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Highlights

e  Megacity Karachi, Pakistan, recorded severely elevated air pollution levels that were
unhealthy for public health.

e  PM; 5 exposure was significantly correlated with cardiovascular diseases (CVD).

e  Risk of PM; 5 exposure is stronger among males and people aged 40 and older.

e PMj;;5 and CVD exposure-response curve for HAs and ER visits is positive with a
non-linear relationship.

e  More research from South Asia with poor air quality is needed.

Abstract

Ambient air pollution, particularly fine particulate matter (PM,5), poses significant health
risks, especially concerning cardiovascular diseases (CVDs). This study assesses the associ-
ation between PM, 5 exposure and CVD hospital admissions (HAs) and emergency room
(ER) visits in Karachi, Pakistan. Daily PM, 5 samples were collected from four Karachi
sites (Makro, Karachi University, Keamari, and Malir) between October 2009 and June 2011.
CVD morbidity data, including HAs and ER visits, were gathered from major hospitals. A
single-pollutant model was employed to evaluate associations between PM; 5 levels and
CVD outcomes, adjusting for meteorological variables and other potential confounders.
PMj; 5 concentrations and CVD morbidity were significantly associated across all sites
Stratification by age and gender revealed stronger associations among males and individu-
als aged 40 and above. Exposure to elevated levels of PM; 5 in Karachi was significantly
associated with increased CVD HAs and ER visits, with the highest association found
between PM, 5 exposure and arrhythmias. The study underscores the need for effective air
quality management policies and interventions to reduce PMj 5 levels. Karachi’s high PM; 5
levels demand urgent attention from regulatory agencies and public health professionals to
implement interventions that mitigate air pollution and protect vulnerable populations.
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1. Introduction

Atmospheric particulate matter (PM) is a complex mixture of particles (solid and liquid
droplets). PM is chemically composed of inorganic and organic compounds such as organic
carbon (OC), metals, elemental carbon (EC), black carbon (BC), volatile organic compounds
(VOCs), and polycyclic aromatic hydrocarbons (PAHs) suspended in the air [1-3]. PM can
be characterized by size fractions, which include coarse particles (PMjg), fine particles
(PM3 5), and ultrafine particles (UFP). An essential determining factor of particle deposition
in the respiratory airways, the source of the matter, and chemical composition is the
particle size [4]. The degree of harmful effects of particulate air pollution depends on its
size (diameter), amount, and composition. PMy 5 is of great concern and an important
urban atmospheric pollutant that has attracted enormous attention because of its adverse
health effects on the population and damaging impacts on the natural environment [5-8].
The complexity of particulate matter makes the health effects more severe, with a broad
spectrum of diseases, daily morbidity, and mortality. Exposure to particulates aggravates
health issues and results in more hospital admissions (HAs) and emergency room visits
(ER), especially in children, pregnant women, and the elderly [9-11].

Extensive research has documented the relationship between particulate air pollution
and health effects, particularly cardiovascular and respiratory diseases [12-17]. The mecha-
nisms by which particulate exposure impacts human health include generating reactive
oxygen species, systemic oxidative stress, cardiac autonomic response, and atherosclerosis
and thrombosis due to inflammatory responses [4,18]. Cardiovascular diseases (CVDs)
linked to particulates include ischemic heart disease, myocardial infarction, cerebrovas-
cular and peripheral vascular diseases, high blood pressure, cardiac failure, stroke, and
arrhythmias. Pulmonary diseases include decreased lung function, bronchitis, asthma,
pneumonia, chronic obstructive pulmonary disease (COPD), and lung cancer [19-21].

Studies indicate that even short-term exposure to PM; 5 significantly increases HA
and ER visits for cardiovascular and respiratory effects [22,23]. Increased daily HAs from
particulate exposure are positively associated with respiratory diseases among children
aged five years and younger [24]. Epidemiological studies have shown that PM; 5 exposure
adversely affects the cardiopulmonary systems, contributes to cancer development, and
may lead to premature death [7,13,14,22,25-27]. There is strong evidence that ambient air
pollution increases ER visits and HAs and is associated with cardiopulmonary, neurologic,
and circulatory diseases [28]. Data shows a strong link between air pollution exposure and
CVDs, including ischemic heart disease and stroke [29]. Pope et al. [30] found an association
between acute ischemic heart disease and short-term exposure to ambient PMj, 5. Other
reported health effects of PM; 5 exposure include mental disorders, perinatal disorders,
endothelial dysfunction [31], and increased risk of Parkinson’s disease, dementia, and
Alzheimer’s disease [32]. Pope et al. [33] found elevated levels of circulating inflammatory
markers due to PM; 5 exposure. Ain and Qamar [34] identified a link between prenatal air
pollution exposure and later-life cardiovascular events.

The impact of air pollution is significant in developing countries, mainly in urban
centers. PM; s-related premature deaths in South and Southeast Asia were estimated
at 1,447,000 annually, with increases from 1,179,400 to 1,724,900 between 1999 and 2014.
Ischemic heart disease and stroke accounted for 35% and 39% of these deaths, respec-
tively [35]. In China, it is estimated that 350,000 to 500,000 premature deaths are recorded
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annually due to ambient air pollution [36], and air pollution causes 14.3% of total deaths in
Isfahan, Iran [7]. Anjum et al. [37] reported that air pollution costs the world about 8 billion
dollars daily, equivalent to 7% of China’s 2015 GDP. Ambient air pollution in developed
countries also significantly impacts public health [22]. Poor infrastructure, intensive energy
consumption, and increased rural-urban migration exacerbate poor air quality effects in
developing countries [38—40]. Given the scientific evidence, the cardiovascular health
of Karachi residents is at risk due to PM; 5 exposure. Therefore, this study assesses the
association between daily PM; 5 exposure and CVD morbidity.

