intake Dietary
Score; PNNS-GS, Programme National Nutrition Santé- Guideline Score; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids; TDS, Total Diet

Score.

+: The highest number of points is attributed if consumption of the respective component is increased (or if a ratio of different components is increased).
+: The highest number of points is attributed if the consumption of the respective component (or a ratio of components) is within a certain range.
—: The highest number of points is attributed if consumption of the respective component is decreased.

Indicators of the overall diet that have shown significant associations with multidimensional concepts of healthy aging are shown in orange, bold font.
Of note, the “healthy” dietary pattern in our study was only associated with healthy aging among individuals with low overall energy intakes.
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Discussion of the differences in applied healthy aging definitions

Not shown due to copyright considerations
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|.C Objective 3

Obijective 3 of this thesis was to examine the prospective association between plasma vitamin
D status at midlife and later cognitive functioning. This objective included only one specific

research question, which is detailed below.

I.C.1 Basic discussion of the study findings

Research question 3.1 focused on whether there was a prospective association between
plasma vitamin D status at midlife and later cognitive functioning in different domains
assessed 13 years later. This research question was addressed by publication 4: “Midlife
plasma vitamin D concentrations and performance in different cognitive domains assessed 13

years later”, published in the British Journal of Nutrition.

Brief summary of the results in relation to the specified research question

Not shown due to copyright considerations

Hypotheses concerning the specificity of our findings to participants with a low

educational level

Not shown due to copyright considerations

Discussion of potential mediation effects by vascular health and diabetes

Not shown due to copyright considerations

1.C.2 Comparison with other studies

Prospective observational studies

Not shown due to copyright considerations

Intervention studies on the effect of vitamin D supplementation

Not shown due to copyright considerations

Domain-specific associations of vitamin D with cognition

Not shown due to copyright considerations
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I1. Synthetic discussion of the findings in the
context of potential mechanistic pathways

As detailed in the “Introduction”- section, a number of theories exist that aim to describe
general underlying mechanisms for age-related health decline. Thus, shared pathways may
exist by which different nutritional factors influence the aetiology of specific age-related
chronic diseases and functional decline. Figure 8 illustrates a hypothetical framework for the
role of dietary factors in the prevention of age-related health decline, and places this thesis’
main results into the context of this general framework. The mechanistic pathways that are
shown in Figure 9 are by no means a complete list of all of the different pathways that have
been discussed in the literature. The aim of the Figure is rather to propose a framework that is
specific to the studies included in this thesis and sufficiently simple to provide a structured

and comprehensive overview.

The associations that were observed between dietary factors (i.e. antioxidant supplementation,
different indicators of overall dietary quality, and vitamin D status) and global healthy aging

or cognitive functioning may notably have been mediated by the following mechanisms.
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I1.A Oxidative stress, xenohormesis, and genomic
instability

The ”oxidative stress theory of aging”, which is notably based on the work of Denham
Harman (Harman 1992; Salmon et al. 2010) , suggests that an “accumulation of oxidative damage
to cellular macromolecules” contributed “ to a progressive decline in the function of cellular
process”, amongst others due to the accrual of genomic instability (related to DNA-damage).
According to the “Mitochondrial Free Radical Theory of Aging”, oxidative damage is
especially induced by “mitochondrial free radicals, produced as by-products during normal

metabolism” (Sanz and Stefanatos 2008).

Various authors insist on the importance of an adequate redox homeostasis, instead of a
general limitation of any oxidative stress for healthy aging (Poljsak et al. 2013; Ristow et al. 2009;
Sohal and Orr 2012). For instance, Poljsak et al. have proposed that “both extremes, oxidative
and antioxidative stress” were “damaging”. In a study published by Ristow et al., an exercise
intervention among 29 healthy young men was not beneficial with respect to indicators of
insulin sensitivity among participants who had been supplemented with high-dose vitamin C
and vitamin E — while a beneficial role was seen among participants who had received a
placebo (Ristow et al. 2009). Moreover, an augmented expression of transcription factors that are
sensitive to reactive oxygen species and at the same time regulate insulin sensitivity (amongst
others peroxisome proliferator-activated receptor gamma (PPARY)) was only observed in the
placebo-group. This indicates that limited amounts of oxidative stress (induced by physical
exercise) may be beneficial for the maintenance of an adapted glucose metabolism.

The Mitochondrial Free Radical Theory of Aging and similar theories have recently been the
object of much criticism (Gladyshev 2014; Liochev 2013; Sanz and Stefanatos 2008; Stuart et al. 2014).
While Gladyshev has postulated that the free radical theory of aging was “dead”, other
authors have simply concluded that the current available evidence did not permit to draw firm
conclusions (Liochev 2013; Sanz and Stefanatos 2008). Finally, it has been suggested that the
potential of such theories to explain the origins of age-related decline should not be overstated
— and that these theories should be refined and put into a broader context of other explanative
approaches (Liochev 2013; Stuart et al. 2014).

Despite the generally disappointing findings of randomized controlled trials that have tested
the effect of antioxidant supplementation on mortality and chronic disease incidence

(Bjelakovic et al. 2012; Myung et al. 2010; Myung et al. 2013), various authors still suggest a
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potentially important role of antioxidants in the prevention of age-related diseases (Andreeva

and Kesse-Guyot 2015; Chatzianagnostou et al. 2015; Shammas 2011; Vasto et al. 2014).

As suggested by our study on the long-term association between antioxidant supplementation
and healthy aging, as well as by other studies (Biesalski et al. 2010; Hemila and Kaprio 2011a;
Hemila and Kaprio 2009; Hemild and Kaprio 2011b), the effect of antioxidant supplementation may
strongly depend on participant characteristics, including baseline antioxidant levels, physical
activity level, and smoking status.

