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ABSTRACT

Background: While PM: < is a known respiratory hazard, most studies lack the tempaoral depth 1o
distinguish chronic impacts from acute effects, particulardy among vulnerable older aduls.
Addressing the inherent limitations of standard cross-sectional surveys, this study employs a
pioneering natural experiment design with a 10-year stable residency filter. To our knowledge,
this represents the first study globally to evaluate the chronic impact of extreme ambient on
an "ultrapure’ healthy older adulis population using such a decadal filter, providing the first
regional evidence in Southeast Asia that integrates a quasi-longitudinal framework to isolate
respiratory effects. Utilizing a Precision Fublic Health (PPH) framework, this study aimed
to determine the translational impact of chronic PM; sexposure on standardized lung function
(GLI 2012 - z-scores, adjusted for Sonih East Asian populations) among ‘apparently healihy'
older adults Indonesians, thereby providing 2 unigue regional evidence for targeted promotive and
preventive public health strategies, Methods: We conducied a natural experiment with quasi-
longitudinal approsch. Applying a two-tiered assessment strategy, this study involved 101
non-smoking older adults adnlts (age 65-80 years: normal BMI). This design compared two
populations with a minimum 10-yvear residency in areas of contrasting PMz= levels: a high-
exposure urban area (Kedova) and a low-exposure rural area (Pangalengan). The decade-
long residency requirement ensured that exposure preceded the outcome, thereby
minimizing reverse causalitn. To ensure comparability aeross different altitudes and
temperatures, spirometry was performed using internal BTPS (Body Temperature, Ambient
Pressure, Saturated with water vapor) compensation. Multivariable linear regression was
used to evaluate the association between residential PM ;s exposure and lung function, ad justing
for key demographic and lifestyle covariates. Results: Older adult participanis in the high-
exposure area had significantly lower FEV1 z and FVC z values compared to those in the low-
exposure area. Mo significant difference was observed for the FEV1/ FVC z ratio. Multivanate
regression confirmed that exposure group (urban vs. rural) was the only independent predictor of
FEV1 z (B=-1.42, p=0.001) and FVCT z (f=-1.14, p=0.001), after adjusting for covariates. Mo
violation of model assumptions was detected for these outcomes, Conclusions: By utilizing a
natural experiment design with a decade of stable exposure, this study demonstrates that high
PM: s exposure is associated with significant reductions in standardized lung volumes (FEV | =z,
and FVC_z) among older adults, even after adjusting for demographic factors, The finding that the
FEVI/FVC_z ratio remains unaffected suggesis that chronie particulate exposure primarily
contnbutes to restrictive-type impairment, The 10-vear exposure stability stremgthens the
capsal inferemce by enswring temporal precedence. This study provides actionable
translational evidence for robust promotive and preventive measures, emphasizing the urgent
need for stringent air guality management—including expanding green spaces and integrating
environmental risk assessments into geriatric care. Ultimately, these findings support a shift
toward early detection through targeted respiratory screening and individualized risk
assessments o protect vulnerable older adults in highly polluted megacities.
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INTRODUCTION

Ambient air pollution, particularly fine particulate maner {PM;.s), remains one of the leading
environmental risk factors for morbidity and mortality worldwide [1,2,5.4 3], PMos can penetrate
doep into the distal airways, trigeering inflammation. oxidative stress, and structoral changes that
contribute to impaired pulmonary function [1.3,6,7.8,.9]. Older adults are especizlly vulnerable duc
to age-related physiological decline, higher prevalence of comorbidities, and reduced capacity to
respond to environmental stressors [7,10,11]. This heightened susceptibility anderscores the
need for a Precision Public Health approach, which moves beyond population-wide averages
to focus on tailored promotive and preventive strategies for highly volnerable subgroaps
[12,13,14].

Despite extensive cvidence linking PMzs exposure with adverse respimtory outcomes, the
majority of epidemiclogical research has focused on children or middle-aged adulis [4.8]. Studics
involving older adult populations—who bear a disproportionate burden of air-pollution-related
disease—remain relatively scarce, particularly in low- and maddle-income countries {LMICs)
(2,6, 10). Moreover, data from cities with extremely high ambient PMas levels are limited,
restricting our understanding of how chronic exposure affects lung function in the most heavily
polluted wrban environments [3.6.7.5.%]. This lack of data is critical. as it hinders the
development of precision-hased preventive interventions tailored to the older adults, whose
physiological response to extreme pollution may differ significantdy from docomented
patterns in younger cohorts [107.

Jakarta has repeatedly ranked among the most polluted major cities globally, with annual PMa..
concentrations far exceeding WHO guidelmmes [2,15]. However, substantial vanation in PM-..
levels exists across districts, driven primanly by high-volume traffic emissions and localized urban
construction projects [ 15, | 6]. This provides a unique opportunity to employ a natural experiment
framework [| 715, 19.20], In the context of Precision Public Health, wtilizing such high-
contrast environmental gradients allows for a more granular understanding of how localized
exposure impacts specific demographics. Such evidence is foundational for designing
targeted health promotion programs and providing the cawsal rigor needed for effective
policv-making. Unlike standard cross-sectional studics that often lack the temporal depth to
establish causal hinks, this study utihzes the extreme pollution contrast between two distinet
regions as a gquasi-gold standard for environmental observation [J_,_I_H ]_‘1 "'-‘r] E:.f r.:nﬂ:-rr:mg a
strict 10-year minimum residency requirement, we introduce a guasi=h :

[21.22] that minimizes common pitfalls such as exposure misclassification and reverse causality,
effectively bridging the ethical and methodological gap between observational surveys and
randomized trials.




To our knowledpe, this is the ﬁﬂm,ﬂnﬂy to apply a Precision Publiec Health lens by
evaluating the chronic impact of extreme ambient PM2son an 'ultrapure’ healthy older adult
population vsing a 10-vear stable residency filter within a natural experiment lramework.
Furthermaore, it repreaents ﬂ,mnﬁﬂﬂug Hlpmﬂn- ol thig quasi-longiudmal approach globally,
providing unique evidence from one of the world 's most polluted megacities  inform evidence-
based preventive mensures

To address this evidence gap. we conducted a natural experiment framework to compare lung
function, expressed & Global Lung Initiative (GLI) z-scores [22. 24 ], between older adult residents
of two arcas with distinctly different annual PM:.s levels. Our methodology leverages this this “as-
if random" assignment to cnsure that the measured lung function reflects long-term., cumulative
impacts rather than acute environmental shifts, thereby establishing the necessary temporal
precedence for causal inference. Furthermore, the use of standardized spirometric z-scores (GLI1-
2012) specifically adjusted for South East Asian cthnicity allows for a pioncering asscssment of
the aging lung in this region. This methodological precision is essential for Precision Public
Health, ensuring that climical assessments are ethnically and age-appropriately accurate,
thereby avoiding the misdiagnosis common in generalized respiratory models and improving
the efficacy of primary prevention.

