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Abstract. Air pollution has significantly impacted China’s economy and public health. Over the
past few years, there has been numerous research conducted to investigate the relationship
between air pollution and the mortality of the Chinese elderly. However, little research has
investigated the factors(disease etc.) related to air pollution in the elderly population. This study
aims to find out which factors under the impact of PM2.5 contribute to the resilience of the
elderly. In the China Longitudinal Healthy Longevity Survey (CLHLS), 11,999
participants(Average 87.1) with follow-up from 2000 to 2018 were analyzed with a time-varying
cox model, exploring whether PM2.5 has an effect on the relationship between mortality of the
elderly and the elderly’s status, including ADL, smoking, age, sex, chronic respiratory, stroke or
CVD, hypertension, diabetes. Rises of 10 pg/m? in PM2.5 were associated with increases in all-
cause mortality of 0.54% (95% confidence interval [CI]:0.38—0.69%). In stratified analyses,
elderly people diagnosed with diabetes (HR = 1.0131, 95% CI:1.0016 ~ 1.0248) and
hypertension (HR = 1.007, 95% CI:1.003 ~ 1.011) were more vulnerable to PM2.5 exposure.
Contrary to our understanding, Older adults with impaired physical function have a reduced risk
of PM2.5-related death(HR=1.0107, 95% CI:1.0007~ 1.005).
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1. Introduction
Ambient delicate particulate matter (PM2.5) exposure has been linked to significant health risks,
including increased mortality. Previous studies have shown a strong association between PM2.5
exposure and various health outcomes, such as cardiovascular disease mortality and exacerbation of
respiratory conditions like asthma and bronchitis [1-5]. Furthermore, interactions between air pollution
and genetic factors have revealed significant gene-environment interactions that complicate the health
outcomes for affected individuals [6].

China’s rapid industrialization and urbanization have resulted in significant environmental
challenges, notably air pollution. Over the past few decades, China’s energy-intensive development path
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has substantially increased particulate matter (PM2.5) and other pollutant emissions [7]. The health
burden posed by air pollution is considerable and contributes to many deaths annually from respiratory
diseases [3,5]. Yin [8] found that the relative risk of cause-specific mortality from long-term exposure
to PM2.5 may be underestimated in China. Li [4] discovered that long-term exposure to PM2.5 was
associated with an increased risk of all-cause mortality in Chinese adults who are 65 years and older.

Recent studies have highlighted the disproportionate impact of air pollution on vulnerable
populations. They are more susceptible to the harmful effects of environmental pollutants. Older adults
are particularly vulnerable due to their preexisting health conditions and reduced physiological resilience
[9].

Other substantial gaps still need to be addressed. Many studies have not adequately accounted for
the temporal dynamics of air pollution exposure and its health impacts. Yang [10] used average PM2.5
estimates over long periods without considering temporal changes, potentially missing dynamic health
and mortality trends. Besides, the effects of high-level PM2.5 exposure in older adults can vary
according to different risk factors. Li [4,5] estimated the effects of long-term PM2.5 exposures and
mortality vary spatially between southern and northern regions and between urban and rural areas.
However, previous research has not adequately studied crucial individual risk factors as physical
function and mental health.

The China Longitudinal Healthy Longevity Survey (CLHLS) is helpful to understand the health
conditions among older Chinese adults. This dataset collects comprehensive data on participants’ lives,
including demographics, health conditions, lifestyle factors, and social support networks [6]. Xi [11]
utilized the CLHLS data with time-varying Cox proportional hazards models. They found that older
adults are particularly vulnerable to heatwaves, with those experiencing dependency in activities of daily
living (ADL), social isolation, and cognitive impairment having higher hazard ratios.

Our research aims to address these limitations by incorporating time-varying Cox proportional
hazards models and focusing on individual-level exposure data. By leveraging the CLHLS dataset and
high-resolution air pollution data from the Tracking Air Pollution in China (TAP) database, we aim to
provide a more nuanced understanding of air pollution's long-term impacts on mortality among older
Chinese adults. Through this approach, we will evaluate the impact of individual risk factors on the
long-term PM2.5-related survival of China’s elderly population, determine the association between
increased mortality and critical risk factors caused by air pollution, and understand how these factors
interact with environmental exposure over time. We hope to contribute to the growing body of literature
on the health impacts of air pollution and inform policy measures to mitigate these effects.

