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In  recent  decades,  regional  and  global  climate
change  has  increased  the  frequency  of  extreme
weather  events  (e.g.,  hurricanes,  cold  spells,  and
heat  waves).  The  diurnal  temperature  range  (DTR)
and temperature  change between neighboring  days
(TCN),  which  are  indicators  of  short-term
temperature  shifts,  have  been  found  to  be
significantly  associated  with  cardiovascular
morbidity  or  mortality[1].  A  worldwide  study  on  the
effects  of  temporal  changes  on  mortality  burden  in
10  countries  found  that  a  negative  impact  of  high
DTR  on  mortality  in  a  short  time  and  a  10  °C
increment  in  DTR  increased  the  risk  of  overall
mortality  by  3.10%[2].  Another  study  on  the  link
between TCN and multiple disease mortalities in the
United  States  also  revealed  that  the  cumulative RR
(relative risk)  of  extremely positive TCN significantly
affected cardiovascular mortality with an RR of 1.52
(95%  CI:  1.40–1.65)[2].  Given  that  most  relevant
studies  were  confined  to  large  central  and  eastern
cities  in  China[1,3],  the  generalizability  of  the  results
remains  uncertain.  Therefore,  in  the  current  study,
we  used  the  distributed  lag  non-linear  model
(DLNM)  to  explore  the  specific  relationships
between  DTR/TCN  and  cardiovascular  mortality  risk
and evaluate the health effects of different patterns
in Harbin,  a  high-latitude city  in  China.  The relevant
findings  of  our  study  may  provide  evidence  for
medical  meteorology  research  at  high  latitudes  in
China  and  provide  a  theoretical  basis  for  local
services.

Daily  cardiovascular mortality in Harbin during 3
years  (from January 1,  2014 to December 21,  2016)
was  obtained  from  the  Harbin  Center  for  Disease
Control  and  Prevention.  The  causes  of  death  were
coded  according  to  the  10th  edition  of  the

International  Classification  of  Diseases  (ICD-10),
containing  10  specific  cardiovascular  diseases,  from
I00  to  I99.  The  main  daily  meteorological  elements
were  obtained  from  the  Harbin  Meteorological
Bureau,  and  the  main  daily  air  pollutants  were
collected from the Harbin  Environmental  Protection
Bureau.

Daily death caused by cardiovascular disease is a
low-probability  event,  which is  considered to satisfy
the  Poisson  distribution.  In  the  present  study,  the
natural  cubic spline function of  the DLNM was used
to  evaluate  the  effects  of  DTR  and  TCN  on
cardiovascular  mortality  across  different  sex  groups
and  periods  with  lag  days[4].  The  specific  model
formulas are

Yt ∼ Poisson (μt) (1)

log(μt) =α + βDTRt,l +∑
i
ns (weatheri/pollutanti, dfi)

+ ns(Time, df = × ) + Dowt + Holidayt
(2)

log(μt) =α + βTCNt,l +∑
i
ns (weatheri/pollutanti, dfi)

+ ns(Time, df = × ) + Dowt + Holidayt
(3)

t
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t α DTRt,l

TCNt,l

l
β

DTRt,l TCNt,l ns

where   denotes the observational day (t = 1, 2, 3, …,
1096),    is  the  estimated  single  cardiovascular
mortality on day  ,   represents the intercept, 
and   are the cross matrix function for DTR and
TCN,  respectively,  and    is  the  lag  parameter  of
DLNM.    signifies  the  vector  of  the  coefficients  for

  and  ,   is  the  cubic  natural  splines  of
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nonlinear  parameters,    denotes  the
meteorological  factors  including  air  pressure,
relative  humidity  and  mean  temperature, 
denotes  air  pollutant  factors  of  SO2  and  NO2,    is
degree  of  freedom,    represents  the  time
variable  of  the  Gregorian  calendar,    is  an
indicator  variable  and  represents  the  day  of  the
week, and    is  an indicator variable for which
1 denotes a legal holiday, and 0 denotes other days.