The primary research guestions were: (1) whether long-term exposure dnves lower and #-scores
among older adults; and (2) whether exposure leads to significant differences in z-scores. We
hypothesized that older adult individuals living in the higher-exposure area would exhibit lower
lung volumes (FEV, _z and FVC _2), reflecting a subclinical restrictive-like decline, with less
promounced differences in the FEVY/ FVC ratio. These findings are expected to provide the
granular evidence necessary for developing robust promotive and preventive puablic health
strategies for aging urban populations.

METHODS
Stud v Design

We employved a natural experiment using a guasi-longitudinal approach o compare lung
function among older adults residing m two areas with markedly different long-tenn ambient
exposure levels, This desicn—aoften regarded as a guasi-gold standard for evaluating
environmental exposures—was specifically chosen to bridge the cthical zap where a
Randomized Controlled Trial (RCT) is impossible [25,20,27]. The substantial between-arca
variation in levels serves as an exopenous proxy for random assignment, allowing for a
population-level comparison that minimizes selection bhias, By utilizing these extreme
environmental gradients, we simulated a "guasi-experimental’ condition that approaches the
causal rigor of an RCT while maintaining real-world translational relevance. This design
aligns with the Precision Public Health framework by moving beyond population-wide
averages (o evaluate how specific, localized environmental stressors impact a highly
vulnerable sub-population.



To strengthen the quasi-longitudinal perspective of this design, we enforced a striet 10-vear
minimum residency requirement for all participants. This residency threshold ensures that the
measured lung Minction reflects the cumulative, long-term impact of chronic exposure rather
than acute environmental shifts. By csishlizhing the necessary temporal precedence, this
degign addresses a Key requirement for causal inference and significantly reduces the risk of
reverse cansality often found in standard cross-sectional studies,

To our knowledge, this is the first study globally to utilize such a decadal exposure filter
within a natural experiment to assess an 'ulirapure” older adulis cobhort in a high-pollution

megacity.

The study was conducted in accordance with the Strengthening the Reporting of Observational
Studies i Epidemiology (STROBE) guidelines [23.2Y9] to ensure transpareni reporting. By
comparing two geographically distinet populations that are secio-demographically similar but
emvironmentally contrasted, we effectively utilized this "natural contrast™ to assess the chronic
impact of particulate matter on the agng lhung while minimizing confounding through strict
eligibility eriteria and frequency matching,

Study Setting and Site Selection

The study otilized a two-tiered exposure assessment strategy—a  two-stage  hvbrid
approach—to characterize exposure and select research sites by combining macro-level
secondary data with micro-level direct environmental sampling. This methodology was
employed to ensure a high-contrast exposure gradient while validating area-specific
concentrations through ground-trathing [30]. In the first stage (Macro-level Mapping),
preliminary mapping was conducted using secondary data from government air quality
monitoring stations across the Jakarta and Bandung metropolitan areas to identify regions
with the highest and lowest historical levels.

This was followed by a second stage of primary validation (Micro-level Direct Measurement)
to capture real-time, arca-specific concentrations and minimize the risk of ecological fallacy,
Three specific districts within the candidate regions of Jakarta and Bandung were selected
Tor direct on-site monitering to validate actual ambient conditions within residential
neighhorhoonds. This granunlar validation is a cornerstone of the Precision Poblic Health
framework, ensuring that the exposure contrast is not merely assumed from distant
monitoring stations but vernified at the residential level, therchy reducing exposure
misclassification. Based on the synthesis of these multi-level data points, Kedova (Jakarta)
was confirmed as the high-exposure location and Pangalengan (Bandung Regency) as the
lower-exposure location. Participants were subsequently assigned to exposure categories
nsing an area-level proxy that reflected the validated chronic ambient conditions of their
primary residence.

Sample Size Determination



A minimum sample size of 34 participants per group was estimated using a two-sample
comparison of means. assuming a significance level of a=0.01 and 95% power [31,32,33.34].
This caleulation emploved the standard formula for companng two independent means;

(Zom+ Z4)° - 207
n=
(11 — pa)?

Where:

= 1; Minimum sample size required per group.

»  Zam The Z-score corresponding o the two-tailed significance level (a=0,01, Z,2=2.58}.

= Zn: The £-score corresponding to the desired power (1 =095, Z=1.64),

= pl-p2: The cxpected minimum mean difference between the high- and low-cxposurs
ETOUPS.

o: The population standard deviation of the ontcome vamable (FEV1 _z).

The power calculation was based on an expected mean difference in FEV1 z-scores (pl-p2) of
{8 units (assuming astandard deviation (a) of 1.0}, derived from previous similar epidemiclogical
stdies on air pollution effects in older adul populations. To account for potential exclusions,
invalid spirometry, and data loss, the recruitment target was increased to at least 60 participants

per group [31.34].
Participants Recruitment and Eligibility

Data collection was conducted between May and June 2025 across two districts representing high
(Bedoya) and low (Pangalengan) exposure gradients. To enhance imternal validity and minimize
variability in major confounding factors. participants were selected through a muli-layered
screening process designed to ensure that observed differences m lung function were primarily
attributable to ambient exposure rather than individual health histonies or lifestyle choices, This
"ultrapure’ cohort selection serves a translational purpose: by isolating the impact of exposure from
other major confounders, the findings provide clear, actionable evidence for clinical guidelines
amd public health protection for the older adult population.

Eligibility was determined based on sinct inclusion and exclusion cntena. Participants were
included if they were aged between 65 and B0 years and had maintained penmanent residence at
thear current address for at least ten continuous vears. This decadal residency criterion 15 erucal 1o
ersure that the measured lung function reflects the long-term, cumulative impact of chromc
exposure rather than acute environmemal changes, effectively establishing a retrospective
temporal order between exposure and outcome. Additonally, candidates were required 1o
demonstrate the willingness and physical ability to undergo standardized spirometry and structured
interviews, and must fall within the normal Body Mass Index (BMI) range (18.5-22.9 kg/m’) as



defined by the WHO classification for Asian populations [35,36]. This BMI restriction was appliad
to exclude the potential restrictive effects of ebesity on lung expansion [37 38].

