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Bidirectional relationship between digital inclusion
and healthy ageing among Chinese older adults: a
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Population ageing and digital health have become important trend and challenge in today’s

world development. And previous literature has concentrated on their causes and con-

sequences. However, less is known about the bidirectional relationship between digital

inclusion and healthy ageing among older adults, which is not conducive to governance of an

ageing population and realization of digital health equity. Based on CHARLS database, this

study empirically examines the bidirectional relationship between digital inclusion and

healthy ageing using a four-wave cross-lagged model. The results show that digital inclusion

significantly positively predicts healthy ageing (β= 0.049, p < 0.001; β= 0.037, p < 0.01;

β= 0.086, p < 0.001). In addition, the role of healthy ageing in predicting digital inclusion is

also emphasized (β= 0.057, p < 0.01; β= 0.048, p < 0.01; β= 0.043, p < 0.01). After con-

trolling for covariates including sociodemographic characteristics, health-related behaviors

and health outcomes, the bidirectional relationships are also significant (p < 0.05). Multi-

group analyses indicate that these cross-lagged effects were invariant across gender, marital

status, residence and income groups (p < 0.05), but varied significantly by education level

(p < 0.05). And sensitivity analyses further confirm the robustness of the findings. The

present study provides substantial evidence and reference for the relationship between digital

inclusion and healthy ageing in Chinese context and contributes to a deeper understanding of

the solution to ageing population and digital divide.
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Introduction

Population ageing is one of the most important social trends
since the 21st century, which has a huge impact on almost
all social fields such as labor force, housing, transportation

and medical care. In World Population Prospects 2022, the
United Nations pointed that the number and proportion of older
adults in almost every country in the world today are increasing,
and the growth rate of the population over 65 years old has
exceeded that of the population under 65 years old (The United
Nations 2022). Furthermore, the United Nations has also adopted
“reduce inequalities” as one of the Sustainable Development
Goals (SDG), advocating that all policies should be universal in
principle and take into account the needs of marginalized groups.
As one of the countries with the most serious population ageing
phenomenon (Peng 2011), China has nearly 300 million people
aged 60 and over, which has entered the moderately ageing
society. The acceleration of the ageing process and the fluctuation
of population trend bring serious challenges to the population
health and medical security in China (Fang et al. 2015). There-
fore, how to actively deal with population ageing in China is of
great value for promoting the high-quality development of
population, economy and society and realizing the strategy of
“healthy China” (Luo et al. 2021).

In the face of the increasingly severe phenomenon of popula-
tion ageing in countries around the world, the World Health
Organization proposed the issue of healthy ageing at the end of
the 20th century, which refers to the process of developing and
maintaining the functional ability of the older adults to achieve
their well-being (Michel and Sadana 2017; Rudnicka et al. 2020).
Functional ability mainly includes the ability of older adults to
meet basic needs, learn, establish and maintain relationships, and
contribute to society (Beard et al. 2016). A systematic review
further indicates that the realization of healthy ageing is closely
related to factors in three dimensions: physical well-being, men-
tal/cognitive well-being and social well-being (Abud et al. 2022),
which is consistent with the definition of the three main domains
of health by the WHO (WHO 2021). Physical well-being covers
physical activity and diet (Chen et al. 2020; Lucas et al. 2018),
which emphasizes maintaining good physical ability to promote
successful healthy ageing. Mental/cognitive well-being includes
self-awareness, outlook/attitude, life-long learning and faith. They
promote healthy ageing by enhancing the ability of older adults to
adapt to changes, encouraging them to have a good outlook and
attitude towards the future, and maintaining good cognitive
functions (Ploughman et al. 2012; Amosun and Harris 2020).
Social well-being encompasses social support, financial security
and community engagement, which achieve healthy ageing by
establishing harmonious social relationships, maintaining a good
quality of life, and enhancing a sense of purpose (Amosun and
Harris 2020). Furthermore, Lu et al. (2021) pointed out that
education is the strongest socioeconomic predictor of healthy
ageing by comparing the socioeconomic inequality in healthy
ageing in the United States, the United Kingdom, China and
Japan. Adults with higher level of education tends to have a
greater emphasis on health, income level, and occupational status
(Wang and Yu 2016), and thus more likely to enjoy a healthier
work and life, stronger economic and social security, and more
active social participation (Lu et al. 2021), so as to better achieve
healthy ageing. Since entering the 21st century, China has also
taken the realization of healthy ageing as one of the important
national strategies to promote the high-quality development of
ageing causes and industries, and has successively promoted the
realization of healthy ageing strategies through strengthening
health education, improving the medical and health care service
system, and further promoting the combination of medical and
nursing care (Chen et al. 2019; Chen et al. 2023; Yu 2021).

Digital solutions play a key role in safeguarding the social and
economic well-being of older adults (Zhou and Ye 2023). With
the rise of data-driven technology represented by artificial intel-
ligence technology, wearable devices, and smartphone applica-
tions, it directly promotes the development of global healthcare
by facilitating the change of health behavior, tracking the change
of health status, and optimizing the interaction of health systems,
and can also help realize digital healthy ageing (Gariboldi et al.
2023). Digital inclusion is the process of bridging the digital
divide and reducing digital health inequalities, which means that
individuals and communities use information and communica-
tion technologies without barriers to access to information, can
effectively participate in all aspects of knowledge society and
economic development, and reap social benefits according to
their will and ability (Yang et al. 2022). Current research has
demonstrated the positive impact of digital inclusion on the
physical, mental and spiritual health of older adults. The use of
the Internet and mobile communication technologies in older
persons can improve their cognitive abilities (Ordonez et al.
2011), strengthen their relationships with family and friends and
reduce loneliness (Blazun et al. 2012), enhance their self-efficacy
(Wong et al. 2014), and promote their social participation and
integration (Wong et al. 2014). This in turn improves community
satisfaction and quality of life, all of which are closely related to
healthy ageing. Conversely, healthy ageing prioritizes maintaining
health and autonomy (Yu 2020), motivating older adults to
engage in novel roles and activities to preserve functional abilities.
Advancing healthy ageing not only strengthens their proactive
engagement in societal participation but also expands their access
to acquiring new skills, knowledge, and resources (Ragnedda et al.
2022), thereby increasing their willingness to engage in digital
health. Thus, digital health and healthy ageing continuously
reinforce each other, nurturing a mutually beneficial bidirectional
relationship.

