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Objectives: In recent years, serious concerns have been raised regarding the impacts of rising temperatures on health. The present
study was conducted to investigate the relationship between elevated temperatures and kidney disease through a systematic review
and meta-analysis.

Methods: In October 2017, 2 researchers independently searched related studies in PubMed and Embase. A meta-analysis was con-
ducted using a random-effects model, including only studies that presented odds ratios, relative risks, or percentage changes, along
with 95% confidence intervals (Cls). The characteristics of each study were summarized, and the Egger test and funnel plots were used
to evaluate publication bias.

Results: Eleven studies that met the criteria were included in the final analysis. The pooled results suggest an increase of 30% (95% Cl,
20 to 40) in kidney disease morbidity with high temperatures. In a disease-specific subgroup analysis, statistically significant results
were observed for both renal colic or kidney stones and other renal diseases. In a study design-specific subgroup analysis, statistically
significant results were observed in both time-series analyses and studies with other designs. In a temperature measure—specific sub-
group analysis, significant results were likewise found for both studies using mean temperature measurements and studies measur-
ing heat waves or heat stress.

Conclusions: Our results indicate that morbidity due to kidney disease increases at high temperatures. We also found significant re-
sults in subgroup analyses. However, further time-series analyses are needed to obtain more generalizable evidence.
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INTRODUCTION

ever, the impacts of extreme weather vary across regions [1,2].
Studies of the health effects of high temperatures have been
conducted, but most were studies on mortality. Meanwhile,
few studies have investigated the impacts of high tempera-
tures on morbidity [3-71.

Studying the health effects of rising temperatures can pro-

Recent increases in global temperature have raised concerns
regarding the impacts of high temperatures on health. How-
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mote public health in multiple ways [3]. First, an understand-
ing of how temperature affects mortality and morbidity in
various populations can help predict how temperature chang-
es will affect human health [3]. Based on these results, public
health interventions can be targeted towards vulnerable sub-
groups [3,8]. Second, such analyses can provide new insights
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into ways of reducing the socioeconomic burden associated
with major chronic diseases, such as cardiovascular, respirato-
ry, and renal diseases [3,9].

An insufficient number of studies have investigated the re-
lationships of changes in temperature with the development
of kidney disease [10]. In some studies, however, it has been
documented that extremely hot weather can cause suscepti-
ble subjects to experience heat-related conditions, such as hy-
perthermia and heat stress or strain; meanwhile, adjusting the
body temperature and circulation to cope with elevated tem-
peratures can put stress on the kidneys and impair the func-
tion of the renal system [11-17]. According to a study by Ko-
vats and Hajat [13], a remarkable spike in emergency admis-
sions for kidney disease occurred due to a rise in temperature.
In particular, this tendency has been found in vulnerable
groups in various studies [14-17]. For example, people who
are at risk of developing kidney dysfunction, such as the elder-
ly, are at high risks of hyperthermia, electrolyte imbalance, de-
hydration, acute renal failure, heat stroke, and heat strain in
extremely hot weather [10,13-17].

Although previous studies have shown associations be-
tween high temperatures and kidney disease, no systematic
review and meta-analysis of the relationship between high
temperatures and kidney disease has been conducted. There-
fore, this study aimed to evaluate the associations between
high temperatures and morbidity due to kidney disease
through a systematic review and meta-analysis.

METHODS

Study Selection

Two independent researchers (WSL and WSK; both medical
doctors) searched for related studies in PubMed and Embase
in October 2017, using the title index (TI). The search keywords
were related to high temperatures (“hot” [TI] or “heat” [TI] or
“temperature” [TI] or “warm”[Tl]) and kidney disease (“nephro”
[TI] or “kidney” [TI] or “renal” [TI] or “genitourinary” [TI] or “cal-
culus”[TI] or “hospital admission”[TI] or “hospitalization” [TI] or
“emergency room visit” [Tl] or “emergency department visit”
[TI]). We used the Tl because too many words such as “hot top-
ic” or “hot issue” or “hot pepper” appeared in full-text search-
ers. The search language was limited to English and Korean.

The titles and abstracts of relevant studies were first re-
viewed, and then the whole text was reviewed. Two research-
ers independently checked each article, and if their opinions
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differed, a third researcher (YHL; PhD in health statistics) medi-
ated the final decision. The studies to be analyzed were limited
to those on human populations and included all ages. The re-
search designs included in the analysis were case-crossover
studies, cohort studies, and time-series analyses. We excluded
reviews, letters, case reports, gray literature, pre-clinical stud-
ies, and studies without an abstract or full text [18]. We re-
quired the effect estimates of the studies to be presented as
odds ratios (ORs), relative risks (RRs), or percentage changes,
along with 95% confidence intervals (Cls).

