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ABSTRACT

Background: This study aimed to detect health trajectories after age 60, and to explore to what extent
individual and social factors may contribute to healthier aging.

Methods: Twelve-year health trajectories were identified in subjects from the Swedish National Study on Aging
and Care in Kungsholmen (N=3108), integrating five indicators of disease, physical and cognitive function, and
disability through nominal response models. Growth mixture models were applied to explore health
trajectories in terms of rate and pattern of change. Baseline information about health-related behaviors and
the social context was collected through standardized questionnaires. The strength of the associations was
estimated using logistic regression, and their impact through population attributable fractions (PAF).

Results: Three trajectories were identified grouping 78%, 18%, and 4% of people with respectively increasing
rates of health decline. Compared to the best trajectory, subjects in the middle and worst trajectories became
functionally dependent 12.0 (95% Cl: 11.4-12.6) and 12.1 (95% Cl: 11.5-12.7) years earlier, respectively.
Insufficient physical activity (OR: 3.38, 95% Cl: 2.58-4.42), financial strain (OR: 2.76, 95% ClI: 1.77-4.30), <12
years education (OR: 1.53, 95% Cl: 1.14-2.04), low social connections (OR: 1.45, 95% Cl: 1.09-1.94), low social
participation (OR: 1.39, 95% Cl: 1.06-1.83) and a body mass index 225 (OR: 1.34, 95% Cl: 1.03-1.75) were
associated with belonging to the middle/worst trajectories. The highest PAFs were observed for insufficient
physical activity (27.1%), low education (19.3%) and low social participation (15.9%); a total PAF of 66.1% was
obtained.

Conclusions: Addressing the social determinants of health in its broadest sense, complementarily considering
life-long factors belonging to the socioeconomic, psychosocial, and behavioral dimensions, should be central to
any strategy aimed at fostering health in older age.

INTRODUCTION and mental functioning, others may be frail, suffer from

a high disease burden, and require significant support in
The biological changes underlying the aging process are their daily life. Moreover, older people with equal
neither linear nor consistent, and chronological age is an health status at earlier ages may follow different
imperfect surrogate measure of this phenomenon. In trajectories over time, and their needs will diverge
fact, while some 80-year-olds may enjoy good physical according to which path they are on. Consequently, the
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health of the older population can be viewed as a
continuum and dynamic process that needs to be
investigated longitudinally [1].

When looking at trajectories of healthy aging, both
what we measure and how we measure it matter
equally. Most studies have focused on single
impairments or functional limitations [2], however, it is
unlikely that any single measure will be capable of
reliably capturing the health heterogeneity of aging
populations. There is increasing awareness for the need
to assess older people’s health in a multidimensional
way by using phenotypic indices that capture diseases
related to organ systems as well as functional ability,
while remaining pragmatically driven by available
data in clinical practice and aging studies [3].
Comprehensive assessments of functioning, coupled
with measures of more severe disability, are particularly
relevant for older adults and are well-aligned with the
provision of person-centered care [4]. Moreover, they
are much stronger predictors of negative health
outcomes than merely the presence of disease [5-7].
The Health Assessment Tool (HAT) used in this study
is sensitive to changes in multiple dimensions that
people experience as they age. It has a better ability
than its individual components in terms of predicting
medical and social care needs, self-rated health, or
death, and it is based on conventional tests commonly
embedded in the Comprehensive Geriatric Assessment
(i.e. diseases, physical and cognitive function, and
disability) [5, 6, 8].

As for how to measure health changes, capturing
distinct developmental health trajectories over time is
key, but also a major challenge. Most studies still look
at average trajectories of change [9], but more
sophisticated techniques, such as latent variable mixture
modelling, use multiple long-term observations per
individual and allow for improved discernment among
alternative health trajectories in terms of rate and
pattern of change. In order to apply such techniques,
longitudinal data covering different birth cohorts, with
low attrition rates, and containing objectively assessed
health measures is essential, yet seldom available.

Differences in healthy aging are partly due to genetics
and randomly occurring biological dysfunctions, but
they are to a great extent influenced by individual
health-related behaviors and contextual social
determinants (i.e. socioeconomic and psychosocial
factors). Despite the strong link of these factors with
multimorbidity, frailty, disability, and mortality, [10—
14] evidence of their impact on long-term health
changes in old age is weaker [15]. Moreover, previous
studies have rarely assessed potential risk/protective
factors comprehensively, in spite of the increasing

recognition of the complex interplay among social and
behavioral factors in affecting older individuals’ health
status and disease risk [16].

The aims of our study were to identify different health
trajectories after age 60, and to explore to what extent
health-related behaviors and the social context account
for such differences at both the individual and
population levels.

MATERIALS AND METHODS
Study population

The data were gathered from the longitudinal Swedish
National study on Aging and Care in Kungsholmen
(SNAC-K) [17]. SNAC-K participants were randomly
selected from those who lived at home or in institutions
in a central area of Stockholm (Kungsholmen), Sweden,
and were older than 60 between 2001-2003, when the
study was initiated. The random selection was based on
11 age groups: three younger cohorts (aged 60, 66 and
72) and eight older cohorts (aged 78, 81, 84, 87, 90, 93,
96 and 99+). The younger cohorts were followed every
six years and the older ones every three years. In this
study, the outcome was assessed using data from the
first five follow-up waves (years 2001-2003 to 2013-
2015), while the exposures were measured only at
baseline.

From an initial study sample of 3,363 individuals
(participation rate of 73%), 255 (6.7%) were excluded,
as they lacked baseline information on the parameters
included in the health score, leaving an analytical
sample of 3,108 participants of which 111 were living
in nursing homes at baseline (Supplementary Figure 1).
Compared to the analytical sample, excluded individuals
were significantly older and more likely to be
women; with lower education, manual occupation, and
financial strain; lower social connections, support, and
participation; normal or underweight; non-smokers; and
physically inactive (p<0.01).

SNAC-K was approved by the Regional Ethical Review
Board in Stockholm, and written informed consent was
obtained from participants or their next of kin.

Multidimensional health assessment

The primary outcome variable was the Health
Assessment Tool (HAT) score, which was derived by
integrating the following five health indicators
objectively assessed during physician and nurse
examinations in SNAC-K [5, 6]: 1) Physical function,
measured through walking speed; participants were
required to walk 6m or 2.44m if they reported walking
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quite slowly. If the participant was unable to walk, a
value of 0 was recorded; 2) Cognitive function,
measured by the Mini-Mental State Examination
(MMSE); the MMSE score ranges from a minimum
value of 0 to a maximum value of 30, with a skewed
distribution towards higher scores; 3) Multimorbidity,
measured as the number of co-occurring chronic
diseases; chronic diseases were defined as those leaving
substantial residual disability or impaired quality of life,
or requiring a prolonged period of care, treatment, and
rehabilitation; [18]; 4) Mild disability, measured as the
number out of eight instrumental activities of daily
living (IADL) that people were unable to perform
independently (grocery shopping, meal preparation,
housekeeping, laundry, managing money, using the
telephone, taking medications, and using public
transportation); and 5) Severe disability, measured as
the number out of six basic activities of daily living
(ADL) that people were unable to perform
independently (bathing, dressing, toileting, continence,
transferring, and eating).

A detailed explanation of how HAT is derived can be
found in previous articles [5, 6]. Briefly, two
parameters, i.e. difficulty and discrimination, were
extracted from the regression coefficients of nominal
response models after 900 iterations, in order to
choose the optimal cut-offs for each health indicator.
Because of the high discrimination power of IADL
disability, the regression was stratified by limitation
status: people with <1 impaired IADL, and people
with >1 impaired IADL. The HAT score ranges from
a minimum value of 0 to a maximum value of 10, with
higher values indicating better health. The estimated
parameters from baseline data were applied to follow-
up waves and used to generate the scores at different
time points.

Exposures related to health behaviors and the social
context

Participants’ socioeconomic (i.e. education, occupation,
financial strain) and behavioral (i.e. smoking, body mass
index (BMI), physical activity) factors were collected
during nurses’ interviews. Educational attainment was
categorized as elementary, high school, and university
or higher; and main occupation as manual or non-
manual based on the longest job held during the
person's lifetime. Financial strain was measured by
asking participants if they had suffered any financial
strain within the last year. Smoking was categorized as
never, former, and current, and BMI as underweight,
normal, overweight, and obese (<18.5 kg/m?, 18.5-24.9
kg/m?, 25-29.9 kg/m® and >30 kg/m’, respectively).
Physical activity was categorized in three different
levels according to intensity [19]: fitness-enhancing

(intense exercise several times per week), health-
enhancing (light exercise several times per week), and
inadequate (<2-3 times per month of exercise).
Psychosocial factors included social connections,
support, and participation. Social connections were
assessed by asking participants about their marital
status, cohabitation status, parenthood, friendships, and
the frequency of direct or remote contact with parents,
children, relatives, neighbors, and friends [20]. Social
support was measured by asking participants about
their satisfaction with the aforementioned contacts;
perceived material and psychological support; sense of
affinity with association members, relatives, and
residence area; and being part of a group of friends
[20]. Social participation was quantified based on the
frequency with which the participants reported
attending the theatre, concerts, or art exhibitions;
traveling; playing cards/games; or participating in
social groups or a pensioners’ organization [20].

