Could the association between ozone and arterial stiffness be modified by fish oil supplementation? 

Abstract
Background: Arterial stiffness is an important predicting factor for cardiovascular disease. However, no epidemiological studies have ever explored the modification effects of fish oil on the association between ozone and arterial stiffness.
Methods: Study participants were drawn from the UK biobank, and a total of 142,726 middle-aged and older adults were included in this study with complete information. Ozone was obtained from Community Multiscale Air Quality (CMAQ) model matched to residential addresses, fish oil from self-reported intake, and arterial stiffness was obtained from arterial stiffness index (ASI) based on device measurements. Firstly, we applied a double robust approach to explore the association between ozone or fish oil intake and arterial stiffness, adjusting for potential confounders at the individual and regional levels. Then, the modifying effect of fish oil was further explored by stratified analysis.
Results: The mean age of all participants was 57 years; after considering the weights of covariates and adjusting for confounding, annual average ozone exposure was associated with ASI (beta:0.233 [95%CI: 0.196 to 0.270], P<0.001), and we found compared to participants who did not consume fish oil, participants who took fish oil had a lower ASI (beta: -0.051 [95%CI: -0.097 to -0.005], P=0.030). Stratified analysis showed lower effect estimates on the ozone-arterial stiffness relationship in fish oil consuming participants (P=0.040).
[bookmark: _Hlk117337712]Conclusion: Long-term ozone exposure was associated with higher levels of arterial stiffness, in contrast to fish oil consumption, which showed a protective association. In the general population, fish oil consumption might provide protection against ozone-related arterial stiffness.
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Introduction
An ageing population is increasing the burden of cardiovascular disease (CVD). Early vascular aging (EVA) is an important standard for early CVD screening and intervention. Arterial stiffness (AS) is a key non-invasive hallmark of EVA,1 and an independent predictor of cardiovascular risk,2 directly related to atherosclerosis,3,4 CVD events,5 cognitive decline,6-8 inflammatory diseases,9 dementia,10 and diabetes mellitus11. Referring to the rigidity of the arterial wall, AS is mainly affected by structural components (such as elastin and collagen) of the arterial wall, vascular smooth muscle tone, and transmural distending pressure. 12. At present, arterial stiffness is a high-priority therapeutic target for improving the global burden of cardiovascular disease.2 Pulse wave velocity (PWV) is the gold standard for assessing arterial stiffness. However, PWV is time-consuming and can be easily affected by measurers, while arterial stiffness index (ASI) is more rapid, simple, and operator independent, with good coordination, and is confirmed highly correlated to carotid-femoral PWV. 13 So, it can be regarded as an alternative metric to measure AS in a large population.

The current studies on the association of air pollution with AS are heterogeneous. Several studies focus on the association of particulate matter14-16, volatile organic compounds,17 black charcoal,18 nitrogen dioxide (NO2) and nitrogen oxides (NOX)19 with arterial stiffness. We found only a few papers exploring the association between short-term exposure to ozone and arterial stiffness, which reported inconsistent results. A panel study showed that each quartile increase in ozone exposure resulted in a 4.8% increase in the cardio-ankle vascular index (CAVI), which is another indicator for AS assessment.20 Nevertheless, a research from the Framingham Heart Study indicated that short-term exposure to ozone is not associated with CF-PWV 16. To date, the association between long-term ozone exposure and AS remains unclear.

Fish oil is rich in two important omega-3 polyunsaturated fatty acids (ω-3 PUFA), called eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and has been proved to have a beneficial effect on arterial stiffness. A meta-analysis summarizing 14 randomized clinical trials (RCTs) drew a conclusion that fish oil can offer vascular protection from ozone exposure 21, which is consistent with some trials on animal.22 As for evidence in humans, fish oil could alleviate the systemic oxidative stress and lung function decrements caused by ozone exposure in young adults, according some random control trials23. However, to the best of our knowledge, there are no studies exploring whether fish oil modifies the effect of ozone on arterial stiffness among the older adults, who are at high risk of arterial stiffness and cardiovascular disease.

In this cross-sectional study based on UK Biobank, we assessed the independent association of ozone and fish oil with the risk of arterial stiffness in the middle aged and older adults. Then, we explored whether fish oil could modify the association between ozone and arterial stiffness.