To further aminimize confounding bias, several exclusion criterfa were rigorously applied.
Individuals were excluded if they were cumrent or former active smokers or had significant daily
exposure fo passive smoking. Potential participanis with a known history of chronic respiratory
diseases—iuncluding COPD, pulmonary fibrosis, uncontrolled asthma, or history of pulmonary
tuberculosis—were also excloded, as were those with recent acute respiratory tract infections
within the preceding four weeks. Furthermore, the study excluded individvals with severe
cardiovascular or systemic conditions, lung cancer, or ncuromuscular and cognitive impairments
that could mterfere with spirometry validity or the ability to follow instnuctions. Finally, to isolate
ambient as the primary facter, individuals with si gnificant occupational exposure to industrial dust,
biomass smoke, or chemical irritants, as well as those with communication bamiers such as
illiteracy, were not included in the final cohort

Sampling and Final Sample

The recruitment and selection process followed a systematic multi-stage purposive sampling
approach to ensure 4 high-guality, comparable study population (See Figure 1 - STROBE
Flowchart). In the first and second stages, purposive selection was used to identify regions
and specific sites (Kedova and Pangalengan) with extreme contrast. In the third stage, a
sampling frame of 245 potential candidates was established through registries at community
health posts (Poshindu). These candidates underwent preliminary pre-screening to verify
hasic eligibility based on age (6580 vears), never-smoking status, and a 10-vear stahle
residency requirement.

From this registry., a simple random sampling procedure was employed to invire 60
candidates Trom each site (total o= 120} for formal clinical assessment to minimize selection
hias. A total of 123 individuals attended the clinical phase (68 from Kedova and 55 from
Pangalengan). These candidates underwent a rigorous one-day comprehensive clinical
screening,  comprising  structured  interviews,  physical  examinations, and
Electrocardiography (ECG) to rule oot cardiovascular abnormalities. To enhance
comparahility and newtralize potential confounders—such as age, gender, education level,
and occupation—a frequency matching procedure was applied. After strictly adhering to the
ATS/ERS 2019 quality standards for spirometry [ 3Y], the final analytical sample consisted of
101 participants (54 from the higher-exposure area and 47 from the lower-exposure area).

Research Variables and Operational Definitions

This study involved several Kev variables classified into independent, dependent, and
covariate variables. The independent variable was the level of chronic fine particulate matter
() exposure, represented by the participants’ residential location, with the Kedova area
categorized as high exposure and Pangalengan as low exposure, A primary Tocus of this study



was the assessment of lung function as a continuous physiological measure rather than a
binary clinical diagnosis. This approach increases statistical power and allows for the
detection of subclinical declines in respiratory health, representing a Key feature of the
Precision Public Health frramewnrk by identifving "at-risk" individuals before overt elinieal
disease manifests.

The primary outcomes were lung function indices expressed as and z-scores, calculated using
the Global Lang Initiative (GLI) 2012 Southeast Asian reference eguations to account for
age, sex, and height. Analyvzing these as continuows variables enables the detection of subtle,
dose-dependent shifts in lung function associated with chronic exposare. Secondary
outcomes included the z-score and the prevalence of lung function impairment. Clinical
obstruction was defined using an age-appropriate threshold for older adulis, specifically an
z=score below —1.64 (the Lower Limit of Normal), while participants with a z-score >—1.64
were classified as having a normal ventilatory pattern.

Covariate variables were collected for descriptive analvsis, frequency matching, and
statistical adjustment. These included age (vears), gender (male or female), and height (cm).
Body Mass Index (BMI) was calculated as weight in Kilograms divided by the square of
heizht in meters (). In accordance with the inclusion criteria, all participants were within the
WHO-defined normal range for Asian populations. BMI served both for frequency matching
and as a covariate in multivariable models, with an independent sample t-test confirming no
statistically significant difference in mean BMI between the two exposure groups to ensure
baseline comparability of nutritional status. Sociceconomic status (SES) was captared
through education level—categorized into low (no schooling/primary), middle (junior/senior
high), and higher education (diploma/degree}—and occupation. which was grouped
ordinally into three levels: (1) unemploved, laborer, farmer, or small trader; (I} employee:
and (3) professional.

Besearch Instruments

Data collection was facilitated through a svite of vahdated instruments designed to capture
demographic, socioeconomic, and physiological variables, A pre-tested structured questionnaire
was utilized to gather respondent identity, socioeconomic status (mcluding edocation and
ovcupation), and a detailed 10-year residency history. To ensure the "ultrapure’ nature of the cohort,
the questionnaire also screened for histories of chronic or acute lung diseases and environmental
confounding factors, such as passive smoking and biomass exposure. All measurements were
recorded on a standardized observation sheet, which included height measurements taken with a
calibrated stadiometer to the nearest centimeter. Ethical adhergnce was documented through signed
informed consent forms. which were obtained after participants received comprehensive
information regarding the study’s objectives and procedures.

Pulmonary function was assessed using a portable digital spirometer 10 measure Foreed Expiratory
Volume in 1 second {FEV,), Forced Vital Capacity (FVC), and the FEY\/ FVC ratio. The device
maintained a volume accuracy of 3% and a flow range of 016 L/s, with calibration performed
before each session to ensure data integrity. All measurements were conducted by trained



personnel in sirict accordance with the American Thoracic Society/European Eespiratory Society
(ATS/ERS) standards. Participants received standardized instructions and demonstrations prior (o
the examination, with maneuvers repeated until at least two consistent, high-quality resuits were
obtained. To further validate site conditions and technical reporting, visual documentation was
utihzed for locathon-specific ficld notes and activity venfication, while strictly maintaining
participant anonymity.

Data Collection Methods

Data collection was conducted directly at the two research locations by a trained survey team
comprising enumerators, medical personnel, and field coordinators. The fieldwork utilized
standardized procedures and instruments, beginning with a community-based recruitment
process. Alter passing initial pre-sereening and prior toany elinical procedures, participanis
received a comprehensive explanation of the study and provided written informed consent.
Face-to-face interviews were then conducted wsing a piloted structured guestionnaire to
colleet demographie data, sociceconomic factors, resideney history, and detailed medical
histories related to the exclusion criteria. To minimize information and observer bias, all
interviews were conducted by trained enumerators who were blinded to the participants’
CApOsure stais.