Statistical Analysis

The results of the studies included in the analysis were sum-
marized and tabulated. In most studies, the efficacy estimates
were expressed as ORs or RRs with 95% Cls, but percent chang-
es were reported in some studies [3]. The results presented as
percent changes were converted to ORs. The summarized sta-
tistics are expressed as RRs with 95% Cls [3]. Some studies had
thresholds and showed effects at temperatures above the thresh-
old. Temperatures presented in Fahrenheit (°F) were converted
to Celsius (°C). The results extracted from the studies were trans-
formed to a logarithmic scale for the meta-analysis. Stata ver-
sion 14.2 (StataCorp., College Station, TX, USA) was used for the
meta-analysis of all results.

If considerable heterogeneity was found between studies, we
calculated the combined effect estimates by a random-effects
model [3]. The /* statistic was used to measure heterogeneity,
which was classified as low when /> was less than 25%, moder-
ate between 25% and 75%, and high at values of 75% or more
[18]. In order to evaluate the possible demographic variables
that could affect kidney disease, we performed subgroup anal-
yses for disease (renal colic or kidney stones vs. other kidney
diseases), study design (time series vs. other study designs), and
the temperature measure (mean temperature vs. heat wave or
heat strain). For other kidney diseases and other study designs,
the number of studies was too small for a more specific analy-
sis, so they were bundled into the category of ‘other!

The Egger test was used to evaluate publication bias, and the
degree of symmetry in the funnel plot was observed [19,20].
The p-value for statistical significance was derived from the
Egger test.

Quality Assessment
The Newcastle-Ottawa Scale (NOS) was used to assess the

quality of the studies. Because of the variable characteristics of
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exposure to rising temperatures, it is difficult to study this is-
sue in a randomized manner, so all studies included in the
analysis were observational. Assessing the quality of observa-
tional studies is essential for properly understanding their
findings and the significance thereof. The NOS is a quality-as-
sessment measure developed by researchers at the University
of Newcastle, Australia, and the University of Ottawa, Canada.
This scale can be used both for randomized studies and for
observational studies, and it is widely used for the interpreta-
tion of results in meta-analyses. In the following 3 broad cate-
gories, each item is assessed, and a star is awarded according
to a predetermined standard: selection of subjects, the com-
parability of the study groups, and the ascertainment of expo-
sure or outcome for each study design [18,21]. We defined
good-quality studies as those with 3 or 4 stars in the selection
domain, 1 or 2 stars in the comparability domain, and 2 or 3
stars in the exposure/outcome domain [21]. Fair-quality stud-
ies were defined as those with 2 stars in the selection domain,
1 or 2 stars in the comparability domain, and 2 or 3 stars in the
exposure/outcome domain. Poor-quality studies were those
with 0 or 1 star in the selection domain, 0 stars in the compa-
rability domain, or 0 or 1 star in the exposure/outcome do-
main [21].

RESULTS

A total of 844 papers were found in the initial search: 376
through PubMed and 468 through Embase. After removing
474 duplicates, the title and abstract of 370 papers were re-
viewed. After reviewing the title and abstract, 299 articles
were excluded, and 71 articles underwent full-text review. Af-
ter excluding 60 articles according to the selection criteria, 11
studies were selected for the meta-analysis. Figure S1 displays
a schematic diagram of the search process.

Table 1 shows the information extracted from the studies
included in the analysis. Of the studies included in the analy-
sis, 4 were studies on renal colic or kidney stone, 3 presented
results for the incidence or hospital admissions of kidney dis-
ease, 2 provided results for acute kidney injury admissions,
and 2 presented effect estimates of incidence or hospital ad-
missions for acute renal failure. A time-series design was ap-
plied in most of the studies, using either a distributed lag non-
linear model (DLNM) or a generalized additive model.

Confounding factors, such as atmospheric pressure, humidi-
ty, wind speed, air pollution, influenza or pneumonia, day of
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the week, the holiday effect, long-term trends, daily fluctua-
tions in outdoor activities, and season [10,12,22-25] were con-
sidered. In most studies, temperature was defined as the daily
average temperature and daily maximum temperature, but
some studies used the daily minimum temperature or appar-
ent temperature [3]. A lag effect was considered in almost all
studies, ranging from 0 to 21 days.

Several approaches were used to assess the associations be-
tween temperature and kidney disease morbidity. Six studies
had thresholds above a particular temperature. In these stud-
ies, various techniques were used to identify the threshold val-
ues. In the absence of thresholds, some studies investigated
the effects of high temperatures above a certain percentile. In
studies with thresholds, temperatures ranging from 25.4°C to
35.0°C were the thresholds for high-temperature effects.

