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Abstract Increasing epidemiological studies have shown that
arapid temperature change within 1 day is an independent risk
factor for human health. This paper aimed to systematically
review the epidemiological evidence on the relationship be-
tween diurnal temperature range (DTR) and human health and
to propose future research directions. A literature search was
conducted in October 2013 using the databases including
PubMed, ScienceDirect, and EBSCO. Empirical studies re-
garding the relationship between DTR and mortality and
morbidity were included. Twenty-five relevant studies were
identified, among which, 11 investigated the relationship be-
tween DTR and mortality and 14 examined the impact of DTR
on morbidity. The majority of existing studies reported that
DTR was significantly associated with mortality and morbid-
ity, particularly for cardiovascular and respiratory diseases.
Notably, compared with adults, the elderly and children were
more vulnerable to DTR effects. However, there were some
inconsistencies regarding the susceptible groups, lag time, and
threshold of DTR. The impact of DTR on human health may
be confounded or modified by season, socioeconomic, and
educational status. Further research is needed to further con-
firm the adverse effects of DTR in different geographical
locations; examine the effects of DTR on the health of
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children aged one or under; explore extreme DTR effects on
human health; analyze the difference of DTR effects on hu-
man health in different locations and the modified effects of
potential confounding factors; and develop detailed preven-
tive measures against large DTR, particularly for susceptible
groups.

Keywords Climate change - DTR - Morbidity - Mortality

Introduction

Climate change is affecting and will increasingly influence
human health (Kjellstrom and McMichael 2013). As projected
by Intergovernmental Panel on Climate Change (IPCC 2007),
global surface average temperature will increase by 1.8—
4.0 °C by the end of this century. The association between
increased temperature and adverse health outcomes (e.g.,
cardiovascular and respiratory diseases) has been extensively
studied (Baccini et al. 2008; Lin et al. 2009; Lin et al. 2013;
Yang et al. 2012). In recent years, diurnal temperature range
(DTR), another indicator of temperature, has attracted increas-
ing research attention (Lim et al. 2012a; Wang et al. 2013; Xu
et al. 2013a).

Defined as the difference between daily maximum and
minimum temperature within 1 day, DTR is an important
meteorological indicator associated with urbanization and
global climate change and reflects whether the weather was
stable or not (Kalnay and Cai 2003). In most regions of the
world, DTR is decreasing because nocturnal minimum tem-
peratures have risen faster than daytime maximum tempera-
tures in the context of global climate change (Vose et al. 2005;
Li and Chen 2008; Easterling et al. 1997). For example, in
central and southeastern Europe (Brazdil et al. 1996), North
America (Karl et al. 1993), and in central and south Asia
(Klein Tank et al. 2006), higher minimum temperature has
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been predicted, suggesting a lower DTR. The urban heat
island effect could also contribute to the decreased DTR since
increment of the daily minimum temperature was larger than
daily maximum temperature (Karl et al. 1988). However,
people are still exposed to a long period of relatively large
DTR (Xu et al. 2013a; Lim et al. 2012c). The change of DTR
may have adverse effects on human health through its impacts
on cardiovascular, nervous, and immunity system (Liang et al.
2008; Bull 1980; Shinkawa et al. 1990), thus resulting in the
poor ability of accommodating to the wide variations in tem-
perature within 1 day. It has been documented that great DTR
could cause the increase in blood pressure, heart rate, and
oxygen take (Liang et al. 2008; Lim et al. 2012b), then
increase cardiovascular workload and induce the occurrence,
even death of cardiovascular events (Imai et al. 1998). Bull
argued that weather change might affect humoral or cellular
immunity (Bull 1980). In order to examine the impact of DTR
on human health, prior studies looking at the DTR effects on
human health were mainly conducted in Asia (Luo etal. 2013;
Yang et al. 2013; Li et al. 2013; Qiu et al. 2013; Kan et al.
2007), Oceania (Xu et al. 2013a,b), North America (Vutcovici
et al. 2013), and Europe (Holopainen et al. 2013; Magalhaes
etal. 2011). Majority of the existing studies have reported that
DTR is an independent risk factor of mortality (Luo et al.
2013; Yang et al. 2013) and is significantly associated with the
occurrence of both noncommunicable diseases (e.g., cardio-
vascular and respiratory diseases) and communicable diseases
[e.g., diarrhea and hand, foot, and mouth disease (HFMD)]
(Xu et al. 2013b; Hii et al. 2011).

In recent years, there has been increasing interest in explor-
ing the impact of DTR on human health. However, to date, no
review has specifically focused on the relationship between
DTR and human health. We conducted a systematic review to
assess the DTR effects on mortality and morbidity, identify
knowledge gaps in this filed, and make some recommenda-
tions for further research directions.

Methods

Data sources

Empirical studies regarding the impact of DTR on mortality
and morbidity published up to October 10, 2013 were re-
trieved using databases PubMed, ScienceDirect, and
EBSCO. Titles and abstracts were screened for relevance. In
addition, the reference list of each study was inspected to
make sure that all relevant papers were included.

Study selection

We limited the search to peer-reviewed English journal arti-
cles. All the identified papers, including original paper, brief
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communication, and letter to the editor, assessed the impact of
DTR on human health. People of all ages are the target
population of this review. The elderly are defined as humans
above 65 years, with adults referring to those aged 19—
64 years, children aged 1-18 years, and infants under 1 year.
Our primary search used the following US National Library of
Medicine's Medical Subject Headings (MeSH terms) and
keywords: “diurnal temperature range,” “temperature
change,” “temperature variation,”, ‘“hospital,” “hospitaliza-
tion,” “emergency room,” “emergency department,” “outpa-
tient,” “mortality,” “death,” “morbidity,” “incidence.” All
subterms were included.

EEINT3

Inclusion and exclusion criteria

To clarify the relationship between DTR and mortality and
morbidity, studies were included in the present review if they
met the following criteria: (1) studies used the original data
and appropriate quantitative effect estimates [e.g., odds ratio
(OR), relative risk (RR), regression coefficient, percent
change in mortality or morbidity]; (2) DTR was a main
exposure of interest (e.g., daily DTR, weekly DTR) and
mortality or morbidity were also analyzed; and (3) the out-
come measure included the noncommunicable diseases (e.g.,
cardiovascular and respiratory diseases) or communicable
diseases (e.g., diarrhea and HFMD). Studies were excluded
if they were (1) animal or human experiments, (2) not related
to DTR, (3) just focused on DTR change trend, and (4) not
assessed the DTR effects on human health. The study design,
first author’s last name, location, study period, statistical anal-
ysis method, target population, main exposure variables, out-
comes, key findings, and effect estimates [e.g., OR, RR and
confidence intervals (CI)] were manually recorded by two
reviewers (C.J. and Z.R.) from the identified studies. The
detailed information was presented in Tables 1 and 2.

Results

A total of 406 articles were identified in the initial search.
According to the inclusion criteria and exclusion criteria,
25 studies were included in final review (Fig. 1). Among
them, 11 investigated the relationship between DTR and
mortality, and 14 examined the impact of DTR on
morbidity.

Impacts of DTR on mortality

All the studies looking at the impact of DTR on mortality were
conducted in cities of Asia, North America, and Europe,
including eight in China (Cao et al. 2009; Chen et al. 2007,
Chu et al. 2011; Kan et al. 2007; Luo et al. 2013; Song et al.



