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Joint association of frailty index
and biological age with chronic
obstructive pulmonary disease: a
cohort study from CHARLS
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Chronic Obstructive Pulmonary Disease (COPD) is associated with frailty and ageing, but there is
insufficient evidence from existing longitudinal studies. This research explored the longitudinal
association between frailty, ageing and COPD. We used the China Health and Retirement Longitudinal
Study (CHARLS) data to perform a cohort study. The study population was non-COPD patients in
wave 1 (2011), and the outcome was the occurrence of COPD at the end of follow-up (wave 4-wave

5). Frailty was assessed using the CHARLS modified frailty index (CMFI), and ageing was evaluated
using the biological age (BA). We used multivariate logistic regression to examine the longitudinal
associations between CMFI and BA with COPD. Fitted curves were used to analyze the dose-response
relationship of CMFI and BA with COPD. A 3D surface diagram was used to analyze the association
between BA and CMFI with COPD. In addition, subgroup and sensitivity analyses were performed. 6452
non-COPD patients were enrolled in the study, and after follow-up, 616 participants were diagnosed
with COPD. Logistic regression and fitted curves showed a positive correlation between CMFIl and BA
and the development of COPD. The risk of COPD increased by 19% for every one standard deviation
(SD) increase in BA and 32% for every one SD increase in CMFI. A 3D surface diagram shows a joint
association between CMFI and BA with the COPD. Subgroup and sensitivity analysis results are stable.
This study found a joint association between CMFI and BA with COPD, suggesting that CMFI and BA
are risk factors for the development of COPD.

Keywords Chronic obstructive pulmonary disease, Ageing, Frailty, Biological age, Frailty index, Cohort
study

As ageing accelerates, the impact of frailty on clinical practice and public health is increasing!. Frailty originates
in geriatrics and is a state of reduced resistance and poor internal balance of the body due to deficiencies in
the functioning of several systems?. This state involves neuromuscular, metabolic, and immune changes that
significantly increase the risk of adverse events such as falls, disability, hospitalization, and all-cause mortality in
older adults®->. Frailty is a non-negligible part of the ageing process. The incidence and risk of frailty gradually
increase with age®’. Various chronic lung diseases are associated with ageing, and people with lung disease are
more likely to become frail®.

Chronic Obstructive Pulmonary Disease (COPD) is a closely age-related lung disease that poses a significant
challenge to the health system due to its high morbidity and mortality®!°. Frailty, ageing, and COPD do not
exist in isolation from each other but interact with each other!!. The lungs are critical respiratory organs that
undergo structural and functional changes during ageing, which increases the risk of COPD!2 Biological age,
which represents ageing, has been linked to COPD and impaired lung function!*!*. In addition, with ageing,
the body’s muscle mass and physical activity decrease, increasing the risk of frailty!>16. Frailty is common in the
COPD population, and several studies found that COPD patients are associated with higher rates of frailty!”!8.
However, the results on frailty and aging with COPD came from cross-sectional studies, so more longitudinal
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evidence is needed to explore this relationship!>!4!°. Therefore, we plan to use a cohort study to analyze whether
frailty and aging are risk factors for COPD.

We plan to use the China Health and Retirement Longitudinal Study (CHARLS) modified frailty index
(CMFI) from CHARLS ‘previous studies to measure frailty?®. The CMFI integrates multidimensional health
variables such as somatic, functional, and psychological variables and can reflect the overall state of health?!. In
addition, we planned to use the Klemera-Doubal method (KDM) to calculate biological age (BA) to represent
ageing?>?. Study data were obtained from the CHARLS. We plan to analyze the independent and combined
associations of CMFI and BA with the risk of COPD occurrence.

Methods

Study population

This research was a prospective cohort study. Data on the research population were obtained from CHARLS,
a longitudinal study focusing on middle-aged and older adults (=45 years of age) in China*#?*. The CHARLS
study started in 2011 and covered 150 counties and included around 17,000 people per year. All data can be
downloaded from the official website (https://charls.pku.edu.cn/index.htm) on request. Professionally trained
interviewers and physicians collected data through structured questionnaires and examinations. The Ethics
Committee of Peking University approved the survey, and all participants signed an informed consent form
(IRB00001052-11014)%°. All methods are carried out in accordance with the relevant guidelines and regulations
of the official CHARLS website?*. This study followed the STROBE guidelines.

