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Abstract

Aim and objective: This study explored the relationship between air pollution and rheumatoid arthritis (RA),
focusing on how specific air quality components affect RA disease activity as measured by Disease Activity Score
28 (DAS28).

Methods: The research involved Data were obtained from six air-monitoring stations across Kuwait, and RA patient
information was obtained from the Kuwait Registry for Rheumatic Diseases (KRRD). This study analyzed the
impact of pollutants such as sulfur dioxide (SO:), nitrogen dioxide (NO:), ozone (Os), particulate matter (PM.o),
nitrogen oxide (NO), and carbon monoxide (CO) on the DAS28.

Results: The results highlighted that NO2 and Os were the most significant air quality index (AQI) components
influencing DAS28 scores. NO- had a lag effect of two months (p < 0.01, effect score = 0.43), while Os exhibited a
lag effect of three months (p < 0.05, effect score = 0.31), both correlating with increased RA disease activity. The
study utilized a Vector Error Correction Model (VECM) and co-integration analysis to examine short- and long-term
associations between predicted and actual DAS28 scores was corrected over the following year, indicating that
strong long-term cointegration with the Error Correction (EC1) term was negative and significant (-0.54, p <0.001).
Conclusions: These findings emphasize the importance of air quality management in mitigating the impact of
environmental factors on RA, suggesting that exposure to elevated levels of NO: and O3 beyond regulatory
standards could exacerbate RA symptoms. This study provides a foundation for future public health interventions

aimed at improving disease prognosis in patients with RA by addressing environmental factors, such as air pollution.

Key words: Air Quality Index (AQI), Rheumatoid Arthritis (RA), Disease Activity Score (DAS28), Vector Error
Correction Model (VECM), Cointegration Analysis; KRRD

Abbreviations: AQI (Air Quality Index), RA (Rheumatoid Arthritis), DAS28 (Disease Activity Score in 28 joints),
VECM (Vector Error Correction Model), KRRD (Kuwait Registry for Rheumatic Diseases), NO: (Nitrogen
Dioxide), Os (Ozone), SO: (Sulfur Dioxide), PMio (Particulate Matter with a diameter of 10 micrometers or less),
CO (Carbon Monoxide), NO (Nitric Oxide), AIC (Akaike Information Criterion), BIC (Bayesian Information
Criterion), HQC (Hannan-Quinn Criterion), ECT (Error Correction Term), EC (Environmental Council), PMz.s
(Particulate Matter with a diameter of 2.5 micrometers or less), WHO (World Health Organization), GIS
(Geographic Information System), eMISK (Environmental Monitoring Information System of Kuwait), ACR
(American College of Rheumatology), ESR (Erythrocyte Sedimentation Rate), CRP (C-Reactive Protein), VAS
(Visual Analog Scale), CDAI (Clinical Disease Activity Index), KPSS (Kwiatkowski-Phillips-Schmidt-Shin test),
RF (Rheumatoid Factor), and ANA (Antinuclear Antibody).
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Significance & Innovation section

The significance of this study lies in its novel exploration of the relationship between air quality and rheumatoid
arthritis (RA) disease activity in Kuwait. By leveraging data from air quality monitoring stations and the Kuwait
Registry for Rheumatic Diseases (KRRD), the study provides critical insights into how specific air pollutants such
as nitrogen dioxide (NO2) and ozone (Os) influence the Disease Activity Score (DAS28) in RA patients. The
innovative use of multivariate time-series models, particularly the Vector Error Correction Model (VECM), enables
the examination of both the short- and long-term effects of air pollution on RA disease activity. This research fills a
significant gap in understanding the environmental triggers of RA, offering valuable public health implications for
managing patients with RA in regions with high pollution levels. These findings highlight the importance of
regulating air pollution to improve disease outcomes and provide a foundation for future research and public health

interventions aimed at mitigating the impact of environmental factors on RA.
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1. INTRODUCTION
1.1 Background

Numerous researchers have extensively examined the effects of ambient air pollution on human health
[1, 2]. Studies have shown the impact of air pollution on the development of several ailments including
respiratory disorders, cardiovascular diseases, and cancer [3]. Air pollution, even at low levels, may aggravate
or even cause a host of respiratory and other ailments such as diabetes, asthma, bronchitis, rheumatoid arthritis,
and chronic obstructive pulmonary disease. Public health has been concerned about the health effects of air
pollution exposure for approximately 700 years [4]. The majority of studies on pollutants in the air and case
studies related to health research have concentrated on the effects of short-term, acute exposure, as opposed to
long-term, chronic exposure.