Method:
Study design and population 
We conducted a cross-sectional observational study using data from UK Biobank. A detailed description of the study design is available elsewhere24. Briefly, adults aged 40 to 69 years who lived near 22 assessment centres in the United Kingdom (England, Wales and Scotland) were recruited, and ultimately over 500,000 people were involved in the baseline survey from March 2006 to December 2010. Participants provided a comprehensive range of individual-level information, including socio-demographic, lifestyle and health-related data through touch screen questionnaires and verbal interviews. Besides, UK biobank also obtained health information through physical examinations and bio-sampling.

Among the 502,412 participants in baseline, we excluded people who lacked data on arterial stiffness index (n= 332,652), and participants without ozone concentration information (n= 1642). Furthermore, those with records obtained from inpatient hospital data, primary care or death record data of cardiovascular disease including ischemic heart disease (ICD 10, I20-I25), heart failure (ICD 10, I50), stroke (ICD 10, I60-I64), or record of any kind of cancer diagnosis before study baseline were excluded (n= 25392). Overall, 142,726 participants were included in our analysis (Figure 1). The North West Multi-Center Research Ethics Committee granted ethical approval for the UK Biobank and the participants provided electronically signed consent.
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Figure 1 Flow chart of the study sample


Arterial stiffness measurement
Our health outcome is AS. Participants were asked to exhale and inhale at rest slowly, during which the PulseTrace PCA2 (CareFusion, San Diego, CA, USA) device was clipped at the finger (usually the index finger) and over a period of 10-15 seconds the device would capture the pulse waveform using an infrared sensor25. The time interval between the systolic peak and the second diastolic peak in the pulse waveform, defined as the peak-to-peak time (PPT), reflects the stiffness of the artery, with more stiffness resulting in shorter PPT 26. As this time is related to height, the ASI was calculated by dividing the individual's height (in metres) by PPT. The measurement is simple, rapid and is correlated with PWV27.

Air pollution exposure measurement
In this study, ozone concentrations were estimated mainly using Weather Researching and Forecasting (WRF) model and Community Multiscale Air Quality (CMAQ) model, combining anthropogenic and natural emissions data 28,29. We used annual mean ozone concentrations in 2019 at a spatial resolution of 20m×20m. Annual mean concentration in 2010 for particulate matter with aerodynamic diameter ≤2.5 μm (PM2.5), NO2, and NOx was obtained from UK biobank. The European Study of Cohorts for Air Pollution Effects project's Land Use Regression (LUR) model was used to make estimates of the regional variability in yearly mean air pollutant concentrations.30. Annual air pollutants concentrations were assigned based on a 1000 m buffer of each participant's residential address using address information provided by UK Biobank (https://biobank.ndph.ox.ac.uk/showcase/ukb/docs/UKgrid.pdf). Air pollutants levels are reported in µg/m3.

Covariates assessment
Individual-level covariates included age (continuous), sex (male, female), smoking status (never, previous, current), alcohol status (never and special occasions only as not often, other status as often), ethics (white, other). Variables of financial and work aspects including, employment (in paid employment or self-employed as active, other status as inactive); Townsend deprivation (five classifications, least deprived to most deprived); highest level of education (with or without College or University). Dietary and lifestyle variables included, fish intake (≥2 times per week and < 2 times per week), vegetable intake including raw and cooked vegetable intake, (≥4 tablespoons and <4 tablespoons per day), fruit intake, defined as the daily intake of fresh fruit (≥3 pieces and <3 pieces); red meat intake includes total intake of beef, lamb and pork (classified as ≤2 times per week, >2 times per week), vitamin intake (classified as yes or no)31,32. Sedentary status combines the time spent watching TV, using the computer and driving during the day, and after excluding values that exceed 14 hours (greater than 99.5% of the distribution), the values are divided into two categories: ≥4 hours and ＜4 hours33,34. 

We conducted multiple imputation (m = 5) using a chain equation based on the proportion of missing data to the overall observations, with all covariates included in the imputation equation35. In the sensitivity analysis we additionally adjusted for family history of cardiovascular diseases, hypertension, diabetes. The history of any first-degree relative, father, mother, siblings was taken into account36.

Statistical analyses
We used a doubly robust approach, which has been increasingly used to investigate the association between air pollution and health outcomes37-39. The approach includes two stages, the first stage was using a linear model to calculate the inverse probability weight (IPW) of exposure based on the selected covariates, considering the influence of outliers, we assigned values over 99th percentile to the 99th percentile and values less than 1st percentile to the 1st percentile. The second stage was a multiple linear regression, adjusting for the same confounding factors for the analysis.

