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Summary
Background A growing number of studies have reported an increased risk of cardiovascular disease (CVD) and
respiratory disease (RD) within hours after exposure to ambient air pollution or temperature. We assemble published
evidence on the sub-daily associations of CVD and RD with ambient air pollution and temperature.

Methods Databases of PubMed and Web of Science were searched for original case-crossover and time-series designs
of English articles examining the intra-day effects of ambient air pollution [particulate matter with aerodynamic
diameter ≤2.5 μm (PM2.5), ≤10 μm (PM10), 2.5–10μm (PM10-2.5), and < 7 μm (SPM), O3, SO2, NO2, CO, and
NO] and temperatures (heat and cold) on cardiorespiratory diseases within 24 h after exposure in the general
population by comparing with exposure at different exposure levels or periods. Meta-analyses were conducted to
pool excess risks (ERs, absolute percentage increase in risk) of CVD and RD morbidities associated with an
increase of 10 μg/m3 in particulate matters, 0.1 ppm in CO, and 10 ppb in other gaseous pollutants.

Findings Final analysis included thirty-three papers from North America, Europe, Oceania, and Asia. Meta-analysis
found an increased risk of total CVD morbidity within 3 h after exposure to PM2.5 [ER%: 2.65% (95% CI: 1.00%
to 4.34%)], PM10-2.5 [0.31% (0.02% to 0.59%)], O3 [1.42% (0.14% to 2.73%)], and CO [0.41% (0.01% to 0.81%)].
The risk of total RD morbidity elevated at lag 7–12 h after exposure to PM2.5 [0.69% (0.14% to 1.24%)] and PM10

[0.38% (0.02% to 0.73%)] and at lag 12–24 h after exposure to SO2 [2.68% (0.94% to 4.44%)]. Cause-specific CVD
analysis observed an increased risk of myocardial infarction morbidity within 6 h after exposure to PM2.5, PM10,
and NO2, and an increased risk of out-of-hospital cardiac arrest morbidity within 12 h after exposure to CO. Risk
of total CVD also increased within 24 h after exposure to heat.

Interpretation This study supports a sudden risk increase of cardiorespiratory diseases within a few hours after
exposure to air pollution or heat, and some acute and highly lethal diseases such as myocardial infarction and cardiac
arrest could be affected within a shorter time.
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Introduction
Ambient air pollution and non-optimal temperatures
(e.g., extreme heat and cold) lead to substantial cardio-
vascular (CVD) and respiratory disease (RD) burden
worldwide.1,2 In past decades, numerous studies focused
on the short-term associations between ambient air
pollution and temperature and cardiorespiratory dis-
eases and reported that the effects of exposures could
occur on the same day of exposure or a few days later.3–5

However, cardiovascular or respiratory subclinical
markers may change within a few hours after exposure
to air pollution and temperature.6,7 For example, an in-
crease in temperature was associated with a decrease in
heart rate variability within 6 h of exposure.6 The airway
inflammatory marker, nitric oxide in exhaled breath
[FE(NO)], could be elevated within 12 h after exposure to
PM2.5 (particulate matter with aerodynamic diameter
≤2.5 μm).7 The presence of these reactions may lead to
an attack or worsening of the disease. As such, evidence
of daily-level associations of cardiorespiratory diseases
with ambient air pollution and non-optimal tempera-
tures is less desirable for developing strategies to pre-
vent acute and highly lethal cardiorespiratory diseases
[e.g., myocardial infarction (MI)], because these diseases
could be triggered within a few hours of exposure.8

Therefore, it is of public health and clinical impor-
tance to investigate the sub-daily effects of ambient air
pollution and non-optimal temperatures on cardiore-
spiratory diseases.

Although sub-daily associations between ambient air
pollution and temperature and cardiorespiratory dis-
eases have been examined, findings were mixed and
inconsistent. For example, a study in New York showed
that PM2.5 exposure was associated with an increased
risk of MI in the concurrent hour of exposure,9 while
this association was not found in another study in
Washington.10 Wang et al. (2021)11 observed an
increased risk of out-of-hospital cardiac arrest (OHCA)
within 16–18 h after heat exposure, whereas Dahlquist
et al. (2016)12 did not observe this association. Therefore,
a comprehensive review and synthesis of published ev-
idence on the sub-daily effects of ambient air pollutants
and temperature on the risk of cardiorespiratory dis-
eases would be useful.

