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Differing associations of  PM2.5 
exposure with systolic and diastolic 
blood pressures across exposure 
durations in a predominantly 
non‑Hispanic Black cohort
Jiajun Luo 1,2, Rena R. Jones 3, Zhihao Jin 4, Tamar Polonsky 5, Karen Kim 5, 
Christopher O. Olopade 5, Jayant Pinto 5, Habibul Ahsan 1,2 & Briseis Aschebrook‑Kilfoy 1,2,6*

Environmental health research has suggested that fine particulate matter  (PM2.5) exposure can lead to 
high blood pressures, but it is unclear whether the impacts remain the same for systolic and diastolic 
blood pressures (SBP and DBP). This study aimed to examine whether the effects of  PM2.5 exposure 
on SBP and DBP differ using data from a predominantly non‑Hispanic Black cohort collected between 
2013 and 2019 in the US.  PM2.5 exposure was assessed based on a satellite‑derived model across 
exposure durations from 1 to 36 months. The average  PM2.5 exposure level was between 9.5 and 
9.8 μg/m3 from 1 through 36 months. Mixed effects models were used to estimate the association of 
 PM2.5 with SBP, DBP, and related hypertension types, adjusted for potential confounders. A total of 
6381 participants were included.  PM2.5 exposure was positively associated with both SBP and DBP. The 
association magnitudes depended on exposure durations. The association with SBP was null at the 
1‑month duration (β = 0.05, 95% CI: − 0.23, 0.33), strengthened as duration increased, and plateaued 
at the 24‑month duration (β = 1.14, 95% CI: 0.54, 1.73). The association with DBP started with β = 0.29 
(95% CI: 0.11, 0.47) at the 1‑month duration, and plateaued at the 12‑month duration (β = 1.61, 
95% CI: 1.23, 1.99).  PM2.5 was associated with isolated diastolic hypertension (12‑month duration: 
odds ratio = 1.20, 95% CI: 1.07, 1.34) and systolic–diastolic hypertension (12‑month duration: odds 
ratio = 1.18, 95% CI: 1.10, 1.26), but not with isolated systolic hypertension. The findings suggest DBP 
is more sensitive to  PM2.5 exposure and support differing effects of  PM2.5 exposure on SBP and DBP. As 
elevation of SBP and DBP differentially predict CVD outcomes, this finding is relevant for prevention 
and treatment.

Abbreviations
BP  Blood pressure
CI  Confidence interval
COMPASS  Chicago Multiethnic Prevention and Surveillance Study
DBP  Diastolic blood pressure
IDH  Isolated diastolic hypertension
ISH  Isolated systolic hypertension
OR  Odds ratio
SBP  Systolic blood pressure

OPEN

1Department of Public Health Sciences, The University of Chicago, Chicago, USA. 2Institute for Population 
and Precision Health, The University of Chicago, Chicago, USA. 3Occupational and Environmental 
Epidemiology Branch, Division of Cancer Epidemiology and Genetics, National Cancer Institute, Bethesda, 
USA. 4Gangarosa Department of Environmental Health, Rollins School of Public Health, Emory University, 
Atlanta, USA. 5Department of Medicine, The University of Chicago, Chicago, USA. 6Institute for Population and 
Precision Health, The University of Chicago, 5841 S. Maryland Ave., MC 6100, Room TC-620, Chicago, IL 60637, 
USA. *email: brisa@uchicago.edu; bkilfoy@bsd.uchicago.edu

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-64851-6&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2024) 14:20256  | https://doi.org/10.1038/s41598-024-64851-6

www.nature.com/scientificreports/

SDH  Systolic–diastolic hypertension
SES  Socioeconomic status

Air pollution, specifically exposure to fine particulate matter  (PM2.5), has been recognized as a significant envi-
ronmental risk factor affecting human  health1. Numerous studies have explored the relationship between air 
pollution exposure and various health outcomes, including cardiovascular diseases, the leading cause of global 
mortality and  morbidity2. One area of particular interest is the association between  PM2.5 exposure and blood 
pressure (BP), as BP is an essential indicator of general health status and high BP is an important risk factor for 
various  diseases3. Over the past several decades, a large number of human epidemiological studies have exam-
ined the relationships of short- and long-term  PM2.5 exposure with hypertension and BP levels in the general 
population, leading to at least four meta-analyses that covered more than 100 studies and more than 700,000 
 participants4–7. Evidence from these studies has established a strong relationship of  PM2.5 exposure with high 
BP levels and hypertension in the general  population4–7.