Based on prior knowledge and existing literature, using the online DAGitty tool, we develop a directed acyclic graph (DAG) to identify potential covariates that need adjusting (e Figure 1)40,41. We fitted three models, model 1 adjusted for age, sex, smoking status, and alcohol status. Model 2 further adjusted for socio-economic factors, including Townsend deprivation, education, ethnicity, and employment. Model 3 further adjusted for some diet and lifestyle factors including fish intake, vegetable intake, fruit intake, red meat intake, vitamin intake, and sedentary status. We used model 3 as the main model in our study. We also investigated the trend in the association between ozone and AS by converting it to a categorical variable based on the ozone quintile and by including the median of each classification as a continuous variable in the model. A stratified analysis of fish oil intake was then conducted, group comparison was evaluated by adding interaction terms in the model 3. 

We further conduct several sensitivity analyses, (1) Only included White participants as more than 90% of the UK biobank population is White people. (2) Excluding participants who changed the home address from baseline to 2019. (3) We used the two-pollutant model to test the robustness of our main results by controlling for PM2.5, NO2, and NOx separately. (4) We further adjusted for family history of heart disease, stroke, hypertension and diabetes.

All analyses were performed in R software. (4.2.0, R Foundation for Statistical Computing, Vienna, Austria) using packages “tidyverse”, “mice”, “WeightIt”, and “survey”. Two-tailed 95% confidence intervals (CI) are given for beta (β), and we estimated the association between ozone and AS per 10 μg/m3 increment.

Results
The characteristics of the participants are shown in table 1. Among 142671 participants, 54.6% were female, the average age is 57 years old. 56.7% never smoke, and 79.3% often drink alcohol. About one-third of participants had obtained a university or college degree, and there were slightly more participants in active work status than inactive work status (58.5% and 41.5% respectively). For dietary supplements, about two-thirds of the population took fish oil, and the proportion of vitamins taken was similar. The mean concentration of ozone exposure in the population was 45.83 μg/m3, while PM2.5, NO2, and NOx were 9.89μg/m3, 27.14μg/m3, 42.79μg/m3 respectively.


Table 1 Participant Characteristics at the UK Biobank Assessment
	
	Level
	Overall (N=142726)

	Age (median [IQR])
	
	 57.00 [50.00, 63.00]

	Sex (%)
	Male
	 64742 (45.4) 

	
	Female
	 77980 (54.6) 

	Smoking status (%)
	Never
	 80905 (56.7) 

	
	Previous
	 47468 (33.3) 

	
	Current
	 14353 (10.1) 

	Alcohol status (%)
	Not often
	 29497 (20.7) 

	
	Often
	113229 (79.3) 

	Education (%)
	Other
	 93113 (65.2) 

	
	University or college degree
	 49613 (34.8) 

	Ethnicity (%)
	Other
	 12930 (9.1) 

	
	White
	129796 (90.9) 

	Employment (%)
	Active
	 83561 (58.5) 

	
	Inactive
	 59165 (41.5) 

	Townsend deprivation (%)
	Q1 (least deprived)
	 23319 (16.3) 

	
	Q2
	 27793 (19.5) 

	
	Q3
	 29155 (20.4) 

	
	Q4
	 32713 (22.9) 

	
	Q5 (most deprived)
	 29746 (20.8) 

	Sedentary (%)
	No
	 48335 (33.9) 

	
	Yes
	 94391 (66.1) 

	Fish oil intake (%)
	No
	 99661 (69.8) 

	
	Yes
	 43065 (30.2) 

	Vitamin intake (%)
	No
	 96851 (67.9) 

	
	Yes
	 45875 (32.1) 

	Vegetable intake (%)
	>=4 tablespoons per day
	 49334 (34.6) 

	
	<4 tablespoons per day
	 93392 (65.4) 

	Red meat intake (%)
	>=2 times a week
	 21122 (14.8) 

	
	<2 times a week
	121604 (85.2) 

	Fruit intake (%)
	>=3 pieces per day
	 92190 (64.6) 

	
	<3 pieces per day
	 50536 (35.4) 

	Fish intake (%)
	>=2 times a week
	 13030 (9.1) 

	
	<2 times a week
	129696 (90.9) 

	Ozone (median [IQR])
	
	 45.83 [42.24, 48.91]

	PM2.5 (median [IQR]) (N=140910)
	