Definition of COPD at baseline and after follow-up

In CHARLS, a diagnosis of COPD is a positive answer to the question, “Have you ever been diagnosed with
COPD by a doctor?” while a negative answer is defined as a non-COPD population?*?”. CHARLS conducts
survey every 2-3 years, each called a wave. Questionnaires on COPD diagnosis were available in Wave 1 (2011),
Wave 4 (2018) and Wave 5 (2020). The study population consisted of participants who answered non-COPD in
Wave 1. Participants’ affirmative answers to the above questions in Waves 4 and 5 were defined as the occurrence
of COPD after follow-up.

Definition of frailty

In this study, we exhibited frailty projects and formulas developed by Rockwood to assess frailty?!. We assessed
frailty using 34 indicators including activities of daily living, physical functioning, mental health and chronic
conditions based on CHARLS data characteristics and previous relevant literature?. To avoid ambiguity with
frailty index, we named it CHARLS modified frailty Index (CMFI) The CMFI contains 34 accessible items (Table
S1). Specifically, the sum of the frailty items was divided by the total number of items measured (at least 20). The
CMFI ranges from 0 to 1, with a higher CMFI indicating greater frailty.

Definition of biological age

We used the KDM-BA to indicate the degree of ageing??. The calculation of KDM-BA was based on 12
biomarkers, and 4 biomarkers (albumin, red blood cell count, ferritin, and transferrin) were missing in CHARLS.
Liu showed through his study that the remaining 8 biomarkers are usually replicated in CHARLS, and have
potential applications for early identification of aging and aging-related diseases in China?*. We included the
eight markers mentioned above: serum total cholesterol, triglycerides, glycosylated hemoglobin, urea nitrogen,
creatinine, albumin, high-sensitivity c-reactive protein, and platelet count. The above data were log-transformed
to ensure that they were normally distributed. The detailed formulae are shown in Table S2. Higher BA values
indicate a higher degree of senescence®.

Inclusion and exclusion criteria

First, patients who had a diagnosis at baseline and were diagnosed with non-COPD were included in our
research. Then, participants with missing follow-up data were excluded. Finally, after excluding participants
with missing CMFI and BA variables and covariates, the final population was our study population.

Study covariates

This research incorporated several covariates, including gender, age, body mass index (BMI), marital status,
place of residence, education, smoking and alcohol consumption. The population included in this study was
middle-aged and older adults > 45 years of age, which we categorized as middle-aged (< 65 years) and older adults
(=65 years). BMI was classified according to whether or not it was greater than 25 kg/m?. Smoking history was
categorized as ever smoking (smoked more than 100 cigarettes but quit), current smoking, and never smoking.
Alcohol consumption was classified into three groups based on whether participants drank alcohol and how
often they drank: non-drinkers (no alcohol in the past year), infrequent drinkers (less than one drink per month
in the past year), and frequent drinkers (more than one drink per month in the past year). C-reactive protein
was included in the study. Comorbidities included cardiovascular disease, hypertension, diabetes mellitus, and
asthma; see Supplementary file (Diagnostic Definitions of Diseases in Figure S1) for detailed diagnoses.

Statistical analysis
Continuous data conformed to normal distribution were expressed as mean (standard deviation, SD), and count
data were expressed as N (%). Comparisons between variables were made using one-way ANOVA and chi-
square tests.

