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The interaction and mediation role of intrinsic capacity in the
association between asthma and all-cause mortality

Yangyang Cheng'?, Yue Zhang'?, Junjie Lin"?, Chenjie Xu>*® and Xiaolin Xu
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Asthma and intrinsic capacity (IC) decline were individually examined with mortality, yet the complex interplay between them
remains largely unknown. This study aimed to examine the potential roles of IC decline in the association between asthma and all-
cause mortality. We conducted a prospective cohort study using data from UK Biobank, where IC decline was defined as a decline in
any domain of psychological, sensory, vitality, and locomotion. Cox proportional hazard models were used to examine the
associations between asthma, IC decline, and all-cause mortality. The relative excess risk due to additive interaction (RERI) was
calculated. Mediation analysis was performed to explore the mediating effect of IC decline. And a four-way decomposition method
was utilized to quantify both the interaction and mediation role of IC decline. Among 439,973 participants, 51,558 (11.7%) had
asthma, 290,964 (66.1%) experienced IC decline, and 37,204 deaths occurred during 5.92 million person-years follow-up. Significant
multiplicative and additive interactions were observed between asthma and any IC domain decline on all-cause mortality
(Multiplicative: HR = 1.14, 95% Cl: 1.06-1.24; Additive: RERI = 0.20, 95% Cl: 0.11-0.29). The proportion of the association between
asthma and all-cause mortality mediated by decline in all four domains was 28.14% (95% Cl: 23.84-34.92%). The results of four-way

decomposition were similar. Asthma was associated with increased all-cause mortality, and this association may be partially
accounted for by both the interaction and mediation effects of IC decline. These findings underscore the importance of
comprehensive interventions that address both asthma management and preservation of IC function to enhance health outcomes

in middle-late life.
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INTRODUCTION

Asthma, a common chronic inflammation airway disease, has been
highlighted for its high prevalence and considerable treatment
costs'. According to Global Burden of Disease estimates, the
incidence and prevalence of asthma has increased over the past
thirty years, and asthma was responsible for approximately 0.5
million deaths in 2019 worldwide®. Previous studies have
demonstrated that asthma is associated with poor quality of life,
activity limitation, adverse behavioral and psychosocial outcomes,
and mortality>~®. Intrinsic capacity (IC, the composite of all the
mental and physical capacities of an individual), an essential
component of functional ability, has been proposed as an
effective marker of healthy ageing by the World Health Organiza-
tion”. IC usually structured into five domains: psychological,
sensory, vitality, locomotion, and cognition, and it emphasizes the
inherent positive health aspects in older adults®. Growing
evidence has suggested that IC decline is linked to an elevated
risk of adverse health outcomes such as disability, functional
decline, and mortality®'°.

Both asthma and IC have been individually associated with all-
cause mortality in previous studies®®''. However, the interplay
between asthma and IC decline remains largely unexplored.
Chronic systemic inflammation, indicated by higher levels of
inflammatory biomarkers, is commonly observed in individuals
with asthma'?'3. Similarly, elevated inflammatory markers, a
mechanism of aging, have been shown to predict future decline
in 1IC'%. Considering the shared inflammatory mechanisms
between asthma and IC decline, it is essential to understand
whether their combination leads to a synergistic, additive, or

antagonistic effect on mortality. Additionally, although no study
has examined the association between asthma and IC decline,
evidence have shown that asthma was associated with impair-
ment of some functions, such as psychological’>'®, cognition'”-'8,
and vitality'®. A large-scale genome-wide cross-trait analysis also
identified potential causal links between asthma and mental
health disorders, such as anxiety and depression'®. A clinical
cohort study suggested patients with moderate to severe asthma
is prevalent with low muscle strength'®. Therefore, an important
question is whether IC decline plays a mediating role in the
association of asthma with all-cause mortality. Also, understanding
which modifiable IC domain plays the most crucial role could
provide valuable insights for developing preventive strategies and
intervention targets against mortality risk in patients with asthma.

In the current study, we conducted comprehensive analyses to
examine the combined association of asthma and IC decline with
all-cause mortality, and to quantify to what extent IC decline may
mediate the association between asthma and all-cause mortality.

METHODS

Study design and participants

UK biobank is a large population-based cohort study that
recruited more than 500,000 individuals between 2006 and
2010. At enrollment, sociodemographic, lifestyle, medical history,
and other health-related information were collected by touchsc-
reen questionnaires, laboratory tests, and physical measurements.
Diseases were diagnosed by ongoing follow-up through linkage to
datasets including primary care systems, national hospital
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Fig. 1 Study design and analytical framework.

inpatient and outpatient records, and death registrations. The
details of the UK biobank are available elsewhere (https://
www.ukbiobank.ac.uk/).

A total of 502,364 participants attended the baseline assess-
ment. We excluded participants who were lost to follow-up
(n =1297), those with conflicting information on asthma diag-
noses (n=19), and those with missing data for the IC factor
(n=61,075), resulting in an analytic cohort of 439,973 partici-
pants. Figure 1 provides a general study design. This study is
reported following the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) statement for cohort
studies?®, with the corresponding checklist provided in supple-
mentary material.

