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Recommendations

Recommendations of Controlling and Preventing Acute Health
Risks of Fine Particulate Matter Pollution — China, 2021

Expert Consensus Task Force;  Xiaoming Shi1,#;  Guangcai Duan2,#

Editorial　 An  expert  consensus  is  the  unanimous  recognition  of  experts  from  multiple  disciplines  on
specific  research  topics  based  on  scientific  evidence  and  interpretation.  This  expert  consensus  on
recommendations of controlling and preventing acute health risks of fine particulate matter pollution completes
the drafting process that was initiated by selecting several influential experts from different professional fields to
form a writing group. After that,  the membership of experts  was expanded and opinions were obtained from
various  experts  through  email,  focused  discussions,  and  expert  tribunals.  Finally,  the  drafts  were  revised  and
feedback was provided until the expert members reach a consensus and formed the final consensus draft. This
consensus  provides  scientific  reference  for  improving  and  optimizing  China’s  air  pollution  prevention  and
control policies, scientific guidance for public health protection, and research directions for carrying out related
scientific research. In order to share the recommendation domestically and internationally, the Chinese version
is jointly published in the National Medical Journal of China.

Summary
The task force  has  comprehensively  reviewed efforts  for  air  pollution prevention and control,  the  acute  health effects  of
fine particles (PM2.5), and the health benefits of air pollution prevention and control in China. It has been found that the
overall  prevention  and  control  of  ambient  PM2.5  pollution  in  China  has  made  remarkable  progress  in  recent  years.
However,  it  still  remains  at  a  relatively  high  level.  Short-term  exposure  to  ambient  PM2.5  significantly  increases  the
mortality and morbidity risk of Chinese residents, resulting in changes to levels of relevant biological markers. Prolonged
PM2.5  heavily  polluted  weather  greatly  increases  the  risk  of  cardiovascular  disease  morbidity  and  mortality.
Among chemical composition of PM2.5, carbon-containing components, some inorganic salts, and heavy metals are linked
with  the  health  impacts.  The  health  risks  of  PM2.5  pollution  are  higher  for  children,  the  elderly,  and  patients  with
cardiovascular  or  respiratory  diseases  than  for the  general  population  because  the  former  groups  are  vulnerable
subpopulations.  The  implementation  of  air  pollution  prevention and control  policies  has  significantly  improved human
health. The implementation of personal protective equipment can significantly reduce the health damage caused by short-
term  exposure  to  ambient  PM2.5   pollution.  Based  on  scientific  evidence  of  PM2.5  pollution  and  acute  health  risks  in
China, the following three recommendations are proposed. 1) The policy recommendations for the prevention and control
of  ambient  PM2.5  pollution  include  the  following: to  continuously  strengthen  the  widespread  use  and  efficient
development of clean energy; to further promote industrial upgrading; to focus on the control of transportation pollution;
to  keep  improving  the  modernization  system of  air  pollution  control;  to  formulate  and  refine  relevant  standards  for  air
quality gradually; and to estimate the effects and health benefits after the implementation of clean air actions, and relevant
policies.  2)  Prevention  of  ambient  PM2.5  pollution  and  protection  of  public  health  recommendations  include  the
following:  to strengthen the release  of  air  pollution monitoring and relevant information;  to strengthen awareness  of  air
pollution hazards; to clarify the guidance and recommendations for protecting population health from air pollution; and to
strengthen the health protection of population vulnerable to ambient air pollution. 3) Recommendations for research on
health  risks  of  air  pollution  include  the  following:  to  strengthen  research  on  air  pollutant  monitoring  technology  and
monitoring  system  based  on  the  promotion  of  accurate  exposure  assessment;  to  systematically  carry  out  full-spectrum
identification and correlation studies of air pollutants and health effects; to conduct studies on key toxic components and
early biomarker inventory of air pollution health effects; to discover the toxicity mechanisms of the key toxic components
of air pollutants; to carry out research on population health risk assessment and early warning of combined exposure to air
pollutants; and to execute comprehensive studies on the health and economic benefits of pollution and carbon reduction
under the national strategies of carbon neutrality and beautiful China.
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INTRODUCTION

The  Global  Burden  of  Disease  Study  2019  data
showed that ambient fine particulate matter (PM2.5) is
the  fourth  highest  risk  factor  in  the  global  burden  of
disease  (1).  In  China,  about  1,432,633  premature
deaths  were  attributed  to  PM2.5  during  2019  (1).  It
has  an  important  impact  on  the  occurrence,
development,  and  prognosis  of  cardiovascular  and
respiratory  diseases  in  the  population.  It  has  been  a
major environmental problem and an important health
issue  commonly  faced  by  all  countries  in  the  world,
especially  developing  countries  (2–4).  China  currently
experiences  high levels  of  ambient  air  pollution.  With
rapid  industrialization  and  urbanization,  the
prevention  and  control  of  air  pollution  is  becoming
more  difficult.  To  this  end,  the  State  Council  issued
the  “Air  Pollution  Prevention  and  Control  Action
Plan”  in  September  2013,  implementing  10  measures
for  air  pollution  prevention  and  control  and  releasing
and  implementing  the  “Three-Year  Action  Plan  to
Win  the  Blue  Sky  Defense  War”  in  June  2018.  After
years  of  continuous  efforts,  the  overall  ambient  air
quality  of  China  has  improved  significantly.  The
average  annual  concentration  of  PM2.5  has  dropped
from 72 μg/m3 in 2013 to 33 μg/m3 in 2020. Ambient
inhalable  particulate  matter  (PM10),  sulfur  dioxide
(SO2),  and  carbon  monoxide  (CO)  all  showed
remarkable downward trends, and the people’s sense of
the blue sky was significantly enhanced (5–6).

As  an  important  measure  to  implement  the  “Air
Pollution  Prevention  and  Control  Action  Plan,”  the
Ministry  of  Science  and  Technology  released  the
national key research and development plan “Research
on  Air  Pollution  Causes  and  Control  Technologies”
special  project  in  2015,  which  aims  to  strengthen
research and development on several aspects, including
(1)  the  formation  mechanism,  source  analysis,
migration  law,  monitoring  and  early  warning  of  air
pollution;  (2)  the  relationship  between  air  pollution
and  human  health;  (3)  air  pollution  control
technologies  such  as  desulfurization,  denitrification,
and  high-efficiency  dust  removal;  and  (4)  the
transformation  and  application  of  technological
achievements,  providing  scientific  and  technological
support  for  pollution  control.  The  implementation  of
this special project has strongly encouraged scholars to
conduct  extensive,  in-depth,  and  systematic  research
on the  scientific  issue  of “the  relationship  between air

pollution  and  population  health.”  The  task  force
conducted  a  comprehensive  review  and  in-depth
discussion  on  the  important  innovative  achievements
in  the  field  of  acute  health  risks  of  ambient  PM2.5
pollution  in  recent  years  and  formed  this  expert
consensus in order to provide scientific evidence for the
government  and  relevant  professional  institutions  to
develop  relevant  policies  and/or  strategic  measures.  It
also  aims  to  provide  scientific  information  for
clinicians,  public  health and environmental  protection
professionals to understand the acute health hazards of
ambient  PM2.5  pollution,  and  to  reduce  air  pollution
exposure for the general public, including patients. 

THE CURRENT SITUATION OF
AMBIENT PM2.5 POLLUTION

IN CHINA

PM2.5  refers  to  particulate  matter  with  an
aerodynamic equivalent  diameter  of  less  than or  equal
to  2.5  μm  in  ambient  air.  Its  main  sources  include
primary  particulates  and  secondary  particulate  matter
generated from the conversion of SO2, nitrogen oxides
(NOx),  ammonia,  and  volatile  organic  compounds
emitted  from  fossil  fuels  (such  as  coal,  gasoline,  and
diesel)  and  biomass  combustion,  metallurgy  and
chemical  industries,  vehicle  exhaust,  road  dust,  etc.
The  chemical  composition  of  ambient  PM2.5  is  very
complex,  usually  consisting  of  carbon-containing
components  such  as  organic  carbon  and  inorganic
carbon,  inorganic  salt  ions  such as  sulfate,  nitrate  and
ammonium salt, and organic matters such as polycyclic
aromatic  hydrocarbons,  metal  elements,  biological
substances, and mineral dust. 

Ambient PM2.5 Pollution Control has
Achieved Remarkable Results

in China
The  ambient  air  quality  in  China  was  not  high  a

decade  ago.  In  2012,  the  first  batch  of  74  cities  that
implemented  the  new  air  quality  standards  had  an
average  annual  PM2.5  concentration  of  72  μg/m3,
which exceeded 106% of the secondary standard limit
(annual  average  concentration  of  35  μg/m3)  of  the
“Ambient Air Quality Standard” (GB 3095–2012) (5).
With  the  release  and  implementation  of  the  “Air
Pollution  Prevention  and  Control  Action  Plan,”
ambient  PM2.5  pollution  has  been  effectively
controlled.  As  of  2017,  the  annual  average
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concentration  of  ambient  PM2.5  in  74  cities  dropped
to 47 μg/m3,  a  decrease  of  34.7% compared to 2013.
The  average  number  of  days  with  air  quality  reaching
the  standard  increased  from  60.5%  to  72.7%;  the
average concentration of ambient PM2.5 in key regions
such  as  Beijing-Tianjin-Hebei,  the  Yangtze  River
Delta,  and the  Pearl  River  Delta  decreased by  39.6%,
34.3%  and  27.7%,  respectively  (7).  Due  to  the
effective implementation of 6 important measures from
2013  to  2017,  including  upgrading  the  industrial
sector,  upgrading  industrial  boilers,  eliminating
outdated industrial production capacity, promoting the
use  of  clean  fuels  in  residents’  lives,  shutting  down
small  polluting  factories,  and  strengthening  vehicle
emission  control,  SO2,  NOx,  and  primary  PM2.5
emissions  in  China  decreased  by  16.4  million,  8
million and 3.5 million tons, respectively (8). In 2020,
the  national  ambient  PM2.5  pollution  situation  was
further improved, and 87% of the 337 prefecture-level
or higher cities met the air quality standard on average.
The  average  annual  concentration  of  PM2.5  was
33 μg/m3,  lower  than the  secondary  standard  limit  of
“Ambient  Air  Quality  Standards”  (GB  3095–2012)
(6). 

Ambient PM2.5 Pollution Is Still at
a High Level in China

Currently, ambient PM2.5 pollution levels in China
are  still  relatively  high,  which  is  higher  than  the
population-weighted  annual  PM2.5  concentration  in
the  United  Kingdom,  the  United  States,  and  other
countries  in  the  same  time  period  (about  10  μg/m3)
(9),  and  far  exceeding  the  air  quality  guidelines
(5  μg/m3)  issued  by  the  World  Health  Organization
(WHO)  in  2021.  In  2020,  37.1%  of  the  337  cities
(involved  prefecture-level  and  municipality  city)
nationwide  still  have  an  average  annual  PM2.5
concentration  that  does  not  meet  the  secondary
standard limit of the “Ambient Air Quality Standards”
(GB  3095–2012).  At  the  same  time,  heavy  pollution
weather still occurs on a large scale across the country.
In  2017,  2,311  days  of  heavy  pollution  occurred  in
those cities, and the number of days with heavy PM2.5
pollution  (daily  average  PM2.5  concentrations  higher
than 150 μg/m3) accounted for 74.2% of the days with
heavy pollution and above (7). In 2020, the frequency
of heavy pollution in the 337 cities was the same as in
2017,  and  the  number  of  days  with  heavy  PM2.5
pollution accounted for 77.7% of the days with heavy

pollution  and  above  (6).  From  January  to  February
2020, the number of days with heavy PM2.5 pollution
in  prefecture-level  cities  across  the  country  was  the
lowest in the same period in record, which was reduced
by  39.2%  in  the  same  period  since  2015,  and  the
number  of  hours  with  hourly  PM2.5  concentration
exceeding  300  μg/m3  has  decreased  by  47.8%
compared  to  2015.  Among  them,  regional  pollution
was  at  a  consistently  high  level  in  key  polluted  areas
represented  by  Beijing-Tianjin-Hebei  and  the  Fenwei
Plain.  In  2020,  the  average  annual  PM2.5
concentration  in  Beijing-Tianjin-Hebei  region  was  up
to 51 μg/m3, the average number of days exceeding the
standard  was  36.5%,  and  the  number  of  days  with
PM2.5  as  the  primary  pollutant  accounted  for  48.0%
of  the  total  number  of  pollution  days;  the  average
annual concentration of PM2.5 in the Fenwei Plain was
up to 48 μg/m3, the average number of days exceeding
the standard was 29.4%, and the number of days with
PM2.5  as  the  primary  pollutant  accounted  for  56.4%
of the total number of days with pollution (6). 

ACUTE HEALTH RISKS OF AMBIENT
PM2.5 POLLUTION IN CHINA

The  acute  health  risk  of  ambient  PM2.5  pollution
usually  means  that  short-term  exposure  to  PM2.5
(exposure duration usually at the level of hours to days)
may cause acute damage to the body, trigger the onset
of  symptoms  or  diseases  (mainly  cardiovascular  or
respiratory disease), and lead to premature death and a
series of adverse health effects. 

Short-term Exposure to Ambient PM2.5
Significantly Increases the Mortality

Risk of Residents in China
PM2.5  is  the primary air  pollutant in China.  Short-

term exposure  to  PM2.5 will  significantly  increase  the
risk  of  non-accidental  death  of  residents  in  China,
especially  the  risks  of  death  from  cardiovascular  and
respiratory diseases (10–12). A time series study of 272
cities  in  China  found  that  from  2013  to  2015,  the
annual average concentration of PM2.5 across all cities
was  56  μg/m3.  At  this  concentration  level,  the
percentage increase in the risk of mortality due to non-
accidental  causes,  cardiovascular  diseases,  and
respiratory  diseases  per  10  μg/m3  increase  in  PM2.5
from  lag0  to  lag1  was  0.22%,  0.27%,  and  0.29%,
respectively  (10).  Compared  to  similar  studies
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conducted  in  China  and  abroad,  the  relative  risk  of
acute  death  of  people  exposed  to  short-term  ambient
PM2.5  in China was lower than that in European and
North  American  countries  (2–4,13).  A  study
investigating  the  association  between  ambient  PM2.5
and  daily  population  death  in  652  cities  around  the
world found that per 10 μg/m3 increase in PM2.5 from
lag0  to  lag1,  the  risk  of  non-accidental  death  in  the
United States, Canada, Spain, and Greece increased by
1.58%,  1.70%,  1.96%,  and  2.54%,  respectively  (13).
The reason for the difference in effect estimates may be
that the exposure-response relationship between PM2.5
and death showed a nonlinear trend. The slope of the
exposure-response  relationship  curve  was  larger  at  low
concentration  levels,  thus  the  population  death
observed  was  more  seriously  affected  by  exposure  to
unit  PM2.5  concentration.  With  the  increase  of
exposure  level,  the  slope  of  the  curve  gradually
decreases,  and  the  curve  becomes  stable  at  higher
exposure levels, indicating that the relative risk of acute
death  caused  by  PM2.5  increases  in  a  smaller
magnitude  (13–14).  Currently,  China  is  at  a  high
exposure level of global PM2.5 pollution concentration.
For  each  unit  level  increase  in  PM2.5  concentration,
the  relative  risk  of  acute  death  in  the  Chinese
population  is  relatively  lower.  In  addition,  the
differences  in  effects  may  also  be  related  to  the
chemical  composition  of  PM2.5  in  different  regions,
climate  characteristics,  the  health  status  of  the  study
population,  and  the  degree  of  socioeconomic
development. 