RA is a chronic autoimmune illness characterized by continuous joint inflammation that may lead to
pain, swelling, and joint damage. Numerous environmental, genetic, and immunological factors are involved in
the complex pathophysiology of RA [5]. Air pollution is one element that could affect how severe and when
RA develops [6]. Research has shown that exposure to air pollutants such as NO, PM, s, and NO:x is positively
associated with an elevated risk of rheumatoid arthritis [6]. Additionally, studies have shown a possible link
between the elevated risk of RA and certain air pollutants connected to transportation and home heating
sources [7]. Additionally, cohort studies that included the general public have shown that air pollution might
exacerbate autoimmune disorders, such as RA [8]. Several epidemiological studies have examined the
association between air pollution and rheumatoid arthritis (RA). These include the Nurses' Health Study in the
US, British Columbian Study in Canada, and Swedish Epidemiological Investigation of Rheumatoid Arthritis
[9]. There may be a connection between RA and air pollution, and this research has helped us understand it
better.

1.2 Linkage Between RA and AQI

One common way to measure air pollution is via the AQI. The list of dangerous pollutants it contains includes
03, SO2, NO2, PMio, CO, and NO. It is well recognized that these pollutants have several harmful effects on human
health, especially on the cardiovascular and pulmonary systems. According to recent studies, autoimmune diseases

such as RA may potentially be affected by air pollution. Increased systemic inflammation has been linked to
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prolonged exposure to high levels of air pollutants, which may initiate or exacerbate autoimmune reactions, such as
those observed in RA. However, how air pollution affects RA remains unclear.

Significant morbidity, early death, and symmetrical inflammatory polyarthritis are the outcomes of RA, a
chronic multisystem disease of unclear origin [10]. In Kuwait, the frequency of RA is approximately 1%, similar to
that reported in other nations [11]. However, Kuwait and other countries in the Middle East have limited descriptive
data on patients with RA [12].

According to several studies, exposure to air pollution increases the risk of developing RA [13]. Additionally,
epidemiological data indicate a robust correlation between exposure to environmental pollution components, such
as noise, dioxin, cigarette smoke, and traffic-related air pollution, and the risk of RA [14—16]. Air pollutants are
believed to aggravate the disease and affect RA symptoms.

1.3 Aim and Objective

This study aimed to assess the impact of key air pollutants—NQO:, SOz, O3, NO, PMio, and CO—on DAS28
scores among patients with RA in Kuwait, using both short- and long-term perspectives. By integrating data from the
Kuwait Registry for Rheumatic Diseases (KRRD) with air quality data from six monitoring stations, this study
provides a comprehensive analysis of environmental influences on RA. As the first study of its kind in Kuwait, it
applied advanced multivariate time-series methods, including cointegration analysis and VECM, offering novel

insights into how air pollution affects RA disease activity over time.

2. METHODS
2.1 AQI Measurement

The AQI changes from one nation to another, and from one pollutant to another. The recommended AQI
incorporates eight pollutants (CO, NO2, SOz, PMio, and Os) for which short-term (24-hour average period limit)
National Ambient Air Quality Standards have been set. To account for the known environmental concentrations,
applicable limits, and expected health impacts, we divided each of these pollutants into its own sub-index. In this
study, the AQI for the State of Kuwait was used, following the definition provided by Al-Shayji et al. [17].
2.2 Air Quality Dataset

This study utilized air quality data from six long-standing monitoring stations established by the Kuwait

Environmental Public Authority (K-EPA), each strategically located across different regions of the country, to
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ensure comprehensive environmental coverage. The selected stations included Al-Fahaheel (FAH), Al-Mansouriya
(MAN), Al-Jahra (JAH), Al-Rumaithiya (RUM), Al-Ahmadi (AHM), and Al-Salam (SAL) (see figure Al in the
appendix). These permanent stations, part of a larger national network initiated in 1984, were equipped to
automatically record and store hourly data on various pollutants, which were aggregated into daily averages for the
purpose of this research. Data were sourced from the Environmental Monitoring Information System of Kuwait
(eMISK) and spanned January 2012 to December 2023. Positioned mainly in residential areas, these stations
monitor both anthropogenic and natural sources of pollution, thereby providing a robust foundation for assessing
long-term environmental exposure and its potential health impacts.
2.3 RA Data Collection

The Kuwait Registry for Rheumatic Diseases (KRRD) is a comprehensive national registry that collects
clinical data on patients with rheumatic diseases across Kuwait. KRRD supplied the data on patients with RA.
Patients diagnosed with RA who meet the specific requirements established by the American College of
Rheumatology (ACR) have their medical information included in the KRRD (Knowledge Repository and Registry
Database). This study investigated data from 4,459 follow-up visits and 1,526 RA patients who were enrolled in the
KRRD between January 1, 2012, and December 30, 2023.
2.4 DAS28 Calculation Formula