Statistical analysis

HAT score trajectories over 12 years of follow-up were
explored using growth mixture models. These models
group people into different latent classes, depending on
the characteristics of the evolution of HAT scores
across time. In other words, growth mixture models
enable capturing information about interpersonal
differences in intrapersonal change over time. Age was
chosen as the time scale to better account for its
confounding effect, and a quadratic slope for age was
added to account for a potential faster decline of HAT at
older ages. The number of latent classes was chosen
based on the Bayesian Information Criterion (BIC) and
the Lo-Mendell-Rubin (LMR) likelihood ratio test. The
inclusion of random effects and whether these were
class-specific or class-invariant was decided based on
the likelihood ratio test (LRT). The variance of the
quadratic slope was fixed to zero and the residual
variances, which were assumed to be equal across
classes, were allowed to vary across age groups. Growth
mixture models were run for the general population as
well as for age and sex subgroups. Subjects were
assigned to the latent class to which they had the highest
probability of belonging. Given the small size of one of
the three obtained classes, two of them (i.e. the middle
and worst trajectories) were combined.

Logistic regression models were applied to identify
possible determinants of HAT trajectories (i.e. classes).
The adjustment of the models was conducted in three
steps: 1) baseline age, sex, and each determinant,
individually (model 1); 2) baseline age, sex, and all
variables belonging to each domain, separately (i.e.
socioeconomic, psychosocial and behavioral factors)
(model 11); 3) baseline age, sex, and all determinants,
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simultaneously (model I1I1). Interactions between age,
sex, and each of the socioeconomic, psychosocial and
behavioral variables were also analyzed. Pairwise
interactions among all socioeconomic, psychosocial,
and behavioral variables were also tested in model Il1.
The most favorable class (i.e. for trajectories) and
category (i.e. for the determinants) were chosen as the
reference. In addition, Laplace regression was applied
to estimate differences in time to functional dependency
(i.e. HAT score <5) and to death among different HAT
trajectories.

Last, population attributable fractions (PAFs) were
calculated for those determinants showing a statistically
significant association in the logistic regressions. The
PAF represents the proportion of the adverse outcome
that would be avoided if an individual risk factor could
be fully eliminated and, given its interpretation, it is well
suited for public policy making [21]. The calculation of
the PAF is based on both the magnitude of the
association of a given outcome with one or more
exposures, as well as the prevalence of the exposure(s) in
the population. Because the interpretation of PAFs is
more straightforward with binary exposures, all exposure
variables were dichotomized as follows: elementary/high
school vs. university education; manual vs. non-manual
occupation; financial strain yes vs. no; low vs.
middle/high social connections; low vs. middle/high
social support; low vs. middle/high social participation;
current/former vs. never smoker; obese/overweight vs.
normal/underweight BMI; and inadequate vs. fitness-
/health-enhancing physical activity. Group-level PAFs
were also calculated for those determinants belonging to
the same domain (i.e. socioeconomic, psychosocial and
behavioral factors), where only those variables that
showed a significant association in the domain-level
logistic regressions (model I1) were included. Last,
overall PAFs were calculated for those determinants that
showed a significant association in the final multivariate
model (model I11).

Growth mixture models were fitted using MPlus version
8.4; nominal response models, logistic and Laplace
regressions were performed using Stata version 15.1;
and results were processed using R version 3.6.1.

Data sharing

Data are from the SNAC-K project, a population-based
study on aging and dementia (http://www.snac-k.se/).
Access to these original data is available to the research
community upon approval by the SNAC-K data
management and maintenance committee. Applications
for accessing these data can be submitted to Maria
Wahlberg (Maria.Wahlberg@ki.se) at the Aging
Research Center, Karolinska Institutet.

RESULTS

The distribution of all demographic, socioeconomic,
psychosocial, and behavioral variables for the total
study sample is shown in Supplementary Table 1. In
Table 1, the most prevalent values for each health
indicator by baseline HAT score are shown. Figure 1A
shows the results from the best-fit growth mixture
model and the sample mean curve for the general
population; 78% of the population was included in the
best trajectory (i.e. green), with a faster decline from
age 80 onwards; 18% of the population belonged to the
middle trajectory (i.e. yellow) with lower initial HAT
scores and a similar decline between 60-80 years, but a
slower decline from age 80 onwards; and 4% of the
population was categorized in the worst trajectory (i.e.
red) with similar initial scores as the best trajectory but
a much faster decline. For example, on average, a
person aged 60 years in the green trajectory would
decline 2.3 points in the HAT score across the
subsequent 20 years, while a person of the same age in
the red trajectory would decline 6.9 points across the
same time period, even if both persons had similar HAT
scores at age 60. Results from Laplace regressions
showed that, compared to the best trajectory, subjects in
the middle and worst ones lost their functional
independence (i.e. HAT score <5) 12.0 (95% CI: 11.4-
12.6) and 12.1 (95% CI: 11.5-12.7) years earlier,
respectively. The age- and sex-adjusted median survival
of subjects in the middle and worst trajectories was 4.28
(95% CI: 3.51-5.06) and 3.51 (95% CI: 2.52-4.50) years
shorter than those belonging to the best trajectory,
respectively.

Figure 1B, 1C show the results from the best-fit growth
mixture models stratified by baseline age and sex,
respectively. While only two trajectories were
identified in the groups aged 60-70 (n=1251) and 80+
years (n=975) at baseline, three trajectories were
identified in the group aged 70-80 years (n=882) at
baseline. Three trajectories were also found for both
males and females in the sex-stratified models. The
best (i.e. green) and middle (i.e. yellow) trajectories
showed steeper declines in females compared to males.
Yet, the prevalence of the worst trajectory (i.e. red) was
double in males compared to females. The parameter
estimates and fitting criteria as well as their
interpretation for all these models can be found in
Supplementary Tables 2, 3.

Table 2 shows the odds ratios and 95% CI for all
potential socioeconomic, psychosocial, and behavioral
determinants. For model | (adjusted by baseline age,
sex, and each variable individually), all factors were
significantly associated with belonging to the
middle/worst vs. best trajectory, but occupation,
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Table 1. Most frequent values (i.e. prevalence above 50%) for each health indicator, by HAT

score.

HAT score  ADL limitations IADL limitations

Walking speed  Number of CD MMSE

0.0-0.9 0 0-1
1.0-1.9 0 0-1
2.0-2.9 0 0-1
3.0-3.9 0 0-1
4.0-4.9 0 0-1
5.0-5.9 0 0-1
6.0-6.9 0 2+
7.0-7.9 0 2+
8.0-8.9 0 2+
9.0-9.4 1+ 2+
9.5-10 1+ 2+

>1.5 1 30
>1.5 2-4 30
1.5-1.0 2-4 30-29"
1.5-1.0 5+ 28-20
1.0-1.4 2-4 30-29
1.0-0.4 5+ 28-20
1.0-0.4 5+ 30-29°
1.0-0.4 5+ 28-20
<0.4 5+ 28-20
<0.4 5+ 28-20
<0.4 5+ 19-0

HAT, Health Assessment Tool; ADL, basic activities of daily living; IADL, instrumental activities of daily
living; CD, chronic diseases; MMSE, Mini-Mental State Examination.

Clinical interpretation of HAT scores: 0-1.9 = severe functional dependence; 2-4.9 = mild functional
dependence; 5-6.9 = compromised physical functioning with multimorbidity and medium cognitive
functioning; 7-8.9 = light decreased physical or cognitive functioning with some morbidities; 9-10 = good

physical functioning and morbidity status.

“As no category was above 50%, the two with highest prevalence are reported.

smoking, and social support lost their statistical
significance in model Il, which was further adjusted
by other domain-specific factors. The effect of
physical activity was largely attenuated in model III,
when all factors were simultaneously adjusted
for. Among all possible pairwise interactions, only
those between manual occupation and high BMI
(OR: 2.10, 95% CI: 1.06-4.15) and between manual
occupation and low social connections (OR: 0.46,
95% CI: 0.23-0.90) were significant. The correlation
matrix among all exposure variables is shown
in Supplementary Table 4, and the odds ratios and
95% CI for the non-dichotomized exposures in
Supplementary Table 5.

In stratified analyses, while the risk effect of low
education, occupation, and financial strain; high BMI,
and low social connections seemed to decrease with
age, it increased for smoking and inadequate physical
activity. Financial strain (OR: 4.33, 95% CI. 1.45-
12.99) and inadequate physical activity (OR: 3.57,
95% CI: 2.59-4.91) were the factors with the highest
risk effect for the youngest and oldest groups,
respectively (Supplementary Figure 2A). Furthermore,
the effect of financial strain was higher for males
(OR: 3.18, 95% CI. 1.54-6.59) than for females
(OR: 2.55, 95% CI: 1.46-4.44). However, the opposite
was true for physical activity (OR: 3.56, 95% CI: 2.53-
5.00 for females; OR: 3.11, 95% CI: 2.02-4.78 for
males). Social participation was only significant for

females (OR: 1.55, 95% ClI: 1.10-2.20, Supplementary
Figure 2B).