In  light  of  extensive  previous  research,  the
degrees  of  freedom  (df)  for  all  meteorological  and
pollutant parameters were set as 3, and the df in the
cross matrix of DTR and TCN was selected as 4 in this
study[5].  Environmental  factors  were  selected  based
on  the  Spearman’s  correlation  with  cardiovascular
mortality  (Supplementary  Table  S1,  available  in
www.besjournal.com).  To  eliminate  long-term
trends and seasonality, the df of time was seven per
year  with  a  maximum  lag  time  of  10  days.  For
explanation  and  quantification,  we  took  the  5th
percentile as the lowest extreme value and the 95th
percentile as the highest extreme values for DTR and
TCN.  In  addition,  the  records  were  divided  into
diverse  subgroups  with  respect  to  sex  (male  and
female),  and  according  to  monthly  average
temperatures  in  Harbin[6],  we  stratified  the  entire
study into three periods:  full  year,  hot  season (June
to August), and cold season (November to March of
the  following  year).  A  two-sample  Z-test  was
conducted  to  examine  whether  the  differences
between  the  subgroups  were  statistically  significant
(see  Supplementary  Table  S2,  available  in

www.besjournal.com). All the mathematical analyses
were  performed  using  R  language  (version  4.2.2,
URL:  https://cran.r-project.org/),  and  DLNM  was
based  on  the  “dlnm”  package  (version  2.4.7).  The
two-sided  test  was  applied  to  all  the  statistical
results,  and P <  0.05  was  deemed to  be  statistically
significant.

The daily cardiovascular mortality was 71 per day
over the full  year;  43.11% of  cases were in  the cold
season (74 per day), and 23.02% of cases were in the
hot  season  (65  per  day)  (Supplementary  Table  S3,
available  in  www.besjournal.com).  Cardiovascular
mortality was higher among males than females, and
in  winter  than  in  summer.  The  average  TCN  value
recorded  in  different  stages  were  all  approximately
close  to  0  °C,  and  the  mean  DTR  value  in  the  cold
season (11.20 °C) was slightly higher than that in the
hot  season  (9.20  °C).  The  average  daily
concentrations  of  NO2  (62.80  μg/m3)  and  SO2
(79.80  μg/m3)  in  the  cold  season were  much higher
than  those  in  the  hot  season  when  NO2  were
34.70  μg/m3  and  SO2  were  8.10  μg/m

3.  The  time-
series analysis of calendars for the daily average DTR
and  TCN  from  2014  to  2016  (S1)  showed  that  the
high  values  of  DTR  were  essentially  distributed
between January and May, and the low values were
essentially distributed between June and September.
In  other  periods,  monthly  variations  in  the  DTR
values fluctuated within a limited range. The value of
TCN  varied  less  from  June  to  September  and
remained around 0 °C, and in other months, the high
TCN  values  were  predominant,  while  the  low  levels
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Figure 1. Cumulative RRs  over  10  days  on  the  cardiovascular  mortality  with  the  frequency  distribution
histograms of DTR (diurnal temperature range) and TCN (temperature change between neighboring days)
in Harbin, China, from 2014 to 2016, with the reference values of 6 °C and 0 °C, respectively.
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were less  frequent.  The differences  in  the daily  and
weekly  changes  in  the  indicators  were  not
significant.  The  temporal  distribution  characteristics
of DTR and TCN may be related to the local climatic
characteristics and geographical background.

As shown in Figure 1, the high frequency of DTR
was mostly distributed in the range of 6–14 °C, while
that  of  TCN  was  more  frequently  in  the  range  of
−2–2  °C.  The  10-day  cumulative  risk  curve  of  both
DTR  and  TCN  demonstrated  a  consistent  upward
trend as temperature changes increased, with a peak
value  of  1.17  (95%  CI:  1.08–1.26)  at  16  °C  for  DTR
and  1.86  (95%  CI:  1.18–2.92)  at  11.50  °C  for  TCN.
High  DTR  and  TCN  values  represent  more  dramatic
short-term  temperature  changes  that  could  have  a

more significant impact on human health. Thus, high
DTR  and  TCN  levels  contributed  to  a  greater  effect
on cardiovascular mortality than low levels.