2. Materials and Methods
2.1. Sampling Sites and PM; 5 Sample Collection

Daily PM; 5 samples were collected using a low-volume air sampler at four fixed
sites/towns of Karachi over four seasons from October 2009 to June 2011. Karachi is a
megacity with a population of more than 24 million in Pakistan, with 18 towns (Figure 1).
It is the most populated, industrialized, affluent, and urbanized city in Pakistan, situated in
the Southeast area of Pakistan on the Arabian Sea (Lat. 24°51’ N; Long. 67°02" E) [22,41].
The sampling sites were chosen considering resources, representation of residential, com-
mercial, and industrial demographics, safety, security, accessibility, and power arrange-
ments due to frequent power disruptions in Karachi. From October 2009 to August 2010,
sampling was conducted at Karachi University (KU) (commercial /residential) and Makro
(industrial /residential). From November 2010 to June 2011, sampling was conducted at
Keamari and Malir. Keamari, a commercial/seaport area, is predominantly inhabited by
residents of low socioeconomic status, with fishing as the primary occupation, while Malir
is a residential area with no substantial industrial activity.

Malir Cantt.

[E) Hospital

W University of Karachi site g
@ Malir site

A MAKRO site

X Kemari site

Figure 1. Karachi map showing the sampling sites and hospitals during the study pe-
riod. Town names: 01—Baldia, 02—Bin Qasim, 03—Gadap, 04—Gulberg, 05—Gulshan (KU),
06—Jamshed, 07—Keamari, 08—Korangi, 09—Landhi, 10—Liaquatabad, 11—Lyari, 12—Malir,
13—North Nazimabad, 14—New Karachi, 15—Orangi, 16—Saddar (Tibet Center), 17—Shah Faisal,
and 18—Sindh Industrial and Trading Estate, and 6 cantonments.
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The low-volume PM; 5 sampler comprised a housing, an uninterruptible power supply
(UPS) backup, a steady power supply source, a 5.27 cm inner diameter rubber stopper,
gooseneck, a 47 mm filter holder, a mass flow meter, an air volume totalizer, a data logger,
a pump with a flow controller, an aluminum cyclone separator (Model URG-2000-30 EH;
URG Corporation, Chapel Hill, NC, USA) with a cut-size of 2.5 um, and an elapsed time
indicator. The flow rate during operation was 16.67 & 0.84 L/min, optimal for sampling
the PM, 5 size range [10,22,41].

Pre-weighed 47 mm 2.0 um polytetrafluoroethylene (PTFE) membrane filters (What-
man Inc., Florham Park, NJ, USA) with polypropylene support rings were used. Filters
were conditioned under controlled relative humidity (20-30%) and temperature (20-23 °C)
to mitigate contamination. Filters were checked for defects (pinholes, loose material, non-
uniformity, discoloration) before and after sampling. A microbalance (ATI CAHN, Model
C-44, Mettler Toledo Inc., Hightstown, NJ, USA) weighed the filters. Filters were passed
through a magnetic field (BF2 Duo-stat Positioner/static-master, Model 2U500 NRD, LLC,
Grand Island, NYY, USA) 5-10 times to remove the electrostatic force. PM, 5 mass concen-
tration was determined by the difference in filter weight before and after sampling, and
concentration was calculated by incorporating the total sampled air volume.

For each sampling day, the sample filter was retrieved from the sampler, placed in
a labeled clean polypropylene analyslide Petri dish, and refrigerated at 4 °C. The Petri
dishes containing PMj 5 filters were then shipped to the Wadsworth Center, Laboratory of
Inorganic and Nuclear Chemistry, New York State Department of Health (NYSDOH), NY,
USA, for analysis. The filters were analyzed for PM; 5 mass concentrations.

Detailed PM; 5 sample collection and data acquisition, as well as the quality assurance
(QA) and quality control (/QC), followed the methods described in [10,22,41-43]. Before
shipment to the field, PM; 5 filters were inspected, conditioned for 24 h in a controlled
environment, pre-weighed, and then shipped. After sampling, filters were re-inspected,
conditioned, and post-weighed. Field blank filters were used as QC measures to monitor
contamination. The laboratory maintained strict humidity and temperature controls to
minimize contamination. The QA /QC was maintained throughout, following the standard
operating procedure (SOP) for the sampling and weighing of PM; 5. PM; 5 samplers were
positioned to ensure free airflow, with inlets set at 3-5 m above ground and 2-10 m from
roadways to capture representative pollutant concentrations.

2.2. CVD Data Collection and Statistical Analysis

Hospital data (emergency room (ER) visits and hospital admissions (HAs)) were col-
lected from the major hospitals in Karachi in each season during the study period between
October 2009 and June 2011. Daily morbidity data of patients admitted to the hospital or
visiting the ER for cardiovascular diseases (CVDs) were collected from Aga Khan Univer-
sity Hospital (AKUH), National Institute of Cardiovascular Diseases (NICVD), and Karachi
Institute of Heart Diseases (KIHD). CVD data include patients visiting the hospital/ER
for arrhythmias, hypertension (HTN), ischemic heart disease (IHD), myocardial infarction
(MI), congestive heart failure (CHF), cardiomyopathy, conduction disorder, valve diseases,
pulmonary artery hypertension, acute pericarditis/pericardial disease, and pericardial
effusion. NICVD and KIHD are both public hospitals, while AKUH is privately owned.
NICVD is one of the largest cardiac hospitals in the world and the largest in Pakistan, and
the services are provided at no cost to the patients. Daily morbidity data due to CVDs
and covariates were retrieved from the hospital information management system at the
AKUH, while data collection at the NICVD and KIHD was carried out by trained data
collectors and duty doctors. The data collectors are trained team physicians who follow the
protocol developed to collect patients” hospital data. A trained physician team reviewed
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and coded the collected hospital data according to the International Classification of Dis-
eases, Ninth Revision (ICD-9 codes) for CVDs. Patient’s demographic information (age
and gender), HAs and ER visits dates, primary diagnosis, and town of residence codes
were collected from the hospital’s medical records. No prior medical history of patients
was collected before hospital visits or after. The Institutional Review Board (IRB) approvals
were obtained from the University at Albany, New York State Department of Health, and
the Ethical Review Committees of the three tertiary hospitals that participated in this study
(AKUH, NICVD, and KIHD).