Temporal sequence of key variables

The assessment timing of exposure, mediator, and outcome in this
study is summarized in Fig. 1. Both asthma history (the exposure)
and IC decline (the potential mediator) were assessed concur-
rently at the baseline. All-cause mortality (the outcome) was then
prospectively ascertained during follow-up until 2022. While this
established temporal order from baseline to outcome, the
concurrent measurement of asthma and IC at baseline shaped
the interpretation of our mediation analysis. Specifically, we
evaluated the role of IC at study entry in explaining future
mortality risk associated with asthma, not a causal pathway where
asthma led to a subsequent IC decline and then to death.

Assessment of asthma

The information on asthma (J45) based on the International
Classification of Diseases codes (ICD-10) was derived from the first
occurrence fields, which were generated from the primary care
data, inpatient hospital records, death register records, and self-
reported medical conditions that were recorded before enrolment
and during follow-up. Asthma history was defined as asthma
diagnosed before the baseline assessment date.
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Assessment of intrinsic capacity

IC was constructed using seven indicators from four of the five
domains proposed by Beard and colleagues’?'2, The cognitive
capacity was not included due to lack of assessments in the UK
Biobank. The four domains assessed were: 1) Psychological: self-
reported exhaustion and sleep duration. 2) Sensory: self-reported
vision problems and hearing impairment. 3) Vitality: grip strength
and self-reported weight loss. Grip strength was measured by
assessing the mean values of the right and left hand and
comparing them to sex and BMI adjusted cut-off values®. 4)
Locomotion: self-reported walking pace. Detailed definition of the
IC is provided in supplementary Table S1. If any factor within a
domain shows decline, this domain is considered to have
declined. Similarly, if any domain shows decline, the individual is
classified as having an IC decline. We also calculated the IC
domain decline number (0 to 4) and pattern (mutually exclusive
16 categories).

Mortality ascertainment

The primary outcome was all-cause mortality, which was defined
as any cause of death occurred from baseline. The date and
underlying cause of death were obtained by linkage to the
national death register records. The follow-up time ascertained
from baseline and ended at the date of death or the end of follow-
up (December 19, 2022), whichever came first. We additionally
considered the cause-specific mortality, including cardiovascular
diseases (CVD) (ICD-10: 100-199) and respiratory (ICD-10: J09-]99).

Covariates

The selection of covariates was informed by similar previous
studies and included demographics, lifestyle factors, early-life
factors, and medical history®?#2>, These included age (continuous,
at recruitment), sex (female/male), recruitment center (England/
Scotland/Wales), ethnicity (White/non-White), educational level
(under college/college or above), Townsend deprivation index
(TDI, tertile), body mass index (BMI, underweight/normal weight/
overweight/obese), smoking status (current/never or former),
moderate alcohol intake (male: 0-28 g/day; female: 0-14g/
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day)?®, healthy physical activity, maternal smoking around birth
(yes/no), breastfed as a baby (yes/no), history of hypertension,
diabetes, CVD, cancer, and atopy (yes/no). Healthy physical activity
was defined as moderate activity at least 150 min per week or
vigorous activity 75 min per week (or an equivalent combination)
or engaging in moderate activity at least 5 days a week or
vigorous activity at least 3 days a week?”. For those covariates with
missing values were classified into “unknown” group.

Statistical analysis

The baseline characteristics were presented as median (inter-
quartile range, IQR) for continuous variables with non-normal
distribution and number (percentage) for categorical variables.
Differences between groups were compared using Kruskal-Wallis
test and Chi-Squared test.

Kaplan-Meier curves and stratified log-rank tests were used to
compare all-cause mortality across dementia and IC decline
groups. Cox proportional hazard models examined the indepen-
dent associations of asthma and IC decline (any IC domain,
individual IC domains, number/pattern of IC domains, and
individual IC factor) with all-cause mortality. The proportional
hazards assumption was tested using Schoenfeld residuals, and in
case of violations, hazard ratio (HR) were interpreted as weighted
averages of the time-varying HR over the entire follow-up
period?. Model 1 adjusted for age, sex, and recruitment center.
Model 2 added ethnicity, educational level, TDI, BMI, smoking
status, moderate alcohol intake, healthy physical activity, maternal
smoking around birth, and breastfed as a baby. Model 3 (main
model) further adjusted for history of hypertension, diabetes, CVD,
cancer, and atopy. Model 4 mutually adjusted for asthma and IC
decline.

We estimated the multiplicative interaction by including the
interaction term between asthma and IC decline to the main
model and also calculated the additive interaction using relative
excess risk due to interaction (RERI)?°. Separate models were run
for any IC decline and each individual IC domain. We also
calculated the joint association of asthma and number/pattern of
IC domain with all-cause mortality. The mediating effects of
declines in any IC domain and each individual IC domain were
separately analyzed. We also included all IC domains in one
mediation model to calculate the combined mediating effect.
Finally, a four-way decomposition analysis was fitted to assess
how much of the total association between asthma and mortality
could be attributed to mediation, additive interaction, or neither®°.

We additionally examined the interaction and mediation
associations of asthma and IC decline with CVD and respiratory
mortality. To test the robustness of our findings, we conducted
several sensitivity analyses: 1) excluding deaths within the first two
years of follow-up; 2) excluding participants with missing
covariates, 3) using multiple imputation for missing covariates;
4) excluding participants with prevalent diseases at baseline; 5)
restricting to participants aged 60 years or older at baseline; and 6)
dividing the follow-up period into three mutually exclusive
intervals (the first two years [period 1], from two years after
baseline to March 11, 2020 [period 2], and after March 11, 2020 to
end of follow-up [period 3]) to evaluate potential COVID-19
pandemic-related effects. We also examined effect variations by
repeating all analyses stratified by sex, age, ethnicity, educational
level, and TDI.