Nonetheless, a close scrutiny of the literature reveals intriguing differences in relationships with systolic and 
diastolic BP (SBP and DBP, respectively). The most recent meta-analysis reported a robust association between 
 PM2.5 exposure and DBP, regardless of short- or long-term exposures, but the same study concluded that long-
term (≥ 30 days)  PM2.5 exposure was not associated with elevated  SBP4. In contrast, an earlier meta-analysis and 
several more recent large studies concluded a positive association between long-term  PM2.5 exposure (≥ 30 days) 
and  SBP6,8–10. The differing findings between SBP and DBP were also noted in studies among children and 
adolescents. According to a meta-analysis published in 2023 of eight studies that only focused on children and 
adolescents, long-term  PM2.5 exposure was associated with elevated DBP, but not  SBP11. In studies looking at 
the subtypes of heart failure, diastolic heart failure has been reported to be associated with  PM2.5  exposure12,13, 
while the evidence specifically for systolic heart failure was sparse, even though systolic heart failure is generally 
more  common14. These differing observations between SBP and DBP warrant more investigations to understand 
the biological mechanisms of  PM2.5 exposure effects at the population level.

SBP and DBP are two crucial components of cardiovascular health that provide different information about 
the functioning of the cardiovascular  system15. SBP reflects the force with which blood is ejected from the heart 
and the resistance encountered in the arteries, while DBP reflects the relaxation of the heart and the degree 
of resistance in the arteries when the heart is at rest between  beats15. Although DBP is more closely related to 
end-organ  damage16, observational studies and clinical trials have both demonstrated a greater association of 
SBP with cardiovascular disease  incidence17, and thus clinicians and physicians have primarily focused on SBP 
in hypertension  management18. SBP and DBP reflect distinctive hemodynamics and pathophysiologic features 
associated with specific BP  components19, as DBP tends to decline while SBP continues to increase in later  life20. 
Therefore, investigating the effect of  PM2.5 exposure on SBP and DBP separately is important to understand the 
distinct impacts on cardiovascular health and tailor preventive measures and interventions accordingly, but 
investigation of the difference has been limited.

Additionally, non-Hispanic Black Americans, an underrepresented population in biomedical research, bear 
a disproportionate burden of air pollution and hypertension in the US. Non-Hispanic Black Americans have 
been found to experience higher rates of hypertension and related  complications21–23, and they often face dis-
proportionate exposure to  PM2.5 and other environmental pollutants due to socioeconomic factors, residential 
segregation, and environmental  injustice24,25. Understanding the relationship between  PM2.5 exposure and BP 
in this population can provide valuable insights into the mechanisms underlying health disparities and inform 
targeted interventions to mitigate the adverse effects of air pollution on cardiovascular health in non-Hispanic 
Black communities.

Within this context, we conducted this study to investigate the individual associations of ambient  PM2.5 
exposure with SBP and DBP. We took a duration-specific approach to examine the potential differing sensitive 
windows of SBP and DBP in relation to  PM2.5 exposure, with an exposure duration from 1 to 36 months. Nota-
bly, the study leverages data from the Chicago Multiethnic Prevention and Surveillance Study (COMPASS), a 
predominantly non-Hispanic Black cohort that seeks to uncover the causes of health disparities.

Methods
Study population
COMPASS is a large, longitudinal cohort study. A more detailed description of the study design can be found 
 elsewhere26. Briefly, eligibility for COMPASS includes: (1) age 18 years or older at the time of enrollment; (2) abil-
ity to consent and provide survey data in English or Spanish; (3) willingness to provide blood, urine, and saliva 
samples as well as electronic health record access. Over the past decade of enrollment, COMPASS has employed 
multiple recruitment modalities, including a population-based approach, a community-based approach, and a 
hospital/clinic-based approach. During their first visit to the research clinic, participants completed a survey 
questionnaire. Anthropometry and blood pressure are then measured. The COMPASS questionnaire codebook 
can be found at https:// compa ss. uchic ago. edu/ resea rch/ self- repor ted- quest ionna ire- data/.

Between 2013 and 2019, 7728 participants were recruited. Their residential addresses were collected at enroll-
ment and have been verified and geocoded by our research staff. Addresses that could not be geocoded, for 
example, P.O. boxes or missing information on street number, were excluded.

The University of Chicago Institutional Review Board granted approval for this study and written informed 
consent was obtained from all participants. This study leverages data and BP measures collected during partici-
pants’ visit to the research clinic at enrollment. Therefore, the study is cross-sectional in nature.

https://compass.uchicago.edu/research/self-reported-questionnaire-data/
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Blood pressure and hypertension
SBP and DBP were measured by trained staff using an Omron HEM 907XL blood pressure monitor. Staff were 
trained to allow participants to rest in a sitting position for five minutes before measurement and to ask partici-
pants to sit upright with both feet flat on the floor during measurement. Average SBP and DBP were generated 
from two readings. Pulse pressure was calculated.

