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ARTICLE INFO ABSTRACT

Section Editor: Michael Drey Background: The World Health Organization has introduced the construct of intrinsic capacity (IC) as an
important component of healthy ageing and overall well-being in older adults The present study aimed to

Keywords: develop domain-specific and composite IC scores and to validate these scores by examining their longitudinal

Intrinsic capacity relation with functioning.

Longitudinal measures
Ageing
Formative model

Methods: We used prospective data on participants aged 57 to over 90 years, with a 10-year follow-up, from the
Longitudinal Aging Study Amsterdam, an ongoing cohort study of older Dutch men and women Using a
formative, stepwise approach, we identified indicators across the different domains of IC, i.e. vitality, sensory,
cognition, psychology, and locomotion, using a combination of unidimensional factor analyses and Partial Least
Squares Structural Equation Modelling (PLS-SEM). Next, domain-specific and composite IC scores were gener-
ated, and the construct validity (score across age groups) and criterion validity (relationship with change in
functional limitations) were assessed.

Results: The multiple unidimensional factor analyses and PLS-SEM identified a total of 18 indicators, covering the
five domains of IC. The mean composite IC score was 70.9 (SD = 0.9) in men and 69.7 (0.8) in women. The
domain-specific and composite IC scores all showed good construct validity, with known-group validation results
indicating age-related declines. A higher composite IC score was associated with less functional limitations over
time (B = 0.20, 95%CI [0.19, 0.22]).

Conclusion: The developed domain-specific IC scores and the composite IC score effectively discriminated age-
related declines in IC. Additionally, the composite IC score was longitudinally associated with functional limi-
tations. By creating this comprehensive and reliable tool for tracking IC, we aim to provide valuable insights into
the dynamics of ageing and support more effective strategies for promoting health and well-being throughout
later life. These scores establish a foundation for future research to track longitudinal changes across various IC
domains and relate these changes to key age-related outcomes.
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1. Introduction

The World Health Organization (WHO) defines healthy ageing as
“the process of developing and maintaining the functional ability that
enables well-being in older age” (Beard et al., 2016). Functional ability
is determined by the intrinsic capacity (IC) of individuals and by the
environment they live in. IC is therefore crucial for understanding and
promoting healthy ageing. However, developing measures for longitu-
dinal research on IC presents various hurdles.

One major challenge in developing measures of IC lies in the com-
plexities of its measurement model. The current consensus identifies five
pivotal domains—locomotion, cognition, vitality, psychology, and
sensory—as key components of IC, which refers to the composite of
physical and mental capacities an individual can draw on (Koivunen
et al., 2022; George et al., 2021; World Health Organization, 2017).
These five domains have been used in WHO's reports on healthy ageing
and have also been employed in various other studies concerning IC
((World Health Organization, 2019a; Ma et al., 2020; Rodriguez-Laso
et al., 2023; Yan Wang et al., 2024). Nonetheless, it is important to note
that research on IC is still evolving, and the identification of these five
domains might not be definitive. IC transforms the idea of “healthy
ageing” from a disease-focused to a function-focused perspective. Re-
searchers have increasingly recognized the value of IC in measuring
individual capacities and its connection with various aspects of func-
tional ability in the context of ageing. The construct has been success-
fully validated and empirically examined in different cohorts (Beard
et al., 2019; Beard et al., 2022; Si et al., 2023). Yet, the measurement
model that guides the operationalization of IC in practice has not been
explicitly defined in these studies. In a recent scoping review by our
group, it has been suggested that IC should be examined as a formative
construct (Koivunen et al., 2022). In a formative measurement model,
the construct is formed by the combination of its domains, each repre-
senting a different facet that collectively defines the construct (Bollen
and Diamantopoulos, 2017). Specifically, the formative approach means
that individuals' total IC is constituted by their capacities regarding vi-
tality, sensory, cognition, psychology and locomotion (Koivunen et al.,
2022; Koivunen et al., 2023; Cesari et al., 2018). As a result, each
domain contributes to the overall construct of IC, and changes in any
domain can affect the total IC. This is in contrast to situations where a
concept corresponds to a reflective measurement model, which means
that changes in the overall construct would be reflected in changes
across all individual indicators (Bollen and Diamantopoulos, 2017).
Given this formative nature of IC, which encompasses five distinct do-
mains, selecting indicators for composite measures should ideally be
done at the domain-specific level to indicate the contributions of each
domain (Fleuren et al., 2018).

Another challenge to measures of IC has been the plethora of ways to
select data for each specific domain of IC (Diaz and Banerjee, 2023).
Since the introduction of IC, extensive research has been conducted to
measure and validate this construct (Beyene et al., 2024; Sanchez-Niubo
et al., 2020). Our group has developed a cross-sectional composite IC
score using prediction modelling (Koivunen et al., 2023). The developed
IC score included seven indicators covering all five domains of the IC.
Recently, more guidelines have become available to better define IC, as a
collection of articles have provided recommendations for items to
include in standardized questionnaires and identified measurement
areas in need of further research (Diaz and Banerjee, 2023). For
instance, it is recommended that nutritional assessment should be
considered in the vitality domain to capture the individual's capacity to
maintain homeostasis (Cesari et al., 2022). These advancements in un-
derstanding IC's components suggested the importance of revisiting and
refining our measurement approaches to ensure they capture the con-
struct's full breadth and depth. Additionally, prioritising measures on
capacities over (solely) deficits promotes a more holistic and positive
approach to understanding healthy ageing.

Establishing a reliable and consistent measure for longitudinal
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studies to monitoring IC is crucial, as emphasized by the ICOPE model,
to effectively monitor and understand changes in individual capacities
over time (World Health Organization, 2019a). Most earlier studies on
development of measures on IC have been cross-sectional, with the
exception of Beyene et al. (Beyene et al., 2024), where IC measure was
developed and validated using longitudinal data repositories. The cur-
rent study aimed to operationalize the concept of IC into standardized
measures by developing scores for the five domains and an overall
composite of IC across four measurement waves. We established a
formative measurement model, maintaining the five domains as distinct
dimensions. Indicators were identified for each domain individually,
rather than assuming that all five domains stem from overall IC as in
reflective models. Finally, the construct validity and longitudinal crite-
rion validity of these scores were tested by examining their relationship
with functioning over time.