2013

Int J Biometeorol (2014) 58:2011-2024

parjonuod sem uonnjjod

(z3e1 ‘% 61-€TC

1D %S6) % 17°¢€ W10 (T

uoseas [00d
pue uoseas uem Ul s}09J9

JURIIP ey YL Syeap Arep
JO IoquuInu oy} Yum pajeIoosse

Ire ‘u3ISop IOA0SS0I0-9Sed B[ ‘9% 91°€—9L°T 1D %S6) Apueoyrudis sem Y 1A 1D NVD  +00T ‘1€ F0quada
puUE SOLIdS-OW) Ul 30q % 9T JNVD OSBAIdUl TRy} PAMOYS SISA[RUR JOAOSSOID [1eop 9SeasIp £IOA0SSOID-0SBD —100¢ ‘1 Arenuef 'uIy) ‘rey3ueys
PAJeWINS A10M Y LT JO S0P Do T 1od :o8ueyo juoorog -9SEO pUE SALIAS-WN) YIog Jeay A1eU0I0) YL Al PUE SOLIAS OWI], ‘ordoad ojoym “6007) Te 10 08D
(1-0 e[ % 09°C
pepnjout —LT'T 1D %S6) % 68'1
sem A5 U0 AJuo ‘sAep (0 3% % ST'T-L60 IS Jo ysu ¥00T ‘1€
P[OO PUE WLIEA UT PJBNSS 1D %S6) % 9S'] “@searour PIsLaIoU] UB M PIJEIOOSSE N1 IoquIR0dJd—000T euly)) ‘reySueys
sem Y.L JO 19912 YL, Do 1 1od :08ueyd juosrod sem YL pIseaIoul uy dlS MLdApeq  ‘donrosso-ose) ‘1 Arenuer ‘sreok [> “1102) Te R YD
Jowwuns ur (% 1°1-7° 0 [0 SIOUIO Uey) 10)edId
%S6) % 9°0 ey ul (% ¢T'1 QI0M [OAJ] UOIEINPS MO] SO} BAI0]
POUTIEXD SeM SUOSEIS =G0 'ID %S6) % 80 “Sorewd) ‘AHIoppe ayp Jo Aijepowr ‘nfSuemn ‘uesng
1noj Suowre s)090 Y.LA Sredk [Ny ut (% L°0—€°0 UO S0P LA ‘I8 Ul S99 L00T ‘1€ Joquaooq ‘nSoe( ‘uosfoeq
JO QOUSIYIP oY} {Pajod[as 1D %S6) % S'Q ‘OSBaIOUT  TUNTUIXEUT [IIM ] (] PJeIoosse IO uossIog —Z2661 ‘T Arenuep ‘u0dyOU] ‘[noag
1om sonro uejijodonowr XI§ Do 1 Jod :03ueyo juoordg  Apueoyrudis sem Ajferow [ejo], Anenow [ejo],  Y1d Ared (SOLIdS Qi ‘ordoad ojoypy  “(9°qeZ107) ‘TR 10 W]
Aypeiow ayoxns 10J
Pa109[as sem (01-0 3®[ ‘2% 8S°€—01°0) SIOUIO URY) YL O} S[qeIdunA
uone)s JOJuow duo AJuo % 86°T ‘Kierow [e30} QIOW 2IOM UONEONP
{pojewmsa d1oM AjIferiowr 10} (40 3e[ ‘% €6°0-10°0 MO[ )IM 9SOY) pue A[1op[o Kyireniowr WNTId  010T ‘1€ Iquese
oroads-uoneonps/-a3e 1D %S6) % L0 “@searour o) ‘oetof YT O} QANISUDS ofgroads-osned uossiog-isenb —€00¢ ‘T Arenuef 'uIy) ‘noyz3ueno)
/-9Sned U0 Y1 JO SI09P2 oY, Do 1 Jod :03ueyo jued1dg jsowr sem Ajferiow oyons  pue Ayjenow [ejo],  MI1d Ared £SOLIOS QU ‘ordoad aroym “(€107) Te 10 Suex
A1d dedopow
JO asotp ueyy Ajjerowt Jo
pajewmso (9°0SZ-0vr  SodAK [re uo $10930 1038213 oALY
SeM Y L[ QWX JO S0P 10 % $6) L'vTT {00 8 LA YSIy pue MO[ Swonxa
oy ‘sAep e[ pue suoseas SA Do §'P1) LA (9°69T “reak [[ng oyp Ul Y LA yS1y
JURIYIP ‘Apepiowr o1y10ads —9'%S 1D % S6) T6E1 QWIAI)X JO IS0y} Uey) 13U0ons Kyirentowr WNTA  800T ‘1€ I0quaoo
-asned ‘Ajrpeniowt 8303 Ul (Do 8§SA D0 L'T) WMLA a1om AjITepIow 18103 Uo Y1 oyroads-asned uossIog —900¢ ‘T Arenuef 'uIy) ‘noyz3uenn
POJEWINSO QIOM Y T JO SIOOPH  :SOJBI QAISSOOX JAIR[NWUNY)  MO] SWALXA JO S109JJ0 djeIpour]  pue Ajfepows [ejo], YL A[red ¢SOLI0S-OWIL ], ‘ordoad ojoym “(€107) Te 10 ong
Pa[[0nUod J0U Teak 1oed 9)el 9PIJINS [BUOSEIS 010T ‘1€ Joqudoeq puequ]
sem uonnyjod xre ‘apromns uo 10°0>d ‘82 0= ToySIY i PAIRIOOSSE o —€L61 ‘1 Arenuep ‘DUIS[OH (€102)
S1091J0 LA oY Areoryroadg JUSIONJA00 UONE[OII0)  P[nod YL  sumuuds 10y3iy v aproms  JYLd Area SOLIOS QW] ‘ordoad sroym ‘Te 10 uauredojoy
(0€—0 el ‘% 62'17-80°C
1D %S6) % LTTT Do S'LI
0} 1] Wwoy pagueyd 6 3e[ y3noayy paysisiod
ALA (0€-0 Sel % 6701 P[nod pue ( Sef uo ysoFuons
paozATeue sem Ajijeriowt —20°0 1D %S6) % TI'S QIoM 130 Y L[ "BOLAUY
[B10} UO $309JJ2 Y.L 24} Do I'11 01 6° WOy YHOU UL | L Y pajeloosse NWN1d L00T BpeUR)) ‘TRnUOIN
‘eOLIOWY [ON Wox ApmS  PaSueyd Y[ :25ueyd juadiod  Apuedyiudis sem Ajjeriow [ejo], Airenowr (1o, Y1d Ared $SOLIDS QUL —861 ‘SIBAA G9Z  “(€107) Te 12 IDIA0dINA
(s)orqerrea
amsodxa SISATeue
amjeraduey [eonsne)s pue own
SIUSWIIO)) SIJBWIS SOAPH s3urpuyy Aoy (s) swoonQ urejy  uSisop yoreasdy pue uonendod joS1e] Apnis

Kypeyow pue Y1 INOQE SAPNS JO SONSLIOLIEYD) | A[qEL

pringer

As



Int J Biometeorol (2014) 58:2011-2024

2014

uonearqnd Jo ojep oy} £q paIopIO dIe SIIPMS IS, ,

aseastp Areuownd 9AONNSQO STUOIYD (TJO)) ‘Yredp JuByUI uappns (77 ‘@oSuer amjeroduwo)
[ewInIp Y 7 “ISU QAIR[AI Y ‘[EAISIUI QOUSPUOD 7)) ‘UOISSITaI oNsISO] [BUONIPUOD y7) [opoull Jedur[uou Se| PoINQIISIP AT ‘S[OPOW Jedul] PIZI[eIoudS jy 7o ‘S[opow dARIppe Pazijerouss jyH