All statistical analyses were conducted by using SAS version 9.4
(SAS Institute, Cary, NC) and R version 4.3.0 (RStudio, Boston, MA).
A two-sided P value < 0.05 was considered statistically significant.

Ethical approval and informed consent

This research was conducted according to the principles
expressed in the Declaration of Helsinki. The UK Biobank has
ethical approval from the North-West Multicenter Research Ethics
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Committee (REC reference: 21/NW/0157). All participants provided
informed consent.

RESULTS

Population characteristics

The baseline characteristics of participants by asthma and IC
decline were shown in Table 1. Among 439,973 participants (mean
age 56.5 years, 46.0% male), 51,558 (11.7%) had asthma and
290,964 (66.1%) had any IC decline. Participants with asthma or IC
decline were more likely to be non-White, higher level of TDI,
higher educational level, obese, moderate alcohol consumption,
unhealthy physical activity, and comorbidities.

Independent association of asthma and IC with all-cause
mortality

A total of 37,204 deaths occurred during 5.92 million person-years
follow-up (medium 12.8 years). Participants with asthma or with
any IC decline had a significantly higher probability of survival
than those without asthma or full capacity (asthma: log-rank
p <0.001; declines in IC: log-rank p < 0.001; supplementary Figure
S1). After adjusting for covariates and each other (Model 4,
Table 2), asthma (HR =1.18, 95% Cl: 1.15-1.22) and any IC decline
(HR = 1.24, 95% ClI: 1.21-1.27) was significantly associated with all-
cause mortality. Each individual IC domain decline was associated
with a higher risk of all-cause mortality, and the HRs ranged from
1.02 to 1.79. Each additional IC domain decline was associated
with 19% higher risks of all-cause mortality (Table 2). Compared
with participants with full capacity, those with declines in all four
IC domain had the highest risk of all-cause mortality (HR = 2.30,
95% Cl: 2.16-2.44, Supplementary Table S2).

Joint and interaction associations of asthma and IC with all-
cause mortality

Both significant multiplicative and additive interactions were
observed between asthma and any IC decline on all-cause
mortality (Multiplicative: HR = 1.14, 95% Cl: 1.06-1.24; Additive:
RERI = 0.20, 95% Cl: 0.11-0.29), the additive interactions were also
significant in each individual domain (Fig. 2). Individuals with both
asthma and all four IC domain decline experienced 2.35 times
(95% Cl: 2.10-2.63) the risk of all-cause mortality compared with
those without asthma and full capacity (Fig. 2). Considering the
joint association of asthma and pattern of IC domain decline on
the all-cause mortality, the HRs for individuals with asthma and
declines in psychological, vitality, and locomotion domain
compared with those without asthma and full capacity were
2.68 (95% Cl: 2.40-3.00, Supplementary Figure S2).

Mediation roles of IC on associations of asthma and mortality

Asthma was associated with an increased risk of declines in any IC
domain, as well as in each individual IC domain, number of IC
domain, and pattern of IC domain decline (Table 3). In all
mediation analyses, the natural direct effect of asthma on all-
cause mortality remained statistically significant. The proportion of
the association between asthma and all-cause mortality mediated
by decline in any IC domain was 4.79% (95% Cl: 3.88-6.03%).
When all four IC domains were included in one mediation model,
the overall mediating effect was significant, with an intermediate
ratio of 28.14% (95% Cl: 23.84-34.92%) (Table 4).

Combined interaction and mediation effects

Figure 3 summarizes the overall contribution of declines in any IC
domain, each individual IC domain, and all IC domain as a whole
through interaction and mediation, to the association between
asthma and all-cause mortality. All mediations and interactions
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Table 1. Baseline characteristics of the study participants.

Characteristics Total (N =439,973) Asthma P-value Declines in any IC domain P-value
No (N =388,415) Yes (N=51,558) No (N = 149,009) Yes (N = 290,964)

Age, median (IQR) 58 (50, 63) 58 (50, 63) 57 (49, 63) <0.001 56 (48, 62) 59 (51, 64) <0.001

Sex, n (%) <0.001 <0.001

Female 237,773 (54.0) 208,461 (53.7) 29,312 (56.9) 82,190 (55.2) 155,583 (53.5)

Male 202,200 (46.0) 179,954 (46.3) 22,246 (43.1) 66,819 (44.8) 135,381 (46.5)

Recruitment center, n (%) <0.001 <0.001

England 389,158 (88.5) 343,621 (88.5) 45,537 (88.3) 129,911 (87.2) 259,247 (89.1)

Scotland 32,304 (7.3) 28,908 (7.4) 3396 (6.6) 12,943 (8.7) 19,361 (6.7)

Wales 18,511 (4.2) 15,886 (4.1) 2625 (5.1) 6155 (4.1) 12,356 (4.2)

Ethnicity, n (%) <0.001 <0.001

White 417,582 (94.9) 368,732 (94.9) 48,850 (94.7) 143,757 (96.5) 273,825 (94.1)

Non-White 21,094 (4.8) 18,553 (4.8) 2541 (4.9) 4891 (3.3) 16,203 (5.6)

Unknown 1297 (0.3) 1,130 (0.3) 167 (0.3) 361 (0.2) 936 (0.3)

Educational level, n (%) <0.001 <0.001

Under college 238,296 (54.2) 210,873 (54.3) 27,423 (53.2) 75,067 (50.4) 163,229 (56.1)