The oxidative stress theory of aging is not only relevant with respect to our article on
antioxidant supplementation and healthy aging, but also with respect to our articles on a
posteriori dietary patterns and a priori dietary scores in relation to healthy aging. Both the
identified ‘healthy’ dietary pattern and the scores mPNNS-GS and PNNS-GS account for fruit
and vegetable intake (thus important dietary sources of antioxidants), and the PANDiet
accounts for the intake of various antioxidant vitamins and minerals. Thus, the observed
relations of these dietary patterns and scores with healthy aging may, in part, have been
mediated by a reduction of oxidative stress. On the other hand, it has been suggested that
plant components that have antioxidant functions may, in reality, have health effects that are
mainly mediated via pathways other than oxidative stress reduction (despite the fact that the
compounds also have antioxidant properties). Notably, the “xenohormesis hypothesis”
suggests that phytochemicals that are produced by plants in response to stress may modulate
“enzymes and receptors of stress-response pathways in mammals” (Howitz and Sinclair 2008;
Szarc vel et al. 2015). In particular, it has been suggested that compounds such as resveratrol

may increase lifespan by mimicking caloric restriction. (Howitz and Sinclair 2008; Szarc vel et al.
2015)

Apart from DNA damage caused by oxidative stress, genomic instability is also related to a
generally lowered functionality of DNA repair mechanisms in old age (Gorbunova et al. 2007;
Mathers 2013). DNA repair mechanisms notably depend on the availability of folate (in the
form of 5,10-Methylenetetrahydrofolate), which is implicated in the conversion of uracil to
thymine (Duthie 2011). In addition, folate — along with vitamin B12 — is involved in the
regeneration of methionine from homocysteine (Miller 2003). Experimental evidence suggests
that homocysteine may impair DNA repair in the brain (Kruman et al. 2002). Moreover, higher
circulating homocysteine has been associated with worse cardiovascular and cognitive

outcomes (Gallucci et al. 2004; Malaguarnera et al. 2004; Quadri et al. 2004).
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I1.B The “inflammaging” concept

Another thoroughly discussed framework that attempts to explain part of the age-related
decline in health has been named “inflammaging”, and refers to “low-grade, chronic, systemic
inflammation in aging, in the absence of overt infection” (Franceschi and Campisi 2014). Chronic
inflammation and oxidative stress are linked, as oxidative stress can be a cause and
consequence of inflammation (Khansari et al. 2009; Reuter et al. 2010). Thus, the term “oxi-

inflammaging theory” has also been used (Szarc vel et al. 2015).

This framework is notably grounded on the observation that elderly individuals tend to show
“mildly elevated” circulating concentrations of inflammation mediators (such as interleukin
(IL)-6, IL-1, tumor necrosis factor (TNF), and C-reactive protein (CRP)) (Calcada et al. 2014)
(Szarc vel et al. 2015), and on the fact that inflammatory mediators have been associated with a
number of age-related diseases, such as arthritis, cardiovascular disease, diabetes, dementia,

and cancer (Calcada et al. 2014).

The proposed specific mechanisms include “persistent production of reactive molecules by
infiltrating leukocytes”, which can lead to damage on the cellular and tissue- level,
“production of cytokines that amplify or modulate the inflammatory response and alter the

phenotypes of nearby cells”, and the crosstalk with other signalling pathways. (Franceschi and
Campisi 2014)

A large number of specific dietary components (Shivappa et al. 2014) - such as fibre, different
vitamins and minerals, spices like garlic and ginger, polyunsaturated fatty acids, and
polyphenols — as well as overall dietary patterns (Barbaresko et al. 2013), have been shown to be
associated with biomarkers of chronic low-grade inflammation. In particular, “Western”- a
posteriori dietary patterns or patterns characterized by high intakes of meat have been (cross-
sectionally) associated with higher concentrations of pro-inflammatory mediators such as
CRP. On the other hand, “healthy”- a posteriori dietary patterns involving high intakes of
fruits and vegetables have been associated with lower circulating concentrations of such
mediators in cross-sectional studies (Barbaresko et al. 2013). In the SU.VI.MAX study, higher
midlife adherence to an a posteriori dietary pattern characterized by a high consumption of
vegetables and vegetable oils was inversely associated with circulating CRP 12 years later
(Julia et al. 2013).
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Hence, our findings concerning a positive association of higher adherence to the French food-
based dietary guidelines and higher scores on an a posteriori- dietary pattern may also be
explained by a positive role of such patterns for the prevention of low-grade chronic
inflammation. Our results concerning antioxidant supplementation and healthy aging may also
be interpreted in the context of ‘inflammaging’, as vitamin C and zinc have been suggested to
be involved in the prevention of chronic inflammation (Shivappa et al. 2014). In addition,
vitamin D has been suggested to have an anti-inflammatory role, notably in the brain — via the
“suppression of proinflammatory cytokines” (Banerjee et al. 2015). Hence, our results on the
relation between midlife vitamin D status and later cognitive performances may also be

related to a potential prevention of detrimental effects mediated by excessive inflammation.

11.C Epigenetic changes and caloric restriction

One underlying mechanism related to “inflammaging” may be age-related epigenetic
alterations, including changes in “DNA methylation patterns”, “posttranslational
modification of histones”, and “chromatin remodeling” (Szarc vel et al. 2015). A number of plant
compounds such as resveratrol, epigallocatechin gallate and isothiocyanates have been
suggested to have an effect on “epigenetic modulators”, such as histone deacetylase, DNA

methyltransferase, and Histone acetyltransferase.

In addition, the potentially beneficial effects of caloric restriction, which has been shown to
increase lifespan in various animal models (Fontana and Partridge 2015), may notably be
mediated by epigenetic mechanisms, such as the activation of Sirtuin 1 (Li et al. 2011; Szarc vel
et al. 2015). This biological mechanism is potentially of interest with respect to our finding that
only the combination of high adherence to a ‘healthy’ dietary pattern was associated with a
higher probability of healthy aging. However, it is unclear whether among humans, caloric
restriction has the same effect on longevity and overall healthy aging as in specific animal

models (Fontana and Partridge 2015).

11.D Changes in gut microbiota

Apart from epigenetic changes, age-related alterations with respect to gut microbiota may also
have a role for “inflammaging”. Amongst others, bacterial lipopolysaccharid (LPS) can ‘leak’
from the gut into the circulation, which can then trigger low-grade inflammation (Hakansson

and Molin 2011). The intestinal barrier can, in turn, be modulated by dietary factors. Diets with
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a high fat content have, for instance, been associated with higher LPS leakage (Hakansson and

Molin 2011).

In addition, imbalances in the composition of the gut microbiota (“dysbiosis”’) have been
associated with cardiometabolic diseases, and animal models have indicated that high-fat diets
may trigger alterations of the microbiota, which may influence the metabolism of the host, in

particular insulin sensitivity (Aron-Wisnewsky and Clement 2016).