2. Methodology

2.1. Study Population and Dataset Description
The dataset we use is from the 2000-2018 longitudinal dataset. It involves static and eighteen-year
interval dynamic information for the respondents who were first interviewed in 2000. It contains 11,199
respondents who were interviewed in 2000, there were 1,541 respondents lost in the 2002 survey, 724
respondents lost in the 2005 survey, 505 respondents lost in the 2008 survey, 129 respondents lost in the
2011 survey, 19 respondents lost in the 2014 survey, and 45 respondents lost in the 2018 survey.

CLHLS captures comprehensive data on participants’ demographics, health status, behavior patterns,
and social support, covering rural and urban areas in 23 of China’s 31 provinces. This dataset includes
age, gender, race/ethnicity, education, marital status, tobacco and alcohol use, major physical diseases
(diabetes, bronchitis, emphysema, asthma, and pneumonia), physical functional status measured by
ADL scales, and mental health. Data were collected through face-to-face interviews with participants
and, for deceased individuals, interviews with their closest relatives. There are also follow-up surveys
to ensure the data’s accuracy and longitudinal integrity during the research period.

TAP provides PM2.5 concentration data from over 1,000 state monitoring stations. It is filled with
satellite remote sensing data to achieve a 1 km x 1 km spatial resolution, covering the period from 2000
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to 2018 and allows for assessing long-term PM2.5 exposure. The TAP dataset offers reliable and
comprehensive data by combining ground-based observations with satellite-derived estimates.

2.2. Mortality

Mortality here is time to event and records the time from the baseline survey to the date of death or the
end of the study period for those who survived. Mortality data are collected through follow-up surveys
with information obtained from family members or official records. Because CLHLS is a longitudinal
research, this allows for a detailed analysis of mortality related to PM2.5 exposure over time. By linking
mortality with air pollution exposure and other relevant predictor variables, the study can assess the
long-term health impacts of different factors on older adults in China. The detailed mortality records
enable advanced statistical models to explore the complex interactions between air pollution,
demographic factors, and health outcomes.

2.3. PM2.5

PM2.5 refers to particulate matter with a diameter of 2.5 micrometers or smaller. Inhalation of PM2.5
is associated with respiratory and cardiovascular health problems, including asthma, bronchitis, heart
attacks, strokes, etc. Delicate particulate matter is a continuous variable ranging from 12.824 pg/m? to
117.98 pg/m? in our dataset, assigned with each province and year. Lv [9] found that the incidence of
disability in ADL escalates when PM2.5233ug/m?; we refer to this threshold to split participation into
high-pollution or low-pollution labels to investigate the effect of PM 2.5.

2.4. Demographic Variables

The sex variable is a binary indicator (male or female) recorded for each participant. Biological
differences between men and women, such as hormonal variations and genetic factors, can affect
vulnerability to air pollution. The age variable records the participant’s age at the time of each survey.
Age is a crucial variable as it is a significant risk factor for mortality and health deterioration, particularly
in older adults. The residence variable classifies participants as living in either urban or rural areas. The
residence variable divides participants as living in either urban or rural areas. Urban areas are more
likely to have higher levels of air pollution due to industrial activities, traffic emissions, and higher
population density. Rural areas may have pollution sources such as agricultural activities and biomass
burning.

2.5. Functioning Capacity
Functioning capacity uses the Activities of Daily Living (ADL) scales to measure the ability to perform
basic self-care tasks for participants. The ADL scales include six components:

E1: Bathing

E2: Dressing

E3: Toileting

E4: Indoor transferring

ES5: Continence

E6: Feeding

Each dimension is scored on a scale. The higher the score, the greater the impairment. This variable
is particularly useful as it offers information about the physical capacity of the participants and their
health status also essential to know in addressing the general health effects of air pollution. Impaired
functioning capacity suggests susceptibility to environmental stressors, making the variable necessary
for analysis. The ADL scores are obtained either by self-reports or proxy responses if the participant
cannot provide information personally. The ADL scores had been obtained from the subjects' answers
to six defined questions that rated their ability to carry out personal activities. The rating of activity
levels was 1-No assistance required, 2-Some help required, and 3-Total help required. The score for
each is summed up to acquire a broader ADL score, which in turn provides a composite score of between
6 to 18. The sum score results categorized ability into three dimensions and levels: Good (6 points),
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Moderate (7-12 points), and Poor (13-18 points). The classification is finer, enabling us further to do
stratified analysis in our modeling and allowing a more precise estimation of the influence of health
conditions on daily living and general well-being by including these detailed ADL measures.