2. Methods
2.1. Study sample

The present study is part of the ongoing IMPROve (Intrinsic Capacity
Maintenance for Promoting Healthy Ageing) study, which seeks to
operationalize and enhance the application of the WHO’s framework on
healthy aging in research and practice. For this, we used data from the
Longitudinal Aging Study Amsterdam (LASA), which is an ongoing
longitudinal study based on a nationally representative sample of the
Dutch older population (Hoogendijk et al., 2020). Briefly, a random
sample was drawn from population registers from eleven municipalities
in the Netherlands. The LASA study started in 1992/93 consisting of
3107 participants aged 55-85 years. Since then, data are collected
approximately every 3 years with a face-to-face general interview and a
medical interview, which also includes performance tests in the homes
of the respondents. In 2002/03, a second cohort of participants aged
55-64 years was added using the same sampling frame as the original
cohort. The study was approved by the Ethical Review Board of the VU
University Medical Center. All participants signed an informed consent
before participating in the study. The LASA study protocol was con-
ducted in accordance with the Declaration of Helsinki and received
approval from the medical ethics committee of the VU University
Medical Centre (IRB numbers: 92/138, 2002/141).

For the current study, data from these two cohorts was combined. We
used their measurements in respectively 1995/96 and in 2005/06 as the
baseline measures for this particular study. These measurement cycles
were treated as baseline measurement because not all relevant in-
dicators for operationalizing IC were available at the first measurement
cycle of these two cohorts in 1992/1993 and 2002/2003, respectively.
For the first cohort, follow-up measurements were performed in 1998/
99, 2001/02, and 2005/06. For the second cohort, follow-up measure-
ments were performed 2008/09, 2011/12, and 2015/16, respectively.
At baseline, the total number of participants for cohort 1 was 2545 and
for cohort 2 was 908. With the combined cohorts, two study samples
were used: an indicator selection sample and a score construction
sample. The indicator selection sample included individuals who
participated in both the general and medical interviews at baseline as
some potential indicators were collected in the general interview and
others in the medical interview (Fig. 1). This sample consisted of 2333
participants: 1509 from the first cohort and 824 from the second cohort.

For the score construction sample, we used a larger sample of 3246
participants at baseline, aged 55 and over, including 2372 from the first
cohort and 874 from the second cohort (see Fig. 2). This sample is larger
in comparison to the indicator selection sample, as some missings on the
indicators were allowed when constructing the domain-specific scores
(see section IC scores construction), but not during the selection of in-
dicators for the domains. All participants completed the general inter-
view, but not all underwent the medical interview. Some participants
who did not participate at one wave did participate in later waves. This
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Cohort 1 Cohort 2
Participants in face-to face general interview Participants in face-to face general interview
1995-1996 2005-2006
To To
n=2302 n=861
Participants in medical interview* Participants in medical interview

1995-1996 2005-2006

n=1509 n=824

. .

Indicator selection sample
n=2333

Fig. 1. Flowchart of the indicator selection sample
*In 1995-1996, only people born before 1931 were asked to participate in the medical interview.
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Score construction sample

Fig. 2. Flowchart of the score construction sample.
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score construction sample was also used to evaluate whether the IC
scores consistently and accurately differentiate individuals across
different age groups.

2.2. Steps of IC scores development and validation

Using the five-domain structure of IC, which has been employed in
the ICOPE screening tool and other studies (Koivunen et al., 2022;
George et al., 2021; World Health Organization, 2019a), we followed a
stepwise procedure to create the domain-specific IC scores and the
composite IC scores.

2.2.1. Indicator selection

First, we identified candidate indicators of IC based on our past work
(Koivunen et al., 2022; Koivunen et al., 2023), literature search, and
expert opinions. These indicators covered the five domains of IC (Beard
et al., 2019): vitality, sensory, cognition, psychology, and locomotion.
Second, we verified the presence of each potential indicator in the LASA
dataset to ensure the feasibility of developing longitudinal measures. A
total of 22 indicators measured at baseline were considered. The in-
clusion of indicators under the vitality domain was guided by the
working definition of vitality as proposed by the WHO working group
and their consensus regarding potential markers to measure vitality
capacity. Hand grip strength (George et al., 2021; Beard et al., 2019;
Koivunen et al., 2023; Gutiérrez-Robledo et al., 2021; Gutiérrez-Robledo
et al., 2019), peak flow (George et al., 2021; Beard et al., 2022; van
Schoor et al., 2012), calf circumference (Sanchez-Rodriguez et al.,
2023), appetite (Gaussens et al., 2023), sleep quality, and self-reported
weight change (Gaussens et al., 2023) were considered to construct the
vitality domain. These indicators cover several important attributes of
vitality. Hand grip strength and peak flow measure neuromuscular
function. Calf circumference measures body composition (Bautmans
et al., 2022). Appetite was chosen as age-related physiological changes,
such as decreased ghrelin release in the stomach, are known to increase
feelings of fullness and reduce appetite (Cox et al., 2020). Self-reported
weight loss assesses the nutritional aspect and sleep quality evaluates
energy levels. Sensory function includes vision and hearing (George
et al., 2021).Self-rated items on hearing in a conversation, being able to
use a normal telephone, near vision, and far vision were considered to
construct the sensory domain (Gutiérrez-Robledo et al., 2019). General
cognitive functioning (Lopez-Ortiz et al., 2022), information processing
speed (Koivunen et al., 2023), and episodic memory (Koivunen et al.,
2023) were considered to construct the cognition domain. These
performance-based measures are commonly used as key indicators
within the cognition domain (George et al., 2021). Anxiety symptoms
(Lopez-Ortiz et al., 2022)and depressive symptoms (Lopez-Ortiz et al.,
2022) have been commonly used as indicators for the psychology
domain. It is also important to question whether the absence of anxiety
or depressive symptoms fully captures the spectrum of psychological
capacity, particularly on the positive end. Research suggests that re-
sources related to a sense of control and the ability to mentally adapt to
adversities can be preserved or even enhanced through growth, expe-
riences, and learning during ageing (Wister and Cosco, 2020; Charles
and Carstensen, 2010). Therefore, we have also included mastery
(Golino et al., 2020), self-efficacy (Koivunen et al., 2023), and self-
esteem (Astrone et al., 2022) as these capacities may be essential in
compensating for physiological losses. Walking speed (George et al.,
2021; Chen et al., 2023), chair rise test (Beard et al., 2019), standing
balance (George et al., 2021), and cardigan test were considered to
construct the locomotion domain. These are commonly used
performance-based measures for assessing locomotion (George et al.,
2021). We have also explored the potential cross-domain relevance of
grip strength and walking speed, assessing whether grip strength should
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be considered as indicator for locomotion (George et al., 2021) and
whether walking speed should be considered as indicator for vitality
(Zhao et al., 2021). Currently, it is not clear how to best measure
nutritional status as an indicator of vitality. Therefore, we have addi-
tionally tested the utility of Body Mass Index (BMI) and weight change
as indicators. The detailed descriptions of how these variables were
measured are provided in Appendix 1.