A recent cross-sectional study indicated a relation of gut microbiota composition with both
dietary patterns with differing contents of fat and health characteristics such as frailty markers
and inflammation (Claesson et al. 2012). Findings from longitudinal studies are necessary to
elucidate whether gut microbiota composition is a mediator, or rather a marker of this
association. Under the hypothesis that gut microbiota are important mediators of associations
between diet and health, the findings of this thesis may also be partly explained by

microbiota-related mechanisms.

I11.E Metabolic disorders and vascular health

A metabolic concept that links two major chronic diseases, diabetes and cardiovascular
disease, is the “metabolic syndrome”, which involves elevated fasting glucose levels, high
circulating triglycerides, low circulating high density lipoprotein (HDL)- cholesterol, high
blood pressure, and an elevated waist circumference (Alberti et al. 2009). It has been suggested
that metabolic disorders can further trigger inflammation, which has led to the creation of the

term “metaflammation” (Calcada et al. 2014).

A preventive role of higher adherence to the French food-based dietary guidelines has been
suggested by a previous investigation of data from the SUV.I.MAX study (Kesse-Guyot et al.
2011a), which is in line with the fact that various other a priori and a posteriori dietary
patterns have been associated with the risk to develop a metabolic syndrome (United States
Department of Agriculture 2014). Thus, the association between higher adherence to these
guidelines and healthy aging, which has been observed in one of the studies included in this
thesis, may in part be mediated by a positive role of higher dietary quality for a balanced

metabolic state.

Our finding that both high dietary quality (as measured by adherence to a “healthy”- a
posteriori dietary pattern) and a regulated overall energy intake are necessary for healthy

aging can also be interpreted in the context of metabolic disorders. It has been suggested that
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the production of “adipokines” such as adiponectin or IL-6 by the visceral adipose tissue may
induce reduced insulin sensitivity and dysfunction of the endothelium of blood vessels (Ritchie
and Connell 2007), which can lead to vascular damage. Hence, a regulated overall energy intake
may affect overall healthy aging via the prevention of central obesity and related metabolic

disorders.

In addition, low vitamin D status has been linked to an altered glucose metabolism (notably a
reduced insulin sensitivity), which is an important component of the metabolic syndrome
(Teegarden and Donkin 2009). As diabetes and impaired glucose tolerance appear to be risk
factors for dementia (Banerjee et al. 2015; Meneilly and Tessier 2016; Messier 2005), the mechanistic
pathway “metabolic disorders” is also of relevance for the interpretation of our results on

vitamin D status and cognitive functioning.

I1.F Autophagy of damaged and misfolded proteins

A further pathway that is relevant to our findings concerning vitamin D and cognition is the
prevention of the accumulation of damaged and misfolded proteins, notably of amyloid beta.
It has been suggested that 1,25(OH)2D may be able to recover the capability of “macrophages
to phagocytose soluble amyloid S protein”, and thus to prevent the formation of plaques
(Banerjee et al. 2015), which is one of the two major hallmarks of Alzheimer’s disease (Binder et

al. 2005; Braskie et al. 2010; Brion 1998; Ittner and Gotz 2011).

11.G Telomere shortening

A further crucial mechanism related to age-related decline in health is telomere shortening
(Shammas 2011). Telomere length may predict longevity and overall healthy aging — notably
due to the fact that cells with telomeres that have become too short initiate apoptosis or
become ‘“senescent” (Shammas 2011). The term “senescent cell” refers to cells that have
adopted “a state of permanent cell-cycle arrest” (Campisi and d'Adda di 2007). Lifestyle factors
that have been associated with a slower pace of telomere shortening include the avoidance of
obesity, high consumption of dietary fibre, and high consumption of dietary antioxidants
(Shammas 2011). As the ‘healthy’ dietary pattern identified in our study focusing on a
posteriori dietary patterns, and the a priori dietary score PNNS-GS are both characterized by
a higher intake of dietary fibre and dietary antioxidants, the respective study findings of our

thesis can also be interpreted in the context of telomere shortening prevention. In addition, the

118



Discussion

results obtained in our study on antioxidant supplementation and healthy aging may also be

explained in the context of this mechanism.

I11. Methodological considerations

II11.LA  General methodological aspects related to
nutritional epidemiology

As detailed in the “Introduction”-section of this thesis, the methods of nutritional assessment
applied in nutritional epidemiology are subject to a number of potential biases — and particular

types of assessment are characterized by specific strengths and limitations.

[11.A.1 24-hour dietary records

The nutritional data that were used in the studies included in this thesis were obtained with the
help of 24-hour dietary records. In comparison with food frequency questionnaires, this
method permits a much more precise assessment of the consumed quantities over a 24-hour

period (Andreeva and Kesse-Guyot 2015).

However, habitual food intakes can only be estimated in a reliable manner via repeated
administration over sufficiently long time periods (Andreeva and Kesse-Guyot 2015; Willett 1998).
Thus, the procedure used for the presented studies was to calculate mean intakes across all
available dietary records during the first two years of follow-up, which were obtained in a
manner that permitted the coverage of the different days of the week and the different seasons

of the year.

Participants who had completed less than 3 dietary records during this period were excluded
from analyses. This decision is a compromise between obtaining maximal precision for
nutritional data, and excluding a minimal number of participants from analyses in order to
limit selection bias. The limitation of selection bias is important in the context of nutritional
epidemiology, as it can be hypothesized that participants with enough motivation to complete
a large number of dietary records likely have personality characteristics that also cause them

to put much effort into dietary habits that they consider as “healthy”.

It has been suggested that three 24-hour dietary recalls (or 24-hour dietary records in our case)
provide reasonably reliable estimates of overall energy intake (Ma et al. 2009). A
methodological article based on data from the SU.VI.MAX study has suggested that at least 8
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dietary records were necessary for obtaining high-precision estimates for usual intakes of
most of the investigated nutrients (Mennen et al. 2002). High-precision estimates were defined
as an accuracy of 0.9, i.e. a misclassification of less than 10% of participants “in the extreme

fraction, opposite to the true intakes when nutrient intake would be divided into quintiles”.

Thus, the exclusion of participants with less than 3 dietary records (instead of, for example,
with less than 8 dietary records) may appear problematic. However, as reported in the
publications included in this thesis, the average number of dietary records provided was
generally 10. In the study sample used to carry out our analyses on a priori dietary scores and
healthy aging, only 21.1% of participants had completed less than 8 dietary records, and only
12.1% had completed less than 6 dietary records [data not shown]. Similar proportions were
observed in the study sample for analyses on a posteriori dietary patterns and healthy aging.
Thus, a large majority of participants had provided sufficient dietary records for the

estimation of both overall energy intake and specific nutrient intakes with high accuracy.