However, due to low digital health literacy, low confidence and
motivation in the use of digital technologies, and low age-
suitability of products, older adults are largely digitally margin-
alized (Gariboldi et al. 2023; Lee and Coughlin 2015). In parti-
cular, with the increasing use of digital technologies in the field of
healthcare for the old and public health, AI technologies may
exacerbate or introduce new forms of age discrimination (World
Health Organization 2021). The original intention of the rise of
digital health technology is to improve people’s health and well-
being, rather than to widen existing health gaps or create new
health gaps (Jaworski and Hooper 2023), so improving the digital
inclusion of older adults and realizing digital health equity has
far-reaching significance in narrowing the social gradient of
health and ensuring that all people enjoy the digital health
dividend.

So far, the rationale for focusing our investigation on the
bidirectional relationship between digital inclusion and healthy
ageing is to bridge the noted gap in the literature. The interplay
between digital inclusion and healthy ageing represents a pivotal
focus in public health and social policy research. Although
existing researches emphasize a potential correlation between
these constructs, the temporal sequence and reciprocal dynamics
remain poorly understood. Especially previous literatures used
cross-sectional research designs or relatively small sample sizes
(Lu et al. 2022), resulting in the lack of large sample longitudinal
data studies on the impact between digital development and
population ageing. Moreover, a large number of studies derived
from Western contexts (Santini et al. 2020; Danesin et al. 2025),
whose socioeconomic structures, cultural norms, and policy
regimes differ fundamentally from China’s. This contextual
divergence potentially influenced the relationship between digital
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inclusion and ageing outcomes, limiting the generalizability of
existing findings and underscoring the necessity for population-
specific investigations. To our knowledge, no study to date has
employed a longitudinal design to rigorously model the bidirec-
tional pathways between digital inclusion and healthy ageing in a
Chinese cohort, leaving a critical gap in understanding the tem-
poral precedence and mutual reinforcement of these two pro-
cesses. Clarifying the impact mechanism between digital inclusion
and healthy ageing not only provides an important theoretical
perspective and policy grip for dealing with population ageing,
but also provides a theoretical basis and practical perspective for
solving the key pain points of digital health construction and
realizing digital health equity. Therefore, this study seeks to
contribute to the existing literature by using a cross-lagged panel
model to analyze the bidirectional relationship between digital
inclusion and healthy ageing among middle-aged and older adults
in China based on four waves of CHARLS study. We aim to shed
new light on the empirical evidence that supports the realization
of healthy ageing and digital health equity in China and other
similar contexts.

Digital inclusion
Digital inclusion has emerged as a critical societal goal amidst
global digital transformation, with its absence—digital exclusion
—posing a particular threat to the health and well-being of older
adults. Digital divide traditionally refers to the gap in adequate
physical access to information communication technology and
infrastructure (Lythreatis et al. 2022). When this access gap leads
to individuals’ inability to participant fully in digital society
compounded by a lack of digital skills and opportunities, it cul-
minates in digital exclusion—a state of societal marginalization
arising from limited or insufficient internet access (Ge et al.
2025). Consequently, digital inclusion is the proactive process and
desired outcome of overcoming digital divide and preventing
digital exclusion, ensuring both effective digital access and
meaningful participation in the digital society.

Scholarly conceptualizations of digital inclusion itself can be
broadly categorized into two complementary perspectives, which
carry distinct implications for academic measurement and policy
practice. The behavior-oriented perspective, exemplified by Lu
et al. (2022), defines digital inclusion as the absence of inequality
in the access and used of information and communication
technologies. This view prioritizes measurable actions and avail-
ability, directing research towards indicators like Internet pene-
tration rate, device ownership, and usage frequency. In contrast,
the outcome-oriented perspective, articulated by Seifert et al.
(2021), emphasizes the ultimate goal of social participation,
defining digital inclusion as the state where individuals are not
excluded from societal domains dominated by digital technolo-
gies. This standpoint shifts the focus from mere Internet usage to
tangible consequences of digital engagement, advocating for
policy measures that ensure digital services lead to improved
health outcomes, social connection and civic engagement. Fur-
thermore, the multi-dimensional conceptual model of informa-
tion society inequality proposed by De Haan (2004) contributes
to better clarify the relationship between various influencing
factors of digital inclusion. This model classifies these factors into
individual factors (e.g., age, education, cognitive ability) and
structural factors (e.g., education system, labor market demands,
policy frameworks), which interact to create imbalances in
resources, and in turn drive the process of digital exclusion. For
older adults, this dynamic is particularly pronounced, as digital
exclusion can exacerbate existing social and health disparities
(Barnett et al. 2021), while bridging digital divide can help reduce

health inequities on a global scale and promote digital inclusion
(Lu et al. 2022).

Therefore, enhancing digital inclusion for older adults is not
merely a technical challenge but a multifaceted societal impera-
tive, and synthesizing the behavioral and outcome perspectives is
of vital significance. Policies should not only ensure access but
also foster the digital skills and design the inclusive environments
necessary to translate digital engagement into tangible benefits for
healthy ageing. This integrated approach is fundamental to
modernizing social governance and ensuring that the digital
dividend is universally shared.

Healthy ageing
The conceptual evolution of the World Health Organization’s
“Healthy Ageing” reflects a profound theoretical shift from a
biomedical focus to a holistic and person-centered paradigm.
Healthy ageing was proposed by WHO at the 40th World Health
Assembly in 1987, which refers to the process of developing and
maintaining the functions required for healthy life in old age
(Beard et al. 2016). The concept of healthy ageing breaks through
the traditional negative view of population ageing and puts for-
ward new methods and ideas to solve this problem. On this basis,
a significant theoretical expansion occurred in 2002 with the
introduction of the “active ageing” concept, which incorporated
the social environment as a critical determinant of the ageing
experience and emphasized improving the quality of life of older
adults (WHO 2002). This marked a pivotal move beyond indi-
vidual physiology towards a socio-ecological understanding. The
2015 World report on ageing and health represents the most
integrative theoretical framework to date (WHO 2015). It syn-
thesizes prior concepts by explicitly integrating the dynamic
interplay between intrinsic capacity (the composite of individuals’
physical and mental attributes), functional ability (the ability to
perform activities valued by individuals), and the environment
(encompassing social, policy, and physical contexts). This fra-
mework theoretically redefines healthy ageing not as the absence
of disease, but as the process of developing and maintaining
functional capacity that enables well-being of older adults. It
establishes that functional capacity is an emergent property of the
interaction between individuals and their environment, providing
a comprehensive systems-level lens through which to view
population ageing and guide public health action (Beard et al.
2016).