We conducted this comprehensive systematic review
and meta-analysis to assemble the available evidence on
the sub-daily associations between exposure to air pollu-
tion and non-optimal temperatures and risks of cardio-
respiratory diseases, aiming to answer three key
questions: (i) which air pollutant(s) or temperature
exposure could increase risks of CVD or RD within 24 h?
(ii) which cause-specific CVD or RD could be triggered
within 24 h after exposure to air pollution or tempera-
ture? and (iii) what is the susceptible time window?
Methods
Data sources and search strategy
PubMed and Web of Science databases were searched
from inception to October 31, 2021 for relevant studies
investigating the risk of cardiovascular or respiratory
diseases within 24 h after exposure to ambient air
pollution or temperature. Two reviewers (MY and QYW)
searched for relevant literature by screening the title and
abstract, and eligible literature underwent a full-text re-
view. In addition, the reference lists of the included
literature were checked to ensure that all relevant papers
could be included.

We used the following search terms: i) Time reso-
lution (hourly, short-term); ii) Exposure variables (tem-
perature, hot, heat, cold, air pollution, air pollutants,
particulate matter, fine particle, PM2.5, PM10, gaseous
pollutant, nitrogen dioxide, sulfur dioxide, nitrogen ox-
ide, carbon monoxide, ozone, SO2, NO2, NO, O3, CO);
iii) Outcome variables (cardiovascular, myocardial
infarction, ischemic heart disease, heart failure, cardiac
failure, cardiac arrest, heart arrest, atrial fibrillation,
atrial flutter, arrhythmia, respiratory, asthma, bron-
chitis, pneumonia, chronic obstructive pulmonary dis-
ease, COPD, cardiorespiratory). All literature was
limited to population-based studies published in English
journal articles. Detailed searching strategies were
shown in Supplement Table S1.
Inclusion and exclusion criteria
Because this review focused on short-term effects of
exposures (i.e., air pollution and temperature) within 24
h exposure window, we included two common study
designs in environmental health studies: time-stratified
case-crossover and time-series designs. Time-stratified
case-crossover design is a sub-type of case–control
study that assesses exposure at an individual level base
on a “case matching its own controls” approach. Tradi-
tionally, each event and its exposure in a case period
(i.e., at the time of the event) were compared with events
(and corresponding exposures) in control periods (e.g.,
the day of the week in the same month and year),
whereby controlling for the day of the week effect, sea-
sonal trends as well as individual characteristics (e.g.,
age and gender).13,14 In comparison, time-series design
www.thelancet.com Vol 86 December, 2022
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Research in context

Evidence before this study
Although mounting studies have shown that increased risk of
cardiovascular or respiratory disease was associated with air
pollution or temperature on the same day or few days of
exposure, the existing evidence for daily association was
insufficient to guide the prevention of acute and highly lethal
cardiorespiratory diseases (e.g., myocardial infarction) which
could be triggered within a few hours after exposure. In
recent years, studies in many regions of the world have
explored this association on an hourly scale, but with
inconsistent and mixed findings. So, a synthesis of existing
studies on the sub-daily association of cardiorespiratory
disease with air pollution and temperature is required to
identify hazardous exposure(s) and risk exposure windows, as
well as cause-specific cardiorespiratory diseases affected.

Added value of this study
This global-scale systematic review provides robust evidence
of an increased risk of cardiovascular or respiratory disease

within 24 h after exposure to air pollution or temperature.
Specifically, an increased risk of total cardiovascular disease
was associated with exposure to high temperature and air
pollution (PM2.5, PM10, PM10-2.5, O3, NO2, SO2, and CO), and
an increased risk of respiratory disease was associated with
exposure to PM2.5, PM10, and SO2. In addition, after exposure
to air pollution, the risk of acute cause-specific cardiovascular
disease such as myocardial infarction could increase within
6 h, and out-of-hospital cardiac arrest could increase within
12 h.

Implications of all the available evidence
Our findings suggest that potentially life-threatening
cardiorespiratory disease risk from transient exposure
to air pollution or hot weather needs to be
considered by healthcare professionals including
cardiologists and respiratory physicians as well as
patient caregivers to avoid negative cardiorespiratory
outcomes.