College or above 197,909 (45.0) 174,214 (44.9) 23,695 (46.0) 73,039 (49.0) 124,870 (42.9)

Unknown 3768 (0.9) 3,328 (0.9) 440 (0.9) 903 (0.6) 2865 (1.0)

TDI, n (%) <0.001 <0.001

First tertile 151,246 (34.4) 134,343 (34.6) 16,903 (32.8) 57,259 (38.4) 93,987 (32.3)

Second tertile 147,021 (33.4) 130,421 (33.6) 16,600 (32.2) 51,071 (34.3) 95,950 (33.0)

Third tertile 141,163 (32.1) 123,179 (31.7) 17,984 (34.9) 40,516 (27.2) 100,647 (34.6)

Unknown 543 (0.1) 472 (0.1) 71 (0.1) 163 (0.1) 380 (0.1)

Body mass index, n (%) <0.001 <0.001

Underweight 2183 (0.5) 1943 (0.5) 240 (0.5) 706 (0.5) 1477 (0.5)

Normal 144,357 (32.8) 129,278 (33.3) 15,079 (29.2) 59,967 (40.2) 84,390 (29.0)

Overweight 187,720 (42.7) 166,572 (42.9) 21,148 (41.0) 64,238 (43.1) 123,482 (42.4)

Obese 105,531 (24.0) 90,464 (23.3) 15,067 (29.2) 24,081 (16.2) 81,450 (28.0)

Unknown 182 (0.0) 158 (0.0) 24 (0.0) 17 (0.0) 165 (0.1)

Smoking status, n (%) <0.001 <0.001

Current 45,244 (10.3) 40,332 (10.4) 4912 (9.5) 13,385 (9.0) 31,859 (10.9)

Never/former 393,446 (89.4) 346,977 (89.3) 46,469 (90.1) 135,331 (90.8) 258,115 (88.7)

Unknown 1283 (0.3) 1,106 (0.3) 177 (0.3) 293 (0.2) 990 (0.3)

Moderate alcohol intake, n (%) <0.001 <0.001

No 306,274 (69.6) 271,896 (70.0) 34,378 (66.7) 112,011 (75.2) 194,263 (66.8)

Yes 96,551 (21.9) 83,941 (21.6) 12,610 (24.5) 25,013 (16.8) 71,538 (24.6)

Unknown 37,148 (8.4) 32,578 (8.4) 4570 (8.9) 11,985 (8.0) 25,163 (8.6)

Healthy physical activity, n (%) <0.001 <0.001

No 151,628 (34.5) 133,095 (34.3) 18,533 (35.9) 49,382 (33.1) 102,246 (35.1)

Yes 267,802 (60.9) 237,448 (61.1) 30,354 (58.9) 94,942 (63.7) 172,860 (59.4)

Unknown 20,543 (4.7) 17,872 (4.6) 2671 (5.2) 4685 (3.1) 15,858 (5.5)

Maternal smoking around birth, n (%) <0.001 <0.001

No 270,033 (61.4) 239,439 (61.6) 30,594 (59.3) 95,507 (64.1) 174,526 (60.0)

Yes 113,001 (25.7) 98,606 (25.4) 14,395 (27.9) 35,577 (23.9) 77,424 (26.6)

Unknown 56,939 (12.9) 50,370 (13.0) 6569 (12.7) 17,925 (12.0) 39,014 (13.4)

Breastfed as a baby, n (%) <0.001 <0.001

No 94,557 (21.5) 82,473 (21.2) 12,084 (23.4) 33,571 (22.5) 60,986 (21.0)

Yes 246,274 (56.0) 218,002 (56.1) 28,272 (54.8) 86,017 (57.7) 160,257 (55.1)

Unknown 99,142 (22.5) 87,940 (22.6) 11,202 (21.7) 29,421 (19.7) 69,721 (24.0)

Hypertension, n (%) 118,606 (27.0) 103,568 (26.7) 15,038 (29.2) <0.001 30,329 (20.4) 88,277 (30.3) <0.001

Diabetes, n (%) 22,262 (5.1) 19,159 (4.9) 3103 (6.0) <0.001 3633 (2.4) 18,629 (6.4) <0.001

CVD, n (%) 24,875 (5.7) 21,387 (5.5) 3488 (6.8) <0.001 4765 (3.2) 20,110 (6.9) <0.001

Cancer, n (%) 38,438 (8.7) 33,776 (8.7) 4662 (9.0) 0.009 11,436 (7.7) 27,002 (9.3) <0.001

Atopy, n (%) 107,512 (24.4) 82,971 (21.4) 24,541 (47.6) <0.001 36,082 (24.2) 71,430 (24.5) <0.001

IC intrinsic capacity, /QR interquartile range, TD/ townsend deprivation index, CVD cardiovascular diseases.
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Table 2. Independent associations of asthma and intrinsic capacity with all-cause mortality.