A further factor that is in favour of a high quality of the available nutritional data is the
dispersion of dietary records over the different days of the week and seasons of the year
(Kesse-Guyot et al. 2013). In addition, the coding of food portions was carried out with the help

of an instruction manual with validated photographs (Le Moullec et al. 1996).

Finally, a standardized procedure (Kesse-Guyot et al. 2011d; Lassale et al. 2012) for the exclusion
of participants with implausible overall energy intakes was applied. Dietary records reporting
overall energy intakes of less than 100 kcal per day or of more than 6000 kcal per day were
excluded. Furthermore, men reporting less than 800 kcal per day and women reporting less
than 500 kcal per day across at least one third of their 24-hour dietary records were

considered as energy underreporters and thus excluded.

I11.A.2 Food composition tables

As mentioned in the “Introduction”-section, measurement errors related to the computation of
nutrient intakes on the basis of food composition tables are related to the variation of food
composition according to “environmental conditions, geographical location, food production
and preparation methods” (Andreeva and Kesse-Guyot 2015). Such variations apply to all types of
food composition tables, and thus also have to be considered as a potential source of

measurement error with respect to the results of this thesis.
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On the other hand, the food composition table used in the SU.VI.MAX study was developed
especially for the study and published in the form of a book (Hercberg S 2005) and contains a
very large number of different foods (over 900). This can be regarded as a particular strength

of our analysis, implying a high quality of our nutritional data.

I11.A.3 Recall bias and social desirability

Memory-related bias (“recall bias”) is probably generally of smaller magnitude in 24-hour
dietary records as compared to other methods such as food frequency questionnaires, which
inquire food consumption over larger periods of time. However, the high level of details of
information inquired by 24-hour dietary records is probably also susceptible to inaccurate

memories.

Social desirability bias is important to consider when interpreting nutritional data obtained
from all types of nutritional assessment. Examples for such bias are underreporting of overall
energy intake and fat intake, and overreporting of the consumption of fruits and vegetables
(Hebert et al. 1995; Hebert et al. 2008). It has been shown that women are more likely to show

such differential misreporting (Hebert et al. 1995).

111.B Confounding bias and adjustment

All observational studies are subject to potential confounding bias. Such bias implies a factor
that is related to both the exposure variable and the investigated outcome, without being a
mediating factor of the association between exposure and outcome (McNamee 2003). While
such bias can be reduced by the adjustment for variables that have been identified as
confounding factors in the literature, unmeasured factors cannot be adjusted for (Greenland and
Morgenstern 2001; McNamee 2003). Furthermore, the impact of statistical of adjustment is limited
to the degree of detail and accuracy of the measured variables. Thus, the possibility of
residual confounding cannot be excluded and should be taken into account when interpreting

the findings of this thesis.

In conclusion, the observational design of our analyses must be regarded as an important
limitation of our analyses. The extensive adjustment for potential confounding factors, on the
other hand, can be seen as a particular strength of our studies. An additional strength of our
analyses pertains to the prospective design of the SU.VI.MAX and SU.VI.MAX 2 studies,

which notably limits reverse causality bias.
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111.C Generalizability

The recruitment of participants of the SU.VI.MAX study relied on the willingness of
participants to be part of a in a long-term prevention trial, and thus to accept a larger number
of constraints (daily intake of a capsule containing a combination of antioxidants or a placebo,
the completion of questionnaires, participation at annual visits, reporting of information via
Minitel). It is probable that individuals with a particular interest for diet and health were
overrepresented in the cohort, and that individuals with a particularly low overall dietary

quality were underrepresented.

Thus, the generalizability of our results may be limited. However, limitations in
representativeness do not necessarily lead to bias concerning observed associations between
specific exposures and outcomes (Nohr et al. 2006) — although they may lead to a reduced
variability of the exposure variable of interest. It can be hypothesized that a within study
sample including more individuals with very low overall dietary quality, the observed
associations concerning a priori and a posteriori indicators of the overall diet may have been
even stronger (under the hypothesis that very low dietary quality has a particularly detrimental

role for health outcomes).

[11.D  Selection bias and inverse probability weighting

Another type of selection bias is related to the availability of data on the investigated exposure
variables and outcome variables among participants of a cohort.

The analyses presented in this thesis manuscript have the particularity that the outcome
variables were only assessed in a clearly defined subsample of the original SU.VI.MAX
cohort: participants of the SU.VI.MAX 2 cohort. As the SU.VI.MAX 2 cohort (n=6,850) only
makes up 54% of the original SU.VI.MAX cohort (n=12,741), we chose to only evaluate
healthy aging among participants who were part of the SU.VI.MAX 2 cohort, and thus had
available information on health status at follow-up. We could have also ‘included’ deceased
individuals into our analyses, by classifying them into the ‘non-healthy aging’ category.
However, given the fact that death was only a minor reason for non-participation in the
SU.VIL.MAX 2 (as explained in the “Methods”-section of the article “Dietary scores at midlife
and healthy aging in a French prospective cohort”), this did not appear to us as a reasonable

choice. ‘Re-including’ deceased individuals would have led to an overrepresentation of
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participants who had not survived during follow-up, with respect to individuals who had

survived but were simply not motivated to participate in the SU.VI.MAX 2 study.

In order to address the problem that we thus, however, underrepresented (i.e. completely
excluded) deceased individuals, and potentially individuals who did not want to participate in
the SU.VI.MAX 2 study because they were ill, we conducted inverse probability weighting
either as sensitivity analyses or applied this methodology to our main models. Like statistical
adjustment for confounding, inverse probability weighting is, however, no guarantee for

complete neutralization of any potential selection bias.

Thus, the fact that our study samples only made up rather small proportions of the original
SU.VI.MAX cohort must be considered as an important limitation of our analyses, while the
use of an innovative statistical method for the consideration of selection bias can be regarded

as a strength.

lH1.E Aspects related to the chosen healthy aging
definition

[11.E.1 Comparability with other studies

As outlined in the “Introduction”-section, a large heterogeneity in available definitions exists.
This has large implications on the comparability of different studies. For example, the study
by Tyrovolas et al. that found an inverse association between higher overall energy intakes
(Tyrovolas et al. 2015) is highly relevant for the interpretations of our finding that a ‘healthy’- a
posteriori dietary pattern was only associated with healthy aging among individuals with
rather low energy intakes. Yet, the difference between our healthy aging concept and that of
Tyrovolas et al. is immense. Amongst others Tyrovolas et al. included a measure of adherence
to the Mediterranean Diet into their concept, along with educational level, financial status,
and body mass index. In our framework, all of these indicators are considered as predictors

and not as inherent components of healthy aging.