Articles
is an ecological study that applies group data to assess
exposure-health variations at the population level, based
on differences in event counts (e.g., number of hospital
admissions or emergency department visits) and expo-
sure levels at two specific time points and adjustment
for confounding factors such as meteorological
parameters.15

Additional criteria to consider the eligibility of a
study included: i) general population as the population
of interest; ii) ambient temperature or particular matters
[aerodynamic diameter ≤2.5 μm (PM2.5), ≤10 μm
(PM10), 2.5–10μm (PM10-2.5), or < 7 μm (SPM)] or
gaseous pollutants [ozone (O3), sulfur dioxide (SO2),
nitrogen dioxide (NO2), carbon monoxide (CO), or ni-
trogen monoxide (NO)] as exposures of interest; iii)
cardiorespiratory diseases as the outcome of interest.
These included total or cause-specific CVD or RD such
as MI, OHCA, asthma, and respiratory infection; iv)
effect estimates of air pollution or temperature [odds
ratio (OR), relative risk (RR), excess risk (ER), percent
change] were reported or could be calculated from the
included studies. Otherwise, the corresponding author
was contacted by e-mail. If there was no response, we
also sought to contact the first author or other authors to
get the data. Exclusion criteria included: i) merely
focused on the daily-level association between air
pollution/temperature and cardiorespiratory disease; ii)
did not report any effect estimates; iii) human or animal
experiment; or iv) systematic review.
Data extraction and quality evaluation
Two reviewers (QYW and MY) extracted the information
from each included literature separately, including the
www.thelancet.com Vol 86 December, 2022
first author’s last name, study country, study population
and period, study design, the type of outcome, the onset
timing of outcome, exposure, source of exposure,
outcome, diagnostics, lag time (hours), effect estimates
[i.e., OR, RR, ER, percent change and 95% confidence
intervals (CIs)], and adjustment variables. Disagreement
on data extraction was resolved through discussion with
a third reviewer (JWT). Detailed information was pre-
sented in Supplement Table S2–S7.

Three reviewers (QYW, MY, and JWT) evaluated the
quality of the case-crossover and time-series studies by
referring to the method of the previous study,16 which
was developed based on the Newcastle Ottawa17 and
Cochrane risk of bias tool.18 The assessment method
consists of three components [quality of exposure
measurement (0–1 point), quality of outcome (0–1
point), and degree of adjustment for confounding (0–3
points)] (Supplement Table S8). If all three components
received the highest score, the study was considered to
be “high quality”; if one of the three components
received the lowest score (i.e., 0), the study was
considered to be “low quality”; otherwise, the study was
considered to be “moderate quality”.

Data synthesis methods
To uniformly measure the effects of exposures on
cardiorespiratory diseases, effect estimates of OR/RR/
percent change reported in each study were transformed
to ER using the formula: ER = OR/RR–1; ER = percent
change*100. Study-specific ER was then pooled for a
standardized increment in air pollutant concentration as
follows: 10 μg/m3 for particulate matters, 0.1 ppm (parts
per million) for CO, and 10 ppb (parts per billion) for
other gaseous pollutants.19
3
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Two non-optimal temperature indicators were
included in this review: heat and cold. We defined heat
as the temperature exceeding a threshold such as the
minimum morbidity temperature (MMT) or the average
value of hourly temperature distribution, or extreme
thermal condition compared to a reference temperature
(e.g., 95th versus 50th).20,21 By contrast, cold referred to
the temperature below a threshold or average value of
hourly temperature distribution, or extreme cold con-
dition compared to a reference temperature.20,21

The exposure-response association between air pol-
lutants and cardiorespiratory disease in most prior
studies was considered to be linear.22,23 If the study only
reported effect estimates by comparing different air
pollutant levels (e.g., 95th versus 5th of pollutant con-
centration or 90th versus 10th of pollutant concentra-
tion),11,24 we treated pollutant difference between the two
pollution levels as the increment and transformed it to a
standardized increment as mentioned above. If the
study only reported effect estimates at multiple pollution
levels (e.g., a fixed increase of air pollutant concentration
at 50th and 95th),25 we first transformed the fixed value
to a standardized increment, then used a restricted
maximum likelihood (REML) fixed-effects meta-analysis
model to obtain combined effects to reflect the overall
effect.