The study of the PAFs, as shown in Table 3, revealed
that insufficient physical activity was the most
important contributor (PAF: 27.1%, 95% CI: 20.4%-
33.3%) for belonging to the middle/worst vs. best
trajectory, followed by low education (PAF: 19.3%,
95% CI. 5.7%-31.0%) and low social participation
(PAF: 15.9%, 95% CI: 2.2%-27.7%). Behavioral
factors showed the highest domain-specific PAFs
(PAF: 37.4%, 95% CI: 26.1%-47.1%). Socioeconomic
(PAF: 24.7%, 95% CI: 11.3%-36.0%) and psychosaocial
factors (PAF: 23.8%, 95% CI. 9.3%-35.9%) had
similar domain-specific PAFs, with percentages around
two-thirds of that for behavioral factors. In total, 66.1%
(95% CI: 54.1%-75.0%) of people in the middle/worst
trajectories could potentially belong to the best
trajectory, if all significant risk factors were eliminated
simultaneously.

DISCUSSION

In this study aiming to explore health changes in an
older urban Swedish population, we identified three
trajectories with marked health differences both at age
60 and over time, with 78%, 18%, and 4% of the
study participants belonging to the best, middle, and
worst trajectories, respectively. A mix of health-
related behavioral factors (e.g. physical activity) and
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contextual social factors (e.g. education and social eliminated, 66% of those in the middle and worst

participation) contributed mostly to the levels and trajectories could potentially follow the same slow
rates of change of health trajectories. In an extreme health decline as older adults belonging to the best
scenario where all associated life-long factors were trajectory.
A 1.) Sample mean 2.) 3-class model
10 10
9 9
8 8
7 7
g 6 % 6
@ 2
3 3
= =
3 3
2 2
1 1
0 0
60 66 72 78 8184879093 9699 60 66 72 7881 848790939699
Age cohort Age cohort
B 1.) 60-70 years 2.) 70-80 years 3.) 80+ years
10 10 10
9 9 9
8 8 8
79 g 7
g 6 g6 g6
2 2 2
3 3 3
= = 4 = 4
3 3 3
2 2 2
1 1 1
0 0 0
60 66 72 78 72 78 81 84 87 90 81 84 87 90 93 96 99
Age cohort Age cohort Age cohort
C 1) Females 2.) Males
10 10
9 9
8 8
7 7
g6 G
2 2
= 5 = 5
= =
3 3
2 2
1 1
0 0
60 66 72 788184879093 9699 60 66 72 788184879093 9699
Age cohort Age cohort

Figure 1. Individual (dotted) and average (solid) HAT-score trajectories for the general population (A) and stratified by baseline age (B) and
sex (C). The x-axis in all graphs reflects the age structure of SNAC-K, whereby participants belong to any of the following 11 age cohorts (aged
60, 66, 72, 78, 81, 84, 87, 90, 93, 96 and 99+) both at baseline and at follow-ups. The shading in the background of the graphs reflects the
clinical interpretation of HAT scores, as described in Table 1.
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Table 2. Odds ratios (OR) and 95% confidence intervals (95% Cl) for belonging to the middle/worst vs.

best trajectory.

Model |

Model 11

Model 11

OR (95% Cl)

OR (95% Cl)

OR (95% Cl)

Socioeconomic factors
Education (elementary/high school vs. university)
Occupation (manual vs. non-manual)
Financial strain (yes vs. no)
Psychosocial factors
Sacial connections (low vs. middle/high)
Social support (low vs. middle/high)
Social participation (low vs. middle/high)
Behavioral factors
Smoking (current/former vs. never)
BMI (obese/overweight vs. normal/underweight)

Physical activity (inadequate vs. fitness-/health-enhancing)

1.87 (1.47-2.37)
1.54 (1.20-1.97)
2.80 (1.95-4.02)

1.88 (1.47-2.39)
1.67 (1.32-2.12)
1.56 (1.21-2.02)

1.29 (1.04-1.60)
1.37 (1.10-1.72)
4.90 (3.90-6.16)

1.84 (1.43-2.38)
1.26 (0.97-1.64)
2.67 (1.85-3.84)

1.59 (1.21-2.09)
1.29 (0.98-1.69)
1.52 (1.17-1.97)

1.20 (0.95-1.52)
1.28 (1.01-1.61)
4.28 (3.38-5.44)

1.53 (1.14-2.04)
1.13 (0.81-1.57)
2.76 (1.77-4.30)

1.45 (1.09-1.94)
1.05 (0.78-1.40)
1.39 (1.06-1.83)

1.20 (0.92-1.57)
1.34 (1.03-1.75)
3.38 (2.58-4.42)

Model | adjusted by baseline age, and sex.

Model Il adjusted by baseline age, sex and all domain-specific factors.

Model lll adjusted by baseline age, sex and all other factors.

Table 3. Factor-level, domain-level, and overall population attributable fractions (PAFs; middle/worst vs.
best trajectory).

Individual PAFs (95% CI) Domain PAFs (95% ClI)

Socioeconomic factors
Education (elementary/high school vs. university)
Occupation (manual vs. non-manual)
Financial strain (yes vs. no)
Psychosacial factors
Social connections (low vs. middle/high)
Social support (low vs. middle/high)
Social participation (low vs. middle/high)
Behavioral factors
Smoking (current/former vs. never)
BMI (obese/overweight vs. normal/underweight)

Physical activity (inadequate vs. fitness-/health-enhancing)

19.3% (5.7%-31.0%)
24.7% (11.3%-36.0%)
6.1% (2.9%-9.1%)

9.0% (1.7%-15.8%)
23.8% (9.3%-35.9%)
15.9% (2.2%-27.7%)

13.2% (0.7%-24.1%)
27.1% (20.4%-33.3%)
Overall PAF (95% CI)

37.4% (26.1%-47.1%)

66.1% (54.1%-75.0%)

PAFs were obtained based on logistic regression adjusted for age, sex and all other factors (model 1ll), and only for those

variables showing a significant association.

Previous studies comparing trajectories of health
changes over time have investigated the development
of single-domain disorders, such as chronic diseases
[22, 23] or disabilities [24, 25]. In this study we were
able to incorporate several of these measures into a
composite metric of healthy aging, truly reflecting
people’s capacity to do what they value most, which is
being able to move around, take care of themselves,
and decide independently [1]. When looking at
changes over time, we found that, compared to the
best trajectory, which comprised approximately three

quarters of the study population, subjects in the
middle and worst trajectories became functionally
dependent 12 years earlier, around the age of 78
years. A similar time gap was found between
centenarians in SNAC-K, an example of successful
agers, and their shorter-lived cohort counterparts
concerning the occurrence of multimorbidity,
disability, and cognitive impairment [26].

The age- and sex-stratified health trajectories found in
our study were comparable to those seen in the general

WWW.aging-us.com 19192

AGING



population, and further unraveled some interesting
traits. In terms of age, we found that the health
heterogeneity widens considerably in the 70 to 80 years'
decade, as indicated by the increase in the number of
classes identified in this age range. While previous
research from our group [27] and others [28] has shown
that until age 80, most people are free from functional
impairment or disability despite the presence of chronic
disorders, age 70 seems to be a key period when
minority groups start to significantly deviate from
average trends. The lower number of health trajectories
identified in octogenarians and nonagenarians may be
due to survival selection characterizing individuals
reaching old ages. In terms of sex, females in the best
and middle trajectories exhibited steeper health declines
than males, which is in line with the disability-survival
paradox whereby women suffer more frequently from
nonfatal but disabling diseases, whereas men have
fewer diseases in total but more of these are life-
threatening [29].

The impact of socioeconomic, psychosocial, and
behavioral factors on health changes in old age has
already been examined, but most past work focused on
single exposures and specific health dimensions [23,
25]. According to a recent systematic review on
modifiable risk factors for healthy aging (understood as
a multidimensional construct) by Kralj et al. [15],
educational level is the most frequently explored
socioeconomic determinant, with the majority of studies
reporting a beneficial association between having higher
levels of education and healthier aging. Consistently,
elementary/high school vs. university education
accounted for 19% of all cases belonging to the middle
and worst trajectories; the highest PAF value among all
studied determinants. However, we found an even
stronger association between financial strain and
belonging to the middle/worst vs. best trajectory.
Besides entailing a better economic status, higher
education may enable a more effective use of power,
money, general and health-related literacy, prestige, or
social support to protect oneself from health risks or
mitigate the consequences of poor health [30]. Our
results suggest that older people’s health is partly
shaped by material factors such as income and wealth,
which allow people to secure goods and services needed
for a healthy life (e.g. housing, food, healthcare), but
also by non-material resources and capabilities afforded
by education. Our findings differ from two previous
longitudinal ~ multi-cohort aging studies, where
education and wealth were consistently associated with
cross-sectional health differences in old age, but not
with their evolution over time [31, 32]. Notably, both
these studies focused on average health changes over
time, without taking interindividual differences into
consideration.

Findings on the association between occupation and
healthy aging remain inconclusive [15]. In our study,
the association was no longer significant after including
education and financial strain into the models. This is
probably because, unlike the measures of wealth that
reflect a process of life-long accumulation, occupation
refers to more distant periods of time already accounted
for by education.