DAS28 is a clinical measure used to assess RA disease activity by evaluating 28 joints for tenderness and
swelling (see Figure A2 in the supplemental file), along with inflammatory markers and patient-reported health. It
combines four components as markers of inflammation: Tender Joint Count (TJC), Swollen Joint Count (SJC),
Erythrocyte Sedimentation Rate (ESR), and C-Reactive Protein (CRP), and the Patient Global Health Assessment
(GH) rated on a visual analog scale. The DAS28 score was calculated using established formulas that vary
depending on whether ESR or CRP is used. It serves as a standard tool in both clinical practice and research for
tracking RA progression and assessing treatment responses.
2.5 Linkage Between AQI and RA Data

To examine the relationship between air pollution and RA disease activity, AQI data were merged with
patient records from the Kuwait Registry for Rheumatic Diseases (KRRD) based on date and residential location,
aligning each patient with the nearest monitoring station ( Figure A3 in the supplemental file). This spatial-temporal

matching is essential for accurately assessing environmental exposure. The integration and analysis of these large
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datasets were carried out using R and Python, with R Studio (version 1.1.463) used for statistical analysis, and
Python for data integration and geospatial processing. This approach ensured a precise link between air quality and

RA disease activity data.

2.6 Time Series and Cointegration Procedures

To examine the dynamic relationship between the air pollution components and rheumatoid arthritis (RA)
disease activity, a structured time-series econometric procedure was implemented. This multi-step process includes
unit root testing, lag length selection, cointegration analysis, and eventual modeling using the Vector Error
Correction Model (VECM). The analysis began by assessing the stationarity of each variable through standard unit
root tests, such as the Augmented Dickey-Fuller (ADF), modified ADF-GLS, and Kwiatkowski—Phillips—Schmidt
Shin (KPSS) tests. These tests are essential to identify whether the mean and variance of each time series remain
constant over time. The ADF and ADF-GLS tests for the presence of a unit root [18], whereas KPSS serves as a
complementary approach by testing the null hypothesis of stationarity [19]. The integration of these tests increases
robustness, particularly in datasets susceptible to structural changes or external shocks, which are common in

environmental and health-related data [20].

Following the confirmation of stationarity properties, a lag length selection was conducted to determine the
appropriate number of lag periods to be included in the models. This decision significantly influences both the
predictive accuracy and interpretation of time-dependent relationships. Established model selection criteria, such as
the Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC), and Hannan-Quinn Criterion (HQC),
were employed [21]. While AIC is known to accommodate more complex models, BIC favors parsimony and HQC

provides a balanced approach [22]. Given the environmental context where pollutant effects may be delayed,

choosing an optimal lag structure is particularly important to avoid misinterpretation [23].

The next phase involves Johansen cointegration analysis, which evaluates whether a long-term equilibrium
relationship exists between non-stationary variables that may otherwise fluctuate independently in the short term.
This method identifies cointegrating vectors that combine pollutant concentrations and RA disease activity scores
(DAS28). The presence of cointegration indicates that although short-term deviations occur, these variables are

bound by a stable long-term path [24, 25]. The main cointegration equation is expressed as B ' X, = u,, where X is
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the vector of non-stationary variables (e.g., DAS28 and AQI components), B ' is the cointegrating vector, and u; is

the stationary residual. Once cointegration has been established, a Vector Error Correction Model (VECM) is
applied [26]. This model incorporates both long- and short-run dynamics by including an error correction term that
quantifies how the system returns to equilibrium after a deviation. Through this integrated framework, this study
captures how air pollution affects RA disease activity immediately and over extended periods, offering nuanced

insights for both clinical and environmental health research [27].

2.7 Imputing Air Pollution Missing Data

Before performing the time-series analysis, missing values in the air quality dataset were imputed to ensure
data completeness and prevent bias in evaluating the relationship between air pollution and rheumatoid arthritis (RA)
disease activity. Missing data in environmental datasets often arise from equipment failures, sampling issues, and
human error, which can compromise the reliability of statistical analyses [28]. To address this, several advanced
machine-learning-based imputation methods have been employed, including k-nearest neighbor (kNN), Predictive
Mean Matching (PMM), Random Forest (RFm), and missForest, all of which are tailored to the specific characteristics
of environmental data. This study builds upon the previous work by Alsaber et al. (2021), which highlighted the
importance of accurate data imputation in air quality research. The developed imputation framework, based on Kuwait
EPA datasets, enhances data integrity for pollutants such as NOz, SOz, CO, PM.o, and Os, thereby supporting robust
and precise environmental health research [28].
2.8 Statistical Procedures

Time-series graphs were generated for each pollutant to visualize trends and fluctuations over time using

aggregated means and standard deviations from multiple monitoring stations. A univariate time-series analysis was
used to assess the temporal behavior of each pollutant. For RA patient data, descriptive statistics summarized
demographics, disease duration, and DAS28 scores, with medians, means, interquartile ranges, and standard
deviations for continuous variables and frequencies for categorical data. Pearson’s correlation was used to assess
linear relationships between the DAS28 and AQI components. To control for confounding factors, regression
models included individual-level factors such as age, sex, and comorbidity status.
3. RESULTS

