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Abstract and weakened respiratory muscles [2]. Functionally, while the total

Aging causes various physical changes, including decreased
respiratory function characterized by decreased lung elasticity,
reduced chest wall compliance, and weakened respiratory muscles.
This study explored the longitudinal impact of daily physical activity
(PA) on respiratory function in elderly individuals aged >50 years
in England. Using data from Waves 2 (2004-2005), 4 (2008-2009),
and 6 (2012-2013), we examined the influence of different levels of
PA on forced expiratory volume (FEV), forced vital capacity (FVC),
and other respiratory measures. Participants were classified based
on self-reported PA into three categories; “hard” (vigorous activity
at least 1-3 times monthly), “middle” (moderate activity 1-3 times
monthly), and “nothing” (no PA). The inclusion criteria required
participants to be >50 years and to have valid respiratory measures.
The exclusion criterion was the presence of significant respiratory
or cardiovascular disease at baseline. We applied the Sequential
Doubly Robust Estimator and SuperLearner ensemble methods in
the analysis using inverse probability weighting to address follow-
up bias and found that vigorous PA significantly reduced the risk of
FVC by 4.10-fold compared with no exercise. In addition, vigorous
exercise was associated with a 0.63-fold reduction in the risk of
restrictive ventilation disorders while moderate exercise approached
significance for FVC (p = 0.08). No significant effects were found
with obstructive ventilation impairment (FEV). Overall, vigorous PA
appears to be crucial for maintaining respiratory function in older
individuals, highlighting the importance of regular exercise in
preventing respiratory decline and potentially extending a healthy
lifespan. These results underscore the need to promote regular PA
to improve quality of life and reduce the risk of respiratory disease.

Keywords: Respiratory Function, Physical Activity, Vital Capacity,
Aging, Forced Expiratory Volume
Introduction

Physical function changes with age, including decreased muscle
strength and cognitive decline [1]. Decreased respiratory function
includes decreased lung elasticity, reduced chest wall compliance,

lung capacity remains unchanged or decreases slightly, the residual
volume and vital capacity (VC) decrease [3]. Declined respiratory
function increases the risk of developing life-threatening conditions,
such as chronic obstructive pulmonary disease (COPD), which can
cause acute myocardial infarction, atrial fibrillation, and aspiration
pneumonia [4-6]. Moreover, smoking is considered a risk factor for
increased residual volume and decreased vital capacity, exacerbating
respiratory decline. These conditions often necessitate changes
in lifestyle and diet, and preventing respiratory function decline
is therefore crucial for improving the quality of life (QOL) and
extending a healthy lifespan.

Respiratory function is related to the quality and intensity of
exercises performed. The relationship between the type and intensity
of physical activity (PA) and its quantitative effects on lung function
have been studied, revealing that different exercises have varying
effects on respiratory health [6-9]. A cross-sectional study by Cheng
et al. found that individuals with higher PA levels had a higher
forced expiratory volume (FEV) and forced VC (FVC), although no
significant difference was found in the forced expiratory volume in
1 s (FEV1)/FVC ratio [10]. A longitudinal analysis showed that the
patients who remained active or became active had better maximal
treadmill test results than those who remained sedentary; however,
the participants in this study were 25-55 years old. A meta-analysis
of 22 studies indicated that continuous aerobic exercise improved
FVC and FEV in patients with asthma, but not the FEV1/FVC ratio
[11]. Studies focusing on diseases, such as COPD and rare diseases
[12, 13], have shown changes based on specific conditions, but
longitudinal research remains insufficient on the relationship between
exercise habits, exercise intensity, and respiratory function in older
individuals from a preventive perspective. Demonstrating that daily
exercise can prevent age-related decline in respiratory function in
older individuals could provide significant insights into extending
healthy lifespans. However, no large-scale studies have proven this
using extensive data.