2.6. Health Factors

Chronic diseases increase susceptibility to the harmful effects of air pollution and contribute to higher
mortality risks. The presence of these diseases is determined through self-reports during the interviews
and validated by medical records. Smoking status is categorized to two groups: smoke and non-smoke.
Smoking is a significant risk factor for respiratory and cardiovascular diseases, and the effects
compound the adverse health impacts of air pollution. Smoking history is collected by the interviews,
including age at smoking initiation, cessation, and the number of cigarettes smoked per day, which is
essential for controlling the confounding effects of smoking and accurately attributing health outcomes
to PM2.5 exposure.

2.7. Data Preprocessing

Data preprocessing in the analysis of PM2.5 concentration data and longitudinal survey data involved
several vital steps. With a sizeable raw data volume from the Tracking Air Pollution in China (TAP)
dataset, it was decided to break it into smaller, more manageable subsets, allowing us to efficiently deal
with over 10 million records. We obtained the provincial annual average level of PM2.5 concentration,
which, in turn, could get a long-term exposure level with a reduced impact by short-term fluctuation.
The information regarding PM2.5 was then geolocated and aligned with the geographic coordinates for
China Longitudinal Healthy Longevity Survey (CLHLS) respondents. This step was necessary for the
exposure to environmental data to be combined with individual health records accurately such that each
participant's exposure to PM2.5 is correctly attributed based on location.

Data cleaning for the CLHLS dataset has been done to maintain the longitudinal structure of the data.
We merged the records of the participants who were part of the survey at different waves while
maintaining consistency and resolving inconsistencies, for instance, in the case of conflicting death
records. This is achieved by carefully reevaluating each respondent's responses over several years.

Key covariates were re-calculated to fit in the Cox proportional hazards model. We defined 60 years
of age as the beginning for each participant based on the World Health Organization’s definition of
elderly persons. The death year was taken as the endpoint of the observation, while wave times were
taken as interval stop points for each participant. This approach enabled us to capture the dynamic nature
of participants' health status and environmental exposure over time.

2.8. Statistical Analysis

Past studies have assessed ambient PM2.5 concentration as a risk factor for mortality in older adults
using time-varying Cox proportional risk models, which encouraged us to investigate how other
vulnerability risks interact with PM2.5 to influence survival. A longitudinal cohort design used a time-
varying Cox proportional hazard model to analyze the association between PM2.5 exposure and
mortality in older adults. Analyses were done with R version 4.3.3.

h(t) = ho(t)exp(Bx;(t) + Boxz()+... +Brxi ()

In the equation (1), x;(t) represents covariates, including time-varying covariates such as age,
smoking status, physical function (ADL), whether an individual has a disease (high blood pressure,
diabetes, stroke, or cardiovascular disease, respiratory disease), and time-fixed covariates such as gender
and residence. h(t) represents the risk function of exposure to PM2.5 and covariates for a given
individual at time t. hy(t) represents the risk function at time 0. § represents the influence coefficients
of PM2.5 and covariate, respectively.

To reveal the potential individual risk factors for PM2.5 and elderly mortality, we conducted a
comprehensive stratified analysis of disease-related risk factors and general physical functions. We
conducted a subgroup analysis to explore if the association between PM2.5 and mortality in the elderly
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varied depending on whether or not they had a particular disease (e.g., having a respiratory disease vs
not having a respiratory disease). We also assessed the potential impact on overall physical function,
grouping participants according to ADL scores (6 for full function, vs7-12 for moderate impairment,
and 13-18 for severe impairment).