3.1 Patients characteristics
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Table 1 presents the demographic characteristics of the study sample, which consisted of 1,526 patients. The data
indicated that female participants constituted the majority of the sample (77.7%), with a male proportion of 22.3%.
53.7 Of the cohort, 53.7% were Kuwaiti citizens, while the remaining 46.3% were of other nationalities. Participants’
ages ranged from 17 to 95 years, with an average age of 55.3 years (SD = 13.1). Patients' disease durations ranged
greatly from those with a recently diagnosed illness to those with a 58-year disease history, with a mean of 11.4 years
(SD = 7.8). The Body Mass Index (BMI) ranges from 10.5 to 56.5, with an average of 29.2 (SD = 6.0). The majority
of patients (88.3%) did not smoke, and only 11.4% of them now reported smoking, with the majority (75.9%) having
no family history of rheumatoid arthritis. 5.7 Of the patients, 5.7% had deformities and 4.3% had rheumatoid nodules,
which were unusual. 68.6% of the patients who tested positive for anti-cyclic citrullinated peptide (ANTI-CCP)
antibodies, 42.2% tested positive for antinuclear antibodies (ANA), and 76.9% tested positive for rheumatoid factor
(RF). 23.4% of patients report having SICCA symptoms in terms of clinical symptoms. The cohort's average height
was 159.6 cm (SD = 10.9) and its average weight was 75.5 kg (SD = 23.6). The Disease Activity Score in 28 joints
(DAS28) indicates a range of activity of the disease from remission to high levels of activity, with a mean of 2.8 (SD

= 1.3).

Insert Table 1

3.2 Dealing with Missing Data using a mixed approach of Predictive Mean Matching (PMM) and MissForest.

The imputation of missing data preserves dataset integrity by substituting estimated values for missing or
incomplete data. Frequently used techniques to guarantee that the imputed values closely match the original data
distribution include misforest and predictive mean matching (PMM). This procedure reduces any biases caused by
missing data and helps preserve the accuracy of the statistical assessments. This approach offers a stronger basis for
examining air quality trends and helps solve any biases resulting from missing data. The visualization likely depicts a
comparison of the pre- and post-imputation distributions, stressing how the technique reduces the distortion of the
features of the original data (see figure A4 in the supplemental file).

3.3 Kuwait Air Quality Assessment from 2012 to 2023
An analysis of Kuwait’s air quality index (AQI) data from 2012 to 2023 revealed notable pollution patterns,

particularly concerning PM.o, which had the highest average AQI value (201.313), indicating substantial particulate
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matter in the air and raising public health concerns. Most pollutants had median values lower than their means,
suggesting the presence of extreme pollution events that skew the data, especially for PMio with a peak AQI 0of 599.94.
Nitrogen dioxide (NO2), combined with nitrogen monoxide (NO), showed moderate pollution levels, whereas carbon
monoxide (CO) had relatively low concentrations. Sulfur dioxide (SO-) and ozone (Os) are also present in manageable
amounts, although they still require attention. The variability in pollution levels was significant for NO and PMio, as
indicated by their high standard deviations (see table 2). Furthermore, the relationship between AQI and rheumatoid
arthritis disease activity (DAS28) was positively correlated with NO, NO-, and CO levels, implying a potential link
to worsening health outcomes. Conversely, PMio and Os were negatively correlated with DAS28, suggesting more
complex health impacts. These findings highlight the need for ongoing environmental monitoring and policy measures

to reduce pollution and protect public health ( table 3).

Insert Table 2

Insert Table 3

3.4 Unit root testing & Stationary testing

Unit root testing was conducted on six air pollutant variables—CO, NO, NO2, O3, PMio, and SO>—using the
Augmented Dickey-Fuller (ADF), ADF-GLS, and KPSS methods to assess their stationarity. The results indicated that
all variables were non-stationary at their original levels, but became stationary after the first differencing, as evidenced
by significant p-values and test statistics. This pattern suggests the presence of a unit root in the level series, which is
a common characteristic of environmental time series data. consistency across all three tests validates the use of
cointegration techniques in subsequent analyses to explore the long-term equilibrium relationships among these
variables. Table Al presents the results of the unit root tests (ADF, ADF-GLS, and KPSS) applied to all air pollutant
variables, both at the level and first difference, with and without trends. Across all tests, the variables were found to
be non-stationary at level but became stationary after the first differencing, as indicated by the statistically significant

ADF and ADF-GLS results and non-significant KPSS statistics post-differencing. This justifies the use of
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cointegration analysis and supports the appropriateness of the VECM.
3.5 Lag Selection Criteria