Furthermore, previous studies have shown that factors such as
better health conditions (Nguyen et al. 2020), higher education
level (Lu et al. 2021), more regular lifestyles (Caballero et al.
2017), higher socioeconomic status (Wu et al. 2020), and higher
level of income (Lu et al. 2021) are crucial to the realization of
healthy ageing. In recent years, the combination of healthy ageing
and various fields has made remarkable progress, especially in the
field of digitalization. Smart sensors, wearable devices and arti-
ficial intelligence technology are used to monitor the physiolo-
gical data (such as heart rate, blood pressure, blood sugar) and
activities of older adults in real time, providing personalized
health management and early warning services. This technology
can not only help older adults find health problems in time, but
also respond quickly in emergency situations to ensure the safety
of them (Chen et al. 2023). In addition, the research on healthy
ageing and psychological factors began to shift from the external
environment to the psychological motivation of older adults and
the subjective willingness to achieve healthy ageing. Research
shows that healthy ageing depends not only on an individual’s
health goals and motivations, but also on the effort they put into
achieving those goals. By implementing interventions such as task
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prompting and emotion regulation, efforts to mobilize on healthy
behaviors in older adults can be promoted (Hess et al. 2021).

Digital inclusion and healthy ageing
Social capital theory (SCT) provides a powerful framework for
understanding how resources embedded within social networks
can be accessed and mobilized to facilitate collective action and
enhance individual well-being (Halpern 2005). According to SCT,
social capital comprises three distinct while interconnected
dimensions: structural capital, relational capital, and cognitive
capital (Nahapiet and Ghoshal 1998). Structural capital refers to
the overall pattern and network configuration of social relations,
such as the connections, rules and procedures between indivi-
duals. Relational capital is defined as the quality of interpersonal
relationships formed through long-term interaction, such as trust,
obligation, recognition and reciprocal norms. And cognitive
capital is the shared codes, languages, narratives, and values
within a group (Nahapiet and Ghoshal 1998).

On the one hand, the development of digital health provides a
new technological path and perspective for the realization of
healthy ageing, which requires health system and social change
(Danesin et al. 2025). Based on SCT, digital inclusion acts as a
catalyst for healthy ageing by empowering older adults to build
and mobilize social capital. At structural level, digital platforms
expand the scale and diversity of older adults’ social networks,
increasing the frequency and durability of interactions with their
family, friends and community members. And at relational level,
frequent and effective online communication helps to maintain
and deepen relational social capital through fostering trust and
reinforcing norms of reciprocity. When facing health challenges,
the trusted network can swiftly provide emotional support and
practical assistance. When it comes to cognitive level, internet
access allows older adults to engage with mainstream cognitive
social capital, such as acquiring digital health literacy and
understanding online service protocols, thereby bridging the
value and knowledge gap with younger generations (Danesin
et al. 2025). Therefore, improving the digital inclusion of older
adults and reducing their social inequality in digital technology
can better solve the dilemma of population ageing.

On the other hand, healthy ageing emphasizes the importance of
health and independence (Yu 2020), which encourages older adults
to take on new roles and activities in order to maintain their
functional capacity. And healthy ageing facilitates digital inclusion
by enhancing older adults’ capacity to accumulate and utilize social
capital. The high levels of physical, cognitive and psychological
function emphasized by healthy ageing are fundamental pre-
requisites for active social participation and capital accumulation.
For example, good cognitive and physical function enables older
adults to learn how to use digital devices and engage in online social
interactions (Ragnedda et al. 2022). And positive psychological
state and social role identity motivate them to actively maintain
relationships, for which digital tools are highly efficient. Hence,
promoting the realization of healthy ageing of older adults can also
enhance their subjective initiative of social participation, increase
their opportunities to acquire new skills, knowledge and informa-
tion (Ragnedda et al. 2022), and then increase their initiative to use
digital health technology, so as to better contribute to the realiza-
tion of digital inclusion and digital health equity.

As one of the most serious public health challenges facing the
world today, population ageing will increase the population vul-
nerability and future health burden of countries around the world
(Chen et al. 2024). UN indicated that the number of people aged
65 and above is expected to exceed that of those under 18 by the
end of the 2070 s. Currently, China has entered a period of deep
population ageing and the degree of ageing is at a medium to high

level globally, presenting the characteristics of a large older
population, a rapid ageing process and significant urban-rural
differences. Researches showed that compared with the US,
England and Japan, whose problem of population ageing is also
particularly severe, the degree of education and income inequality
for healthy ageing in China is significantly higher (Lu et al. 2021).
According to official statistics released in January 2025, China’s
internet user population surpassed 1.108 billion, among which
the group of Internet users aged 60 and above accounted for only
14.1%. As the digitally marginalized population, older adults
demonstrate significant deficiencies in digital competencies,
informational navigation skills, and technological knowledge
acquisition (Cui et al. 2024). In the Blue Book on the Develop-
ment of Healthy Ageing in China (2023–2024), it is also clearly
proposed that digital wisdom means should be more efficient,
accurate, and secure in actively responding to population ageing
strategies, and improve the social ageing service capacity and
social adaptability of older adults (Wang 2024). Therefore,
focusing on China to explore the relationship between digital
inclusion and healthy ageing can, by analyzing the structural
contradictions in the digital transformation of the world’s largest
ageing society, reveal the complex interaction mechanism
between technological empowerment and ageing social govern-
ance in the development process of an ageing society, and provide
a transferable practical model for developing and even developed
countries around the world to deal with the silver wave.

In conclusion, current research on the reciprocal relationship
between digital inclusion and healthy ageing is still limited. On
the one hand, literatures focus more on macro policies and case
analyses, while there is insufficient micro-empirical evidence
for digital development and healthy ageing (Gariboldi et al.
2023). On the other hand, previous studies mainly used cross-
sectional research designs or small-sample studies (Lu et al.
2022), lacking large-sample longitudinal data studies. It has
significant disadvantages, one is that it will produce bias caused
by common methods, the other is that the reliability of causal
inference needs to be verified (Podsakoff et al. 2003), and the
direction of the relationship between variables in the dynamic
time span cannot be defined. It’s extremely imperative to reveal
the bidirectional relationship between digital inclusion and
healthy ageing.