Most studies predicted that there would be a change in the
effect of high temperatures based on a certain threshold, in-
stead of a perfectly linear relationship. Only 1 study assumed
that the effects of temperature would be linear [25]. To investi-
gate delayed effects and non-linear associations between
high temperatures and kidney disease, some studies used a
DLNM [24]. The advantage of this model is that it can calculate
the cumulative effect of temperature on several days after ad-
justing for the collinearity of temperature on adjacent dates
and estimating the non-linear exposure-response association
[24,31]. Table 2 summarizes the results of each of the studies
included in the meta-analysis.

Figure 1 shows the results of a meta-analysis of all studies
on high temperatures and kidney disease morbidity. Tasian et
al. [22] presented results for 5 metropolitan cities (Atlanta, GA,
Chicago, IL, Dallas, TX, Los Angeles, CA, and Philadelphia, PA)
in the USA. Tawatsupa et al. [27] presented separate results by
sex (male vs. female) in Thailand. Tasian et al. [22] and Tawat-
supa et al. [27] did not present aggregated results; instead,
each result was presented separately. The estimates of pooled
effects for all studies using a random-effects model showed
that high temperatures were associated with a 30% increase
in kidney disease morbidity (95% Cl, 20 to 40).

Subgroup analyses were performed for renal colic or kidney
stones in comparison to other kidney diseases. Because the
number of studies with diseases other than renal colic or kid-
ney stones was too small, the broad category of other kidney
diseases was used. Figure 2 shows the results of the disease-
specific subgroup meta-analysis. For renal colic or kidney
stones, high temperatures increased the risk of disease by 32%



1cine

s S

5
38
[Sh
SEE
SO0
S S
upr._P
S

uolelussald
3u01s Aaupry

ain|ie} |eusl
10} uonezijeydsoy

suoissiwpe [eudsoy
aseasip Asuply

aseasip
Aaupny Jo sauapiou|

91109
[BUBI JO UOIIRIUBSAl]

ain|ie} |eusl
81nae pue asessip
[BUBJ 10} SUOISSIWPY

Juswiainseaw
awoong

Woo-Seok Lee, et al.

(aBed 1xau ayy 03 panunuog)

uonejndod ysii-1e |enuue

B3 Ul $30UBIBLIP pUB ‘Spusll

aInjeladwa) ‘Uoseas 'salliAlae
100pINo Ul suonenionyy Ajleq  ainjessdwal ues|  £€% 09

02010

1eah Apnis pue yaam

auy1 Jo Aep Joj Bunsnlpe Aq pue
¥aam pue Alunod Aq sAep anem
1B8U-UOU 0} SABP 9ABM 1BBY
Buiyarew Aqg spuai eJodwal

£010 pue s10198} [8A8|-A1UN0Y

aAeM1eaH  (0G89
spusly
we-Buo| pue yaam ayi Jo Aep
'S108)J9 Aepljoy ‘eluownaud
pue ezusnjjui ‘psads
puim pue Apiwny saije|ai
'®0'2QN 'O\ 40 Sabelane
J1J198ds-eale Ajlep ‘sawalixa

ainjesadwal 8AIINI|BSU0Y)
uoneao| gol pue ‘adAy ol
"U0I}BINPA ‘BWOJUI ‘X3pUI SSEW
Apoq ‘Bunjows ‘uondwnsuod

- |oyoaje ‘abe paisnipy

8010 ainjesadwal ues|\ €9/ 198

$Sans1eOH  GOp

- BLIBYII UOISN|OX8 O ainjeiadwisl UBSYN /0

spuan
wJal-buo| Joj paisnipe sieah
UIYIIM pa1anpuod sisAjeue pue

U0Seas 009 U} JO UOISN[IX]  ainjeladuwa) Ues|y

g01¢ 96/¢

(s)ainseaw
ainjesadwa)
Ajeg

SJuUana

(p) beq 10} pajjonuod sajqeliep 10 "ON

1 10Z 03 G002

vsn)

elydjapejiyd

‘sa|abuy S0

.wm__mm_

INNTQ ‘sauas awi|

|apouw uoissalbal

$199/J8-paxiw 010Z 01 6661
Jeaul|-Boj vSn eyl
REDESEIT] Ul $813UN03J €461

8007 0} 0007

‘UeMmie] UIBYIN0S

pue ‘uemie| 1seJ

‘UBNEIYUNA

‘uemie|

|eusy ‘1A88Y

‘0BI\UISHOR]

IINTQ ‘salas auil|

[spowl 600¢ 03 500¢
uoissalbal 91381607 ‘puejiey] yoybueg
G600z %8d
01 6661 uer
sashjeue ‘BljeNSNY
Jljaweled-uoN ‘auinog|a
9002 %8@
S|apow uoissaibal 01 GBG 1 uer
uossiod ‘yoeoidde ‘el|RASNY