Therefore, this study aimed to elucidate the effect of daily PA levels
on respiratory function in individuals aged >50 years in England.
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Research Design and Participants

This longitudinal study used data from the English Longitudinal
Study of Aging (ELSA) [14], a national survey of aging in England
conducted biennially (in waves). The sample was obtained from
participants of the Health Survey in England (HSE). Survey items
assessed health, social status, happiness, and economic status. This
study used Wave 2 (2004-2005) as the baseline to create panel data

for Waves 4 (2008-2009) and 6 (2012—2013). The baseline sample of
Wave 2 nurse data included 7,666 individuals, excluding those with
missing values for FEV (n = 1), FVC (n = 641), BMI (n = 320), and
grip strength (n = 148). Additionally, individuals with an FEV1/FVC
ratio of <70% (n = 1,824) and percentage VC (%VC) of <80% (n =
565) were excluded, resulting in 4,167 participants (Figure 1).

K Figure 1. Flowchart for this study j

~

Variables and Data Collection

The primary exposure variable was self-reported PA level, which
was categorized into three levels: no exercise, moderate-intensity
exercise, and hard-intensity exercise. Outcome variables were FEV,
FVC, %FEYV, and %VC. The FEV represents the volume of air that
an individual can forcefully exhale in 1 s and is a critical measure of
respiratory function. A lower FEV may indicate impaired respiratory
function. FVC measures the total volume of air exhaled after deep
inhalation and is used to evaluate lung capacity; a decrease in FVC
suggests restrictive lung disease (American Thoracic Society, 1995).
The percentage of FEV (%FEV) compares the FEV of an individual
to the predicted value based on demographic factors such as age,
sex, height, and ethnicity, which helps in assessing deviations from
the expected respiratory function. Similarly, the %VC compares an
FVC of an individual with the predicted value, providing insights
into respiratory health relative to the expected norms [15].

Specific cutoff values or thresholds for these outcome variables
were used to categorize the levels of respiratory impairment or
disease. These cut-off values are typically determined based on
clinical guidelines and population norms. Precise definitions and
standard cut-offs are provided in guidelines from the American
Thoracic Society [16] and European Respiratory Society [17], which
offer standard reference values for spirometric measurements and
interpretative criteria.

Data were collected using self-reported questionnaires and
respiratory function measurement devices. The PA was used as the
exposure factor. To assess PA, we used two types of self-reported
PA records for each wave, including the frequency of engaging in
vigorous (riding, cycling, aerobics) or moderate exercise (walking at
a moderate pace, gardening), categorized as more than once weekly,

once weekly, 1-3 times monthly, hardly ever, or no monthly activity.
The PA questionnaire was derived from a validated PA interview
conducted during the HSE [18]. Based on the results and previous
studies [19], three categories of PA were used: “hard” (vigorous PA,
regardless of moderate activity, at least 1-3 times monthly), “middle”
(moderate PA only, 1-3 times monthly), and “nothing” (no PA at all).
This study compared individuals who engaged in no exercise and
those who engaged in vigorous or moderate exercise in waves 2—6
(Table 1). Outcomes were binary variables based on whether the
%VC and FEV at wave 6 exceeded or fell below the threshold values
for restrictive (<80%) or obstructive (<70 %) ventilatory disorders.

Statistical Analysis

The analysis model used a sequential doubly robust estimator
(SDR) for causal and statistical inferences. The SDR calculates the
conditional probability of the outcome provided by the exposure
and covariates (exposure model) and the exposure provided by the
covariates (outcome model), producing unbiased results if either
model is consistently estimated [19, 20]. Given the complexity of
selecting an optimal algorithm for model specification, we used the
“SuperLearner” package, an ensemble machine learning method,
to combine different algorithms for the best predictive model [21].
The SuperLearner algorithm set included generalized linear models,
multivariate adaptive regression splines, random forests, and extreme
gradient-boosted trees as candidate estimators [22-24]. The best
algorithms were used for the exposure and outcome models.