Second, in the indicator selection sample, unidimensional factor
analyses and Partial Least Squares Structural Equation Modelling (PLS-
SEM) were used to select indicators to construct domain-specific IC
scores. Using the indicator selection sample, we first rescaled all the
candidate indicators of IC using the percent of maximum possible
(“POMP”) method (Cohen et al., 2013; Cohen et al., 1999), which was
calculated by linearly transforming each participant's raw score into a
percentage of the maximum total score of the measure in the sample.
The rescale was stratified by sex. After rescaling, all indicators ranged
from 0 (low capacity) to 100 (high capacity). To facilitate any possible
direct comparison with other studies, we reported POMP units in the
present study. A POMP score of 70, for example, indicates that the score
is 70 % of the maximum possible value for the measurement in question.
Next, separate unidimensional factor analyses were performed on each
of the five domains of IC. Indicators with loading >0.40 were selected
for further analysis (Clark and Watson, 2019). This threshold was
established to ensure that only indicators with a substantial relationship
to the underlying domain were included. The multiple unidimensional
factor analyses were performed using the “psych” package with the “fa”
function in R programming for statistical computing version 4.1.2
(Revelle and Revelle, 2015).

Following the initial selection process, selected indicators were
incorporated into a PLS-SEM model. PLS-SEM is the preferred approach
when formatively specified constructs are concerned (Hair Jr et al.,
2021a). The structural model estimated the relationships between latent
constructs (i.e. the five IC domains), with correlations between the five
domains being estimated The measurement model specifies the re-
lationships between each domain as latent constructs and their corre-
sponding observed indicators (Fig. 3). For this, indicator correlation
weights represent each indicator's relative importance to the construct
and indicator loading represents the absolute contribution of an indi-
cator to its construct (Lohmoller, 2013) (Hair Jr et al., 2021b). It is also
recommended to consider the absolute contribution of a formative in-
dicator to the construct, which is determined by the formative in-
dicator's loading (Cenfetelli and Bassellier, 2009). In general, indicator
loadings of 0.50 (Cenfetelli and Bassellier, 2009) and higher suggest the
indicator makes a sufficient absolute contribution to forming the
construct, even if it lacks a significant relative contribution (Hair Jr
et al., 2021b). Significance of the indicator weights was based on 10,000
bootstrap samples (Hair Jr et al., 2021a). The PLS-SEM model was
estimated using SEMinR package in R programming for statistical
computing version 4.1.2 (Ray et al., 2021).

2.2.2. IC scores construction

In the score construction sample, the domain-specific IC scores and
composite IC scores were constructed by the indicators with statistically
significant weights in the PLS-SEM model. At each measurement wave
(To through Ts3), a mean score (domain-specific score) was first calcu-
lated for each domain using the selected indicators. We applied the
general rule that the mean domain-specific score was calculated when
50 % or more of the indicators were present (Fairclough and Cella,
1996). Subsequently, the composite IC score was computed by aver-
aging the five domain-specific scores, but only if all five domain-specific
scores were present. All computed scores are reported in POMP units,
ranging from 0 to 100. Descriptive statistics were calculated for both the
indicator selection sample and the score construction sample.
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2.2.3. IC scores validation

First, descriptive statistics were calculated for both the indicator
selection sample and the score construction sample. In the score con-
struction sample, we tested the construct validity of both the domain-
specific and composite IC scores. Additionally, we tested the criterion
validity of the composite IC score in relation to functional limitations.
Construct validity was tested using the known-groups' validity (Mokkink
et al., 2010), this involved assessing whether the scores could effectively
distinguish between groups known to differ in IC, such as different age
groups. Based on the hypothesis that IC decreases with age, we
compared the IC scores across these groups. For this, data that were
originally structured according to measurement wave was restructured
to represent each IC domain at 3-year age intervals, covering intervals
ranging from 57 to 59 years to 90+ years. Scatter plots were generated
using ggplot2 in R to visualize the relationship between age categories
and the main score of each domain.

Criterion validity was assessed by examining the association between
composite IC scores and functional limitations over four measurement
waves using a linear mixed-effects model (LMM). Functional limitation
was assessed using a scale based on six items that measured limitations
in performing certain activities. Response categories ranged from 1 to 5,
and were summed to create a scale ranging from 6 to 30. A higher score
indicates less functional limitation (Eekhoff et al., 2019). The detailed
description of the six items can be found in Appendix 1. The LMM model
was formulated with functional limitation as dependent variable and IC
scores as primary independent variable. Both functional limitation and
IC scores were measured at four time points, from Ty to T3. The model
included a fixed effect of composite IC score for each wave and a random
intercept to account for between-subject variability. Age and sex were
included as covariates. The model was fitted using the restricted
maximum likelihood (REML) estimation method to provide unbiased
variance component estimates. The Wald test was used to assess the
significance of fixed effects, and confidence intervals were calculated for
model parameters. Model diagnostics were performed to evaluate the
assumptions of homoscedasticity and normality of residuals. The LMM
model was estimated using the lme4 package for R programming for
statistical computing version 4.1.2 (Bates, 2010).

3. Results

The average age of participants in the indicator selection sample was
71.3 years, with a standard deviation (SD) of 8.3 years. Among the
participants, 51.8 % were female (Table 1). The score construction
sample had a mean age of 70.0 years (SD = 8.6) with 53.2 % female
participants. The relatively large number of missing values for calf
circumference was due to the introduction of this measurement during
the year of data collection, resulting in the first participants not being
measured.

3.1. Indicator selection

Table 2 shows the results of the unidimensional factor analyses in
which each IC domain was considered individually in relation to their
corresponding candidate indicators. Based on standardized loadings
from the pattern matrix, three variables—grip strength (0.62), peak flow
(0.71), and calf circumference (0.48)—demonstrated loadings above the
0.40 threshold, indicating a significant contribution to the vitality
domain. For sensory, cognition and psychology, all candidate indicators
showed loadings higher than the threshold. For locomotion, only the
balance test showed a loading below the threshold. Based on these re-
sults, a total of 18 candidate (in bold) indicators with loading above 0.40
were selected to fit in the PLS-SEM model.
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Table 1

Sample characteristics of the indicator selection sample (n = 2333) and the score
construction sample (n = 3246) at T,, as Percentage of Possible Maximum
(POMP) units.