The lag-order selection for the model, incorporating a constant, was evaluated using a range of information
criteria, including log-likelihood, likelihood ratio p-values, AIC, HQC, and BIC, across lag lengths from 1 to 20.
Among these, the Hannan-Quinn Criterion (HQC) was prioritized because of its balance between model fit and
complexity. Unlike BIC, which heavily penalizes additional parameters, or AIC, which may overfit by favoring longer
lag structures, HQC offers a moderate trade-off ideal for medium-sized datasets. Selecting the lag based on HQC
ensures that the model remains both flexible and robust, thus supporting sound inference and reliable forecasting.
Table A2 shows the lag-order selection criteria, where the Hannan-Quinn Criterion (HQC) identified lag 7 as optimal,
balancing model complexity and fit. This selection guided the construction of the VECM to examine the short- and

long-term dynamics between the air pollution components and RA disease activity.

3.6 Multivariate time-series -- Johansen Cointegration Test and VECM

The co-integration test results, summarized in Table A3 of the Supplemental file, revealed multiple long-
term relationships between air pollutants and RA disease activity indicators. Using both trace and maximum
eigenvalue (Lmax) statistics, all ranks showed highly significant outcomes (p < 0.001), rejecting the null
hypothesis of no co-integration and indicating that the variables tend to move together over the long term despite
short-term fluctuations. The regression results shown in Table 4 further confirm these associations. The constant
term (B = 0.5519, p < 0.001) established a significant baseline, while several AQI variables—PMio_AQI (p =
0.0098), NO2_AQI (p = 0.0024), Os_AQI (p = 0.0057), and SO2_AQI (p = 0.0024)—were significantly linked
with DAS28. NO: AQI showed a positive effect, while PMio_ AQIL, Os AQIL and SO. AQI had negative
coefficients. In contrast, the NO_AQI and CO_AQI were not statistically significant. The negative relationship
between Os and DAS28 may reflect seasonal patterns, where lower ozone levels in colder months coincide with
increased RA activity [29]. Similarly, the inverse correlations of PMio and SO: with DAS28 may have been
influenced by seasonal human activity and exposure patterns. Lag length selection was based on Akaike
information criterion (AIC), Bayesian information criterion (BIC), and HQC, with HQC chosen for its balanced

approach. The Johansen co-integration test confirmed persistent long-term links, especially for NO: and Os,

12
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while the VECM results demonstrated a gradual correction of deviations from equilibrium and significant short-

term effects for specific pollutants.

Insert Table 4

The VECM analysis (2012-2023), as presented in Table 5, indicates that the DAS28 is significantly affected by
its own lagged values and specific AQI components. Notably, the NO2_ AQI and Os_AQI exhibited consistent and
statistically significant short-term effects across several lags, highlighting their strong influence on RA disease activity.
In contrast, CO_AQI, SO2_AQI, and NO_AQI showed limited or isolated significance, while PMio_ AQI showed no
significant effect at any lag. The error correction term (EC1) was highly significant and negative (f = -0.5425, p <
0.01), confirming that deviations from long-term equilibrium were corrected over time. The models’ R* = 0.4554 and
Adj. R? = 0.4494 suggest a moderate level of explanatory power. As illustrated in Figure 1 and detailed in Figure AS
in the supplemental file, the forecast results show that most of the variance in DAS28 is explained by its own history,
with meaningful contributions from AQI components—particularly NO2_AQI and Os_ AQI—supporting their role in

influencing RA activity levels.

Insert Table 5

Insert Figure 1

4. DISCUSSION

Recent research has suggested a possible relationship between air pollution and air pollution. Elevated RA disease
activity and flares have been linked to pollution including NO2, SOz, PMio, and PM; 5 [30—32]. According to certain
studies, air pollution may be involved in the development of juvenile idiopathic arthritis and systemic autoimmune
rheumatic disorders [33]. Potentially exacerbating and causing RA, air pollution may increase processes associated
with inflammation and autoantibody formation [34]. The results are not completely consistent across studies;

however, some studies have demonstrated no obvious correlation between RA risk and air pollution [35]. Further
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research is needed on the complicated interplay of environmental and genetic elements in RA pathogenesis,
including air pollution [36]. Pollutants like PM> s, PMio, and NO:2 might cause systemic inflammation that can
aggravate RA symptoms and raise flare-up severity and frequency. Kuwait presents a significant public health
problem owing to its unique industrial and environmental landscape, necessitating stringent air quality management
measures as well as public health interventions.

These results indicate a complicated relationship between RA and air pollution. The findings show that DAS28, in
both short- and long-term exposures, is significantly influenced by NO: and Os. Studies using Granger causality
have shown that Os and NO: are very significant indicators of both the DAS28 and the Clinical Disease Activity
Index (CDAI), suggesting that increasing concentrations of these pollutants may lead to increased disease activity.
Likewise, changes in CDAI and DAS28 were also shown to be induced by CO, SO-, and PMo, but the effects of
these pollutants varied less and were not as stable across time.