	 9.89 [9.31, 10.43]

	NO2 (median [IQR])
(N=140910)
	
	 27.14 [22.08, 31.85]

	NOx (median [IQR])
(N=140910)
	
	 42.79 [35.20, 50.13]

	ASI (median [IQR])
	
	8.92 [6.84, 11.10]




We found positive association between per 10μg/m3 increase in ozone and AS under all three adjusted models, the beta (95%CI) for fully adjusted model is 0.233 [CI: 0.196 to 0.270]. We found a beneficial association between fish oil intake and ASI, compared to non-fish oil consuming participants, those who took fish oil were associated with lower ASI (-0.051 [-0.097 to -0.005]; model 3). When ozone was considered as a quintile variable, taken the lowest quintile as reference, participants exposure in the highest quintile was associated with higher ASI (0.323 [CI: 0.268 to 0.379]). Also, a significant positive trend was found between ozone exposure levels and ASI (p for trend <0.001).

Table 2 the association between ozone exposure with fish oil and arterial stiffness. β coefficients and 95% CI per 10 μg/m3 increment.
	Exposure
	Model1a
	Model2b
	Model3c

	
	β (95%CI)
	P
	β (95%CI)
	P
	β (95%CI)
	P

	Ozone (continuous)
	0.214 (0.182 to 0.246)
	<0.001
	0.242 (0.207 to 0.277)
	<0.001
	0.233 (0.196 to 0.270)
	<0.001

	Fish oil consumption
	-0.048 (-0.088 to -0.008)
	0.020 
	-0.051 (-0.091 to -0.011)
	0.013 
	-0.051 (-0.097 to -0.005)
	0.030

	Quartiles of ozone
	
	
	
	
	

	Q1
	Reference
	Reference
	Reference
	Reference
	Reference
	Reference

	Q2
	0.218 (0.164 to 0.273)
	<0.001
	0.239 (0.184 to 0.294)
	<0.001
	0.229 (0.172 to 0.285)
	<0.001

	Q3
	0.378 (0.304 to 0.451)
	<0.001
	0.390 (0.317 to 0.464)
	<0.001
	0.372 (0.297 to 0.448)
	<0.001

	Q4
	0.389 (0.339 to 0.439)
	<0.001
	0.425 (0.372 to 0.477)
	<0.001
	0.402 (0.348 to 0.455)
	<0.001

	Q5
	0.298 (0.247 to 0.349)
	<0.001
	0.347 (0.293 to 0.401)
	<0.001
	0.323 (0.268 to 0.379)
	<0.001

	P for trend
	<0.001
	
	<0.001
	
	<0.001
	


[bookmark: _Hlk113915391]Notes: 
a: Model 1 adjusted for: age, sex, smoking status, alcohol status
b: Model 2 further adjusted for: Townsend deprivation, education, ethnicity, employment
c: Model 3 further adjusted for: fish intake, vegetable intake, fruit intake, red meat intake, vitamin intake, sedentary status
d: The trend test is based on the median of each quintile as a continuous variable.


Table 3 shows estimates from stratified analyses by fish oil intake. We found that ozone exposure had lower estimate on ASI in fish oil intake people, and the effect modification was statistically significant (P interaction=0.040). After adjustment for other air pollutants including PM2.5, NO2, NOX, the modification effect was still strong.

Table 3 Effect modification of fish oil in the association between ozone exposures and arterial stiffness. β coefficients and 95% CI per 10 μg/m3 increment.
	Exposure
	fish oil consumption
	β (95% CI)
	P value for interaction

	Ozone
	No
	0.260(0.216 to 0.304)
	ref

	
	Yes
	0.173(0.107 to 0.239)
	0.040

	Ozone + PM2.5
	No
	0.253(0.206 to 0.300)
	ref

	
	Yes
	0.163(0.094 to 0.231)
	0.038

	Ozone + NO2
	No
	0.244(0.193 to 0.295)
	ref

	
	Yes
	0.149(0.075 to 0.222)
	0.038

	Ozone + NOx
	No
	0.252(0.204 to 0.300)
	ref

	
	Yes
	0.164(0.094 to 0.234)
	0.038





To test the robustness of the model, several sensitivity analyses were conducted. Estimates for ozone and fish oil remained significant in the two-pollutant model (Table 4). After excluding participants who experienced address change from baseline to 2019, the associations of ozone and fish oil with ASI were still strong in the three adjusted models (Table s1). In analyses that included only white participants, the results remained consistent with the main model (Table S2). In addition, the results were stable after further adjustment for family history of cardiovascular diseases, hypertension, and diabetes (Table S3).