More than one third of cases belonging to the middle
and worst trajectories could be attributed to health-
related behavioral determinants including BMI and
physical activity (i.e. PAF: 37%). Despite being clearly
influenced by economic and cultural status, health
behaviors are often analyzed separately from other
social determinants [16]. Inadequate levels of physical
activity were strongly associated with belonging to
poorer health trajectories in our study, and its effect size
increased with increasing age. This is in line with
studies indicating that, even in very advanced years,
physical activity can have powerful benefits for health
improvement and well-being [33, 34]. It is also in
agreement with a recent study that found that health
behaviors, even more than socioeconomic status, play a
major role in the risk of dying among subjects with
cardiometabolic multimorbidity [35]. Despite such
evidence on the health benefits of physical activity, we
are aware that reverse causation may also play a role in
explaining our strong association, even if the
longitudinal design of our study should help minimize
this possibility. Moreover, previous population-based
longitudinal research has shown reasonable stability in
physical activity performance among older adults [36].

As in the present study, a consistent negative
association between higher BMI in late life and healthy
aging has been reported across the literature [15]. Data
from the Whitehall Il study suggests that the odds of
aging successfully with a BMI >30 is almost three times
lower compared to someone of normal weight [37]. The
decreasing effect size of BMI at older ages could be
related to its different clinical meaning in the youngest
versus oldest old. In fact, a U-shaped association
between BMI and mobility decline, disability, and all-
cause mortality has been previously described among
the oldest old [38]. In old age, a lower BMI may reflect
sarcopenia, defined as the reduction in muscle mass
that increases subjects’ risk of falls, disability, and
mortality [39, 40]. Moreover, low BMI may indicate
malnutrition and can be an expression of chronic
disease severity [41].

As for smoking, the significance of the association
between current smoking and belonging to a poorer
health trajectory was lost when further adjusting for the
rest of the behavioral factors, even though the direction
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was consistent throughout all models. According to the
systematic review by Kralj et al. [15], up to 25% of
studies reported a non-significant negative association
of smoking with health changes in older age. This may
be due to the health selection seen for current smokers
across aging cohorts, even if, in our study, no
significant differences were seen between age groups
concerning the strength of the association.

Psychosocial determinants such as social connections,
support, and participation are increasingly relevant to
older people's views of successful aging [42]. It has
been shown that these affect health via pathways such
as provision of help with daily activities, material
assistance, advice and information on particular needs,
and cognitive and emotional stimulation [43]. Social
relationships may also buffer the negative impact of
stress on health [44]. In our study, a lower participation
in social activities was the psychosocial factor most
strongly associated with worse health trajectories,
which is supported by a recent study looking at older
people’s participation in community groups [45].
Women received a stronger benefit from social
participation than men, which may indicate that more
and different aspects related to social capital impact
healthy aging among women than men [46].

Social connections, the second strongest psychosocial
determinant, have consistently shown a strong
protective association with health in old age [15]. Our
results also revealed a significant association between
low social connections and worse health trajectories, but
the association became weaker in older age groups. This
is probably due to the socio-selectivity theory whereby,
as the end of life approaches, priorities shift from
network size and diversity towards emotional
components [47]. As for social support, the association
with health trajectories lost significance in the fully
adjusted model even if its direction was consistent
across models, most likely due to the high correlation
between social support and connections.

Considering that aging populations will comprise a
growing proportion of our global world, we need to
adapt the ways we live to maximize the opportunities
that longevity presents. The COVID-19 pandemic has
unraveled how vulnerable aging populations can
become when faced with unexpected threats,
highlighting the need to shift in the way we think about
global aging. Ours and other studies provide evidence
that can guide societies to develop healthy, empowered
and resilient communities of older people throughout
the life course. Of the behavioral and contextual factors
assessed, the largest numbers of cases within the worse
trajectories were potentially attributable to physical
activity, education and social participation, suggesting

that the most effective public health strategies and
campaigns for ensuring healthy aging in Sweden should
focus on enhancing the opportunities to build up on
these factors throughout life. Still, the prioritization of
the different socioeconomic, psychosocial, and
behavioral determinants on which to act upon may
vary by country or community, depending on their
prevalence and strength of association with the health
trajectories. Future research should inform when these
interventions should take place throughout the life span,
in order to optimize their effectiveness.

Study limitations

The primary limitation of this study is that our findings
are likely to apply only to wealthy settings with
universal healthcare. Indeed, SNAC-K participants are
fitter and wealthier than the average Swedish older
population. SNAC-K may be considered as the best-
case scenario beyond which health trajectories as well
as their association with potential risk factors would
likely emerge as steeper and stronger, respectively.
What is interesting is that, even within an exceptionally
well-off population as SNAC-K, considerable hetero-
geneity remains in terms of how older people’s health
evolves over time, and well-known behavioral and
contextual factors seem to explain such variation to an
important extent. All determinants were measured at
baseline, when SNAC-K participants belonged to
different age groups, which assumes that all these
factors are relatively stable over time. However, by
measuring the exposures only at baseline, we were
better able to untangle the chronology of exposures and
the outcome, thus decreasing the risk of reverse
causality. Several assumptions underlie the PAF, the
most important being that the estimated effect is
adjusted for all confounders. In this sense, relevant
behavioral factors such as diet, alcohol intake, sedentary
behaviors or sleep patterns are purposefully missing
from this study given the difficulty to obtain reliable
measures. Moreover, PAFs also assume that removing
the exposure does not affect other risk factors, which
may not always be true in practice. While attrition due
to death or dropout can introduce bias in aging cohort
studies, these data were considered to provide useful
prognostic information in relation to the health
trajectories, and were thus analyzed as a separate study
outcome. Last, in order to truly capture the experience
of healthy aging, future studies will necessarily need to
focus on multiple time points throughout the life course,
beyond those examined in this study [48].

CONCLUSIONS

Poor health is not an inevitable consequence of survival
to older ages. A number of factors linked to individuals’
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health-related behaviors and social context, such as
physical activity, financial strain, social participation,
education, social connections, and BMI lead to important
variations in older peoples’ health trajectories. By
intervening on all these factors throughout life, up to 66%
of people in the poorest health trajectories could
be steered towards a healthier aging. Addressing the
social determinants of health in its broadest sense,
complementarily considering life-long factors belonging
to the socioeconomic, psychosocial, and behavioral
dimensions, should be central to any strategy aimed at
fostering health in older age.

AUTHOR CONTRIBUTIONS

ACL and DLV developed the study concept and design.
XH performed the data analysis. ACL drafted the
manuscript. ACL, MH, DR, LF and DLV interpreted
the data. All authors provided critical revisions and
approved the final version of the manuscript for
submission. The corresponding author (i.e. ACL) attests
that all listed authors meet authorship criteria and that
no others meeting the criteria have been omitted.

ACKNOWLEDGMENTS

We thank the SNAC-K participants and the SNAC-K
Group for their collaboration in data collection and
management.

CONFLICTS OF INTEREST

Al authors have completed the ICMJE uniform disclosure
form at https://www.icmje.org/coi_disclosure.pdf and
declare: no support from any organization for the
submitted work; no financial relationships with any
organizations that might have an interest in the submitted
work in the previous three years; no other relationships or
activities that could appear to have influenced the
submitted work.

FUNDING

This work was supported by the funders of The Swedish
National study on Aging and Care (SNAC): the
Ministry of Health and Social Affairs, Sweden; the
participating county councils and municipalities; and
the Swedish Research Council. Specific grants were
obtained from the Swedish Research Council (2016-
00981); the Swedish Research Council for Health,
Working Life and Welfare (2017-01764); and
Karolinska Institutet’s Strategic Young Scholar Grants
in Epidemiology or Biostatistics (SFO-EPI). The
financial sponsors played no role in the design,
execution, analysis and interpretation of data, or writing
of the study.

REFERENCES

1. World Health Organization. World Report on Ageing
and Health. Geneva: 2015.

2. Burden of Disease Network Project. Disability in
Old Age: Final Report. The Finnish Centre for
Interdisciplinary Gerontology. 2004.