$8119s ase) yinos ‘aple|apy
pauiejqo
ubisap Apmg ejep jo pouad

pue uoneao

$8p02

1d9 pue uoisinay g-qo| Buisn sis
-elyyjolydau Jo sisouBerp Alewnd
e Joj 1ede p 081 > SHSIA dlUI[D
1ua11edino 1o woos Asusblawe
Z1sea| 1B Jo/pue ‘uoissiupe
|endsoy ‘ainpasold |ealbins e se
pauliap uoneiuasald auois Asupny
‘aseqeiep SWwie|J |BloIaWWOY UeIg

‘0Beaiy) "equepy  19yep\ aya Buisn uoie|ndod painsuj

yoeoudde paiepijen e

Buisn saliobaied aseasip £8z 03l

padnolb ‘sapoa sisoubelp ableyasip

|ediaunid Ag sa1el uoiiezijeudsoy

a13198ds-asnea Ajiep ‘ow |

1sea| 1e 10} weibold 8IAIBs 10)-98)

U1 Ul pa||oJua ‘1ap|o Jo A gg pabe

‘1leah Jad salelayauaq a1ealpal

uol||IW §'/Z WOJ4 BIEP PBjquasse
pue e1ep swie|d jusiiedul alealpajy

SWIed JUBWASINGIB) 8oueInsul
21U0J1983 JO W0} By} Ul ‘sisolydau
10 ‘swoupuAs anosydau ‘siydsu
40 SpJ0Jal uoIssIWpe [eydsoy
‘(sabe ||e pue A +69 ‘A G9>)
94198ds-abe ‘aseqele(] Yyaleasay

‘ladie]  83UBINSU| Y}|B8H [BUOIIBN S,UBMIB|

Apmg 1ioyoy 1ey] [euoiieu able
e woJ saieuuonsanb podai-jjas
(600¢) dn-mo|o4 pue (500z
aUI|aSeq W01} PAALIBP 8lam eleQ
|endsoy auinog|al Avo-lauul
a|buis e Jo 1swiledsp Asuablawa
ay1 01 polad A / e Jano pajussald
OUM 1100 [BUB. YHM SIUBIIEY
SIsAjelp
[BUBJ PUB 'BIN|IB} [BUBI BINIE
'9SE8sIp [eual 10} SUOISSIWpPE
‘eale ueyljodoslsw apiejapy
U} Joj eIEP SUOISSIWPE |ENdSOH

pajehinsanul sawoano
/aainos ejep/uonejndod

[zZ1 7102
"“|e 18 ueise|

(821 v10¢
“|e 18 qqog

011 €10z
“le1a U

[Lzlzi0z
“|e 18 ednsieme|

[9z] 0102
“|e 18 snaulg

[z118002
""|e 18 uasuey

uoneaijqnd
jo aeal
pue sioyiny



High Temperature and Kidney Disease

1cine

Journal of
Preventive Med
Public Health

suoIssIwpe
Anfur Asupry a1nay

$aseasip [eual
10} Uonezieydsoy

89U8PIdUI BAIIR|NWIND

Anfur Asupry ainay

91109

|eua 10} Sayaledsip

aJue|nquie
AousBiawsa Ajleq

91109 |eus!

10} SYISIA Juswledap

Aousbiawsa Ajieq

Juswiainseaw
awooyng

"8U0Z0°¢() ‘apIx0 UaBoliiu 2N “Jariew a1ejnaied ‘|\d ‘japow Jeaulj-uou Bej paanguisip ‘ANTQ ‘ABojouiwie [einpadoid 1u81INd ‘|47 'S9Seasi(] JO U0IBIISSe|) [euORWBIY| ‘]|

puaJ} 8w} pue ‘ainssald Jie
ueaw Ajiep ‘Ayipiuny aanejal
0 ueaw Ajiep y@am a1 Jo AeQ

Jaked aaueinsul
0 yijeay pue ‘xas ‘adel ‘aby

$1039e4 |eu01ednad0
- ‘s1019e} |eaIBojoIsAyd ‘xas ‘aby

Y8am 8y} Jo Aep pue ‘sAepijoy

£ 010 a11gnd “Avipiwny ‘Aljeuoseas
SRENE]
Aepijoy [enusiod Joj [03U02 0}
shepijoy Aloiniels 1oy a|qeriea
101BJIPUI UB PUB "§88M 8Y} JO
Aep ayy Jo} 8|gellen |eallobaies
e ‘Alipiuny aAljejal ueaw Ajiep

12010  's19818 wiel-Buo| pue |euosess

(p) e 10} pajjonuod sajqeliep

aineladwal ues|py

ainieladwal ues|y|

ulesns 1eaH

aineiadwa)
wnwixew
‘aineladwa)l
wnwiuiw

‘anesadwal Ues|p|

ainjeladwal ues|

(s)aanseaw
ainjesadwa)
Apeq

008 ¢

€08l

Ge

8GlE

96€ €¢¥

Sjuana
jo'oN

S|apow uols
-sa.10Ba1 Jeaul| asim
-990a1d ‘sallas-awl|

ubisap
19108S019-8587)

|apow
uoissalbal 1181607

IINQ ‘sles-auwi]