To capture the effects of air pollutants on CVD and
RD at different time windows within 24 h after expo-
sure, we pooled existing effect estimates by aggregating
and categorizing the exposure time windows available
from original articles. Finally, exposure time windows
for intra-day effects of air pollutants on total CVD in the
meta-analysis were grouped into lag 0–3h (included lag
0, 1, 2, 3, 0–1, 0–2, 0–3, 1–2, and 1–3h), 0–6h, 0–12h,
0–24h, 7–12h, and 13–24h. Exposure time windows for
MI included lag 0–6h, 0–12h, 0–24h, 7–12h, and
13–24h, and for OHCA included lag 0–3h, 0–6h, 0–12h,
and 0–24h. Exposure time windows for the effects of
PM2.5 and PM10 on total RD included lag 0–6h, 0–12h,
0–24h, 7–12h, and 13–24h, and exposure time windows
for the effects of gaseous pollutants on total RD
included lag 0–11h, 12–24h, 0–24h.

We obtained effect estimates of total CVD and RD
using the following methods: i) If an effect estimate for
total CVD or RD was given in the article, we included
the effect estimate in the final meta-analysis; ii) If only
one cause-specific CVD or RD was analyzed in the
article, we also included the effect estimate in the final
meta-analysis; iii) If multiple cause-specific CVD or RD
were explored in the article, a fixed-effects meta-analysis
model was used to pool all cause-specific CVD or RD
estimates to obtain the overall effect estimates.20 Due to
a lack of available studies, we only performed the meta-
analysis of the cause-specific diseases, OHCA and MI.

Several studies reported effect estimates for multiple
exposure time windows. We obtained effect estimates
using the following methods: i) If the exposure time
windows in a study did not overlap with each other (e.g.,
lag 0h, lag 1h, and lag 2–3h), a fixed-effects meta-anal-
ysis model would be used to pool all effect estimates
within 3 h after exposure to obtain the estimate of lag
0–3h; ii) If the exposure time windows in a study
partially overlapped with each other (e.g., lag 0h, lag 1h,
and lag 1–3h), a fixed-effects meta-analysis model would
be used to pool the overlapping (lag 1–3h) and non-
overlapping (lag 0h) within 3 h after exposure to
obtain the estimate of lag 0–3h; iii) If the exposure time
windows in a study completely overlapped with each
other (e.g., lag 0h, lag 1h, lag 0–3h), the overlapping
window (lag 0–3h) was used in the final meta-analysis.26

Effect estimates for the final meta-analysis were shown
in Supplement Tables S9–S12.
Data analysis
REML random- or fixed-effects meta-analysis was used
to quantify the intra-day effects of air pollutants on
total and cause-specific CVD and RD. The heteroge-
neity of included studies was reflected by Cochran’s Q
and I2 statistics. Low, moderate, and high heteroge-
neity were considered when I2 was below 25%, be-
tween 25% and 75%, and above 75%, respectively.20 A
fixed-effects meta-analysis model was employed in the
case of p > 0.05 for Cochran’s Q test; otherwise, a
random-effects meta-analysis model was used. Publi-
cation bias was examined for the effect of air pollut-
ants with at least 10 risk estimates by visually
inspecting funnel plots and assessing them for
asymmetry using Egger’s test.27 Furthermore, a trim-
and-fill method was used to evaluate the potential
impacts of missing studies.28 To identify the source of
heterogeneity, we also conducted a subgroup analysis
based on the type of outcome. Sensitivity analyses
were also conducted to explore the effects of article
quality and adjustment variables. The differences be-
tween the two effect estimates were checked by Z-
test.29

A narrative review was also performed for studies
that were not included in the meta-analysis.30 All data
analyses were conducted in R software (version 4.1.2)
using the package “meta”. A two-sided p < 0.05 was
considered statistically significant.