Sex  differences  at  high  and  low  DTR  and  TCN
are  shown  in  Figure  2.  Generally,  the  average RRs
of  the  DTR  and  TCN  with  high  levels  of  sex  were
greater than those with low levels on each lag day.
The RRs of females and males at high levels (P95) of
DTR  and  TCN  initially  increased,  and  then
decreased  with  lag  days.  The RRs  of  DTR  in  males
and  females  increased  to  a  maximum  on  the
second  day  (lag  2),  with  values  of  1.02  (95%  CI:
0.99–1.04),  1.02  (95%  CI:  −1.00–1.05),  and  1.03
(95% CI: 1.00–1.05), respectively. The largest RR for
TCN in  males  was  1.03  (95% CI:  1.01–1.05)  on  the
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Figure 2. Effects  of  extreme  high  (P95)  and  low  (P5)  DTR  (diurnal  temperature  range)  and  TCN
(temperature  change  between  neighboring  days)  on  the  gender-specific  cardiovascular  mortality  in
Harbin, China, from 2014 to 2016.
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fourth  day  (lag  4).  In  addition,  the  RR  of  TCN  in
females  had  a  maximum  value  of  1.050  (95%  CI:
−1.00–1.10) on the same day; other RR values were
not significant at low levels. The cumulative effects
(Supplementary  Table  S4,  available  in  www.
besjournal.com) showed that the RR values of high
DTR  and  TCN  were  greater  in  females  than  in
males,  indicating  that  the  females  were  more
vulnerable  to  both  DTR  and  TCN  than  males.  This
phenomenon  might  be  linked  to  individual
physiological  structures,  immune  functions,  and
hormone  levels,  such  as  the  specific  physical
mechanisms in males, which prompted them to be
more resilient to environmental temperatures than
females,  and  the  absence  or  deficiency  of  this
mechanism caused females to be more susceptible
to temperature changes[3].

Figure  3  shows  the  effects  of  low  (P5)  and  high
(P95) DTR and TCN levels on cardiovascular mortality
under  seasonal  stratification.  The  RRs  of  low  DTR
and  TCN  showed  no  apparent  effects  on
cardiovascular mortality in any season. In the entire
year,  the RRs  corresponding to  a  high DTR and TCN
revealed  a  consistent  pattern  of  variation  and
reached a maximum on the second day (lag 2). In the
cold  season,  the  effects  of  temperature  changes
were  more  hysteretic;  the  RR  values  for  all  groups
increased gradually with lag time, and the maximum
RRs occurred at lag 10 for high DTR and at lag 7 for
high  TCN.  In  the  hot  season,  the  effects  of
temperature  changes  were  more  transient;  the

largest RRs occurred on the same day and thereafter
decreased with  lag  days.  The RR  values  of  high-DTR
were  higher  in  the  hot  season,  whereas  those  of
high-TCN  were  much  greater  in  the  cold  season
(Supplementary  Table  S4).  Winter  heating  in
northern  cities  and  vulnerability  to  thermal
adaptation might  lead to an underestimation of  the
effect  of  cold  temperatures  on  cardiovascular
mortality.  The  estimated  effects  of  TCN  on
cardiovascular  mortality  were  greater  than  those  of
DTR.  In  general,  people,  especially  office  workers,
stay  indoors  during  the  time  of  day  when  the
temperature drastically changes, which may result in
an  underestimated  pathogenic  effect  of  DTR[7].  The
heat island effect caused by the urban and suburban
temperature  differences  may  enhance  the  health
effects  of  DTR  and  TCN.  Furthermore,  a  dramatic
inter-day  change  in  temperature  could  increase  the
adverse  effects  of  average  temperatures  on
mortality,  and  this  additional  impact  carried  by
average  temperature  would,  in  turn,  amplify  the
effect of TCN on mortality[8].

The  underlying  physiological  mechanisms  of
DTR/TCN  on  daily  cardiovascular  mortality  remain
unclear.  A  reasonable  explanation  is  that  sudden
changes  in  ambient  temperature  surpass  the  limits
of  the  body’s  initial  tolerance;  automatic
temperature  regulation  systems  cannot  adapt  well
to  such  a  variation  in  the  environment  in  the  short
term,  leading  to  an  increase  in  blood  pressure,
immune reaction,  and  inflammatory  response  while
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affecting  many  other  physical  functions[9].  Other
potential  pathogenic  factors,  including  the  increase
of  superficial  blood  circulation,  hypotension,  salt
depletion,  and  dehydration,  would  be  an  additional
burden  to  the  cardio-cerebral-vascular  system,
which  might  ultimately  cause  the  occurrence  of
stroke or myocardial infarction[10].

The  current  study  has  several  limitations.  First,
owing to the large regional differences in population
vulnerability, climatic conditions, and socioeconomic
status,  the  findings  of  this  study  should  be
generalized  to  other  regions  of  China  or  the  world.
Second,  the  collected  daily  cardiovascular  mortality
data were confined to selected hospitals and did not
include  more  patients;  therefore,  the  impacts  of
temperature  changes  on  mortality  were  biased  and
probably  underestimated.  Additionally,  individual-
level  factors,  such  as  occupation,  education  level,
and  economic  conditions,  were  not  considered;  the
use  of  air  conditioning  reduced  the  temperature
differential effect, while outdoor workers could bear
greater risk.
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