A time-series analysis was performed to estimate the relative risks (RRs) associated
with short-term exposure to daily air pollution and morbidity due to CVDs in Karachi. The
risk in this study was estimated relative to the concentrations of daily PM, 5 measured
at each site. Daily changes in air pollution concentration concerning CVD have been
generally studied by time-series analysis, especially when examining the acute effects of
ambient air pollution over a short period [10,44]. A generalized linear model (GLM) with
negative binomial regression in SAS 9.4 estimated daily counts of ER visits, HAs, and
PM, 5 concentrations. Model fit was assessed using deviance and Pearson’s chi-square.
Over-dispersion informed the model choice. Single-lag effects (lags 0-5) were evaluated.
The model was adjusted for meteorological parameters (daily average temperature, relative
humidity, and wind speed), day of the week, and public holidays. Meteorological data for
each day of PM; 5 sampling were obtained from the Weather Underground through the
Karachi Airport weather station “http:/ /www.wunderground.com /history/ (accessed on
18 March 2019)”. Time-series analysis was stratified by town codes, where patients were
assigned PM; 5 levels measured at the site adjacent to their town of residence, age, gender,
and season.

PM; 5 exposure was assigned based on patient residential town codes and the corre-
sponding active monitoring site during each sampling year. During the second year of
data collection, PM; 5 concentrations measured at the Makro and KU sites were assigned to
participants residing in town codes 01, 06, 07, 10, 11, 13, 15, 16, and 18 (Figure 1). During
the third year, PM; 5 concentrations measured at the Keamari and Malir sites were assigned
to participants residing in town codes 02, 05, 08, 09, 12, and 17. For the age groups, three
categories were selected: <40, 40-60, and >60 years of age. Stratified analysis by town codes,
age, gender, and season estimated RRs at 95% confidence intervals with p-value < 0.05 for
total CVD and subtypes (arrhythmias, CHF, HTN, IHD, and MI). ER visits and HAs data
were combined due to inadequate sample size for statistical analysis. High correlations
between different covariates observed from bivariate analyses led to modeling health effects
associated with exposure to individual air pollutants separately in single-pollutant and
single-lag models to avoid collinearity errors. A single-pollutant time-series model with a
single-lag structure was specified as follows [10]:

In(Yy) = Bo + B1 (Lag x P;) + B2 (Day of the week) + B3 (Temperature) + B4 (Relative humidity) + 85 (Public holidays)

Y = number of CVD cases on day

where

Iltll

, Bo = intercept, Lag x = lag time, i.e., (lag 0-lag 5), P; = PM; 5

3. Results
3.1. PM, 5 Concentration Levels

Table 1 summarizes the average seasonal and annual concentrations of PM; 5 at the
Makro, KU, Keamari, and Malir sites. PM; 5 concentrations were high at Keamari with
an annual average concentration of 140 4 179 ug/m? and daily concentrations ranging
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from 6.31 to 1723 pg/ m3, followed by Makro with a 114 + 115 pg/ m? annual average
concentration and daily concentrations ranging from 8.40 to 1206 ug/m?3. The annual
PM, 5 average concentrations at the KU and Malir sites were 71.7 £ 56.4 pg/ m? and
95.0 4 40.9 pg/m?, respectively. The concentrations ranged from 22.0 to 475 pg/m3 (KU)
and 6.49 to 224 pg/m3 (Malir).

Table 1. Average seasonal and annual concentrations of PM; 5 at the sampled sites during the study

period.
PM; 5 (ug/m3)
N Mean + SD Min. Max.
October—November 2009 44 134 £ 72.7 36.3 395
February-March 2010 45 136 4+ 90.4 8.40 435
Makro April-June 2010 45 75.2 £ 45.5 35.8 309
July-August 2010 45 113 + 187 51.0 1206
Annual 179 114 + 115 8.40 1206
October—November 2009 45 92.0 £ 48.7 46.2 326
February-March 2010 43 81.8 +31.5 247 159
KU April-June 2010 44 73.2+87.4 24.0 475
July-August 2010 45 40.3 +15.9 22.0 115
Annual 177 71.7 £ 56.4 22.0 475
October—November 2010 47 184 + 111 6.31 598
February-March 2011 45 168 + 260 32.7 1723
Keamari April-June 2011 44 69.9 + 46.5 31.6 321
July-August 2011 45 135 4 202 37.5 1262
Annual 181 140 + 179 6.31 1723
October—November 2010 46 131 + 39.8 10.4 244
February-March 2011 45 96.9 £ 30.0 40.0 164
Malir April-June 2011 43 73.6 = 37.6 6.49 165
July—August 2011 44 76.6 = 27.9 29.0 146
Annual 178 95.0 +40.9 6.49 244

More than 99% of daily PM, 5 concentrations across all sites and sampling periods exceeded the WHO guideline
of 25 pg/m?3, based on the total number of 177 and 178 days, respectively.

3.2. Distribution of CVD Data by HAs and ER Visits

The CVD counts with demographic information of the patients from AKUH, NICVD,
and KIHD at the Makro and KU sites during the second year are presented in Table 2. A
total of 43,424 hospital cases (HAs and ER visits) for heart-related ailments were recorded in
towns near Makro (19,427 (44.7%)) and KU (23,997 (55.3%)). CVD cases were 16,333 (84.1%)
in the ER visits and 3094 (15.9%) for the HAs at the Makro site, while 20,935 (87.2%) visited
the ER, and 3062 (12.8%) cases were recorded for the HAs at the KU site. The proportions
of males were slightly higher than females in the HAs, while a higher percentage of females
were observed in the ER visits at both the Makro and KU sites. The highest proportion of
the CVD cases were reported in the age category 40 to 60, which accounted for more than
56% of the HA and ER cases at the Makro and KU sites. CVD categories show a similar
proportion in the breakdown of cases at the Makro and KU sites. High proportions of cases
were reported for HTN and IHD in the ER visits and HAs.

The distributions of CVD counts with demographic information of the patients from
AKUH, NICVD, and KIHD in the third year of the study at the Keamari and Malir sites are
summarized in Table 3. A total of 28,101 people visited the hospital (HAs and ER visits)
for heart-related diseases. The total CVD cases recorded at Keamari were 9744 (34.7%),
while 18,357 (65.3%) cases were reported at the Malir site. At the Keamari site, 8052 (82.6%)
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and 1692 (17.4%) CVD cases were recorded in the ER visits and HAs, while 15,172 (82.6%)
visited the ER and 3185 (17.4%) cases were reported for the HAs at the Malir site. Among
males, CVD cases were higher than those of female patients in the HAs, while a slightly
higher percentage was observed in females in the ER visits at both the Keamari and Malir
sites. CVD cases were reportedly high in the age category 40 to 60, which accounted for
about 60% of the cases of HAs and ER visits at the Keamari and Malir sites. The CVD
categories show a similar percentage in the breakdown of cases at the Keamari and Malir
sites, with IHD and HTN having the highest number of cases.