We used the 140/90 mmHg criterion to define hypertension in the main  analysis27. Based on the measured 
BP, three types of hypertensions were defined: (a) isolated systolic hypertension (ISH), if SBP ≥ 140 and DBP < 90; 
(b) isolated diastolic hypertension (IDH), if SBP < 140 and DBP ≥ 90; and (c) systolic–diastolic hypertension 
(SDH), if SBP ≥ 140 or DBP ≥ 90.

PM2.5 exposure assessment
Ambient  PM2.5 exposure data was obtained from the Atmospheric Composition Analysis Group at Washington 
University at St. Louis. Monthly surface  PM2.5 levels for 1998–2021 at a 0.01° × 0.01° scale (i.e., ~ 1.1 km) were 
estimated by combining Aerosol Optical Depth retrievals from the NASA Moderate Resolution Imaging Spec-
troradiometer (MODIS), Multi-angle Imaging SpectroRadiometer (MISR), and Sea-viewing Wide Field-of-view 
Sensor (SeaWiFS) instruments with the GEOS-Chem chemical transport model, and subsequently calibrating to 
global and North America ground-based observations using a Geographically Weighted Regression. The resultant 
values showed great cross-validated agreement when all data sources are used ( R2

= 0.99)28–30.
We retrospectively assigned the  PM2.5 exposure to each participant according to their residential addresses. 

Cumulative average  PM2.5 levels were generated over different exposure durations, from 1 to 36 months prior to 
the date when they visited our research clinics.

Potential confounders
Potential confounders were selected based on prior publications in this  cohort31,32. Accordingly, potential con-
founders adjusted in the final analysis included age in categories (≤ 35, 36–45, 46–55, 56–65, > 65), race/ethnic-
ity (non-Hispanic White, non-Hispanic Black, other), gender (male, female), education (less than high school, 
high school, some college, college or more), household income (< $15,000, $15,000–$34,999, $35,000–$69,999 
and > $69,999), neighborhood area deprivation index (ADI), body mass index (BMI; < 25, 25–29.9, 30–39.9, 
> 39.9), heart attack history (yes, no), type 2 diabetes (yes, no), smoking status (non-smoker, former smoker, 
current smoker), insurance status (not insured, Medicare, Medicaid, private, other), and season (spring, summer, 
autumn, winter). Age, race/ethnicity, gender, education, household income, heart attack history, and season were 
collected through questionnaires. ADI is a composite score to measure neighborhood disadvantages. The ADI 
score was created based on 17 neighborhood socioeconomic variables, such as poverty level, unemployment 
rate, and home value, at the census tract level using principal component  analysis33. Therefore, ADI is able to 
reflect the overall neighborhood socioeconomic status (SES) and has been widely used in health research. As 
neighborhood SES can affect both air pollution level and residents’ health, it is considered as a confounder in 
this study. Therefore, we adjusted ADI to represent the neighborhood SES in our model. BMI and type 2 diabetes 
status were ascertained when participants visited our research clinic.

Statistical analysis
We used mixed effects models to assess the association of  PM2.5 exposure with BP levels and different hyperten-
sion types. Linear regression was used to estimate the average change (β) in the BP levels and the corresponding 
95% confidence interval (CI). Logistic regression was used to estimate the odds ratio (OR) for hypertension 
types (ISH, IDH, SDH, and any hypertension) compared to the non-hypertensive group and the corresponding 
95% CI. The average  PM2.5 exposure concentration level was treated as a continuous variable in the model and 
results should be interpreted for each 1 µg/m3 increase in  PM2.5 level. The average  PM2.5 concentration levels of 
different exposure durations were put in the model as separate variables. To further eliminate potential confound-
ing arising from spatial variation, we included a random intercept for the residential zip code in the model. A 
total of 130 unique zip codes were identified, among which 20 zip codes had over 100 participants and 47 zip 
codes only had 1 participant. The median number of the number of participants in the zip code was 2. We then 
described the trend of effect estimates across different exposure durations using a smoothing line generated from 
 LOESS34. To examine the non-linear association between  PM2.5 exposure and BP, we included spline terms for 
 PM2.5 exposure of the duration that demonstrated the most sensitive association with SBP and DBP, respectively.

To understand how the impacts of  PM2.5 exposure on SBP and DBP interact with each other, we stratified 
the population according to hypertension status (ISH, IDH, SDH, and any), and then ran the regression for SBP 
and DBP again in these stratified populations.