Indicator selection sample Score construction sample

Mean (SD)/ N. valid Mean (SD)/ N. valid
Percentage cases Percentage cases
Age 71.3(8.3) 2333 70.0(8.6) 3246
Sex(female) 51.8 % 2333 53.2% 3246
Vitality
Hand grip strength 53.1 (14.8) 2279 53.1 (14.8) 2279
Peak flow 49.8 (17.6) 2115 49.8 (17.6) 2130
Calf circumference 42.3 (17.3) 1547 42.0 (16.8) 1972
Appetite 93.6 (19.2) 2286 93.8 (18.8) 3084
Sleep quality 67.9 (23.6) 2185 68.5 (23.4) 2844
Weight change 75.1 (36.2) 2322 75.1 (36.2) 2322
Sensory
Hearing in a 83.5 (27.4) 2326 84.9 (26.3) 3115
conversation
Use normal 96.3 (15.9) 2326 96.6 (15.3) 3115
telephone
Near vision 88.3 (22.8) 2331 88.0 (22.9) 3122
Far vision 93.2 (18.9) 2324 93.2 (19.0) 3115
Cognition
General cognitive 87.1 (13.3) 2329 89.2 (11.6) 3153
functioning
Information 48.2 (18.0) 2217 48.2 (18.0) 2217
processing speed
Episodic memory 56.5 (17.9) 2283 56.5 (17.9) 2283
Psychology
Anxiety symptoms 85.0 (17.4) 2284 85.8 (16.7) 3080
Depressive 83.0 (15.8) 2277 84.2 (15.3) 3072
symptoms
Mastery 60.5 (17.9) 2243 62.9 (17.1) 3025
Self-efficacy 55.4 (13.8) 2257 55.5(13.9) 3040
Self esteem 67.6 (15.4) 2263 68.9 (14.9) 3047
Locomotion
Walking speed 87.9(7.3) 2238 88.1(7.2) 3015
Chair rise test 81.1 (10.7) 2103 84.9 (7.3) 2823
Balance test 79.1 (38.5) 2248 80.6 (37.3) 3020
Cardigan test 84.7 (9.3) 2281 85.0 (9.2) 3080

3.2. Indicator selection-additional analyses

We have additionally evaluated the utility of Body Mass Index (BMI)
alongside weight change as indicators of vitality by assigning scores that
reflect increasing levels of capacity. Specifically, BMI was categorized
from 1 to 4, with 1 representing underweight (BMI <18.5), 2 indicating
obesity (BMI higher than 30), 3 for overweight (BMI between 25 and
29.9), and 4 corresponding to normal weight (BMI between 18.5 and
24.9). Weight change was similarly scored: 1 for involuntary weight
loss, 2 for weight gain due to any reason, 3 for voluntary weight loss, and
4 for no changes in weight. Neither of these variables demonstrated
acceptable correlations with vitality. In unidimensional factor analysis,
BMI correlated at 0.12 after adjustment for overlaps with other in-
dicators, falling well below our threshold of 0.40. Weight change
correlated at only 0.05 after adjustment for overlaps with other in-
dicators, also falling below the threshold.

Table 3 shows the indicator weights and their corresponding 95 %
bootstrap confidence intervals for each IC domain. If a confidence
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Table 2
Factor loadings of candidate IC indicators: separate unidimensional factor
analysis.

Vitality =~ Sensory  Cognition  Psychology ~ Locomotion

0.62
0.71
0.48
0.28
0.19
0.05

Hand grip strength

Peak flow

Calf circumference

Appetite

Sleep quality

Weight change

Hearing in a
conversation

Use normal
telephone

Near vision

0.52
0.53

0.50
Far vision 0.43
General cognitive
functioning
Information
processing speed
Episodic memory
Anxiety symptoms
Depressive
symptoms
Mastery
Self-efficacy
Self esteem
Walking speed
Chair rise test
Balance test
Cardigan test

0.68

0.77

0.70
0.65
0.75

0.72

0.57

0.66
0.78
0.68
0.19
0.62

interval does not include the value zero, the weight can be considered
statistically significant, and the indicator can be retained (Hair Jr et al.,
2021a). The analysis of indicator weights concludes the evaluation of
the formative measurement models. In the current model, all indicators
showed significant weights corresponding to their domains, therefore all
indicators were retained (Cenfetelli and Bassellier, 2009).

Fig. 3 visualizes the structural model together with indicator load-
ings of each IC indicator. For the structural model, bivariate correlations
were estimated in regard to the relationship between the five domains.
The five domains did not exhibit high correlations between each other
(range 0.03 to 0.46). For the current model, only calf circumference
showed loading that was lower than 0.50, with other loadings ranging
from 0.60 to 0.88. However, as the weight of calf circumference was
statistically significant, we have retained calf circumference as indicator
for vitality.

Table 3
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3.3. IC scores validation

We computed five domain-specific IC scores and one composite IC
score for each measurement wave, using the statistically significant in-
dicators from the PLS-SEM model. Descriptive statistics, baseline char-
acteristics, IC domain scores and composite scores for the score
construction sample at each measurement wave are available in
Appendix 2.

Construct validity was assessed using the known-groups' validity by
testing whether the scores could effectively distinguish between
different age groups. Fig. 4 presents the domain-specific IC scores and
composite IC scores across different age groups. Each point represents
the mean score for a specific age group of each domain-specific score.
The x-axis represents the age groups, and the y-axis depicts the mean
domain-specific scores. The vertical lines extending above and below
each mean score represent the standard deviation above and below the
mean score for each age group. Overall, we observed a clear trend of
lower IC with increasing age across all domains. The average vitality
score was lower in higher age groups, starting at an average of 58 (SD
10) for the youngest group and dropping to 36 (SD 11) for those aged 90
or older. The average sensory and locomotion scores also followed a
consistent decline up to the 90 years or older group, with increased
variability in these scores observed with age. The cognition and psy-
chology domain both showed similar trends of decline with ageing. The
variability in the cognition scores remained rather consistent in com-
parison to other domains. The composite IC score also showed a steady
decline from 78 to 60, with relatively small variability.

The mixed effects linear regression model with functional limitations
as outcome achieved a R? of 0.76. Fixed effects revealed significant
predictors including composite IC score (B = 0.20, p < 0.001), age (B =
-0.10, p < 0.001), and sex (B = -1.32, p < 0.001), each statistically
significant with Satterthwaite degrees of freedom adjustments. Random
effects showed substantial variability attributed to individual re-
spondents (ICC = 0.67) and minimal variability across the four mea-
surement waves (ICC = 0.01). Overall, the mixed effects linear
regression model indicates that higher IC scores were related to less
functional limitations, as evidenced by the upward slope of the regres-
sion line. The figure showing the relationship between composite IC
score and functional limitation can be found in Appendix 4.

4. Discussion

The current study aimed to operationalize the concept of IC into
standardized longitudinal measures by adopting a formative measure-
ment model and utilizing data from the Longitudinal Aging Study

Measurement model of the five IC domains: Indicator weights and bootstrap 95 % confidence interval, relative importance of one indicator to its domain based on

results from PLS-SEM model.