Table 2. Summary of daily counts of CVD and demographics of the patients at the Makro and KU
sites during the study period.

Makro (n =19,427) KU (n = 23,997)
Demographic HA (%) ER (%) HA (%) ER (%)
n = 3094 (15.9) n =16,333 (84.1) n = 3062 (12.8) n = 20,935 (87.2)
Gender
Female 1249 (40.4) 8437 (51.7) 1247 (40.7) 11,157 (53.3)
Male 1845 (59.6) 7896 (48.3) 1815 (59.3) 9778 (46.7)
Age Group
<40 555 (18.0) 2460 (15.1) 582 (19.0) 3104 (14.8)
40-60 1786 (57.7) 9581 (58.6) 1743 (56.9) 12,543 (59.9)
>60 753 (24.3) 4292 (26.3) 737 (24.1) 5288 (25.3)
CVD Categories
Arrhythmias 193 (6.24) 151 (0.92) 186 (6.07) 165 (0.79)
Congestive heart failure 224 (7.24) 955 (5.85) 216 (7.05) 1132 (5.41)
Hypertension 565 (18.3) 3490 (21.4) 508 (16.6) 5582 (26.7)
Ischemic heart disease 635 (20.5) 3889 (23.8) 794 (25.9) 4921 (23.5)
Myocardial infarction 328 (10.6) 1604 (9.82) 334 (10.9) 1880 (8.98)
Multiple CVD complaints 98 (3.17) 3662 (22.4) 103 (3.36) 4156 (19.9)
Other 1051 (34.0) 2582 (15.8) 921 (30.1) 3099 (14.8)
Hospitals
AKUH 67 (2.17) 3003 (18.4) 113 (3.69) 3606 (17.2)
NICVD 2758 (89.1) 8095 (49.6) 2629 (85.9) 7615 (36.4)
KIHD 269 (8.69) 5235 (32.0) 320 (10.5) 9714 (46.4)
Other: Cardiomyopathy, conduction disorder, valve disease, pulmonary artery hypertension, acute pericardi-
tis/pericardial disease, and pericardial effusion. KU (Karachi University).
Table 3. Summary of daily counts of CVD and demographics of the residents at Keamari and Malir
sites during the study period.
Keamari (n = 9744) Malir (n = 18,357)
Demographic HA (%) ER (%) HA (%) ER (%)
n =1692 (17.4) n = 8052 (82.6) n = 3185 (17.4) n =15,172 (82.6)
Gender
Female 665 (39.3) 4293 (53.3) 1203 (37.8) 7657 (50.5)
Male 1027 (60.7) 3759 (46.7) 1982 (62.2) 7515 (49.5)
Age Group
<40 188 (11.1) 1004 (12.5) 423 (13.3) 2069 (13.6)
40-60 1079 (63.8) 5110 (63.4) 1950 (61.2) 9026 (59.5)
>60 425 (25.1) 1938 (24.1) 812 (25.5) 4077 (26.9)

https:/ /doi.org/10.3390/air4010005


https://doi.org/10.3390/air4010005

Air 2026,4,5 8 of 20
Table 3. Cont.
Keamari (n = 9744) Malir (n = 18,357)
Demographic HA (%) ER (%) HA (%) ER (%)
n =1692 (17.4) n = 8052 (82.6) n = 3185 (17.4) n =15,172 (82.6)
CVD Categories
Arrhythmias 124 (7.33) 61 (0.76) 209 (6.56) 155 (1.02)
Congestive heart failure 117 (6.91) 369 (4.58) 250 (7.85) 589 (3.88)
Hypertension 294 (17.4) 2290 (28.4) 546 (17.1) 5057 (33.3)
Ischemic heart disease 349 (20.6) 1365 (17.0) 627 (19.7) 2571 (17.0)
Myocardial infarction 221 (13.1) 658 (8.17) 465 (14.6) 987 (6.51)
Multiple CVD complaints 77 (4.55) 2214 (27.5) 148 (4.65) 3546 (23.4)
Other 510 (30.1) 1095 (13.6) 940 (29.5) 2267 (14.9)
Hospitals
AKUH 29 (1.71) 1278 (15.9) 140 (4.40) 4656 (30.7)
NICVD 1661 (98.2) 2897 (36.0) 3041 (95.5) 4026 (26.5)
KIHD 2(0.12) 3877 (48.1) 4(0.13) 6490 (42.8)

Other: Cardiomyopathy, conduction disorder, valve disease, pulmonary artery hypertension, acute pericardi-
tis/pericardial disease, and pericardial effusion.

3.3. Relative Risk (RR) Estimates of CVD Morbidity Associated with PM; 5

The RR of association between total CVD and PM, 5 at the Makro and KU sites by
lag days at 95% CI in a single-pollutant model is presented in Figure 2a,b. An increased
risk of total CVD association was statistically significant with daily levels of PM; 5 at lag 0,
1,2, 3, and 5 with RR = 1.0356 (1.0046-1.0677), RR = 1.0433 (1.0077-1.0801), RR = 1.0319
(1.0017-1.0629), RR = 1.0299 (1.0096-1.0506), and RR = 1.0273 (1.0094-1.0454), respectively
at the Makro site. At the KU site, PM; 5 exposure was significantly associated with total
CVD at lag 1, 2, and 3 with RR = 1.0203 (1.0062-1.0347), RR = 1.0212 (1.0080-1.0346),
and RR = 1.0252 (1.0086-1.0421), respectively. Table S1 depicts the RR estimates of the
association between PM; 5 and different CVD diagnoses. PM; 5 exposure was significantly
associated with IHD at lag 0, 1, 2, 5, and lag 0, 1, and 3 at the Makro and KU sites,
respectively. MI and arrhythmias at the KU site were positively associated with PM; 5 at
lags 3 and 5, and lag 1, 2, 3, and 5, respectively. PM; 5 also exhibited a significant increased
risk of association with CHF at lags 0 and 5, and with arrhythmias at lags 2 and 5 at the
Makro site. The largest RR of association was found between PM; 5 and arrhythmias at lag
2 at the KU site (RR = 1.1314, 1.0825-1.1826).