(% 8TT€T1 SAep wem

1D %S6) % 171 sAep
P1oo (% LL'T-6t°0 1D
%S6) % €1°1 :SAep wem

PoIOI[AS AIOM {(¢—0 el ‘2% $9'1-80°1

puE P[Od )Oq Ul JUBOYTUSIS
o1oM A)ITE)IOW TBTNOSEAOTPIED
pue [£)0} UO $100J0 LA
‘KY[e)IoUT [210) UT OSBAIOUT

Ayepow

$00T ‘1€ 1oqui2da(

SIOLSIP UBQIN SUIU ‘IO 1D %S6) LE'T “Osearour % L€'1 & 0} papuodsariod oiy1ads-osned VD —100¢ ‘1 Arenuer eury) ‘rey3ueys
pafjonuod sem uonnyod Iy Do 1 1od :93ueyd Juso1og MLd Jo uawamur D, [V pue Arenow 810, YILd Alred (SOLIOS QI ], ‘ordoad sjoym “(L007) Te 10 uey]
(% s9°¢
—T1'T 1D %S6) % 88°C
:I0A0SS010-9SBD (% §9°¢
10} pa[jonuod =TT 1D %56) % 88T
sem uonnjjod Ire pasn a1om 1SOLIOS Qui) OseaIoul Ajeyiow 9xo1s yum JIOAOSSOId 00T eury) ‘rey3ueys
u31Sop YoIedsal Jo spuny omJ, Do 1 10d :03ueyo juoordg  pojeroosse Ajoanisod sem Y[ Yieop oous ANy YL Areq  -oseo ‘sauds owir], —100g ‘©jdoad ajoym “L007) T8 3 uayD
(% €9T-150
10 %S6) % LS'1 shep
PI92 (% 86'0—+0°0 IO
Xas ‘3e % S6) % IS0 :SAep wrem SABp WM UeL]) Jo3uons
JUSIOIIP UT Jou Jnq sAep (0 Be1 ‘% ST'T=$€0 a10M SABP P[od UI YL JO $00T 10quI20d(
PIOd puB WLIBM Ul PIJBWINSS 1D %S6) % ST'1 ‘Osearour S109JJ oy {Ypeap qJOD Anoe INVD —1007 Arenuef 'ury) ‘rey3ueys
sem Y.LJ JO 19919 YL Do 1 Jod :03ueyo Juo0IdJ  10J J0JOBJ YSLI [9AOU B SeM Y LA Airerow qdOD 1A Ared (SOLIOS QUL ‘ordoad ajoym “(8007) Te 10 Suos
SAep wiem Ul Jey)
(T 9l ‘TPT'T-0L0°'T)  Ueyy Ysu 10Jedls seq sKep pjod
J1op[o pue g9 pagde ordoad SOT'T 04 SA P[od {(¢—0 ur Y 1d Jo oueyo ayy ‘g—(
ur Ayepiow Ie[noseAorpred  Se[ ‘1¢0'1-€00°T 1D %S$6) el Je YL Ul dseatour O, | e Aypeyow NVD 2007 eurg) ‘Suoy Suoy
o) uo snooj A[[eoyroads  £10°] ‘@searout D, [ 1od Y JOJ ANeIoW Ul 9SeAIdUT 9, L] Ie[noseAolpre) Y ILd Ared (SOLIOS QI ], —166] ‘SIBAK GO “6007) Te 10 weL,
(s)orqerea
amsodxa SISATeue
myeradwd) [eonsne)s pue owy
SIUSWIWO)) SO1BWMS? S0P H sSurpury Aoy (s) awonQ urelN  uSIsop yoreasay pue uonendod jo31e], Apms

(ponunuoo) [ qex,

pringer

Qs



2015

Int J Biometeorol (2014) 58:2011-2024

paIens pue [[eI9A0
10J PajONpPUOd Sem
SISATRUR {POpN]oUl d1oMm

%S6) % 1'1 ‘ewpse (% 9t
T 11D %S6) % 0°¢ “am[rej

‘Kjoanoadsar ‘euuyse pue
QIN[Ie} OBIPILD UI SSLAIOUT

aseasIp

ki)
‘INTO uossiog

BaI0Y] ‘uesng ‘ndoeq

JBIPIED JJ\TD) ‘OseaIour % 1°T PUB %, € UI J[nsax o13109ds-osned 10§ £{IOA0SSOI0-0SBD 900T ‘uoayoU] ‘[Noog
sano ueyrjodonowr o,y Do 1 J1od :28ueyo Juad1d  PINOd YL Ul dSeADUL D), | V suorssiwpe [eydsoyq LA Area ‘soues awl],  —¢00g d1doad sjoym “(0°qez107) ‘1B e Wy
pa[[onuos jou Do 9 2A0qQE SeM Y L[ 2P 600T ‘1€
QIoM SI0JOBJ ow)-AIeA (oouoIoyar UQYM 9SOI SISEO UOISIO) UOISIO} JE[NOTISo} IOqUINR-966 1 BUIY)) ‘UeMmIB],
puB SIOJORIRYO [ENPIAIPU] Ay St D, 9>ALA) 81 MY Ie[NONSd) JO Joquinu A, JO 9je1 90UdPIOU] 1A Ared [onu0o—ose)) ‘1 Arenuer ‘Jeok [< (£102) ‘T 10 udayD
1 3|
10J PO[[OUO0D dIOM (1-0 Be[ ‘% €6'T+T1 1e 1S9JB0I3 SeM S)O0[ SH 6002 ‘0€ dunf
uonnjod e papnour 10 %S6) % 80°C “dsearout PUE [T JO YSL paseaiout LY 10] —800¢ ‘1 Arenuep eury) ‘reysueys
sem [eydsoy auo AJuQ Do 1 1od :03ueyod Juod1dg M PAJRIDOSSE Sem Y[  SHSIA Wool AouoFiowrs] MIA AR NVD (SOuas dwil], grdoad ajoym (€107) Te 1@ 9D
S100J0
A1d 9yl 03 d[qereunA
Iopuad pue Q10w d1oM SIRIA @
dnoi3 93e JudtoyIp ur —G pase uaIp[Iyo pue BUIYISE POOYP]IYO
PaJONPuOod sem SISA[eue UQIP[IYO oew D, (0] JO 10} UOISSIWpe 600T ‘1€
“BUIYISE POOYP[IYO pue (6-03e1 ‘85T “11°1) LA © or0qe Apuedyusis Juounredop NWN1d 1oqusdsd—€00T ‘1 elfensny ‘Queqstig
ALA paurwexo Ajfeoyroadg 1€°1 ‘osearour O, ¢ Jod Y paseaIdur s309p0 Y1d YL KouoFrowrg MLA Area (SOLIOS QW ], Arenue( s1edk 1 “Q€1027) Te 1R X
~MLd 0} d]qeIounA d1om
papnjour sem UQIP[IYO S[BWIO) PUB dew BOULIRID
Ao 2uo AuQ ‘edyueIg (% S-T og <uaIpyo Suowre 10J suoIssIwupe 600T ‘1€
uo Y.L Jo 1edwr oy 1D %S6) % € ‘osearour BOULIBIP [JIM PIJEIOOSSE juounredop WNT1d IOqUIAOS(T -€00Z°T BI[ensSny ‘Queqsug
pajesnsaaur Afeoyroadg Do 1 Jod :03ueyod Juediog JueoyIugis sem Y1 KouoFrowrg MLd Area ¢SOLIOS-UIL ], Arenuef s1edk 4~ “(eg107) TR 19 NX
(§-03%1 % S¥'€-17°0 1D %56)
% 18] ‘9SBaSIp ATRULINONUSS dnoi3
(L-03e1 % 6S°€-1L°0 98e /69 oy ueyy Y LA
1D %S6) % 17T ‘seasip 0} 9[qEIOU[NA QIO IOM
9ANSATIp (£-03e] ‘% 67°€ 9A0QE pue sIedk G9 pade
-88°0 \ID %S6) % 80°T OSeas|p o1doa  ‘paAIesqo arom
PI[[O1UOD AIOM Axoyendsar (z-03e] ‘o, 9] SOSBOSIP ATRULINOUST 9seasIp
uonnyjod 1y ‘pazAjeue —L0°0 1D S6) % 9L°0 Oseasip pue 2A1SaSIp ‘Arojendsar ony1oads-osned 110Z ‘1€
QIOM SUOISSIWpPE Ie[NOSBAOIPILD ‘9SBAIOUl Te[nNOSBAOIPIEd pue Y1 10} SUOISSIWpe 10quI0d( -6002°T eury) ‘Sutfiog
KouoSrowo oyyroads-osne) Do 1 1od :08ueyd Juad1dg JO suorneroosse JuedyIugig wool Aouddiowy MIAd AR JNVD SOLIRs-dwl], Arenue[ S1BOA G9< “(€107) 'Te 12 Suepy
syuoned AJ1op[e pue
O[eWIR) UO PUE ‘UOSEIS P[0d
ur 1000 19jeaIs pajuosaid
10} PI[[OJUOD Sem LA ‘4H Joj suorssiupe
uonnyjod 1y ‘pajonpuoo [endsoy AouoSIow £00T Joquaoog
Sem Uuoseds pue e (% SF1-1€0) % 98°0 UI 9SBAIOUT oY) Ul PAY[Nsal JH 1oy —000¢ Arenuef 'uIy) ‘SU0y|
Xas Aq sisA[eue pagnens  ‘osearoul O, [ Jod :98ueyd jusorg Apueoyiugis pinod Y1 suoissiwpe [edsoyq MId AR AVD fSouas dwl], grdoad ojoypy  SuoH “(€107) ‘T8 10 n1d
(50361 % €T-L9'T 1D %S6) Apsoppe
% LOT (18] “% SE1-LLO oy) Suowe [y ym [opout [erwourq TI0T ‘1€
119 uo spope Y1d 1D %S6) % 60 “Oseatour pajeroosse Apueoyrusis 10y 1of aaneSou IOqUINR—(010T 'uIy)) ‘noyzSuenn)
oy pourwexd AJjeroads Do 1 1od :93ueyd jusomeg SeM OSBAIOUI D, [V SHSIA WOOI AouoSIows M1 Ared (SOLIOS QW] ‘] ATenuef sIedK G9< €100 BRI
(s) 91qeLeA
amsodxad sisAjeue
amyeroduwo) [eonsnes pue own pue
SJuSWIIO)) SOJBWINSA SIOAPH sSurpuyy Aoy (s)owonQ urejy USSP YoIeasay uonerndod jo8re], LApms