We used multivariate logistic regression to examine the longitudinal relationship between CMFI and BA
with COPD. Standard deviation (SD) was used as a quantification criterion, i.e., each change in SD resulted
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in a change in the ratio of ratios (OR). In addition, we categorized CMFI and BA into quartiles based on their
magnitude. The quartiles for CMFI were Q1 (<0.056), Q2 (0.056-0.096), Q3 (0.097-0.151), and Q4 (>0.151),
and the quartiles for BA were Q1 (<50.44), Q2 (50.44-56.54), Q3 (56.55-63.30) and Q4 (>63.30). P-trend was
obtained using the linear term for quartiles, with P-trend <0.05 indicating a linear relationship. The logistic
regression was adjusted for three models: the crude model with unadjusted variables, model I, adjusted for
gender and age, and model II, further adjusted for body mass index (BMI), marital status, residence place,
education, smoking, drinking, CRP (only in CMFI), and comorbidities (only in BA). To further clarify the dose-
response relationships of CMFI and BA with COPD, we plotted fitted curves incorporating the three models. In
addition, we analyzed the relationship between CMFI and BA.

Subgroup analyses were used to analyze the longitudinal associations of CMFI and BA with COPD in different
subgroups (sex, age, residence, BMI, smoking history, drinking history). P for interaction <0.05 indicates an
interaction in the group.

After CMFI (< 56.55, 256.55) and BA (<0.097, 20.097) were classified as dichotomous variables by median,
the joint association was analyzed by measuring the sum of the independent associations of the two factors in
relation to COPD. We applied the relative excess risk due to interaction (RERI), the attributable proportion of
interaction (AP), and the synergy index (SI) to assess additive interactions. When the confidence intervals for
RERI and AP contain 0 and the confidence interval for SI contains 1, there is no additive interaction. In addition,
we plotted a 3D surface map to better demonstrate the joint association of CMFI and BA with COPD.

We performed several sensitivity analyses. First, because 4,794 participants were excluded from the study due
to missing data, we compared baseline information between the excluded and included populations. In addition,
because of the potential association of asthma with COPD, we excluded the asthma population for regression
analysis. Finally, participants diagnosed with COPD in 2018-2020 were the outcome variable, so we excluded
participants who died during this period for regression analysis.

P <0.05 was considered a statistically significant difference. This study used R version 4.2.2 and “FreeStatistics”
software.

Results

Baseline characteristics

Figure 1 illustrates the detailed inclusion and exclusion results. Table 1 shows that 21.28% of participants were
older (265), and 43.52% were male before follow-up. After at least seven years of follow-up, 616 participants
reported COPD and 5836 were non-COPD. Compared to non-COPD, the COPD population was older, male,
unmarried, and rural, and smokers were more prevalent. In addition, CMFI and BA were higher in the COPD
population than in the non-COPD population. We also analyzed baseline information for the 4,794 participants
who were excluded due to missing data compared with the 6,452 participants who were not excluded. Table S3
shows no significant difference in the percentage of COPD between the two groups before and after exclusion.

Longitudinal association of CMFI and BA with COPD

As shown in Table 2, elevated CMFI and BA were associated with an elevated risk of developing COPD, a stable
result in all three models. In model 2, which was adjusted for more covariates, each 1 SD of elevated BA was
associated with a 19% higher incidence of COPD, and each 1 SD of elevated CMFI was associated with a 32%
higher risk of COPD. After quartiles, the logistic regression results remain stable.

Figure 2 shows that CMFI and BA were positively associated with the longitudinal occurrence of COPD in
all three models. In particular, the relationship between CMFI and COPD was nonlinear (P-nonlinear <0.05),
whereas the relationship between BA and COPD was linear (P-nonlinear >0.05). We did not find an inflection
point in the nonlinear association between CMFI and COPD.

Table S4 shows that CMFI and BA were still associated with the occurrence of COPD after excluding the
asthma population. Table S5 shows that the regression analysis results remain stable after excluding participants
who died during 2018-2020.