3. Result
Table 1. Distributions of selected characteristics of the study population in 2000(N=11199)

Characteristics N Percent %
Age
less than 80 38 0.3
80-99 8730 78.0
more than 100 2431 21.7
Sex
Male 4651 41.5
Female 6548 58.4
Urban/Rural
Urban 6899 61.6
Rural 4300 38.3
Smoking Status
Yes 1866 16.6
No 9333 83.3
ADL
6 7241 64.7
7-12 3023 27.0
13-18 902 8.1
Missing 33 0.2
Chronic Respiratory
Yes 1253 11.1
No 9348 83.5
Missing 598 53
Hypertension
Yes 1559 13.9
No 9056 80.8
Missing 584 5.2
Stroke or CVD
Yes 439 3.9
No 10137 90.5
Missing 623 5.6
Diabetes
Yes 159 1.4
No 10392 92.7
Missing 648 5.8

3.1. Descriptive Statistics

As shown in Table 1, we used data following 11,199 participants aged 65 and above for a total time
span, between 2000 and 2018. The focus of these analyses was on identifying vulnerability to PM2.5-
attributable mortality related to declines in physical functioning, as captured by the ADL scale. Possible
confounders considered here include demographic characteristics, health conditions, and smoking status.
The average age of the study population was 87.1 (SD = 11.3) years at baseline. The age distribution
showed that 27% were between 65-79 years old, and the remaining 73% were 80 years and over, while
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the age distribution is 26.2% for those ages 80-89 years, 27.4% for ages 90-99, and 19.4% ages 100 and
older. The cohort was predominantly female (58.4%), and the majority were urban residents (61.6%);
the remainder lived in rural areas. A very high majority of the participants, 83.3%, were non-smokers,
while 16.6% were either current or ex-smokers. Physical functional independence, as evaluated by the
ADL scale, represented 64.7% of fully functioning patients (ADL score = 6), 27.0% with moderate
impairment (ADL score 7-12), and 8.1% with severe impairment (ADL score 13-18). Also, 11.1% had
chronic respiratory diseases, 13.9% had hypertension, and 3.9% had a history of stroke or CVD. The
important context is these covariates giving in understanding how susceptible the population is to the
adverse effects of long-term PM2.5 exposure.

3.2. Exposure-response relationship

By fitting the time-varying COX model, we found that PM2.5 impacts the all-cause mortality of the
elderly in China (Hazard Ratio (HR) =1.0054, 95% CI:1.0038-1.0069 ). In addition, age, sex, individual
physical functions, smoking, and certain diseases also influence the death of older persons. The decline
in physical function increases the risk of death in older adults by nearly 20% (HR=1.19). Smoking results
in a highly exaggerated increase in the risk of death (HR=22.9).

Figure 1 depicts the association between increased exposure to PM2.5 and the risk of death from
PM2.5. The monotonous increase in mortality risk was associated with PM2.5 exposure, showing an
approximately linear relationship over a wide range of PM2.5 concentrations. Figure 2 shows the
Kaplan-Meier Curve for the participants. Participations were split into Group 1 with an initial PM2.5
<=33ug/m? and Group 2 with an initial PM2.5 > 33pug/m? value in 2000-wave [9]. In the study, the P-
value of the log-rank test is less than 0.05, indicated with this threshold value, PM2.5 has an effect on
the survival time of the elderly.

Hazard Ratio

60
PM2.5 concentration (pg/m3)

Figure 1. Hazard Ratio for Mortality in Relation to PM2.5 Concentration
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Figure 2. Kaplan-Meier curve for high pollution and low pollution ID
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3.3. Diseases and PM2.5 mortality

Disease is a vulnerability factor affecting older people’s exposure to PM2.5. We examined hypertension,
stroke, diabetes, and respiratory diseases. In the case of stroke and respiratory disease, the effect of
PM2.5 exposure on death in the elderly was not significant. However, the effect varies depending on
whether you have hypertension or diabetes. In the disease stratification analysis ( Figure 3), hypertension
patients in the elderly were associated with a bigger risk of death from exposure to PM2.5 (HR =1.007,
95% CI:1.003-1.011), compared to elderly people without the disease(HR =1.0052, 95% CI:1.0036-
1.0069). Compared with older adults without diabetes (HR = 1.0052, 95% CI:1.0036-1.0068), older
adults with diabetes had a higher risk of death from exposure to PM2.5 (HR = 1.0131, 95% CI:1.0016-
1.0248).