Figure 2c,d depicts the RR of association between total CVD and PMj, 5 by lag days
at 95% Cl in a single-pollutant model at the Keamari and Malir sites. Stronger positive
associations were observed at the Malir than the Keamari site. The increased risk of total
CVD association was statistically significant with daily levels of PM; 5 at lags 0 and 1, with
RR =1.0377 (1.0043-1.0722) and RR = 1.0395 (1.0077-1.0801), respectively, at the Keamari
site. At the Malir site, PM; 5 exposure was significantly associated with total CVD at lag 0,
1,2, 3, and 4 with RR = 1.0244 (1.0083-1.0407), RR = 1.0240 (1.0064-1.0420), RR = 1.1525
(1.0357-1.2824), RR = 1.1402 (1.0629-1.2231), and RR = 1.0687 (1.0095-1.1313), respectively.
The largest RR of association between PM; 5 and total CVD was found at lag 2 (RR = 1.1525,
1.0357-1.2824) at the Malir site.

The RR estimates of the association between PM; 5 and different CVD diagnoses are
shown in Table S2. PMj; 5 exposure was significantly associated with IHD atlag 0, 1, and 2
at the Malir site, while MI and CHF were observed to be significantly associated with PM; 5
atlag0,1, 2,3, and 4, and at lags 0 and 1, respectively. PM; 5 also exhibited a significantly
increased risk of association with arrhythmias at lags 3 and 4, with the largest increase in
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RR =1.2295 (1.0795, 1.4008) at the Malir site. Exposure to PM; 5 and HTN was statistically
significant at lag 0, 1, and 2 at the Malir site; however, the associations were negative,
i.e., decreased risk of association. No statistically significant association was observed
between PM, 5 and CVD subtypes at the Keamari site, except for an inverse but significant
association between PM; 5 and arrhythmias at lag 1.
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Figure 2. Relative risk estimates by lag days (0-5) for daily combined all CVDs from both HA and
ER visits associated with daily concentration of PM; 5 between October 2009—August 2010 at the
(a) Makro, (b) KU, (c) Keamari, and (d) Malir sites.

3.4. Stratified RR of Association with Total CVD and Subtypes by Gender

The adjusted RR of association between total CVD and PM; 5 for gender stratification
at the Makro and KU sites is given in Figure 3a,b. An increased significant risk of association
between total CVD and PM; 5 at the Makro site was observed among males atlag 0, 2, 3, and
5, while it was only statistically significant among females at lag 5. Statistically significant
associations between PM, 5 and CVD subtypes (Table S3) were stronger among males than
females, except in IHD, where there were positive but non-significant associations among
males at the Makro site. At the KU site, PM, 5 association with total CVD was greater
in females at lag 0, 2, 3, and 5 than in males, with a significant association only at lag
1 (RR =1.0280, 1.0066-1.0499). The relationship between PM; 5 and CVD subtypes was
stronger among males, especially in MI (lags 3 and 5) and arrhythmias at lags 1, 2, and 5,
than in females. Arrhythmias exhibited the highest risk estimates with PM, 5 among males
at the Makro site (RR = 1.5009, 1.2150-1.8541).

Adjusted RR of association by gender between total CVD and PMj, 5 at the Keamari
and Malir sites is presented in Figure 3c,d. The risk of association between total CVD and
PM; 5 was statistically significant among females at lag 1 at the Keamari site. At the Malir
site, PM; 5 exposure was statistically significant with total CVD among females at lags 2
and 3 and males at lags 0 and 1. For total CVD, the maximum estimated RR was observed
among females (RR = 1.2211, 1.0593-1.4077) at lag 2 at the Malir site. Statistically significant
associations between PM; 5 and CVD subtypes were found to be more robust among males
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and females at Malir than at the Keamari site (Table S4). Among females at the Keamari
site, PM; 5 was statistically associated with HIN (lag 1), MI (lag 2), and CHF (lag 4), while
statistically significant associations were observed with HTN at lag 3 and IHD at lag 5
among males. At the Malir site, PM; 5 association with IHD was statistically significant at
lag 1,2, 3, and 4 among females and at lag 0, 1, and 2 among males. PM; 5 exposure was
statistically correlated with MI (lag 1) and CHF (lags 0 and 1) among females, while it was
significantly associated with MI (lag 2), CHF (lag 1), and arrhythmias at lag 3 among males.
The largest RR of association was found among females between PM, 5 and MI at lag 2
(RR = 1.4126, 1.0652-1.8735) at the Keamari site.
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Figure 3. Adjusted relative risk of association by lag days (0-5) between daily combined all CVDs
and daily levels of PM; 5 by gender during the study period at the (a) Makro, (b) KU, (c¢) Keamari,
and (d) Malir sites.

3.5. Stratified RR of Association with Total CVD and Subtypes by Age

In the age-stratified analysis, total CVD is shown in Figure 4a, and subtypes are given
in Table S5. PM, 5 associations with CVDs were stronger in the age group 40-60 at the
Makro site. For the age group <40, a statistically significant association was observed
between PMj; 5 and total CVD at lag 4 (RR = 1.0663, 1.0119-1.1236) (Figure 4a). PM; 5 was
statistically correlated with HTN at lags 3 and 4, CHF at 4, and arrhythmias at 2. Among
the age group 40-60, increased risk of total CVD with PM; 5 was statistically significant at
lags 3 and 5 with RR =1.0311 (1.0041-1.0587) and RR = 1.1040 (1.0319-1.1812), respectively.
Strong statistically significant associations between PM; 5 and IHD were similar to the same
pattern of relationship observed without controlling for age, which were observed at lag 0,
1,4, and 5. PM; 5 was also statistically associated with HTN and MI at lags 3 and 4, and 1
and 5, respectively. Among the elderly (>60), PM; 5 exposure was statistically associated
with CHF on the same day of exposure, while the association with HTN was statistically
significant but inversely correlated. The greatest effect was shown in the age group < 40
between arrhythmias and PM; 5 at lag 2 (RR = 1.1987, 1.0429-1.3779).