Kypigiow pue Y I (J INOQE SAIPNIS JO SONSLIvORIRYD) ¢ dqEL

pringer

As



Int J Biometeorol (2014) 58:2011-2024

2016

uoneorqnd Jo oyep AQq PaIopIO AIe SAIPMS IS, ,,

aseasIp

IO Pue 400} ‘PUBY /L “QWOIPUAS ATeU0I00 3ok §HF “seasip Areuowynd dAONISQO JTUOIYD (FJO) “OIn[Ief 1edy J77 ‘Suonodyur joen Aroyerrdsar 77y ‘o3uer amjeroduwa) [ewInIp ¥ 7 “SH dALe[I
QOUIPIOUT Yy NSU OANRIAI Yy ‘[eAIDIUT SOUIPYUOD 1) ‘UOISSAISAI oNSISO] [RUOKIPUOD Y7 ‘[OpOoul Jeaul[uou Se| panquusIp N7 ‘S[OPOW Jeaul] pazi[eloudd jy70 ‘S|opoul dANIPPE PazI[eldudd jyH

91doad orewr Suowe axons
[IM PajeIoosse sem Y1

1761 TOQUIDAON

T6¥0=24 ‘Oree=¢ £a3[01S [[e JO 20UdpIoul A ajons M1ld woy dn-mojjoy uede( ‘ewrefesiy
POMOI[O] 2IOM SIBOK T JUSIOIJO0 UOHR[ALIO)) ur AJI[euoseas JUBOYIUSIS [21Qa109 JO doUdPIOU] A[puoy Apms aanduosoq IeOA- S1ROK Op<  “(0661) Te 30 BMBUIYS
Do 9°6 1oA0
sem YL uoym Ajdreys
paseaIoul YSLI oY) pue UoISsaIZa1 €00T ‘1€ YoreN BUIYD
% Y€ Do 8'5>ULA LA Ul dsea1ouL ayy Y SOV 10J suolssiupe uossiog Apms —000¢ ‘1 Arenuef ‘uemie], ‘Junyorey,
papnpour sem AJ10 U0 A[UQ  SA D, 9'6<Y.LA PSULYD JUIIJ pasealoul SuoISsIpe SOV wool Aouagiowg M1Ld Ared [eurpmiSuo| ‘ordoad ajoym “6007) 'Te 10 Suery
(ouai19ja1
ay se D, 9°9>YLA) 2002
10} PA[ONUO0d Sem 6Z1-10°1 M1 ur asearour adoo uoISsaIga1 ‘1€ IqUIde BUIYD)
UonIpuod IIe UOISSIPE 1D %S6) 711 Do 9°9>¥1Ld Uy PIm dseaIdul qdOD 10} SUOISSIWIpE uossiod ‘Apris —100C ‘1 Arenuef ‘uemre], ‘Sunyore],
ddOD uo sndoy A[jeoyroads SA Do 9°6<ULA MY JO JSL1 JO 93ueyd JU2dIdJ wool1 Aoudgiowy MLd Are Teurpnguo| ©ordoad sroym “6007) 'Te 12 Suer]
1oy pajsnipe jou sem (L°0-T°0 1D %S6)
uonnyod 1e ‘qQINIH 0= owm Se[ yoom ¢ (970 N1d Appeam pue SuOnMIISUI
U0 S)O90 Y. LA APfeom =20 1D %S6) 0= :owm 3e| ANAH U99m10q punoj [ed1paW [UNUIS Mla [opow UoISsAIFaI 60020002 'uIy) ‘Su0y]
Ay paurwex? Aqerdadg oM 7 :JUSIOIJR0d UONR[ALI0)) SeM UOIJBIO0SSE JANISOJ woy erep qINIH AP[OoA\  Tedur] SoLos oul], ordoad ajoyp SuoH “(0107) ‘T8 1 BN
Do L< [opout
Sem YL UoyM POAIISqo suonmnsur uoISsaIZa1
10} pajonuos (I 1-6€T 11D %S56) SeM 0USLMIS0 (qINAH [ed1pSUL JoUnuUSs A1da uorsstod 800¢—100C arodegurg
jou sem uonnyjod Iy 11 9searour D, [ 104 ¥l Ul 9SBAIOUI JUBOYIUSIS wolj eyep QNAH APoom £SOLIOS QL ordoad ajoym “1102) Te 3@ IH
(#1-0 51 ‘S0’ 1-16°0 11D 0007 1oquoydog
pa[[onuod %S6) 86°0 (1 3¢l ‘20" 1560 9301s JO 35uapIoul sy} S3j0xns 10§ —8661 1940100 [e8n10d ‘oo
jou 21om syuepnfod Iy 1D %66) 66°0doIp D, 1A Y U0 $199)J9 ou 2ARY Y1 YL suoissiwpe [endsoyq ML AR VD fSowas dwl], ©ordoad sjoypmy,  (1107) ‘T8 19 seey[eSe
(% 8'€-L01D Iopuo3
% S6) % T'C ‘ewnpse (% L'6 UL 90USIQIP OU Pue 19p[0
10puad —6°0 1D %S6) % 'S ‘In[rey pue s1eak g/ pagde opdoad
pue oFe £q sdnoi3 serpred 41D (% 0°7-1°0 1D UO S)O9P9 101ea13 sey Y1
(s) 91qeLeA
amsodxod sisAeue
amyeroduwo) [eonsnes pue oy pue
Nlieliiiite) SOJRWINSI SIOAPH sSurpuyy A9y (s)owonQ Urejy uS1sop YoIeasay uonendod jo3re], LApnmg