Participants subsequently underwent standardized physical and supporting examinations.
Anthropometric measurements, including body welght and height (measared using a
portable stadiometer), were taken to confirm that all participants met the normal BMI
inclusion criteria (18.5-22.9 kg/m?). This was followed by a cardiorespiratory assessment—
encompassing blood pressure, heart rate, respiratory rate, oxvgen saturation, and lung/heart
aunscultation—and an Electrocardiogram (ECG) to exclude severe cardiovascular conditions,
All clinical examinations were performed by medical personnel who were blinded to the
geographic exposure classification of the participants.

Pulmonary function was measurcd wsing a portable digital spirometer in strict accordance
with the American Thoeracic Society (ATS) and Evropean Respiratory Society (ERS)
standards [38). Participants performed maneuvers in a seated position, and measuremen ts
were repeated until at least dua consistent best resalts were obtained, with a difference in
and hetween maneovers nof exceeding 150 mL. To ensare data validity across the
geographically distinet study sites of Kedoya and Pangalengan, the following protocols were
implemented. First, to aceount for significant dilTerences in temperature and atmospheric
pressure between the coastal Jakarta area and the highland Bandung region, the spirometer
was equipped with an internal BTPS { Body Temperature, Ambient Pressure, Saturated with
water vapor) sensor. This sensor automatically calibrated and adjusted measured lung
vidlumes based on ambient conditions at each site, ensuring that the results reflected true
physiological capacity. This environmental compensation ensured the precision of the
hiological signal across disparate geographic altitndes. Second, raw lung function values
were converted into z-scores nsing the Global Lung Initiative (GL1) 2002 South East Asian-



adjusted reference equations o account for ethnic-specific lung morphology. This approach
minimized bias related to age, height, and ethnicity, while all spirometry technicians
remained blinded to participants’ exposure status to ensure objective outcome measurement.

Adr Pollution Exposure Data

Air pollution exposure data (PMzs levels) were obtained from long-term environmental
monitoring data at the parficipants' residenfial areas, which served as the basis for
categorizing participants into the high and low exposure groups.

Data Recording and Quality Control

All data were recorded on standardized worksheets. Data guality control involved review by
a field supervisor, reconfirmation of incomplete or questionable data, and double data entry
to minimize input errors and ensure accuracy,

Duteome Measures

The primary outcomes of this study were standardized lung function mdices, which facilitate an
accurate comparison between individual s across different ages, heights, and genders. We focused
on three key perameters to asscss pulmonary health: Forced Expiratory Volume in | second
(FEV1), Forced Vital Capacity (FVC), and the FEV W/ FYC matio, the latter of which is used to
identify obstructive ventilatory defects. To minimize the bias inherent in using absolute values or
percentage of pradicted values—which can vary significantly in older adult populations—all raw
measurements were converted into z-scores using the (ilobal Lung Function Initiative (GLI-
2012) reference equations.

A z-score indicates how many standard deviations an individual's measurement deviates from the
mean predicted valueof a healthy population. This standardization ensures that differences in lung
function between the high and low exposure groups are not confounded by individual
anthropometric characteristics, including age, height, gender, and ethnicity, For the clinical
categorization of impairment, participants were classified as having a ventilatory defect if thear
FEV| 2. FVC z, or FEV/ FVC_z-score fell below the Lower Limit of Normal (LLN). Following
international diagnostic standards, the LLN was defined as a z-score of less than —1.645, which
corregponds to the Sth percentile of the healthy reference population,

Data Quality and Handling of Missing Data

To ensure high data integrity, a complete case analvsis was adopted. Given the direct
supervision during data collection, missingness was minimal. Any participants with invalid
spirometry or incomplete responses were replaced in real-time by new recruits from the same
strata to maintain the required statistical power.

Statistical Analysis
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Participant characteristics were summanzed using descriptive statistics. Initially, the effectiveness
of the frequency matching procedure was verified by comparmyg baseline chamecteristics betwaen
the high and lower-exposure groups using Independent Samples t-tests (or Mann-Whitney U 1e4s)
for continuous varigbles and Chi-square tesis for categorical variables.

Data normality was assessed using the Shapiro-Wilk test, as it is more sensitive and robust for
the current sample size per group (n<100), supplemented by visual inspection of Q-0 plots,
Homogeneity of variances was evaluated using Levene's test. Group differences between
exposure areas were assessed using Independent Samples t-tests for vanables meeting parametric
assumptions or nonparametric alternatives (Mann-Whitmey U) for variables that violated
normality or homogeneity assumptions.

Multivariable linear regression models were fitted 1o estimate the assecation between PMe:.-
exposure category amd each lung function z-score (FEV, z, FVYC 2 and FEV/FVC z-score).
Models were adjusted for age. sex, body mass index, socioeconomic indicators, Results arc
reported as adjusted mean differences (Unstandardized B gocfficients) with 95% confidence
intervals, Model assumplions were stnctly verified using the Koelmogorov—Smirnov test was
used to confirm the normality of unstandardized residwals (with a sipnificance threshold of
p=i.01), multicollinearity was asscssed using the Variance Inflation Factor (VIF < 5.0). and
influential outliers were screened using Cook's distance (threshold < 1.0), and Mahalanohis
distance with the latter evaluated azainst the y2 critical valwe for the corresponding degrees
of freedom (p=0.001). Statistical analyses were conducted using SPS5 version 26, All hypothes:s
tesis were evaluated using a two-tailed significance level of a=0.01 and power=95%, providing
the high-precision evidenee necessary for translational health applications.

Ethical considerations

The study was conducted in accordance with the Dreclaration of Helsinki and approved by the
Ethical Review Committee of the Faculty of Medicine, Universitas Trisakti under cthical
permigsion number (07 KER/FE/O4/ 2025 Prior 1o participation, all individuals provided written
Informed consent. To ensure genuine sutonomy among the older adults participants, the consent
process included a comprehensive verbal explanation of the study’s objectives and the non-
invasive nature of the procedures.

Rescarchers ensured that all technical terms were explained in lay language, and for those with
age-related visual difficulties, the form was read aloud 1o guarantee full comprehension be fore
signing. Panicipation was strictly voluntary, with the right oo withdraw at any ome withour
consequence. BEach consent form was signed by the participant and witnessed by an impartial
third party present during the process. Individuals who were illiterate or could not speak
Indonesian were excluded to ensure the integeity of the informed consent process. As the study
focused excluzively on the older adults, no minors were involved.