Short-term Exposure to Ambient PM2.5
Significantly Increases the Incidence

of Cardiovascular and
Respiratory Diseases

Due  to  the  small  particle  size  and  large  specific
surface  area  of  ambient  PM2.5,  it  can  enter  the
respiratory tract or be deposited in the alveoli, causing
respiratory system damage and increasing the incidence
of  disease  (15–17).  Each  10  μg/m3  increase  in  PM2.5
(lag0 day) was associated with a 0.34% increase in the
risk  of  hospitalization  for  respiratory  diseases
(including  pneumonia,  acute  bronchitis,  upper
respiratory  tract  infection,  chronic  obstructive
pulmonary disease, and bronchiectasis) in 252 cities in
China  (15);  and  each  10  μg/m3  increase  in  moving
average  PM2.5  (lag0–2  days)  was  associated  with  a

0.31%  increase  in  the  risk  of  hospitalization  for
pneumonia  (16).  Inhaled  PM2.5  enters  the  blood
through  macrophage  phagocytosis  and  pulmonary
capillaries  and  acts  on  the  body’s  circulatory  system,
increasing  the  risk  of  cardiovascular  diseases  such  as
ischemic  heart  disease,  stroke,  and  heart  failure
(18–20).  A  time  series  study  of  184  cities  in  China
from 2014 to 2017 found that a 10 μg/m3 increase in
the  same-day  PM2.5  exposure  was  significantly
associated  with  0.26%,  0.31%,  0.27%,  and  0.29%
increases  of  hospital  admissions  for  cardiovascular
disease,  ischemic  heart  disease,  heart  failure,  and
arrhythmia,  respectively  (18).  A  time  series  study  of
248 cities in China from 2013 to 2017 found that a 10
μg/m3  increase  in  PM2.5  concentration  was
significantly associated with a 0.26% increase in same-
day  hospital  admissions  for  ischemic  stroke  and
transient ischemic attack (TIA) (19). 

Prolonged Heavily PM2.5 Polluted
Weather Greatly Increases the Risk of

Morbidity and Mortality
Heavy  air  pollution  weather  in  China  is  usually

characterized  by  persistent  high  concentrations  of
PM2.5.  Existing  epidemiological  evidence  shows  that
prolonged heavily  PM2.5-polluted  weather  will  greatly
increase the risk of morbidity and mortality and cause
more  serious  health  problems  (21–23).  A  study  based
on the continuous heavily polluted weather of ambient
PM2.5  occurred  in  Beijing  from  January  10  to  17,
2013,  the  average  daily  concentration  of  PM2.5  was
231 μg/m3,  showed that compared with other periods
in  winter  in  2013,  emergency  and  outpatient  risk  of
respiratory  illness  increased  by  74%  and  16%,
respectively,  during  prolonged  heavily  polluted
weather,  indicating  that  continuous  exposure  to  high
concentrations  of  PM2.5  has  caused  a  substantial
increase  in  the  number  of  patients  with  respiratory
diseases  (21).  Another  time-stratified  case-crossover
study  observed  that  persistent  heavily  or  extremely
heavily  PM2.5-polluted  weather  was  associated  with
increased  risk  of  cardiovascular  disease  hospitalization
among  Beijing  residents.  The  odds  ratios  (ORs)
associated  with  extremely  heavy  PM  pollution  events
(PM  concentration  ≥150  μg/m3  for  3  days  or  more)
were  1.085,  1.112,  1.068,  1.071,  and  1.060  for  total
cardiovascular  disease,  angina,  myocardial  infarction,
ischemic  stroke,  and  heart  failure,  respectively  (22).
The  study  also  showed  that  the  higher  the
concentration  and  the  longer  the  duration  of  heavy

China CDC Weekly

332 CCDC Weekly / Vol. 4 / No. 16 Chinese Center for Disease Control and Prevention



pollution  events,  the  greater  the  impact  was  on
hospitalizations for various cardiovascular diseases (22).
Among them, the risks of angina pectoris and ischemic
stroke  were  more  pronounced.  However,  existing
research has not yet formed a unified standard for the
definition of prolonged heavily PM2.5 polluted weather
(21–23),  and  the  specific  role  of  pollution
concentration  and  duration  in  the  health  impacts  of
heavily polluted weather requires more researches. 

The Chemical Composition of Ambient
PM2.5 is Related to the Degree of

Health Hazards
Ambient  PM2.5  has  a  very  complex  chemical

composition.  Affected  by  factors  such  as  local
industrial pollution sources and energy structure, there
are  significant  spatiotemporal  differences  in  the
chemical compositions of PM2.5 across China. Current
epidemiological  studies  believe  that  carbon-containing
components  (including  organic  carbon  and  elemental
carbon or  black  carbon),  some inorganic  salts  (mainly
sulfates  and  nitrates),  and  metal  elements  [such  as
nickel  (Ni),  zinc,  chromium,  and  lead]  are  closely
related to health hazards caused by PM2.5 (24–28). For
example,  a  study  on  the  acute  effects  of  PM2.5
chemical components on mortality in Xi’an found that
organic  carbon,  elemental  carbon,  sulfate,  and  nitrate
increased by an interquartile range (IQR) for 1-day lag,
which  were  19.3  μg/m3,  8.8  μg/m3,  27.8  μg/m3,  and
15.4 μg/m3, respectively, will increase the risk of non-
accidental, cardiovascular, and respiratory deaths in the
population by more than 1%. An IQR increase of 0.01
μg/m3  in  1-day  lagged  Ni  was  associated  with  0.4%,
0.6%, and 0.9% increases in the risk of non-accidental
death,  cardiovascular,  and  respiratory  mortality,
respectively (24). A study on the acute effects of PM2.5
chemical  components  on  mortality  in  Beijing  found
that for a 0-day lag, an IQR (10.11 μg/m3) increase in
organic  carbon  was  associated  with  2.65%  increase  in
respiratory  mortality  and  an  IQR  (20.10  μg/m3)
increase in sulfate was associated with a 1.57% increase
in cardiovascular disease mortality, and the acute death
effect  in  the  cold  season  was  strengthened  (25).  The
above  chemical  components  mainly  come  from  fossil
fuel  combustion  (including  coal  combustion  and
vehicle  emissions)  and  secondary  particulate  matters
formed  by  ambient  SO2/NOx.  Their  toxic  effects  are
mainly  produced  by  inducing  oxidative  stress  and
inflammatory  responses.  Greater  PM2.5-related  acute

health hazards could be observed when the content of
these toxic chemical components was high (24–28). 

Short-term Exposure to Ambient PM2.5
Can Cause Changes in the Level of

Biological Effect Markers
Reflecting Early Health

Damage in the
Population

Epidemiological  studies  of  the  Chinese  population
have  shown  that  ambient  PM2.5  mainly  produces
damage  by  causing  oxidative  stress  and  inflammatory
responses  in  the  body,  as  well  as  autonomic
dysfunction.  After  PM2.5  is  inhaled  through  the
respiratory  tract,  changes  in  biomarkers  of  lung
inflammation  could  be  observed  in  a  short  period  of
time, followed by systemic inflammatory response and
oxidative  stress,  resulting  in  changes  in  the  levels  of
biomarkers  related  to  cardiovascular  effects  such  as
coagulation,  vasoconstriction,  and vascular  endothelial
function (27–33). Short-term exposure to PM2.5 could
also  activate  the  human  “hypothalamus-pituitary-
adrenal  axis,”  affecting  cardiovascular  health  through
the  neuro-endocrine  pathway  (31).  In  a  fixed  panel
study  of  healthy  and  prediabetic  people  (50–65  years
old), increased PM2.5 exposure was associated with an
increment  in  exhaled  nitric  oxide  (FeNO)  (34).  In  a
randomized  double-blind  controlled  intervention  trial
of  healthy  college  students,  the  reduction  of  PM2.5
exposure  significantly  reduced  the  level  of  exhaled
FeNO (35). The possible mechanism of cardiovascular
system  damage  caused  by  short-term  exposure  to
ambient  PM2.5  is  relatively  complex.  In  addition  to
triggering  a  systemic  inflammatory  response  and
oxidative  stress,  it  can  also  cause  autonomic
dysfunction  and  changes  in  coagulation  function,
destroy  vascular  endothelial  structure,  and  damage
endothelial  function  (35–38).  A  randomized  double-
blind  controlled  intervention  trial  found  that  high
PM2.5 exposure can cause an increase in inflammatory
markers  such  as  soluble  CD40  ligand  (sCD40L),
interleukin-1β (IL-1β),  and  C-reactive  protein
(CRP),  as  well  as  blood  pressure  in  healthy  college
students  (31).  With  the  decrease  of  PM2.5  exposure,
soluble sCD40L, IL-1β, and blood pressure of healthy
college  students  were  significantly  reduced  (35).
Another  randomized  double-blind  cross-over
controlled  trial  conducted  during  a  typical  haze  event
found  that  a  10  μg/m3  increase  in  time-weighted
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individual  PM2.5  exposure  concentration  was
significantly  associated  with  an  increment  of
1.31%–5.33% in cytokine concentrations of IFN-α2,
GM-CSF, IL-1RA, sCD40L, IL-4, MIP-1α, MCP-1,
Eotaxin, and FGF-2, respectively, in circulatory system
(39).  A  study  on  air  pollution  and  cardiovascular
dysfunction  in  healthy  adults  in  Beijing  found  that
short-term  PM2.5  exposure  was  associated  with
increased  levels  of  atherosclerotic  plaque  damage  or
thrombosis-related  markers  such  as  fibrinogen,  CRP,
and  IL-1β (33).  Due  to  the  wide  range  of  health
effects  of  PM2.5  exposure,  in  addition  to  the
cardiovascular  and  respiratory  systems,  it  may  also  act
on  the  genitourinary  system,  causing  a  decrease  in
glomerular  filtration  rate  (40)  and  the  total  number
and concentration of sperm (41). 

Children, the Elderly, and Patients with
Cardiovascular and Respiratory Diseases

are Groups Vulnerable to Ambient
PM2.5 Pollution

Several  studies  have  confirmed  that  children,  the
elderly,  and  patients  with  cardiovascular  and
respiratory  diseases  are  vulnerable  groups  for  ambient
PM2.5  pollution  (10–11,42–43).  The  respiratory
system of children was more susceptible to the harm of
ambient  PM2.5  than  that  of  adults,  and  short-term
exposure to PM2.5 could result in an increase of FeNO
exhaled  by  children  (30,43–46)  and  increased  airway
resistance,  causing asthma attacks  (44).  The reduction
of  PM2.5  exposure  would  greatly  reduce  the  level  of
exhaled FeNO (30). Short-term exposure to PM2.5 can
also cause an increase in heart rate and norepinephrine
in  preschool  children,  resulting  in  damage  to  the
sympathetic-adrenal  medulla  (44).  Both  time  series
studies  conducted  in  272  cities  and  130  districts  and
counties  in  China  found  that  short-term  exposure  to
PM2.5 significantly increased the risk of non-accidental
deaths  and cardiovascular  disease  deaths  in  the  elderly
over  75  years  old,  and  its  increased  risk  of  death
exceeded  the  acute  effect  of  PM2.5  on  death  in  the
general population (10–11). In addition, patients with
cardiovascular  and  respiratory  diseases  are  particularly
sensitive  to  PM2.5  exposure,  and  short-term  exposure
will  cause  oxidative  stress  damage  to  their
cardiovascular  and  respiratory  systems,  causing
dysfunction  and  reduction,  and  subsequently
increasing  their  incidence  rates.  In  patients  with

chronic  obstructive  pulmonary  diseases,  a  10  μg/m3

increase  in  daily  average  PM2.5  concentrations  was
associated  with  a  26  mL  decrease  in  forced  vital
capacity (FVC), a 26 mL decrease in forced expiratory
volume in  1  second (FEV1),  and a  0.96% decrease  in
FEV1%  (46).  PM2.5  exposure  for  0–6  hours
significantly  increased  the  levels  of  serum  fibrinogen,
CRP,  tumor  necrosis  factor-α (TNF-α),  and  other
biomarkers  in  patients  with  chronic  obstructive
pulmonary  disease  (32).  The  results  of  a  cohort  study
of  4  cities  (Beijing,  Shanghai,  Wuhan,  and  Xi’an)  in
high-risk  groups  of  cardiovascular  disease  showed that
an  increase  of  1-  to  9-hour  moving  average  PM2.5
concentration was associated with 0.22 to 0.39 mmHg
increase  in  systolic  pressure,  while  the  effect  of  PM2.5
was  attenuated  in  patients  with  controlled  blood
pressure (47). 

HEALTH BENEFITS OF PM2.5
POLLUTION PREVENTION

AND CONTROL
IN CHINA

 

The Implementation of Air Pollution
Prevention and Control Policies has

Significantly Improved the
Public Health

During  the  implementation  of  the  “Air  Pollution
Prevention  and  Control  Action  Plan,”  air  pollution
represented  by  PM2.5  was  effectively  controlled,  and
the  health  benefits  of  the  population  were  significant
(48–52).  A  study  on  the  health  benefits  of  emission
reduction  scenarios  based  on  short-term  exposure-
response  relationships  estimated  that  if  the  average
daily  concentration  of  ambient  PM2.5  reached  the
current  ambient  air  quality  secondary  standard  (75
μg/m3),  a  total  of  69,000  years  of  life  lost  could  be
avoided  and  increase  life  expectancy  by  0.06  years
among  residents  of  72  cities  in  China.  Reaching  the
WHO-recommended  transitional  target  2  (25  μg/m3)
could  avoid  a  total  of  168,000  years  of  life  lost  each
year and increase life expectancy by 0.14 years (48). A
study  simulating  the  annual  ambient  PM2.5
concentration  via  chemical  transport  model  and
estimating  the  health  benefits  under  emission
reduction  policy  scenarios  during  2013–2017,
considering the chronic exposure-response relationship,
demonstrated  that  the  deaths  due  to  the  PM2.5  were
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reduced from 1.389 million in 2013 to 1.102 million
in  2017  in  China,  of  which,  88.7%  of  contributions
were  from  emission  reductions  (49).  A  long-term
health  benefits  study  focusing  on  emissions  reduction
policies  in  74  cities  across  the  country  estimated  that
the PM2.5 pollution was reduced by 33.3%, the death
number  of  people  due  to  the  PM2.5  pollution  was
reduced  by  47,000,  and  the  years  of  life  lost  were
avoided  by  710,000  years.  The  number  of  the  deaths
attributable  to  PM2.5  pollution  decreased  by  26,000
premature deaths, and the years of life lost attributable
to  PM2.5  were  avoided  by  390,000  years  in  Beijing-
Tianjin-Hebei,  the Yangtze River Delta, and the Pearl
River  Delta  regions  (50).  Other  studies  have  pointed
out  that  measures  such  as  civilian  clean  energy
replacement  will  reduce  indoor  and  outdoor  PM2.5
pollution  levels  simultaneously  and  further  improve
human  health  (51).  For  example,  the  integrated
population-weighted  exposure  to  PM2.5  (IPWE)  in
China decreased by 47%  from 2005 to 2015; 90% of
the reduction was attributed to the reduction in the use
of  household  solid-fuel,  and  the  resulting  health
benefits  were  the  avoidance  of  around  0.40  million
premature  deaths  annually.  If  we  replaced  the
remaining  household  solid  fuels  with  clean  fuels,  an
additional  0.51  million  premature  deaths  would  be
avoided  (51).  It  is  worth  noting  that  the  potential
benefits  of  emissions  reduction  with  end-of-pipe
control  will  be exhausted by 2030.  In order to reduce
the  air  pollution  level  in  China  to  the  value
recommended  by  the  WHO  and  effectively  protect
public  health  from  pollution  effects,  a  deep
transformation of low-carbon energy under the goal of
the carbon neutrality is crucial (52).

The  short-term  implementation  of  air  pollution
control  policies  has  greatly  improved  air  quality  and
brought certain population health benefits. During the
2008 Beijing  Olympic  Games,  a  series  of  measures  to
control  industrial  emissions  and  traffic  pollution  were
implemented,  and  the  concentration  of  ambient
particulate  matter  was  significantly  reduced.
Consequently,  the  economic  costs  associated  with
human health decreased by 38% and 16% before and
after  the  Beijing  Olympic  Games,  respectively  (53).
During  the  meeting  of  Asia-Pacific  Economic
Cooperation  (APEC)  held  in  November  2014  (12
days)  and  the  military  parade  to  commemorate  the
70th anniversary of the victory of the Chinese People’s
War  of  Resistance  against  Japanese  Aggression  in
September 2015 (15 days), the short-term air pollution

control  policies  have  also  been  carried  out  in  Beijing.
During the 2 events, the ambient PM2.5 concentration
was decreased by more than 40% compared with that
before  the  event  in  Beijing.  According  to  estimates,
39–63  and  41–65  deaths  were  avoided  due  to  the
decrease  in  PM2.5  concentration  during  the  APEC
meeting and the military parade, respectively (54). 