The SDR model was compared to calculate the relative risk (RR)
and 95% confidence interval (Cls) for various counterfactual
scenarios. Statistical analyses were performed using R (4.2.3 for
Windows). All waves of the ELSA received Ethical Approval from
the National Research Ethics Committee and all participants provided
informed consent.
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Characteristic | Total | Men | Women

Sex

Number (%) [ 4,167 [ 1831 (44) [ 2336 (56)
Age

Mean (SD) [6423(8.68) | 64.00(8.66) | 64.46 (8.68)
Smoking history

Never 1,707 (40.96%) | 605 (33.04%) 1,102 (47.17%)
Current 2,016 (48.38%) | 1,205 (65.81%) | 991 (42.42%)
Former 438 (10.51%) 198 (10.81%) 240 (10.27%)
FEV

Mean (SD) [2.63 0.71) [ 3.16 (0.63) [ 2.22 (0.45)
FVC

Mean (SD) [ 3.30 0.89) [3.97 (0.78) [ 2.79 (0.78)
Other baselines Variables

Physical activity level

High 1,892 (45.40%) | 972 (53.09%) 920 (39.38%)
Moderate 1,881 (45.14%) | 721 (39.38%) 1,160 (49.66%)
None 391 (9.38%) 137 (7.48%) 254 (10.87%)
SD: standard deviation

FEV: forced expiratory volume

FVC: forced vital capacity

-

Table 1. Baseline characteristics of participants at Wave 2

J

Results

To address follow-up bias due to participant dropout during the
study, inverse probability weighting (IPW) with truncation was used
for samples that dropped out or had died in Waves 4 (n = 1,507) and
6 (n = 2,030, including 1,507 participants in Wave 4). Dropout rates
were significant across the study waves. Specifically, the dropout
rate was 31.60% from Waves 2 to 4 and 45.70% from Waves 4 to 6.
The total dropout rate across all waves was 45.10%. Table 2 presents
the dropout status of participants across different waves. Wave 2
contained 7,666 participants, although this number decreased to
5,246 in Wave 4, with 2,410 dropping out to give a dropout rate of
31.60%. In Wave 6, the participant count further decreased to 4,210,
with 1,046 dropouts, giving a dropout rate of 45.70%. Overall, 3,456
participants dropped out, representing a dropout rate of 45.10%.

Table 3 illustrates the participant counts before and after applying
IPW. The number of participants remained unchanged at 7,666 for
wave 2 when weighting was applied. For wave 4, the sample size
with weighting was adjusted for 5,256 of the 4,235 participants
included in the analysis. In Wave 6, the sample size with weighting
was 4,210, and the number of participants included was 2,927. Table
4 shows the sample reduction and distribution of weights due to IPW.
The number of participants before weighting was 7,666 in Wave 2,
which remained the same after weighting. For Wave 4, the participant
count was reduced by 19.40%, with an average weight of 1.10 and
a standard deviation of 0.25. In Wave 6, the samples size underwent
a 30.50% reduction, with an average weight of 1.05 and a standard
deviation of 0.30. The weights reflect the impact of truncation on
sample weights, showing changes in the distribution and mean
weights with the application of [IPW.

-

Wave Total participants Dropout Dropout rate
Wave 2 7,666 - -
Wave 4 5,256 2,410 31.60%
Wave 6 4,210 1,046 45.70%

Total 3,456 45.10%

number in the previous wave

Total participants: number of participants at the beginning of each wave
Dropout: number of participants who dropped out by each wave
Dropout rate: percentage of participants who dropped out relative to the total

Table 2. Participant dropout status

J

-
=

~
Wave Number of With weighting Sample size with
participants weighting
Wave 2 7,666 7,666 7,666
Wave 4 5,256 4,235 5,256
Wave 6 4,210 2,927 4,210

Number of participants: Participants initially in each wave.
With weighting: Participants included in the analysis with weighting applied.
Sample size with weighting: Adjusted sample size after applying weights.