IINTQ ‘seuias awi|

ubisap Apmg

7102 01 £00¢
‘2910 ‘|N03S

6002-000¢
dag 01 Aejy|

'vSn ‘ueBiyaipy

102 J0 Jawwns
ayy Buunp
"YSN "eluoyied

¢10298(Q
01 800¢ uer
‘eUIYY ‘noyzBueng

€102 %
01200 1y
‘BpEUR) ‘0L
pauieyqo
ejep jo pouad
pue uonesoy

uoisinay yigL ‘gl

3y} Jo $8p0J aseasip Alepuodas

pue Alewnd sy uo paseq sem

Ainfur Asupry ainae jo sisoubelp

ay] ‘99118 JUBWSSASSY

pUB M3IABY 8IUBINSU| Y}|eaH

3} JO 8Segelep 8y} WoJ) pajoa||0d
aJaM E1ep uoIssiwpe [eHdsoH

uoneayIpojy

[BAIUID “UOISIABY

YN ‘waisAs q9| ‘exep £ Adusby

U0119810.d [BIUBWIUOIIAUT /() puB

'19JuU8) E1e( J1ewl|) [euolie
‘aseqele(] wusliedu| ueBiyaip

dnoib sswodinQ
[eqo|9 Buinoidw :asessiq
Asupry ay1 woly Ainfur Jo sabeis
PUB UOIHULBP PAPUBLIWOAI 8y}
Buisn Asjjep [eaua) s.elulojjed
4o suoifal [einynauibe ur swiey
G| WOJ§ Pa}INIdal SeM SI8)IOM
plall 00E 40 8|dwes 83usIUBALOD Y

uoleulwexs Buibeuwr

pUB ‘SISA[eULIN ‘UOIJEUIWEXS

[eaI1sAyd ‘A1oisiy [earul|a e Jo siseq

8y} uo pasoubelp sem 21|03 |eusl

“Jajuan AousBisw3 noyzbuenc

woJ} 91109 [eUBI 10} SBY3IedSIp
a9ue|nque AdusBisws Ajieq

31109 |euaJ Joj Jusuiiedap

AousBiswsa ue 0} payiwpe

alam oym A +g | pabe sjuspisal ||e

papn|aul Yalym ‘epeues ‘oleuQ
Ul saseqelep aieayi|eay payui]