Declines in IC

Each individual IC domain
Psychological

Each additional IC domain

14,184/1,953,058

Any IC domain
No 8745/2,033,855 Reference
Yes 28,459/3,885,031

1.45 (1.42-1.49)

1.38 (1.35-1.41)

Sensory 13,426/1,659,843 1.07 (1.05-1.09)
Vitality 15,569/1,836,559 1.46 (1.43-1.49)
Locomotion 7041/420,605 2.61 (2.54-2.68)
Number of IC domain

0 8745/2,033,855 Reference

1 13,487/2,340,249 1.19 (1.16-1.22)
2 9438/1,161,251 1.56 (1.51-1.60)
3 4279/326,813 2.40 (2.31-2.49)
4 1255/56,719 3.84 (3.62-4.07)

1.35 (1.33-1.36)

Reference
1.30 (1.27-1.33)

1.24 (1.21-1.26)
1.05 (1.02-1.07)
1.33 (1.30-1.35)
2.06 (2.00-2.12)

Reference

1.13 (1.10-1.16)
1.39 (1.35-1.43)
1.92 (1.85-2.00)
2.66 (2.50-2.83)
1.25 (1.23-1.26)

Reference
1.24 (1.21-1.27)

1.19 (1.16-1.21)
1.03 (1.00-1.05)
1.25 (1.23-1.28)
1.81 (1.76-1.86)

Reference

1.12 (1.09-1.15)
1.32 (1.28-1.36)
1.70 (1.64-1.77)
2.15 (2.02-2.29)
1.19 (1.18-1.21)

Exposures Cases/person-years Model 1 Model 2 Model 3 Model 4
HR (95% Cl) HR (95% Cl) HR (95% Cl) HR (95% Cl)
Asthma
No 32,320/5,227,034 Reference Reference Reference Reference
Yes 4884/691,853 1.24 (1.20-1.28) 1.21 (1.18-1.25) 1.19 (1.16-1.23) 1.18 (1.15-1.22)

1.24 (1.21-1.27)

1.19 (1.16-1.21)
1.02 (1.00-1.05)
1.25 (1.22-1.28)
1.79 (1.74-1.85)

Reference

1.11 (1.08-1.14)
1.31 (1.28-1.35)
1.69 (1.63-1.76)
2.11 (1.99-2.25)
1.19 (1.18-1.20)

Model 1: adjusted for age, sex, and recruitment center.
Model 2: model 1 additionally adjusted for ethnicity, educational level, Townsend deprivation index, body mass index, smoking status, moderate alcohol

additionally adjusted for asthma.
IC intrinsic capacity, HR hazard ratio, C/ confidence interval.
Bold values indicate statistically significant hazard ratios (P < 0.05).

intake, healthy physical activity, maternal smoking around birth, and breastfed as a baby.
Model 3: model 2 additionally adjusted for hypertension, diabetes, cardiovascular diseases, cancer, and atopy.
Model 4: for asthma and all-cause mortality, model 3 additionally adjusted for declines in any IC domain; for declines in IC and all-cause mortality, model 4

were statistically significant (P < 0.05). Overall, the results of four-
way decomposition analysis found that 76.48% of the association
could be explained by any IC domain, 7.26% was mediated via any
IC domain and 69.22% was attributed to the interaction with any
IC domain (Supplementary Table S3). When considered each
individual IC domain, the locomotion domain contributed the
greatest in relation to all-cause mortality, with 43.26% of the
association explained by locomotion decline (Mediation: 24.85%,
Interaction: 18.41%, Supplementary Table S4).

Additional analysis

Significant additive interaction was also observed between
asthma and IC decline for respiratory mortality (Additive: RERI =
146, 95% Cl: 0.76-2.10). The proportion of the association
between asthma and mortality mediated by IC decline was
5.38% for cardiovascular mortality and 3.35% for respiratory
mortality (Supplementary Table S5).

Overall, a series of sensitivity analyses confirmed the robustness
of the main findings. Specifically, when excluding deaths within
the first two years of follow-up, excluding participants with
missing covariates, applying multiple imputation for missing
covariates, excluding participants with prevalent diseases at
baseline, or restricting to participants aged 60 years or older at
baseline, the interaction and mediation effects of IC decline in the
association between asthma and all-cause mortality remained
consistent (additive interaction: RERI=0.19-0.28; mediation
proportion = 4.38-5.29%, Supplementary Tables S6-57). Addition-
ally, when dividing the follow-up period into three mutually
exclusive intervals, the additive interaction of asthma and IC
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decline with all-cause mortality remained persistent in period 2
and 3, while the additive effect in period 1 became marginally
non-significant (RERI = 0.38, 95% Cl: -0.04-0.73). A similar pattern
was observed for the mediation effect of IC decline, which was
evident in periods 2 and 3 (mediation: period 2 :7.76%; period 3:
5.10%) but not in period 1 (Supplementary Table S8).

Additive interactions remained significant in subgroup among
participants who were female or male, older, White, less educated,
and at a higher TDI level (Supplementary Table S9). The mediating
effects of any IC decline in subgroups were similar, except in the
non-white group (Supplementary Table S10).

DISCUSSION

In this large prospective cohort study conducted in the UK, both
asthma and IC decline were associated with an increased risk of
all-cause mortality. We found both mediation and interaction
between asthma and IC decline. Specifically, significant additive
interactions were observed between asthma and each individual
IC domain decline on mortality risk. Additionally, the association
between asthma and mortality was partially mediated through IC
decline, with the locomotion domain showing the highest
mediation proportion.