\_ Table 3. Participant counts before and after applying inverse probability weighting /
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Wave Number of Number of Reduction (%) | Weight mean | Weight standard
participants participants deviation
before weighting | after weighting

Wave 2 7,666 7,666 0% 1.00 0.20
Wave 4 5,256 4,235 19.40% 1.10 0.25
Wave 6 4,210 2,927 30.50% 1.05 0.30

Distribution of weights for each wave, reflecting the impact of truncation on the sample weights.
Number of participants before weighting: number of participants before applying IPW

Number of participants after weighting: number of participants after applying IPW
Reduction (%): percentage reduction in sample size owing to IPW

N

Table 4. Sample reduction and distribution of weights due to inverse probability weighting

J

Table 5 summarizes the RR for respiratory function measures,
specifically FEV and FVC, according to the intensity of continuous

PA. No PA and two levels of activity intensity levels (moderate and
hard) were compared.

-

N

RR 95% CI P-value
FEV nothing - middle —0.69 —1.48 1.01 0.10
nothing - hard -1.07 -1.88 0.27 0.10
FVC nothing - middle 2.65 —-0.16 5.46 0.08
nothing - hard 4.10 1.24 6.95 <0.01
Binary FEV | nothing - middle 1.18 0.92 1.44 0.21
nothing - hard 1.27 1.01 1.53 0.07
Binary FVC [ nothing - middle 0.95 —-0.52 1.37 0.74
nothing - hard 0.63 -0.17 1.09 0.04
FEV: forced expiratory volume
FVC: forced vital capacity
Table 5. Risk of respiratory function according to type of continuous physical
activity

J

Engaging in middle- and hard-intensity exercises was not
significantly associated with a lower risk of declining FEV when
compared with no exercise (RR =—0.69 and —1.07, 95% CI: —1.48—
1.01 and —1.88-0.27, respectively; p = 0.10).

For FVC, engaging in middle-intensity exercise was not significantly
associated with a higher risk for declined FVC compared with no
exercise (RR = 2.65, 95% CI; —0.16-5.46; p = 0.08). Conversely,
engaging in hard-intensity exercise was significantly associated with
a higher risk for declined FVC compared with no exercise (RR =
4.10, 95% CT; 1.24-6.95; p < 0.01).

Regarding binary outcomes for FEV, engaging in middle- and hard-
intensity exercises were significantly associated with a higher risk for
declined FEV compared with no exercise (RR =1.18 and 1.27, 95%
CI; 0.92-1.44 and 1.01-1.53, respectively; p = 0.21 and 0.07).

For binary outcomes of FVC, engaging in middle-intensity exercise
was not significantly associated with a lower risk of FVC decline than
no exercise (RR =0.95, 95% CI; —0.52—-1.37; p = 0.74). Conversely,
engaging in hard-intensity exercise was significantly associated with
a lower risk of FVC decline than no exercise (RR = 0.63, 95% CI;
-0.17-1.09; p = 0.04).

Discussion

This study showed that continued exercise in older adults may
maintain respiratory function and was significantly associated with
the onset of respiratory diseases. First, engaging in vigorous exercise
for >4 years reduced the risk of FVC by 4.10-fold compared with
that with no exercise. For restrictive ventilatory disorders, vigorous
exercise reduced the risk of FVC by 0.63-fold more than that of no
exercise. While the effect of moderate exercise was not significantly
different, the FVC analysis showed a p-value slightly outside the
95% CI (p = 0.08), indicating a potential 2.65-fold reduction in FVC.

Further studies with larger sample sizes and more refined sampling
conditions may identify significant results.

FVC is affected by the mobility of the expiratory muscles and the
thorax and decreases with age [25, 26]. These findings have important
implications for cough management. FVC affects coughing, a crucial
defense mechanism for clearing the airway [27]. Decreased expiratory
muscle strength and chest wall mobility may impair cough function
and increase the risk of aspiration pneumonia. Restrictive ventilatory
disorders, although potentially caused by collagen diseases, highlight
the importance of maintaining or improving expiratory muscle and
chest wall compliance.