pajebisanul sawooyno
/a2inos ejep/uonejndod

(521 2102
" 38 Wi

[0gl £102
"|e 18 owoqb(

l62] £102
"“|e 18 82A0\

[¥2] 9102
“|e 18 Buep

(€71 9102
“|e 18 uopiQ

uoneaijqnd
jo Jeak
pue sioyiny



Journal of
Woo-Seok Leg, et al. Preventive Medicine
& Public Health

Table 2. Results extracted from the studies included in the meta-analysis

Author and Temperature variable RR/rate ratio Temperature
year_of ) and range (°C) (95% Cl) threshold Units of study results Outcome and subgroup
publication
Hansen et al., Mean temperature Hospital admissions for Hospital admissions for renal disease (Adelaide)
2008 [12] (4.41041.9) 1.10(1.00,1.22) %5 renal disease during heat 5|
' waves (3 or more
1.12(0.98, 1.26) 35 consecutive days when Male
1.10(1.03, 1.15) 35 daily maximum Female
1.13(1.02, 1.26) 35 temperatures reached 1564y
or exceeded 35°C in the
1.16(0.99, 1.33) 35 warm season) compared Male
1.10(1.02, 1.18) 35 with non-heat wave Female
1.09(0.98, 1.20) 35 periods > 65y
1.05(0.92, 1.20) 35 Male
1.08(0.99, 1.19) 35 Female
1.20(1.04, 1.38) 35 > 85y
1.05(0.82, 1.34) 35 Male
1.22(1.02, 1.45) 35 Female
Pincus et al., Mean temperature 1.29(1.15, 1.43) - The summer/winter ratio of Presentations of renal calic, all, Melbourne
2010 [26] (14.2 t0 30.1) renal colic incidence
Tawatsupa Heat stress Incidence of kidney disease Incidence of kidney disease, Bangkok
etal., 2012 148(1.01,2.16) } during heat stress Male
[27] ' compared with non-heat
0.87(0.59, 1.28) - stress Female
Linetal., Mean temperature 1.45(1.27, 1.64) 30 Kidney disease hospital Kidney disease hospital admissions, all, 7 study
2013 [10] (14.2 t0 30.1) admissions at 30°C areas in Taiwan
compared with at 25°C
Bobb et al., Heat wave 1.14(1.06, 1.23) - Hospitalization for renal Hospitalization for renal failure, all, USA
2014 (28] failure during heat wave
periods compared with
non—heat wave periods
Tasian et al., Mean temperature The cumulative RR for a Kidney stone presentation, all
2014 [22] (-22 to 36) 1.38(1.07, 1.79) 30 daily mean temperature Atlanta
' of 30°C vs. 10°C )
1.37(1.07, 1.76) 30 Chicago
1.36(1.10, 1.69) 30 Dallas
1.11(0.73, 1.68) 30 Los Angeles
1.47(1.00, 2.17) 30 Philadelphia
Ordon et al., Mean temperature The effect of increased Daily emergency department visits for renal colic (Ontario)
2016 [23] (-7.0to 25.4) 148 (1.33,1.64) 254 ambient temperatures on 5|
' daily emergency
department visits for Age [y)
1.32(1.08, 1.60) 25.4 renal colic (extreme heat 19-39
152 (1.24, 1.86) 254 effect: 9th vs. 10th 40-49
percentile)
1.83(1.48,2.27) 25.4 50-59
1.44(1.06, 1.96) 25.4 60-69
1.14(0.80, 1.63) 25.4 =70
Sex
1.64(1.43,1.88) 254 Male
1.22(1.04,1.44) 25.4 Female
Yang et al., Mean temperature (4.8 1.92(1.21, 3.05) 30.7 RR comparing the 90th Daily emergency ambulance dispatches for renal
2016 [24] t0 33.9), minimum percentile of temperature  colic, all, Guangzhou
temperature (1.8 to distribution with the
29.7), maximum reference (21.0°C)
temperature (7.0 to
40.0)

(Continued to the next page)
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Table 2. Continued from the previous page

Author and . .
year of Temperature vaorlahle RR/rate ratio  Temperature Units of study results Outcome and subgroup
o and range (°C) (95% CI) threshold
publication
Moyce etal.,,  Heat strain 1.34(1.04,1.74) - Incidence of acute kidney  Acute kidney injury cumulative incidence, all,
2017 [29] injury during heat strain California
compared with non-heat
strain
Ogbomo etal., Extreme heat Hospitalization for renal Hospitalization for renal diseases
2017 130] 1.14(1.02,1.27) : diseases during All (Michigan)
extreme-heat periods
114(1.07,1.22) - (daily mean temperature ~ \Vayne
1.16 (0.91, 1.46) - above the 97th percentile  Washtenaw
0.86 (057, 1.31) - on lag day 0) compared  jham
with non-extreme-heat
periods
Limetal., Mean temperature Percentage change inthe  Acute kidney injury admissions, Seoul
admissions stratified by
baseline temperatures Sex
2.33(1.69, 3.23) 28.8 <28.8°C and =28.8°C Male
1.66(1.09, 2.52) 28.8 Female
Age (y)
2.04(1.47,2.83) 28.8 <75
2.04(1.35, 3.08) 28.8 =75
RR, relative risks; Cl, confidence interval.
%
Weight
Study ES (95% CI) -V
Hanszen et al. (2008), Australia —-0-—5 1.10 (1.00, 1.21) 15.05
Pincus et al. (2010}, Australia —;-0— 1.29(1.16, 1.44) 1077
Tawatsupa et al. (2012), Thailand (male) —E—o— 1.48 (1.01, 2.16) 0.88
Tawatsupa et al. (2012), Thailand (female) —_—L 0.87(0.59,1.28) 085
Lin etal. (2013), Taiwan | —— 145(1.28,165)  7.82
Bobb et al. (2014), USA -;-i 1.14(1.06, 1.23) 2311
Tasian et al. (2014), USA (Atlanta) —:t— 1.38 (1.07,1.78) 1.93
Tasian et al. (2014), USA (Chicago) —:—.— 1.37 (1.07,1.76) 2.06
Tasian et al. (2014), USA (Dallas) —é—.— 1.36 (1.10, 1.69) 277
Tasian et al. (2014), USA (Los Angeles) + : 1.11(0.73, 1.68) 0.74
Tasian et al. (2014), USA (Philadelphia) —E—.— 1.47 (1.00, 2.17) 0.85
Ordon et al. (2016), Canada -:'r 1.30(1.20, 1.41) 18.04
Yang et al. (2016), China : 192(1.21,3.05 060
Moyce et al. (2017), USA —5—0— 1.34(1.04,1.73) 1.83
Ogbomo et al. (2017), USA —i‘—: 1.14(1.02,1.27) 10.64
Lim et al. (2017), Korea : e —— 204 (1.58, 2.64) 1.94
1=V Overall (l-squared = 67.7%, p = 0.000) (> 1.24(1.19,1.28) 100.00
D+L Overall <> 1.30 (1.20, 1.40)
1
1
1 : 1