Vitality Sensory

Cognition Psychology Locomotion

Hand grip strength

Peak flow

Calf circumference

Hearing in a conversation
Use normal telephone

Near vision

Far vision

General cognitive functioning
Information processing speed
Episodic memory

Anxiety symptoms
Depressive symptoms
Mastery

Self-efficacy

Self esteem

Walking speed

Chair rise test

Cardigan test

0.65 [0.62, 0.69]

0.50 [0.47, 0.53]

0.08 [0.02, 0.14]
0.44 [0.40, 0.49]
0.32 [0.27, 0.37]
0.41 [0.37, 0.46]
0.33 [0.28, 0.38]

0.39 [0.36, 0.42]
0.45 [0.43, 0.48]
0.41 [0.39, 0.43]
0.10 [0.06, 0.14]
0.34 [0.30, 0.37]
0.35 [0.32, 0.39]
0.37 [0.33, 0.40]
0.16 [0.12, 0.19]
0.61 [0.55, 0.66]
0.26 [0.21, 0.31]
0.38 [0.33, 0.43]
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Fig. 4. Age group comparison in domain-specific IC scores and composite IC scores to test known groups' validity, as Percent:

age of Possible Maximum (POMP) units.

Amsterdam. We have identified 18 indicators covering the five domains composite IC scores were associated with fewer functional limitations

of IC. The developed domain-specific IC scores and composite IC score over time.

demonstrated good validity and indicated age-related declines. Higher Guided by the WHO's definition of IC, our study used the five
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domains that are commonly recognized in the literature (World Health
Organization, 2019a; Rodriguez-Laso et al., 2023; World Health Orga-
nization, 2019b). Our objective was not to explore the conceptualisation
of IC, but rather to operationalize the domains of IC using existing data
sources and framework. Building on our previous work, we assumed a
formative measurement model for IC. The formative approach is rarely
acknowledged in the development of IC measures, even though IC is
recognized as a multidimensional construct (Koivunen et al., 2023;
Cesari et al., 2018; Nascimento et al., 2023) that could be more appro-
priately operationalized with composite measures rather than reflective
scales. We demonstrated an approach for developing both domain-
specific and composite IC measures using formative constructs. A
formative model suggests that IC is an operationalization of a multidi-
mensional construct, summarizing various conceptually distinct do-
mains (World Health Organization, 2019a). This operationalization
aligns with the findings from the network analysis by Koivunen et al.,
which indicates that IC should not be conceptualized as stemming from a
single, general trait (Lohmoller, 2013). The recognition of IC as a
formative construct has important implications for research. It necessi-
tates the use of appropriate statistical techniques that can accurately
capture the different dimensions of this construct, moving beyond
techniques that assume an overall latent variable model. This perspec-
tive also influences how interventions are designed and implemented.
Since IC is not derived from a single trait but from multiple independent
domains, interventions can be more precisely tailored to target specific
areas of deficiency within an individual's intrinsic capacity profile,
focusing on achieving specific outcomes.

At the domain level, we considered a total of 22 candidate indicators,
which spanned the five IC domains. While the selection of candidate
indicators for the sensory, cognition, and psychology domains was
relatively straightforward, identifying appropriate indicators for the
vitality and locomotion domains proved more challenging. The current
working definition of vitality suggests that it represents a physiological
state, arising from either normal or accelerated biological ageing pro-
cesses (Bautmans et al., 2022). This state is the outcome of interactions
among multiple physiological systems and is manifested in various
bodily functions such as energy and metabolism, neuromuscular func-
tion, and stress response capabilities (Beard et al., 2019; Bautmans et al.,
2022). We have considered hand grip strength, peak flow, calf circum-
ference, appetite, sleep quality, and weight as indicators for vitality.
Among these, hand grip strength, peak flow, and calf circumference
were selected to construct the domain score for vitality. Hand grip
strength is often used to measure vitality (Beard et al., 2019; Beard et al.,
2022; Aliberti et al., 2022) as it captures the vital sign of physiological
reserve and biological age (Granic et al., 2017; Sayer and Kirkwood,
2015; Lu et al., 2023). Peak flow, similarly, has been utilized in studies
as an indicator of vitality (Gutiérrez-Robledo et al., 2019; van Schoor
et al., 2024). Although not as commonly employed, calf circumference
has demonstrated its relevance as a significant marker of nutritional
status (Bonnefoy et al., 2002; Cruz-Jentoft et al., 2018). Together, these
three indicators can possibly provide a comprehensive measure of
vitality.

Among the indicators not selected for the vitality domain, weight
change exhibited the lowest loading. We evaluated the utility of BMI and
weight change as indicators of vitality, but none of these variables were
selected as indicator due to non-significant correlations and weights.
This finding suggests that, within our sample, BMI and weight change
may not effectively capture the essence of vitality, particularly in rela-
tion to metabolism. This could be due to these indicators not adequately
reflecting the same physiological and metabolic components of vitality
or that the operational definitions used did not capture the necessary
aspects of these measures. This finding suggests the need for further
exploration into measures that might more accurately reflect the
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metabolism and stress response aspects of the vitality domain. The
broader issue highlighted by our results is that the operational defini-
tions of vitality domain is still being developed (Bautmans et al., 2022).
The empirical meaning of a construct might differ from its intended
meaning based on the chosen indicators. This risk exists for both
formative models and reflective models and ties into the issue of indi-
cator validity (Fleuren et al., 2018). We may also need to extend this
consideration to many other constructs, which should always be
considered when interpreting research findings.

Hand grip strength has commonly been used as an indicator for vi-
tality, reflecting overall muscle strength and physiological resilience.
However, given muscle strength's importance in activities requiring
bodily stabilization and support, hand grip strength might also be
pertinent to locomotion (Nayasista et al., 2022). The additional unidi-
mensional factor analyses (Appendix 3) showed that hand grip strength
had a loading of 0.46 in the locomotion domain, which is lower than its
loading in the vitality domain (0.62), reaffirming its primary association
with vitality. Additionally, walking speed, which results from the
interplay of an individual's physiological capabilities and their percep-
tions of environmental conditions and task demands, has been advo-
cated as sign of vitality (Middleton et al., 2015). Our analyses found that
walking speed had a loading of 0.27 in the vitality domain, which is
lower than its loading in the locomotion domain. This finding confirms
walking speed as indicator for the locomotion domain within the IC
framework.