3. Marengoni A, Calderon-Larrafiaga A. Health
inequalities in ageing: towards a multidimensional
lifecourse approach. Lancet Public Health. 2020;
5:e364-65.
https://doi.org/10.1016/52468-2667(20)30093-1
PMID:32619535

4. Straatmann VS, Vetrano DL, Fratiglioni L, Calderdn-
Larrafiaga A. Disease or function? What matters most
for self-rated health in older people depends on age.
Aging Clin Exp Res. 2020; 32:1591-94.
https://doi.org/10.1007/s40520-020-01507-1
PMID:32130715

5. Santoni G, Marengoni A, Calderdn-Larrafiaga A,
Angleman S, Rizzuto D, Welmer AK, Mangialasche F,
Orsini N, Fratiglioni L. Defining Health Trajectories in
Older Adults With Five Clinical Indicators. J Gerontol A
Biol Sci Med Sci. 2017; 72:1123-29.
https://doi.org/10.1093/gerona/glw204
PMID:28329788

6. Santoni G, Calderdn-Larrafiaga A, Vetrano DL, Welmer
AK, Orsini N, Fratiglioni L. Geriatric Health Charts for
Individual Assessment and Prediction of Care Needs: A
Population-Based Prospective Study. J Gerontol A Biol
Sci Med Sci. 2020; 75:131-38.
https://doi.org/10.1093/gerona/gly272
PMID:30517610

7. Zucchelli A, Vetrano DL, Grande G, Calderdn-
Larrafiaga A, Fratiglioni L, Marengoni A, Rizzuto D.
Comparing the prognostic value of geriatric health
indicators: a population-based study. BMC Med.
2019; 17:185.
https://doi.org/10.1186/s12916-019-1418-2
PMID:31575376

8. Santoni G, Meinow B, Wimo A, Marengoni A,
Fratiglioni L, Calderdn-Larrafiaga A. Using an Integrated
Clinical and Functional Assessment Tool to Describe
the Use of Social and Medical Care in an Urban
Community-Dwelling Swedish Older Population. J Am
Med Dir Assoc. 2019; 20:988—94.e2.
https://doi.org/10.1016/j.jamda.2018.11.017
PMID:30661864

9. Stone ME, Lin J, Dannefer D, Kelley-Moore JA. The
Continued Eclipse of Heterogeneity in Gerontological
Research. J Gerontol B Psychol Sci Soc Sci. 2017;
72:162-67.

WWW.aging-us.com 19195

AGING


https://www.icmje.org/coi_disclosure.pdf
https://doi.org/10.1016/S2468-2667(20)30093-1
https://pubmed.ncbi.nlm.nih.gov/32619535
https://doi.org/10.1007/s40520-020-01507-1
https://pubmed.ncbi.nlm.nih.gov/32130715
https://doi.org/10.1093/gerona/glw204
https://pubmed.ncbi.nlm.nih.gov/28329788
https://doi.org/10.1093/gerona/gly272
https://pubmed.ncbi.nlm.nih.gov/30517610
https://doi.org/10.1186/s12916-019-1418-2
https://pubmed.ncbi.nlm.nih.gov/31575376
https://doi.org/10.1016/j.jamda.2018.11.017
https://pubmed.ncbi.nlm.nih.gov/30661864

10.

11.

12.

13.

14.

15.

16.

17.

https://doi.org/10.1093/geronb/gbv068
PMID:26834089

Dugravot A, Fayosse A, Dumurgier J, Bouillon K, Rayana
TB, Schnitzler A, Kivimaki M, Sabia S, Singh-Manoux A.
Social inequalities in multimorbidity, frailty, disability,
and transitions to mortality: a 24-year follow-up of the
Whitehall 1l cohort study. Lancet Public Health. 2020;
5:e42-50.
https://doi.org/10.1016/52468-2667(19)30226-9
PMID:31837974

Dekhtyar S, Vetrano DL, Marengoni A, Wang HX, Pan
KY, Fratiglioni L, Calderén-Larrafiaga A. Association
Between Speed of Multimorbidity Accumulation in Old
Age and Life Experiences: A Cohort Study. Am J
Epidemiol. 2019; 188:1627-36.
https://doi.org/10.1093/aje/kwz101 PMID:31274148

Calderdn-Larrafiaga A, Santoni G, Wang HX, Welmer
AK, Rizzuto D, Vetrano DL, Marengoni A, Fratiglioni L.
Rapidly developing multimorbidity and disability in
older adults: does social background matter? J Intern
Med. 2018; 283:489-99.
https://doi.org/10.1111/joim.12739 PMID:29415323

Calderdn-Larrafiaga A, Vetrano DL, Welmer AK, Grande
G, Fratiglioni L, Dekhtyar S. Psychological correlates of
multimorbidity and disability accumulation in older
adults. Age Ageing. 2019; 48:789-96.
https://doi.org/10.1093/ageing/afz117
PMID:31579908

Saadeh M, Welmer AK, Dekhtyar S, Fratiglioni L,
Calderdn-Larrafiaga A. The Role of Psychological and
Social Well-being on Physical Function Trajectories in
Older Adults. J Gerontol A Biol Sci Med Sci. 2020;
75:1579-85.

https://doi.org/10.1093/gerona/glaall4
PMID:32384140

Kralj C, Daskalopoulou C, Rodriguez-Artalejo F. Healthy
Ageing. A Systematic Review of Risk Factors. King’s
College London. 2018.

Moor |, Spallek J, Richter M. Explaining socioeconomic
inequalities in self-rated health: a systematic review of
the relative contribution of material, psychosocial and
behavioural factors. J Epidemiol Community Health.
2017; 71:565-75.
https://doi.org/10.1136/jech-2016-207589
PMID:27682963

Lagergren M, Fratiglioni L, Hallberg IR, Berglund J,
Elmstdhl S, Hagberg B, Holst G, Rennemark M, Sjélund
BM, Thorslund M, Wiberg |, Winblad B, Wimo A. A
longitudinal study integrating population, care and
social services data. The Swedish National study on
Aging and Care (SNAC). Aging Clin Exp Res. 2004;
16:158-68.

18.

19.

20.

21.

22.

23.

24.

25.

https://doi.org/10.1007/BF03324546
PMID:15195992

Calderdn-Larrafiaga A, Vetrano DL, Onder G, Gimeno-
Feliu LA, Coscollar-Santaliestra C, Carfi A, Pisciotta MS,
Angleman S, Melis RJ, Santoni G, Mangialasche F,
Rizzuto D, Welmer AK, et al. Assessing and Measuring
Chronic Multimorbidity in the Older Population: A
Proposal for Its Operationalization. J Gerontol A Biol Sci
Med Sci. 2017; 72:1417-23.
https://doi.org/10.1093/gerona/glw233
PMID:28003375

Rydwik E, Welmer AK, Kareholt I, Angleman S,
Fratiglioni L, Wang HX. Adherence to physical
exercise recommendations in people over 65--the
SNAC-Kungsholmen study. Eur J Public Health. 2013;
23:799-804.

https://doi.org/10.1093/eurpub/cks150
PMID:23115329

Straatmann VS, Dekhtyar S, Meinow B, Fratiglioni L,
Calderdn-Larrafiaga A. Unplanned Hospital Care Use in
Older Adults: The Role of Psychological and Social Well-
Being. J Am Geriatr Soc. 2020; 68:272-80.
https://doi.org/10.1111/jgs.16313 PMID:31956993

Mukadam N, Sommerlad A, Huntley J, Livingston G.
Population attributable fractions for risk factors for
dementia in low-income and middle-income countries:
an analysis using cross-sectional survey data. Lancet
Glob Health. 2019; 7:e596-603.
https://doi.org/10.1016/52214-109X(19)30074-9
PMID:31000129

Strauss VY, Jones PW, Kadam UT, Jordan KP. Distinct
trajectories of multimorbidity in primary care were
identified using latent class growth analysis. J Clin
Epidemiol. 2014; 67:1163-71.
https://doi.org/10.1016/].jclinepi.2014.06.003
PMID:25063556

Jackson CA, Dobson A, Tooth L, Mishra GD. Body mass
index and socioeconomic position are associated with
9-year trajectories of multimorbidity: A population-
based study. Prev Med. 2015; 81:92-98.
https://doi.org/10.1016/j.ypmed.2015.08.013
PMID:26311587

Dodge HH, Du Y, Saxton JA, Ganguli M. Cognitive
domains and trajectories of functional independence
in nondemented elderly persons. J Gerontol A Biol Sci
Med Sci. 2006; 61:1330-37.
https://doi.org/10.1093/gerona/61.12.1330
PMID:17234830

Mavandadi S, Rook KS, Newsom JT. Positive and
negative social exchanges and disability in later life: an
investigation of trajectories of change. J Gerontol B
Psychol Sci Soc Sci. 2007; 62:5361-70.

WWW.aging-us.com

19196

AGING


https://doi.org/10.1093/geronb/gbv068
https://pubmed.ncbi.nlm.nih.gov/26834089
https://doi.org/10.1016/S2468-2667(19)30226-9
https://pubmed.ncbi.nlm.nih.gov/31837974
https://doi.org/10.1093/aje/kwz101
https://pubmed.ncbi.nlm.nih.gov/31274148
https://doi.org/10.1111/joim.12739
https://pubmed.ncbi.nlm.nih.gov/29415323
https://doi.org/10.1093/ageing/afz117
https://pubmed.ncbi.nlm.nih.gov/31579908
https://doi.org/10.1093/gerona/glaa114
https://pubmed.ncbi.nlm.nih.gov/32384140
https://doi.org/10.1136/jech-2016-207589
https://pubmed.ncbi.nlm.nih.gov/27682963
https://doi.org/10.1007/BF03324546
https://pubmed.ncbi.nlm.nih.gov/15195992
https://doi.org/10.1093/gerona/glw233
https://pubmed.ncbi.nlm.nih.gov/28003375
https://doi.org/10.1093/eurpub/cks150
https://pubmed.ncbi.nlm.nih.gov/23115329
https://doi.org/10.1111/jgs.16313
https://pubmed.ncbi.nlm.nih.gov/31956993
https://doi.org/10.1016/S2214-109X(19)30074-9
https://pubmed.ncbi.nlm.nih.gov/31000129
https://doi.org/10.1016/j.jclinepi.2014.06.003
https://pubmed.ncbi.nlm.nih.gov/25063556
https://doi.org/10.1016/j.ypmed.2015.08.013
https://pubmed.ncbi.nlm.nih.gov/26311587
https://doi.org/10.1093/gerona/61.12.1330
https://pubmed.ncbi.nlm.nih.gov/17234830

26.