In order to develop a definition that would be easily comparable, we largely based our
concept on the model published by Rowe and Kahn, as its three components are those which
are the most frequently included into operationalized definitions of healthy or successful

aging (Cosco et al. 2014a).
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Thus, while the general heterogeneity of available healthy aging definitions must be regarded
as a limitation of our analyses, our choice to develop a definition with maximal compatibility

can be regarded as a strength with respect to comparability aspects.

I11.E.2 Data availability

Most variables composing our healthy aging-definition were only available at follow-up.
Thus, we were not able to formally investigate health decline in the course of aging. This is
problematic because individuals that have been classified into the category “non-healthy
aging” for specific components of our definition (such as physical and cognitive functioning,
limitations of social life, pain-related limitations, or mental health) may in reality already have
been in this category at baseline. Thus, the hypothesized temporal association of midlife diet
with later health outcomes, may not reflect the true processes for all participants. This could
mean that for some participants, dietary factors in earlier phases than midlife may be of

importance. Moreover, reverse causality cannot be excluded.

However, our study sample was initially middle-aged (thus rather young) and (according to
the eligibility criteria of the SU.VI.MAX trial) free of any disease likely to hinder study
participation. Hence, we consider that our working hypothesis that subjects were globally

healthy at baseline is generally plausible.

I11.E.3 Healthy aging as a process

As detailed in the “Introduction”-section, many authors have underlined the need to consider
healthy aging as a process, and not as an outcome measured at a single time point. However,
in the SU.VI.MAX study, such repeated measures of healthy aging were not possible — which
should be regarded as a limitation of our analyses.

Very frequent repetitions of measures require immense human and financial resources and
very highly motivated participants. Thus, capturing the ‘true’ process of healthy aging,
including all possible events that may influence the transition of an individual between

different states, is generally difficult in epidemiological studies.

1.F Statistical analyses

For our analyses on a multidimensional concept of healthy aging, multivariable logistic
regression was used to analyse the relation with dietary factors. However, the overall
proportion of healthy aging in our studies was quite high (almost 40%). With such high
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proportions of outcome variables, OR cannot be interpreted in the same manner as RR, but are

inflated (Ragland 1992; Zhang and Yu 1998).

Our analyses on antioxidant supplementation and healthy aging — for which we calculated
both RR and OR - provide an idea of the magnitude of this inflation effect. While the
unadjusted OR observed among individuals with a low baseline vitamin C status was as large

as 1.48. However, the corresponding RR was only 1.28.

This is in line with a formula published by Robert Grant (Grant 2014), which permits the
conversion of OR to RR for a given ‘baseline risk’ pO (i.e. the risk in the ‘control group’):
“RR =OR /(1-p0 +(p0 x OR))".

When applying this conversion formula to the above-mentioned OR observed for individuals
with a low baseline vitamin C status (OR = 1.48, baseline risk, i.e. healthy aging proportion
among participants in the placebo group = 0.32), the result is exactly equal to the observed
RR (1.28).

However, as the author has pointed out, there is no ‘shared’ baseline risk for all subjects when
confounding is an issue and OR have thus been obtained by multivariable logistic regression.
In this case, Grant suggested calculating an ‘average baseline risk’ by entering the observed

average of each covariable into the regression equation

“ln(ﬁ) =a + B1E + Y BiA”, in order to obtain an approximation for the ‘baseline risk’ p0.

In more detail, the following procedure has to be followed:

e The observed mean values of each covariable have to be multiplied with the respective

beta-parameters, and then summed.

e Next, the value of the intercept a has to be added to this sum. If the ‘control group’ or
‘reference group’ has been coded as the reference level, no additional step is

necessary.

e The obtained result is to the average “logit” (or “log odds”, i.e. ln(%)).

e To obtain the “average odds”, the exponential of the value has to be calculated.

e The average risk “p” (i.e. an approximation for the ‘baseline risk’ p0) is then obtained
with the formula p=odds/(1+odds).

e Finally, this approximation of p0 has to be inserted into the formula
“RR=OR /(1-p0 +(p0 x OR))”
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This strategy can be applied to our results concerning a posteriori dietary patterns and a priori
dietary scores. The OR for being in the third versus in the first tertile of the ‘healthy’-dietary
pattern —among individuals with energy intakes below the sex-specific median was 1.49.

With the help of Grant’s formula, this number can be converted to a RR of 1.28.

Similarly, the OR for being in highest versus the lowest quartile of the mMPNNS-GS,
PANDiet, and PNNS-GS can be converted as follows:

e mMPNNS-GS: OR of 1.44 & RR of 1.25 (calculated with a p0 of 0.34),
e PANDiet: OR of 1.28 - RR of 1.16 (calculated with a p0 of 0.35),
e PNNS-GS: OR of 1.64 > RR of 1.36 (calculated with a p0 of 0.32).

[11.G  Specific aspects concerning our analyses on
antioxidant supplementation and on vitamin D

a)  Analysis on antioxidant supplementation and healthy aging

The main limitation related to our analyses concerning antioxidant supplementation and
healthy aging is that a multidimensional concept of healthy aging was not a pre-specified
primary endpoint of the SU.VI.MAX trial. Thus, our analysis must be regarded as a post-hoc
analysis of a randomized controlled trial, which means that its results cannot be considered to
have the same level of evidence as the results concerning the primary endpoints (the incidence
of cancer and cardiovascular disease). In addition, the subgroup-analyses that we conducted
were not pre-planned and thus of exploratory nature. As a consequence, no causal inference
can be made with respect to our results, and further trials are necessary to confirm our

findings.

On the other hand, the initial randomized controlled design of the SU.VI.MAX trial remains
an important strength of our study — increasing the trustworthiness of its results with respect
to the results of purely observational studies. A further strength is the fact that high
compliance of the SU.VI.MAX participants with the allocated treatment was observed
(Hercberg et al. 2004; Hercberg et al. 2010b). In addition, the realization of subgroup analyses can
be regarded as a strength — even given their exploratory nature. The stratification variables
had been determined with respect to existing hypotheses, and our subgroup analyses can be
regarded as important elements of evidence as few other trials have published similar

stratified results.
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Analyses on baseline vitamin D status and healthy aging

Several specific limitations with respect to our analyses on baseline vitamin D status and

healthy aging should be noted.