To safeguard privacy, all data were double-anonymized using unigue alphanumeric codes; no
identifying information was stored in the final analyvtic dataset. All clinical examinations were
conducted in private settings o maintain the dignity and comifort of the participants.
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RESULTS

A. Participant Flow and Selection. The flow of participants throughout the snody. detailing the
recruitment process, application of inclusion/exclusion criteria, and the final analytic sample
size, is illustrated in Figure 1. A wotal of 123 older adulis residents were mitially screened. After
applying eligibility criteria (e.g., age 65-80 years, minimum [0-years residency, no history of
smoking ) and excluding 22 participants, the final analytic sample comsisted of 101 older adults
adults. Specifically, 47 participants from the low-exposure Pangalengan group and 54
participants from the high-exposure Kedova group were included in the final analysis. The
Pangalengan group consisted of 37 older adults women and 10 older adults men, while the
Kedoya group comprised 47 older adulis women and T older adulis men.
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fibieatban 1 ensure o healthy, comparable grawps,

B. Study Setting and Exposure Assessment

PNz coneentration measurements were conducted at six preliminary locations: three in the
Bandung area (characterized by generally low PM:s levels) and three in Jakarta
(characterized by generally high PMaz levels). This initial screening was performed to
identify the most suitable study locations for participant reeruitment. Based on the eollected
data, one location in the Bandung area exhibiting the lowest PM:: concentration and one
location in Jakarta with the highest PM s concentration were subsequently selected for the
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study. The measurement results for AQI (Air Quality Index), . and from all six preliminary
locations are presented in Table 1.

Table 1. AQI (Air Quality Index), PM25 and PMI10 Concentrations in Preliminary
Measurement Areas,

_Bamdung | Pangalengan
Leuwi Panjang
Padalarang
B B R
Cilandak barat 16 5 151
Mangga Dua 209 45 127

C. Participant Characteristics

Baseline demographic and clinical charactenistics are detailed in Tahle 2. The two exposure groups
were generally comparable across most variables, confirming the effectiveness of the frequency
matching procedure outlined in the Methods section. Mean age in the low -exposure group {Group
1) was 71,32 years vs 71.52 years in the high exposure group (Group 2). The difference in mean
age (Mean Differences=—{0.199 vears) was not statistically significant {=—0.317, p=0.747).
Homopeneity of variance for age was also confirmed by Levene's test (F=35.075, p=0026,
congistent with o=0.01 a5 the criterion).

Similarly. the distribution of gender was comparable, with the majority being female in both groups
(Pangalengan: 78.72% female vs. Kedoya: 87.04% female, 32 test p = 0.265). The lack of
significance difference in mean age and gender distmbution demorstrated that the groups were
well-balanced for these important covariates. No data were missing for lung function variables or
covariates.

The anthropometric profile, specifically Body Mass Index (BMI). also showed no significant
difference between the two groups, The mean BMI in the low-exposure group was 20.74 kg/'m*
compared o 20,80 kg/m® in the high-exposure group (Mean Difference = -0.066 kg/m?®). This
difference was not statistically significant (t = -0.441, p = 0.661). Homogeneity of varance for
BMI was confirmed by Levene's test (F= L197, p = (1,277}, further demonstrating that the groups
were well-balanced regarding nutritional status.

Table 1. Demographic and Anthropometric Characteristics of Study Participants by Data
Collection Location.
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To compare the charactenistics of the study subjects between the Pangalengan group (Group | ) and
the Kedova group (Group 2), a series of statistical tests were conducted, including normality of
distribution tests, homogeneity of vanances tests. and mean or median companson tests. A

comprehensive summary of these test results i1s presented in Table 3.

Table 3. Summary of Statistical Test Results for Inter-Group Characteristic Comparisons.
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D). Lung Function Differences Between Exposure Groups
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Participants residing in the higher exposure area exhibited lower mean FEVI Z-scores and
FVC #-scores compared with those living in the lower-eéxposure area. In contrast, the FEV I/FVC
#-seore remained comparable between the two groups.

1. Comparison of Z-Scores (Adjusted Parameters)

For the z-scores (FEV1 2 and FVU 2}, which adjust for age, gender, and height, the analysis
revealed the following:

FEV1_z (Non-parametric Test): Due 1o the violation of the normality assumption in group |
i p={.001) and unequal varances ( Levenc s p=0.00 1), the Mann-Whitncy U test was performed.
The test revealed a highly statistically significant difference (p<0.001), The lower-cxposure
group showed a higher distribution (Mean Rank = 64.63) compared to the higher-exposure
group {Mean Rank =39.14), with a Mean Rank difference of +25.49,

FYC _z (Parametric Test): As the o=(L.0] significance level, FYC_z satisfied the assumption
for parametric anal vsis. Both groups followed & normal distnibution (Shapiro-Wilk p=0.054 and
=L 98Y) and demonstrated homogeneity of vanances {Levene's p={L051), Conseguently, an
Independent Samples t-test was performed. The test indicated a highly statistically
significant difference between the two cxposure groups {peth, (K ).

« The Mean Difference (pl—p2) was calculated as +1.2111 z-score wnits (Mean | =
—-1.2409; Mean 2 = -3 4530)), corresponding 1o a large effeet size ( Cohen’s d=1.21). This
indicated that the average FVC_z score in the lower-exposure group wad 1.21 Standard
Deviations (SDs) higher than the higher-¢iposure group.

FEV1/ FYC_z Ratio: Consistent with the primary findings, the Mann-Whitney U test for the
FEV1/ FVC_z ratio showed no statistically significant difference between the two groups
(p=0.464). Both groups maintained average values (+1.96 and +1.57, respectively) well above
the clinical threshold for obstruction (Lower Limit of Nonmal = — 1,647, This result is consistent
with the smdy's recruitment process, which cxcluded individuals with known respiratory
discases or overt symptoms of breathlessness, thereby ensuring a study population of
apparently healthy' older adults. Consequently, the proportional relagignship between and
remaincd preserved, confirming an absence of airway obstruction even in the higher-cxposure
group, Notably, both the lower-exposure group (+1.96) and the higher-exposure group
(+1.57) maintained mean valves well above the clinieal threshold for obstruction
(LLN==1.64). This result aligns with the study’s recruitment process, which excluded
individuals with known respiratory diseases or overt symptoms of breathlessness to
ensure a popualation of ‘apparently healthy® older aduolts. Consequently, while absolute
volumes (FEV1 x and FVCz) were significantly reduced, the proportional relationship
between them remained preserved, confirming an absence of airway obstruction even in
the higher-exposure group.