Short-term contact with air pollutants, particularly Os and NO-, has been linked to increased RA disease activity, as
evaluated by CDAI and DAS28 scores [37, 38]. On the other hand, a number of investigations have shown
conflicting or minimal effects of brief exposure to air pollution on RA activity [39, 40]. There is evidence linking a

higher frequency of RA to long-term exposure to several air pollutants including Os, CO, SOz, and NO: [41].

4.1 Cointegration Analysis and the Relationship Between DAS28 and Air Pollutants

This study investigated the long-term relationship between DAS28 scores and several air pollutants—CO, SO,
PMio, NO2, and Os—among RA patients in Kuwait using cointegration analysis. This approach allowed for the
assessment of whether DAS28 scores and pollutant levels moved together over time, even amid short-term
fluctuations. The presence of cointegration suggests a stable equilibrium relationship, implying that changes in
pollutant levels can lead to adjustments in disease activity in RA. These findings highlight the potential of long-term
environmental exposure to contribute to chronic inflammation and exacerbate RA symptoms.

Supporting evidence from international studies further emphasizes this link. For example, a longitudinal study in
Italy associated higher pollutant concentrations with increased RA flare-ups [42], and a Taiwanese cohort found
strong associations between RA risk and exposure to SOz, NO2, PM1o, CO, and Os [41]. Our cointegration analysis
identified Os and NO: as significantly related to long-term increases in the DAS28 scores. This aligns with the

theory that chronic exposure to these pollutants causes systemic inflammation. Nonetheless, some research has
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shown inconsistent findings, especially concerning PMio and Os [33, 43], suggesting the need for continued
investigation into environmental influences on RA.

4.2 VECM Analysis and Findings

The Vector Error Correction Model (VECM) is a useful tool for investigating the long-term equilibrium
connections between variables, as well as short-term dynamics. It combines cointegration analysis and error
correction methods to identify both short- and long-term changes [44]. In terms of explanatory capacity and
predictive capability, it often performs better than other models such as VAR [45]. By adding an Error Correction
Term, we can measure how quickly the variables return to equilibrium after a shock, allowing us to distinguish
between short-term shifts and long-term trends [46].

The analysis revealed a complex relationship between RA disease activity and air quality indicators, with Os and
NO: showing the strongest influence on the DAS28 and CDAI scores. Granger causality within the VECM
framework confirmed both short- and long-term links between the higher levels of these pollutants and increased
RA activity. This may be due to NO-’s inflammatory effects and Os’s role in oxidative stress. The negative and
significant Error Correction Term (ECT) indicated that any short-term deviation in disease activity caused by
pollution eventually returned to long-term equilibrium. Additionally, impulse response functions (IRFs) showed that
shocks in NO: and Os levels led to sustained increases in DAS28 scores, while the effects of CO, PMio, and SO-
were more variable and often short-lived.

Impulse Response Functions and Vector Error Correction Models have identified the short- and long-term effects
of air pollution on RA activity [37]. These effects may change depending on the particular pollutant, the length of
exposure, and patient characteristics. Moreover, treatment with ongoing disease-modifying antirheumatic
medications may influence the relationship between air pollution and RA disease activity [47]. These findings
suggest that air pollutants could be a risk factor for RA, necessitating further investigation and careful application in
clinical settings.

The analytical strategy employed in this study enabled the investigation of both the long- and short-term associations
between air pollution and RA activity. Unit root testing ensured that stationarity requirements were met for the
cointegration analysis, which identified enduring relationships between DAS28 and specific pollutants. The VECM
approach accounts for short-run variations while incorporating an error correction mechanism, offering insight into

how fluctuations in air quality may influence disease progression over time. This dual framework contributes to a
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comprehensive understanding of the environmental determinants of RA.

4.3 Limitations of the Study

This study faced several limitations that are necessary to be acknowledged. The observational nature of the
research first limits its capacity to conclusively prove causality. Although the Granger causality and VECM tests
provide some insight into possible causal relationships, they cannot completely rule out the impact of unobserved
confounding factors. Furthermore, fixed monitoring sites provided data on air pollution, which would not entirely
reflect individual-level exposure fluctuations given that Kuwait has varied microclimates.
4.4 Ecological Considerations
This study is based on aggregated data from air monitoring stations and population-level RA activity measures, and
is thus subject to the potential for ecological fallacy. The observed associations represent group-level trends, and
may not necessarily reflect individual-level causal relationships. While the analysis provides valuable insights into
the potential environmental influences on RA activity at the population scale, caution is warranted in interpreting
these findings at the individual level.