Table 4 the association between ozone with fish oil exposure and arterial stiffness further adjusted for other air pollutants. β coefficients and 95% CI per 10 μg/m3 increment.
	Exposure
	
	Model
	β (95%CI)
	P

	ozone
	+PM2.5d
	Model1a
	0.222 (0.187 to 0.257)
	<0.001

	fish oil consumption
	
	
	-0.045 (-0.086 to -0.005)
	0.029

	ozone
	
	Model2b
	0.232 (0.194 to 0.270)
	<0.001

	fish oil consumption
	
	
	-0.059 (-0.101 to -0.016)
	0.007

	ozone
	
	Model3c
	0.225 (0.186 to 0.263)
	<0.001

	fish oil consumption
	
	
	-0.048 (-0.094 to -0.002)
	0.043

	ozone
	[bookmark: _Hlk114575225]+NO2e
	Model1 a
	0.226 (0.187 to 0.265)
	<0.001

	fish oil  consumption
	
	
	-0.045 (-0.086 to -0.005)
	0.029

	ozone
	
	Model2 b
	0.221 (0.180 to 0.263)
	<0.001

	fish oil  consumption
	
	
	-0.059 (-0.101 to -0.016)
	0.007

	ozone
	
	Model3 c
	0.216 (0.174 to 0.258)
	<0.001

	fish oil  consumption
	
	
	-0.048 (-0.094 to -0.002)
	0.043

	ozone
	+NOxf
	Model1 a
	0.224 (0.188 to 0.260)
	<0.001

	fish oil  consumption
	
	
	-0.045 (-0.086 to -0.005)
	0.029

	ozone
	
	Model2 b
	0.232 (0.193 to 0.271)
	<0.001

	fish oil  consumption
	
	
	-0.059 (-0.101 to -0.016)
	0.007

	ozone
	
	Model3 c
	0.225 (0.185 to 0.264)
	<0.001

	fish oil  consumption
	
	
	-0.048 (-0.094 to -0.001)
	0.043


Notes: 
a: Model 1 adjusted for: age, sex, smoking status, alcohol status 
b: Model 2 further adjusted for: Townsend deprivation, education, ethnicity, employment
c: Model 3 further adjusted for: fish intake, vegetable intake, fruit intake, red meat intake, vitamin intake, sedentary status
d: Further adjusted for: PM2.5 on Model 1 to Model 3, N= 140910
e: Further adjusted for: NO2 on Model 1 to Model 3, N= 140910
f: Further adjusted for: NOx on Model 1 to Model 3, N= 140910



Discussion
Using baseline data from UK biobank with 142,726 adults, we found a positive association between ozone exposure and ASI and a protective association between fish oil intake and ASI in middle-aged and older adults in the UK. In the general population, taking fish oil might provide protection against ozone-related arterial stiffness. 

To the best of our knowledge, this is the first epidemiological study on the association between long-term ozone exposure and arterial stiffness. Previously, only a handful of studies have investigated the relationship between short-term ozone exposure and arterial stiffness. Some suggest an adverse association of ozone exposure with AS. A cross-sectional study conducted in the US included 73 participants at risk of cardiovascular disease and observed a positive association between short-term (one day) ozone concentration and several indicators of arterial stiffness. 42. By measuring ozone exposure during 5-6 days of working time in 17 healthy male postal workers, Wu et al. found in panel study that increased concentrations were significantly associated with increased CAVI20. However, a cross-sectional study among 731 hypertensive patients only found an association between O3 concentration and AS in untreated patients and in the female subgroup.43. According to a study of 3927 participants from the Framingham offspring and third-generation cohorts, short-term exposure to ozone was not associated with CF-PWV 16. Similarly, another study of 89 healthy adults found no or negative (protective) associations. 44. 

It should be noted, however, that the above studies have different study designs, sample sizes, exposure times, and arterial stiffness metrics. With the benefit of larger sample size, we have used a homogeneous approach and found an adverse association between annual average ozone exposure and arterial stiffness. In addition, we apply a double robust analysis that helps to improve the grade of observational study evidence by balancing the weights of covariates across exposures and controlling for confounders in the regression model of the outcome.