Comparisons and interpretations

Our study investigated the interaction effect of asthma and IC
decline on all-cause mortality. Both asthma and IC decline have
been independently linked to increased mortality risk, as reported
in previous research®®3'. However, the interaction between
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Asthma and IC decline

Cases/person-years

HR (95% Cl)

Estimates (95% Cl)

Asthma and any IC domain

No asthma, no any IC decline 7,936/1,831,110

Reference

Only asthma 809/202,745 o= 1.06 (0.99-1.14)
Only any IC decline 24,384/3,395,924 .- 1.22 (1.19-1.25)
Asthma & any IC decline 4,075/489,108 -~ 1.48 (1.43-1.54)
HR for the interaction term (multiplicative scale) " 1.14[1.06, 1.24]
RERI (additive scale) 0.20[0.11, 0.29]
Asthma and each individual IC domain :
Psychological
No asthma, no psychological decline 20,362/3,536,883 0 Reference
Only asthma 2,658/428,946 - 1.16 (1.12-1.21)
Only psychological decline 11,958/1,690,151 L ® 1.18 (1.15-1.20)
Asthma & psychological decline 2,226/262,907 , - 1.43 (1.36-1.49)
HR for the interaction term (multiplicative scale) 1.04 [0.98, 1.10]
RERI (additive scale) 0.08 [0.01, 0.16]
Sensory
No asthma, no sensory decline 20,879/3,779,684 0 Reference
Only asthma 2,899/479,359 - 1.17 (1.12-1.22)
Only sensory decline 11,441/1,447,349 r 1.01 (0.99-1.04)
Asthma & sensory decline 1,985/212,494 T 1.25 (1.19-1.31)
HR for the interaction term (multiplicative scale) 1.06 [0.99, 1.12]
RERI (additive scale) 0.07 [0.00, 0.14]
Vitality 5
No asthma, no vitality decline 19,209/3,637,577 . Reference
Only asthma 2,426/444,751 G 1.15 (1.10-1.20)
Only vitality decline 13,111/1,589,456 .- 1.24 (1.21-1.27)
Asthma & vitality decline 2,458/247,102 - 1.51 (1.45-1.58)
HR for the interaction term (multiplicative scale) 1.06 [1.00, 1.13]
RERI (additive scale) 0.12 [0.04, 0.20]
Locomotion
No asthma, no locomotion decline 26,752/4,883,702 ’ Reference
Only asthma 3,411/614,580 0 1.13 (1.09-1.17)
Only locomotion decline 5,568/343,332 ' - 1.78 (1.72-1.83)
Asthma & locomotion decline 1,473/77,273 e 212 (2.01-2.24)
HR for the interaction term (multiplicative scale) \ 1.06 [0.99, 1.13]
RERI (additive scale) 0.22 [0.09, 0.34]
Asthma and number of IC domain
Without asthma
0 IC domain decline 7,936/1,831,110 y Reference
1 IC domain decline 11,987/2,077,135 - 1.11 (1.08-1.14)
2 |IC domain decline 8,030/1,006,435 L. 1.29 (1.25-1.33)
3 IC domain decline 3,437/269,129 - 1.66 (1.60-1.74)
4 1C domain decline 930/43,224 — 2.12 (1.98-2.27)
With asthma
0 IC domain decline 809/202,745 T— 1.06 (0.99-1.14)
1 1C domain decline 1,500/263,113 L e 1.24 (1.18-1.31)
2 IC domain decline 1,408/154,816 i —— 1.58 (1.49-1.68)
3 IC domain decline 842/57,684 \ —— 1.99 (1.85-2.14)
4 1C domain decline 325/13,495 : ——> 2.35(2.10-2.63)
I & & @

Fig. 2 Joint and interaction associations of asthma and declines in intrinsic capacity with all-cause mortality. All analyses were adjusted
for age, sex, recruitment center, ethnicity, educational level, Townsend deprivation index, body mass index, smoking status, moderate alcohol
intake, healthy physical activity, maternal smoking around birth, breastfed as a baby, history of hypertension, diabetes, cardiovascular
diseases, cancer, and atopy. Additive interaction was estimated by RERI (HR.sthma & ic decline = HRonly asthma = HRonly ic deciine + 1; null value = 0).
IC intrinsic capacity, HR hazard ratio, Cl confidence interval, RERI relative excess risk due to interaction.
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Table 3. Associations between asthma and intrinsic capacity.

Outcomes OR (95% Cl)

Declines in any IC domain

No Reference

Yes 1.25 (1.22-1.27)
Declines in each IC domain
Psychological 1.20 (1.18-1.23)
Sensory 1.15 (1.13-1.18)
Vitality 1.20 (1.18-1.22)
Locomotion 1.65 (1.59-1.70)
Number of IC domain decline

Reference

1.13 (1.11-1.16)
1.34 (1.30-1.38)
1.76 (1.69-1.83)

2.33 (2.16-2.51)

A W N = O

Pattern of IC domain decline

None Reference

1.14 (1.10-1.17)
1.11 (1.07-1.15)
1.12 (1.09-1.16)

Only psychological
Only sensory
Only vitality

Only locomotion
Psychological + sensory
Psychological + vitality
Psychological + locomotion
Sensory + vitality

Sensory + locomotion
Vitality + locomotion

1.45 (1.33-1.58)
1.25 (1.19-1.30)
1.33 (1.28-1.39)
1.76 (1.62-1.91)
1.29 (1.24-1.35)
1.64 (1.46-1.84)
1.69 (1.56-1.83)

Psychological + sensory + vitality 1.53 (1.45-1.61)
2.05 (1.86-2.26)
2.14 (2.00-2.28)
2.00 (1.82-2.21)

2.43 (2.26-2.62)

Psychological + sensory + locomotion
Psychological + vitality + locomotion

Sensory + vitality + locomotion

Psychological + sensory + vitality + locomotion
Individual IC factor decline

Exhaustion 1.32 (1.29-1.36)
1.15 (1.13-1.18)
1.14 (1.09-1.19)
1.15 (1.12-1.17)
1.16 (1.13-1.19)
1.19 (1.16-1.22)
1.65 (1.59-1.70)

Sleep duration
Eye problems
Hearing difficulty
Weight loss

Low grip strength
Slow walking pace

All analyses were adjusted for age, sex, recruitment center, ethnicity,
educational level, Townsend deprivation index, body mass index, smoking
status, moderate alcohol intake, healthy physical activity, maternal
smoking around birth, breastfed as a baby, history of hypertension,
diabetes, cardiovascular diseases, cancer, and atopy.