3.4. Physical function and PM2.5 mortality

We examined the mortality risk of PM2.5 under different physical conditions (Figure 4). We found that
the decline in physical function in older adults actually reduced their PM2.5-related mortality. Older
people with good physical function (ADL score of 6) have a bigger risk of PM2.5-related mortality
(HR=1.0107,95% CI:1.007-1.014). Older people with impaired physical function had a lower risk of
PM2.5-related death. The HRs of time-varying PM2.5 exposure in moderately and severely impaired
individuals were 1.0057(1.0026, 1.0091) and 1.0027(1.0007, 1.005), respectively.

Taking into account the situation of each subscale, when the elderly had severe difficulties in going
to the toilet, moving indoors, eating, and moderate difficulties in dressing, the effect of PM2.5 on death
was not significant. Under the specific disability status (ADL subscale), the risk trend of PM2.5 was
consistent with that of overall physical function, the aggravation of a certain disability makes PM2.5
less relevant to the death of the elderly.

Hypertension
Affected e —
Unaffected ——

Diabetes

Affected

Unaffected ——

1 1.0125 1.025 1.0375
Hazard Ratio

Figure 3. HRs of PM2.5 stratified according to disease characteristics

Physical Function

1 1.005 1.015 1.025
Hazard Ratio

Figure 4. HRs of PM2.5 stratified according to physical function ADL scale score
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Dots represent points show the hazard ratio for a different subgroup. The error bar represents a 95%
confidence interval.

4. Discussion

Age was a significant factor in mortality, with older age unexpectedly associated with a lower risk of
death (HR 0.64, 95% CI 0.63-0.65, p < 0.0001). This counterintuitive finding suggests that those who
survive to older ages may be healthier, a phenomenon known as the healthy survivor effect. Additionally,
right censoring and data gaps due to high dropout rates among the oldest individuals might skew results
toward healthier survivors [12]. The sex factor shows that males have a lower mortality risk than females
(HR 0.89, 95% CI 0.83-0.95, p < 0.001). This disparity might be attributed to data limitations and
potential biases in reporting and follow-up surveys[4], [11]. Residence showed no significant difference
in mortality risk (HR 0.99, 95% CI 0.91-1.07, p = 0.746). Despite urban areas typically having higher
pollution levels, rural areas might pose significant health risks due to limited healthcare access and
higher indoor pollution from biomass fuel use [9].

The association between physical function(ADL), and PM2.5-related mortality provides insightful
findings. Our results indicate that older adults who have better physical function (ADL score of 6) have
a higher risk of PM2.5-related mortality (HR = 1.0107, 95% CI: 1.007-1.014) than those who have
impaired physical function, who exhibit a lower risk. Specifically, the hazard ratios of time-varying
PM2.5 exposure in moderately and severely impaired individuals were 1.0057 (95% CI: 1.0026—-1.0091)
and 1.0027 (95% CI: 1.0007-1.005). This counterintuitive finding suggests that people with full physical
function might engage more in outdoor activities, resulting in PM2.5 exposure quantity increase.
However, those with impaired physical function will be likely to spend more time indoors to reduce
their exposure to outdoor air pollution. This hypothesis is supported by a study from Chen that indicates
higher outdoor activity levels correlate with increased exposure to environmental pollutants [13].
Additionally, for the very elderly, the substantial decline in physical function might make the impact of
PM2.5 on mortality less significant to consider. High age is often associated with multiple chronic
conditions and a general decline in physiological function, overshadowing the effects of PM2.5 exposure.
Under such circumstances, mortality is more likely attributed to the progression of age-related diseases
and overall frailty rather than exposure to air pollution [14]. These findings here show the complex
interplay between physical function and environmental exposure for determining health outcomes
among the older population.