This systematic review was based on Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA)31 and comply with the recommen-
dations of Meta-analysis of Observational Studies in
Epidemiology (MOOSE)32 and registered with PROS-
PERO (number: CRD42022312550).
Role of funders
The funders had no role in study design, data collection,
data analysis, data interpretation, or writing of the
report.
www.thelancet.com Vol 86 December, 2022
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Results
A total of 9241 articles were identified in the primary
screening after removing duplications. After screening
titles and abstracts, 47 articles underwent a full-text re-
view. Finally, 33 articles8–12,24,25,33–58 were included in this
systematic review, and 26 articles were included in the
meta-analysis (Supplement Fig. S1 and Tables S2–S7),
29 articles were evaluated as moderate-quality and 4
articles were evaluated as high-quality (Supplement
Table S13). These studies were conducted in North
America, Europe, Oceania, and Asia (Fig. 1a), with the
majority of studies focusing on morbidity. PM2.5 was
studied most often among the air pollutants (Fig. 1b)
and heat exposure was studied most often among non-
optimal temperatures (Fig. 1c). Cause-specific CVD
with the majority of studies focusing on OHCA and MI
(Fig. 1d). Cause-specific RD involved respiratory infec-
tion, asthma, chronic obstructive pulmonary disease
(COPD), and respiratory distress (Fig. 1e).
Air pollutants and cardiovascular diseases
There was an increased risk of total CVD morbidity
within 3 h after exposure to PM2.5 [2.65% (95%CI:
1.00% to 4.34%)], PM10-2.5 [0.31% (95%CI: 0.02% to
0.59%)], O3 [1.42% (95%CI: 0.14% to 2.73%)], and
CO [0.41% (95%CI: 0.01% to 0.81%)], and PM10

and SO2 were associated with total CVD morbidity
at lag 0–12h [1.22% (95%CI: 0.01% to 2.45%)] and
lag 0–24h [0.63% (95%CI: 0.14% to 1.11%)],
respectively (Fig. 2).

PM2.5 [3.97% (95%CI: 1.69% to 6.30%)], PM10

[1.53% (95%CI: 0.69% to 2.38%)] and NO2 [2.07% (95%
CI: 1.09% to 3.06%)] were associated with an elevated
risk of MI morbidity at lag 0–6h (Fig. 3). CO [1.03%
(95%CI: 0.21% to 1.86%)] was associated with an
increased risk of OHCA morbidity at lag 0–12h, and
PM2.5 [4.86% (95%CI: 0.75% to 9.14%)] and O3 [0.39%
(95%CI: 0.03% to 0.75%)] were associated with an
increased risk of OHCA at lag 0–24h (Fig. 4).

Relatively fewer studies focused on SPM37,52 and NO36

(Supplement Table S4). Studies conducted in Japan
showed that SPM was associated with an increased risk
of total CVD morbidity37 [1.92% (95%CI: 0.48% to
2.87%), per 20.6 μg/m3 increased, lag 0–6h] and MI
mortality52 [13.00% (95%CI: 7.00% to 20.00%), 100–149
μg/m3 versus 0–99 μg/m3, lag 1h], but not associated
with OHCA morbidity.38 NO was not associated with
OHCA morbidity.36
Air pollution and respiratory diseases
PM2.5 and PM10 were associated with an increased risk
of total RD morbidity at lag 7–12h [0.69% (95%CI:
0.14% to 1.24%) and 0.38% (95%CI: 0.02% to 0.73%),
respectively], and SO2 at lag 12–24h [2.68% (95%CI:
0.94% to 4.44%)] (Fig. 5).
www.thelancet.com Vol 86 December, 2022
Several studies also examined the effects of PM10-2.5,
SPM, and CO (Supplement Table S5).49,50 However, only
PM10-2.5 was marginally associated with an increased
risk of asthma morbidity at lag 1–6h [5.00% (95%CI:
0.00% to 11.00%), per 16.7 μg/m3 increased].50
Temperature and cardiorespiratory diseases
Five articles examined the effect of heat on CVD
morbidity (Supplement Table S6). Articles from China
showed that extreme heat was associated with an
increased risk of total CVD56 at lag 0h [0.40% (95%CI:
0.10% to 0.70%), 32.1 ◦C versus MMT], and OHCA11 at
lag 16–18h [0.06% (95%CI: 0.01% to 0.11%), 32 ◦C
versus 25 ◦C]. However, a Sweden study suggested a
non-significant increase in the risk of OHCA when
temperature increased by 5 ◦C during the warm interval
(>16 ◦C at lag 1h, >12 ◦C at lag 1–24h).12 In addition,
studies in Australia57 and England55 showed that heat
was associated with an increased risk of MI.