At the KU site, the age-adjusted RR of associations between PM; 5 and CVDs are
presented in Figure 4b and Table S6. Among the age group < 40, a statistically significant
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association was observed between total CVD and PM;5 at lag 0, 1, and 2. PM;5 was
statistically associated with HTN and IHD at lags 0 and 1, and arrhythmias at lag 1, 2,
and 3. The highest mean estimate observed at both sites was found between PM, 5 and
arrhythmias in the <40 age group at lag 2 (RR = 3.0662, 1.9289-4.8743) at the KU site.
Among the age group 40-60, the risk of total CVD with PM; 5 was statistically significant at
lags 3 and 5 with RR =1.0318 (1.0111-1.0529) and RR = 1.0577 (1.0124-1.1052), respectively.
HTN, IHD, and MI were significantly associated with exposure to PM; 5 at lag 1, 3, and
4,lag 1, 2, and 3, and lag 3 and 4, respectively. CHF and arrhythmias were observed to
be associated with PM; 5 at lag 2 and lag 5, respectively. Among >60 age group, PM;5
exposure was statistically associated with total CVD at lag 5 and MI at lags 3 and 5, while
statistically significant associations with arrhythmias were both positive (lags 0 and 5)
and negative (lags 3 and 4). The largest RR of association was found between PM; 5 and
arrhythmias at lag 5 (RR = 1.3154, 1.1539-1.4996) at the KU site.
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Figure 4. Adjusted relative risk of association by lag days (0-5) between daily combined all CVDs
and daily levels of PM, 5 by age group at the (a) Makro, (b) KU, (c) Keamari, and (d) Malir sites.

In the age-stratified analysis depicted in Figure 4c and Table S7, PM; 5 associations
with CVDs were stronger in the age groups < 40 and >60 at the Keamari site. In the age
group < 40, a statistically significant association was observed between PM; 5 and total
CVD atlag 1 (RR =1.1597, 1.0536-1.2765) and lag 5 (RR = 1.1252, 1.0232-1.2373). PM, 5 was
statistically correlated with HTN at lag 1, MI at lag 3, and CHF at lags 1 and 4. Among the
age group 40-60, the increased risk of association between CHF and PM, 5 was statistically
significant at lag 5. Among the elderly (>60), a statistically significant association with total
CVD due to PM; 5 exposure was observed at lag 0 (RR = 1.0792, 1.0134-1.1492). Strong
statistically significant associations between PM; 5 and IHD at lags 0, 1, and 4 were found.
PM; 5 was also observed to be statistically associated with MI at lag 1. The estimated RR of
association with PM; 5 in the age group <40 for CHF (RR = 1.4395, 1.0663-1.9433) at lag 4
was the largest.
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At the Malir site, the age-adjusted RR of association between PM; 5 exposure and
CVD is presented in Figure 4d and Table S8. Among the age group < 40, PM; 5 showed
statistically significant but inverse associations with HTN (lag 0, 3, 4, and 5) and MI (lag
0,1, 3, 4, and 5). Among the age group 40-60, the risk of total CVD with PM; 5 was
significant at lag 1, 2, and 3 with RR = 1.1080 (1.0050-1.2216), RR = 1.1887 (1.0433-1.3545),
and RR = 1.1344 (1.0426-1.2344), respectively. The maximum RR increase was found at lag
2 among the age group 40-60. IHD was significantly associated with exposure to PM; 5 at
lag 2, 3, and 5, while HTN was observed to show inverse associations with PM; 5 at lag 0, 1,
2, and 5. Among the >60 age group, PM; 5 exposure was statistically associated with total
CVD at lags 3 and 4 (RR =1.1780, 1.0157-1.3663 and RR = 1.1447, 1.0092-1.2983), while it
exhibited positively significant associations with MI at lag 1, 2, and 3.

3.6. Seasonal RR Estimates of Association with CVD

Seasonal effects of PMj 5 exposure at the Makro and KU sites are presented in Figure 5
(total CVD) and Table S9 (subtype CVD). Exposure to PM; 5 was significantly correlated
with CHF in the spring and summer, while HTN and arrhythmias were statistically sig-
nificant but inversely associated with PM; 5 in winter and spring at the Makro site. The
seasonal comparison indicates that the highest RR of association was observed between
PM; 5 and CHF (RR = 1.2023, 1.1151-1.2963) in the summer. At the KU site, PM, 5 was
observed to be significantly associated with total CVD in the fall, HTN in the summer, IHD
in the fall and spring, and arrhythmias in the spring. The maximum risk of association
was found in the spring between arrhythmias and PM,5 (RR = 1.1484, 1.0469-1.2599).
Statistically significant but negative associations were observed between PM, 5 and total
CVD, HTN, and CHF in the winter and MI in the spring.

Winter Spring Sumlmer
Season

Figure 5. Seasonal relative risk estimates of daily combined all CVDs associated with PMj; 5 at the
Makro, KU, Keamari, and Malir sites.

Seasonal effects of PM; 5 exposure at the Keamari and Malir sites were significantly
correlated with total CVD, HTN, IHD, and Ml in the spring, while HTN and arrhythmias
were statistically significant but inversely associated with PM; 5 in fall and winter at the
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Keamari site. At the Malir site, PM; 5 was observed to be statistically associated with total
CVD and CHF in the winter and IHD in the spring.

3.7. Exposure—Response Relationship Curve

Figure 6 shows the exposure-response curves for daily levels of PM; 5 association
with morbidity due to CVD at the Makro and KU sites. Daily concentrations of PM, 5 were
observed to exhibit a non-linear relationship with CVD at both sites. The curve showed that

with the increasing concentrations of PM; 5, the effect on CVD HAs and ER visits increased.
The RR estimates of CVD association with PM; 5 at lag 1 at the Makro site and lag 3 at
the KU site indicate that exposure to elevated concentrations of PM; 5 increases the risk of
morbidity due to CVD.
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Figure 6. Exposure-response relationship curves between daily concentration of PM; 5 and morbidity
due to CVD: (a) Makro and (b) KU sites. The solid line depicts the log-transformed RR estimates
while the dotted lines represent 95% confidence intervals. Risk estimates with the greatest effects of
association on total CVD were selected at lag 1 at the Makro and lag 3 at the KU site. The X-axis is the
PMj; 5 concentrations (ug/ m?) and the Y-axis is the log-RR of total CVD.