There was no cognitive assessment at baseline, which prevented us from formally
investigating cognitive decline. It is possible that individuals with low vitamin D
status already had worse cognitive performance at baseline, thus leading to an
overestimation of the identified association. The fact that we adjusted for self-reported
memory complaints at baseline, educational level and baseline- occupational category
may partly attenuate such potential bias.

No data on vitamin D status at follow-up (2007-09) was available, and only a single
baseline measurement of 25(OH)D was available for each participant. A recent study
indicated that, depending on the season of blood draw, a single sample can provide a
reasonable average for 25(OH)D over a 1-yr period (Major et al. 2013). Since in our
study, blood samples were drawn between October and April, the samples that were
obtained at time points with a largest distance from summer do probably not
correspond to the average 25(OH)D concentration of an individual across the year.
However, we adjusted for season of blood draw, in order to partly account for this
iSsue.

No data on dietary supplement use (including vitamin D supplements) after the end of
the SU.VI.MAX trial phase were available.

Specific strengths concerning our analyses on vitamin D status and later healthy aging

included:

the use of a neuropsychological battery including validated cognitive tests designed to
limit floor and ceiling effects, and

the use of a large number of different cognitive tests, which permitted us to report
specific results on different cognitive domains (in contrast to many other studies on

vitamin D and cognition).
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V. Perspectives for future research

IV.A Development of a healthy aging definition for the
NutriNet-Santé study

IVV.A.1 Development of a web-questionnaire

The NutriNet-Sant¢ study is a “web-based prospective cohort study” with a planned follow-up
period of 10 years, which has two main objectives: the investigation of the association of
nutrition with mortality and health outcomes, and the investigation of the “determinants of
dietary patterns and nutritional status” (Hercberg et al. 2010a). Data assessment relies on web-
based tools, except for biochemical samples and clinical examinations, which have been
conducted within a subsample of the cohort (n~ 19,500) (Hercberg et al. 2010a). To date, more

than 150,000 individuals have been included into the cohort.

In order to implement a multidimensional concept of healthy aging for the NutriNet-Santé
cohort, a specific questionnaire has been developed in the context of this thesis, in

cooperation with Dr. Emmanuelle Kesse-Guyot and Dr. Valentina Andreeva.
The questionnaire inquires information on the following elements:

e perceived general health,

e life satisfaction,

e health-related limitations of social life,

e pain and pain-related limitations,

e leisure activities (including social activities),

e limitations in IADL,

e social environment,

e diseases (including information on treatment and limitations related to the diseases),
e number of prescribed and usually taken medications,
e physical capacities,

e mental health,

e change in memory capacities over time,

e stress (events, emotions, and reactions),

e optimism,

e resilience,
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e sleep duration, and

e perceived overall dietary quality.

Not all elements will be included into the definition of healthy aging. Aspects such as
optimism, stress, social environment, and resilience will rather be used to examine
determinants and correlates of healthy aging in a more holistic manner than this has been
possible in the SU.VI.MAX study (where less data were available).

As the NutriNet-Santé study is an ongoing cohort, the questionnaire will be administered
multiple times in order to better consider healthy aging as a continuous process. We are
currently working on the development of the operationalized definition of healthy aging for
the NutriNet-Santé study and will provide more information in the context of a first

publication.

IVV.A.2 Validation of an online- cognitive test battery

In addition to the self-reported data on changes in memory capacities over time, which will be
available via the above-described questionnaire, an online cognitive test battery has been

developed for the NutriNet-Santé study.

A methodological study has been conducted with the objective to compare self-administration
of the web-based test battery with traditional means of administration (i.e. administration by a
neuropsychologist). This comparison study can be considered as a partial validation of the
cognitive test battery. The author of this thesis has conducted the management of the data of
this comparison study as well as the statistical analyses, and has drafted a scientific article
describing the results of the study. A copy of this article, which has been accepted by the
Journal of Medical Internet Research (JMIR), is included in Appendix 1 of this thesis.

Table 10 gives an overview of the different tests included into the battery, and the cognitive

processes that they were designed to measure.

On the basis of the data obtained via this web-based cognitive test battery, a more accurate
indicator of overall cognitive capacities will thus be created and compared to the self-reported
data that are part of the healthy aging questionnaire. Moreover, it will be possible to
investigate a definition of healthy aging that includes these more accurate cognitive data
within the subgroup of NutriNet-Santé participants who have completed the online cognitive

test battery.
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Table 10. Description of the cognitive test battery designed for the NutriNet-Santé Study
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IVV.A.3 Development of one or multiple healthy aging concepts

The exact nature of the healthy aging definition for the NutriNet-Santé study has not yet been
determined. In addition to the development of a binary concept, it will be possible to also

develop a continuous score.

Furthermore, as the WHODAS 2.0- questionnaire has also been administered to the
participants of the NutriNet-Sante cohort, it will be possible to develop an additional concept
of “active and healthy aging”, following the guidelines developed during the 2014-
conference of the European Innovative Partnership on Active and Healthy Aging (Bousquet et
al. 2015a; Bousquet et al. 2015b) (See the State of knowledge- section of this thesis). This will

help provide comparable data across various European studies on healthy aging determinants.

1V.B The association between adherence to the
Mediterranean diet and healthy aging

A Mediterranean-style diet is commonly defined as a dietary pattern characterized by a
consumption of rather large amounts of cereals, vegetables, legumes, fruits, fish, nuts, and
olive oil and only moderated amounts of meat and dairy products (Davis et al. 2015). This type
of diet has been suggested as a key dietary pattern with an important role in the prevention of
age-related health decline (Chatzianagnostou et al. 2015; United States Department of Agriculture

2014; Vasto et al. 2014).