27.

28.

29.

30.

31

32.

33.

https://doi.org/10.1093/geronb/62.6.s361
PMID:18079422

Vetrano DL, Grande G, Marengoni A, Calderdn-
Larrafiaga A, Rizzuto D. Health Trajectories in Swedish
Centenarians. J Gerontol A Biol Sci Med Sci. 2021;
76:157-63.

https://doi.org/10.1093/gerona/glaal52
PMID:32569349

Santoni G, Angleman S, Welmer AK, Mangialasche F,
Marengoni A, Fratiglioni L. Age-related variation in
health status after age 60. PLoS One. 2015;
10:e0120077.
https://doi.org/10.1371/journal.pone.0120077
PMID:25734828

Jacobs JM, Maaravi Y, Cohen A, Bursztyn M, Ein-Mor E,
Stessman J. Changing profile of health and function
from age 70 to 85 years. Gerontology. 2012; 58:313-21.
https://doi.org/10.1159/000335238 PMID:22286330

Kingston A, Davies K, Collerton J, Robinson L, Duncan R,
Bond J, Kirkwood TB, Jagger C. The contribution of
diseases to the male-female disability-survival paradox
in the very old: results from the Newcastle 85+ study.
PLoS One. 2014; 9:e88016.
https://doi.org/10.1371/journal.pone.0088016
PMID:24516578

Link BG, Phelan J. Social conditions as fundamental
causes of disease. J Health Soc Behav. 1995; Spec
No:80-94.

https://doi.org/10.2307/2626958 PMID:7560851

Cheval B, Orsholits D, Sieber S, Stringhini S, Courvoisier
D, Kliegel M, Boisgontier MP, Cullati S. Early-life
socioeconomic  circumstances  explain health
differences in old age, but not their evolution over
time. J Epidemiol Community Health. 2019; 73:703-11.
https://doi.org/10.1136/jech-2019-212110
PMID:30967487

Wu YT, Daskalopoulou C, Muniz Terrera G, Sanchez
Niubo A, Rodriguez-Artalejo F, Ayuso-Mateos JL, Bobak
M, Caballero FF, de la Fuente J, de la Torre-Luque A,
Garcia-Esquinas E, Haro JM, Koskinen S, et al, and
ATHLOS consortium. Education and wealth inequalities
in healthy ageing in eight harmonised cohorts in the
ATHLOS consortium: a population-based study. Lancet
Public Health. 2020; 5:e386—94.
https://doi.org/10.1016/S2468-2667(20)30077-3
PMID:32619540

Arem H, Moore SC, Patel A, Hartge P, Berrington de
Gonzalez A, Visvanathan K, Campbell PT, Freedman M,
Weiderpass E, Adami HO, Linet MS, Lee IM, Matthews
CE. Leisure time physical activity and mortality: a
detailed pooled analysis of the dose-response
relationship. JAMA Intern Med. 2015; 175:959-67.

34.

35.

36.

37.

38.

39.

40.

41.

https://doi.org/10.1001/jamainternmed.2015.0533

PMID:25844730

Daskalopoulou C, Stubbs B, Kralj C, Koukounari A,
Prince M, Prina AM. Physical activity and healthy
ageing: A systematic review and meta-analysis of
longitudinal cohort studies. Ageing Res Rev. 2017,
38:6-17.

https://doi.org/10.1016/j.arr.2017.06.003
PMID:28648951

Singh-Manoux A, Fayosse A, Sabia S, Tabak A, Shipley
M, Dugravot A, Kivimaki M. Clinical, socioeconomic,
and behavioural factors at age 50 years and risk of
cardiometabolic multimorbidity and mortality: A
cohort study. PLoS Med. 2018; 15:1002571.
https://doi.org/10.1371/journal.pmed.1002571
PMID:29782486

Smith L, Gardner B, Fisher A, Hamer M. Patterns and
correlates of physical activity behaviour over 10 years
in older adults: prospective analyses from the English
Longitudinal Study of Ageing. BMJ Open. 2015;
5:e007423.
https://doi.org/10.1136/bmjopen-2014-007423
PMID:25877281

Singh-Manoux A, Sabia S, Bouillon K, Brunner EJ,
Grodstein F, Elbaz A, Kivimaki M. Association of body
mass index and waist circumference with successful
aging. Obesity (Silver Spring). 2014; 22:1172-78.
https://doi.org/10.1002/0by.20651 PMID:24167036

Winter JE, Maclnnis RJ, Wattanapenpaiboon N,
Nowson CA. BMI and all-cause mortality in older
adults: a meta-analysis. Am J Clin Nutr. 2014;
99:875-90.

https://doi.org/10.3945/ajcn.113.068122
PMID:24452240

Vetrano DL, Landi F, Volpato S, Corsonello A, Meloni E,
Bernabei R, Onder G. Association of sarcopenia with
short- and long-term mortality in older adults admitted
to acute care wards: results from the CRIME study. J
Gerontol A Biol Sci Med Sci. 2014; 69:1154-61.
https://doi.org/10.1093/gerona/glu034
PMID:24744390

Janssen |, Heymsfield SB, Ross R. Low relative skeletal
muscle mass (sarcopenia) in older persons is
associated with functional impairment and physical
disability. J Am Geriatr Soc. 2002; 50:889-96.
https://doi.org/10.1046/j.1532-5415.2002.50216.x
PMID:12028177

Boyd CM, Weiss CO, Halter J, Han KC, Ershler WB, Fried
LP. Framework for evaluating disease severity
measures in older adults with comorbidity. J Gerontol
A Biol Sci Med Sci. 2007; 62:286-95.
https://doi.org/10.1093/gerona/62.3.286

WWW.aging-us.com

19197

AGING


https://doi.org/10.1093/geronb/62.6.s361
https://pubmed.ncbi.nlm.nih.gov/18079422
https://doi.org/10.1093/gerona/glaa152
https://pubmed.ncbi.nlm.nih.gov/32569349
https://doi.org/10.1371/journal.pone.0120077
https://pubmed.ncbi.nlm.nih.gov/25734828
https://doi.org/10.1159/000335238
https://pubmed.ncbi.nlm.nih.gov/22286330
https://doi.org/10.1371/journal.pone.0088016
https://pubmed.ncbi.nlm.nih.gov/24516578
https://doi.org/10.2307/2626958
https://pubmed.ncbi.nlm.nih.gov/7560851
https://doi.org/10.1136/jech-2019-212110
https://pubmed.ncbi.nlm.nih.gov/30967487
https://doi.org/10.1016/S2468-2667(20)30077-3
https://pubmed.ncbi.nlm.nih.gov/32619540
https://doi.org/10.1001/jamainternmed.2015.0533
https://pubmed.ncbi.nlm.nih.gov/25844730
https://doi.org/10.1016/j.arr.2017.06.003
https://pubmed.ncbi.nlm.nih.gov/28648951
https://doi.org/10.1371/journal.pmed.1002571
https://pubmed.ncbi.nlm.nih.gov/29782486
https://doi.org/10.1136/bmjopen-2014-007423
https://pubmed.ncbi.nlm.nih.gov/25877281
https://doi.org/10.1002/oby.20651
https://pubmed.ncbi.nlm.nih.gov/24167036
https://doi.org/10.3945/ajcn.113.068122
https://pubmed.ncbi.nlm.nih.gov/24452240
https://doi.org/10.1093/gerona/glu034
https://pubmed.ncbi.nlm.nih.gov/24744390
https://doi.org/10.1046/j.1532-5415.2002.50216.x
https://pubmed.ncbi.nlm.nih.gov/12028177
https://doi.org/10.1093/gerona/62.3.286

42.

43.

44,

45.

Cosco TD, Prina AM, Perales J, Stephan BC, Brayne C.
Lay perspectives of successful ageing: a systematic
review and meta-ethnography. BMJ Open. 2013;
3:e002710.
https://doi.org/10.1136/bmjopen-2013-002710

PMID:23794575

Berkman LF, Glass T, Brissette |, Seeman TE. From
social integration to health: Durkheim in the new
millennium. Soc Sci Med. 2000; 51:843-57.
https://doi.org/10.1016/s0277-9536(00)00065-4

PMID:10972429

Gellert P, Hausler A, Suhr R, Gholami M, Rapp M,
Kuhlmey A, Nordheim J. Testing the stress-buffering
hypothesis of social support in couples coping
with early-stage dementia. PLoS One. 2018;
13:e0189849.
https://doi.org/10.1371/journal.pone.0189849
PMID:29300741

Singer L, Green M, Rowe F, Ben-Shlomo Y, Morrissey K.
Social determinants of multimorbidity and multiple
functional limitations among the ageing population of

46.

47.