(panunuod) g dqeL

pringer

Qs



Int J Biometeorol (2014) 58:2011-2024

2017
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2008; Tam et al. 2009; Yang et al. 2013), one in Korea (Lim
etal. 2012c¢), one in Canada (Vutcovici et al. 2013), and one in
Finland (Holopainen et al. 2013), most of which are high-
income countries (Table 1). The significant DTR—mortality
relationship was found in subtropical cities (Kan et al. 2007;
Luo et al. 2013; Yang et al. 2013; Vutcovici et al. 2013) and
temperate cities (Lim et al. 2012c¢). In Shanghai, China, Kan
etal. (2007) have found that total nonaccidential mortality was
positively associated with DTR and the DTR effects were
significant on both cold days (<23 °C) and warm days
(>23 °C). Later, Yang et al. (2013) found a significant associ-
ation between DTR and total mortality in Guangzhou, China,
with 1 °C increase in DTR being associated with a 0.47 %
increase in total mortality. A multicity study in Korea was
conducted by Lim et al. (2012c) to investigate the DTR effects
on deaths. They reported similar result that a 1 °C increase in
DTR could result in 0.5 % increase in total mortality. Notably,
the DTR effects on percent change of mortality were the
greatest in fall, at 0.8 % (95 % CI, 0.5-1.2 %), followed by
summer, at 0.6 % (95 % CI, 0.2—1.1 %), among four seasons.
In Montreal, Canada, Vutcovici et al. (2013) have specifically
examined the relationship between DTR and total mortality
among the elderly (>65 years) and found a 11.27 % increase in
daily mortality was associated with an increase in DTR
changing from 11.1 to 17.5 °C. Prior studies investigat-
ing DTR-related mortality just focused on the effects of
high DTR, and whether low DTR, which may be linked
with heat waves in summer or cold spells in winter, has
marked impact on mortality remains unknown. Recently,
Luo et al. (2013) have further quantified the effects of extreme

DTR on nonaccidential mortality and found that both extreme
low DTR (defined as lower than the first percentile of DTR)
and extreme high DTR (defined as higher than the 99th
percentile of DTR) were significantly associated with total
mortality. In addition, extreme low DTR has greater immedi-
ate effects than extreme high DTR.

Cardiovascular and respiratory diseases are the leading
causes of death among people after exposure to DTR. In
Shanghai and Guangzhou, China, Kan and Yang have report-
ed that elevated cardiovascular mortality was significantly
associated with DTR, with the percent change in cardiovas-
cular mortality ranging from 0.75 to 1.86 % for per 1 °C
increase in DTR (Kan et al. 2007; Yang et al. 2013). Luo
et al. (2013) found a significant relationship between extreme
DTR and mortality from cardiovascular diseases. The ex-
tremely low DTR effects were the greatest at lag 0, subse-
quently declining for the following 2 days, and then rising
again, while the extremely high DTR effects were the stron-
gest at lag 0 with a decline for around 10 days, and then an
increase till lag 15. With respect to the DTR effects on mor-
tality in the elderly, Tam et al. (2009) have investigated the
DTR effects on cardiovascular mortality among people aged
65 or older in Hong Kong, China, and found that a 1 °C
increase in DTR corresponded to a 1.7 % increase in cardio-
vascular mortality. The significant association between DTR
and cardiovascular mortality among people aged 75 or above
was found by Yang and colleagues in Guangzhou, China, with
a | °Cincrease in DTR corresponding to a 0.95 % increase in
cardiovascular mortality (Yang et al. 2013). To date, limited
data are available on the relationship between DTR and
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cardiovascular-specific mortality. Only one study conducted
by Cao et al. (2009) have assessed the association of DTR and
daily deaths due to coronary heart disease (CHD). They found
that elevated CHD mortality was associated with the increased
DTR, and the results were robust using both time-series
and case-crossover analyses. A 1 °C increase in DTR
corresponded to a 2.46 % increase in CHD mortality in
time-series analysis, a 3.21 % increase in unidirectional
case-crossover analysis, and a 2.13 % increase in bidirectional
case-crossover analysis.

Respiratory mortality is another important health event
after exposure to DTR. In Guangzhou, China, Luo and Yang
have examined the DTR effects on respiratory mortality (Luo
etal. 2013; Yang et al. 2013). Significant relationship between
elevated respiratory mortality and DTR was reported by Luo
et al. (2013), with the risk of respiratory mortality increasing
by 40 % as DTR increased from 8 to 1.7 °C. However, Yang
et al. (2013) have not found any significant increase in respi-
ratory mortality due to the impact of DTR. In Shanghai,
China, Song et al. (2008) have quantified the impact of DTR
on deaths from chronic obstructive pulmonary disease
(COPD) and found an essentially linear DTR—COPD relation-
ship. Specifically, for cold days (<22 °C), and for warm days
(>22 °C), an increase of 1 °C in DTR was associated with a 57
and a 51 % increase in COPD mortality, respectively.
However, another study in Shanghai found that there was no
significant increase in respiratory mortality in warm days
(>23 °C), although the adverse effects of DTR on respiratory
mortality were observed in all time (Kan et al. 2007). As those
studies were conducted in subtropical cities, the potential
relationship between DTR and respiratory mortality in other
regions, such as in tropical and temperate regions that have
different climate change scenarios, remains unknown.
Focusing on mortality from chronic cardiovascular or respira-
tory conditions may be of great importance since these ill-
nesses are especially common in the elderly (Vutcovici et al.
2013).

Some prior studies have also found that DTR was linked
with elevated mortality from cerebrovascular-related diseases
and some other diseases, such as acute stroke death, sudden
infant death (SID) and suicide. According to Luo et al. (2013),
the change of DTR could significantly increase the cerebro-
vascular mortality. Chen et al. (2007) have examined DTR
effects on the acute stroke death and found that DTR was
positively associated with daily number of death from
stroke. The relationship between DTR and SID was
examined by Chu et al. (2011). A 1 °C increase in DTR
was accompanied with 1.56 % increase in SID, and DTR
effect was stronger in cold days (<21 °C) than in warm days
(>21 °C). Holopainen et al. (2013) have investigated the
effects of DTR on suicide in Finland and found that a
higher suicide rate each spring could be linked to a higher
springtime DTR.