Four articles explored the association between cold
and CVD morbidity, with mixed findings (Supplement
Table S6). A study from Sweden12 showed that the risk
of OHCA increased by 7.00% (95%CI: 2.00% to 11.00%)
for a 5 ◦C decrease in temperature during the cold in-
terval (<16 ◦C) at lag 1h, but an increased risk of OHCA
associated with extreme cold (15 ◦C versus 25 ◦C) was
not observed in a Chinese study.11 A study in Australia57

showed that cold (5 ◦C) could lead to an increased risk of
acute MI at lag 9h to lag 22h. However, for total CVD, a
Chinese study56 found that cold may be associated with a
risk reduction [−12.00% (95% CI: −20.00% to −4.00%),
−2.5 ◦C versus MMT].

Two available studies from China examined the link
between extreme temperature and total RD56 and
respiratory distress11 morbidity within 24 h, but no sig-
nificant associations were found (Supplement Table S7).
Heterogeneity and publication bias
The heterogeneity of results was mainly low to
moderate, but also partially high, especially for the
studies of O3, which were mostly at marginally moder-
ate to high heterogeneity (Figs. 2–5). Publication bias
existed in the pooled analyses of the effects of most air
pollutants (Supplement Table S14 and Fig. S2).
Despite the publication bias, pooled effect estimates
remained stable before and after using a trim-and-fill
approach (p > 0.05 for the Z-test) (Supplement
Table S15).
Subgroup and sensitivity analysis
Due to the limited number of included studies, we can
only conduct a subgroup analysis by the emergency
medical service (EMS) and hospital admission for CVD
morbidity. Generally, the effect of air pollution
remained positively associated with the risk of total CVD
5
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morbidity. For the association between O3 and total
CVD morbidity, heterogeneity was low for hospital
admission but high for EMS; for the effects of other
pollutants, heterogeneity was mostly low to moderate
(Supplement Table S16).

After removing high-quality articles, the effect of air
pollution on CVD morbidity risk in moderate-quality
www.thelancet.co
studies was most
stable and showed
not statistically
different from the
overall effect esti-
mates (p > 0.05
based on Z-test).
Heterogeneity was
generally low to
moderate, except
for studies for
PM2.5 (lag 13–24h),
PM10 (lag 13–24h),
and O3 (lag 0–3h).
Note that all other
groups of O3

studies were only
marginally moder-
ate (I2>72%)
(Supplement Table
S17).

After removing
articles with ad-
justments for un-
common factors
(i.e., wind speed,
air pressure, public
holidays, or influ-
enza), the effect of
air pollution on
CVD morbidity risk
was only stable for
PM2.5, O3, and CO,
but all effect esti-
mates were not
statistically
different from
overall effect esti-
mates (p > 0.05
based on Z-test).
Studies for PM10

(lag 0–24h) with
high heterogeneity
and almost all
groups for O3 were
with high or
marginally moder-
ate heterogeneity
(Supplement Table
S18).
Discussion
Two findings from this systematic review and meta-
analysis are noteworthy. Firstly, heat, PM2.5, PM10,
PM10-2.5, O3, NO2, SO2, and CO were associated with
increased risk of CVD morbidity, and PM2.5, PM10, and
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Fig. 2: Pooled associations between air pollutants and total cardiovascular disease morbidity. Excess risks (ERs) are for an increase of 10 μg/m3 of
particulate matter, 0.1 ppm of CO, and 10 ppb of other gaseous pollutants. I2 statistic represents the proportion of total variation between
effect estimates due to heterogeneity. The p-value is based on Cochran’s Q test.
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Fig. 3: Pooled associations between air pollutants and myocardial infarction morbidity. Excess risks (ERs) are for an increase of 10 μg/m3 of
particulate matter, 0.1 ppm of CO, and 10 ppb of other gaseous pollutants. I2 statistic represents the proportion of total variation between
effect estimates due to heterogeneity. The p-value is based on Cochran’s Q test.
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SO2 were associated with increased risk of RD morbidity
within 24 h of exposure. Secondly, after exposure to air
pollution, the risk of total CVD and MI morbidities may
be increased within 6 h, the risk of OHCA morbidity
may be increased within 12 h, and the risk of total RD
morbidity may be increased within 7–24 h. Subgroup
and sensitivity analyses showed the results to be
generally stable.