Implementation of Individual Protective
Interventions Can Significantly Reduce

Health Damage from Short-Term
Exposure to Ambient PM2.5

With  the  deepening  of  awareness  of  the  health
hazards of the PM2.5 pollution, the utilization rate and
popularization  range  of  personal  protective  measures
such as air purification devices and wearing masks have
increased  and  expanded  significantly.  A  number  of
current  intervention  studies  have  shown  that  the
proper  wearing  of  masks  or  using  air  purifiers  can
reduce  individual  PM2.5  exposure  effectively,  thereby
reducing  their  health  hazards  to  varying  degrees
(30–31,37,55–57).  A  randomized  double-blind
controlled  intervention  trial  using  N95  masks  as  an
intervention measure showed that the use of masks for
protection in heavily polluted weather could reduce the
levels  of  serum  inflammatory  markers  and  PM2.5-
related  airway  inflammatory  responses  in  healthy
young  people  (55).  Another  randomized  crossover
study  of  healthy  young  adults  observed  that  the
wearing particulate-filtering respirators in a short-term
might  reduce  cardiovascular  risks  through  enhancing
the  function  of  autonomic  nervous  and  decreasing
blood pressure (56).

A  randomized  double-blind  crossover  study  which
took  healthy  college  students  as  the  research  object
found  that  the  PM2.5  average  concentration  in  the
environment  with  air  purifiers  was  much  lower  than
that  in  the  environment  without  air  purifiers,  and
higher  PM2.5  environmental  exposure  might  induce
metabolic  alterations  associated  with  the
hypothalamus-pituitary-adrenal  and  sympathetic-
adrenal-medullary  axes  activations,  indicating  that  air
purification  measures  could  effectively  reduce  the
health  damage  caused  by  PM2.5.  A  randomized
double-blind  crossover  experiment  on  school-aged
children  also  observed  that  air  purifiers  had  a  good
removal effect on indoor particles of different sizes and
could  protect  the  respiratory  health  of  children  by
increasing  energy  production  and  anti-inflammatory
and antioxidant capacities (30,57). 
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MAIN RECOMMENDATIONS ON
PREVENTION AND CONTROL OF

AMBIENT PM2.5 POLLUTION
IN CHINA

 

Recommendations on Policy
Development for Prevention

and Control of Ambient
PM2.5 Pollution

At present, the situation of air pollution in China is
still  severe,  the  ambient  PM2.5  concentration  is  still
relatively  high,  and  the  ozone  (O3)  pollution  has  not
been  effectively  controlled  and  even  has  an  upward
trend in some areas. Exposure to various air pollutants
together  threatens  the  health  of  local  residents.  Air
pollution is a clear hazard to human health, and when
measures are taken to reduce air pollution, it can bring
significant  health  benefits.  This  complies  with  the
primary  prevention  requirements  of  the  three
categories  of  the  prevention  strategy.  Therefore,  the
task force recommends that the policies for preventing
and controlling  air  pollution should be  formulated by
reducing  source  emissions  and  strengthening  regional
control to further reduce the level of air pollution and
promote the continuous improvement of the health of
residents by focusing on the national strategic goals of
beautiful  China and healthy China in  combination of
the  mission  requirements  of  carbon  peaking  and
carbon neutrality.

First,  the  widespread  use  and  efficient  development
of clean energy should be continuously strengthened. It
is  necessary  to  strengthen  source  control  through
energy structure reform, reduce the proportion of fossil
energy  consumption,  and  build  a  new  energy  system
with  hydropower,  nuclear  power,  solar  power,  and
wind power as the main components. Energy coupling
technology should be vigorously developed to increase
energy efficiency, and at the same time, the application
of clean energy for civilian use should be promoted. As
a result,  a green and efficient energy system should be
ultimately formed, which will control source emissions
of  air  pollution  and  improve  the  health  benefits
brought by energy structure improvement.

Second,  the  promotion  of  industrial  upgrading
should  be  continued.  Measures  should  be  taken  to
strictly  limit  high  energy  consumption  and  high
emission enterprises and accelerate the development of
low energy consumption and low emission enterprises.
The  research  and  promotion  of  cleaner  production

technology  should  be  increased  to  provide  assistance
for  industrial  upgrading.  Rational  industrial  structure
composition  should  be  planned  to  enhance  regional
pollution control benefits.

Third, pollution in the transportation sector should
be effectively controlled. According to the development
characteristics  of  large  cities,  the  number  of  vehicles
should  be  controlled  and  the  proportion  of  energy-
saving and environmentally-friendly vehicles should be
expanded  via  planning.  It  is  necessary  to  gradually
improve  the  fuel  quality  and  emission  standards  of
vehicles,  vigorously  develop  urban  green
transportation,  and  increase  the  proportion  of  clean
transportation.  The  health  benefits  of  urban
populations  would  be  increased  by  comprehensively
improving the level of cleanliness in the transportation
field  through  multiple  measures  and  reducing  the
proportion  and  level  of  pollution  from  transportation
sources.

Fourth,  the  modernization  of  the  air  pollution
control  system  should  be  continuously  enhanced.
Regular capacity building such as laws and regulations,
policy  mechanisms,  monitoring,  and  supervision
should  be  further  deepened  from  a  scientific
perspective.  Combined  with  carbon  peaking  and
carbon  neutral  policy  situations  to  optimize  the
construction framework of the system, carbon emission
control and related contents should be included in the
current  air  pollution  control  chain.  The  coordinated
management should be strengthened to realize the dual
reduction goal of carbon emission and air pollution. In
the  meantime,  it  is  necessary  to  guide  and  encourage
the  public  to  adopt  a  green  and  low-carbon  lifestyle
and  increase  the  participation  of  the  whole  society  in
pollution reduction and carbon reduction policies.

Fifth,  the  formulation  and  revision  of  relevant  air
quality  standards  need  to  be  carried  out  gradually.
Compared with the air quality guidelines issued by the
WHO, combined with the latest  research evidence on
the  health  impacts  of  air  pollution,  and  according  to
the actual situation in China, the current standards for
air  quality  should be revised.  Air  pollution prevention
and control should be ensured by gradually tightening
the standard limits of air pollutants and increasing the
protection of human health from a legal perspective.

Sixth,  effects  after  the  implementation  of  clean  air
actions and policies should be estimated, including the
health benefits  assessment after the implementation of
relevant  policies.  The  policies  formulated  and
implemented  by  various  localities  for  the  prevention
and  control  of  air  pollution  should  be  evaluated
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regularly.  The  prevention  and  control  policy  can  be
optimized  by  screening  the  level  of  pollution
concentration  reduction  and  the  degree  of  health
benefits.  Local  governments  are  encouraged  to
prioritize  measures  that  maximize  population  health
benefits  when  formulating  air  pollution  control
programs. 

Recommendations on Public Health
Protection Linked with the Prevention

and Control of Ambient
PM2.5 Pollution

Combined with the existing evidence of  the  impact
of  air  pollution  on  human  health,  the  research
advances of human health protection, and the new air
quality  guideline  value  issued  by  the  WHO,  multiple
measures  should  be  taken  to  improve  the  public’s
awareness  of  the  health  hazards  of  PM2.5  pollution,
strengthen  scientific  protection  capabilities,  improve
the  overall  health  literacy  of  the  public,  and  reduce
health damage caused by PM2.5 exposure.

First,  the  release  of  air  pollution  monitoring  and
relevant  information  should  be  strengthened  and  the
formulation of protection policies should be promoted
to  ensure  that  the  public  is  informed.  Accurately  and
promptly  release  pollution  and  health-related
information  to  ensure  that  the  public  could  grasp
information  on  changes  in  pollution  and  can  take
timely health protection measures and change outdoor
activities.  Based  on  the  continuously  strengthened  air
pollution monitoring network, more valid data can be
obtained.  By  comprehensively  analyzing  these
environmental  data  and  health  impact  data,  it  is
possible  to  formulate  effective  pollution  control  and
health protection policies in China.

Second,  the  propagation  of  air  pollution  health
hazards  should  be  enhanced  to  help  the  public  to
understand the health hazards of air pollution and the
benefits  of  prevention  and  control,  and  improve  their
relevant  knowledge  base.  Knowledge  of  air  pollution
health  hazards  should  be  widely  publicized  through
health  education  via  new  media  dissemination,
communities,  healthcare  institutions,  primary  medical
staff  and  other  channels  and  forms.  In  addition,
scientific  measures  of  health  protection  against  air
pollution  should  be  demonstrated  to  promote  the
public  to  understand  relevant  information  and
strengthen  risk  awareness.  Improve  the  public’s
awareness  of  the  health  hazards  of  air  pollution,  and
improve their knowledge reserve for taking timely and

effective health protection behaviors.
Third,  air  pollution health protection guidance and

recommendations  should  be  clarified  and  the
operability  should  be  improved  to  ensure  the
effectiveness  of  public  health protection.  According to
the air quality forecast or warning information released
by relevant  agencies  and combined with  the  results  of
some  pollution  prevention  studies,  different  air
pollution  health  protection  guidance  and  suggestions
could be given. These suggestions include formulating
reasonable  outdoor  travel  arrangements,  correctly
wearing  masks  that  filter  PM2.5  when  going  out,
opening  windows  for  indoor  ventilation  in  a  timely
and  appropriate  manner  according  to  air  quality
conditions, and using purification equipment to reduce
indoor PM2.5 concentrations when the air pollution is
heavy.  Through  the  above  practical  guidance  and
suggestions,  the  protection  skills  of  the  public  against
air pollution can be effectively improved.

Fourth,  it  is  necessary  to  strengthen  the  health
protection of sensitive groups who are vulnerable to air
pollution and reduce the exposure risk of the PM2.5 for
sensitive  groups.  For  vulnerable  groups  such  as
children,  the  elderly,  and  patients  with  cardiovascular
and  respiratory  diseases,  the  guidance  and
recommendations  for  individual  protection  should  be
targeted.  The  risk  prevention  awareness  and  self-
protection  ability  of  vulnerable  groups  should  be
improved  through  continuous  health  education  and
information dissemination in specific locations (such as
hospitals,  communities,  kindergartens,  nursing homes,
and schools).  This  will  enable  these  vulnerable  groups
to take correct protective measures based on air quality
forecasts and their own characteristics to reduce health
hazards caused by air pollution. 

Recommendations on Research for
Assessing Population Health Risks

of Air Pollution
At  this  stage,  studies  focusing  on  acute  health  risks

of the PM2.5 pollution in China have basically clarified
the  impact  of  short-term  exposure  to  PM2.5  on  local
residents’ health. Since the air pollution level in China
is  much  higher  than  the  air  quality  guidelines
recommended  by  the  WHO,  and  the  health
consequences  of  air  pollution  are  a  long-term  and
complex  process,  it  is  of  great  social  and  economic
benefits  to  continue  to  carry  out  in-depth  scientific
research  in  this  field.  Based  on  the  current  research
hotspots  and  technical  difficulties,  the  task  force
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recommends  that  the  related research on air  pollution
and population health should be strengthened from the
following six aspects during “the Fourteenth Five-Year
Plan” period.

First,  strengthen  the  research  on  air  pollutant
monitoring  technology  and  monitoring  system  based
on  the  promotion  of  accurate  exposure  assessment.
Combined with new technologies  and methods,  high-
density,  high-precision,  and  real-time  air  pollution
monitoring stations should be established;  research on
population  and  individual  exposure  assessment  and
monitoring  methods  should  be  strengthened,  and  the
research  and  development  of  exposure  model
simulation  and  source  apportionment  technologies
should be promoted. Based on the current monitoring
system,  the  refined  exposure  data  should  be  gradually
included,  and  the  types  of  air  pollutants  that  can  be
monitored  could  be  expanded.  This  enables
monitoring systems to include both large-scale regional
data and nationally mandated pollutant data, as well as
small-scale  individual  exposure  data  and key pollutant
data. The monitoring system can provide data support
for  subsequent  identification  and  traceability  of  key
toxic components of different types of air pollutants, as
well  as  carrying  out  research  on  air  pollution-related
health effects.

Second,  a  full-spectrum  identification  and
correlation  study  of  air  pollutants  and  health  effects
should be systematically carried out. Through targeted
and  non-targeted  high-throughput  screening
technologies,  the  analysis  of  the  PM2.5  pollution
spectrum  should  be  carried  out  in-depth,  and  the
identification  of  gaseous  pollutants  including  volatile
organic  compounds  (VOCs)  should  be  gradually
carried out. The acute and chronic health effects of air
pollution in China on different human systems and the
joint effects of the PM2.5 and the O3 should be further
explored. It should be concentrated on sorting out the
full  health  effect  spectrum  of  PM2.5  and  gaseous
pollutants  and  carrying  out  correlation  research  to
support further identification of typical health hazards
and  degrees  of  specific  substances  in  the  pollution
spectrum.

Third,  studies  on  key  toxic  components  and  early
biomarker  inventory  of  air  pollution  health  effects
should  be  carried  out.  Based  on  the  obtained  full
spectrum of  the  association  between air  pollution  and
health,  systematic  evaluation  and  toxicological
verification  studies  of  key  components  and  effect
biomarkers  should  be  carried  out  via  population
epidemiological  survey  methods.  Health  impact

assessment  indicators  should  be  established  to
dynamically  monitor  the  health  effects  of  the  PM2.5
and its components. And carried out stepwise and cross
validation  for  potential  key  components  and
biomarkers through research methods at different levels
of  evidence.  Key  components  and  early  health  effect
biomarkers  with  high  sensitivity  and  specificity  that
have been consistently validated in the cell, animal, and
human  studies  could  be  included  in  the  inventory.  It
can provide a scientific basis for the early detection and
early intervention of  the health effects  of  air  pollution
in China.

Fourth,  the  toxicity  mechanism  of  key  toxic
components of air pollutants should be explored. Based
on  multi-omics  technologies  such  as  genome,
epigenome,  transcriptome,  metabolome,  proteome,
and  gut  microbiome,  research  on  the  molecular
mechanism  of  the  impact  of  air  pollution  on  human
health should be systematically carried out. It can also
explain the relationship between key toxic components
of  air  pollutants  and  related  diseases,  key  toxic
pathways,  and  molecular  mechanisms,  in  order  to
provide  a  possible  toxicological  mechanism  basis  for
explaining the causal relationship between air pollution
and health effects in China.

Fifth,  research  on  health  risk  assessment  and  early
warning of combined exposure to air pollutants should
be carried out. In view of the characteristics of complex
ambient  pollution  in  China,  combined  with  high-
precision  exposure  assessment,  the  health  risk
characteristics  of  regional  air  pollution  should  be
accurately  quantified  to  reveal  regional  risk  levels  for
different  types  of  air  pollutants.  It  is  necessary  to
actively  carry  out  research  on  air  pollution  health  risk
early warning, further promote health risk intervention
research after the early warning is released, provide the
public with risk warning according to local conditions,
improve  public  health  service  capabilities,  and  reduce
health  risks  caused  by  air  pollution.  Research  on
disease  prevention  and  control  closely  related  to  air
pollution  should  be  strengthened  to  accurately  assess
and  estimate  the  health  benefits  of  the  population
under  air  pollution  reduction  measures,  and  to
promote  the  formulation  of  air  pollution  and  health
prevention  and  control  strategies  focusing  on  “health
risk control.”

Sixth, research on the health and economic benefits
of pollution reduction and carbon reduction under the
carbon neutrality and beautiful China strategies should
be  carried  out.  Economy,  energy,  and  emissions
scenarios  for  China  to  achieve  carbon  neutrality  and
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beautiful China strategies should be established. At the
same  time,  by  coupling  the  global  change  assessment
model,  global  climate  model,  and  regional
meteorological-chemical  model,  the  regional  air
pollution  and  climate  change  trends  in  China  under
different scenarios could be predicted. The acute health
impacts  of  air  pollution  from  various  emergencies,
including  the  COVID-19  pandemic  and  policy
responses,  should  be  assessed.  Combined  with  the
latest  epidemiological  evidence,  the  health  benefits
from  improved  air  quality  and  climate  change
mitigation could be quantified, and the comprehensive
economic costs of pollution and carbon reduction and
health co-benefits could be estimated. 

Conflicts of Interest:  No conflict of interest. 
Funding:  Supported  by  the  National  Key  Research

and  Development  Program  of  China  (No.
2016YFC0206500)  and  the  National  Research
Program  for  Key  Issues  in  Air  Pollution  Control  of
China (No. DQGG0401).
doi: 10.46234/ccdcw2022.078 
# Corresponding authors: Xiaoming Shi, shixm@chinacdc.cn; Guangcai
Duan, gcduan@zzu.edu.cn.
 
1 China CDC Key Laboratory of Environment and Population Health,
National  Institute  of  Environmental  Health,  Chinese  Center  for
Disease  Control  and  Prevention,  Beijing,  China;  2  School  of  Public
Health, Zhengzhou University, Zhengzhou, Henan, China.