@ Springer

Impacts of DTR on morbidity

Table 2 presented the studies regarding DTR and cause-
specific morbidity, including noncommunicable diseases and
communicable diseases. Existing studies have shown that
DTR had a significant impact on morbidity from various
diseases in China (Li et al. 2013; Qiu et al. 2013; Wang
et al. 2013; Chen et al. 2013; Ge et al. 2013; Liang et al.
2008; Ma et al. 2010; Liang et al. 2009), Singapore (Hii et al.
2011), Australia (Xu et al. 2013a,b), Korea (Lim et al. 2012a),
Portugal (Magalhaes et al. 2011), and Japan (Shinkawa et al.
1990). The main respiratory diseases affected by DTR include
asthma, COPD, and respiratory tract infection (RTI). Sudden
temperature change may lead to pathophysiological responses
of the respiratory epithelium at a tissue level, such as bron-
chospasms and inflammatory changes (Graudenz et al. 2006).
Xuetal. (2013a) have invested the DTR effects on emergency
department admissions for childhood asthma during 2003—
2009 in Brisbane, Australia, and found admissions increased
significantly above a DTR of 10 °C among children aged 0—
14 years. They also found that male children and children
aged 5-9 years appeared to be more vulnerable to the DTR
effect than female children and children of other age groups.
Lim et al. (2012a) have examined DTR effect on hospital
admissions for asthma during 2003-2006 in four cities of
Korea and found that DTR was significantly associated with
hospital admissions for asthma (percent change, 1.1 %; 95 %
CI, 0.1-2.0 %). Meanwhile, the elderly (>75 years) were more
sensitive to DTR than the non-elderly. In Taiwan, China,
Liang et al. (2009) have explored the relationship between
DTR and COPD admissions and discovered that COPD ad-
missions to the emergency room increased by 14 % with a
3.6 °C increase in DTR. In Shanghai, China, Ge et al. (2013)
have quantified the association between emergency room
visits for RTI and DTR, and found an increase of 1 °C in the
current day and 2-day moving average DTR corresponded to a
0.94 % and a 2.08 % increase in visits for RTI, respectively. Li
et al. (2013) specifically quantified the DTR effects on emer-
gency room visits for RTI among the elderly (=65 years) and
found that a 1 °C increase in 3-day moving average DTR was
associated with 2.07 % increase in visits for RTL

DTR has also been reported to have significantly associa-
tion with the increase in cardiovascular diseases. Wang et al.
(2013) have explored the impact of DTR on emergency room
admissions for cardiovascular disease among people aged 65
and older during 2009-2011 in Beijing, China, and found that
a 1 °C increase in 3-day moving average DTR was associated
with 0.76 % increase in cardiovascular emergency room ad-
missions. Furthermore, people aged 75 years and older were
more strongly associated with DTR than those aged 65—
74 years. A multicity study in Korea on risk of hospital
admissions for various cardiovascular diseases have found
that DTR had great impact on the cardiac failure (percent
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change, 3.0 %; 95 % CI, 1.44.6 %) (Lim et al. 2012a).
Similarly, in Hong Kong, China, Qiu et al. (2013) have found
adverse effects of DTR on heart failure (HF). A 1 °C increase
in DTR corresponded to 0.86 % increase in emergency hos-
pital admissions for HF and DTR had greater effects in the
cool season (November to April) and on female and elderly
patients (>75 years). Magalhaes et al. (2011) have invested the
impact of DTR on hospital admissions for stroke stratified by
stroke types and severity but did not find any DTR effects on
stroke (e.g., ischemic stroke) and nonfetal stroke. However,
according to Shinkawa et al. (1990), intradiurnal temperature
change was significantly correlated with the occurrence of
stroke for men aged 40 years or above. Acute coronary syn-
drome (ACS) is one of the most common causes of death for
patients with cardiovascular disease. In Taichung, China,
Liang and coworkers have examined the association between
DTR and ACS during 2001-2003 and found the risk of ACS
admissions increased by 15 % when DTR ranged from 8.3 to
9.6 °C (reference, DTR=5.8 °C), and 34.4 % when DTR was
above 9.6 °C (Liang et al. 2008).

Apart from common cardiovascular and respiratory dis-
eases, DTR was also found to be a sensitive temperature
indictor for the occurrence of communicable diseases, partic-
ular among children. In Brisbane, Australia, Xu et al. (2013b)
have invested the DTR effects on childhood diarrhea and
found that relative risk of childhood diarrhea increased rapidly
when DTR was over 10 °C. They also found an acute DTR
effect on both male and female patients, with greater DTR
effect on male and longer-lasting DTR effect on female. In
addition to daily DTR, weekly DTR was also reported to be a
potential risk factor for communicable diseases. In Hong
Kong, China, Ma et al. (2010) found a significant correlation
between weekly DTR and HFMD (r=0.4; 95 % CI, 0.2-0.6).
Furthermore, Hii and coworkers have examined the relation-
ship between weekly DTR and HFMD in Singapore and
found that elevated incidence of HFMD was positively asso-
ciated with increased DTR, with 1 °C increase in weekly DTR
corresponded to 41 % increase in HFMD occurrence (Hii et al.
2011). Some other health-related conditions are also associat-
ed with DTR. In Taiwan, China; Chen et al. (2013) have found
that the risk of testicular torsion was 1.8 times higher for a
DTR >6 °C than that for DTR <6 °C. In Beijing, China, Wang
et al. (2013) reported a significant association of DTR and
digestive and genitourinary diseases among the elderly
(> 65 years), with male and people aged 75 years and
older represent the higher-risk groups.

Discussion
Our review presented the main research findings in regard to

the association of DTR and human health. The majority of
existing studies reported the adverse effects of DTR on

mortality and morbidity. Cardiovascular and respiratory dis-
eases are the leading health-related events after exposure to
DTR. Compared with adults, the elderly and children are more
vulnerable to DTR effects. Furthermore, among the elderly,
DTR has greater effects on people aged 75 years and older
than people aged 65—74 years. DTR also appeared to be more
prone to affect the occurrence of communicable diseases
among children, such as diarrhea and HFMD. Regarding the
effects of DTR on human health in different locations, signif-
icant DTR—mortality/morbidity relationship has been found in
cities of Asia, Europe, and Oceania, with the increased DTR,
the risk of DTR-associated health conditions increased
accordingly.

People’s vulnerability to DTR might be potentially attrib-
uted to the following causes: (1) cardiovascular modality—
previous studies found that great DTR could cause the in-
crease in heart rate, oxygen uptake, blood pressure (Liang
etal. 2008; Lim et al. 2012b), and thus increase cardiovascular
workload (Imai et al. 1998) and induce the occurrence of
cardiovascular events; (2) respiratory modality—respiratory
defense capability plays a pivotal role in offsetting external
environmental hazards. The decrease in temperature of the
respiratory epithelium would cause a decrease in the effec-
tiveness of local respiratory defenses, such as mucociliary
clearance and leukocyte phagocytosis (Bang 1961; Diesel
et al. 1991); also, sudden temperature changes could lead to
pathophysiological responses of the respiratory epithelium at
a tissue level, such as bronchospasms and inflammatory
changes (Graudenz et al. 2006), which may trigger the in-
crease in respiratory-related mortality or morbidity after ex-
posure to temperature change; (3) immune modality—Bull
(1980) argued that weather change might affect humoral or
cellular immunity. A human-based study showed that a sud-
den change in inhaled temperature was associated with the
release of inflammatory mediators by mast cells (Togias et al.
1985) and could cause more inflammatory nasal response
(Graudenz et al. 2006), which means that people are more
likely to be influenced by DTR; (4) nervous modality—DTR
could affect the balance of autonomic nervous system
(Shinkawa et al. 1990), such as sympathetic nervous system
and increase the levels of blood catecholamines and fibrino-
lytic parameters (Mercer et al. 1999) through the stimulation
of the temperature receptors in the skin, which was associated
with emergency room admissions for cardiovascular-related
diseases (Liang et al. 2008); (5) external object modality—
DTR-related health effects might be not directly attributed to
temperature variation, but depend partly on the external object
modality. For instance, great DTR could be responsible for a
dehydration of pollens resulting in a loss in mass, which
permit atmospheric dispersion (Crimi et al. 2004), thus en-
hancing the growth of outdoor allergens. Similarly, increased
DTR might also favor the transmission of virus/bacteria
attached to the dehydrated items (e.g., dust, pollen). These
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will eventually result in the occurrence or aggravation of
respiratory-related diseases and even death. Although DTR
has marked adverse effects on human health, the heterogene-
ity still exists among studies in terms of study designs and
statistical methods, vulnerable groups, confounding factors,
lag time, and threshold of DTR.