Thus, we have also begun to investigate the relation between adherence to the Mediterranean
diet, as measured by four different a priori- dietary scores and healthy aging. The scores that
we have chosen to investigate are the Mediterranean Diet Scale (MDS) (Trichopoulou et al.
2003), the Mediterranean Style Dietary Pattern Score (MSDPS) (Rumawas et al. 2009), the
relative Mediterranean Diet Score (rMed) (Buckland et al. 2010), and the Literature-based
Adherence Score to the Mediterranean Diet (LAMD) (Sofi et al. 2013). Preliminary findings on
the association of these scores with healthy aging in the SU.VI.MAX study are included in
Appendix 2. These results have also been presented in the form of a poster at a French-
language annual nutrition congress (“Journées Francophones de Nutrition”) in December

2015 (Assmann et al. 2015a). The drafting of a scientific article is in progress.
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I\vV.C The association between anthropometric
indicators, metabolic disorders, and healthy aging

Our finding that adherence to a “healthy”- dietary pattern was only associated with healthy
aging when combined with a regulated energy intake indicates that the prevention of
overweight and obesity may be important for a healthy aging process. This is in line with
several of the mechanisms relating diet to healthy aging that were detailed in the chapter
“Synthetic discussion of the different findings in the context of potential mechanistic
pathways”. Moreover, an elevated body mass index and an elevated waist circumference were
significantly associated with lower odds of “successful aging” in a recent investigation of data

from the Whitehall Il cohort (Singh-Manoux et al. 2014).

We have thus decided to examine the association of anthropometric indicators (notably body
mass index and waist circumference) and of metabolic disorders with healthy aging in the
SU.VI.LMAX study, in the context of an internship of a student enrolled in a Master’s degree-
program. This internship will take place between April and September 2016, and will be
supervised by Dr. Emmanuelle Kesse-Guyot and the author of this thesis.
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V. Final conclusion

The results of the studies presented in this thesis contribute to a better understanding of the
potential role of dietary factors for an overall healthy aging process, and for healthy cognitive
aging in particular. Given the drastic demographic changes that are occurring worldwide and
the related increase in the burden of non-communicable diseases (World Health Organization
2011), the development of holistic approaches of preventing global age-related health decline
is an immense public health challenge. Dementia is a particularly important public health
problem in this context as it is closely related to the loss of autonomy (World Health

Organization 2011).

Our studies’ results confirm the importance of targeting midlife lifestyles, in particular diet.
The importance of prevention strategies that are focused on the midlife period has been
especially highlighted with respect to dementia (given the long latency period of
neurodegenerative diseases) (Coley et al. 2008; de la Torre 2010; Rooney 2014; Singh-Manoux and
Kivimaki 2010), but also concerning general age-related health decline (Harlow and Derby 2015)

or specific diseases such as cancer (Ory et al. 2014).

A recent publication reporting key elements of a conference symposium on “Nutrition and
healthy aging” — “Epidemiology of human aging” has proposed a number of “key ingredients”
for healthy aging, derived from studies on indicators of the overall diet — in relation to
mortality, chronic diseases, and cognitive health (Kiefte-de Jong et al. 2014). The proposed
beneficial key ingredients are “fruits”, “vegetables”, “(whole) grains”, “fish”, and “legumes,
pulses and potatoes”, and the proposed detrimental factors are “red meat” and “sugar-rich
foods”. The results of our studies are largely in agreement with this proposition (except for
the factor “red meat” as no significant association of our “western”- dietary pattern,
characterized by high consumption of meat and processed meat, with healthy aging was
observed). Our results thus contribute to the identification of evidence-based nutritional
strategies for the prevention of overall age-related health decline — and provide new

arguments for the promotion of a healthy diet.

Within the context of the WHO-framework of healthy aging, well-targeted nutritional
strategies could help individuals to maintain high “physical and mental capacities” during
aging. These capacities then determine, in interaction with external factors (such as transport

options), the “functional ability” of an individual. An individual with high functional ability,
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living within a favourable environment, will then “be able to do what they have reason to

value”, and find life satisfaction and fulfilment.
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1. Appendix 2: Preliminary results on the
relation between adherence to  the
Mediterranean diet and healthy aging

11.A Abstract

Background: The Mediterranean diet has been suggested as a key element for the prevention
of age-related chronic disease. However, very few studies have examined its relation with

multidimensional concepts of healthy aging.

Objective: We aimed to investigate the association between adherence to the Mediterranean
diet at midlife, as assessed by four scores, and healthy aging. A secondary objective was to
conduct an exploratory investigation of potential underlying pathways involving indicators

related to the metabolic syndrome.

Methods: We analyzed data from 3,012 participants of the SUpplémentation en Vitamines et
Minéraux AntioXydants study aged 45-60 years at baseline (1994-1995) and initially free of
major chronic disease, with available data on HA status in 2007-2009. We defined healthy
aging as not developing any major chronic disease, good physical and cognitive functioning,
independence in instrumental activities of daily living, no depressive symptoms, good social
functioning, good self-perceived health and no function-limiting pain. The Mediterranean
Diet Scale (MDS), the Mediterranean Style Dietary Pattern Score (MSDPS), the relative
Mediterranean Diet Score (rMed), and the Literature-based Adherence Score to the
Mediterranean Diet (LAMD) were calculated using baseline data from repeated 24-h dietary
records. The association of these scores with healthy aging was analyzed using logistic
regression. Structural equation modelling was applied to conduct exploratory analyses with

respect to potential underlying pathways.

Results: In 2007-2009, 38% of participants met our healthy aging criteria. After adjustment
for potential confounders, higher scores on the rMed (ORertile 3versus quartile 1=1.42 [95%-
CI=1.16; 1.73]; ptrena=0.0007) and LASMD (1.36 [1.12; 1.65]; ptend=0.002) were associated
with higher odds of healthy aging. We observed no association between the MDS (1.20 [0.97;
1.49]; ptrena=0.09) or the MSDPS (1.20 [0.99; 1.45]; ptrend=0.07) and healthy aging.
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Structural equation modelling yielded a model in which the rMed was both directly and
indirectly related to a latent “healthy aging”- construct. The indirect link involved an
association of the rMed with a latent “intermediate factors”- construct, which was — in turn —

associated with the “healthy aging”- construct.

This “intermediate factors”- construct was characterized by indicators related to the metabolic
syndrome that were measured in 2001-2002 (waist-to-hip-ratio, HDL, fasting blood glucose,
triglycerides, systolic blood pressure, and LDL). The ‘“healthy aging”- construct was
characterized by higher levels of cognitive functioning, less limitations in instrumental
activities of daily living, a higher probability for the absence of major chronic disease, higher

levels of physical functioning, and higher perceived global health.