The present study
The purpose of this study is to explore the relationship between
digital inclusion and healthy ageing in older adults in China. First,
this study uses four waves of CHARLS data from 2011 to 2018 to
empirically test the longitudinal relationship between digital
inclusion and healthy ageing. To address the limitations of cross-
sectional data analysis, we adopted cross-lagged research design
to better clarify the influence mechanism between digital inclu-
sion and healthy ageing, and strengthen causal inference. Sec-
ondly, this study takes the middle-aged and older adults in China
as the research object, and expands the research perspective of
China’s ageing social governance system. The ageing society of
different countries has different characteristics. Our research
further explores the evidence of population ageing in the Chinese
cultural background, and provides reference for promoting the
digital healthy ageing to the in-depth development and explora-
tion of the construction of the Chinese-style healthy ageing
model. To sum up, based on literature and relevant theories, this
study puts forward the following hypothesis:

H1: Digital inclusion can positively predict healthy ageing.
H2: Healthy ageing can positively predict digital inclusion.
H3: There are bidirectional effects between digital inclusion

and healthy ageing.
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Methods
Sample and data collection. Data were obtained from China
Health and Retirement Longitudinal Survey (CHARLS) which is
conducted among Chinese individuals and households aged 45
and above in 28 provinces across China and aims to build a high-
quality public micro-database. The information collected covers
the socio-economic status and health status of multi-dimensional
information in order to meet the needs of scientific research on
ageing (Cheng et al. 2024; Zhao et al. 2014). The survey was
carried out in five waves: 2011(Wave 1), 2013(Wave 2),
2015(Wave 3), 2018(Wave 4) and 2020(Wave 5), covering over
150 counties and 450 communities with a total of near 20,000
participants from over 12,000 households. This dataset provides a
valuable resource for interdisciplinary studies addressing ageing-
related issues. Comprehensive information regarding the
CHARLS dataset is available at the official website: https://charls.
pku.edu.cn/.

Given that more than 50% of the healthy ageing indicators
were not measured in Wave 5, this study utilized data from wave
1 to 4, with the 2011 wave designated as the baseline. The baseline
cohort comprised 17,708 participants. And we excluded partici-
pants who were lost to follow-up in wave 2 to wave 4 (n= 5,727),
those under the age of 45 (n= 248), those with missing data for
digital inclusion (n= 129), and those with missing covariate
information, including age, gender, education level, residence,
marital status, personal income, household registration, smoking
status, alcohol consumption, chronic diseases, self-rated health,
and depressive symptoms (n= 8,713). The final analytical sample
consisted of 2,891 participants (see Fig. 1).

Before each wave of CHARLS survey, every participant would
be informed about the content and sign an informed consent
form by interviewers. All the survey data are strictly confidential

and protected by data security and privacy laws. In addition, each
round of CHARLS survey was approved by the Biomedical Ethics
Committee of Peking University in accordance with the
Declaration of Helsinki (ethical approval number IRB00001052-
11015) (Zhao et al. 2023).

Variables
Digital inclusion. Data on digital inclusion were collected through
self-reported questionnaires. In CHARLS survey, it was assessed
using two questions “Have you used the Internet in the past
month” and “How often in the last month did you use the
Internet” (Lu et al. 2022; Zhao et al. 2022; Li and Liu 2025). The
answers to the former question are “yes” (1 point) and “no” (0
point), while the latter question are “almost daily” (3 points),
“almost every week” (2 points) and “not regularly” (1 point). The
scores were added together, ranging from 0 to 4.

Healthy ageing. We applied the indicators developed by Ageing
Trajectories of Health Longitudinal Opportunities and Synergies
(ATHLOS) project to measure healthy ageing (Sanchez-Niubo
et al. 2021). It is the most widely used and reliable comprehensive
indicators for healthy ageing using harmonized data from 16
cohorts from 38 different countries on six continents (Cheng
et al. 2024; Critselis et al. 2020). The ATHLOS scale consist of 31
items for CHARLS and is scored using a unidimensional, two-
parameter logistic model (2PLM) of Item Response Theory (IRT),
and the endorsement probability of a specific response category is
modeled as a function of item discrimination and difficulty, and a
person parameter (Sanchez-Niubo et al. 2021), which has been
proved to converge successfully with excellent model fit
(CFI= 0.99, TLI= 0.99, RMSEA= 0.03) (Sanchez-Niubo et al.

Fig. 1 Flow of participants into study sample.
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2021; Stepaniak et al. 2024; Li et al. 2022). The scale covers
domains on cognition (memory, immediate recall, delayed recall,
orientation in time), psychology symptoms (sleeping), vitality
(pain, energy, et al.), sensory (eyesight, hearing, et al.), mobility
(stooping, lifting, climbing stairs, et al.), activities of daily living
(getting in or out of bed, shopping, bathing, et al.), and instru-
mental activities of daily living (doing housework, managing
money, et al.). In this study, we followed Cheng et al. and
excluded the making telephone calls and walking speed items
from CHARLS since there were not evaluated in wave 1 and wave
4 respectively (Cheng et al. 2024). Ultimately, we added up the
scores of all the indicators to obtain the score for healthy ageing,
ranging from 0 to 29.

Covariate. This study systematically addressed potential con-
founders associated with both digital inclusion and healthy ageing.
Based on prior literature (Lu et al. 2022; Zhang et al. 2023; Cheng
et al., 2024; Wang et al., 2024; Wang et al., 2025), we adjusted for a
range of covariates, including sociodemographic characteristics,
health-related behaviors, and health outcomes. Sociodemographic
characteristics consist of age (1= under 60, 2= greater than or
equal to 60), gender (1=male, 2= female), education level
(1= primary school or below, 2= junior high, 3= senior high or
vocational, 4= college or above), residence (1= rural, 2= urban),
marital status (1=married, 2 = unmarried), household registra-
tion (1= agricultural, 2= non-agricultural, 3= unified resident
registration), and personal income (1= income present, 2= no
income). Health-related behaviors encompassed smoking status
(1= smoker, 2= never smoked) and alcohol consumption
(1= drinker, 2= never drunk). Health outcomes included self-
rated health (1= excellent, 2= very good, 3= good, 4= fair,
5= poor), chronic disease conditions (hypertension, dyslipidemia,
diabetes or high blood sugar, cancer or malignant tumor, chronic
lung diseases, liver disease, heart attack, stroke, kidney disease,
stomach or other digestive disease, emotional, nervous, or psy-
chiatric problems, memory-related disease, arthritis or rheumatism,
and asthma), the number of chronic diseases (1= none, 2= one,
3=more than one) and depression (1= rarely or none, 2= some
or a little of the time, 3= occasionally or a moderate amount of the
time, 4=most or all of the time). All covariates were assessed at
baseline wave to reduce model complexity (Wang et al. 2025).