Conversely, for FEV, the impact of exercise intensity could not
be sufficiently demonstrated over a four-year period. Although the
significance of the effect on obstructive ventilation impairment was
slightly outside the 95% CI, the estimated value did not strongly
indicate an effective exercise impact. Moderate exercise had a similar
result for the prevention of obstructive ventilation impairment, with a
p-value slightly outside the 95% CI (p = 0.07), and the continuation
of intense exercise was associated with a 1.27-fold increase in the risk
of obstructive ventilation impairment. This suggests that obstructive
ventilation impairment, characterized by symptoms, such as airway
obstruction [28, 29], may be exacerbated by excessive exercise,
potentially worsening respiratory function in those at risk. However,
bronchiolitis obliterans syndrome is associated with decreased FEV1
and increased mortality [10]. Additionally, the FEV1/FVC ratio is a
strong predictor of mortality in the general population, particularly in
patients with COPD [30-33]. Effective preventive measures against
obstructive ventilatory impairment include smoking cessation and
nutritional management [34]. For COPD, a representative disease
of obstructive ventilation impairment, standard treatments and
rehabilitation typically involve pulmonary rehabilitation programs
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that include respiratory therapy, educational programs, psychological
counseling, and general exercise [35, 36]. In addition, specialized
therapies can improve lung function [37]. Therefore, incorporating
targeted exercise and patient education is essential, rather than
simply engaging in exercise alone.

A notable challenge in this study was the high dropout rate, which
was substantial throughout the study period. Specifically, the dropout
rates were 31.60% and 45.70% for Waves 4 and 6, respectively, giving
an overall dropout rate of 45.10%. This high dropout rate is a critical
factor that needs to be addressed as this may influence the robustness
of the results. IPW was used to mitigate follow-up bias, which was
adjusted for participant loss. The applied weights (Tables 3 and 4)
reflect the impact of participant dropouts and ensure that the analysis
is representative of the initial sample. Despite these methodological
adjustments, the high dropout rate is a limitation of this study. Future
research should develop strategies to minimize dropout rates and
enhance the reliability and generalizability of the findings.

Respiratory function is closely related to QOL [38]. Additionally,
declined respiratory function leads to reduced PA, which significantly
diminishes activities of daily living and health-related QOL [39, 40].
Respiratory rehabilitation is effective in alleviating breathlessness,
increasing exercise tolerance, and improving QOL [41-43].
Furthermore, respiratory training can improve respiratory function,
swallowing function, and QOL [44]. However, reduced respiratory
function should be prevented using daily preventive measures. These
study results, which demonstrate the impact of continuous exercise
on respiratory function, are considered to contribute to maintaining
or improving the QOL and extending healthy life expectancy.

Limitations

This study has several limitations. First, the reliance on self-
reported PA levels may introduce reporting bias [42]. Additionally,
the exclusion criteria for respiratory function parameters may limit
generalizability. Future studies should incorporate more objective
measures of PA, such as wearable activity trackers, and consider
additional respiratory function metrics.

Conclusion

Overall, this longitudinal study, using data from the ELSA cohort,
demonstrated the positive impact of vigorous PA on the maintenance
of respiratory function in older adults. The high dropout rate, which
reached 45.10% in the final wave, underscores the need for future
studies to effectively address participant retention. Continued
vigorous exercise over four years significantly reduced the risk of
decreased FVC and restrictive ventilatory disorders, contributing
to improved respiratory health and potentially extending a healthy
lifespan. These findings emphasize the importance of promoting
regular PA among older adults as a preventive measure against
respiratory function decline and highlight the need for strategies
to enhance participant engagement and retention in longitudinal
research.

Conflict of Interest: The authors declare no conflict of interest.
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