The models were adjusted for all aforementioned potential confounders. Missing values were noted in some 
covariates, particularly for household income and smoking status. The overall prevalence of missing values were 
less than 15% in the study population. Missing values in potential confounders were assumed to be missing at 
random and then imputed using random forest imputation  algorithm35. All variables were used to generate 
the imputed data. Ten complete datasets were generated via imputation and combined using Reiter’s partially 
synthetic data pooling  rules36.

We conducted several sensitivity analyses. First, given that hypertension medications are usually used to 
control BP, we also ran analyses after excluding participants who self-reported using hypertension medica-
tions. Second, we classified hypertension status using 130/80 mmHg for SBP/DBP, as suggested by the guideline 
updated in  201737.

All analyses were performed in accordance with the IRB guidelines and regulations. All statistical analysis in 
this study was performed using R 4.3.0 (R Core Team, Vienna, Austria).
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Results
A total of 6381 participants with valid residential addresses and blood pressure measures were analyzed in 
this study. The distributions of selected sociodemographic and health characteristics are presented in Table 1. 
The overall study population was comprised of predominantly non-Hispanic Black individuals (82.1%), more 
than 45% were above 55 years of age, and over half reported an annual household income less than $15,000 
and received high school education or less. A third of the study population was obese (BMI ≥ 30). SDH was 
the most common hypertension type, followed by ISH, while IDH was noted as the least common type in this 
study population. Individuals with SDH had higher average SBP and DBP than individuals with ISH or IDH (a 
more detailed distribution of BP can be found in Table S1). No substantial difference in the demographic and 
socioeconomic characteristics was observed between different hypertension groups, but it should be noted that 
IDH group had the lowest prevalence of type 2 diabetes and heart attack history.

Figure 1 presents the distribution of  PM2.5 exposure levels of different exposure durations in this study 
(original values in Table S2). The average  PM2.5 exposure level was close to 9 µg/m3 and remained similar across 
these exposure durations.

Figure 2 shows the association between  PM2.5 exposure and changes in SBP across different exposure dura-
tions (original values in Table S3). In the overall population, the association steadily strengthened from null to 
significantly positive when the exposure duration increased (Fig. 2A). Within a duration of 10 months,  PM2.5 
exposure was not associated with SBP. However, beyond 10 months, we observed associations between  PM2.5 
exposure and SBP, and the magnitude of this association plateaued when the duration reached 24 months. 
Specifically, the association was β = 0.66 (95% CI: 0.07, 1.25) for 12-month duration, strengthened to β = 0.85 
(95% CI: 0.26, 1.43) for 18-month duration, and further to β = 1.14 (95% CI: 0.54, 1.73). Beyond 24 months, the 
association magnitudes lingered within a range roughly between 1.10 and 1.20.

When looking at the association with SBP by hypertension status, we observed completely different pat-
terns.  PM2.5 exposure was not associated SBP in non-hypertensive participants across these exposure durations 
(Fig. 2B); however, a positive association with SBP was observed in hypertensive participants (Fig. 2C). The posi-
tive association in hypertensive participants was even observed within short durations and then strengthened 
when exposure duration increased. For example, in hypertensive participants, association was β = 0.48 (95% CI: 
0.09, 0.87) for 1-month duration, and strengthened to β = 1.79 (95% CI: 0.96, 2.62) for 12-month duration. This 
association appeared to plateau beyond a duration of 24 months. The positive association was not observed in 
participants with ISH or SDH, among whom the association was close to null (Fig. 2D,F, respectively). In contrast, 
a positive association was observed in participants with IDH (Fig. 2E), and demonstrated a pattern similar to 
that in the overall hypertensive participant.

Figure 3 shows the results for DBP (original values in Table S4), which reveal a differing pattern from SBP, 
especially in populations with different hypertension status. In the overall population,  PM2.5 exposure was 
positively associated with higher DBP across all exposure durations (Fig. 3A). The association strengthened as 
duration increased. Beyond 12 months, the association magnitude plateaued, remaining within a range roughly 
between 1.60 and 1.80.

We also observed positive associations with DBP across different exposure durations in both hypertensive 
and non-hypertensive populations (Fig. 3B,C). In both populations by hypertensive status, the associations 
strengthened when duration increased and plateaued roughly beyond 12 months, though a slight declining trend 
was noted beyond 24 months in the hypertensive population. The association was stronger in the hypertensive 
population. By hypertension subtypes, the positive association with DBP was observed in participants with 
ISH and SDH (Fig. 3D,F), but not in participants with IDH (Fig. 3E). In participants with ISH, the association 
exhibited a declining trend beyond 12 months, while in participants with SDH, the association remained steady 
beyond 18 months. However, the association with DBP was null and remained unchanged across these durations 
in participants with IDH.