Statistical analyses. Continuous variables were described by means
(standard deviations) and categorical variables were expressed as
frequencies (percentages) to comprehensively summarize the
characteristics of research sample. To investigate the bidirectional
relationship between digital inclusion and healthy ageing among
Chinese older adults, a cross-lagged panel model was developed
with sequential adjustment for covariates. More precisely, standar-
dized coefficients were reported for four models. Model 1 is an
autoregressive model designed to test the stability of digital inclu-
sion and healthy ageing from wave 1 to wave 4. Model 2 is a crude
cross-lagged panel model without adjustments that include all the
autoregressive paths and cross-lagged paths to analyze the bidir-
ectional relationship between digital inclusion and healthy ageing.
Model 3 adjusted for age and gender based on Model 2. And Model
4 additionally accounted for marital status, self-rated health, smoke,
drink, the number of chronic diseases and depression, alongside age
and gender. Model fit was assessed using the comparative fit index
(CFI), the Tucker-Lewis index (TLI), the root mean square error of
approximation (RMSEA), and standardized root mean square
residual (SRMR). Acceptable model fit was defined by CFI > 0.90,
TLI > 0.90, RMSEA< 0.06, and SRMR < 0.06 (Hu and Bentler
1999). Furthermore, we conducted subgroup analyses to examine
potential variations in the associations. Participants were stratified

by key characteristics, including gender, marital status, education
level, residence, and personal income. To further assess the
robustness of our findings, we conducted a series of sensitivity
analyses following established methodologies (Li and Liu 2025;
Wang et al. 2025). First, we individually controlled for 14 specific
chronic conditions in place of the aggregate chronic disease count
used in the primary model (Model 4). Second, to address potential
bias from incomplete responses of healthy ageing, we employed
multiple imputation, generating and analyzing several complete
datasets to compare with the original results. Using a fully condi-
tional specification approach, five imputed datasets were generated
with 10 iterations per imputation. And logistic regression was used
to conduct independent statistical analysis on each imputed dataset.
Finally, we included digital exclusion as an alternative variable,
which was defined based on two questions: (1) Have you used the
internet in the past month; (2) Does your residence have broad-
band internet connection. Responding “no” to either question was
categorized as digitally excluded (coded as 0), otherwise as non-
digitally excluded (coded as 1). All statistical analyses were con-
ducted using Mplus version 8.3 and SPSS 27.0, and maximum
likelihood robust estimator was used. All p-values were two-sided,
and the significance level was 0.05.

Results
Baseline characteristics. Table 1 summarizes the baseline char-
acteristics of the study participants. In the total sample, 47.5%
were male, 32.1% had attained at least a primary education, and
81.9% resided in rural areas. In terms of social demographics,
82.1% were married and 81.0% had agricultural household
registration. Regarding health-related lifestyle behaviors, 61.3%
were non-smokers and 67.2% did not consume alcohol. With
respect to health status, 24.5% reported good self-rated health,
43.4% experienced little or no depressive symptoms, and 31.0%
had no chronic diseases.

Bidirectional relationship between digital inclusion and
healthy ageing. Our study examined the relationship between
digital inclusion and healthy ageing by constructing cross-lagged
panel models, and it shows a satisfying fit to the data:
RMSEA= 0.035, CFI= 0.985, TLI= 0.950, SRMR= 0.023. The
standardized coefficients of autoregressive and cross-lagged path are
presented in Table 2. In model 1, we incorporated digital inclusion
and healthy ageing from wave 1 to 4. The autoregressive effects of
both variables were significant, indicating that the variables were
stable among the four time points. In model 2, we included cross-
lagged path on the basis of controlling the autoregressive effect. The
results revealed that the predictive effects of digital inclusion on
healthy ageing were all significant from wave 1 to 4 (β= 0.049,
p < 0.001; β= 0.037, p < 0.01; β= 0.086, p < 0.001). And the pre-
dictive effects of healthy ageing on digital inclusion were also sig-
nificant from wave 1 to 4 (β= 0.057, p < 0.01; β= 0.048, p < 0.01;
β= 0.043, p < 0.01) as shown in Fig. 2. This suggested the presence
of bidirectional increase effects between them. In model 3 we
included age and gender as the covariate, and in model 4 marital
status, self-rated health, smoke, drink, the number of chronic dis-
eases and depression were also included. The results showed that the
cross-lagged effects remain robust (see Table 2).

Subgroup analysis. A multi-group analysis grouped by gender,
marital status, education level, residence, and personal income
was conducted to examine differences in the cross-lagged panel
model. We constructed constrained models respectively based on
different grouping criteria, assumed that the coefficient of cross-
lagged paths among each subgroup were equal, and compared
them with the unconstrained models to test whether there were
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any differences. The results indicated that there was no significant
difference among different gender groups (Δχ2 = 11.776, Δdf=6,
p= 0.067å 0.05), marital status groups (Δχ2 = 4.467, Δdf=6,
p= 0.6137å 0.05), residence groups (Δχ2 = 7.086, Δdf=6,
p= 0.313å 0.05), and personal income group (Δχ2 = 5.313,
Δdf=6, p= 0.5043å 0.05). However, different education level
groups illustrated significant difference (Δχ2 = 35.129, Δdf=18,
p= 0.009 < 0.01).

Sensitivity analysis. To ensure the robustness of our findings, we
conducted multiple sensitivity analyses (see Table 3). First, when
controlling for 14 specific chronic diseases at baseline rather than
the total count, all cross-lagged path estimates retained statistical
significance (Model 5). Second, results remained consistent when
multiple imputation was applied to handle missing data, sup-
porting the reliability of the original associations (Model 6).
Finally, re-estimating the models using digital exclusion as the
independent variable yielded substantively unchanged results,
further confirming the stability of our conclusions (Model 7).