4.5 Future Studies

Future research should further investigate the complex relationship between air pollution and rheumatoid arthritis
(RA), with a particular focus on long-term exposure to key pollutants, such as sulfur dioxide (SO-) and nitrogen
dioxide (NO2), which have been associated with increased RA risk and heightened disease activity. Special attention
should be paid to gene-environment interactions, as emerging evidence suggests that individuals with a strong
genetic predisposition may experience nearly double the incidence of RA when exposed to elevated air pollutant
levels. Additionally, future studies should adopt longitudinal designs with larger and more diverse cohorts, integrate
advanced machine learning algorithms for predictive modeling, and incorporate biological pathway analyses to
elucidate the mechanistic links between environmental exposure and RA pathogenesis.
5. CONCLUSIONS

This pioneering study was the first to explore the relationship between air pollution and RA activity in

Kuwait, offering important epidemiological insights from a region with distinct environmental conditions. Using
VECM to capture both short- and long-term effects, the study found significant associations between DAS28 scores
and pollutants, particularly NO: and Os, which were strong predictors of increased disease activity. These findings

emphasize the impact of air quality on RA progression, and highlight the need for targeted public health
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interventions and clinical strategies to reduce environmental risks and improve patient outcomes.
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Tables

Table 1. Demographic and Clinical Characteristics of the Study Population (N=1,526)

Characteristic Overall (N=1,526)
Gender

female 1185 (77.7%)
male 341 (22.3%)
Nationality

Kuwait 820 (53.7%)
Other nationalities 706 (46.3%)
Age

Mean (SD) 55.3 (13.1)
Range 17.0-95.0
Disease Duration

Mean (SD) 11.4 (7.8)
Range 0.0 - 58.0
BMI

Mean (SD) 29.2 (6.0)
Range 10.5 - 56.5
Family History

Negative 859 (75.9%)
Positive 273 (24.1%)
Smoking

Ex-Smoker 4 (0.3%)

No 1015 (88.3%)
Yes 131 (11.4%)
Rheumatoid Nodules

No 1255 (95.7%)
Yes 57 (4.3%)
RF

Negative 316 (23.1%)
Positive 1052 (76.9%)
Deformities

No 1205 (94.3%)
Yes 73 (5.7%)
SICCA Symptoms

No 1010 (76.6%)
Yes 308 (23.4%)
ANTI CCP

Negative 366 (31.4%)
Positive 799 (68.6%)
ANA

Negative 606 (57.8%)
Positive 443 (42.2%)
Weight

Mean (SD) 75.5(23.6)
Range 0.0 - 660.0
Height

Mean (SD) 159.6 (10.9)
Range 4.9-254.0
DAS28

Mean (SD) 2.8(1.3)
Range 0.0-7.8
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BMI, Body Mass Index; RF: Rheumatoid Factor; ANTI CCP: Anti-Cyclic Citrullinated Peptide Antibody; ANA: Antinuclear Antibody; DAS28:
Disease Activity Score in 28 joints

Table 2. Descriptives Statistics for the AQI of pollutant variables and DAS28.

Mean Median IQR SD Minimum Maximum
CO_AQI 21.247 19.6 8.82 10.02 5.94 276.74
NO AQI 45.840 38.6 36.40 32.41 5.01 400.00
NO:_AQI 65.239 62.2 37.32 23.96 11.57 128.07
03 AQI 39.792 352 14.82 27.48 8.34 319.63
PMio AQI 201.313 145.5 107.65 137.12 40.61 599.94
SO2_AQI 35.819 293 22.84 23.34 6.52 209.18

AQI = Air Quality Index; PMio = Particulate Matter < 10 microns; NO: = Nitrogen Dioxide; SO. = Sulfur Dioxide; Os = Ozone; CO = Carbon
Monoxide; NO = Nitric Oxide

Table 3. Pearson correlation analysis between AQI of pollutant variables and DAS28.

CcO NO NO- 0Os PMio SO2 DAS28
CcO —
NO 0.069 *** —
NO: 0.104 **x  (.324 **x* —
0Os -0.062 ***  -0.084 ***  -0.050 ** —
PMio -0.025 -0.003 -0.044  ** 0.056 *** —
SO: -0.082 ***  (.053 ***  (.178 *** 0.227 **%  (.052 *** —

DAS28 0.038 * 0.032 * 0.040  ** -0.061 ***  -0.046 **  -0.055 *** —

Note. * p <.05, ** p <.01, *** p <.001, AQI = Air Quality Index; DAS28 = Disease Activity Score in 28 joints; PMio = Particulate Matter
<10 microns; NO: = Nitrogen Dioxide; SO2 = Sulfur Dioxide; Os = Ozone; CO = Carbon Monoxide; NO = Nitric Oxide

Table 4. Co-integration Regression Examining the Long-Term Association Between Disease Activity Score 28
(DAS28) and Ambient Air Pollutants, Adjusted for Age, Sex, and Comorbidities