2, Consistency in Actual Parameters
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This pamtern was consistently mirrored in the analvsis of actusl lung function parameters
(FEV1 actual and FVC _actual):

« The mean FEV | actual was significantly lower in the high-exposure group (Independent

test, pr=i (01

«  The median FVC actual also showed a statistically significant difference { Mann-Whitney
LF rest, p=.002),

« Correspondingly. no significant difference was detecied in the median FEV1 FVC_actual
{p=0.687).

These findings strongly suggest that differences in PM: s exposure were primarily associated with
reductions i absolute lung velumes (FEV1 2z and FVC 2), rather than an alteration in the
underlying airway resistance pattern (as indicated by the non-gigmificant FEV1 FVC 2 ratio).

The complete comparison results for both aciual and 2-scores lung function parameters are detailed
in Table 4.

Table 4. Summary of Statistical Tests for FEV., FVYC, and FEV/FYC Variahles.

ml:ﬂﬂfuhﬂl

i : MAER (Nomrmual Wr:::.@u-r m il Significant Dilference
i : :;w [ﬂm} Muse-Whitnry 7 6000 Slgeiicrn) Diflermce
= : xw m..]. Mann-Whitkey U <0001 Significaut Dilference
R L e [eomey DL AW meSmme
s e Mooy Mumingy 0w N

Abbresiations: FEY  — Forced BExparatany Yolame in | socond; FYC — Forced Yanl Capecity; FEVEYO - Rano afl FEY, & PV,
FEY: sfmal - Mosurad abwolupe value of FEY, (m litersk FVC _acal - Messoned  absoluls walue of FYOC [in
IrerscF EVi VL acmanl - Measured absolwie ramo of FEV w FYC FEV 2 - Standamdized Z-score of FEW ) (sl usted for age,
gender, and Brightl FYC_r - Standasdized 2-seome of FVC adsted for age, sex, md height); FEV FVYC ¢ - Stimidbedizod 2-
seons ol the FEV/FVC mtio; Sig. — Snificance (pevaluek Levene's Sig — pvalee oo Levene's wal foe bomogeneily o
VArMnes.

E. Correlation Analysis between Covarates and Lung Funetion

To explore potential confounders and inform the subsequent multivariable mod e, bivariate
correlations were examined between selected participant characteristics (covarintes) and
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lung Munction #scores. The complete correlation matrix, including the results of both
Pearson (r) and Spearman (p) tests, is summarized in Table 5.

The key finding confirmed the inverse association observed in the descriptive analysis:
Ambient PMysexposure demonsirated a significant and moderate negative correlation with
both FEV1_z (Pearson r=—0.46Y9, p<0L.001) and FVC_z (Pearson r=-0.462, p<d.001). This
sugpests that higher levels are associated with lower lung volumes relative to reference
values., Consistent with the group comparison results, PMzs exposure was not statistically
significantly associated with the FEVyFVC_z ratio (Pearson r=—0.136. p=0.176).

Regarding the covariates, Age, Gender, Education, and Body Mass Index (BMI) showed no
statistically significant correlations with any of the lung function outcomes when evaluated
at the prespecified significance level of p<0.01. However, Height showed a sigaificant, weak
negative corrvelation with FVC_z (Pearson r=—0.273, p=0L006), suggesting a pofential weak
confounding effect that should be controlled for in the regression analvsis,

Table 5. Pearson Correlation and Spearman’s rho Matrix between PM.. Exposure,
Covariates and Lung Function Variables in the Older adults,
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F. Multivariable Linier Regression

Multivariable linear regression was employed to determine the independent association between
exposure {group stas) and lung function Z-scores. The models were adjusted Tor potential
confounders, including age, gender, education, height, and BM1. The results of the three adjusted
models are summanzed in Table 6.

Model for FEY) =

The overall model for was statistically significant (F{6.94)=7.189, p<0.001), explaining
approximately 31.5% of the variance in FEV|_z (R*=0.315). In this adjusted model, residence in
the high-exposure area emerged as the only significant driver of lower FEV, #
{Unstandardized Cocfficient B=—1.434, p<0.001), This indicates that, after controlling for all listed
covariates, participants in the high PM:.c area had an FEV_z score that was 1.434 units lower than
those in the low PMz: area. While BMI1 showed s positive association (B=0.443, p=0.015), it did
not meet the stringent significance threshold of (L01, The model’s validity was confirmed by a
maximum Cook's distance of 0.149 and VIF values below 16, indicating no influential outhiers or
multicollingarity issues.

Muodel for FVC =

Similarly, the model for FYC 2 was also statisteally significant (F(6,94)=5.475, p<0.001),
accounting for 25.9% of the variance (R*=0.259), The PMzs exposure group was the sole
significant predictor (Unstandardized Coefficient B = —1.145, p=0.001}), demonstrating that the

impact of higher exposure on reduced lung volume remains robust after adjustment.
Maodel for FEV)/ FVC_z

In contrast, the model for FEV,/ FYC z was not statistically significant (F{6,94)=1.943,
p=0.082), accounting for only 11.0°% of the variance (R*=(.110). Consistent with the unadjusted
results, no predictor variable, including PM:: exposure (B=—0.560, p=0.071). showed a
statistically sigmficant association with the FEV\/FVC 2z ratio after adjustinent.

Owverall, these findings indicate that long-term exposure to elevated PMas levels is significantly
associated with reduced lung volumes (FEV, z and FVC _2) but not with evidence of obstructive
impairment {indicated by the FEV/FVC z ratio] in this older adults population.

Table . Summary of Multivariable Linear Regression Analysis
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Assessment of Model Assumptions,

Prior 1o final inerpretation, key assumptions of the muluple linear regression models were
asgesged. Multicollinearity was confirmed to be minimal, with Variance Inflation Factor (VIF)
valucs remaining well below the threshold of 5 for all models. Furthermore, residual nomality
was formally tested for each model, with results summarized in Table 7.