Subgroup and joint analysis

Figure 3 shows the subgroup analyses of the association of CMFI and BA with COPD. After adjusting for
covariates, the results for all subgroups in the forest plot remained stable (P for interaction >0.05). Table 3 shows
that high BA and low CMFI (OR, 1.37, 95%CI, 1.02,1.83, P=0.034), high CMFI and low BA (OR, 1.88, 95%ClI,
1.44,2.45, P<0.001), and high CMFI and high BA (OR, 2.48, 95%CI, 1.89,3.26, P<0.001) all have an increased
risk of COPD compared to the combination of low CMFI and low BA. In addition, the results of the additive
interaction showed that the interaction between CMFI and BA on COPD was not significant [adjusted RERI
(95% CI): 0.23 (-0.34, 0.80); adjusted AP (95% CI): 0.09 (-0.13, 0.32); adjusted SI (95% CI): 1.19 (0.76, 1.86)].
Figure 4 demonstrates the joint association of CMFI and BA with COPD by means of a 3D surface map.

Discussion

Our study found that elevated CMFI and BA were associated with longitudinal COPD occurrence. Different
models and fitted curves also confirmed this relationship, and the results of subgroup and sensitivity analyses
remained stable. The present study provides longitudinal evidence for the association of CMFI and BA with
COPD.

Multiple studies find indicators of aging and frailty linked to COPD!'71813:14 Most of the studies mentioned
above were cross-sectional, and the evidence from several longitudinal studies was inconsistent. Lee et al. found
that the presence of COPD led to a greater likelihood of developing frailty in women, but the results were not
significant in men?3. Yee et al. found that weakness assessed by grip strength was not associated with all-cause

Scientific Reports |

(2025) 15:17616 | https://doi.org/10.1038/s41598-025-99682-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

17,301 participants 245 years old in
wave 1 of CHARLS

Exclude Missing disease diagnosis (N=186)
Patients diagnosed with COPD at
baseline (N=1762)

Y

Y

15353 patients who were non-COPD at
baseline (wave 1)

Exclude o Missing follow-up data
1 (N=4170)
\ 4
11246 patients with a diagnosis at the
end of follow-up (wave 4 or wave 5)
Exclude Missing calculation of frailty index or
»  biological age variables (N=4696)

Missing covariates (N=98)

Y

6452 participants enrolled in the
study

Fig. 1. Flow chart of the research.

hospitalization in patients with COPD in a longitudinal study?. In contrast, Kennedy et al. found that the Fried
weakness phenotype was associated with more extended hospitalization and poorer quality of life in patients with
COPD?°, Scarlata et al. found a positive correlation between FI and the BODE index (BMI, Obstructive index,
Dyspnea, Exercise Capacity) in patients with COPD in a study with a follow-up of 4 years’!. The longitudinal
association between BA and COPD is currently unclear. Therefore, we conducted this cohort study and found a
longitudinal association between CMFI and BA with COPD in a Chinese population.

Researchers have used various tools in past studies to assess the relationship between frailty and COPD*-31,
Commonly used tools include the Frailty index and Fried frailty phenotypes. We used the CMFI to assess frailty,
which includes 34 indicators including activities of daily living, physical functioning, mental health and chronic
conditions, and is more applicable to middle-aged and older adults. Currently, commonly used tools to quantify
BA include the Klemera-Doubal method (KDM), the PhenoAge method, and homeostatic dysregulation?3233,
In the CHARLS study, the KDM-BA was easily accessible and had a better ageing prediction; therefore, it was
used in our research?34,

We found a common association between CMFI and BA and COPD by stratified analyses and 3D surface
diagram. This suggests that there is a strong relationship between frailty and ageing, which together promote
COPD. Frailty, ageing, and COPD do not exist in isolation from each other but interact with each other. Ageing
leads to decreased immune function and weakened defenses in the lungs, increasing the risk of COPD®. As
ageing progresses, patients experience reduced muscle strength and mass in the extremities, decreased physical
activity, and an elevated risk of frailty, further increasing the probability of COPD3¢3’. Respiratory muscle
fatigue and sarcopenia are also an important factor in the development of COPD?*®3°. Muscle loss may be an
external manifestation of the association between frailty, ageing, and COPD.