Submitted: March 25, 2022; Accepted: April 13, 2022

REFERENCES

 GBD 2019 Risk Factors Collaborators. Global burden of 87 risk factors
in 204 countries and territories, 1990-2019: a systematic analysis for the
Global Burden of Disease Study 2019. Lancet 2020;396(10258):1223 −
49. http://dx.doi.org/10.1016/S0140-6736(20)30752-2.

1.

 Zanobetti  A,  Schwartz  J.  The  effect  of  fine  and  coarse  particulate  air
pollution  on  mortality:  a  national  analysis.  Environ  Health  Perspect
2009;117(6):898 − 903. http://dx.doi.org/10.1289/ehp.0800108.

2.

 Samoli  E,  Stafoggia  M,  Rodopoulou  S,  Ostro  B,  Declercq  C,
Alessandrini E, et al. Associations between fine and coarse particles and
mortality  in  mediterranean  cities:  results  from the  MED-PARTICLES
project.  Environ  Health  Perspect  2013;121(8):932 − 8.  http://dx.doi.
org/10.1289/ehp.1206124.

3.

 Atkinson  RW,  Kang  S,  Anderson  HR,  Mills  IC,  Walton  HA.
Epidemiological  time  series  studies  of  PM2.5  and  daily  mortality  and
hospital  admissions:  a  systematic  review  and  meta-analysis.  Thorax
2014;69(7):660 − 5. http://dx.doi.org/10.1136/thoraxjnl-2013-204492.

4.

 Ministry  of  Environmental  Protection  of  the  People's  Republic  of
China. Report on the state of the environment in China 2013. Beijing:
Ministry  of  Environmental  Protection  of  the  People’s  Republic  of
China;  2014.  https://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/201605/
P020160526564151497131.pdf. (In Chinese).

5.

 Ministry  of  Ecology  and  Environment  of  the  People’s  Republic  of
China.  Report  on  the  state  of  the  ecology  and  environment  in  China
2020.  Beijing:  Ministry  of  Ecology  and Environment  of  the  People’s
Republic  of  China;  2021.  https://www.mee.gov.cn/hjzl/sthjzk/
zghjzkgb/202105/P020210526572756184785.pdf. (In Chinese).

6.

 Ministry  of Ecology  and  Environment  of  the  People's  Republic  of
China.  Report  on  the  state  of  the  ecology  and  environment  in  China
2017.  Beijing:  Ministry  of  Ecology  and Environment  of  the  People’s
Republic of China; 2018. http://www.cnemc.cn/jcbg/zghjzkgb/201905/
P020190529486578089674.pdf. (In Chinese).

7.

 Zhang  Q,  Zheng  YX,  Tong  D,  Shao  M,  Wang  SX,  Zhang  YH,  et  al.
Drivers  of  improved  PM2.5  air  quality  in  China  from  2013  to  2017.
Proc Natl Acad Sci USA 2019;116(49):24463 − 9. http://dx.doi.org/10.
1073/pnas.1907956116.

8.

 Health  Effects  Institute.  State  of  Global  Air  2020:  a  special  report  on
global  exposure  to  air  pollution  and  its  health  impacts.  Boston,  MA:
Health  Effects  Institute;  2020.  https://repository.gheli.harvard.edu/
repository/12947/.

9.

 Chen  RJ,  Yin  P,  Meng  X,  Liu  C,  Wang  LJ,  Xu  XH,  et  al.  Fine
particulate  air  pollution  and  daily  mortality  A  nationwide  analysis  in
272  Chinese  cities. Am J  Respir  Crit  Care  Med 2017;196(1):73 − 81.
http://dx.doi.org/10.1164/rccm.201609-1862OC.

10.

 Chen C,  Li  TT, Wang LJ,  Qi  JL,  Shi  WY, He MZ, et  al.  Short-term
exposure  to  fine  particles  and  risk  of  cause-specific  mortality—China,
2013-2018. China CDC Wkly 2019;1(1):8 − 12. http://dx.doi.org/10.
46234/ccdcw2019.004.

11.

 Tian  F,  Qi  JL,  Wang  LJ,  Yin  P,  Qian  ZM,  Ruan  ZL,  et  al.
Differentiating  the  effects  of  ambient  fine  and  coarse  particles  on
mortality from cardiopulmonary diseases: a nationwide multicity study.
Environ  Int  2020;145:106096.  http://dx.doi.org/10.1016/j.envint.
2020.106096.

12.

 Liu C, Chen RJ, Sera F, Vicedo-Cabrera AM, Guo YM, Tong SL, et al.
Ambient  particulate  air  pollution  and  daily  mortality  in  652  cities. N
Engl  J  Med  2019;381(8):705 − 15.  http://dx.doi.org/10.1056/
NEJMoa1817364.

13.

 Li TT, Guo YM, Liu Y, Wang JN, Wang Q, Sun ZY, et al. Estimating
mortality  burden attributable  to  short-term PM2.5  exposure:  a  national
observational  study  in  China.  Environ  Int  2019;125:245 − 51.  http://
dx.doi.org/10.1016/j.envint.2019.01.073.

14.

 Gu JS, Shi Y, Zhu YF, Chen N, Wang HB, Zhang ZJ, et al. Ambient
air  pollution  and  cause-specific  risk  of  hospital  admission  in  China:  a
nationwide time-series study. PLoS Med 2020;17(8):e1003188. http://
dx.doi.org/10.1371/journal.pmed.1003188.

15.

 Tian  YH,  Liu  H,  Wu  YQ,  Si  YQ,  Li  M,  Wu  Y,  et  al.  Ambient
particulate  matter  pollution  and  adult  hospital  admissions  for
pneumonia  in  urban  China:  a  national  time  series  analysis  for  2014
through 2017. PLoS Med 2019;16(12):e1003010. http://dx.doi.org/10.
1371/journal.pmed.1003010.

16.

 Cao  DW,  Li  DY,  Wu YL,  Qian  ZM,  Liu  Y,  Liu  QY,  et  al.  Ambient
PM2.5  exposure  and  hospital  cost  and  length  of  hospital  stay  for
respiratory  diseases  in  11  cities  in  Shanxi  province,  China.  Thorax
2021;76(8):815 − 20.  http://dx.doi.org/10.1136/thoraxjnl-2020-
215838.

17.

 Tian  YH,  Liu  H,  Wu YQ,  Si  YQ,  Song  J,  Cao  YY,  et  al.  Association
between ambient fine particulate pollution and hospital  admissions for
cause  specific  cardiovascular  disease:  time  series  study  in  184  major
Chinese  cities.  BMJ  2019;367:l6572.  http://dx.doi.org/10.1136/bmj.
l6572.

18.

 Gu JS,  Shi  Y,  Chen  N,  Wang  HB,  Chen  T.  Ambient  fine  particulate
matter  and  hospital  admissions  for  ischemic  and  hemorrhagic  strokes
and transient  ischemic  attack  in  248 Chinese  cities. Sci  Total  Environ
2020;715:136896. http://dx.doi.org/10.1016/j.scitotenv.2020.

19.

 Lu  F,  Li  CC,  Li  YW,  Guo  MN.  Meta-analysis  of  the  association
between  the  short-term  exposure  to  fine  particular  matter  and  the
morbidity  of  ischemic  heart  disease.  Chin  J  Prev  Med
2019;53(11):1152 − 7.  http://dx.doi.org/10.3760/cma.j.issn.
0253?9624.2019.11.015.  (In Chinese).

20.

 Chen  RJ,  Zhao  ZH,  Kan  HD.  Heavy  smog  and  hospital  visits  in
Beijing,  China.  Am  J  Respir  Crit  Care  Med  2013;188(9):1170 − 1.
http://dx.doi.org/10.1164/rccm.201304-0678LE.

21.

 Zhang  Y,  Ma  RM,  Ban  J,  Lu  F,  Guo  MN,  Zhang  Y,  et  al.  Risk  of
cardiovascular  hospital  admission  after  exposure  to  fine  particulate
pollution. J Am Coll Cardiol 2021;78(10):1015 − 24. http://dx.doi.org/

22.

China CDC Weekly

Chinese Center for Disease Control and Prevention CCDC Weekly / Vol. 4 / No. 16 339

https://doi.org/10.46234/ccdcw2022.078
https://doi.org/10.1016/S0140-6736(20)30752-2
https://doi.org/10.1016/S0140-6736(20)30752-2
https://doi.org/10.1289/ehp.0800108
https://doi.org/10.1289/ehp.0800108
https://doi.org/10.1289/ehp.1206124
https://doi.org/10.1289/ehp.1206124
https://doi.org/10.1289/ehp.1206124
https://doi.org/10.1136/thoraxjnl-2013-204492
https://doi.org/10.1136/thoraxjnl-2013-204492
https://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/201605/P020160526564151497131.pdf
https://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/201605/P020160526564151497131.pdf
https://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/202105/P020210526572756184785.pdf
https://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/202105/P020210526572756184785.pdf
http://www.cnemc.cn/jcbg/zghjzkgb/201905/P020190529486578089674.pdf
http://www.cnemc.cn/jcbg/zghjzkgb/201905/P020190529486578089674.pdf
https://doi.org/10.1073/pnas.1907956116
https://doi.org/10.1073/pnas.1907956116
https://doi.org/10.1073/pnas.1907956116
https://repository.gheli.harvard.edu/repository/12947/
https://repository.gheli.harvard.edu/repository/12947/
https://doi.org/10.1164/rccm.201609-1862OC
https://doi.org/10.1164/rccm.201609-1862OC
https://doi.org/10.46234/ccdcw2019.004
https://doi.org/10.46234/ccdcw2019.004
https://doi.org/10.46234/ccdcw2019.004
https://doi.org/10.1016/j.envint.2020.106096
https://doi.org/10.1016/j.envint.2020.106096
https://doi.org/10.1016/j.envint.2020.106096
https://doi.org/10.1056/NEJMoa1817364
https://doi.org/10.1056/NEJMoa1817364
https://doi.org/10.1056/NEJMoa1817364
https://doi.org/10.1056/NEJMoa1817364
https://doi.org/10.1016/j.envint.2019.01.073
https://doi.org/10.1016/j.envint.2019.01.073
https://doi.org/10.1016/j.envint.2019.01.073
https://doi.org/10.1371/journal.pmed.1003188
https://doi.org/10.1371/journal.pmed.1003188
https://doi.org/10.1371/journal.pmed.1003188
https://doi.org/10.1371/journal.pmed.1003010
https://doi.org/10.1371/journal.pmed.1003010
https://doi.org/10.1371/journal.pmed.1003010
https://doi.org/10.1136/thoraxjnl-2020-215838
https://doi.org/10.1136/thoraxjnl-2020-215838
https://doi.org/10.1136/thoraxjnl-2020-215838
https://doi.org/10.1136/bmj.l6572
https://doi.org/10.1136/bmj.l6572
https://doi.org/10.1136/bmj.l6572
https://doi.org/10.1016/j.scitotenv.2020
https://doi.org/10.1016/j.scitotenv.2020
https://doi.org/10.3760/cma.j.issn.0253?9624.2019.11.015
https://doi.org/10.3760/cma.j.issn.0253?9624.2019.11.015
https://doi.org/10.3760/cma.j.issn.0253?9624.2019.11.015
https://doi.org/10.1164/rccm.201304-0678LE
https://doi.org/10.1164/rccm.201304-0678LE
https://doi.org/10.1016/j.jacc.2021.06.043
https://doi.org/10.1016/j.jacc.2021.06.043
https://doi.org/10.46234/ccdcw2022.078
https://doi.org/10.1016/S0140-6736(20)30752-2
https://doi.org/10.1016/S0140-6736(20)30752-2
https://doi.org/10.1289/ehp.0800108
https://doi.org/10.1289/ehp.0800108
https://doi.org/10.1289/ehp.1206124
https://doi.org/10.1289/ehp.1206124
https://doi.org/10.1289/ehp.1206124
https://doi.org/10.1136/thoraxjnl-2013-204492
https://doi.org/10.1136/thoraxjnl-2013-204492
https://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/201605/P020160526564151497131.pdf
https://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/201605/P020160526564151497131.pdf
https://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/202105/P020210526572756184785.pdf
https://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/202105/P020210526572756184785.pdf
http://www.cnemc.cn/jcbg/zghjzkgb/201905/P020190529486578089674.pdf
http://www.cnemc.cn/jcbg/zghjzkgb/201905/P020190529486578089674.pdf
https://doi.org/10.1073/pnas.1907956116
https://doi.org/10.1073/pnas.1907956116
https://doi.org/10.1073/pnas.1907956116
https://repository.gheli.harvard.edu/repository/12947/
https://repository.gheli.harvard.edu/repository/12947/
https://doi.org/10.1164/rccm.201609-1862OC
https://doi.org/10.1164/rccm.201609-1862OC
https://doi.org/10.46234/ccdcw2019.004
https://doi.org/10.46234/ccdcw2019.004
https://doi.org/10.46234/ccdcw2019.004
https://doi.org/10.1016/j.envint.2020.106096
https://doi.org/10.1016/j.envint.2020.106096
https://doi.org/10.1016/j.envint.2020.106096
https://doi.org/10.1056/NEJMoa1817364
https://doi.org/10.1056/NEJMoa1817364
https://doi.org/10.1056/NEJMoa1817364
https://doi.org/10.1056/NEJMoa1817364
https://doi.org/10.1016/j.envint.2019.01.073
https://doi.org/10.1016/j.envint.2019.01.073
https://doi.org/10.1016/j.envint.2019.01.073
https://doi.org/10.1371/journal.pmed.1003188
https://doi.org/10.1371/journal.pmed.1003188
https://doi.org/10.1371/journal.pmed.1003188
https://doi.org/10.1371/journal.pmed.1003010
https://doi.org/10.1371/journal.pmed.1003010
https://doi.org/10.1371/journal.pmed.1003010
https://doi.org/10.1136/thoraxjnl-2020-215838
https://doi.org/10.1136/thoraxjnl-2020-215838
https://doi.org/10.1136/thoraxjnl-2020-215838
https://doi.org/10.1136/bmj.l6572
https://doi.org/10.1136/bmj.l6572
https://doi.org/10.1136/bmj.l6572
https://doi.org/10.1016/j.scitotenv.2020
https://doi.org/10.1016/j.scitotenv.2020
https://doi.org/10.3760/cma.j.issn.0253?9624.2019.11.015
https://doi.org/10.3760/cma.j.issn.0253?9624.2019.11.015
https://doi.org/10.3760/cma.j.issn.0253?9624.2019.11.015
https://doi.org/10.1164/rccm.201304-0678LE
https://doi.org/10.1164/rccm.201304-0678LE
https://doi.org/10.1016/j.jacc.2021.06.043
https://doi.org/10.1016/j.jacc.2021.06.043


10.1016/j.jacc.2021.06.043.
 Chen C, Zhong Y, Liu YY, Lu F, Guo MN, Fang JL, et al.  Impact of
persistent  high  ambient  fine  particulate  matters  exposures  on
hospitalization  in  Beijing  from  2013  to  2018.  Res  Environ  Sci
2021;34(1):213 − 9.  http://dx.doi.org/10.13198/j.issn.1001-6929.
2020.11.16.  (In Chinese).

23.

 Cao  JJ,  Xu  HM,  Xu  Q,  Chen  BH,  Kan  HD.  Fine  particulate  matter
constituents  and  cardiopulmonary  mortality  in  a  heavily  polluted
Chinese city. Environ Health Perspect 2012;120(3):373 − 8. http://dx.
doi.org/10.1289/ehp.1103671.

24.

 Chen  C,  Xu  DD,  He  MZ,  Wang  YW,  Du  ZH,  Du  YJ,  et  al.  Fine
particle  constituents  and  mortality:  a  time-series  study  in  Beijing,
China.  Environ  Sci  Technol  2018;52(19):11378 − 86.  http://dx.doi.
org/10.1021/acs.est.8b00424.

25.

 Yang  J,  Zhou  MG,  Li  MM,  Yin  P,  Hu  JL,  Zhang  CL,  et  al.  Fine
particulate matter constituents and cause-specific mortality in China: a
nationwide modelling study. Environ Int 2020;143:105927. http://dx.
doi.org/10.1016/j.envint.2020.105927.

26.