Based on the strict o=0.01 cntenon, the residuals for the FEVI 2z model met the criteria for
normality (K—5 p=0.176; 5-W p=0.018), a conclusion supported by visual inspection of the -0
plot (see Supplementary Figure 1). Similarly, the FVC_z model residuals demonstrated strong
normality {K-5 p=0.200;5-W p={.114), validating the use¢ of parametnc tests in these models,
While the residuals for the FEV I/FVC _z ratio model showed a deviation from formal normality
{(5-W p=0.0011, they were considered approximately normal given the large sample size (n=101)
and visual alignment in Q-0 plots. These findings validate the robustness of the parametric tests
uscd in this study,

Owerall, these results demonstrate that chronie deeadal exposure to higher levels is a primary
driver of reduced lung volames (FEV) z and FVC #), while no such impact was observed for
ohstructive impairnient. This reinforees the conclusion that the observed lung function deficits are

driven by the long-term environmental contrast inherent in this natural expenment.

Table 7. Residual Normality Tests for Multiple Linear Regression Models
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DISCUSSION
Principal Findings and Comparison With Previous Studies

In this natural experiment employing a quasi-longitudinal approach, focusing on older adults
adults residing in two urban areas with substantally different ambient PM: s concentrations, we
found that long-term exposure to higher PMa s levels was significantly associated with reduced
lung function, specifically reflected by lower FEV] 2z and FVC 2z scores. This association
remained consisient and robust after rigorous adjusiment for demographic, sociceconomic,
and anthropometric covariates, including Body Mass Index (BMI). The persistence of these
findings after controlling for BMI—a known physiological determinant of lung capacity—
suggests that the observed decline is independently driven by particulate exposure rather
thamn variations in body composition.

A key strength of this study is the requirerent for participants to have resided at their current
address for at least ten continuous yvears, which provides a quasi-longitudinal perspective.
This decadal residency threshold represents a significant methodological advancement over
most large-scale global air pollution studies, which typically rely on current addresses or
short-term exposure windows (1-3 vears). By implementing this strict flter, we effectively
eliminated the "exposure noise™ and migration bias that often weaken the causal claims of
standard epidemiological research. By ensuring that the exposure penod signiticantly precedes
the lung funchion measurement. this residency threshold establishes a clear temporal
relationship and addresses the issue of temporal precedence—a key requirement for causal
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inference—ithereby reducing the risk of reverse causality often found in standard cross-
sectional studies. Notably, no statistically significant difference was observed in FEV/ FVC 2z
scores, sugoesting that the primary impact of chronic PM; s éxposure in this older adults population
reflects a reduction in lung volumes rather than ebstrucrtive impairment.

This lack of chstructive mpairment is consistent with our study design, which applied stringent
exclusion crteria to select only "apparently healthy” ol der adults participants, effectively screening
out mdividuals with symptomatic chronic obstructive pulmonary disease (COPDY), asthma, o
significant smoking histories. Consequently, while the participants appeared clinically nonmal, the
lower FEV1 z and FVCz scores in the high-exposure group reveal a subcelinical decline in lung
capacity that would otherwisc remain undetected by traditional diagnostic thresholds. This
identification of sabclinical risk is a cornerstone of early detection, providing a critical
window for interveation before irreversible damage occars. This exemplifies the Precision
Public Health approach, which seeks to move bevond reactive medicine by using granular
data to identify physiological vulnerability in specific high-risk groups before clinical
symptoms arise.

Owur findings align with a large body of literature demonstrating the detrimental effects of
particulate air poliution on lung function. However, while massive cohort studies in Evrope and
North America often struggle with exposure homogeneity or residential mobility [40], oor
natural experiment design isolates the impact of extreme environmental contrast with
unprecedented precision. Research has often found stronger associations for FEVI = and
FVC_z compared with the FEVI/FVC_2 ratio, supporting the idea that chronic exposure may
contribute more w restrictive-like patterns or reduced lung expansion capacity than to airway
obstruction. Our findings contribute additional evidence from Jakarta, one of the most polluted
megacities in the world, where older adults may experience particularly high cumulative exposure.

Strengths and Limitations

This study has scveral methodological strengths. It focuses on an understudied but vulnerable
pepulation—aolder adults individuals—Iliving in an exceptionally polluted urban environment. The
methodological novelty of this study is anchored in its decade-long exposure filter applied to
a strictly screened older adults population, allowing for a cleaner isolation of pollution-
induced deticits than has been achieved in prior global assessments. Unlike conventional
toxicogenomic or environmental studies that freat exposure as a snapshot in time [11,47]. sur
approach recognizes that the "aging lung"” is a product of cumulative environmental insuolts,
By emploving a natural experiment design [17, 15, 1% 20], this study exploited the significant
environmental contrast between two geographically distinet areas, which is considered a
quasi-gold standard for observational research. This design was intentionally chosen to
bridge the ethical gap where a Randomized Controlled Trial (RCT) is impossible [25.26,27];
by utilizing existing extreme environmental gradients, we simulated a 'guasi-cxperimental®
condition that approaches the cawpsal rigor of an RCT while maintaining real-world
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translational relevance. The translational value of this research lies in s ability to bridge the
gap between environmental monitoring and clinical respiratory outcomes. Furthermore, the
use of GLI-2012 #-scores provides a standardized and ethnically sensitive threshold that
serves a8 a robust tool for preventive sercening, ensuring that lung funaction decline is
identified accurately even in asvmptomatic populations. By isolating FM:sas an independent
driver of lung decline in an "wltrapure’ cohort, we provide actionable evidence that can be
directly translated into clinical sereemning suidelines for older aduolts residents in high-
pollution corridors.

Standardized lung function assessments were performed according to ATS/ERS guidelines [349],
Toensure data validity across the contrasting altitudes and temperatures of coastal Jakarta
and highland Bandumg, all measurements utilized internal BTPS (Body Temperature,
Ambient Pressure, Saturated with water vapor) compensation. Furthermore, the vse of GLI1-
2012 zescores calculated wsing South East Asian-specific equations allowed for age-, sex-,
height-, and ethnicity-adjusted comparisons, eliminating potential bias from ethnic physiological
variations,

The stringent exclusion of participants with pre-existing respiratory diseases ensures that
the observed differences in lung function z-scores reflect the chronic impact of ambient
PM 25 exposure on the "healthy® aging lang, rather than the confounding effects of clinical
pathologies. Although confounding was rigorously add ressed through restriction, frequency
matching, and muliivariable regression adjustment, residual confounding due o
unmeasured or imperfectly measured factors cannot be entirely excluded, as is inherent ti
observational research. This clinical rigor was complemented by high statistical validity;
residual-based diagnostic tests confirmed that the unstandardized residuals for the primary
lung volume models using FEV) and FVC F-scores outcomes demonstrated clear normal
distributions in Shapiro-WIilk tests, ensuring the appropriateness and reliability of the
parametric regression estimates.