Our meta-analysis findings provided evidence that
CVD may occur within a few hours after exposure to air
www.thelancet.co
pollution. Although
the underlying
mechanisms have
yet been well un-
derstood, patho-
physiological re-
sponses associated
with air pollutants
have been postu-
lated to be respon-
sible for the
increases in the
risk of CVD
morbidity. For
example, heart rate
variability was
found to be
decreased within 4
h of PM10, PM10-2.5,
and SO2 expo-
sure.59,60 Systolic
blood pressure
could decrease
within a few hours
of SO2 or CO
exposure and in-
crease within a few
hours of O3 or NO2

exposure.61 It is
worth noting that
acute effects may
also occur at the
concurrent hour or
1 h after expo-
sure.36,58 However,
the limited number
of available studies
restricted to under-
take of a more
detailed analysis.
Pooling results
regarding an
increased
morbidity risk of
RD within a few
hours of air pollu-
tion exposure could
be supported by physiology studies. For example, a
decrease in peak expiratory flow (PEF) and an increase
in FE(NO) was found with 12–24h and 10–12h PM2.5

exposure windows, respectively.7,62 Bronchial hyper-
responsiveness occurred in asthmatics after SO2 expo-
sure for 24h.63 Additionally, sputum eosinophil
concentrations in asthmatics were significantly reduced
after NO2 exposure for 6h,64 despite no significant as-
sociation between NO2 and RD in our results. Further-
more, one study reported that PEF could decrease
m Vol 86 December, 2022
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Fig. 4: Pooled associations between air pollutants and out-of-hospital cardiac arrest morbidity. Excess risks (ERs) are for an increase of 10 μg/m3

of particulate matter, 0.1 ppm of CO, and 10 ppb of other gaseous pollutants. I2 statistic represents the proportion of total variation between
effect estimates due to heterogeneity. The p-value is based on Cochran’s Q test.

Articles
immediately after exposure to PM10,65 which indicates a
possible more acute effect. Therefore, health pro-
fessionals need to be made aware of the very acute effect
of air pollutants on the risk of cardiorespiratory dis-
eases, as they work at the frontline to treat the patients.
Future studies are warranted to investigate the exposure
to air pollution at finer time windows.

The existing body of evidence suggested that there
was an intra-day association between heat and CVD
morbidity. A physiological study showed that platelet
counts and blood viscosity may increase within a few
hours after exposure to heat,66 which could promote
thrombosis and thus lead to sudden attacks such as MI.
Interestingly, such phenomena may also occur after cold
exposure.67 However, findings from different studies
regarding cold and CVD morbidity were inconsistent,
www.thelancet.com Vol 86 December, 2022
which may be attributable to regional differences such
as climate characteristics and population adaptation.68

For example, a Sweden study found an association be-
tween every 5 ◦C reduction in the cold interval (<16 ◦C)
and an increased risk of CVD, but a Chinese study
showed a decreased risk in extremely cold conditions of
−2.5 ◦C. Perhaps it is because in some extremely cold
areas people actively take preventive measures, such as
adding clothes and staying at home when the outdoor
temperature drops to freezing.69 As climate change
continues, more frequent and intense extreme heat
events are expected to happen,70 posing a threat to CVD.
Therefore, patients with a history of CVD as well as their
caregivers and emergency medical services should be
made aware of this risk posed by heat and take pre-
emptive actions before hot days arrive.
9
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Fig. 5: Pooled associations between air pollutants and total respiratory disease morbidity. Excess risks (ERs) are for an increase of 10 μg/m3 of
particulate matter, and 10 ppb of gaseous pollutants. I2 statistic represents the proportion of total variation between effect estimates due to
heterogeneity. The p-value is based on Cochran’s Q test.
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A marginally moderate to a high level of heteroge-
neity was found in the meta-analysis for some air pol-
lutants, especially for O3; so, several subgroups and
sensitivity analyses were conducted to explore the source
of results heterogeneity. Specifically, by removing high-
quality articles and articles with adjustments for un-
common factors (i.e., wind speed, air pressure, public
holidays, or influenza), sensitivity analyses indicated a
decrease in heterogeneity in some results; however, O3