IC intrinsic capacity, OR odds ratio, C/ confidence interval.

Bold values indicate statistically significant hazard ratios (P < 0.05).

asthma and IC decline has been underexplored. Consistent with
our hypothesis, the findings indicated a significant synergy
association, which means combined effect is greater than the
sum of their individual effects. Only one study has revealed the
joint effect of asthma and certain IC components, such as sleep
duration, on moratlity®?. Several mechanisms may explain this
synergistic effect, including chronic inflammation and decreased
physical function. Recent studies have found that asthma and IC
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decline are associated with chronic inflammation and increase
vulnerability to cardiovascular events, which both result in
elevated death risk?'3-3%, Also, asthma may lead to respiratory
dysfunction, which exacerbates exercise intolerance and activity
limitation®%37. IC decline, in turn, can cause functional limitation
and disability, further amplifying the negative impact of asthma
on health outcomes®'®,

Results from the four-way decomposition also indicated a
higher interaction proportion attributable to vitality domain than
the others. A clinical cohort study reported that low muscle mass
is prevalent among patients with moderate to severe asthma'®,
However, the mechanisms behind the interaction of asthma and
different IC domains remain unclear. Future research should focus
on better understanding the specific pathways and mechanisms
behind the distinct interactions between asthma and different IC
domains to inform tailored interventions aimed at improving
health outcomes in individuals with asthma.

Our findings indicate that IC decline may play a partial
mediating role in the relationship between asthma and increased
mortality risk. While the association between asthma and certain
functional impairments has been well-established®>*73%, the
association of asthma with IC as a composite measure of healthy
ageing has remained largely unexplored. Our study is the first to
examine the association between asthma and IC decline and to
assess the potential mediating role of IC in asthma-related death
risk. We observed that asthmatics have a higher risk of
experiencing IC decline, which in turn may increase the mortality
risk. These results support the hypothesis that asthma may
contribute to the acceleration of IC decline, ultimately increasing
the risk of mortality.

Furthermore, we identified significant mediated proportions of
decline in specific IC domains, including psychological, vitality,
and locomotion. These findings underscore the importance of
considering these specific IC domains when understanding how
asthma influences mortality risk. For instance, a retrospective
cohort study revealed a potential psychological mechanism
(8.13% mediated by depressive symptoms) underlying the
relationship between asthma-COPD overlap and all-cause mortal-
ity'". In particular, the locomotion domain is marked by slow
walking pace, which is a known marker of overall muscle fitness>°,
and it exhibited a notable mediation effect. While no prior
research has detected the mediating role of locomotion in the
asthma-death relationship, a study conducted in Spain found that
asthma patients reported lower levels of physical activity®°. Also,
there is a clear association between asthma and activity limitation,
such as lung function changes, alterations in energy expenditure,
performance during cardiopulmonary exercise test, or walking
tests’.

Although there was no conclusive evidence of the causal
relationship, several factors may explain these association. For
instance, asthma may contribute to chronic inflammation and
respiratory dysfunction, which may lead to a gradual decline in
physical function and muscle strength, all of which are crucial
components of [C143741,

While the statistical significance of these findings is clear, it is
important to note that some of the observed effects, such as the
RERI of 0.20, may be small in clinical magnitude. Therefore, it is
important to contextualize these findings within the general scope
of clinical and public health relevance. Specifically, future studies
should examine the absolute risk associated with asthma-induced
IC decline, considering how these modest effects might accumu-
late over time, particularly in populations with long-term asthma.
Moreover, while asthma is clearly associated with IC decline and
mortality, the magnitude of this association may vary across
individuals. Interventions targeting asthma management, early IC
assessments, and measures to preserve IC function could provide
meaningful benefits, even for those with modest declines in IC.
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Table 4. Mediation analyses of intrinsic capacity in the association between asthma and all-cause mortality.

Mediator Declines in IC

Natural direct effect HR

Natural indirect effect HR

Proportion mediated (95% Cl)

P-value for mediation

(95% Cl) (95% Cl)

Any IC domain 1.18 (1.15, 1.22) 1.01 (1.01, 1.01) 4.79 (3.88, 6.03) <0.001
Each individual IC domain

Psychological 1.18 (1.15, 1.22) 1.01 (1.01, 1.01) 448 (349, 5.71) <0.001
Sensory 1.19 (1.16, 1.23) 1.00 (1.00, 1.00) 0.41 (-0.02, 0.87) 0.056
Vitality 1.18 (1.15, 1.22) 1.01 (1.01, 1.01) 5.62 (4.30, 7.19) <0.001
Locomotion 1.14 (1.11, 1.18) 1.04 (1.03, 1.04) 22,61 (18.94, 27.69) <0.001
All IC domain 1.13 (1.10, 1.17) 1.05 (1.04, 1.05) 28.14 (23.84, 34.92) <0.001

diseases, cancer, and atopy.
IC intrinsic capacity, HR hazard ratio, C/ confidence interval.