Reversing ageing is unrealistic, and slowing it down in various ways is a future research priority. Studies
found that frailty is dynamic and can be reversed after effective interventions***!. Maddocks et al. found that
frail COPD patients responded well to pulmonary rehabilitation and could reverse their frailty in the short
term*2. Optimized nutrition and scientific training are positive for preventing sarcopenia, slowing down
ageing, and reducing the risk of frailty**. In addition, inflammatory factors such as CRP and IL-6 are strongly
associated with frailty and ageing**~%°. Clearing chronic inflammation by targeting pro-inflammatory cytokines
and inflammatory pathways may contribute to sarcopenia and thus improve frailty*%. Smoking is significantly
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Total Non-COPD | COPD
Variable (N=6452) (N=5836) (N=616) P
BA, mean (SD) 57.26 (9.21) | 57.09 (9.19) | 58.83 (9.28) | <0.001
CMFI, mean (SD) 0.11 (0.08) | 0.11(0.08) | 0.14(0.09) | <0.001
Age, year, n (%) 0.030
<65 5079(78.72) | 4615(79.08) | 464(75.32)
> 65 1373(21.28) | 1221(20.92) | 152(24.68)
Sex, n (%) <0.001
Female 3644(56.48) | 3342(57.27) | 302(49.03)
Male 2808(43.52) | 2494(42.73) | 314(50.97)
BML n (%) 0.53
<25 4363(67.62) | 3939(67.49) | 424(68.83)
>25 2089(32.38) | 1897(32.51) | 192(31.17)
Education, n (%) 0.13
Junior high school and below | 4454(69.03) | 4007(68.66) | 447(72.56)
High school 1918(29.73) | 1755(30.07) | 163(26.46)
College and higher 80(1.24) 74(1.27) | 6(0.97)
Marital status, n (%) <0.001
Married 5816(90.14) | 5280(90.47) | 536(87.01)
Non-married 636(9.86) 556(9.53) | 80(12.99)
Residence place, n (%) 0.047
Rural 4329(67.10) | 3893(66.71) | 436(70.78)
Urban 2123(32.90) | 1943(33.29) | 180(29.22)
Smoking, n (%) <0.001
Never 4146 (64.26) | 3805 (65.20) | 341 (55.36)
Ever 453 (7.02) | 394 (6.75) | 59 (9.58)
Smoker 1853 (28.72) | 1637 (28.05) | 216 (35.06)
Drinking, n (%) 0.183
No 4334 (67.17) | 3940 (67.51) | 394 (63.96)
Infrequent 528 (8.18) 470 (8.05) | 58 (9.42)
Frequent 1590 (24.64) | 1426 (24.43) | 164 (26.62)
CRP, mg/L, Median (IQR) (05,196 | (0.52,198) | ©0.36,218) | 921
Comorbidities, n (%)
Hypertension 2511 (38.92) | 2269 (38.88) | 242 (39.29) 0.844
Diabetes 898 (13.92) | 814 (13.95) | 84 (13.64) 0.832
Cardiovascular disease 680 (10.54) | 586 (10.04) | 94 (15.26) <0.001
Asthma 89 (1.38) 63 (1.08) | 26 (4.22) <0.001

Table 1. Population characteristics in COPD and non-COPD states. COPD, chronic obstructive pulmonary
disease; BA, biological age; CMFI, CHARLS modified frailty index; BMI, body mass index; CRP, C-reactive
protein.

associated with adverse ageing phenotypes and frailty phenotypes, and smoking cessation is also an important
way to improve frailty and ageing?”®. More longitudinal studies are needed to analyze the role of different
strategies in COPD prevention and management.

This study has several strengths. First, the study used CHARLS, which has a large sample and high-quality
data. Second, the prospective cohort study design allowed us to explore the association of frailty and ageing with
COPD effectively. Undeniably, this study also has some limitations. First, the diagnosis of COPD is not made
by pulmonary function tests but from self-report, which may be misdiagnosed or missed*’. We look forward
to further studies to enrich lung function diagnosis and address this deficiency. Secondly, although we adjusted
for multiple confounding factors in this study, unmeasured and heavily missing factors such as diet, exercise,
socioeconomic status, and medication history were not adjusted. Third, 4,696 people who lacked CMFI and
BA data were excluded from the study, potentially leading to some potential bias. In addition, data related to
cumulative smoking history (pack-years) were unavailable, and we expect future studies to be further refined.
Finally, we only included CMFI and BA at baseline, and there was a lack of studies on the relationship between
dynamic changes in CMFI and BA and COPD.
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Crude model Model 1 Model 2