When using 24-month and 12-month  PM2.5 exposure for SBP and DBP in non-linear analysis, respectively, 
we observed slight non-linear trends for the  PM2.5 impacts (Fig. S1). However, these non-linear associations 
were monotonic and we did not observe extreme changes in the  PM2.5 impacts.

PM2.5 was inversely associated with pulse pressure across different exposure durations, in the overall popula-
tion and in populations stratified by hypertension status as well (Fig. S2). The associations with pulse pressure 
demonstrated similar trend to DBP. The association strengthened as duration increased and then plateaued 
beyond 12 months.

PM2.5 exposure was inversely associated with ISH across different exposure durations (Fig. 4A). The inverse 
association exhibited a U-shaped trend across these exposure durations, as it started with OR = 0.91 (95% CI: 
0.87, 0.95) for 1-month duration, strengthened to OR = 0.76 (95% CI: 0.70, 0.83) for 15-month duration, and 
ultimately weakened to OR = 0.82 (95% CI: 0.76, 0.89) for 36-month duration. In contrast, positive associations 
were observed for IDH and SDH (Fig. 4B,C). These positive associations strengthened when exposure duration 
increased, but plateaued at different time points, with IDH showing a shorter plateauing duration. The association 
with IDH started with OR = 1.06 (95% CI: 1.00, 1.12) for 1-month duration, strengthened to OR = 1.20 (95% CI: 
1.07, 1.34) for 12-month duration, and then stayed roughly unchanged beyond. In comparison, the association 
with SDH started with OR = 1.02 (95% CI: 0.99, 1.05) for 1-month duration, and strengthened to OR = 1.18 (95% 
CI: 1.10, 1.26) and further to OR = 1.22 (95% CI: 1.13, 1.31) for 24-month duration. We observed a positive 
association with any hypertension types that was close to null within short durations (Fig. 4D).

In sensitivity analysis that excluded participants using hypertension medication, we observed consistent 
results with our main analysis, though the confidence intervals were wider, possibly due to smaller sample size 
(Figs. S3 and S4). Moreover, when using the 2017 hypertension guidelines, we also observed consistent results 
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Selected characteristics Overall (n = 6381) No hypertension (n = 3179) ISH (n = 1071) IDH (n = 443) SDH (n = 1688)

Age, n (%)

 ≤ 35 46 (0.7) 28 (0.9) 5 (0.5) 4 (0.9) 9 (0.5)

 36–45 1403 (22.0) 850 (26.7) 143 (13.4) 118 (26.6) 292 (17.3)

 46–55 1942 (30.4) 948 (29.8) 255 (23.8) 156 (35.2) 583 (34.5)

 56–65 2086 (32.7) 985 (31.0) 379 (35.4) 129 (29.1) 593 (35.1)

 > 65 904 (14.2) 368 (11.6) 289 (27.0) 36 (8.1) 211 (12.5)

Race, n (%)

 Non-Hispanic Black 5239 (82.1) 2549 (80.2) 869 (81.1) 359 (81.0) 1462 (86.6)

 Non-Hispanic White 462 (7.2) 234 (7.4) 93 (8.7) 35 (7.9) 100 (5.9)

 Hispanic 433 (6.8) 270 (8.5) 71 (6.6) 27 (6.1) 65 (3.9)

 Other 177 (2.8) 94 (3.0) 29 (2.7) 15 (3.4) 39 (2.3)

 Missing 70 (1.1) 32 (1.0) 9 (0.8) 7 (1.6) 22 (1.3)

Gender, n (%)

 Female 3188 (50.0) 1623 (51.1) 535 (50.0) 238 (53.7) 792 (46.9)

 Male 3168 (49.6) 1541 (48.5) 534 (49.9) 203 (45.8) 890 (52.7)

 Other 2 (0) 1 (0) 1 (0.1) 0 (0) 0 (0)

 Missing 23 (0.4) 14 (0.4) 1 (0.1) 2 (0.5) 6 (0.4)

Education, n (%)

 < High school 2196 (34.4) 1067 (33.6) 350 (32.7) 148 (33.4) 631 (37.4)

 High school 1741 (27.3) 898 (28.2) 290 (27.1) 102 (23.0) 451 (26.7)

 Some college 1847 (28.9) 910 (28.6) 314 (29.3) 149 (33.6) 474 (28.1)

 College or more 546 (8.6) 279 (8.8) 109 (10.2) 41 (9.3) 117 (6.9)

 Missing 51 (0.8) 25 (0.8) 8 (0.7) 3 (0.7) 15 (0.9)