All analyses were adjusted for age, sex, recruitment center, ethnicity, educational level, Townsend deprivation index, body mass index, smoking status,
moderate alcohol intake, healthy physical activity, maternal smoking around birth, breastfed as a baby, history of hypertension, diabetes, cardiovascular

A. Controlled direct effect (CDE) B. Reference interaction effect (INTref)
o)
¥ R I’I \\

// \\
;
L -vAsthma x IC|-__ v
[ratma ———[ oy |

C. Mediated interaction effect (INTmed)

\\ _’__lesthma x |c|- _____
---------- »{ Mortalty | | Asthma |------------| Mortality |

D. Pure indirect effect (PIE)

E. Decomposition proportion

DIC

Each IC domain

Psychological

Sensory

Intrinsic capacity

Vitality

Locomotion

All IC domain

Component ll CDE M INTref [l INTmed M PIE

|—> Interaction effect 4—|—> Mediation effect 4—‘

Component [ Interaction [l Mediation

0 25 50 75
Proportion of excess risk (%)

100 0 20 40 60 80
Proportion of excess risk (%)

Fig.3 Four-way decomposition analysis of the association between asthma and all-cause mortality, treating intrinsic capacity as both an
interactor and a mediator. Adjusted confounders including age, sex, recruitment center, ethnicity, educational level, Townsend deprivation
index, body mass index, smoking status, moderate alcohol intake, healthy physical activity, maternal smoking around birth, breastfed as a
baby, history of hypertension, diabetes, cardiovascular diseases, cancer, and atopy. A The controlled direct effect (CDE) is due to neither
mediation nor interaction. B The reference interaction (INTref) is only due to interaction. C The mediated interaction (INTmed) is due to both
mediation and interaction. D The pure indirect effect (PIE) is only due to mediation. E The decomposition proportion of the excess risk of
asthma on mortality that is explained by intrinsic capacity. IC intrinsic capacity, CDE controlled direct effect, INTref reference interaction,

INTmed mediated interaction, PIE pure indirect effect.

Implications

The clinical and public health implications of these findings are
significant. From a clinical perspective, healthcare providers
should recognize that asthma is not only a respiratory condition
but also a potential contributor to IC decline and increased
mortality risk. Integrating IC assessments into routine asthma
management could help mitigate the long-term impact of asthma
on respiratory health. While complete prevention of asthma is
challenging, early intervention in key domains of IC could reduce
the asthma burden, as these were found to partially mediate the
relationship between asthma and mortality. From a public health
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perspective, our results suggest that public health campaigns
should focus on the interaction between asthma and IC decline.
Although the absolute magnitude of the effect may appear
modest, when considered at the population level, given the high
prevalence of both asthma and IC decline in aging populations,
even a small relative risk increase translates to a substantial
number of preventable deaths. Efforts should focus on raising
awareness about the potential long-term impact of asthma on
both physical and mental health, and the need for early
interventions that promote physical activity and mental health
support*>*3,  Policymakers should also prioritize developing
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tailored interventions to reduce the burden of asthma-related
functional decline, which could improve quality of life and reduce
the incidence of premature mortality.

Strengths and limitations

The strengths of this study are, first, the use of prospective cohort
data with the large sample size, which allowed us to perform joint
and subgroup analyses with sufficient statistical power. Second,
we comprehensively evaluated the interplay between asthma and
IC decline, including individual IC domain, IC number, and IC
pattern. Finally, we investigated the complex role of IC decline in
the association between asthma and all-cause mortality, examin-
ing whether IC decline modified or mediated these associations.

However, our study also has several limitations. First, IC factors
were assessed only at baseline via self-report using indicators that
differ from established measures, potentially introducing mea-
surement inaccuracies and limiting comparability with other
studies. Similarly, asthma was treated as a binary, static exposure,
lacking data on severity, duration, and exacerbation frequency
over the follow-up period, which may lead to misclassification and
potentially bias the effect estimates. Second, a notable limitation
of this study is the lack of cognitive assessments to measure IC
decline, which may have led to an underestimation of IC decline
and could weaken its observed associations with all-cause
mortality. Furthermore, we cannot rule out residual confounding,
which may attenuate the detected interaction between asthma
and IC decline, or bias the estimation of IC decline’s mediating
role. Future studies incorporating cognitive assessments are
needed to validate the findings of our study. Third, despite
adjusting for a wide range of potential confounders, residual
confounding from unmeasured factors remains possible. Finally,
the observational nature of our study and concurrent measure-
ment of IC decline and asthma history limit our ability to establish
causal interpretations or temporal precedence of the observed
mediation effects. While these findings highlight important
associations, longitudinal studies are needed to better evaluate
causality.

CONCLUSIONS

Our findings indicate that asthma is associated with all-cause
mortality and with IC decline, with evidence of both mediation
and interaction between asthma and IC decline. Notably, asthma
and each individual IC domain decline were jointly associated with
higher mortality. In addition, the mediation analysis suggests that
the association between asthma and all-cause mortality may be
linked to higher likelihood of IC decline, particularly in the
locomotion domain. These findings underscore the potential
importance of comprehensive interventions that address both
asthma management and preservation of IC function to reduce
mortality risk.
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