Conclusion: Our results suggest a favourable role of high adherence to the Mediterranean
diet at midlife for maintaining good overall health during aging. One potential underlying
pathway may be an association of the Mediterranean diet with more beneficial metabolic
profiles.
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11.B Results obtained with a structural equation
modelling- approach




[11. Appendix 3: Supervision of interns

6-months internship of Caroline Collin

Karen Assmann has co-supervised a 6-month internship (March - August 2015) of a last-year
student enrolled in an engineer’s degree program in life sciences, agronomy, and nutrition.
The student (Caroline Collin) has investigated the long-term association of vitamin D status
and adherence to the French food-based dietary guidelines with chronic or recurrent

depressive symptoms in the SU.VI.MAX study.

Two original scientific articles have been drafted in this context. These articles, of which
Karen Assmann is the second author, are currently under review. Moreover, Karen Assmann
has presented two posters on these studies at the Journées Francophones de Nutrition (JFN)

2015, a French-language annual nutrition congress.

6-months internship of Lola Neufcourt

Karen Assmann has moreover contributed to the supervision of the 6-month internship
(March - August 2015) of Lola Neufcourt, who was also enrolled in an engineer’s degree
program in life sciences. The student has investigated the prospective association of the
inflammatory potential of the diet (measured via a specific a priori dietary score, the Dietary
Inflammatory Index) with the risk of developing cardiovascular disease or the metabolic
syndrome in the SU.VI.MAX study.

Lola Neufcourt has published two original scientific articles, of which Karen Assmann is the
second author. In addition, Karen Assmann has given an oral presentation on the association
of the Dietary Inflammatory Index with the risk of developing the metabolic syndrome at the
Journées Francophones de Nutrition (JFN) 2015.

6-months internship of Indunil Ruhunuhewa

Indunil Ruhunuhewa is a last-year student enrolled in a master’s degree program in
Methodology and Statistics in Biomedical Research. She will conduct an internship of 6
months in April - September 2016 on the association between anthropometric indicators and
metabolic health at midlife with later healthy aging in the SU.VI.MAX study. This internship

will be co-supervised by Karen Assmann.
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V. Appendix 4: Scientific collaborations

Karen Assmann has participated in a long-term collaborative scientific training program on
structural equation modelling and multi-block analysis. The training program was funded in
the context of a call for projects embedded in the meta-program “DID’IT” (Diet impact and
determinants - Interactions and transitions) of the French National Institute for Agricultural
Research (INRA). Participants of this training program took an active role by presenting
ongoing work and critically discussing the ongoing analyses of other participants. The session

comprised, in total, 10 days of training, which took place from January 2014 to April 2015.
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V. Appendix 5: Summary (in English & French)

Summary: Investigation of nutritional determinants (nutrients, foods, and overall diet)
of healthy aging. Analysis in the SU.VI.MAX 2 cohort.

The aim of this thesis was to investigate nutritional determinants of a multidimensional
concept of healthy aging in the French SU.VI.MAX study, which contains dietary data
measured in 1994-95, and health data measured in 2007-09. The specific aims were: to
examine the relation of an 8-year antioxidant supplementation with later healthy aging; to
investigate midlife overall dietary quality with respect to later healthy aging; and to examine

circulating midlife vitamin D status with respect to later cognitive performances.

No overall effect of antioxidant supplementation was observed. However, in subgroup
analyses, a beneficial effect was seen among men, participants with low baseline vitamin C or
zinc concentrations, or with a low fruit and vegetable consumption. Moreover, a beneficial
role of higher adherence to the French nutrition guidelines and higher adequacy to the French
nutrient reference values was observed. Next, we observed a positive role of higher adherence
to a “healthy” empirically derived dietary pattern among participants with low overall energy
intakes. Finally, we found a relation of higher vitamin D- levels with better outcomes related

to short term- and working memory, among participants with low education only.

Our results support a beneficial role of a well-balanced intake of antioxidant nutrients for
healthy aging, and underline the pertinence of the French nutrition guidelines and nutrient
reference values. They moreover indicate that both a high dietary quality and an adequate
energy intake are of importance. Finally, our results partly support a beneficial role of an

adequate vitamin D status for preserving good cognitive health during aging.

Keywords: Nutrition, diet, prevention, aging, cognition, epidemiology
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Résumé : Etude des déterminants nutritionnels (nutriments, aliments et alimentation

globale) du vieillissement en bonne santé. Analyse dans la cohorte SU.VI.MAX 2.

Nous avons investigué les déterminants nutritionnels d'un modéle multidimensionnel du
vieillissement en bonne santé (VBS) dans la cohorte SU.VI.MAX, qui contient des données
nutritionnelles collectées en 1994-96, et des données de santé collectées en 2007-09. Les
déterminants étudiés étaient une supplémentation en antioxydants, et la qualité globale de
l'alimentation. Un objectif supplémentaire était d'étudier le réle du statut plasmatique en

vitamine D pour la santé cognitive.

Il n’y avait pas d’effet global de la supplémentation en antioxydants. Dans des analyses
stratifiees, un effet bénéfique était observé chez les hommes et chez ceux ayant un statut
sérique bas en vitamine C ou en zinc, ou ayant une consommation faible de fruits et légumes.
De plus, le VBS était associé a une bonne adéquation aux recommandations nutritionnelles
francaises et aux apports nutritionnels conseillés. Nous avons également identifié un réle
bénéfique d'une typologie alimentaire a posteriori ‘saine’ chez ceux ayant un faible apport
énergétique. Enfin, nous avons observe une relation entre un statut plus élevé en vitamine D et
de meilleures performances de la mémoire a court terme et de travail chez ceux ayant un

niveau d'éducation faible.

Nos résultats indiquent un réle bénéfique d'un apport équilibré en nutriments antioxydants, et
d'une bonne adéquation aux recommandations nutritionnelles francaises et aux apports
nutritionnels conseillés pour le VBS. De plus, ils soulignent I’importance de présenter a la
fois une bonne qualité alimentaire et un apport adéquat en énergie. Enfin, nos résultats

indiquent en partie un réle bénéfique d'un bon statut en vitamine D pour la santé cognitive.

Discipline : Biologie — Epidémiologie — Santé Publique
Mots-clés : Nutrition, alimentation, prévention, vieillissement, cognition, épidémiologie

Laboratoire d’accueil : Equipe de Recherche en Epidémiologie Nutritionnelle, UMR U1153
Inserm/ U1125 Inra/ Cnam/ Université Paris 13, Centre de Recherche en Epidémiologie et

Statistiques Sorbonne Paris Cité, 74 rue Marcel Cachin, 93017 Bobigny, France
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