Finally, we assessed the construct validity of both the developed
domain-specific IC scores and the composite IC scores. Unlike reflective
models, where factor analysis can confirm construct validity, formative
measurement models do not derive meaningful interpretive value from
statistically calculating internal consistency, nor do they confirm a sin-
gle underlying latent variable (Fleuren et al., 2018). This is due to
formative measurement models not assuming unidimensionality and, as
such, requiring more intricate methods for assessing validity, such as
construct and criterion validity (Fleuren et al., 2018). Our findings
indicate a consistent decline with age across the individual domains of
vitality, sensory, locomotion, cognition, and psychology, as well as in
the overall IC score. This uniform decline suggests the robust construct
validity of our IC scores. Collectively, these results validate that the IC
scores effectively mirror the gradual decline of IC, a fundamental aspect
of ageing. It also suggests that focusing only on the aggregated overall IC
score across multiple domains might lead to the loss of information
about the different contributing aspects (Koivunen et al., 2023). While
our composite score is a comprehensive representation of IC and has
practical advantages, the multidimensional nature of the composite IC
score also represents a potential limitation. It is for example possible that
individual domains will change independently of each other. These
changes might be “hidden” from the researchers view if only the com-
posite IC is examined. Therefore, we recommend that researchers always
compute and report both domain-level scores along with the composite
IC scores. It is worth mentioning that most studies, including ours, have
used functional abilities-related measures to validate the developed IC
measure (Beard et al., 2019; Beyene et al., 2024; Gutiérrez-Robledo
et al., 2021; Salinas-Rodriguez et al., 2022). The WHO's healthy ageing
model suggests that an individual's level of IC significantly influences
their functional ability in interaction with the surrounding environment
(Belloni and Cesari, 2019). Following this idea, we considered func-
tional decline as a likely result of reduced IC and used it to validate the
developed composite IC score. However, IC is a unique construct and
thus one suitable gold standard does not exist yet (Hoogendijk et al.,
2023).

We used POMP scores to construct each domain-specific score and
subsequently averaged these to obtain the composite IC score. POMP
scores are akin to summed scores in that they are not derived from a
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factor model, Item Response Theory (IRT), or latent variable model with
parameters derived from specific samples (Cohen et al., 2013; Cohen
et al., 1999; Mendenhall et al., 2009). The choice to use summed POMP
scores is grounded in their practicality and ease of application. One
significant concern with relying on factor loadings to construct measures
is the variability of factor loadings across different samples. Widaman
and Revelle note that (Widaman and Revelle, 2023), factor loadings
used in sample-based estimation of factor scores can vary across
different samples and may deviate from population values, leading to
fluctuations in factor scoring weights and introducing additional un-
certainty from one sample to another, as well as between samples and
the population (MacCallum and Tucker, 1991). This variability can lead
to inconsistencies in how scores are calculated across different studies or
populations, making it less straightforward to compare results and draw
meaningful conclusions. The practicality of summed scores is well-
documented and aligns with the goals of our study, which is to make
measures of IC available using existing resources. As noted by Sijtsma
et al. (Sijtsma et al., 2024), summed scores derive their value from their
ability to predict practically relevant events and behaviours. This
approach ensures that our findings are directly applicable and relevant
in real-world contexts. While our composite score is a comprehensive
representation of IC and has practical advantages, the multidimensional
nature of the composite IC score also represents a potential limitation. It
is for example possible that individual domains will change indepen-
dently of each other. These changes might be “hidden” from the re-
searchers view if only the composite IC is examined. Therefore, we
recommend that researchers always compute and report both domain-
level scores along with the composite IC scores.

One strength of our study lies in the comprehensive assessment of IC.
Our assessment considers all five domains that are generally considered
critical components of IC (Beard et al., 2019; Cesari et al., 2018).
Another strength of our study includes a formative conceptual frame-
work and measurement model of IC, which provided the foundation for
developing our scores. Considering the different implications of forma-
tive versus reflective measurement models (Bollen and Diamantopoulos,
2017; Fleuren et al., 2018), the distinction between reflective and
formative measurement is not merely conceptual nitpicking. For
instance, following the formative approach, interventions aiming to
improve the overall IC can target individual domains as they “cause” the
IC (Bollen and Diamantopoulos, 2017). Moreover, we benefited from a
large, nationally representative sample of older adults in the
Netherlands, utilizing a longitudinal study design. This design primarily
incorporated performance-based and continuous measurements across
various domains of functioning, enhancing the robustness and applica-
bility of our findings to real-world settings. Being able to monitor these
capacities continuously at various time points provides a more detailed
and effective analysis than methods relying on simplistic categorical
measures of late-life events, such as mortality. Importantly, this setting
aligns closely with the concept of capacity, with continuous and longi-
tudinal measures on IC.

Our study also has several limitations that should be noted. Firstly,
some missing data for candidate indicators of IC at baseline, along with
participant loss during follow-up, reduced our sample size. This may
have caused our study sample to represent a slightly healthier subset of
the target population. Consequently, selective dropout might have led to
a slight underestimation of functional decline during the follow-up
period. In our study, participants who did not continue with face-to-
face interviews after baseline were older (mean age 73.9 years, SD
8.9) compared to those who remained (mean age 70.8 years, SD 8.6).
They also had a slightly lower baseline functional limitation score (mean
26.0 SD 5.5) than those in the score construction sample (mean 27.2, SD
4.6). Additionally, our cohort included few participants aged 90 years or
older, which might have led to an underestimation of functional decline
due to selective dropout. LASA employed oversampling of older people
and men to maintain sufficient numbers in these age and sex groups.
However, despite these efforts, attrition may still introduce bias in
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estimating longitudinal relationships, particularly in relation to func-
tional decline. Future studies should aim to examine the external val-
idity of the constructed IC scores enhance generalizability. Another
limitation is the absence of objective measures for vision and hearing in
our data. Reliance on self-assessments may not provide as precise or
standardized information about sensory capacities compared to
performance-based tests. However, self-reported data can also offer
valuable insights into daily functioning and the personal experiences of
older adults. Furthermore, the limited response options available in our
sensory indicators may not fully capture the entire spectrum of sensory
function. Moreover, we were unable to include validated assessment of
nutritional status under the vitality domain. Valid measures of under-
nutrition, such as using the Global Leadership Initiative on Malnutrition
(GLIM)consensus definition (Cederholm et al., 2019), in future research
could provide a more comprehensive evaluation of the vitality domain
(World Health Organization, 2019b). Additionally, we did not fully
explore the relationships between the domains of intrinsic capacity.
Vitality, for example, has been suggested as the underlying physiological
determinant of intrinsic capacity and is therefore related to the other
domains of intrinsic capacity (Bautmans et al., 2022). For instance, the
ability to move from one place to another is part of locomotion capacity;
however, sufficient muscular strength is necessary to complete func-
tional tasks (e.g., rising from a chair) and is also linked to neuromuscular
function, which is a component of vitality capacity (World Health Or-
ganization, 2021). Similarly, other domains may both influence and be
influenced by one another. Future research is needed to study the tem-
poral order of the different domains. Furthermore, we did not investi-
gate the measurement invariance of the five domains of IC over time.
Future research should confirm that our developed scores hold equiva-
lent meaning across different populations and over time. Lastly, as our
study focused on the exploration of how to operationalize IC and the five
domains using a formative model, it is possible that future research may
need to account for new consensus and emerging properties of IC as the
understanding of this construct evolves. Our approach describes one
possible method of developing measures of IC using data from existing
longitudinal studies, recognizing that the construct of IC itself is still
being developed and refined.