 Zhang  QL,  Wang  WD,  Niu  Y,  Xia  YJ,  Lei  XN,  Huo HT,  et  al.  The
effects of fine particulate matter constituents on exhaled nitric oxide and
DNA  methylation  in  the  arginase-nitric  oxide  synthase  pathway.
Environ  Int  2019;131:105019.  http://dx.doi.org/10.1016/j.envint.
2019.105019.

27.

 Lei XN, Chen RJ, Wang CC, Shi JJ, Zhao ZH, Li WH, et al. Personal
fine  particulate  matter  constituents,  increased  systemic  inflammation,
and  the  role  of  DNA  hypomethylation.  Environ  Sci  Technol
2019;53(16):9837 − 44. http://dx.doi.org/10.1021/acs.est.9b02305.

28.

 Niu Y, Chen RJ, Xia YJ, Cai J, Ying ZK, Lin ZJ, et al. Fine particulate
matter constituents and stress hormones in the hypothalamus-pituitary-
adrenal  axis.  Environ  Int  2018;119:186 − 92.  http://dx.doi.org/10.
1016/j.envint.2018.06.027.

29.

 Cui  XX,  Li  Z,  Teng  YB,  Barkjohn  KK,  Norris  CL,  Fang  L,  et  al.
Association between bedroom particulate  matter  filtration and changes
in  airway  pathophysiology  in  children  with  asthma.  JAMA  Pediatr
2020;174(6):533 − 42.  http://dx.doi.org/10.1001/jamapediatrics.2020.
0140.

30.

 Li HC, Cai J, Chen RJ, Zhao ZH, Ying ZK, Wang L, et al. Particulate
matter exposure and stress hormone levels: a randomized, double-blind,
crossover  trial  of  air  purification.  Circulation  2017;136(7):618 − 27.
http://dx.doi.org/10.1161/CIRCULATIONAHA.116.026796.

31.

 Liu  C,  Cai  J,  Qiao  LP,  Wang  HL,  Xu  WX,  Li  HC,  et  al.  The  Acute
effects  of  fine  particulate  matter  constituents  on  blood  inflammation
and  coagulation.  Environ  Sci  Technol  2017;51(14):8128 − 37.  http://
dx.doi.org/10.1021/acs.est.7b00312.

32.

 Xu HB, Wang T, Liu SC, Brook RD, Feng BH, Zhao Q, et al. Extreme
levels  of  air  pollution  associated  with  changes  in  biomarkers  of
atherosclerotic  plaque  vulnerability  and  thrombogenicity  in  healthy
adults:  the  Beijing  AIRCHD  study.  Circ  Res  2019;124(5):e30 − 43.
http://dx.doi.org/10.1161/CIRCRESAHA.118.313948.

33.

 Fan YF,  Han YQ, Liu YJ,  Wang YW, Chen X,  Chen W, et  al.  Biases
Arising  from  the  use  of  ambient  measurements  to  represent  personal
exposure  in  evaluating  inflammatory  responses  to  fine  particulate
matter:  evidence  from  a  panel  study  in  Beijing,  China.  Environ  Sci
Technol  Lett  2020;7(10):746 − 52.  http://dx.doi.org/10.1021/acs.
estlett.0c00478.

34.

 Chen  RJ,  Zhao  A,  Chen  HL,  Zhao  ZH,  Cai  J,  Wang  CC,  et  al.
Cardiopulmonary  benefits  of  reducing  indoor  particles  of  outdoor
origin: a randomized, double-blind crossover trial of air purifiers. J Am
Coll  Cardiol  2015;65(21):2279 − 87.  http://dx.doi.org/10.1016/j.jacc.
2015.03.553.

35.

 Rich  Q,  Kipen  HM,  Huang  W,  Wang  GF,  Wang  YD,  Zhu  P,  et  al.
Association  between  changes  in  air  pollution  levels  during  the  Beijing
Olympics  and  biomarkers  of  inflammation  and  thrombosis  in  healthy
young  adults.  JAMA  2012;307(19):2068 − 78.  http://dx.doi.org/10.
1001/jama.2012.3488.

36.

 Li  HC,  Chen  RJ,  Cai  J,  Cui  X,  Huang  N,  Kan  HD.  Short-term
exposure  to  fine  particulate  air  pollution  and  genome-wide  DNA
methylation:  a  randomized,  double-blind,  crossover  trial.  Environ  Int

37.

2018;120:130 − 6. http://dx.doi.org/10.1016/j.envint.2018.07.041.
 Chen RJ, Li HC, Cai J, Wang CC, Lin ZJ, Liu C, et al. Fine particulate
air  pollution  and  the  expression  of  microRNAs  and  circulating
cytokines relevant to inflammation, Coagulation, and Vasoconstriction.
Environ  Health  Perspect  2018;126(1):017007.  http://dx.doi.org/10.
1289/EHP1447.

38.

 Sun YY, Huang J, Zhao Y, Xue LJ, Li HY, Liu QSJ, et al. Inflammatory
cytokines  and  DNA  methylation  in  healthy  young  adults  exposure  to
fine particulate matter: a randomized, double-blind crossover trial of air
filtration.  J  Hazard  Mater  2020;398:122817.  http://dx.doi.org/10.
1016/j.jhazmat.2020.122817.

39.

 Fang  JL,  Tang  S,  Zhou  JW,  Zhou  JY,  Cui  LL,  Kong  FL,  et  al.
Associations between personal PM2.5 elemental constituents and decline
of  kidney  function  in  older  individuals:  the  China  BAPE  Study.
Environ  Sci  Technol  2020;54(20):13167 − 74.  http://dx.doi.org/10.
1021/acs.est.0c04051.

40.

 Huang XJ, Zhang B, Wu L, Zhou Y, Li YG, Mao X, et al. Association
of exposure to ambient fine particulate matter constituents with semen
quality  among  men  attending  a  fertility  center  in  China.  Environ  Sci
Technol  2019;53(10):5957 − 65.  http://dx.doi.org/10.1021/acs.est.
8b06942.

41.

 Chen  LY,  Ho  C.  Incense  burning  during  pregnancy  and  birth  weight
and  head  circumference  among  term  births:  the  Taiwan  birth  cohort
study.  Environ  Health  Perspect  2016;124(9):1487 − 92.  http://dx.doi.
org/10.1289/ehp.1509922.

42.

 Hua J, Yin Y, Peng L, Du L, Geng FH, Zhu LP. Acute effects of black
carbon and PM2.5 on children asthma admissions: a time-series study in
a Chinese city. Sci Total Environ 2014;481:433 − 8. http://dx.doi.org/
10.1016/j.scitotenv.2014.02.070.

43.

 Cong  XW,  Xu  XJ,  Xu  L,  Li  MH,  Xu  C,  Qin  QL,  et  al.  Elevated
biomarkers  of  sympatho-adrenomedullary  activity  linked to  e-waste  air
pollutant  exposure  in  preschool  children. Environ  Int 2018;115:117 −
26. http://dx.doi.org/10.1016/j.envint.2018.03.011.

44.

 He  LC,  Li  Z,  Teng  YB,  Cui  XX,  Barkjohn  KK,  Norris  C,  et  al.
Associations  of  personal  exposure  to  air  pollutants  with  airway
mechanics  in  children  with  asthma.  Environ  Int  2020;138:105647.
http://dx.doi.org/10.1016/j.envint.2020.105647.

45.

 Liu  S,  Zhou  YM,  Liu  SX,  Chen  XY,  Zou  WF,  Zhao  DX,  et  al.
Association between exposure to ambient particulate matter and chronic
obstructive  pulmonary  disease:  results  from  a  cross-sectional  study  in
China.  Thorax  2017;72(9):788 − 95.  http://dx.doi.org/10.1136/
thoraxjnl-2016-208910.

46.

 Lin ZN, Wang XY, Liu FC, Yang XL, Liu Q, Xing XL, et al. Impacts of
short-term  fine  particulate  matter  exposure  on  blood  pressure  were
modified  by  control  status  and  treatment  in  hypertensive  patients.
Hypertension  2021;78(1):174 − 83.  http://dx.doi.org/10.1161/
HYPERTENSIONAHA.120.16611.

47.

 Qi JL, Ruan ZL, Qian ZM, Yin P, Yang Y, Acharya BK, et al. Potential
gains  in  life  expectancy  by  attaining  daily  ambient  fine  particulate
matter pollution standards in mainland China: a modeling study based
on  nationwide  data.  PLoS  Med  2020;17(1):e1003027.  http://dx.doi.
org/10.1371/journal.pmed.1003027.

48.

 Ding D, Xing J, Wang SX, Liu KY, Hao JM. Estimated contributions
of  emissions  controls,  meteorological  factors,  population  growth,  and
changes in baseline mortality to reductions in ambient PM2.5 and PM2.5-
related  mortality  in  China,  2013-2017.  Environ  Health  Perspect
2019;127(6):67009. http://dx.doi.org/10.1289/EHP4157.

49.

 Huang  J,  Pan  XC,  Guo  XB,  Li  GX.  Health  impact  of  China’s  Air
Pollution  Prevention  and  Control  Action  Plan:  an  analysis  of  national
air  quality  monitoring  and  mortality  data.  Lancet  Planet  Health
2018;2(7):E313 − 23.  http://dx.doi.org/10.1016/S2542-5196(18)
30141-4.

50.

 Zhao  B,  Zheng  HT,  Wang  SX,  Smith  KR,  Xu  L,  Aunan  K,  et  al.
Change  in  household  fuels  dominates  the  decrease  in  PM2.5  exposure
and  premature  mortality  in  China  in  2005-2015.  Proc  Natl  Acad  Sci
USA  2018;115(49):12401 − 6.  http://dx.doi.org/10.1073/pnas.
1812955115.

51.

 Xing J,  Lu X, Wang SX, Wang T, Ding D, Yu S, et al.  The quest for52.

China CDC Weekly

340 CCDC Weekly / Vol. 4 / No. 16 Chinese Center for Disease Control and Prevention

https://doi.org/10.1016/j.jacc.2021.06.043
https://doi.org/10.13198/j.issn.1001-6929.2020.11.16
https://doi.org/10.13198/j.issn.1001-6929.2020.11.16
https://doi.org/10.13198/j.issn.1001-6929.2020.11.16
https://doi.org/10.1289/ehp.1103671
https://doi.org/10.1289/ehp.1103671
https://doi.org/10.1289/ehp.1103671
https://doi.org/10.1021/acs.est.8b00424
https://doi.org/10.1021/acs.est.8b00424
https://doi.org/10.1021/acs.est.8b00424
https://doi.org/10.1016/j.envint.2020.105927
https://doi.org/10.1016/j.envint.2020.105927
https://doi.org/10.1016/j.envint.2020.105927
https://doi.org/10.1016/j.envint.2019.105019
https://doi.org/10.1016/j.envint.2019.105019
https://doi.org/10.1016/j.envint.2019.105019
https://doi.org/10.1021/acs.est.9b02305
https://doi.org/10.1021/acs.est.9b02305
https://doi.org/10.1016/j.envint.2018.06.027
https://doi.org/10.1016/j.envint.2018.06.027
https://doi.org/10.1016/j.envint.2018.06.027
https://doi.org/10.1001/jamapediatrics.2020.0140
https://doi.org/10.1001/jamapediatrics.2020.0140
https://doi.org/10.1001/jamapediatrics.2020.0140
https://doi.org/10.1161/CIRCULATIONAHA.116.026796
https://doi.org/10.1161/CIRCULATIONAHA.116.026796
https://doi.org/10.1021/acs.est.7b00312
https://doi.org/10.1021/acs.est.7b00312
https://doi.org/10.1021/acs.est.7b00312
https://doi.org/10.1161/CIRCRESAHA.118.313948
https://doi.org/10.1161/CIRCRESAHA.118.313948
https://doi.org/10.1021/acs.estlett.0c00478
https://doi.org/10.1021/acs.estlett.0c00478
https://doi.org/10.1021/acs.estlett.0c00478
https://doi.org/10.1021/acs.estlett.0c00478
https://doi.org/10.1016/j.jacc.2015.03.553
https://doi.org/10.1016/j.jacc.2015.03.553
https://doi.org/10.1016/j.jacc.2015.03.553
https://doi.org/10.1016/j.jacc.2015.03.553
https://doi.org/10.1001/jama.2012.3488
https://doi.org/10.1001/jama.2012.3488
https://doi.org/10.1001/jama.2012.3488
https://doi.org/10.1016/j.envint.2018.07.041
https://doi.org/10.1016/j.envint.2018.07.041
https://doi.org/10.1289/EHP1447
https://doi.org/10.1289/EHP1447
https://doi.org/10.1289/EHP1447
https://doi.org/10.1016/j.jhazmat.2020.122817
https://doi.org/10.1016/j.jhazmat.2020.122817
https://doi.org/10.1016/j.jhazmat.2020.122817
https://doi.org/10.1021/acs.est.0c04051
https://doi.org/10.1021/acs.est.0c04051
https://doi.org/10.1021/acs.est.0c04051
https://doi.org/10.1021/acs.est.8b06942
https://doi.org/10.1021/acs.est.8b06942
https://doi.org/10.1021/acs.est.8b06942
https://doi.org/10.1021/acs.est.8b06942
https://doi.org/10.1289/ehp.1509922
https://doi.org/10.1289/ehp.1509922
https://doi.org/10.1289/ehp.1509922
https://doi.org/10.1016/j.scitotenv.2014.02.070
https://doi.org/10.1016/j.scitotenv.2014.02.070
https://doi.org/10.1016/j.scitotenv.2014.02.070
https://doi.org/10.1016/j.envint.2018.03.011
https://doi.org/10.1016/j.envint.2018.03.011
https://doi.org/10.1016/j.envint.2020.105647
https://doi.org/10.1016/j.envint.2020.105647
https://doi.org/10.1136/thoraxjnl-2016-208910
https://doi.org/10.1136/thoraxjnl-2016-208910
https://doi.org/10.1136/thoraxjnl-2016-208910
https://doi.org/10.1161/HYPERTENSIONAHA.120.16611
https://doi.org/10.1161/HYPERTENSIONAHA.120.16611
https://doi.org/10.1161/HYPERTENSIONAHA.120.16611
https://doi.org/10.1371/journal.pmed.1003027
https://doi.org/10.1371/journal.pmed.1003027
https://doi.org/10.1371/journal.pmed.1003027
https://doi.org/10.1289/EHP4157
https://doi.org/10.1289/EHP4157
https://doi.org/10.1016/S2542-5196(18)30141-4
https://doi.org/10.1016/S2542-5196(18)30141-4
https://doi.org/10.1016/S2542-5196(18)30141-4
https://doi.org/10.1073/pnas.1812955115
https://doi.org/10.1073/pnas.1812955115
https://doi.org/10.1073/pnas.1812955115
https://doi.org/10.1073/pnas.1812955115
https://doi.org/10.1016/j.jacc.2021.06.043
https://doi.org/10.13198/j.issn.1001-6929.2020.11.16
https://doi.org/10.13198/j.issn.1001-6929.2020.11.16
https://doi.org/10.13198/j.issn.1001-6929.2020.11.16
https://doi.org/10.1289/ehp.1103671
https://doi.org/10.1289/ehp.1103671
https://doi.org/10.1289/ehp.1103671
https://doi.org/10.1021/acs.est.8b00424
https://doi.org/10.1021/acs.est.8b00424
https://doi.org/10.1021/acs.est.8b00424
https://doi.org/10.1016/j.envint.2020.105927
https://doi.org/10.1016/j.envint.2020.105927
https://doi.org/10.1016/j.envint.2020.105927
https://doi.org/10.1016/j.envint.2019.105019
https://doi.org/10.1016/j.envint.2019.105019
https://doi.org/10.1016/j.envint.2019.105019
https://doi.org/10.1021/acs.est.9b02305
https://doi.org/10.1021/acs.est.9b02305
https://doi.org/10.1016/j.envint.2018.06.027
https://doi.org/10.1016/j.envint.2018.06.027
https://doi.org/10.1016/j.envint.2018.06.027
https://doi.org/10.1001/jamapediatrics.2020.0140
https://doi.org/10.1001/jamapediatrics.2020.0140
https://doi.org/10.1001/jamapediatrics.2020.0140
https://doi.org/10.1161/CIRCULATIONAHA.116.026796
https://doi.org/10.1161/CIRCULATIONAHA.116.026796
https://doi.org/10.1021/acs.est.7b00312
https://doi.org/10.1021/acs.est.7b00312
https://doi.org/10.1021/acs.est.7b00312
https://doi.org/10.1161/CIRCRESAHA.118.313948
https://doi.org/10.1161/CIRCRESAHA.118.313948
https://doi.org/10.1021/acs.estlett.0c00478
https://doi.org/10.1021/acs.estlett.0c00478
https://doi.org/10.1021/acs.estlett.0c00478
https://doi.org/10.1021/acs.estlett.0c00478
https://doi.org/10.1016/j.jacc.2015.03.553
https://doi.org/10.1016/j.jacc.2015.03.553
https://doi.org/10.1016/j.jacc.2015.03.553
https://doi.org/10.1016/j.jacc.2015.03.553
https://doi.org/10.1001/jama.2012.3488
https://doi.org/10.1001/jama.2012.3488
https://doi.org/10.1001/jama.2012.3488
https://doi.org/10.1016/j.envint.2018.07.041
https://doi.org/10.1016/j.envint.2018.07.041
https://doi.org/10.1289/EHP1447
https://doi.org/10.1289/EHP1447
https://doi.org/10.1289/EHP1447
https://doi.org/10.1016/j.jhazmat.2020.122817
https://doi.org/10.1016/j.jhazmat.2020.122817
https://doi.org/10.1016/j.jhazmat.2020.122817
https://doi.org/10.1021/acs.est.0c04051
https://doi.org/10.1021/acs.est.0c04051
https://doi.org/10.1021/acs.est.0c04051
https://doi.org/10.1021/acs.est.8b06942
https://doi.org/10.1021/acs.est.8b06942
https://doi.org/10.1021/acs.est.8b06942
https://doi.org/10.1021/acs.est.8b06942
https://doi.org/10.1289/ehp.1509922
https://doi.org/10.1289/ehp.1509922
https://doi.org/10.1289/ehp.1509922
https://doi.org/10.1016/j.scitotenv.2014.02.070
https://doi.org/10.1016/j.scitotenv.2014.02.070
https://doi.org/10.1016/j.scitotenv.2014.02.070
https://doi.org/10.1016/j.envint.2018.03.011
https://doi.org/10.1016/j.envint.2018.03.011
https://doi.org/10.1016/j.envint.2020.105647
https://doi.org/10.1016/j.envint.2020.105647
https://doi.org/10.1136/thoraxjnl-2016-208910
https://doi.org/10.1136/thoraxjnl-2016-208910
https://doi.org/10.1136/thoraxjnl-2016-208910
https://doi.org/10.1161/HYPERTENSIONAHA.120.16611
https://doi.org/10.1161/HYPERTENSIONAHA.120.16611
https://doi.org/10.1161/HYPERTENSIONAHA.120.16611
https://doi.org/10.1371/journal.pmed.1003027
https://doi.org/10.1371/journal.pmed.1003027
https://doi.org/10.1371/journal.pmed.1003027
https://doi.org/10.1289/EHP4157
https://doi.org/10.1289/EHP4157
https://doi.org/10.1016/S2542-5196(18)30141-4
https://doi.org/10.1016/S2542-5196(18)30141-4
https://doi.org/10.1016/S2542-5196(18)30141-4
https://doi.org/10.1073/pnas.1812955115
https://doi.org/10.1073/pnas.1812955115
https://doi.org/10.1073/pnas.1812955115
https://doi.org/10.1073/pnas.1812955115