48.

https://doi.org/10.1016/j.ssmph.2019.100413

PMID:31194123

Kavanagh AM, Bentley R, Turrell G, Broom DH,
Subramanian SV. Does gender modify associations
between self rated health and the social and economic
characteristics of local environments? J Epidemiol
Community Health. 2006; 60:490-95.
https://doi.org/10.1136/jech.2005.043562

PMID:16698978

Carstensen LL, Isaacowitz DM, Charles ST. Taking time
seriously. A theory of socioemotional selectivity. Am
Psychol. 1999; 54:165-81.
https://doi.org/10.1037//0003-066x.54.3.165
PMID:10199217

Kuh D, and New Dynamics of Ageing (NDA) Preparatory
Network. A life course approach to healthy aging,
frailty, and capability. J Gerontol A Biol Sci Med Sci.
2007; 62:717-21.
https://doi.org/10.1093/gerona/62.7.717
PMID:17634317

England, 2002-2015. SSM Popul Health. 2019;
8:100413.
WWWw.aging-us.com 19198 AGING


https://doi.org/10.1136/bmjopen-2013-002710
https://pubmed.ncbi.nlm.nih.gov/23794575
https://doi.org/10.1016/s0277-9536(00)00065-4
https://pubmed.ncbi.nlm.nih.gov/10972429
https://doi.org/10.1371/journal.pone.0189849
https://pubmed.ncbi.nlm.nih.gov/29300741
https://doi.org/10.1016/j.ssmph.2019.100413
https://pubmed.ncbi.nlm.nih.gov/31194123
https://doi.org/10.1136/jech.2005.043562
https://pubmed.ncbi.nlm.nih.gov/16698978
https://doi.org/10.1037/0003-066x.54.3.165
https://pubmed.ncbi.nlm.nih.gov/10199217
https://doi.org/10.1093/gerona/62.7.717
https://pubmed.ncbi.nlm.nih.gov/17634317

SUPPLEMENTARY MATERIALS

Supplementary Figures
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Supplementary Figure 1. Flow-chart of the study population. *Only includes participants who belonged to the age cohort that was 72
years old at baseline.
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Supplementary Figure 2. Odds ratios (OR) and 95% confidence intervals (95% Cl) for belonging to the middle/worst vs. best trajectory,
stratified by baseline age (A) and sex (B). Models are mutually adjusted for all exposures. OR: odds ratio; Cl: confidence interval. p-values for
interactions of age with education=0.067; occupation=0.275; financial strain=0.441; smoking=0.209; BMI=0.120; physical activity=0.696;
social connections=0.039; social support=0.131; social participation=0.511. p-values for interactions of sex with education=0.809;
occupation=0.957; financial strain=0.632; smoking=0.496; BMI=0.566; physical activity=0.630; social connections=0.757; social
support=0.282; social participation=0.312.
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Supplementary Tables

Supplementary Table 1. Descriptive statistics for the total population and by the three HAT-
score trajectories obtained in the growth mixture model.

Total Green Yellow Red
n=3108 n=2667 (85.8%) n=374(12.0%) n=67 (2.2%)
Average age at baseline, mean (SD) 74.18 (10.96) 74.75 (11.14) 70.62 (9.56)  71.34(5.41)
Females, n (%) 1995 (64.19) 1704 (63.89) 254 (67.91) 37 (55.22)
Socioeconomic factors
Education, n (%0)
Elementary 526 (16.92) 441 (16.54) 73 (19.52) 12 (17.91)
High school 1529 (49.20) 1298 (48.67) 196 (52.41) 35 (52.24)
University 1041 (33.49) 920 (34.5) 101 (27.01) 20 (29.85)
Occupation, n (%)
Manual worker 724 (23.29) 612 (22.95) 96 (25.67) 16 (23.88)
Non-manual worker 2347 (75.51) 2035 (76.30) 261 (69.79) 51 (76.12)
Financial strain, n (%)
Yes 163 (5.24) 115 (4.31) 45 (12.03) 3 (4.48)
No 2859 (91.99) 2500 (93.74) 296 (79.14) 63 (94.03)
Psychosocial factors
Saocial connections, n (%)
Low 946 (30.44) 804 (30.15) 119 (31.82) 23 (34.33)
Medium 946 (30.44) 828 (31.05) 97 (25.94) 21 (31.34)
High 946 (30.44) 851 (31.91) 76 (20.32) 19 (28.36)
Social support, n (%)
Low 948 (30.50) 810 (30.37) 124 (33.16) 14 (20.90)
Medium 968 (31.15) 847 (31.76) 94 (25.13) 27 (40.30)
High 925 (29.76) 828 (31.05) 75 (20.05) 22 (32.84)
Social participation, n (%)
Low 1623 (52.22) 1405 (52.68) 183 (48.93) 35 (52.24)
Medium 626 (20.14) 561 (21.03) 50 (13.37) 15 (22.39)
High 356 (11.45) 322 (12.07) 25 (6.68) 9 (13.43)
Behavioral factors
Smoking, n (%)
Current 435 (14.00) 341 (12.79) 82 (21.93) 12 (17.91)
Former 1179 (37.93) 1018 (38.17) 131 (35.03) 30 (44.78)
Never 1443 (46.43) 1279 (47.96) 140 (37.43) 24 (35.82)
BMI, n (%)
Obese 368 (11.84) 274 (10.27) 83 (22.19) 11 (16.42)
Overweight 1155 (37.16) 1012 (37.95) 114 (30.48) 29 (43.28)
Underweight 81 (2.61) 68 (2.55) 12 (3.21) 1(1.49)
Normal weight 1288 (41.44) 1151 (43.16) 113 (30.21) 24 (35.82)
Physical activity, n (%)
Inadequate 1001 (32.21) 760 (28.50) 223 (59.63) 18 (26.87)
Health-enhancing 1471 (47.33) 1317 (49.38) 117 (31.28) 37 (55.22)
Fitness-enhancing 636 (20.46) 590 (22.12) 34 (9.09) 12 (17.92)

SD: standard deviation; BMI: body mass index.

All proportions are significantly different among the three trajectories.

Divergences between total numbers and the final sample size (n=3108) is due to missing data. Missing
data for education: 12; occupation: 37; financial strain: 86; smoking: 51; BMI: 216; social connections:
270; social support: 267; social participation: 503.

The colors indicated in each column correspond to those used to depict the trajectories in Figure 1A-1C.
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Supplementary Table 2. Parameter estimates for HAT-score trajectories by
latent class for the general population and by groups of age and sex.

Green Yellow Red

General population
Prevalence, n (%)* 2667 (85.8%) 374(12.0%) 67 (2.2.%)
Fixed effects, mean (SE)

Intercept (age=60) 9.00 (0.03)” 7.58 (0.18)" 8.80 (0.26)"

Linear rate of change -0.01 (0.01)" -0.11 (0.03)” 0.16 (0.05)"

Quadratic rate of change -0.01(0.00)"  -0.002 (0.001)°  -0.03(0.00)"
Random effects, mean (SE)

Intercept variance 0.02 (0.05) 1.66 (0.26)” 0.00 (0.13)

Slope variance 0.002 (0.000)™  0.006 (0.001)"  0.03(0.01)

60-70 years

Prevalence, n (%)"

Fixed effects, mean (SE)
Intercept (age=60)
Linear rate of change
Quadratic rate of change
Random effects, mean (SE)
Intercept variance
Slope variance

70-80 years

Prevalence, n (%)"

Fixed effects, mean (SE)
Intercept (age=70)
Linear rate of change
Quadratic rate of change
Random effects, mean (SE)
Intercept variance
Slope variance

80+ years

Prevalence, n (%)"

Fixed effects, mean (SE)
Intercept (age=80)

Linear rate of change
Quadratic rate of change
Random effects, mean (SE)

Intercept variance
Slope variance
Females
Prevalence, n (%)*
Fixed effects, mean (SE)
Intercept (age=60)

Linear rate of change
Quadratic rate of change
Random effects, mean (SE)

Intercept variance
Slope variance
Males
Prevalence, n (%)*
Fixed effects, mean (SE)

1135 (90.7%)

9.03(0.02)”
-0.12 (0.008)™
0.002 (0.001)”

0.15 (0.05)”
0.001 (0.001)

657 (74.5%)

8.92 (0.05)”
-0.16 (0.02)”
-0.003 (0.001)"
0.33(0.14)"
0.01 (0.002)"

*

549 (56.3%)

7.41(0.15)"
-0.003 (0.04)
-0.02 (0.002)™

0.97 (0.26)”
0.025 (0.004)™

1697 (85.1%)
8.99 (0.04)”

-0.02 (0.01)"
-0.005 (0.000)

*%

0.03 (0.07)
0.003 (0.001)™

948 (85.29%)

107 (12.1%)
5.79 (0.16)”
0.42 (0.08)”

-0.04 (0.006)™

0.14 (0.15)
0.009 (0.002)™

271 (13.6%)
7.70 (0.21)”
-0.12 (0.04)”
-0.002 (0.001)"

1.62 (0.35)”
0.005 (0.002)"™

117 (10.5%)

116 (9.3%)

6.80 (0.18)"
0.14 (0.07)
-0.02 (0.005)™

2.01 (0.40)”
0.03 (0.01)”

118 (13.4%)
8.63(0.27)"
-0.84 (0.07)”
0.02 (0.004)™

4.25 (0.76)
0.009 (0.002)™

426 (43.7%)
6.36 (0.27)"
-0.67 (0.04)”
0.02 (0.002)™

2.87(0.36)"
0.005 (0.003)

27 (1.4%)
8.75 (0.53)”
0.14 (0.11)
-0.02 (0.01)”

0.19 (0.35)
0.02 (0.01)

48 (4.3%)
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Intercept (age=60) 9.04 (0.04)” 7.78 (0.37)" 7.84 (0.51)"

Linear rate of change -0.03 (0.01)" -0.19 (0.05)"  0.34(0.09)”

Quadratic rate of change ~ -0.004 (0.000)™  0.001 (0.002)  -0.03 (0.004)”
Random effects, mean (SE)

Intercept variance 0.10 (0.07) 2.21(0.66)” 1.28 (0.74)"

Slope variance 0.002 (0.001)™  0.006 (0.002)"  0.07 (0.03)"

#Reported class counts and proportions are based on individuals’ most likely class
membership.