0.5 1.0 2.0

Figure 1. Meta-analysis (overall study, ordered by the year of publication) of heat effects on kidney disease morbidity. ES, effect
size (per allele odds ratio); I-V overall, inverse-variance fixed effects estimate; D+L overall, DerSimonian and Laird random-effects
estimate.
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%
Weight
Study ES (95% CI) V)
Other kidney disease :
Hansen et al (2008), Australia —— 1.10 (1.00, 1.21) 1505
Tawatsupa et al. (2012), Thailand (male) — 1.48 (1.01, 2.16) 0.88
Tawatsupa et al. (2012), Thailand (female) —_—— 0.87 (0.59, 1.28) 0.85

Lin et al. {2013), Taiwan
Bobb et al. (2014), USA
Moyce et al. (2017), USA

1.45 (1.28, 1.65) 7.82
— 1.14 (1.06, 1.23) 23.11
1.34 (1.04, 1.73) 193

Ogbomo et al. (2017), USA — 1.14 (1.02, 1.27) 1064
Lim et al. (2017), Korea ' —_— 2.04 (1.58, 2.64) 1.94
IV Subtotal (l-squared = 80.2%, # = 0.000) q 1.19 (1.14, 1.25) 62.23
D+L Subtotal <:;:> 1.27 (1.12, 1.43)

1
Renal colic or kidney stone :
Pincus et al. (2010), Australia —p— 1.29 (1.16, 1.44) 10.77
Tasian et al. (2014), USA (Atlanta) —_— 1.38 (1.07, 1.78) 1.93
Tasian et al. (2014), USA (Chicago) —;—.— 1.37 (1.07, 1.76) 2.06
Tasian et al. (2014), USA (Dallas) e e 1.36 (1.10, 1.69) 2.77

Tasian et al. (2014), USA (Los Angeles) - ‘I
Tasian et al. (2014), USA (Philadelphia)

1.11 (0.73, 1.68) 0.74
1.47 (1.00, 2.17) 0.85

Ordon et al. (2016). Canada * 1.30 (1.20, 1.41) 18.04
Yang et al. (2016), China : + 1.92 (1.21, 3.05) 0.60
|-V Subtotal (I-squared = 0.0%, 2= 0.774) :<> 1.32 (1.24, 1.40) 37.77
D+L Subtotal |<> 1.32 (1.24, 1.40)

i
Heterogeneity between groups: # = 0.008 !
IV Overall (l-squared = 67.7%, p= 0.000) ¢ 1.24 (1.19, 1.28) 100.00
D+L Overall <> 1.30 (1.20, 1.40)

1

i

1

0.5 1.0 2.0

Figure 2. Meta-analysis (disease-specific and overall, ordered by the year of publication) of heat effects on morbidity related to
renal colic or kidney stone, other kidney disease. ES, effect size (per allele odds ratio); I-V overall, inverse-variance fixed effects

estimate; D+L overall, DerSimonian and Laird random-effects estimate.

%
Weight

Study ES (95% Cl) (V)
Time series |
Hansen et al. (2008), Australia F—e— 1.10 (1.00, 1.21) 15.05
Lin et al. {2013), Taiwan |—— 1.45 (1.28, 1.65) 7.82
Bobb et al. (2014), USA — 1.14 (1.06, 1.23) 23.11
Tasian et al. (2014), USA {(Atlanta) —_— 1.38 (1.07, 1.78) 1.93
Tasian et al. (2014), USA (Chicago) —_— 1.37 (1.07, 1.76) 2.06
Tasian et al. (2014), USA (Dallas) --—r——t-—-— 1.36 (1.10, 1.69) 2.77
Tasian et al. (2014), USA (Los Angeles) +— 1.11(0.73, 1.68) 0.74
Tasian et al. (2014), USA (Philadelphia) - 1.47 (1.00, 2.17) 0.85
Ordon et al. (2016), Canada —— 1.30 (1.20, 1.41) 18.04
Yang et al. (2016), China 1.92 (1.21, 3.05) 0.60
Lim et al (2017), Korea | —_— 204 (158, 264) 194
|-V Subtotal (l-squared = 74.5%, # = 0.000) L2 1.24 (1.19, 1.30) 74.92
D+L Subtotal {} 1.34 (1.22, 1.48)

i
Other study design :
Pincus et al. (2010). Australia —— 1.29 (1.16, 1.44) 10.77
Tawatsupa et al. (2012), Thailand (male) —I—o— 1.48 (1.01, 2.16) 0.88
Tawatsupa et al. (2012), Thailand (female) —_— 0.87 (0.59, 1.28) 0.85
Moyce et al_ (2017), USA —_— 134 (104, 1.73) 193
Ogbomo et al. (2017). USA — 1.14 (1.02, 1.27) 10.64
IV Subtotal (l-squared = 42.1%, 7= 0.141) % 1.22 (1.13, 1.31) 25.08
D+L Subtotal | 1.22 (1.09, 1.36)