Household income, n (%)

 < $15,000 3309 (51.9) 1643 (51.7) 538 (50.2) 238 (53.7) 890 (52.7)

 $15,000–$24,999 1005 (15.7) 509 (16.0) 171 (16.0) 74 (16.7) 251 (14.9)

 $25,000–$34,999 351 (5.5) 173 (5.4) 51 (4.8) 25 (5.6) 102 (6.0)

 ≥ $35,000 795 (12.5) 412 (13.0) 123 (11.5) 62 (14.0) 198 (11.7)

 Missing 921 (14.4) 442 (13.9) 188 (17.6) 44 (9.9) 247 (14.6)

BMI, n (%)

 < 25 2024 (31.7) 1136 (35.7) 319 (29.8) 120 (27.1) 449 (26.6)

 25–29.9 1808 (28.3) 917 (28.8) 307 (28.7) 118 (26.6) 466 (27.6)

 30–39.9 1841 (28.9) 837 (26.3) 306 (28.6) 144 (32.5) 554 (32.8)

 ≥ 40 529 (8.3) 208 (6.5) 107 (10.0) 49 (11.1) 165 (9.8)

 Missing 179 (2.8) 81 (2.5) 32 (3.0) 12 (2.7) 54 (3.2)

Smoking status, n (%)

 Never 1726 (27.0) 919 (28.9) 277 (25.9) 120 (27.1) 410 (24.3)

 Former 804 (12.6) 373 (11.7) 164 (15.3) 58 (13.1) 209 (12.4)

 Current 3019 (47.3) 1491 (46.9) 491 (45.8) 204 (46.0) 833 (49.3)

 Missing 832 (13.0) 396 (12.5) 139 (13.0) 61 (13.8) 236 (14.0)

Health insurance status, n (%)

 Uninsured 727 (11.4) 405 (12.7) 75 (7.0) 54 (12.2) 193 (11.4)

 Medicaid 2289 (35.9) 1134 (35.7) 392 (36.6) 162 (36.6) 601 (35.6)

 Medicare 1005 (15.7) 469 (14.8) 230 (21.5) 55 (12.4) 251 (14.9)

 Private 828 (13.0) 429 (13.5) 118 (11.0) 67 (15.1) 214 (12.7)

 Other 982 (15.4) 492 (15.5) 158 (14.8) 61 (13.8) 271 (16.1)

 Missing 550 (8.6) 250 (7.9) 98 (9.2) 44 (9.9) 158 (9.4)

Type 2 diabetes, n (%)

 No 5027 (78.8) 2556 (80.4) 787 (73.5) 355 (80.1) 1329 (78.7)

 Yes 696 (10.9) 315 (9.9) 173 (16.2) 31 (7.0) 177 (10.5)

 Missing 658 (10.3) 308 (9.7) 111 (10.4) 57 (12.9) 182 (10.8)

Heart attack history, n (%)

 No 6064 (95.0) 3032 (95.4) 1000 (93.4) 426 (96.2) 1606 (95.1)

 Yes 303 (4.7) 138 (4.3) 68 (6.3) 17 (3.8) 80 (4.7)

 Missing 14 (0.2) 9 (0.3) 3 (0.3) 0 (0) 2 (0.1)

Season, n (%)

Continued
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with our analysis (Figs. S5–S7). Briefly, we observed a positive association between  PM2.5 exposure only in 
patients with IDH, and positive associations of  PM2.5 exposure with IDH, but not with ISH.

Discussion
In this predominantly non-Hispanic Black cohort that represents a population historically underrepresented in 
biomedical research, we employed a duration-specific approach to analyze the association of  PM2.5 exposure with 
SBP, DBP, and different hypertension types. The results suggested that DBP is more sensitive to  PM2.5 exposure 
compared to SBP, as the effect of  PM2.5 exposure reached the plateau in a shorter duration for DBP. Moreover, 
we observed that the associations with SBP and DBP were evident in different populations. Furthermore,  PM2.5 
demonstrated positive associations with IDH and SDH, not ISH. Overall, findings from this study support dif-
fering effects of  PM2.5 exposure on SBP and DBP.

One highlight of our findings in this study is the different exposure durations for  PM2.5 exposure effect to 
reach the plateau for SBP and DBP. Results from an early study actually imply the presence of this difference. In 
a population-based study in India with exposure assessed using a satellite-based model, Prabhakaran et al. took 
a similar duration-specific approach and presented the associations of  PM2.5 exposure with SBP and DBP within 
a 1-year exposure window, but they only included five different  durations9. Their results clearly showed that the 
association with SBP strengthened as the duration increased, while the association with DBP remained steady 
despite a slight increase at the beginning of the duration  period9. Therefore, exposure duration appears to be key 
in understanding the differing effects of  PM2.5 exposure on SBP and DBP. However, the differing effects were not 
the primary focus of their study and thus they did not provide more analysis regarding the different exposure 

Table 1.  Distributions of selected sociodemographic and health characteristics in the study population 
according to hypertension status. IDH isolated diastolic hypertension, ISH isolated systolic hypertension, SDH 
systolic–diastolic hypertension.