A further limitation relates to the use of two study areas with contrasting exposure profiles, While
this design enhances internal validity by maximizing exposure contrast and minimizing
heteropeneity in contextual factors. 11 necessarily limits the varmability of exposure levels
[43,44.45 40, However, unlike standard longitudinal cohorts that may suffer from exposure
homogeneity, our natural experiment design provided the necessary baseline comparison to
isolate pollution-induced deficits from natural biological aging. This trade-off between mtemal
vahdity and exposure vanability reflects a deliberate methodological choice to pnoritize causal
inference over broad exposure representation,

The integration of this natural experiment framework with a sirict 10-year residency
requirement significantly strengthened the internal validity of the study by reducing
exposure misclassification and establishing a clear temporal link between long-term
pollution and subelinical lung function decline,
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Translational Implications for Precision Public Health

Our findings have direct implications for public health policy in rapidly urbamzing Southeast
Asian megacities. The evidence of significant lung volume reduction—even m ‘apparently healthy'
older adults—suggests that current public health advisories based on general population averages
may be msufficient for vulnerable age groups. Consequently, this study underscores the urgent
need for robust promotive and preventive public health strategies tailored to the unique risks of
the urban older adults. Consequently, this study underscores the urgent need for robust
promative and preventive public health strategies tailored to the unigque risks of the urban
older adults.

From a translational perspective. this study advocates for a Precision Public Health framework
that moves beyvond broad monitoring toward targeted respiratory screening and primary
prevention. From a promotive stand point, health authorities should utilize these findings to
enhance community-based education, raising awareness among older adults residents and
their caregivers regarding the long-term respiratory hazards of decadal exposure.
Specifically, integrating spirometry z-score assessments into routine older adults community
health posts (Poshindau) in high-exposure districts, such as Kedoya, could allow for the early
detection of subclinical decline. Furthermaore, these results provide actionable evidence for
urhan planners to prioritize localived "clean air rones” and specialteed indoor filtration
subsidies for long-term older adults residents in areas validated as high-contrast pollution
zones, effectively bridging the gap between eavironmental data and clinical protection,
Finally, frrom a clinical advocacy standpoint, these findings empower healtheare practitioners
to utilize decadal residential history as a critical, independent risk factor for respiratory
decline, cnsuring that long-term pollution exposure i prioritized in clinical screenings
regardless of a patient’s smoking status.

COMNCLUSLIONS

By utilizing a matural experiment design with a strict 10-vear residency requirement, this
study demonstrates that long-term exposure to elevated ambient levels is associated with markedly
reduced lung volumes (FEY) and FVC #z-scores) among older adults adulis, By exploiting extreme
environmental contrasis as an ethical alternative to randomized trials, this framework—
supported by BTPS-compensated measurements and ethnicity-ad justed z-scores—ensures
that the observed deficits are attributable to pollution rather than geographic or binlogical
variations. The stahility of exposure over a decade, combined with robust model diagnostics
confirming the normality of residuals, strengthens the evidence for a chronic, cumulative
impact, providing a superior causal inference compared to standard cross-seetional
ASSESSMents.

Crucially, these reductions were observed in an "ultrapure’ population of apparently healthy
Individuals, indicating that chronic particulate exposure primarily contributes 10 subelinical,
restrictive-patiern impairment—characterized by volume loss—rather than airflow obstruction.
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This finding wnderscores the necessity of a Precision Public Health approach, wiilizing
standardized z-scores to detect envirommental lung damage that remains hidden under
traditional clinical thresholds, thereby allowing for earlier identification of at-risk
individuals within vulnerable aging populations.

Ultimately. this research provides the evidentiary foundation for a dual-track strategy in
public health: robust health promotion to increase community awareness ol long-term
hazards, and precise primary prevention through routine respiratory screening in high-
pollution corrideors. These Mndings provide actionable translational evidence for shifing public
health  strategics  from broad. population-wide advisories toward targeted, data-driven
interventions. Beyond general air-quality regulations, this study advocates for the integration of
decadal environmental risk assessments into routine geriatric clinical care. The translational
value of this research lics in its capacity to bridge the gap between envirenmental monitoring and
clinical protection, supporting a Precision Public Health framework that prioritizes high-
resolution screening for long-term residents in validated pollution hotspots, While our guasi-
longitudinal approach provides robust evidence of the chronic impact of decadal exposure,
future prospective longitudinal studies conld further illuminate the real-time rate of lung
function decline and the potential reversibility of these subelinical deficits in populations
transitioning between different pollution trajectories.

Recom mendations

Based on the evidence of subchinical lung function deficits in long-term residents, this study
proposes a multi-sectoral framework for protecting vulnerable aging populations:

1. For Government and Urban Policy { Precision Regulation)

= Localised Monitoring: Strengthen high-resolution ambient air quality monitoring (PM...)
mn densely populated corridors and establish "Respiratory Protection Zones" where long-
term residents are prioritized for health surveillance.

» Emission Coentrol: Tighten localized emissions standards for transport and industry in high-
burden areas, and integrate real-time pollution alerts into municipal disaster-readiness
systems specifically tailored for geriatric protection.

2. For Clinical and Public Health Services (Early Detection)

s Screening Integration: Incorporate moutine spirometry with standardized z-scores into
primary care for asymptomatic older adults in high-pollution areas,

» Targeted Interventions: Promote the use of well-fitted masks (e.g., N95KENY5) and limit
outdoor exposure during peak pollution hours as a precision health advisory for "ultrapure™
but vulnerable populations.

3. Future Research Directions (Mechanistic Clarity)
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s Longitudinal & Biomarker Studies: To build upon this natural experiment, Miure research
should employ repeated spirometry o track the real-time rate of decline. Incorporating
inflammatory biomarkers and personal exposure monitoring will further clarify the causal
pathways of chronic particulate impact.

« Intervention Trials: Research should evaluate modifiable strategies, such as indoor air
filration and community-led emission reduction, 10 determine their efficacy in reversing or
halting subclinical lung function loss.
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