improved  air  quality  may  push  China  to  continue  its  CO2  reduction
beyond  the  Paris  Commitment.  Proc  Natl  Acad  Sci  USA
2020;117(47):29535 − 42.  http://dx.doi.org/10.1073/pnas.2013297
117.
 Hou Q, An XQ, Wang Y, Guo JP. An evaluation of resident exposure
to  respirable  particulate  matter  and  health  economic  loss  in  Beijing
during  Beijing  2008  Olympic  Games.  Sci  Total  Environ
2010;408(19):4026 − 32.  http://dx.doi.org/10.1016/j.scitotenv.2009.
12.030.

53.

 Lin  HL,  Liu  T,  Fang  F,  Xiao  JP,  Zeng  WL,  Li  X,  et  al.  Mortality
benefits  of  vigorous  air  quality  improvement  interventions  during  the
periods  of  APEC  Blue  and  Parade  Blue  in  Beijing,  China.  Environ
Pollut  2017;220:222 − 7.  http://dx.doi.org/10.1016/j.envpol.2016.09.
041.

54.

 Guan TJ,  Hu SH, Han YQ, Wang RY,  Zhu QD, Hu YQ, et  al.  The
effects  of  facemasks  on  airway  inflammation  and  endothelial
dysfunction  in  healthy  young  adults:  a  double-blind,  randomized,
controlled crossover study. Part Fibre Toxicol 2018;15(1):30. http://dx.
doi.org/10.1186/s12989-018-0266-0.

55.

 Shi  JJ,  Lin  ZJ,  Chen  RJ,  Wang  CC,  Yang  CY,  Lin  JY,  et  al.
Cardiovascular  benefits  of  wearing  particulate-filtering  respirators:  a
randomized crossover trial. Environ Health Perspect 2017;125(2):175 −
80. http://dx.doi.org/10.1289/EHP73.

56.

 Liu S, Huang QY, Wu Y, Song Y, Dong W, Chu MT, et al. Metabolic
linkages  between  indoor  negative  air  ions,  particulate  matter  and
cardiorespiratory function:  a  randomized,  double-blind crossover study
among  children.  Environ  Int  2020;138:105663.  http://dx.doi.org/10.
1016/j.envint.2020.105663.

57.

China CDC Weekly

Chinese Center for Disease Control and Prevention CCDC Weekly / Vol. 4 / No. 16 341

https://doi.org/10.1073/pnas.2013297117
https://doi.org/10.1073/pnas.2013297117
https://doi.org/10.1073/pnas.2013297117
https://doi.org/10.1016/j.scitotenv.2009.12.030
https://doi.org/10.1016/j.scitotenv.2009.12.030
https://doi.org/10.1016/j.scitotenv.2009.12.030
https://doi.org/10.1016/j.envpol.2016.09.041
https://doi.org/10.1016/j.envpol.2016.09.041
https://doi.org/10.1016/j.envpol.2016.09.041
https://doi.org/10.1016/j.envpol.2016.09.041
https://doi.org/10.1186/s12989-018-0266-0
https://doi.org/10.1186/s12989-018-0266-0
https://doi.org/10.1186/s12989-018-0266-0
https://doi.org/10.1289/EHP73
https://doi.org/10.1289/EHP73
https://doi.org/10.1016/j.envint.2020.105663
https://doi.org/10.1016/j.envint.2020.105663
https://doi.org/10.1016/j.envint.2020.105663
https://doi.org/10.1073/pnas.2013297117
https://doi.org/10.1073/pnas.2013297117
https://doi.org/10.1073/pnas.2013297117
https://doi.org/10.1016/j.scitotenv.2009.12.030
https://doi.org/10.1016/j.scitotenv.2009.12.030
https://doi.org/10.1016/j.scitotenv.2009.12.030
https://doi.org/10.1016/j.envpol.2016.09.041
https://doi.org/10.1016/j.envpol.2016.09.041
https://doi.org/10.1016/j.envpol.2016.09.041
https://doi.org/10.1016/j.envpol.2016.09.041
https://doi.org/10.1186/s12989-018-0266-0
https://doi.org/10.1186/s12989-018-0266-0
https://doi.org/10.1186/s12989-018-0266-0
https://doi.org/10.1289/EHP73
https://doi.org/10.1289/EHP73
https://doi.org/10.1016/j.envint.2020.105663
https://doi.org/10.1016/j.envint.2020.105663
https://doi.org/10.1016/j.envint.2020.105663
https://doi.org/10.1073/pnas.2013297117
https://doi.org/10.1073/pnas.2013297117
https://doi.org/10.1073/pnas.2013297117
https://doi.org/10.1016/j.scitotenv.2009.12.030
https://doi.org/10.1016/j.scitotenv.2009.12.030
https://doi.org/10.1016/j.scitotenv.2009.12.030
https://doi.org/10.1016/j.envpol.2016.09.041
https://doi.org/10.1016/j.envpol.2016.09.041
https://doi.org/10.1016/j.envpol.2016.09.041
https://doi.org/10.1016/j.envpol.2016.09.041
https://doi.org/10.1186/s12989-018-0266-0
https://doi.org/10.1186/s12989-018-0266-0
https://doi.org/10.1186/s12989-018-0266-0
https://doi.org/10.1289/EHP73
https://doi.org/10.1289/EHP73
https://doi.org/10.1016/j.envint.2020.105663
https://doi.org/10.1016/j.envint.2020.105663
https://doi.org/10.1016/j.envint.2020.105663


 

Preplanned Studies

Effects of Cold Spells on Mortality — Ningbo City,
Zhejiang Province, China, 2014–2018
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Summary
What is already known about this topic?
In recent years, climate change may lead to an increase
in  cold  spells  in  the  middle  latitudes,  and  there  is  a
positive correlation between cold spells and population
mortality.
What is added by this report?
The  acute  response  period  and  the  vulnerable
population were identified under the optimal definition
of cold spells, and the mortality burden caused by cold
spells were estimated.
What  are  the  implications  for  public  health
practice?
This  research  would  provide  evidence  on  the  acute
mortality  effects  of  cold  spells  in  southern  China.
Therefore,  vulnerable  populations,  especially  the
elderly,  should  take  timely  measures  to  reduce  the
health  damage  caused  by  cold  spells,  especially  in  the
first week after cold waves.

 

The frequency of extremely cold events has gradually
decreased  due  to  globing  warming  around  the  world,
but  there  are  cold  spells  caused  by  the  continuous
transfer  of  the  Arctic  polar  vortex  in  the  mid-latitude
regions  (1–2).  As  most  cities  in  China  are  located  in
mid-latitude  areas,  the  frequency  of  cold  waves  is
expected  to  increase,  especially  in  southern  China.  A
study  showed  that  the  cold  spells  in  2008  swept
through  south-central  China,  resulting  in  a  sharp
mortality  increase  with  estimated  losses  exceeding  US
$22.3  billion  (3).  Additionally,  the  varying  tolerance
and adaptability of populations in different regions led
to  inconsistencies  on  the  definition  of  cold  spells  and
its  health  effects  in  different  regions  (4).  This  study
applied time-stratified case-crossover analysis to explore
the  associations  between  cold  spells  and  mortality
during  different  lag  periods  and  among  different
population groups  during  cold  months  of  2014–2018
in  Ningbo  City,  China.  The  mortality  burden
attributed  to  cold  spells  was  also  estimated.  It  was
found that an acute effective response period appeared

within  about  a  week.  Circulatory  and  respiratory
system  diseases  were  sensitive  diseases  and  the  elderly
over 65 years old were more vulnerable. About 21.6%
deaths could be attributed to cold spells.

The  daily  death  data,  meteorological  data  (e.g.,
temperature),  and  air  pollution  data  (eg.  PM2.5,  O3)
during  2014–2018  came  from  Ningbo  CDC,  China
Meteorological  Administration,  and  Ningbo
Environmental Protection Bureau. The research period
was defined as the November–March of each year from
2014  to  2018  to  exclude  the  impact  of  heatwave
events.  We  defined  cold  spells  as  days  when  the  daily
mean temperature was at or below the P10 (5.5 ℃) or
P5 (3.9 ℃) percentile for at least 2, 3, or 4 consecutive
days of the study period (1=cold spell days, 2=non-cold
spell  days).  We  compared  the  results  of  different
definitions  and  selected  the  optimal  one  for  stratified
analysis  to  identify  potential  vulnerable  populations
and sensitive diseases.

The  associations  between  cold  spells  and  mortality
were  investigated  in  a  two-stage  analysis.  First,  the
associations  between  cold  spells  and  mortality  were
estimated  by  using  a  time-stratified  case-crossover
design  combined  with  a  distributed  lag  non-linear
model  (DLNM) (5),  controlling  for  relative  humidity
and  air  pollutants.  In  order  to  identify  the  temporal
characteristics  of  cold  spells,  we  assessed  the
associations  during  different  lag  periods.  Stratified
analysis  by  sex,  age,  and  cause  of  mortality  were  also
conducted to identify sensitive diseases and vulnerable
populations.  Second,  the  attributable  fractions  (AFs)
were  estimated  according  to  the  associations  between
cold  spells  and  mortality  to  evaluate  the  attributable
mortality  burden  of  cold  spells  (6).  In  addition,  the
stability  of  the  model  was  validated  by  conducting
sensitivity  analysis  (Supplementary Table S1,  available
in  http://weekly.chinacdc.cn/).  All  analyses  were
implemented  by  using  R  statistical  software  (version
4.0.2,  The  R  Foundation  for  Statistical  Computing,
Vienna, Austria).

During the study period, the total number of deaths
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was  83,532.  The  average  daily  mean  temperature  was
9.1 ℃ and  the  daily  mean  deaths  of  all  causes  were
120±19  per  day  (Table 1).  This  study  shows  the
summary  information  of  cold  spells  under  different
definitions  (Supplementary Table S2,  available  in
http://weekly.chinacdc.cn/).  Under  the  same
temperature  threshold,  the  shorter  the  duration,  the
more cold spells and days would occur.

Figure 1  depicted  the  lag  responses  of  associations
between  cold  spells  under  6  different  definitions  and
the mortality. All cold spells had a non-linear effect on
the risk of  total  death.  The death risk showed a trend
of  decreasing  first  and  then  increasing,  and  it  was  the
largest on the day of exposure (lag0).

According  to  the  lag  effects,  the  cumulative  relative
risks (CRR) of total  mortality associated to cold spells
under  different  definitions  were  obtained for  different
lag  periods  (lag0,  lag0–7,  lag0–14,  and  lag0–21)
(Supplementary Table S3,  available  in  http://weekly.
chinacdc.cn/). Based on the value of CRR, we selected

“cold  spell  A”  (temperature  threshold  ≤P5,  duration
≥2d)  as  the  best  cold  spell  definition  to  conduct  the
stratified  analysis  by  sex,  age,  and  cause  of  death.
Under  the “cold spell  A”,  the  value of  CRR increased
with  the  increasing  of  lag  periods.  While  a  sharp
increment  of  CRR  value  on  lag0–7  was  detected
(Table 2),  which  indicated  that  there  was  an  acute
effect period about 7 days after the cold spell appeared.

The  CRR  for  males  and  females  were  1.322  [95%
confidence  interval  (CI):  1.171,  1.493]  and  1.220
(95%  CI:  1.068,  1.394),  respectively,  within  21  days
after cold spell happened compared with non-cold spell
periods.  The  people  above  65  years  old  increased  the
most  when  cold  spell  appeared,  the  CRR  was  1.325
(95%  CI:  1.186,  1.481).  No  statistically  significant
association was found for the people of 0–14 years, and
the CRR was 1.772 (95% CI: 0.613, 5.120).

The  CRR  of  death  from  respiratory  diseases  and
circulatory diseases were 1.444 (95% CI: 1.173, 1.777)
and  1.465  (95%  CI:  1.261,  1.702)  on  lag0–21,

TABLE 1. Summary  statistics  of  meteorology,  air  pollution,  and  mortality  of  cold  season  in  2014  to  2018  in  Ningbo  City,
China.

Variable N `X (SD) M (P25, P75)

Meteorology

　Daily mean temperature (℃) / 9.1 (4.8) 8.6 (5.6, 12.4)

　Relative humidity (%) / 79.4 (12.5) 81 (71.3, 89)

　Average pressure (hPa) / 1,023.9 (5.5) 1,024 (1,020, 1,027.8)

Air pollution

　PM2.5 (μg/m³) / 52.4 (29.9) 46 (31, 66)

　O3 (μg/m³) / 73.1 (29.9) 73 (53, 92)

　PM10 (μg/m³) / 80.2 (42.1) 71 (49, 101)

　CO (mg/m³) / 1.0 (0.3) 0.9 (0.8, 1.1)

Death data

　All causes of death 83,532 120 (19) 119 (107, 132)

Sex

　Female 37,006 53 (11) 53 (46, 60)

　Male 46,526 67 (12) 66 (59, 74)

Age (years old)

　15–65 16,291 23 (5) 23 (20, 27)

　>65 66,771 96 (18) 94 (84, 106)

Cause of mortality

　Respiratory diseases 13,101 19 (6) 18 (14, 23)

　Circulatory system diseases 26,550 38 (9) 38 (32, 44)

　Genitourinary system diseases 933 1 (1) 1 (0, 2)

　Endocrine system diseases 2,724 4 (2) 4 (2, 5)
Note: “/” means not applicable.
Abbreviations: N=total deaths; `X=mean; SD=standard deviation; M=median; P25=the 25th percentile; P75=the 75th percentile.
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respectively.  No  statistically  significant  associations
were  found  between  cold  spell  and  mortality  of
genitourinary and endocrine system diseases.