Taken together, our findings suggest that the developed IC scores
capture a comprehensive range of information related to an individual's
physical and mental capacities. Our findings have a number of impli-
cations. Firstly, our analytical framework could enable researchers to
identify and address the underlying causes of changes in these capac-
ities. Moreover, measurable trajectories of capacity could serve as
valuable research outcomes. Algorithms could be devised to process this
information and outline capacity trajectories, informing self-
management, clinical practice, and further research. Utilizing these
trajectories as research outcomes could also enhance the comparison of
intervention impacts across various conditions. As medicine moves to-
wards more personalized and precise approaches, better data are needed
on how different subpopulations respond to specific interventions.
Stratifying by intrinsic capacity could help identify which groups might
benefit most from particular interventions, offering a more relevant
categorization than by chronological age or comorbidity alone (Gore
etal., 2018). Additionally, our findings support reevaluating how ageing
and functional capacity are assessed in older adults. By viewing IC as a
formative, multidimensional construct, we gain a deeper understanding
of the ageing process, acknowledging that declines in functional ca-
pacity do not occur uniformly across all domains. This insight paves the
way for more personalized healthcare strategies that cater to individual
needs rather than applying a one-size-fits-all approach.

5. Conclusion
IC covers a broad range of health characteristics, encompassing both

physiological and psychological changes associated with ageing. Moni-
toring its decline might offer insights into trajectories of functioning and
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Appendix 1. Considered indicators for measurement of IC and the six items measuring functional limitation
Vitality

Hand grip strength, calf circumference, peak flow, appetite, and sleep quality were considered to construct the vitality domain. Hand grip strength
was assessed with a strain-gauged dynamometer (Takei TKK 5001; Takei Scientific Instruments Co. Ltd., Tokyo, Japan) (Stel et al., 2004). Participants
performed two maximum forced trials with both hands in a standing position with the arm along the body. The total hand grip score was calculated by
summing and dividing by two the maximum values of the right and left hands.

Peak expiratory flow rate (PEFR, also known as peak flow) is defined as a person's maximum speed of expiration (van Schoor et al., 2012). PEFR
primarily reflects large airway flow and depends on the amount of airway obstruction, the voluntary effort and muscular strength of the participant.
For the measurements, PEFR was measured using the Mini-Wright peak flow meter. Participants were asked to take a maximum inspiration and to
breath out with maximum effort into the peak flow meter. The highest score of three measurements was used in the analyses (van Schoor et al., 2012;
Cook et al., 1989).

Calf circumference is a simple anthropometric measure that is highly correlated with muscle mass (Wijnhoven, 2010). The calf circumference was
measured to the nearest 0.001 m on the left leg with the participant standing straight, feet 20 cm apart, body weight equally distributed on both feet
and at the level of the widest circumference of the calf.

Information on appetite was obtained using the second question from the Dutch translation of the Centre for Epidemiologic Studies Depression
scale (CES—D) (Radloff, 1977): “In the past week, I did not feel like eating, my appetite was poor”. A score ranging from 1 (no problems with appetite)
to 4 (poor appetite) was used in the analyses.

A self-administered questionnaire was used to assessed sleep quality. The presence and frequency of sleep disturbances was measured using three
categorical questions regarding having difficulties with sleep onset, sleep continuity, and early morning awakening. Questions were formulated as
follows: ‘Do you experience difficulties falling asleep?’, ‘Do you experience interruptions in your sleep?’, and ‘Do you wake up too early?’. Response
options to each of the three questions were ‘almost never’, ‘sometimes’, ‘frequently’, and ‘almost always’. Response options were assigned scores of
one, two, three, and four, respectively. These scores were summed to compute a scale ranging from 3 (no sleep disturbances) to 12 (many sleep
disturbances) (van der Linden et al., 2023).

Information on weight change pertained to the reason of the short-term weight change in the past 6 months. A score was constructed to categorize
weight change into four distinct levels,: 1 (low capacity), characterized by involuntary weight loss; 2 weight gain for any reason; 3 voluntary weight
loss; and 4 (high capacity) no change in weight. Voluntary weight change can be due to diet or physical activity, while involuntary weight change may
be the result of disease, social factors, or unknown reasons.
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Sensory

Self-rated items of vision and hearing were considered to construct the sensory domain. Vision was assessed with two items: “Can you read the
normal, small print in the newspaper?”, and “Can you recognize someone's face from a distance of 4 m?”. Hearing was assessed with two items: “Can
you follow a conversation in a group of three or four persons?”, and “Can you use a normal telephone?” All items could be given on a scale from 1 (no
difficulty) to 4 (much difficulty).

Cognition

Cognitive functioning information processing speed, and episodic memory were considered to construct the cognition domain. Episodic memory
was measured with a 15 Words Test (15WT), which was a Dutch version of the Auditory Verbal Learning Test (Dik et al., 2000; Rey, 1958). In the test,
participants were instructed to learn 15 one-syllable nouns, which were read aloud by the interviewer. The same word list was repeated in three trials,
and after each trial, the participant was asked to recall as many words as possible. The maximum number of correctly remembered words was used in
the analyses, which measured immediate memory.

Information processing speed was assessed by a Coding task, which was an adjusted version of the Alphabet Coding Task, a letter substitution task
(Maylor, 1996). The Coding task is not pure a measure of information processing speed but also reflects a global measure of intellectual functioning
(Bouma et al., 1996). In the assessment, two rows of characters were shown; each character in the upper row belonged to a character in the lower row.
In the test itself, the upper row contained characters and the lower row was empty. The participants were instructed to complete as many two-
character combinations as possible by naming the corresponding character. The total assessment consisted of three trials of 1 min, and the score
of each trial was defined as the number of completed combinations, irrespective of the number of wrong answers. The mean score for the three trials
was used in the analyses (range 1.0 to 42.7, higher score indicated better intellectual functioning).