Discussion
This study represents the first large-scale longitudinal investiga-
tions into the bidirectional relationship between digital inclusion
and healthy ageing among middle-aged and older adults in China.
Our findings advance the understanding of how digital inclusion
and healthy ageing mutually reinforce each other over time, while
highlighting critical disparities across socioeconomic and demo-
graphic groups. These results carry significant theoretical, prac-
tical, and policy implications for addressing population ageing
and advancing digital health equity, and provides new evidence
and understanding of the relationship between digital inclusion
and healthy ageing in the Chinese context. The results of
descriptive statistical analysis showed that the level of healthy
ageing of middle-aged and older adults in China generally shows
a downward trend, which is consistent with the research con-
clusion of Lu et al. (2022). At the same time, they also found that
there is no significant linear or non-linear relationship between
the age of middle-aged and older adults in China and healthy
ageing, which is exactly the opposite of the situation in the United
States, the United Kingdom and Japan. This further indicates that
the connotation of healthy ageing should not only emphasize
physical health, cognitive health and social health also need to be
given due attention (Abud et al. 2022), which is also consistent
with the definition of the connotation of health by WHO. Current
research on healthy ageing mainly focuses on meeting basic
needs, activity capabilities and mental health, while research on
functional capabilities such as decision-making, establishing and
maintaining relationships, and contributing to society is relatively
lacking (Zhao et al. 2023). Our research conforms to the devel-
opment trend of the digital age, exploring the bidirectional rela-
tionship between digital inclusion and healthy ageing, which is of
great value for comprehensively promoting the functional cap-
abilities of older adults.

To further test the bidirectional predictive relationship between
digital inclusion and healthy ageing, we used a four-wave cross-
lagged analysis, and cross-lagged panel analyses robustly confirm
a reciprocal relationship between digital inclusion and healthy
ageing, supporting the “virtuous cycle” hypothesis. This bidirec-
tional linkage underscores the need to reconceptualize digital
inclusion not merely as a tool for healthy ageing but as an integral
component of the ageing process itself (Gariboldi et al. 2023).
Notably, the relationship exhibits marked heterogeneity on edu-
cation level. Existing research indicates that individuals with
lower education levels derive disproportionately greater benefits
from digital inclusion, suggesting that digital technologies may
partially mitigate socioeconomic disparities in ageing outcomes,
which challenges assumptions about technology exacerbating
inequalities (Jaworski and Hooper 2023). This aligns with Lu
et al.‘s (2021) emphasis on education as a socioeconomic deter-
minant of healthy ageing, and reveals that targeted digital inter-
ventions could serve as compensatory mechanisms for
disadvantaged groups. Existing research demonstrates that
moderate Internet engagement offers multifaceted health benefits

Table 1 Baseline descriptive statistics (n= 2891).

Characteristics n (%)/Mean (SD)

Gender, n (%)
Male 1372 (47.5)
Female 1519 (52.5)

Age, n (%)
Under 60 1582 (54.7)
Greater than or equal to 60 1309 (45.3)

Education level, n (%)
Primary school or below 1964 (67.9)
Junior high 612 (21.2)
Senior high or vocational 279 (9.7)
College or above 36 (1.2)

Residence, n (%)
Urban 522 (18.1)
Rural 2369 (81.9)

Marital status, n (%)
Married 2374 (82.1)
Unmarried 517 (17.9)

Household registration, n (%)
Agricultural 2343 (81.0)
Non-agricultural 527 (18.3)
Unified resident registration 21 (0.7)

Personal income, n (%)
Income present 383 (13.2)
No income 2508 (86.8)

Smoke, n (%)
Smoke 1120 (38.7)
Never smoked 1771 (61.3)

Drink, n (%)
Drink 947 (32.8)
Never drunk 1944 (67.2)

Self-rated health, n (%)
Excellent 18 (0.6)
Very good 243 (8.4)
Good 448 (15.5)
Fair 1400 (48.5)
Poor 782 (27.0)

Depression, n (%)
Rarely or none 1255 (43.4)
Some or a little of the time 684 (23.7)
Occasionally or a moderate amount of the time 563 (19.4)
Most or all of the time 389 (13.5)

Number of chronic diseases, n (%)
None 895 (31.0)
1 type 863 (29.8)
≥ 2 types 1133 (39.2)

Digital inclusion, Mean (SD)
Wave 1 0.05 (0.408)
Wave 2 0.09 (0.568)
Wave 3 0.13 (0.680)
Wave 4 0.30 (1.026)

Healthy ageing, Mean (SD)
Wave 1 19.12 (3.780)
Wave 2 18.93 (3.771)
Wave 3 18.47 (4.172)
Wave 4 17.21 (4.385)
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for older adults facing chronic conditions. Scholars have identi-
fied that online health information accessibility serves as a key
mechanism through which digital connectivity enhances older
adults’ quality of life (Hu et al. 2024; Choi and DiNitto 2013).
This technological engagement not only facilitates better chronic
disease management but also fosters cognitive resilience by
strengthening digital literacy confidence, thereby promoting
greater independence in daily functioning (Cilli et al. 2023).
Furthermore, digital platforms act as social bridges that enhance
intergenerational connectivity, with studies indicating significant
positive correlations between Internet use and both psychological
well-being and mental health outcomes (Zhao et al. 2022; Marcus
et al. 2009). Therefore, the cumulative evidence suggests that
strategic Internet adoption can simultaneously address physical
health challenges while nurturing social-emotional wellness in
ageing populations.

The three major aspects of healthy ageing are individual health,
overall health and human environment health (Wu et al. 1997).
This study finds that digital inclusion can promote the realization
of healthy ageing from all the three aspects, and integrates and

develops the conclusions of the above research. In addition,
digital exclusion creates digital health inequalities that contribute
to other socioeconomic inequalities (Pérez-Amaral et al. 2021), so
it is imperative to identify ways to increase digital inclusion
among older adults. A very typical example is the serious
underrepresentation of middle-aged and older adults among
technology developers, which makes it difficult for the legitimate
concerns of older adults to be fully taken into account, further
exacerbating digital health inequalities (Lee and Coughlin 2015).
The promotion of healthy ageing can improve the cognitive and
physical functions of older adults, reduce social isolation, and
improve social connections (Merchant et al. 2021), thus
improving the participation of the middle-aged and older adults
in society, increasing their opportunities to acquire new skills,
knowledge and information, and then improving their digital
inclusion, bridging the digital divide, and realizing digital health
equity (Adler-Milstein 2021). This is consistent with the con-
clusion of this study, that healthy ageing can better promote the
digital inclusion of older adults and achieve digital healthy ageing.
Furthermore, while the observed cross-lagged path coefficients

Table 2 Overview of the standardized stability and cross-lagged coefficients.