It  was  shown  in  Table 2  that  21.6%  (95%  CI:
13.3%,  29.1%)  of  deaths  could  be  attributed  to  cold

spells  during  cold  season  in  Ningbo.  The  attributable
fraction  (AF)  for  males  and  females  was  24.4%  (95%
CI:  14.6%,  33.0%)  and  18.0%  (95%  CI:  6.4%,
28.3%),  respectively.  Among different  age  groups,  the
population  over  65  years  old  had  the  highest  death

TABLE 2. The cumulative relative risks and attributable fractions of mortality caused by cold spell for different populations.

Variables
CRR (95% CI) AF, %(95% CI)

Lag0 Lag0–7 Lag0–14 Lag0–21 Lag0−21

Total death 1.031 (1.018, 1.044)* 1.156 (1.095, 1.221)* 1.181 (1.099, 1.268)* 1.276 (1.153, 1.411)* 21.6 (13.3, 29.1)*

Sex

　Male 1.035 (1.020, 1.051)* 1.174 (1.100, 1.254)* 1.198 (1.099, 1.305)* 1.322 (1.171, 1.493)* 24.4 (14.6, 33.0)*

　Female 1.025 (1.009, 1.042)* 1.133 (1.054, 1.219)* 1.160 (1.056, 1.274)* 1.220 (1.068, 1.394)* 18.0 (6.4, 28.3)*

Age (years old)

　14–65 1.030 (1.006, 1.055)* 1.110 (1.000, 1.232)* 1.050 (0.916, 1.204) 1.072 (0.884, 1.299) 6.7 (−13.1, 23.0)

　>65 1.031 (1.017, 1.045)* 1.168 (1.100, 1.241)* 1.213 (1.122, 1.312)* 1.325 (1.186, 1.481)* 24.5 (15.7, 32.5)*

Causes

　Respiratory system 1.027 (1.001, 1.053)* 1.168 (1.044, 1.307)* 1.266 (1.094, 1.464)* 1.444 (1.173, 1.777)* 30.7 (14.7, 43.7)*

　Circulatory system 1.037 (1.018, 1.056)* 1.203 (1.108, 1.305)* 1.270 (1.142, 1.412)* 1.465 (1.261, 1.702)* 31.7 (20.7, 41.2)*

　Genitourinary system 1.058 (0.970, 1.153) 1.326 (0.906, 1.941) 1.284 (0.777, 2.120) 1.021 (0.495, 2.109) 1.4 (−50.6, 35.4)

　Endocrine system 0.993 (0.942, 1.047) 0.976 (0.773, 1.232) 0.996 (0.738, 1.344) 1.014 (0.664, 1.549) 2.1 (−10.2, 52.6)
* P<0.05.
Abbreviations: CRR=cumulative relative risk; CI=confidence interval; AF= attributable fraction.
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FIGURE 1. Lag-response associations between cold spells and total  death under 6 different definitions in cold seasons of
Ningbo, China, 2014–2018.
Note: “A–F” refers to 6 different definitions of cold spells, which were defined as days when the daily mean temperature was
at or below the P10 (5.5℃) or P5 (3.9℃) percentile for at least 2, 3, or 4 consecutive days during the study period. (A) P5, ≥2
consecutive  days;  (B)  P5,  ≥3  consecutive  days;  (C)  P5,  ≥4  consecutive  days;  (D)  P10,  ≥2  consecutive  days;  (E)  P10,  ≥3
consecutive days; (F) P10, ≥4 consecutive days.
Abbreviations: P5=the 5th percentile; P10=the 10th percentile; RR=relative risk.
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burden  ascribed  to  cold  spell,  with  the  AF  of  24.5%
(95% CI: 15.7%, 32.5%). The AF value of respiratory
system  diseases  and  circulatory  system  diseases  was
30.7% (95% CI: 14.7%, 43.7%) and 31.7% (95% CI:
20.7%, 41.2%), respectively. 

DISCUSSION

Our  study  assessed  the  relationship  between  cold
spells  and  mortality  in  Ningbo.  One  week  after  cold
spells  appeared,  there  was  an  acute  high-effect  period.
And  21.6%  of  total  mortality  could  be  attributed  to
cold  spells  during  cold  season.  In  the  first  week  after
the cold spells, decision-makers in relevant department
should consider  adaptive  measures  in time to decrease
the death risk and disease burden.

In this study, it was shown that CRR of population
deaths  was  greater  under  the  definition  of  cold  wave
with lower temperature threshold and shorter duration
compared  with  higher  temperature  threshold.  This  is
consistent with the research of Liang et al., that is, the
optimal  cold  wave  was  defined  as  temperature
threshold ≤P5 and duration ≥2 days (4). However, Liu
et al. found that the optimal cold wave was defined as
the days with temperature threshold ≤P10 and duration
≥4 days  for  COPD hospitalized population in Beijing
(7). This suggested that different definitions may apply
to different regions, climates, and health outcomes. In
general,  more  effective  cold  spell  definitions  and early
warning  systems  should  be  explored  in  the  future  to
adapt  to  changes  in  the  regional  economy,  climate,
disease, and population mobility.

Within 7 days of lag, there was an acute high-effect
period of the cold spell on the death risk. However, the
current studies lack more evidence for the acute effect
of  the  cold  spell,  especially  in  the  southern  regions  in
China.  These  findings  may  provide  evidence  for  the
optimal  time  for  the  prevention  and  control  of
sensitive  diseases  after  cold  waves.  Additionally,  the
results  discovered that  the elderly  aged above 65 years
were  the  most  vulnerable  population,  and  circulatory
and  respiratory  system  diseases  were  sensitive  diseases
to  cold  spells,  which  were  mirror  with  other  studies
(8–10).

For  example,  a  study  in  Wuhan  found  that  cold
wave weather could increase the death risk of residents,
and patients with cardiovascular disease and the elderly
were the sensitive groups. But they found higher CRR
values on sensitive groups (1.960 and 1.670) than our
research,  with  the  CRR  of  1.465  and  1.325  for
cardiovascular  disease  and  the  population  of  over  65

years  (8).  Moreover,  the  results  of  this  study  showed
that the risk of death in the age group of 14–65 years
also  increased  significantly  within  a  short  lag  period
(lag0–7).  It  is  speculated that young people,  especially
outdoor workers,  spend more time outdoors  and have
more opportunities to be exposed to cold waves.

This  research  also  evaluated  the  mortality  burden
attributed  to  cold  spells  and  found  that  21.6%  of
mortality  could  be  ascribed  to  cold  spells  during  cold
season  in  Ningbo.  It  was  of  great  significance  for  the
health  risk  early  warning,  the  formulation  of  health
preventive  measures  against  cold  waves,  and  the
evaluation  of  potential  benefits  of  public  health
intervention.

The  study  was  subject  to  at  least  two  limitations.
First, the research area only involved one city, and the
generalizability  of  results  was  limited.  Second,  the
sample size of the group of <14 years and the group of
genitourinary system diseases was too small, which may
cause  certain  deviations  in  the  results.  However,  the
study  will  provide  important  evidence  for  evaluating
the  impact  of  cold  wave  on  population  health  in
southern  regions  in  China.  At  the  same  time,  health
departments  and  medical  institutions  should
strengthen  cooperation  and  take  active  actions  to  do
their  best  in  providing  monitoring,  forecasting,  and
early  warning  services.  It  is  suggested  that  vulnerable
groups,  especially  the  elderly  and  patients  with
circulatory and respiratory diseases, should take timely
measures  to  keep  warm  to  reduce  the  health  damage
caused by extremely cold weather events. 
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY TABLE S1. Sensitivity analysis under different variables.

Variable df
CRR (95% CI)

Lag0 Lag0–7 Lag0–14 Lag0–21

Average pressure
4 1.031 (1.018, 1.043)* 1.155 (1.093, 1.220)* 1.178 (1.097, 1.265)* 1.272 (1.150, 1.406)*

5 1.031 (1.018, 1.044)* 1.157 (1.095, 1.222)* 1.180 (1.099, 1.267)* 1.275 (1.153, 1.411)*

Relative humidity
3 1.031 (1.019, 1.044)* 1.158 (1.097, 1.223)* 1.181 (1.100, 1.269)* 1.278 (1.156, 1.413)*

5 1.031 (1.019, 1.044)* 1.158 (1.097, 1.223)* 1.181 (1.100, 1.269)* 1.278 (1.156, 1.414)*

PM10 4 1.030 (1.018, 1.043)* 1.154 (1.093, 1.218)* 1.178 (1.096, 1.265)* 1.272 (1.150, 1.407)*

CO 5 1.033 (1.020, 1.046)* 1.167 (1.105, 1.233)* 1.187 (1.105, 1.275)* 1.265 (1.143, 1.401)*

PM10+CO 4 1.032 (1.019, 1.044)* 1.162 (1.101, 1.227)* 1.183 (1.101, 1.271)* 1.258 (1.137, 1.393)*

Temperature

3 1.029 (1.013, 1.045)* 1.149 (1.072, 1.230)* 1.178 (1.086, 1.277)* 1.282 (1.147, 1.432)*

4 1.029 (1.013, 1.045)* 1.149 (1.073, 1.231)* 1.178 (1.085, 1.278)* 1.282 (1.146, 1.433)*

5 1.029 (1.013, 1.045)* 1.148 (1.072, 1.230)* 1.178 (1.086, 1.278)* 1.282 (1.147, 1.434)*
* P<0.05.
Abbreviations: df=degree of freedom; PM10=inhalable particulate matter; CRR=cumulative relative risk.

SUPPLEMENTARY TABLE S2. Overview information of cold spells under different definitions during cold season in 2014 to
2018 in Ningbo city of China.

Definitions Temperature threshold (℃ ) Duration (days) Cold spell episodes Cold spell days Non-cold spell days
A ≤P5 (3.9 ) ≥2 19   82 613

B ≤P5 (3.9 ) ≥3 10   51 644

C ≤P5 (3.9 ) ≥4   6   42 653

D ≤P10 (5.5 ) ≥2 24 163 532

E ≤P10 (5.5 ) ≥3 19 131 564

F ≤P10 (5.5 ) ≥4 14 112 583
Note: “A–F” refers to 6 different definitions of cold spells, which were defined as days when the daily mean temperature was at or below the
P10 (5.5℃) or P5 (3.9℃) percentile for at least 2, 3, or 4 consecutive days during the study period.
Abbreviations: P5=the 5th percentile; P10=the 10th percentile.

SUPPLEMENTARY TABLE S3. Cumulative lag effect of cold spells and population death under 6 different definitions.

Definitions
CRR (95% CI)

Lag0 Lag0–7 Lag0–14 Lag0–21

A 1.031 (1.018, 1.044)* 1.156 (1.095, 1.221)* 1.181 (1.099, 1.268)* 1.276 (1.153, 1.411)*

B 1.029 (1.014, 1.045)* 1.148 (1.075, 1.225)* 1.173 (1.074, 1.281)* 1.265 (1.110, 1.442)*

C 1.027 (1.012, 1.043)* 1.134 (1.062, 1.210)* 1.147 (1.050, 1.252)* 1.220 (1.068, 1.393)*

D 1.022 (1.013, 1.032)* 1.122 (1.076, 1.169)* 1.158 (1.098, 1.220)* 1.239 (1.151, 1.334)*

E 1.020 (1.011, 1.030)* 1.119 (1.072, 1.168)* 1.169 (1.104, 1.238)* 1.255 (1.156, 1.363)*

F 1.016 (1.007, 1.026)* 1.102 (1.056, 1.151)* 1.161 (1.093, 1.234)* 1.254 (1.147, 1.370)*
Note: “A–F” refers to 6 different definitions of cold spells, which were defined as days when the daily mean temperature was at or below the
P10 (5.5℃) or P5 (3.9℃) percentile for at least 2, 3, or 4 consecutive days during the study period. and “*” was P<0.05.
Abbreviations: P5=the 5th percentile; P10=the 10th percentile; CRR=cumulative relative risk.
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ABSTRACT

Introduction:  To  explore  the  feasibility  of  pulsed
ultraviolet  (UV)  light  technology  for  low-temperature
disinfection, a series of experiments were conducted.

Methods:  Pulsed  UV technology’s  effectiveness  in
disinfecting  Gram-positive  Staphylococcus  aureus  and
Gram-negative  Escherichia  coli  on  different  carriers
were studied under varying temperatures.

Results:  Under  different  temperatures  and
constant  radiation  illumination  (i.e.,  distance),  the
disinfection effect was correlated with irradiation time;
among the three carriers, the disinfection effect of cloth
sheets  was  the  best,  followed  by  stainless  steel  sheets,
and corrugated paper sheet. The disinfection effect on
Gram-negative bacteria Escherichia coli was better than
that  on  Gram-positive  bacteria  Staphylococcus  aureus
overall.

Discussion:  Temperature  has  a  limited  effect  on
pulsed  UV  disinfection.  Irradiation  times  and  carrier
types are influencing factors. 

INTRODUCTION

Disinfection  is  an  effective  measure  to  cut  off  the
transmission  of  infectious  diseases  which  is  important
in  the  prevention  and  control  of  infectious  diseases.
Temperature  is  one  of  the  most  important  factors
affecting  the  effectiveness  of  disinfection,  and  all
commonly  used  disinfection  techniques,  whether
chemical  or  physical,  have  a  range  of  applicable
temperatures.  There  are  sometimes  problems  with
disinfection  in  cold  environments,  especially  as
transmission  of  the  severe  acute  respiratory  syndrome
coronavirus 2 (SARS-CoV-2) from contaminated cold-
chain  shipments  to  humans  has  been  listed  as  one  of
the  possible  transmission  routes  for  the  epidemic
(1–2).  Not  only  is  it  difficult  to  apply  most  physical
disinfection  methods  at  this  time,  but  the  commonly
used chemical disinfectants freeze and are ineffective.

Therefore, in order to cope with the cold chain and
the  low  temperature  environment  in  alpine  regions,
there  is  an  urgent  need  for  research  into  low
temperature  disinfection  technology.  Some  initial
progress  has  been  made  in  the  field  of  cryogenic
disinfection.  In  terms  of  chemical  disinfection,  several
studies have shown that some disinfectants suitable for
ambient  temperatures  can  maintain  their  disinfection
performance  at  low  temperatures  when  certain
conditions  are  met,  such  as  the  addition  of  antifreeze
agents  and  increased  doses  of  disinfectant,  or  thermal
fogging with custom optimized thermal foggers (3–6).
In  terms  of  physical  disinfection,  research  is  directed
towards ultraviolet (UV) light, γ-rays, X-rays, electron
beams,  microwaves,  and  high-voltage  pulsed  electric
fields  (7–10).  But  there  are  no  clear  and  feasible
disinfection methods or evaluation criteria yet.

This  study  used  pulsed  UV  technology.  The
experiment  was  designed  and  the  disinfection  effect
was determined in accordance with Technical Standard
For  Disinfection  (2002  version)  to  investigate  the
disinfection  effect  of  pulsed  UV  technology  on  two
microbial  indicator  bacteria  at  different  temperatures
and on different carriers. The study was carried out to
verify  whether  there  was  an  effect  of  temperature  on
the  disinfection  effect  of  pulsed  UV  technology.  The
cloth  sheet  in  the  carriers  is  a  conventional  carrier  for
disinfection  experiments.  The  stainless  steel  sheet  was
selected  to  take  into  account  the  possible  need  for
disinfection  in  cold  chain  environments  such  as  van
walls  and shelves.  And the corrugated paper sheet  was
selected  considering  the  outer  packaging  of  common
goods.  Because  the  resistibility  of  coronavirus  to
ultraviolet  light  is  weaker  than  that  of  bacterial
propagules,  a  gram-positive  bacterium  Staphylococcus
aureus and a gram-negative bacterium Escherichia coli
were selected as indicator microorganisms. 

METHODS

The two bacterial species selected in this study were
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Staphylococcus aureus (ATCC 6538) and Escherichia coli
(8099). Staphylococcus aureus (ATCC 6538) was from
American  Type  Culture  Collection  (ATCC),
Escherichia  coli  (8099)  was  from  China  General
Microbiological  Culture  Collection  Center
(CGMCC).