Significance level for the fixed and random effects: *p<0.05; **p<0.01.

Interpretation of parameter estimates taking the general population as an example:
the mean coefficients for the green trajectory are 9.00, -0.01, and -0.01 for the
intercept at age 60, linear rate of change, and quadratic rate of change, respectively,
which means that the trajectory starts at a HAT score of 9.00 at age 60, with an
annual linear decline of 0.01 and a quadratic annual decline of 0.01 in the HAT score
with increasing age (e.g. at age 62, the quadratic decline will be of 0.01*2*2=0.04).
The quadratic coefficient for the red trajectory is three times higher (and still
statistically significant) compared to the green trajectory (i.e. -0.03), which reflects a
much faster decline for the red trajectory, as shown in Figure 1.A.2. Variances of the
random effects represent the extent to which individuals are deviant from the mean
of the respective trajectory, which is represented through the individual observed
HAT-score trajectories (i.e. dotted lines) in Figure 1.

The colors indicated in each column correspond to those used to depict the
trajectories in Figure 1A-1C.

Supplementary Table 3. Overview of model fit criteria during class enumeration for the
general population and by groups of age and sex.

# classes # parameters BIC Entropy LMR p-value Smallest class size (%)"
General population
Stepl
1 14 28860.591
2 18 27331979  0.803 0.000 16.6
3 22 26856.519  0.675 0.090 5.8
4 26 26569.106  0.630 0.000 1.1
Step?2
1 17 27234.634
2 23 26454.085  0.545 0.000 14.6
3 29 26369.050  0.665 0.000 2.2
60-70 years
Stepl
1 7 10059.603
2 11 9313.044 0.944 0.000 8.5
3 15 9169.783 0.880 0.284 6.5
4 19 8900.17 0.908 0.001 1.4
Step2
1 10 9618.147
2 16 8899.77 0.833 0.000 9.3
3 22 8750.12 0.824 0.063 7.8
70-80 years
Stepl
1 9 10387.4
2 13 9680.678 0.81 0.000 19.0
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3 17 9446.913 0.638 0.001 14.5

4 21 9322.693 0.708 0.001 1.9
Step2
2 17 9262.994 0.775 14.5
3 22 9147.952 0.746 0.000 12.1
80+ years
Stepl
1 10 8424.815
2 14 7890.327 0.653 0.000 41.3
3 18 7764.03 0.558 0.029 22.9
4 22 7653.369 0.572 0.026 10.9
Step?2
1 13 7857.903
2 19 7633.289 0.631 0.000 43.7
3 25 7649.23 0.478 0.620 135
Females
Stepl
1 14 18982.422
2 18 18060.241  0.748 0.011 21.1
3 22 17740.017  0.555 0.001 13.1
4 26 17589.537  0.622 0.000 1.0
Step?2
2 23 17525.13 0.499 16.2
3 29 17520.03 0.655 0.064 1.4
Males
Stepl
1 14 9909.252
2 18 9322.168 0.877 0.007 12.9
3 22 9151.984 0.877 0.001 2.1
4 26 9069.625 0.827 0.035 1.1
Step?2
2 23 8992.793 0.715 10.7
3 29 8950.85 0.719 0.035 4.3

BIC, Bayesian Information Criterion (lower values imply better model fit); LMR, Lo-Mendell-Rubin
likelihood ratio test (p-value <0.05 indicates that the Kq-class model provides significantly better fit to
the observed data than the preceding K_;-class model); Entropy: higher values imply better
classification quality.

Step 1: Selection of number of classes without including any random effects.

Step 2: Selection of the best model including random effects for intercept and slope, based on the
likelihood ratio test (LRT) and the Lo-Mendell Rubin (LMR) test. Step 2 starts from the best model in
Stepl.

*Reported smallest class sizes are based on individuals’ most likely class membership.

*The 4-class solution did not converge. Therefore, we reported the 3-class model with quadratic
slope and a class-invariant random intercept and slope.

bAIthough the LMR showed a p-value >0.05, we reported the 3-class model for females in order to
make it comparable to the best solution found for males.
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Supplementary Table 4. Correlation matrix among all socioeconomic, psychosocial and behavioral exposures.

Education  Occupation Flnan_mal Soma}l Social S.OFIaI . Smoking BMI Physpal
strain  connections support participation activity
Education 1.00
(elementary/high school vs. university) '
Occupation 0.64%* 1.00
(manual vs. non-manual)
Financial strain 0.06 0.15%* 1.00
(yes vs. no)
Social connections - . .
(low vs. middle/high) 0.30 0.20 0.1 100
Social support - - - .
(low vs. middle/high) 0.23 0.18 0.15 0.57 1.00
Social participation . . . .
(low vs. middle/high) 0.17 0.12 0.09 0.11 0.21 1.00
Smoking 0,08 0.14% 0.03 0,117 0.00 0.08* 1.00
(current/former vs. never)
BMI -0.04 -0.05 0.11* -0.11* -0.07* 0.01 0.08**  1.00
(obese/overweight vs. normal/underweight) ' ' ' ' ' ' ' '
Physical activity 0.25% 0.23* 0.04 033  0.33%* 0.19%*  -0.06* 000 100

(inadequate vs. fitness-/health-enhancing)

Significance levels for each pairwise correlation: *p<0.05; **p <0.01.

Note: most pairwise correlations were of low intensity (i.e. 0 to +0.3), except for those between physical activity vs. social
connections (0.33) and physical activity vs. social support (0.33), which were moderate, and those between education vs.
occupation (0.64) and social connections vs. social support (0.57), which were strong.

Supplementary Table 5. Odds ratios (OR) and 95% confidence intervals (95% Cl) for
belonging to the middle/worst vs. best trajectory. Results for non-dichotomized exposures.

Model 111
OR (95% CI)

Model 11
OR (95% CI)

Model |
OR (95% CI)

Socioeconomic factors
Education
Elementary vs. university
High school vs. university
Occupation
Manual vs. non-manual
Financial strain
Yes vs. no
Psychosacial factors
Social connections

2.53 (1.82-3.52)
1.74 (1.36-2.22)

2.40 (1.66-3.47)
1.76 (1.36-2.29)

2.05 (1.33-3.16)
1.35 (1.00-1.82)

1.54 (1.20-1.97)  1.20(0.92-1.57)  1.06 (0.76-1.48)

2.80 (1.95-4.02)  2.71(1.88-3.92)  2.51 (1.59-3.96)

2.36 (1.76-3.16)  1.93(1.39-270)  1.60 (1.12-2.29)

Low vs. high

Middle vs. high 1.53(1.14-2.06)  1.45(1.06-1.97)  1.27 (0.91-1.77)
Social support

Low vs. high 1.91(1.43-2.54)  1.29(0.93-1.81)  1.04 (0.72-1.49)

Middle vs. high 1.28(0.96-1.71)  1.10(0.81-1.50)  1.08 (0.78-1.50)

Social participation

Low vs. high
Middle vs. high

Behavioral factors

Smoking

Current vs. never
Former vs. never

1.65 (1.12-2.43)
1.10 (0.70-1.70)

1.77 (1.32-2.35)
1.12 (0.88-1.42)

1.62 (1.09-2.40)
1.12 (0.71-1.75)

1.50 (1.09-2.07)
1.10 (0.85-1.42)

1.47 (0.96-2.24)
1.14 (0.71-1.84)

1.41 (0.98-2.02)
1.12 (0.84-1.51)
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BMI
Obese vs. normal
Overweight vs. normal
Underweight vs. normal
Physical activity
Inadequate vs. fitness-enhancing
Health-enhancing vs. fitness-enhancing

2.62 (1.94-3.53)

1.12 (0.87-1.44)
2.50 (1.32-4.75)

7.73 (5.42-11.02)
1.86 (1.31-2.63)

2.17 (1.58-2.97)

1.08 (0.83-1.41)
2.03 (1.05-3.93)

5.91 (4.10-8.53)
1.75 (1.23-2.49)

2.20 (1.54-3.14)

1.15 (0.85-1.55)
2.00 (0.85-4.74)

4.32 (2.90-6.41)
1.61 (1.10-2.34)

Model | adjusted by baseline age, and sex.

Model Il adjusted by baseline age, sex and all domain-specific factors.
Model Ill adjusted by baseline age, sex and all other factors.
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