We found a protective association between fish oil and arterial stiffness in middle-aged and older population, which are consistent with several intervention studies. Chu et al. included 14 randomized controlled trials by meta-analysis, and the pooled results showed that fish oil significantly reduced the level of arterial stiffness compared to controls21. A prospective study of more than 2,000 men aged 45-59 years with a median follow-up of 17.8 years showed that PUFA intake was inversely associated with aortic pulse wave velocity 45. Tousoulis et al. found omega-3 PUFA improved arterial stiffness in 29 middle-aged adults with metabolic syndrome46. However, a recent study in middle-aged obese adults at high cardiac risk observed no significant effect of n-3 FA supplementation on arterial stiffness33. Due to data limitations, we could not further explore the association between the main ingredients contained in fish oil or years of consumption and arterial stiffness in the general population, so long follow-up and/or exposure estimation improvement studies are necessary.

To the extent of our knowledge, this is the first population-based study which explore the modifying effects of fish oil on the association between ozone and arterial stiffness. But fish oil has been found to protect against other air pollutants-related diseases. Chen et al. found that fish oil may provide important protection against ozone-induced decreases in lung function32. Tong et al. found that fish oil supplements prevented the adverse cardiac effects associated with ambient air particles47. In another RCT study, researchers found that fish oil supplementation was associated with reduced short-term subclinical cardiovascular conditions related to PM2.5 exposure in healthy young participants 48. We found that fish oil consumption mitigated the association between ozone exposure and increase in ASI. And by using the double robust model, the interaction coefficients were derived on an additive basis, allowing for the direct identification of additional prevalence attributable to fish oil in a stratified analysis49.

Several possible mechanisms might be underlying the associations. The inflammatory cytokines produced in the respiratory tract after ozone exposure trigger a systemic inflammatory response that may cause adverse cardiovascular status44. One study using UK biobank showed an association between chronic inflammatory disease and the incidence of arterial stiffness50. Omega-3 polyunsaturated fatty acids from fish oil play an important role in limiting oxidative and inflammatory damage51. Previous studies have shown that in rats fed a fish oil diet, aortic vasoconstriction induced by ozone exposure was eliminated, suggesting a cardiovascular protective effect of fish oil52. An interventional study conducted in a group of healthy young people found a significant benefit of daily fish oil supplementation on acute oxidative responses caused by combined atmospheric oxides (O3 and NO2)23.

There are several strengths in our study. Firstly, it is the first study to investigate the modifying effect of fish oil on the association of long-term exposure to ozone with AS in the older adults, which will provide a theoretical basis for the contribution of fish oil on the prevention of arterial stiffness and other cardiovascular disease caused by ozone in people at high risk. Secondly, we used a doubly-robust causal approach to assess the association of ozone with AS, to some extent, it makes up for the defects caused by the cross-section design.

There are also some limitations in this study. One concern about the findings was that the cross-sectional design is not able to provide casual association. However, we applied the doubly-robust approach, which can produce an unbiased estimator if either the inverse probability weighting model or the outcome model is correctly specified to large populations studies, which provide relatively robust evidence for our study. Secondly, ozone concentration in 2019 might not reflect its exposure at baseline. Nevertheless, air pollution emissions remained relatively stable from 2010 to 2019 in the UK53, and spatial variability captured by CMAQ air pollution modelling has been shown to be stable. Moreover, we exclude participants who changed their address to test the robustness of the results. Thirdly, we used ASI to measure AS, which may be affected by peripheral blood vessels, and the accuracy of aortic stiffness is lower than PWV. But it is confirmed that ASI is highly correlated to CF-PWV, and it is more rapid, simple, and operator independent, which makes it suitable for studies in large population. Fourthly, we only included data from the UK biobank, which may limit the generalization of the findings, but a large number of populations could provide an indication of the association between ozone and AS. Lastly, the unrecognized confounding factors in the study might also influence the results, and more prospective studies strictly designed are required in the future.

Conclusion
Through a cross-sectional study we found long-term ozone exposure was associated with higher levels of arterial stiffness, in contrast to fish oil consumption, which showed a protective association. Moreover, taking fish oil might provide protection against ozone-related arterial stiffness. Further cohort studies are needed to explore the association in the future.
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Figure S1 Directed acyclic graph for the association between ozone and arterial stiffness
Notes: 
Gray boxes represent adjusted variables in the model, blue boxes represent variables along the causal chain of exposure and outcome, and white ovals represent unidentified confounders.
Dietary factors: fish intake, vegetable intake, fruit intake, red meat intake, vitamin intake.