Besides, several diseases are examined to assess their modifying effects on the relationship between
PM2.5 exposure and mortality. Considering stroke and respiratory diseases, the effect of PM2.5
exposure on mortality did not present a significant result. However, significant interactions were
observed for hypertension and diabetes. Hypertension was associated with a higher risk of death from
PM2.5 exposure (HR = 1.007, 95% CI: 1.003—1.011) compared with those without hypertension (HR =
1.0052, 95% CI: 1.0036—1.0069). Similarly, older adults with diabetes had a higher risk of death from
PM2.5 exposure (HR = 1.0131, 95% CI: 1.0016-1.0248) compared to those without diabetes (HR =
1.0052, 95% CI: 1.0036-1.0068). The finding highlights a specific group of people who have had some
illness are more susceptible to the harm of air pollution [4]. Hypertension and diabetes might exacerbate
the body’s response to pollutants by potential inflammation and compromised cardiovascular function
[9]. The chronic inflammatory state associated with these conditions could amplify the inflammatory
response triggered by PM2.5, causing increased cardiovascular strain and greater susceptibility to
adverse outcomes [12]. The stratified analysis highlights the importance of considering individual health
conditions for evaluating the impacts of air pollution. The heightened susceptibility of individuals with
hypertension and diabetes indicates that public health interventions should prioritize these groups to
reduce the harm of PM2.5 exposure [4]. Furthermore, differences in risk found may at least be partially
caused by the variability in access to healthcare and treatment of those chronic conditions. Individuals
with well-treated hypertension or diabetes are likely to experience less severe impacts from PM2.5
exposure than poorly controlled conditions [12]. The p-value of the log-rank test revealed a significant
difference below 0.05. This suggests that exposure to PM2.5 has a considerable influence on the duration
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of older people’s survival and, in fact, those with chronic conditions. Such an important finding is
consistent with those already reported in earlier studies and indicates that air pollution enhances the
health impacts of chronic diseases and raises mortality risks [13]. Future studies should further be
focusing on these interactions to develop more targeted strategies for protecting vulnerable populations
from air pollution exposure. Understanding the way PM2.5 exacerbates chronic conditions could inform
more effective public health policies and interventions.

The smoking status result indicated a highly significant impact on mortality risk (HR = 22.93, 95%
CI: 20.67-25.43, p < 0.0001). This extremely high hazard ratio indicates smokers are prominently more
vulnerable to dying compared to non-smokers. Several factors contribute to this amplified risk. A study
from Chen [13] has shown that smokers have compromised lung function and increased susceptibility
to respiratory infections and chronic diseases can be exacerbated by particulate matter in the air.
Additionally, historical smoking patterns in China, particularly from the 1940s to the 1960s, likely
contribute to the current high mortality risk observed among older smokers. Smoking became
widespread, partly due to aggressive marketing by tobacco companies and the cultural normalization of
smoking, especially among males [15]. The long-term effects of these historical smoking habits are now
manifesting in increased mortality rates as the population ages. Moreover, the educational levels and
awareness regarding the health risks of smoking were relatively low during the mid-20th century in
China. Lack of awareness and combined with high smoking prevalence, it means that many older adults
have long histories of heavy smoking, leading to severe health consequences in the presence of
additional environmental stressors like PM2.5 [16]. Lower socioeconomic status (SES) of many
smokers during this era also have higher smoking rates and increased health risks, as SES influences
smoking behaviors and cessation success.

5. Limitation

Several limitations should be considered. First, the reliance here on self-reported data for health
conditions and ADL scores introduces the potential for reporting bias. Participants might have
overestimated or underestimated their health status and functional abilities, impacting the accuracy of
our results. The problem is particularly relevant for older people with cognitive impairments, who might
have difficulty accurately reporting their health status. Secondly, the exposure assessment was based on
average annual PM2.5 concentrations at the provincial level might not accurately reflect individual-level
exposure. Variations within provinces and changes in exposure during the research period were not fully
accounted for, leading to potential exposure misclassification. Lastly, some of our results showed non-
significant p-values, particularly for factors like hypertension, diabetes, and bronchitis, which might be
due to insufficient sample sizes or misclassification in self-reported health conditions. Healthier
individuals might have been more likely to participate in follow-up surveys, leading to a healthier
survivor bias.

6. Conclusion

In conclusion, our study highlights the significant impact of PM2.5 exposure on mortality among older
Chinese adults and shows different effects depending on individual health conditions and physical
function. We found that exposure to PM2.5 is linked to a higher risk of mortality, particularly among
those with better physical function, suggesting that active older adults might have higher exposure levels.
Additionally, our findings emphasize the heightened vulnerability of individuals with pre-existing
conditions such as hypertension and diabetes to PM2.5-related mortality. These findings highlight the
importance of focused public health policies, especially for those with chronic health conditions, from
the negative influences of air pollution. Future research should address our study’s limitations, such as
improving the precision of exposure assessment to elucidate further interactions between environmental
exposures and health conditions in older adults.
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