studies remained high or marginally moderate hetero-
geneity. Furthermore, an obvious difference in hetero-
geneity was found in the associations between O3 and
various CVD outcome types. This suggested that
differences in outcome types, quality of articles, and
adjusted variables could partly explain the heterogeneity.
Other factors such as geographic regions, study design,
the composition of air pollutants, and socio-
demographic characteristics may also be sources of
heterogeneity. Specifically, it is important to note that
O3 levels could vary a lot in different seasons and
baseline O3 levels over various regions were also
extremely different.71 Furthermore, O3 could affect haze
www.thelancet.co
formations result-
ing in a huge dif-
ference in air
pollutants pollu-
tion.72 As our
studies regarding
air pollution effects
covered various re-
gions and sub-
populations, high
heterogeneity could
be from the above
underlying causes
and should be
additionally
explored in the
future.

There are
several knowledge
gaps in the litera-
ture. Firstly, exist-
ing studies were
diverse in the
interpretation of
the onset timing of
the disease, mainly
focusing on the
timing of emer-
gency ambulance
calls,34,37 hospital
admissions,42 and
emergency depart-
ment visits.46 How-
ever, these
methods did not
take into account the time elapsed on the way to the
medical institution and the lag time between the onset
of symptoms and seeking medical assistance. Some
remedies are to consider the distance from the site of
the health event to the hospital as well as the local traffic
condition to approximate the incident onset time, or
patients or their families report on the onset time of
disease.9,44 Secondly, most of the included studies
assessed exposure to air pollutants and temperature
merely using the averaged values across the local fixed
monitoring stations, which could lead to exposure
measurement bias due to variation in exposures and
have affected the accuracy of the risk assessment.
Therefore, more advanced exposure assessment
methods deserve to be explored in the future. Thirdly,
temperature or air pollution was usually controlled as a
confounder when examining the effects of air pollution
or temperature,8,56 but their effects on health are not
independent.73 Therefore, it is worthwhile to clarify the
interaction between air pollution and temperature.
Fourthly, existing studies lack a clear understanding of
the effects of subgroups (e.g., age, economic status,
m Vol 86 December, 2022
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urban and rural areas). The effects difference among
subgroups should be considered, which may help to
identify the at-risk groups and target health care
resource allocation. Finally, it was suggested that for
some acute CVD, such as MI,52 death may occur within
a few hours of exposure to high levels of air pollutants,
but there is a paucity of research. In addition, evidence
is also limited about the effects of air pollution or tem-
perature on other cause-specific diseases such as
ischemic heart disease, asthma, respiratory infection,
etc. So, more exploration is urgently needed to elucidate
such an association.

This review has several limitations. Firstly, sub-daily
associations between ambient air pollution and tem-
perature and cardiorespiratory diseases have been
explored only in a few countries, which restricted our
further assessment of variations across countries or
regions. Secondly, this review only included studies
with time-stratified case-crossover and time-series de-
signs, both could lead to some bias. For example, in a
time-stratified case-crossover design, time intervals that
are too long may have an impact on the results due to
seasonal patterns of exposure and outcome or changes
in conditions at different points, while time intervals
that are too short may introduce bias because of auto-
correlation between exposures.74 Time-series design
cannot control for some individual-level confounders
(e.g., socioeconomic status).75 Thirdly, we only explored
the contribution of the outcome types, article quality,
and adjustment variables to the heterogeneity and did
not perform further subgroup analyses (e.g., age). Some
sub-populations could be more vulnerable to air pollu-
tion and non-optimal temperatures. For instance, MI
often happens among the elderly,8,44 and children are
more susceptible to respiratory infections after exposure
to air pollutants.50 Therefore, the source of heterogeneity
should be explored in the future to obtain a precise
assessment of the cardiorespiratory effects of air pollu-
tion and temperature. Finally, we did not pool the effect
of temperature owing to the shortage of sufficient re-
ports. So, the effects of temperature exposures such as
extreme heat and cold were an area that requires intense
investigation in the context of climate change nationally
and regionally.

In conclusion, this systematic review supports an
increased risk of cardiorespiratory morbidity within a
few hours after exposure to ambient air pollution or
heat. The risk of CVD, especially MI, may increase
within 6 h after exposure to air pollutants, and the risk
of RD may increase at lag 7–24h. Healthcare
professionals and people with pre-existing CVD or RD
should be made aware of the acute effects of exposure to
air pollution or heat on the increased risk of CVD and
RD.
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