[bookmark: _Hlk113915504][bookmark: _Hlk113915041]Table s1 The association between ozone with fish oil exposure and arterial stiffness after excluding participants who changed the home address from baseline to 2019. β coefficients and 95% CI per 10 μg/m3 increment.
	Modela
	Exposure
	β (95%CI)
	p

	Model 1b
	Ozone
	0.222 (0.187 to 0.257)
	<0.001

	
	Fish oil intake
	-0.051 (-0.095 to -0.008)
	0.021 

	Model 2c
	Ozone
	0.253 (0.214 to 0.291)
	<0.001 

	
	Fish oil intake
	-0.055 (-0.098 to -0.011)
	0.013 

	Model 3d
	Ozone
	0.242 (0.202 to 0.282)
	<0.001

	
	Fish oil intake
	-0.055 (-0.105 to -0.005)
	0.030 


Notes: 
a: N= 124,550
b: Model 1 adjusted for: age, sex, smoking status, alcohol status
c: Model 2 further adjusted for: Townsend deprivation, education, ethnicity, employment
d: Model 3 further adjusted for: fish intake, vegetable intake, fruit intake, red meat intake, vitamin intake, sedentary status


Table S2 the association between ozone with fish oil exposure and arterial stiffness only included White participants. β coefficients and 95% CI per 10 μg/m3 increment.
	Model a
	Exposure
	β (95%CI)
	p

	Model 1b
	Ozone
	0.233 (0.200 to 0.265)
	<0.001

	
	Fish oil intake
	-0.059 (-0.100 to -0.019)
	0.004

	Model 2c
	Ozone
	0.238 (0.204 to 0.272)
	<0.001

	
	Fish oil intake
	-0.060 (-0.100 to -0.019)
	0.004

	Model 3d
	Ozone
	0.223 (0.187 to 0.259)
	<0.001

	
	Fish oil intake
	-0.051 (-0.096 to -0.005)
	0.028


Notes: 
a: N= 129,796
b: Model 1 adjusted for: age, sex, smoking status, alcohol status
c: Model 2 further adjusted for: Townsend deprivation, education, ethnicity, employment
d: Model 3 further adjusted for: fish intake, vegetable intake, fruit intake, red meat intake, vitamin intake, sedentary status


Table S3 The association between ozone with fish oil exposure and arterial stiffness further adjusted for family history of cardiovascular diseases, hypertension, diabetes. β coefficients and 95% CI per 10 μg/m3 increment.
	Model
	Exposure
	β (95%CI)
	p

	Model 1a
	ozone
	0.226 (0.195 to 0.258)
	<0.001

	
	fish oil intake
	-0.053 (-0.092 to -0.014)
	0.008

	Model 2b
	ozone
	0.243 (0.207 to 0.280)
	<0.001

	
	fish oil intake
	-0.062 (-0.105 to -0.020)
	0.004

	Model 3c
	ozone
	0.236 (0.199 to 0.272)
	<0.001

	
	fish oil intake
	-0.050 (-0.096 to -0.004)
	0.032


Notes: 
a: N= 139,170
b: Model 1 adjusted for: age, sex, smoking status, alcohol status, family history of cardiovascular diseases, family history of hypertension, family history of diabetes
c: Model 2 further adjusted for: Townsend deprivation, education, ethnicity, employment
d: Model 3 further adjusted for: fish intake, vegetable intake, fruit intake, red meat intake, vitamin intake, sedentary status
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502412 individuals recruited in the UK Biobank

Exclusion:
Lacking data on arterial
stiffness(AS): N=332652

169760 individuals has AS data collected at initial assessment

Exclusion:
Lacking data on ozone
exposure: N=1642

168118 individuals with baseline exposure and outcome data

Exclusion:

Participants with cardiovascular
disease diagnosis before baseline:
N=11547

Participants with cancer diagnosis
before baseline: N=13845

142726 individuals included in final analysis

Notes: Cardiovascular disease included: angina pectoris, acute myocardial infarction, subsequent myocardial
infarction, certain current complications following acute myocardial infarction, other acute ischaemic heart
diseases, chronic ischaemic heart disease, subarachnoid haemorrhage, intracerebral haemorrhage, other
nontraumatic intracranial haemorrhage, cerebral infarctionm, stroke, not specified as haemorrhage or
infarction, heart failure