Study designs and statistical approaches

A variety of study designs have been used to assess the
association between DTR and mortality and morbidity.
Time-series or case-crossover study design was mainly used
in studies, even both in some articles (Cao et al. 2009; Chen
et al. 2007; Lim et al. 2012a). Statistical approaches varied
with study designs.

Among time-series studies, general additive model (GAM)
and distributed lag nonlinear model (DLNM) were commonly
used to estimate the DTR effects on human health. Because
the counts of daily mortality and morbidity typically follow
Poisson distribution and the effects of DTR on health were
potential nonlinearity, the core analysis was a GAM with log-
link and Poisson error accounted for fluctuations in daily
mortality and morbidity. However, Dominici et al. (2002)
argued that the GAM function may provide incorrect standard
errors if a correlation was presented between nonlinear func-
tions. Meanwhile, given the lagged effects of exposure factors
on human health, some researchers trended to use a fully
parametric model: DLNM in recent years (Yang et al. 2013;
Xu et al. 2013a). DLNM is developed on the basis of “cross-
basis” function, which can describes simultaneously the non-
linear and delayed effects between predictors and an outcome
in time-series data (Gasparrini et al. 2010). However, unlike
GAM, it may be not appropriate for DLNM to explore the
joint effects between environmental exposure factors on
human health, such as the interaction of DTR and mean
temperature (Yang et al. 2013). To date, no studies have been
conducted to evaluate which model is optimal for exploring
the DTR effects on human health.

Case-crossover design with conditional logistic regression
(CLR) has also been widely used (Chu et al. 2011; Lim et al.
2012a,b,c). The case-crossover approach can be regarded as a
special type of case control study, in which each case can
serves as his (or her) reference in this design. Compared with
GAM and DLNM, many kinds of confounding factors, such
as individual-level characteristics (e.g., gender, age, and race),
can be effectively controlled in case-crossover study.
Although the impact of DTR on health may show greater
effects and/or wider CI in CLR than in other analyses some-
time, such as in GAM (Cao et al. 2009) and generalized linear
model (GLM) (Lim et al. 2012a), the direction of DTR effects
is identical that the risk of mortality increased with the in-
creased DTR. CLR also appears to be more suitable for short-
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term study containing a small number of cases (Chu et al.
2011). In general, as various statistical methods have its merits
and demerits, it is recommended to get an appropriate model
according to the characteristics and purpose of research.

Vulnerable population and confounding factors

Generally speaking, the elderly are most susceptible to the
adverse impact of DTR, with children representing another
high risk group. Compared with the younger population, the
elderly have a lower ability to regulate body temperature and
an elevated sweating threshold (Kenney and Hodgson 1987).
Big DTR may induce the increase in heart rate in the elderly
(Lim et al. 2012b). Therefore, a rapid change of daily temper-
ature may cause a sudden change in the circulation and heart
rate of elderly, which may trigger the occurrence of cardio-
pulmonary and other diseases, and lead to fatal consequence.
Tam et al. (2009) and Kan et al. (2007) have reported the
significant association between DTR and total mortality and
daily cardiovascular mortality among the elderly (=65). The
studies of Yang et al. (2013) and Lim et al. (2012a,c) have also
shown the adverse effects of DTR on total and cardiovascular-
related morbidity (e.g., cardiac failure) among people aged
over 75 years. Regarding infants and children, a big DTR may
be an additional environmental stress on cardiopulmonary
system. For example, a sudden temperature change of inhaled
air could result in the release of inflammatory mediators
associated with mast cells (Togias et al. 1985) and more
inflammatory nasal responses (Graudenz et al. 2006), which
might increase cardiopulmonary workload and induce adverse
health impact (Chu et al. 2011). Chu et al. (2011) reported that
SID was significantly related to the DTR. The study of Xu
et al. (2013a) has shown that a great DTR was significantly
associated elevated emergency room admissions for child-
hood asthma. However, the adverse effects of DTR on daily
mortality for children (04 years old) were not found in the
study of Kan et al. (2007). Most prior studies that found the
adverse impact of DTR on mortality and cause-specific mor-
bidity among the elderly and children are conducted in high-
income countries, illustrating that these people with less re-
source are vulnerable to the adverse impact of DTR. More
analogous studies are urgently needed to assess the health
risks of DTR among children and elderly in developing
countries.

Many factors may confound or modify the association
between DTR and human health. In order to obtain a better
insight into this question, many researchers analyzed the
relationship between DTR and health outcomes stratified by
gender, season, and educational level, but the results among
identified studies are inconsistent. Kan et al. have explored the
impact of DTR on mortality during 2001-2004 in Shanghai,
China, and found significant adverse effects of DTR in both
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male and female without a statistically significant difference
between two genders (Kan et al. 2007). However, according
to Yang et al. (2013) and Lim et al. (2012c), women were
more sensitive to DTR than men for the cumulative effects of
DTR on total and cardiovascular mortality. Ye et al. (2012)
have pointed out the difference of the temperature effect on
morbidity by gender was dependent on location and popula-
tion and may due to differential growth rates of lung/airway
size, along with immunological differences (Becklake and
Kauffmann 1999; von Mutius 1996). In Shanghai and Hong
Kong, China, there were greater health impacts of DTR on
SID, COPD, and cardiovascular diseases in cold days than hot
days (Chu et al. 2011; Song et al. 2008; Tam et al. 2009),
whereas no effect modification by season was found on the
association between DTR and death from coronary heart
disease in Shanghai (Cao et al. 2009). According to previous
studies, DTR may present a certain trend (Xu et al. 2013b;
Holopainen et al. 2013), with a greater DTR during a period
time in 1 year. In addition, the effects of DTR on health, such
as emergency room admissions for cardiovascular, respiratory,
digestive, and genitourinary diseases (Wang et al. 2013), were
different in four seasons, which indicates the varied mecha-
nism liking the DTR and morbidity. Up to now, the joint
effects between DTR and seasons on health were rarely ex-
plored and not explicitly. Further investigation should focus
on the modified effect of seasons on DTR for mortality and
morbidity. Although the effect modification of temperature
(e.g., heat wave and mean temperature) by socioeconomic and
education level was shown in many studies (Son et al. 2012;
Yu et al. 2010), limited data are available on its possible
impact on the relationship between DTR and mortality and
morbidity. Low education attainment has been regarded as an
indicator of low socioeconomic status. There was an average
of 2.61 sets of air conditioning installed per household in
urban areas and 1.51 in rural areas in Guangzhou in 2011
(Guangzhou Statistic Bureau 2011). Compared with high
income families, low income families with poor access to
heating or cooling systems may experience higher levels of
exposure to temperature change. These people with no or low
education have also been reported more susceptible to DTR
(Lim et al. 2012c; Yang et al. 2013). When encountering a
rapid change of daily temperature, those with low socioeco-
nomic level would suffer more serious impact of DTR. Thus,
detailed prevention programs targeting these high risk sub-
groups for impending large DTR are urgently needed to
reduce the impact of DTR on human health.