Selected characteristics Overall (n = 6381) No hypertension (n = 3179) ISH (n = 1071) IDH (n = 443) SDH (n = 1688)

 Spring 1548 (24.3) 737 (23.2) 283 (26.4) 89 (20.0) 439 (26.0)

 Summer 1139 (17.8) 543 (17.1) 207 (19.3) 85 (19.2) 304 (18.0)

 Autumn 2003 (31.4) 1045 (32.9) 317 (29.6) 163 (36.8) 478 (28.3)

 Winter 1691 (26.5) 854 (26.9) 265 (24.7) 106 (24.0) 466 (27.6)

Area deprivation index national percentile

 Median (interquartile range) 69 (50–85) 67 (49–82) 68 (46–82) 67 (52–84) 71 (53–87)

Systolic blood pressure

 Median (interquartile range) 136 (124–151) 124 (116–131) 148 (143–156) 133 (129–136) 158 (148–169)

Diastolic blood pressure

 Median (interquartile range) 84 (76–94) 77 (71–83) 83 (77–86) 93 (91–96) 99 (94–107)

Figure 1.  Boxplots of average  PM2.5 concentrations of different exposure durations in the study.
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Figure 2.  Average change in systolic blood pressure associated with  PM2.5 exposure of different exposure 
durations in linear regression. The grey area indicates 95% confidence interval. The blue curve is the smoothing 
line generated from LOESS that describes the trend of effect estimates over these exposure durations. The mixed 
effect models were adjusted for age (35–39, 40–44, 45–49, 50–64, 65+), race (non-Hispanic White, non-Hispanic 
Black, Hispanic, other), gender (male, female), education (less than high school, high school, some college, 
college or more), household income (< $15,000, $15,000–$24,999, $25,000–$34,999 and > $34,999), body mass 
index (BMI; < 25, 25–29.9, 30–39.9, > 39.9), smoking status (never, former, current), health insurance status 
(uninsured, Medicaid, Medicare, private, other), type 2 diabetes (yes, no), and heart attack history (yes, no), and 
neighborhood area deprivation index (ADI, in quartiles).

Figure 3.  Average change in diastolic blood pressure associated with  PM2.5 exposure of different exposure 
durations in linear regression. The grey area indicates 95% confidence interval. The blue curve is the smoothing 
line generated from LOESS that describes the trend of effect estimates over these exposure durations. The mixed 
effect models were adjusted for age (35–39, 40–44, 45–49, 50–64, 65+), race (non-Hispanic White, non-Hispanic 
Black, Hispanic, other), gender (male, female), education (less than high school, high school, some college, 
college or more), household income (< $15,000, $15,000–$24,999, $25,000–$34,999 and > $34,999), body mass 
index (BMI; < 25, 25–29.9, 30–39.9, > 39.9), smoking status (never, former, current), health insurance status 
(uninsured, Medicaid, Medicare, private, other), type 2 diabetes (yes, no), and heart attack history (yes, no), and 
neighborhood area deprivation index (ADI, in quartiles).
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durations for specific effect plateaus. Additionally, although many studies incorporated both short- and long-
term exposures in their research and reported different effects of these  exposures6,8–10, the differing effects on 
SBP and DBP were generally overlooked due to a lack of duration-specific analysis at finer resolution similar to 
ours. Our study overcomes limitations of these prior studies by systematically examining the duration-specific 
effects, adding evidence to the differing effects of  PM2.5 exposure on SBP and DBP.

Another intriguing observation is that the association with SBP was evident only in participants with ISH, 
while the association with DBP was evident in participants with IDH or SDH. Considering the distinct contri-
butions of SBP and DBP to the cardiovascular  system15, one plausible explanation for these findings is that the 
effects of  PM2.5 exposure on SBP and DBP are independent of each other, and the effect on DBP is more enduring. 
Elevated SBP is influenced by factors such as arterial stiffness, cardiac contractility, and the ejection of blood 
from the  heart38.  PM2.5 exposure may contribute to increased arterial stiffness and impaired vascular  function39, 
which can lead to higher SBP. DBP, on the other hand, depends on factors such as peripheral vascular resist-
ance, arterial compliance, and the relaxation of the  heart40.  PM2.5 exposure can impact these factors differently 
than those affecting SBP. For example,  PM2.5-induced inflammation and oxidative stress may impair the relaxa-
tion of blood  vessels41, leading to elevated DBP. Understanding the differing effects and underlying biological 
mechanisms of  PM2.5 exposure on SBP and DBP is important for accurately assessing the cardiovascular risks 
associated with air pollution exposure.