Coefficient std. error t-ratio p-value
const 0.552 0.084 6.535 <0.001%**
CO _AQI 0.003 0.002 1.637 0.102
NO AQI 0.001 0.001 1.067 0.286
NO: AQI 0.002 0.001 2.252 0.024**
0s AQI —0.002 0.001 —2.764 0.006%**
PMio AQI —0.000 0.000 —2.584 0.010%**
SO. AQI —0.003 0.001 —3.041 0.002%**
R-squared 0.010 Adjusted R-squared 0.009

AQI = Air Quality Index; PMio = Particulate Matter <10 microns; NO: = Nitrogen Dioxide; SO = Sulfur Dioxide; Os = Ozone; CO = Carbon
Monoxide; NO = Nitric Oxide
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Table 5. Vector Error Correction Model (VECM) Estimating Short- and Long-Term Associations Between
Ambient Air Pollutants and Disease Activity Score 28 (DAS28), Adjusted for Age, Sex, and Comorbidities

coefficient std. error Z p-value
const 0.2547 0.1065 2.3910 0.017**
d DAS28 1 —-0.3152 0.0305 -10.34 <0.0071%**
d DAS28 2 —0.2703 0.0282 —9.602 <0.0071%**
d DAS28 3 —0.2916 0.0252 -11.57 <0.001%**
d DAS28 4 —0.3325 0.0223 -14.91 <0.0071%**
d DAS28 5 —0.2888 0.0193 —14.99 <0.001%**
d DAS28 6 —0.2161 0.0148 —14.56 <0.0071%**
d CO_AQI 1 —0.0013 0.0033 —0.4282 0.669
d CO_AQI 2 —0.0028 0.0032 —0.8775 0.380
d CO_AQI 3 —0.0045 0.0030 —1.485 0.138
d CO_AQI 4 —0.0057 0.0028 —2.028 0.043**
d CO_AQI 5 —0.0007 0.0026 —0.3012 0.763
d CO_AQI 6 —0.0020 0.0022 —0.9502 0.342
d NO:_AQI 1 —0.0032 0.0011 —2.865 0.004***
d NO:_AQI 2 —0.0048 0.0012 —3.943 <0.0071%**
d NO: AQI 3 —0.0039 0.0013 -3.111 0.002%**
d NO:_AQI 4 —0.0028 0.0013 —2.256 0.024**
d NO: AQI 5 —0.0018 0.0012 —1.566 0.117
d NO:_AQI 6 0.0001 0.0010 0.1271 0.899
d Os AQI 1 0.0034 0.0012 2.7880 0.005%**
d Os AQI 2 0.0031 0.0012 2.5970 0.009%**
d Os AQI 3 0.0015 0.0011 1.3360 0.182
d Os AQI 4 0.0027 0.0011 2.4890 0.013**
d Os AQIL 5 0.0021 0.0010 2.1170 0.034**
d Os AQI 6 0.0011 0.0008 1.3100 0.190
d PMie AQI 1 0.0001 0.0003 0.5221 0.602
d PMie AQI 2 0.0001 0.0002 0.5490 0.583
d PMie AQI 3 0.0001 0.0002 0.5031 0.615
d PMie AQI 4 0.0001 0.0002 0.2599 0.795
d PMie AQI 5 0.0001 0.0002 0.3444 0.731
d PMio AQI 6 0.0001 0.0001 0.5898 0.555
d SO AQI 1 0.0015 0.0015 0.9825 0.326
d SO AQI 2 0.0004 0.0015 0.2428 0.808
d SO AQI 3 0.0001 0.0014 0.0707 0.944
d SO AQI 4 0.0006 0.0013 0.4527 0.651
d SO AQI 5 —0.0017 0.0012 —1.484 0.138
d SO AQI 6 —0.0022 0.0010 —2.368 0.018**
EC1 —0.5425 0.0319 -17.03 <0.0071%**
EC2 0.0006 0.0031 0.1885 0.851
EC3 0.0016 0.0012 1.3230 0.186
EC4 0.0034 0.0007 5.0790 <0.001%**

22



Predicting the impact of air quality index on rheumatoid arthritis disease activity

EC5 —0.0026 0.0012 -2.314 0.021**
EC6 —0.0003 0.0003 —1.361 0.174
R-squared 0.455 Adjusted R-squared 0.449

AQI = Air Quality Index; DAS28 = Disease Activity Score in 28 joints; PMio = Particulate Matter <10 microns; NO: = Nitrogen Dioxide; SO> =
Sulfur Dioxide; Os = Ozone; CO = Carbon Monoxide; NO = Nitric Oxide; EC= Error Correction Term

Figures

Figure 1 Time series of actual and fitted standardized DAS28 values over time using a Vector Error Correction

Model (VECM)
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