Model Autoregressive path β Cross-lagged path β

Model 1 Digital inclusion (T1) → Digital inclusion (T2) 0.374***
Healthy Ageing (T1) → Healthy Ageing (T2) 0.482***
Digital inclusion (T2) → Digital inclusion (T3) 0.459***
Healthy Ageing (T2) → Healthy Ageing (T3) 0.610***
Digital inclusion (T3) → Digital inclusion (T4) 0.503***
Healthy Ageing (T3) → Healthy Ageing (T4) 0.438***

Model 2 Digital inclusion (T1) → Digital inclusion (T2) 0.371*** Healthy Ageing (T1) →Digital inclusion (T2) 0.057**
Healthy Ageing (T1) → Healthy Ageing (T2) 0.479*** Digital inclusion (T1) → Healthy Ageing (T2) 0.049***
Digital inclusion (T2) → Digital inclusion (T3) 0.457*** Healthy Ageing (T2) →Digital inclusion (T3) 0.048**
Healthy Ageing (T2) → Healthy Ageing (T3) 0.608*** Digital inclusion (T2) → Healthy Ageing (T3) 0.037**
Digital inclusion (T3) → Digital inclusion (T4) 0.503*** Healthy Ageing (T3) →Digital inclusion (T4) 0.043**
Healthy Ageing (T3) → Healthy Ageing (T4) 0.433*** Digital inclusion (T3) → Healthy Ageing (T4) 0.086***

Model 3 Digital inclusion (T1) → Digital inclusion (T2) 0.361*** Healthy Ageing (T1) →Digital inclusion (T2) 0.055**
Healthy Ageing (T1) → Healthy Ageing (T2) 0.477*** Digital inclusion (T1) → Healthy Ageing (T2) 0.043***
Digital inclusion (T2) → Digital inclusion (T3) 0.441*** Healthy Ageing (T2) →Digital inclusion (T3) 0.041**
Healthy Ageing (T2) → Healthy Ageing (T3) 0.605*** Digital inclusion (T2) → Healthy Ageing (T3) 0.030*
Digital inclusion (T3) → Digital inclusion (T4) 0.491*** Healthy Ageing (T3) →Digital inclusion (T4) 0.038**
Healthy Ageing (T3) → Healthy Ageing (T4) 0.424*** Digital inclusion (T3) → Healthy Ageing (T4) 0.071***

Model 4 Digital inclusion (T1) → Digital inclusion (T2) 0.316*** Healthy Ageing (T1) →Digital inclusion (T2) 0.049**
Healthy Ageing (T1) → Healthy Ageing (T2) 0.476*** Digital inclusion (T1) → Healthy Ageing (T2) 0.031*
Digital inclusion (T2) → Digital inclusion (T3) 0.403*** Healthy Ageing (T2) →Digital inclusion (T3) 0.033*
Healthy Ageing (T2) → Healthy Ageing (T3) 0.605*** Digital inclusion (T2) → Healthy Ageing (T3) 0.028*
Digital inclusion (T3) → Digital inclusion (T4) 0.462*** Healthy Ageing (T3) →Digital inclusion (T4) 0.034**
Healthy Ageing (T3) → Healthy Ageing (T4) 0.424*** Digital inclusion (T3) → Healthy Ageing (T4) 0.064***

***, **, * represent 0.001, 0.01, 0.05 significance level.

Fig. 2 Cross-lagged models between digital inclusion and healthy ageing in model 2.
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are statistically significant, their modest magnitude warrants
substantive meaningfulness. It’s worthing noting that in complex
longitudinal models involving multifaceted societal-level con-
structs like digital inclusion and healthy ageing, even small
coefficients can be theoretically and practically meaningful
(Ferguson 2009). The cross-lagged effect identified represent the
predicted change over a two-year or three-year internal, and the
persistence of these bidirectional effects across multiple waves
suggests a potential for cumulative impact over long term
(Ferguson 2009). Small but steady annual gains in functional
ability can compound into substantively significant differences in
health trajectories over a decade driven by digital engagement.

Implications. This study provides valuable insights into the gov-
ernance practices of population ageing. Theoretically, it establishes a
reciprocal dynamic between digital inclusion and healthy ageing in
older adults, creating an empirically-grounded conceptual framework
that addresses both ageing society challenges and digital health dis-
parities. By systematically demonstrating how these dimensions
mutually reinforce each other, the research provides novel explana-
tory mechanisms for developing integrated solutions to population
ageing while achieving digital health equity.

At the level of practical governance, it is necessary for
government management departments and older adults to pay
more attention to digital healthy ageing. As digital health
becomes more widely used in the field of knowledge and
practice to develop and use digital technologies to improve
health (Crawford & Serhal, 2020), it also plays a more important
role in achieving healthy ageing of older adults. For example, the
S-Health mobile app launched by the Vietnamese government
and the 5 G mobile app for Ageing launched by the Thai
government aim to promote the health level of older adults
through mobile application technology. In the 14th Five-Year
Plan for Healthy Ageing, the Chinese government has also
clearly pointed out that it will innovate the ways of providing
health services for older adults, and encourage the use of
information technologies to expand the space and content of
services such as medical treatment, nursing and rehabilitation.
Therefore, in the future, multiple departments should be
committed to building a digital inclusive healthy ageing system,
improve the digital inclusion of older adults from the aspects of
digital health literacy improvement, digital health technology

transformation, digital health education (Gariboldi et al. 2023),
and enhance the sense of digital acquisition of older adults.
Moreover, they can also build a comprehensive digital inclusive
healthy ageing system from various aspects such as policies,
technologies and services to promote the comprehensive well-
being of older adults and realize digital health equity. At the
same time, the ageing policy design should implement the
people-oriented concept, and build an all-age friendly digital
inclusive society through multi-subject consultation and co-
governance (Chu et al. 2022). In addition, older adults should
also give full play to their subjective initiative, actively
participate in social exchanges, take the initiative to improve
digital health literacy (Choukou et al. 2022), better integrate into
the development of digital health society, and take practical
actions to improve the level of healthy ageing and digital society
participation of individuals, so as to achieve the improvement of
health status and life expectancy.