N Event, (%) | OR (95%CI) | P OR (95%CI) |P OR (95%CI) | P
BA (per SD) 1.20(1.11,1.30) | <0.001 | 1.23(1.09,1.38) 0.001 | 1.24(1.08,1.41) 0.002
BA quartile
Q1 (<50.44) 1612 | 107(6.6) | ref ref ref
Q2
(50.44-56.54) 1614 147(9.1) 1.41(1.09,1.83) 0.009 | 1.35(1.04,1.75) 0.024 | 1.33(1.02,1.73) 0.035
Q3
(56.55-63.30) 1612 | 174(10.8) 1.70(1.32,2.19) | <0.001 | 1.64(1.27,2.12) | <0.001 | 1.61(1.23,2.11) | <0.001
Q4 (>63.30) 1614 | 188(11.7) 1.85(1.45,2.38) | <0.001 | 1.86(1.36,2.56) | <0.001 | 1.94(1.37,2.75) | <0.001
P for trend <0.001 <0.001 <0.001
CMFI (per SD) 1.31(1.22,1.40) | <0.001 | 1.34(1.25,1.45) | <0.001 | 1.32(1.23,1.43) | <0.001
CMFI quartile
Q1 (<0.056) 1584 87(5.5) | ref ref ref
Q2
(0.056-0.096) | 1627 | 140(86) | 1.62(1.23.2.14) | <0.001 | 1.68(1.27.2.22) | <0.01 | 1.65(1.25,2.18) | <0.001
Q3
(0.097-0.151) 1644 | 178(10.9) 2.10(1.61,2.74) | <0.001 | 2.26(1.73,2.96) | <0.001 | 2.20(1.68,2.88) | <0.001
Q4 (>0.151) 1597 | 211(13.1) 2.61(2.01,3.38) | <0.001 | 2.89(2.23,3.77) | <0.001 | 2.78(2.12,3.65) | <0.001
P for trend <0.001 <0.001 <0.001

Table 2. Longitudinal association of CHARLS modified frailty index (CMFI) and biological age (BA) with
COPD. Crude model adjusted for nothing. Model I adjusted for gender and age. Model II adjusted for sex,
age, body mass index, marital status, residence place, education, smoking, drinking, CRP (only in CMFI), and

comorbidities (only in BA).

Conclusions

This study found a joint association between CMFI and BA with COPD. Frailty and ageing jointly contribute to
the development of COPD. By further revealing the mechanisms of frailty and aging in COPD, it may provide

new perspectives for personalized treatment of COPD.
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Fig. 2. Fitted curve analysis of CMFI and BA in association with COPD.
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Fig. 3. Forest plot of CMFI and BA in association with COPD.

Low BA High BA
OR (95%CI) OR (95%CI) Effect of BA within CMFI
Low CMFI | ref 1.37(1.02,1.83) | 1.37(1.02,1.83)
High CMFI | 1.88(1.44,2.45) | 2.48(1.89,3.26) | 1.32(1.04,1.69)
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Table 3. Joint association of CHARLS modified frailty index (CMFI) and biological age (BA) for COPD.
Low BA (<56.55), High BA (>56.55), Low CMFI (<0.097), High CMFI (>0.097). Adjusted for sex, age, body
mass index, marital status, residence place, education, smoking, drinking. RER], relative excess risk due to
interactions; AP, attributable proportion of interaction; synergy index, SI.
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Fig. 4. 3D surface diagram of the joint association of CMFI and BA on COPD.

Data availability

Data in the article can be obtained from the CHARLS database (https://charls.pku.edu.cn/). The datasets genera

ted during and/or analyzed during the current study are available from the corresponding author on reasonable
request.
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