Figure 7 displays the exposure-response curves for daily levels of PM; 5 association
with morbidity due to CVD at the Keamari and Malir sites. The daily concentration of
PM,; 5 was observed to exhibit a positive monotonic relationship with CVD at the Keamari
and Malir sites. RR estimates of CVD association with PM; 5 at the Keamari site displayed
an increased effect and then plateaued, while at the Malir site, the effect increased with an
increasing PMj; 5 concentration. These curves clearly show that an increase in daily levels
of PM, 5 increases the rate of HAs or ER visits due to CVD.
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Figure 7. Exposure-response relationship curves between daily concentration of PM; 5 and morbidity
due to CVD: (a) Keamari and (b) Malir sites. The solid line depicts the log-transformed RR estimates
while the dotted lines represent 95% confidence intervals. Risk estimates with the highest RR increase
associated with total CVD were selected at lag 1 at the Keamari and lag 2 at the Malir site. The X-axis
is the PM, 5 concentrations (ug/ m?) and the Y-axis is the log-RR of total CVD.
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4. Discussion

The results derived from the single-pollutant model during the two-year study period
at the Makro, KU, Keamari, and Malir sites show that PM; 5 was significantly associated
with HAs and ER visits for CVD, and these findings were consistent with findings from pre-
vious studies [22,41]. In the second year at the Makro and KU sites, the association between
CVDs and PM,; 5 was very robust, with a similar magnitude at the two sites. However, the
association was stronger at the Malir site than at the Keamari site in the CVD subtypes
during the third year of the study. The results of this study were as expected, considering
the strikingly high concentrations of PM; 5 in Karachi, Pakistan, during the sampled period.
The findings of this study are supported by the overwhelming weight of evidence on the
significant associations between PM; 5 and morbidity due to CVDs [19,32,45-52].

Khwaja et al. [22] reported a positive association between PM; 5 and CVDs in Karachi,
with the strongest associations observed when PM; 5 concentrations ranged from 151 to
200 pg/ m? at the Korangi (RR = 1.613, 95% CI = 1.274-2.043) and Tibet Center (RR = 2.036,
95% CI = 1.424-2.911) sites. A study in Wuhan, China, with high daily PM, 5 concentrations,
found a significant correlation at lag 0, observing that cardiovascular hospital admissions
increased by 0.87% (95% CI: 0.05-1.7%) for every 10 ug/ m? increase in PM, 5 [53]. This
percentage is lower than the 15.3% increase observed in our study without additional PM; 5
concentration increases. Du et al. [50] reviewed the risk of air pollution-induced CVD
morbidity and mortality, reporting an increased relative risk of cardiovascular mortality
by 0.4% to 1.0% due to short-term PM; 5 exposure. Associations were found between
black smoke, atmospheric gases, and myocardial infarction in hospital-based studies and
between ambient PM and ventricular arrhythmias. Studies have demonstrated that short-
term exposure to a 10 ug/ m?3 increase in PMj 5 is associated with 2.1%, 2.5%, and 0.89%
relative increases in hospitalizations for heart failure, myocardial infarction (MI), and atrial
fibrillation [32]. Despite the relatively low air pollutant concentrations in developed coun-
tries, studies report strong estimated relative risks (RRs) associated with PM; 5 exposure
and total cardiovascular hospital admissions [52,54].

A time-series study in China examined the association between mortality due to
CVD, ischemic heart disease (IHD), and cerebrovascular disease in areas with daily PM; 5
concentrations ranging from 7.1 to 137.1 pug/m?3, observing significant effects on mortality
due to CVD and IHD [55]. These PM; 5 concentrations are similar to the daily average
observed in this study at the Malir site, but lower than levels at the Makro, Keamari, and
KU sites. Excess risk of CVD mortality was observed at lag 5 and lag 02 (moving average),
and excess risk of IHD mortality at lag 2 and lag 02 with a 10 pg/m3 increase in PM, 5
concentration. An et al. [52] reviewed outdoor PM exposure’s short- and long-term effects
on CVD development and potential mechanisms. Short-term associations were reported
with a 10 pg/m3 rise in PM, 5, showing a 0.27%, 0.39%, and 0.30% increase in mortality
due to CVD, hypertension (HTN), and congestive heart disease, respectively, in a multicity
study in China. The review also found associations between a 10 ug/m? increase in 2-day
average PM, 5 concentrations and increased admissions for CVDs (1.89%), MI (2.25%), and
CHEF (1.85%) in 26 U.S. cities.

Sabeti et al. [4] reported positive associations between PM; 5 exposure and diastolic
blood pressure at lags 3 and 5, and systolic blood pressure at lag 1, 4, and 5 in Iran,
a city with similar geographical characteristics to Pakistan. PM; 5 exposure was also
associated with high diastolic and systolic blood pressure in a study in Taiwan [56]. In
contrast, Shahi et al. [57] found no significant association between PM; 5 exposure and
cardiovascular admissions in Tehran, Iran. A study on the Western Coast of Saudi Arabia
also did not find statistically significant associations between CVD and PM; 5 exposure
across all subcategories and lag days (lag 0-6) [58].
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The associations vary by sex and age subgroups, and the difference between age
subgroups for the PM; 5 effects was statistically significant. The results reveal that the
association appeared to be slightly stronger in males than in females at the Makro site.
At the Keamari site, gender stratification mirrored the effect observed in the combined
analysis, with similar outcomes in both females and males, while a strong association was
found among females and males at the Malir site. Among the age group, PM; 5 exposure
was strongly associated with CVDs in those aged 40 and above, except at the KU and
Keamari sites, where similar significant associations were observed in age groups < 40
and 40-60, and <40 and >60, respectively. PM, 5 exposure tends to exhibit variations in
the seasonal effects, in which positive associations with CVDs were observed in warm
and cool months, possibly due to the differences in sampling period and location. The
different chemical constituents in the different climates and exposure patterns may explain
the difference in results. Another factor is the higher ambient air pollution levels during the
winter season. The higher association in the cooler months is consistent with other studies,
e.g., the Tianjin study [59], and contrary to the Shanghai study [60].