Limitation and future directions. First, the CHARLS data used
in this study were all from the questionnaire responses of Chinese
middle-aged and older adults, and these data may still have
problems such as subjectivity and social cancellation bias (Cao
and Ji 2024). Furthermore, population weights were not utilized
to adjust the representativeness of the sample. Although CHARLS
database fully considered the randomness of sample selection and
sample weights during the sampling survey, the deleted sample
size due to the excessive missing values may also lead to a
reduction in the representativeness of the samples. In addition,
due to the limitations of the CHARLS database, although there
have been five waves of data research, the results of the latest fifth
wave in 2020 are missing a large number of indicators related to
healthy ageing. Therefore, this study only included four waves of
research data from 2011 to 2018. Major public health emergencies
in 2020 have had a significant impact on the health of older adults
and may affect their level of healthy ageing. Future studies could
explore this mechanism through public health modeling.

Second, the cross-lagged panel model is used in this study to
avoid the drawbacks of cross-sectional design. However, con-
sidering that longitudinal data itself is a kind of multi-level data,
the sources of variable variation can be naturally classified into
between-person level and within-person level, while CLPM
confuses the two distinct levels of effects (Hamaker 2023),

Table 3 Overview of the sensitivity analysis.

Model Autoregressive path β Cross-lagged path β

Model 5 Digital inclusion (T1) → Digital inclusion (T2) 0.476*** Healthy Ageing (T1) →Digital inclusion (T2) 0.046***
Healthy Ageing (T1) → Healthy Ageing (T2) 0.343*** Digital inclusion (T1) → Healthy Ageing (T2) 0.054**
Digital inclusion (T2) → Digital inclusion (T3) 0.609*** Healthy Ageing (T2) →Digital inclusion (T3) 0.029*
Healthy Ageing (T2) → Healthy Ageing (T3) 0.426*** Digital inclusion (T2) → Healthy Ageing (T3) 0.042**
Digital inclusion (T3) → Digital inclusion (T4) 0.430*** Healthy Ageing (T3) →Digital inclusion (T4) 0.085***
Healthy Ageing (T3) → Healthy Ageing (T4) 0.485*** Digital inclusion (T3) → Healthy Ageing (T4) 0.038**

Model 6 Digital inclusion (T1) → Digital inclusion (T2) 0.475*** Healthy Ageing (T1) →Digital inclusion (T2) 0.066***
Healthy Ageing (T1) → Healthy Ageing (T2) 0.451*** Digital inclusion (T1) → Healthy Ageing (T2) 0.026*
Digital inclusion (T2) → Digital inclusion (T3) 0.603*** Healthy Ageing (T2) →Digital inclusion (T3) 0.053***
Healthy Ageing (T2) → Healthy Ageing (T3) 0.527*** Digital inclusion (T2) → Healthy Ageing (T3) 0.029*
Digital inclusion (T3) → Digital inclusion (T4) 0.421*** Healthy Ageing (T3) →Digital inclusion (T4) 0.079***
Healthy Ageing (T3) → Healthy Ageing (T4) 0.609*** Digital inclusion (T3) → Healthy Ageing (T4) 0.018*

Model 7 Digital inclusion (T1) → Digital inclusion (T2) 0.437*** Healthy Ageing (T1) →Digital inclusion (T2) 0.043***
Healthy Ageing (T1) → Healthy Ageing (T2) 0.364*** Digital inclusion (T1) → Healthy Ageing (T2) 0.033*
Digital inclusion (T2) → Digital inclusion (T3) 0.555*** Healthy Ageing (T2) →Digital inclusion (T3) 0.044**
Healthy Ageing (T2) → Healthy Ageing (T3) 0.441*** Digital inclusion (T2) → Healthy Ageing (T3) 0.054***
Digital inclusion (T3) → Digital inclusion (T4) 0.347*** Healthy Ageing (T3) →Digital inclusion (T4) 0.053***
Healthy Ageing (T3) → Healthy Ageing (T4) 0.506*** Digital inclusion (T3) → Healthy Ageing (T4) 0.044***

***, **, * represent 0.001, 0.01, 0.05 significance level
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leaving the blend of effects uninterpretable. In future research,
more sophisticated longitudinal research designs can be taken
into consideration, such as latent growth curve model, latent
change score model, random intercept cross-lagged panel model,
to further improve the quality of research data.

Third, although Ageing Trajectories of Health Longitudinal
Opportunities and Synergies (ATHLOS) has provided reliable
indicators for measuring healthy ageing using CHALRS
database, due to the limitations of secondary data, this study
referred to previous studies and deleted making telephone calls
and walking speed items because they were not considered in
at least two rounds of surveys. Furthermore, ATHLOS also
provides indicators of healthy ageing for the ageing databases
of other countries (like Health and Retirement Study in the US,
English Longitudinal Study of Ageing in the UK, Survey of
Health, Ageing and Retirement in Europe). However, some
dimensions that were not measured in CHARLS database while
measured in other databases could not be deeply examined in
this study, such as verbal fluency, processing speed, and
numeracy. All of these issues may cause incomplete measure-
ment of healthy ageing to a certain extent. Future studies could
consider enriching more dimensions to measure the healthy
ageing status older adults more comprehensively.

Fourth, the aim of this study is to provide new empirical
evidence for the bidirectional relationship between digital
inclusion and healthy ageing, which conduct preliminary
exploration for the investigation of this relationship. On this
basis, future studies can be enriched by incorporating mediation
and moderation models. For example, explore the mediation role
of social participation and digital health literacy, as well as the
influence of e-skill self-efficacy as a boundary condition.

Conclusion
Based on the four-wave longitudinal data from the CHARLS
database, this study empirically examined the bidirectional pre-
dictive relationship between digital inclusion and healthy ageing
among middle-aged and older adults in China. The results illu-
strated that digital inclusion significantly positively predicts
healthy ageing, and healthy ageing can also positively predict
digital inclusion. There is a virtuous circle relationship between
them. This study highlights the importance of digital inclusion in
promoting healthy ageing and provides a theoretical foundation
for addressing population ageing. It emphasizes the need for
government to focus on digital health for older adults. Various
governments are already implementing digital health initiatives.
Future efforts should focus on building a comprehensive digital
inclusive healthy ageing system, improving digital literacy among
older adults, and implementing people-oriented policies for an
age-friendly and digitally inclusive society. Older adults are also
encouraged to actively participate in digital health society and
improve their healthy ageing and digital participation levels.

Data availability
The data sets generated and analyzed in this study are available
from the corresponding author upon reasonable request.
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