Additionally, we observed that  PM2.5 exposure was only associated with hypertension types characterized 
by high DBP (i.e., IDH and SDH), not with ISH. This observation reflects the different mechanisms underly-
ing these conditions, and, again, suggests that DBP is more sensitive to  PM2.5 exposure. It also should be noted 
that we observed an inverse association with ISH. This inverse association may not imply protective effects of 
 PM2.5 exposure. One possible explanation is that, as DBP is more sensitive,  PM2.5 exposure would initially lead 
to IDH that constitutes a competing event against ISH in regression models. As a result, we observed an inverse 
association with ISH.

This study stands out as a large-scale study that utilize a duration-specific approach to investigate the health 
impact of  PM2.5 exposure among a diver population. The air pollution exposure is also based on a high-resolution, 
well-characterized approach. Moreover, the blood pressure was measured objectively, overcoming potential 

Figure 4.  Odds ratio for hypertension according to  PM2.5 exposure of different exposure durations in logistic 
regression. The grey area indicates 95% confidence interval. The blue curve is the smoothing line generated from 
LOESS that describes the trend of effect estimates over these exposure durations. The mixed effect models were 
adjusted for age (35–39, 40–44, 45–49, 50–64, 65+), race (non-Hispanic White, non-Hispanic Black, Hispanic, 
other), gender (male, female), education (less than high school, high school, some college, college or more), 
household income (< $15,000, $15,000–$24,999, $25,000–$34,999 and > $34,999), body mass index (BMI; < 25, 
25–29.9, 30–39.9, > 39.9), smoking status (never, former, current), health insurance status (uninsured, Medicaid, 
Medicare, private, other), type 2 diabetes (yes, no), and heart attack history (yes, no), and neighborhood area 
deprivation index (ADI, in quartiles).
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recall bias. However, there are several limitations to consider in this study. First, the study population may not 
be nationally representative, nor was it designed to be geographically representative. A focus on historically 
underrepresented populations can be a strength, but also leads to limited generalizability. Since non-Hispanic 
Black Americans are more vulnerable to the adverse effect of  PM2.5 exposure as suggested by prior studies, the 
strong effects observed in this study may not apply to other cohorts. Second, the air pollution exposure level was 
satellite-derived, which cannot accurately reflect the true exposure. Measurement error should be considered 
when interpreting the results. However, we expect bias from the measurement error was non-differential. Moreo-
ver, the air pollution level and variation are low in our study, as most exposure levels fell between 8 and 12 µg/
m3. Therefore, results in this study may not be applied to more polluted areas. Third, we did not investigate the 
non-linear effects of  PM2.5 exposure for all durations, but the most sensitive durations for SBP and DBP. Based 
on our non-linear analysis for the most sensitive durations, we do not expect the non-linear effect of  PM2.5 expo-
sure would substantially alter our results. Fourth, this study is cross-sectional in nature. BP was only measured 
at a single time point. We are unable to investigate how  PM2.5 exposure affects changes in blood pressure over 
time and how these changes reciprocally influence  PM2.5 exposure effects. However, the exposure was assigned 
prior to participants’ enrollment, and thus reverse causation was not possible. Last, the study did not account 
for changes in residential address. An ideal approach is to collect accurate data on individuals’ mobility and 
adjust for mobility in analysis. However, this approach requires substantial resources and may breach individual 
privacy. Environmental epidemiology studies have demonstrated the validity of exposure assessment based on 
current residential  address42–44. Therefore, though misclassification cannot be ruled out, we are confident that 
our estimates of the joint impact of neighborhood context are valid.

Overall, the study took a duration-specific approach to examine the association of  PM2.5 exposure on SBP 
and DBP, and provides many interesting findings, most of which are reported in the literature for the first time. 
The magnitudes of associations with SBP and DBP were dependent on exposure durations and the association 
with DBP plateaued within a shorter duration. We also observed that  PM2.5 exposure was more likely to increase 
the risk for hypertension types characterized by high DBP. The findings from this study support differing effect 
of  PM2.5 exposure on SBP and DBP.

Data availability
The datasets generated and analyzed during the current study are not publicly available due to its inclusion of 
private medical and residential data, but are available from the corresponding author on reasonable request.
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