The three selected carriers were cloth sheet (10 mm
×  10  mm  in  size),  stainless  steel  sheet  (12  mm  in
diameter  and  0.5  mm  in  thickness)  and  corrugated
paper sheet (10 mm × 10 mm in size). All carriers were
sterilized  by  pressure  steam  before  use.  Among  them,
the  production  method  of  the  corrugated  paper  sheet
was  to  peel  off  the  outer  layer  of  the  common
corrugated  cardboard  box  in  daily  life,  and  cut  into
square  pieces  of  10  mm  ×  10  mm.  In  this  study,
tryptone  soy  agar  (TSA)  was  used  as  the  medium,
tryptone  soy  broth  (TSB)  was  used  as  the  organic
interferent,  and  0.03  mol/L  phosphate-buffered  saline
(PBS) containing 0.1% tween 80 was used as a diluent.

The  instruments  required  for  this  experiment
include  a  heating  and  cooling  circulator  (the
temperature  is  set  to  −20.0  °C,  0.0  °C,  20.0  °C,  and
the  temperature  difference  is  ±0.05  °C),  a  pulsed  UV
xenon  lamp  (model  GZU7280,  with  a  pulse  flicker
frequency  of  20  Hz  and  an  instantaneous  irradiation
intensity of 332.87 mW/cm2 at a distance of 1 meter),
a  hand-held  infrared  thermometer  (the  measurement
range is  −38   ℃ to 520   ℃,  and  the  temperature
difference is  ±2  ℃).  Other  required  equipment  were
37 ℃ constant  temperature  incubator,  electric  mixer,
graduated  straws  (1.0  mL,  5.0  mL),  disposable  sterile
petri  dishes,  autoclaved  spare  glass  petri  dishes,  and
pipette (10 μL) and matching plastic pipette tips, etc.

Bacteria  freshly  cultured  from  18  h  to  24  h  were
diluted with TSB to the desired concentration.  10 μL
of fresh bacterial propagule suspension was applied on
the vector separately, and 16–19 pieces of each bacteria
carrier were prepared, of which 12–15 pieces were used
for the test, 2 pieces were used as positive control, and
2  pieces  were  set  aside.  The  amount  of  recovered
bacteria  for  positive  control  should  be  1×106–
5×106 CFU/tablet.

The  stainless  steel  tablets  were  placed  in  a  constant
temperature incubator at 37 ℃ for 20 minutes to dry
and  ready  for  use.  The  corrugated  paper  tablets  were
set at room temperature (25 ℃) for 15 minutes to dry
and reserve, and the cloth tablets for 5 minutes to dry
and reserve.

The  heating  and  cooling  circulator  was  adjusted  to
−20.0  ℃ and  the  temperature  was  stabilized  for  the
test.  For  each  test,  one  piece  of  each  of  the  three

bacteria  carrier  was  placed  flat  in  a  disposable  sterile
Petri  dish  with  a  glass  Petri  dish  over  it  and  put  into
the  water  bath  of  the  heating  and  cooling  circulator
(Figure 1).  The  actual  temperature  of  the  carriers  was
measured  and  recorded  with  a  hand-held  infrared
thermometer  5  minutes  later.  A  pulsed  UV lamp  was
placed above the water bath and fix the lamp height 10
centimeters away from the bacteria piece. The waiting
time  was  set  to  5  seconds,  and  the  experiment  was
conducted  in  4  groups  respectively,  with  each  group
disinfecting for 15 seconds, 30 seconds, 1 minute, and
2  minutes.  After  disinfection,  the  bacteria  piece  was
inoculated  in  an  aseptic  manner  with  appropriate
dilution  as  the  test  group  sample.  The  heating  and
cooling circulator  was  set  to  0.0  ℃ and 20.0  ℃,  and
the experimental  method  to  −20.0  ℃.  Two  pieces  of
each  contaminated  vector  without  disinfection  by
pulsed  UV  light  were  taken  as  positive  control.  The
medium  from  the  same  test  batch  was  used  as  the
negative control.

The  test  group  samples,  positive  control  and
negative  control  were  incubated  in  a  constant
temperature incubator at 37 °C for 48 hours to observe
the  results.  The  test  was  repeated  three  times.  The
results  were  observed  and  the  killing  log  value  were
calculated.  On  the  basis  of  this,  Escherichia  coli  was
tested  again  with  three  sets  of  disinfection times  of  5,
10,  and 20 seconds.  This  experiment  is  a  quantitative
carrier kill test, killing log value ≥3.00 can be judged as
disinfection qualified,  otherwise judged as  disinfection
failed.

Statistical  Product  Service  Solutions  (26.0,
International  Business  Machines  Corporation,
Armonk,  America)  was  applied  to  statistically  analyse
the data, comparing the differences in the disinfection
effect of each influencing factor including temperature,
irradiation time, carrier type, and test strain. 

RESULTS

The  test  was  repeated  with  a  total  sample  size  of
297.  The  disinfection  effect  of  the  pulsed  UV
technology  on  two  microbial  indicator  bacteria  on
different carriers at different temperatures, expressed as
the  average  killing  log  value  (Tables 1–2).  When  the
set  temperature  was  20.0 ℃,  the  average  carrier
temperature  was  20.4 ℃,  ranging  from  20.1 ℃ to
20.7 ℃; when  the  set  temperature  was  0.0   ℃,  the
average carrier  temperature  was  1.3  ℃,  ranging  from
−0.8  ℃ to 2.0   ℃;  when  the  set  temperature  was
−20.0  ℃,  the  average  carrier  temperature  was
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−16.7 ℃, ranging from −18.7 ℃ to −15.0 ℃.
To  enhance  the  comparability  of  the  analysis,  the

same  irradiation  time  as  the Staphylococcus  aureus was
selected  in  the  experimental  results  of Escherichia  coli.

That  is,  four  sets  of  data  with  irradiation  times  of  15
seconds,  30  seconds,  1  minute,  and  2  minutes.  The
four  influencing  factors  of  temperature,  irradiation
time, carrier type and test species were used as groups,

TABLE 1. Killing effect of pulsed UV light on Staphylococcus aureus under different temperature conditions.

Test strain Bacterial vector Setting
temperature (℃)

Pulsed UV irradiation disinfection average elimination killing log value

15 s 30 s 1 min 2 min

Staphylococcus
aureus

Paper sheets

20.0 1.42 2.81 6.40 >6.32

0.0 1.30 2.36 6.40 >6.32

−20.0 1.27 1.86 5.80 5.29

Stainless steel
sheet

20.0 2.60 5.08 >6.32 >6.32

0.0 2.41 3.27 >6.32 >6.32

−20.0 1.51 3.38 >6.32 >6.32

Cloth sheet

20.0 >6.32 >6.32 >6.32 >6.32

0.0 >6.32 >6.32 >6.32 >6.32

−20.0 5.50 >6.32 >6.32 >6.32

Notes: Negative control sterile growth. Positive control number: 1.00×106–4.20×106 CFU/sheet. The mean logarithmic value of the positive
control was 6.32. >6.32 indicates sterile growth in the test group.
Abbreviations: UV=ultraviolet; CFU=colony forming units.

TABLE 2. Killing effect of pulsed UV light on Escherichia coli under different temperature conditions.

Test strain Bacterial vector Setting
temperature (℃)

Pulsed UV irradiation disinfection average elimination killing log value

5 s 10 s 15 s 20 s 30 s 1 min 2 min

Escherichia
coli

Paper sheets

20.0 1.61 2.86 3.63 4.42 5.84 >6.31 >6.31

0.0 2.04 2.38 3.14 3.23 4.02 >6.31 >6.31

−20.0 1.82 2.01 2.45 3.37 3.77 >6.31 >6.31

Stainless steel
sheet

20.0 2.65 4.41 4.37 >6.31 >6.31 >6.31 >6.31

0.0 1.98 3.60 3.62 >6.31 >6.31 >6.31 >6.31

−20.0 1.70 2.98 3.92 >6.31 4.35 >6.31 >6.31

Cloth sheet

20.0 2.75 4.28 >6.31 >6.31 >6.31 >6.31 >6.31

0.0 1.55 4.37 6.69 >6.31 >6.31 >6.31 >6.31

−20.0 1.37 4.88 6.21 >6.31 >6.31 >6.31 >6.31

Notes: Negative control sterile growth. Positive control number: 1.00×106–3.83×106 CFU/sheet. The mean logarithmic value of the positive
control was 6.31. >6.31 indicates sterile growth in the test group.
Abbreviations: UV=ultraviolet; CFU=colony forming units.

 

Cloth sheet, size 10 mm×10 mm

Corrugated paper sheet, size 10 mm×10 mm

Stainless steel sheet, diameter 12 mm
thickness 0.5 mm

Glass petri dishes

Disposable sterile culture dishes

FIGURE 1. Schematic  diagram of  the  placement  of  the  contaminated  vector  in  the  water  bath  of  the  heating  and  cooling
circulator during the test.
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respectively,  and  the  mean  killing  log  values  were
calculated  for  each  group.  The  differences  in  the
disinfection  effect  of  each  influencing  factor  were
compared using a non-parametric test for independent
samples.  The  value  of  P  less  than  0.05  indicates  that
the difference is statistically significant (Table 3).

The  effect  of  temperature  on  the  disinfection  effect
of pulsed UV light is limited. A non-parametric test of
disinfection effectiveness for independent samples with
temperature  as  a  group  at  P>0.05,  which  was  not
significant,  concluded  that  the  difference  in
disinfection  effectiveness  at  each  temperature  was  not
statistically  significant.  No  significant  effect  of
temperature  on  the  disinfection  effect  of  pulsed  UV
was found (Table 3).

The  irradiation  time  is  the  influencing  factor  of
pulse  UV disinfection effect.  A non-parametric  test  of
disinfection  effect  for  independent  samples  with
irradiation time as a group found a significant P-value,
P<0.05.  Further  comparisons  between  groups,  the  P-
values  were  less  than  0.05  between  all  other  groups
except between the 1-minute and the 2-minute groups.
This  means  that  the  differences  in  disinfection
effectiveness  between  the  groups  were  considered
statistically significant within the irradiation time of 15
seconds  to  1  minute.  The  longer  the  irradiation time,
the better the disinfection effectiveness was.

The  carrier  type  is  an  influential  factor  in  the
effectiveness  of  pulsed  UV  disinfection.  A  non-
parametric  test  of  disinfection  effectiveness  was
performed  on  independent  samples  using  carriers  as
groups  and  found  P<0.05.  Further  comparisons
between  groups,  the  P-values  were  less  than  0.05

between  any  two  groups,  which  means  that  the
differences  in  disinfection  effect  of  each  carrier  were
considered statistically significant.

The  test  strain  is  an  influential  factor  in  the
effectiveness  of  pulsed  UV  disinfection.  A  non-
parametric  test  of  disinfection  effect  for  independent
samples  with  test  strains  as  groups  found  P<0.05,
which  concluded  that  the  difference  in  disinfection
effectiveness  between  the  two  test  strains  was
statistically significant. 

DISCUSSION

There  are  a  number  of  environmental  and  safety
issues  that  may  arise  from the  use  of  low temperature
disinfectants.  These  include  the  safety  risks  associated
with the high concentrations required for disinfection,
the  pollution  of  the  environment  caused  by  excessive
use  of  disinfectants,  the  corrosion  of  metals  and  the
potential  for  bacteria  to  acquire  antimicrobial
resistance,  the  short-term  and  long-term  effects  of
disinfection  by-products  on  human  health,  and  the
safety of storage and transport of disinfectants and raw
materials.  It  is  necessary  to  explore  physical  cryogenic
disinfection techniques.

Conventional  UV  germicidal  lamps  are  generally
low-pressure  mercury  vapor  discharge  lamps,
microwave  induction  lamps  or  UV  light-emitting
diode (UV-LED) (11–12), which is far less irradiating
than  pulsed  UV.  Ultraviolet  germicidal  lamp  (GB/T
19258-2012)  states  that,  for  the  nominal  power  of
36W  double-ended  lamps  and  single-ended  lamps,
measured at a distance of 1 m, the initial UV radiation

TABLE 3. Comparison of the effect of different influencing factors on the effectiveness of pulsed UV disinfection.
Influencing Factors Median (Q1, Q3) Statistics P

Setting temperature
20.0 ℃
0.0 ℃
20.0 ℃

6.31 (5.27, 6.32)
6.31 (3.72, 6.32)
6.26 (3.81, 6.31)

  1.792 0.408

Irradiation time
15 s
30 s
1 min
2 min

3.63 (2.41, 6.21)
5.46 (3.38, 6.31)
6.31 (6.31, 6.32)
6.31 (6.31, 6.32)

28.667 0.000

Bacterial vector
Paper sheets
Stainless steel sheet
Cloth sheet

5.55 (2.54, 6.31)
6.31 (3.70, 6.32)
6.32 (6.31, 6.32)

23.292 0.000

Test strain
Staphylococcus aureus
Escherichia coli

6.32 (2.93, 6.32)
6.31 (4.74, 6.31)   5.465 0.000

Abbreviation: UV=ultraviolet.
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illumination  should  be  no  less  than  125.55  μW/cm2

and  139.5  μW/cm2  (13).  And  UV  germicidal  lamps
are  susceptible  to  environmental  conditions  and  have
poor  applicability  in  complex  environments.
Continuous  UV-LED  is  also  susceptible  to  ambient
temperatures  and  drive  currents  leading  to  higher
solder  temperatures,  which  ultimately  affects
disinfection efficiency (14).

Compared  to  this,  pulsed  UV technology  has  great
advantages.  Pulsed  UV  technology  is  a  pulsed
engineering  technique  using  instantaneous  discharge
and  special  inert  gas  lamps  to  excite  xenon  gas  in  a
pulsed form, emitting ultraviolet to near-infrared light.
Its  spectrum  is  very  similar  to  that  of  sunlight,  but
thousands  to  tens  of  thousands  of  times  more  intense
(15).  It  kills  bacteria  through  the  interplay  of
photochemical,  photothermal  and  continuous  pulse
effects.  Not  only  is  the  irradiation  intensity  high,  the
irradiation  time  short  and  no  ozone  or  other  harmful
by-products  have  been  detected,  making  it  safer  (16).
Therefore,  the  pulsed  UV  technique  was  chosen  for
experimental exploration in this study. The GZU7280
UV xenon lamp used in this study has a pulsed flicker
frequency  of  20Hz.  The  instantaneous  radiation
illumination at an experimental distance of 10 cm was
calculated  by  laboratory  measurements  and  formula
simulations  to  be  approximately  11,845–13,000
mW/cm2.

This study intended to explore the initial application
of  pulsed  UV  technology  in  the  field  of  low-
temperature  disinfection,  and  the  influencing  factors
studied  are  mainly  carrier  temperature,  test  strains,
carrier type and irradiation time. It was experimentally
confirmed  that  the  carrier  temperature  has  a  limited
effect  on  the  disinfection  effect  of  pulsed  UV.  It  was
found  that  corrugated  paper  sheets  were  slightly  less
effective  in  disinfection  than  cloth  and  stainless  steel
sheets,  suggesting  that  the  type  of  carrier  may  have  a
greater  effect  on  the  disinfection  effect  at  low
temperatures. The disinfection effect of pulsed UV was
also  related  to  the  irradiation  time,  the  longer  the
irradiation  time,  the  more  desirable  the  disinfection
effect.  The  disinfection  effect  of  the  Gram-negative
bacterium Escherichia coli was found to be better  than
that  of  the  Gram-positive  bacterium  Staphylococcus
aureus overall.

This  experiment  verified  that  temperature  has
limited effects on the disinfection effect of pulsed UV,
and  irradiation  time  and  carrier  type  are  the
influencing factors of pulsed UV disinfection effect. It
suggests the feasibility of the application of pulsed UV

technology in the field of low-temperature disinfection,
and  the  preliminary  application  may  be  possible  after
an in-depth study.

However, there were some limitations in this study.
In this experiment, only the contaminated carriers were
controlled  in  low-temperature  conditions,  and  the
complete disinfection equipment was not put into the
same environment.  It  was not clear whether there was
an  effect  of  ambient  temperature  on  the  irradiation
intensity  of  the  pulsed  UV-Xenon  lamp.  Therefore,
subsequent studies should be conducted in a simulated
low-temperature  environment  to  further  verify  the
applicable temperature range of pulsed UV. The carrier
type  has  a  large  effect  on  the  disinfection  effect  of
pulsed UV. Later tests should pay attention to the use
of other common commodity outer packaging to make
carriers,  refine the experimental  conditions,  and verify
the disinfection effect of pulsed UV. 
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