The outcome of this study on age, gender, and seasonal trends is supported by other
studies conducted in Jeddah, Saudi Arabia [27], Ahvaz, Iran [61,62], and Taipei [63]. This
study is comparable to the findings of a time-series study between PM; 5 and cardiopul-
monary morbidity conducted in Jeddah, Saudi Arabia, which found a relatively higher risk
of CVD morbidity in the age group > 40 and among females and males [27]. Inconsistent
results were found in the differences in gender and seasonal effects of PMs, with some
studies reporting a greater significant association in males and cold season [53], while
other studies record an insignificant but stronger effect in females and warm season [64,65].
Significant PM effects on IHD were greater among individuals aged 41-65 and males in
Shanghai, China [51], consistent with this study. Hayes et al. [66] observed a 16% increase
in IHD mortality among men and women aged 50-71 with a 10 ug/m? increase in PM, 5
concentration in the U.S. [67]. Additionally, time-series studies in the U.S. found associa-
tions between increased cardiovascular hospitalizations and daily PM; 5 changes among
those aged >65 [49,68]. These studies align with our findings, indicating increased CVD
risk across all age groups exposed to poor ambient air quality in Karachi.

Exposure-response relationship curves for PM; 5 and total CVD showed positive,
monotonic, and non-linear relationships with HAs and ER visits due to CVD. The cur-
rent daily PM, 5 per the WHO air quality standard (15 pg/m?) and Pakistan’s standard
(35 ug/m3) are insufficient to protect public health in Karachi. Policymakers need to
formulate and implement interventions to control air pollution. The shape of the exposure—
response relationship in this study aligns with other studies exploring concentration—
response curves [53,69,70]. Another study observed an S-shaped curve relationship be-
tween PM; 5 and hypertension [71]. Concentration-response curves often vary based on air
pollution mixtures and climatic conditions, emphasizing the need to reduce air pollution
levels in developing countries for public health protection.

5. Strengths and Limitations

The strengths of this study include detailed and consistent data collection across multi-
ple sites and rigorous quality assurance and quality control (QA /QC) procedures. Although
time-series studies provide valuable information, they have limitations. In this study, ex-
posure misclassification potentially occurred because ambient PM; 5 concentrations were
measured at fixed-site monitors and used as a proxy for population-level exposure. Risk
estimates may differ from true individual exposures due to spatial variability in pollution
sources, temporal variation with health outcomes, and the inability to differentiate repeated
hospital admissions. However, limitations, such as potential confounding factors like mete-
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orological variables and socioeconomic status, were not fully accounted for. Additionally,
individual-level risk factors and lifestyle variables such as smoking status, socioeconomic
status, occupation, diet, education, and physical activity were not collected. The absence of
these variables may result in residual confounding. Despite these limitations, the study
primarily examined short-term associations between ambient PM; 5 exposure and cardio-
vascular outcomes, for which acute effects are less likely to be strongly influenced by stable
individual characteristics. The lack of personal exposure data further limits the ability to
assess individual risk accurately.

6. Conclusions

The findings of this study clearly indicate that exposure to ambient air pollution is
significantly associated with cardiovascular disease (CVD), hospital admissions (HAs), and
emergency room (ER) visits, regardless of age and gender. The study shows an increased
risk of morbidity due to CVD among the people of Karachi, highlighting the potential for
extremely high levels of PM; 5 to impair health even in healthy individuals. The highest RR
between PMj; 5 exposure and total CVD was observed at lag 2 at the Malir site (RR = 1.1525,
95% CI = 1.0357-1.2824). PM; 5 exposure was also strongly associated with multiple CVD
subtypes, including HTN, IHD, MI, CHF, and arrhythmias. A delayed effect was evident
for arrhythmias, with significantly elevated risk at lags 3 and 4 and the greatest increase
reported at the Malir site (RR = 1.2295, 95% CI: 1.0795-1.4008).

The high levels of PM, 5 observed in Karachi pose a significant public health risk,
particularly for vulnerable populations such as children, the elderly, and individuals with
pre-existing health conditions. These findings underscore the urgent need for effective
air quality management policies and interventions to reduce PM; 5 levels and protect
public health. Regulatory agencies and public health professionals in Pakistan, including
federal and provincial Environmental Protection Agencies, must work collaboratively to
develop and enforce interventions that mitigate the effects of air pollution by limiting the
sources and concentration levels of PM; 5 and its constituents. Findings from this study
can inform improvements in national and provincial emission inventories, particularly for
key contributors such as traffic emissions, industrial activity, and brick kilns. These data
may also support the evaluation of feasible emission control strategies within Pakistan’s
regulatory and resource constraints and guide evidence-based air quality management
policies aimed at reducing population-level health risks.

Future studies should explore the long-term effects of PM; 5 exposure on cardiovascu-
lar health using more comprehensive epidemiological study designs, such as case-crossover
studies, which are cost-effective and capable of capturing more than just the event or hospi-
talization date. To better identify at-risk populations, these studies should include detailed
individual-level data, such as prior medical history, comorbidities, and lifestyle factors.
Expanding exposure measurements to include personal monitoring and monitoring sta-
tions will provide a more accurate assessment of individual exposure and health outcomes.
Long-term studies will allow a larger portion of the population to be included, giving more
weight to the findings and avoiding the cautious generalization of the outcomes. This
approach will help determine the causal relationship and progression of cardiovascular or
other diseases resulting from exposure to poor air quality.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/air4010005/s1, Table S1. Relative risk estimates by lag days (0-5)
for daily CVD (subtypes) from both HA and ER visits associated with daily concentration of PM; 5
during the study period; Table S2. Relative risk estimates by lag days (0-5) for daily CVD (total
and subtypes) from both HA and ER visits associated with daily concentration of PMj 5 during the
study period; Table S3. Adjusted relative risk of association by lag days (0-5) between daily CVD
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and daily levels of PM; 5 by gender during the study period: (a) Makro and (b) KU sites; Table S4.
Adjusted relative risk of association by lag days (0-5) between daily CVD and daily levels of PM; 5
by gender during the study period: (a) Keamari and (b) Malir sites; Table S5. Adjusted relative risk
of association by lag days (0-5) between daily CVD and daily levels of PM; 5 by age group at the
Makro site; Table S6. Adjusted relative risk of association by lag days (0-5) between daily CVD and
daily levels of PM; 5 by age group at the KU site; Table S7. Adjusted relative risk of association by lag
days (0-5) between daily CVD and daily levels of PM; 5 by age group at the Keamari site; Table S8.
Adjusted relative risk of association by lag days (0-5) between daily CVD and daily levels of PM, 5
by age group at the Malir site; Table S9. Seasonal relative risk estimates of daily CVD associated with
PM,; 5 at the Makro, KU, Keamari, and Malir sites.
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