Previous studies have shown that acute exposure to out-
door air pollution and weather changes was associated with
mortality and morbidity. The concentrations of air pollutants,
such as particulate matter with acrodynamic diameter <10 pm
(PM,) and ozone (O3), were associated with meteorological
conditions in many locations (Cao et al. 2009; Xu et al.
2013a). To examine the independent effects of DTR, both

single variable model including DTR alone and multiple
variable models including covariates (e.g., time trend, temper-
ature, humidity, and air pollutants) were conducted and com-
pared. Most studies have shown that DTR was an independent
risk factor for people's health after adjusting for many poten-
tial confounding factors. For instance, according to Kan et al.
(2007) and Chu et al. (2011), humidity, temperature, PM,
and O3 did not confound the association between DTR and
mortality. However, because some air pollutants, such as Os,
present significant seasonal changes, with a high concentra-
tion in summer and a relatively low concentration in other
seasons, it is essential to evaluate the effects of interaction of
air pollutions and DTR in a specific season.

Lag time

In healthy individuals, an efficient temperature regulation
system enables us to cope with stress from daily temperature
variation within certain limits. When DTR exceeds limits, the
corresponding symptoms of diseases may occur several days
after exposure to DTR. In order to explore the detailed lag
effects of DTR on human health, the model used in previous
studies examining relationship between lag time of DTR and
health events was used in two ways: single days and cumula-
tive days. Various lag days were reported in prior studies,
ranging from the same day (lag 0) of exposure (Ge et al.
2013; Yang et al. 2013) to 27 days (Luo et al. 2013), and the
results were inconsistent in different studies. In Shanghai and
Hong Kong, China, many studies have shown the similar
trend for single-day lag effect of DTR on total nonaccidental,
cardiovascular mortality, and emergency room visits for RTI
(Ge et al. 2013; Kan et al. 2007; Tam et al. 2009). However,
the DTR effects were found to be the greatest at lag 3 for SID
(Chuetal. 2011) and lag 5 for COPD death (Song et al. 2008).
Most studies also analyzed the DTR effects of cumulative
days. For total and cause-specific mortality, the results from
different studies were also not identical. For example, for total
and cardiovascular mortality, the greatest effects of DTR were
found at lag 0—2 (Chen et al. 2007; Kan et al. 2007; Tam et al.
2009), lag 0-3 (Tam et al. 2009), and lag 0—4 (Lim et al.
2012c; Yang et al. 2013). The difference existing in the effect
period from exposure to DTR to health events may be partly
explained by the potential different biological mechanism
caused by DTR. Thus, identifying the maximum effect period
for deaths from various disease or occurrence of disease may
contribute to the predication of the DTR-related health risk.

Threshold effects of DTR

A nonlinear relationship, such as U-, V-, J-shape patterns, with
the minimum mortality at a certain temperature and increased
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mortality below and above the threshold, has been presented
across different studies between temperature and health events
(Lin et al. 2009; Linares and Diaz 2008; Baccini et al. 2008).
However, the similar relationship between DTR and mortality
and morbidity has not been found.

Most of identified studies found a linear relation between
DTR and health outcomes, though the relationship patterns
may vary by location in different seasons (Lim et al. 2012c).
For mortality due to COPD, SID, stroke, cardiovascular, and
respiratory diseases and admissions for RTI, the RR increased
with the increase in DTR (Cao et al. 2009; Chen et al. 2007;
Chu et al. 2011; Ge et al. 2013; Kan et al. 2007; Song et al.
2008). However, the dose-response curves tend to become
flat at DTR levels below 5 °C, and positive nonlinear rela-
tionships were found above 5 °C (Kan et al. 2007). In
Brisbane, Australia, Xu et al. (2013a) have found that DTR
effect on admissions for childhood asthma increased signifi-
cantly above a DTR of 10 °C. The existence of nonlinear
relationships could be potentially explained by the following
reasons. (1) The effects of extremely high or low DTR on
health events were stronger than that of moderate DTR (Luo
et al. 2013). (2) People’s susceptibility may vary in different
seasons. During the transitional periods of season, such as
from winter to spring, the remaining population was healthier
and less susceptible to daily temperature stressors, making the
weaker association of health events with DTR (Lim et al.
2012c). (3) The relationship between DTR and cause-
specific deaths may have different mechanisms. For example,
Kan et al. (2007) have shown that DTR has significant impact
on total nonaccidental and cardiovascular deaths on both
warm and cold days, but the relationship was only significant
in cold days for respiratory deaths.

Knowledge gaps

The impact of DTR on human health has become an important
public health issue, but there are still several knowledge gaps
in this domain.

First, most of the identified studies were conducted in Asia,
and litter evidence is available for the impact of DTR on
human health in other countries, such as in North America
(Vutcovici et al. 2013). It is urgent to conduct studies to assess
the DTR effects on human health in other regions.

Second, no study has focused on the impact of DTR on
cause-specific mortality among children, which may be partly
due to the relatively limited death counts among children.
Furthermore, many researchers tended to consider children
<15 years as a target group. However, few studies have
focused on the DTR impact on children aged one or under.
According to previous studies, infants (Basu and Ostro 2008)
were found to be at higher risk due to their inappropriate
thermoregulatory response, and more studies should be
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conducted to assess their vulnerability to DTR with deep
consideration. It would be beneficial to conduct a large-scale
study to analyze the relationship between DTR and cause-
specific mortality for children to develop future adaptation
strategies.

Third, limited studies have focused on the extreme DTR
(e.g., extremely low DTR and high DTR). Previous studies
have shown extremely low and high DTR have greater effects
on health than moderate DTR (Luo et al. 2013). Compared
with a moderate DTR, people may pay more attention to a
high DTR and take some protective measures. According to
Luo et al. (2013), extremely low DTR had greater effects on
all types of mortality than extremely high DTR. As extremely
low DTR may be associated with the duration of extreme
weather, such as heat waves in summer and cold spells in
winter, it could lead to adverse effects on those without much
attention on low DTR. Therefore, more analogous studies
were urgently warranted to explore the effects of extreme
DTR on human health.

Fourth, previous studies have not shown the specific opti-
mum DTR threshold for people in terms of mortality and
morbidity. It may be impossible to explore a detailed threshold
for people due to different demographic characteristics,
weather patterns in different regions, but identifying the spe-
cific DTR for various geographic regions, above or below
which, the impact of DTR would increase significantly, may
be possible and beneficial.

Fifth, the modified effects of season, socioeconomic and
educational level on the relationship of DTR and human
health still remain unclear. Meanwhile, no studies have fo-
cused on the difference of DTR effect between urban areas
and rural areas. There is also needed to conduct more studies
to analyze DTR effect in different seasons, areas, and socio-
economic and educational level to understand the focuses of
intervention.

Finally, no research has predominantly focused on improv-
ing people's ability to adapt to temperature change within
1 day, although limited studies have provided some common
preventive measures against the adverse impact of a wide
DTR, such as offering access to air conditioning or home
heating, giving advice on adequate fluid intake in anticipation
of a heat wave and on timely clothing for a rapid drop in
temperature (Tam et al. 2009). How to improve the personal
ability under various climate change scenarios to offset the
pressure posed by DTR for different susceptible groups would
be the further research direction.

Conclusions
Existing body of knowledge suggests a significant rela-

tionship between DTR and adverse health outcomes.
Cardiovascular- and respiratory-related diseases are the
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leading causes affecting human health after exposure to DTR.
The elderly are most vulnerable to DTR, with children
representing another high-risk group. Further studies should
focus on: (1) confirming the adverse effects of DTR on human
health in different geographical locations; (2) examining the
relationship between DTR and cause-specific mortality and
morbidity in children, particular for children aged 1 and under;
(3) exploring the extreme DTR effects on human health; (4)
identifying the specific DTR for susceptible group in distinct
areas; (5) elucidating the modified effects of potential con-
founding factors; and (6) developing the preventive measures
of improving people's ability of adapting to DTR.
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