General cognitive functioning was measured with the Mini-Mental State Examination (MMSE), which is a test consisting of 23 items representing
various domains of cognitive functioning: orientation (Folstein et al., 1975). The score ranges from 0 to 30, with a higher score indicating better
cognitive capacity.

Psychology

Anxiety symptoms, depressive symptoms, mastery, self-efficacy, and self-esteem were considered to construct the psychology domain. Anxiety was
measured with the anxiety subscale of the Hospital Anxiety Depression Scale (HADS-A) consisting of seven items (Spinhoven et al., 1997). In the
adaptation for LASA, the response options ranged from 1 (rarely or never) to 4 (mostly or always), and the sum score ranged from 0 to 21, with higher
scores indicating higher anxiety (de Beurs et al., 1999). Depressive symptoms were assessed with the Center for Epidemiologic Studies Depression
Scale (CES—D) scale (Radloff, 1977). The scale consists of 20 items measuring depressive symptoms experienced in the past week. The total score
ranges from 0 to 60, with higher scores indicating more severe symptoms. In the present study, the second item which measured appetite was
excluded.

Mastery refers to a sense of being in control of events and ongoing situations and was measured with the five-item version of the seven-item Pearlin
Mastery Scale (Pearlin and Schooler, 1978; Deeg and Huisman, 2010). The total score ranged from 5 to 25, with higher scores indicating a higher sense
of mastery. Self-efficacy, which is the belief of a person in their own ability to organize and execute certain behaviours, was measured with a 12-item
version of the General Self-Efficacy Scale (GSES-12) (Bosscher and Smit, 1998), which total score ranged from 12 to 60, with higher scores indicating
higher self-efficacy. Self-esteem reflects a person's overall evaluation or appraisal of their own worth. Self-esteem was measured by an adapted version
of the Rosenberg Self-esteem scale (Rosenberg, 1965). A score ranging from O to 4 was used in the analyses, with higher scores indicating higher levels
of self-esteem.

Locomotion

Walking speed, chair rise test, standing balance, and cardigan test were considered to construct the locomotion domain. Walking speed was
measured as the time (seconds) needed to walk 3 m, turn around, and then walk back 3 m as fast as possible. A value of 0 was assigned if the participant
was in a wheelchair or physically incapable of performing the test. In the chair rise test, participants folded their arms across the chest, and the time to
perform five sit-to-stand rises was measured in seconds. A value of 0 was assigned if the participant could not stand up without using their hands or if
they did not complete all five rises. Standing balance was measured with feet in the tandem position for a maximum of 10s. A value of 0 was assigned if
the participant was physically incapable of performing the test. For testing the ability to put on and take off a cardigan, the time required to put on and
take off a cardigan, which was brought in by the interviewer, was scored. A value of 0 was assigned if the participant could not complete the test or
completed only with help.

Functional limitation

Participants were asked to which degree they experienced difficulties in performing the following activities of daily living: going up and down the
stairs, getting (un-) dressed, sitting down and rising from a chair, cutting one's own toenails, walking 400 m, and using own or public transportation
(Stel et al., 2004). Response categories included “yes, without difficulty; yes, with some difficulty; yes, with much difficulty; only with help; no, I
cannot” with corresponding scores ranging from 1 to 5. A functional limitation score (range 6-30) was computed by summing the scores of the in-
dividual questions.
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Appendix 2. Descriptive statistics of the score construction sample together with IC domain scores and composite scores per
measurement wave (n = 3246).

Mean (SD) Female N.Valid cases Mean (SD) Male N.Valid cases

TO (1995/96, 2005/06)

Age 70.1 (8.6) 1726 70.0 (8.6) 1520
Vitality 45.4 (11.5) 1187 52.8 (13.3) 1099
Sensory 90.6 (14.5) 1657 90.8 (12.9) 1467
Cognition 67.0 (13.3) 1191 62.2 (11.8) 1104
Psychology 70.2 (11.9) 1604 72.9 (11.5) 1445
Locomotion 89.5 (4.2) 1577 82.0 (6.1) 1423
Total 72.8 (7.1) 1121 72.6 (7.0) 1048
T1 (1998/99, 2008/09)

Age 71.8 (8.2) 1539 72.4(8.2) 1278
Vitality 43.7 (9.5) 1134 54.1 (12.9) 949
Sensory 92.3 (12.9) 1418 93.0 (11.3) 1187
Cognition 65.3 (12.1) 1138 63.3 (12.9) 959
Psychology 68.6 (12.3) 1314 71.8 (11.6) 1149
Locomotion 90.4 (4.6) 1299 84.7 (5.9) 1135
Total 72.2 (6.5) 1050 73.6 (7.1) 900
T2 (2001/02, 2011/12)

Age 74.6 (7.8) 1352 73.4 (7.3) 1058
Vitality 49.6 (11.1) 1048 53.4 (11.8) 899
Sensory 91.5 (14.4) 1171 92.5 (10.3) 959
Cognition 67.9 (12.8) 1051 65.9 (11.2) 902
Psychology 68.5 (12.4) 1093 72.7 (11.6) 921
Locomotion 81.8 (7.5) 1077 91.8 (3.6) 916
Total 72.6 (6.8) 976 75.7 (6.5) 860
T3 (2005/06, 2015/16)

Age 75.3 (5.6) 1089 76.3 (6.2) 822
Vitality 45.1 (10.7) 826 48.4 (10.1) 686
Sensory 91.5 (13.2) 861 91.9 (11.9) 700
Cognition 64.7 (12.8) 852 64.6 (13.1) 691
Psychology 66.2 (13.1) 839 69.5 (12.7) 684
Locomotion 78.2 (7.5) 832 73.3(7.9) 689
Total 69.6 (6.7) 757 70.1 (6.4) 649

Appendix 3. Factor loadings of hand grip strength and walking speed, results from separate unidimensional models of Vitality and
Locomotion.

Vitality
Hand grip strength 0.72
Peak flow 0.68
Calf circumference 0.41
Calf circumference 0.28
Appetite 0.18
Sleep quality 0.05
Walking speed 0.27

Locomotion
Walking speed 0.85
Chair rise test 0.60
Balance test 0.29
Cardigan test 0.58
Hand grip strength 0.38
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Appendix 4. Relationship between composite IC score and functional limitation in a mixed effects linear regression model*
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Fig. A4. * The x-axis represents the composite IC score (as POMP units), ranging from low capacity to high capacity while the y-axis displays the functional lim-
itations, ranging from high limitation to low limitation (6 to 30). Each data point, slightly jittered for clarity, represents individual observations across the range of
total IC. The shaded area surrounding the regression line denotes the 95 % confidence interval.
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