]
Heterogeneity between groups: 2 = 0.595 !
IV Overall (l-squared = 67.7%. 2 = 0.000) d} 1.24 (1.19, 1.28) 100.00
D+L Overall <> 1.30 (1.20, 1.40)

I

1 ! 1
0.5 1.0 2.0

Figure 3. Meta-analysis (study design-specific and overall, ordered by the year of publication) of heat effects on morbidity relat-
ed to time series, other study design. ES, effect size (per allele odds ratio); I-V overall, inverse-variance fixed effects estimate; D+L
overall, DerSimonian and Laird random-effects estimate.

8



Journal of
Preventive Medicine

High Temperature and Kidney Disease

& Public Health
%
Weight

Study ES (95% CI) -v)
Mean temperature :
Hansen et al. {(2008), Australia e : 1.10 (1.00, 1.21) 15.05
Pincus et al. (2010), Australia —— 1.29 (1.16, 1.44) 10.77
Lin et al. (2013), Taiwan | —— 1.45 (1.28, 1.65) 7.82
Tasian et al. (2014), USA (Atlanta) —_— 1.38 (1.07, 1.78) 1.93
Tasian et al. (2014), USA (Chicago) —_—t— 1.37 (1.07, 1.76) 2.06
Tasian et al. (2014), USA (Dallas) —ol—t— 1.36 (1.10, 1.69) 2.77
Tasian et al. (2014), USA (Los Angeles) - 1.11 (0.73, 1.68) 0.74
Tasian et al. (2014), USA (Philadelphia) - 1.47 (1.00, 2.17) 0.85
Ordon et al. (2016), Canada —— 1.30 {(1.20, 1.41) 18.04
Yang et al_ (2016), China ; 192 (1.21, 3.05) 0.60
Lim et al. (2017). Korea 1 —— 2.04 (158, 264) 1.94
-V Subtotal (l-squared = 68.2%, » = 0.000) b 1.29 (1.24, 1.35) 62.58
D+L Subtotal .(> 1.36 (1.24, 1.50)

i
Heat wawve or heat strain :
Tawatsupa et al. (2012). Thailand (male) : 1.48 (1.01, 2.16) 0.88
Tawatsupa et al. (2012), Thailand (female) —0——:— 0.87 (0.59, 1.28) 0.85
Bobb et al. (2014), USA —— 1.14 (1.06, 1.23) 23.11
Moyce et al. (2017), USA — 1.34 (1.04, 1.73) 1.93
Ogbomo et al. (2017), USA —— 1.14 (1.02, 1.27) 10.64
-V Subtotal (l-squared = 21.9%, »=0.275) O: 1.15 (1.08, 1.22) 37.42
D+L Subtotal <>Ir 1.16 (1.07, 1.25)
Heterogeneity bet groups: £ = 0.002 '
IV Overall (l-squared = 67.7%, #= 0.000) Q} 1.24 (1.19, 1.28) 100.00
D+L Overall <> 1.30 (1.20, 1.40)

|

1 1 1
0.5 1.0 2.0

Figure 4. Meta-analysis (temperature measure-specific and overall, ordered by the year of publication) of heat effects on mor-
bidity related to mean temperature, heat wave or heat strain. ES, effect size (per allele odds ratio); I-V overall, inverse-variance
fixed effects estimate; D+L overall, DerSimonian and Laird random-effects estimate.

(95% Cl, 24 to 40). For other kidney diseases, high tempera-
tures increased the risk of disease by 27% (95% Cl, 12 to 43),
and both of these results were statistically significant.

A subgroup analysis was also performed for time-series stud-
ies in comparison to studies with other designs. Pincus et al. [26],
Tawatsupa et al. [27], Moyce et al. [29], and Ogbomo et al. [30]
utilized other study designs. Figure 3 shows the results of the
study design-specific subgroup meta-analysis. In the time-se-
ries studies, high temperatures increased the risk of disease by
34% (95% Cl, 22 to 48). In studies with another design, high
temperatures increased the risk of disease by 22% (95% Cl, 9
to 36), and both of these results were statistically significant.

An additional subgroup analysis was performed based on
whether studies defined high temperatures in terms of the
mean temperature or in terms of heat wave or heat strain.
Tawatsupa et al. [27], Bobb et al. [28], and Moyce et al. [29]
used heat wave or heat strain. Figure 4 shows the results of
the temperature measure-specific subgroup meta-analysis. In
studies that used the mean temperature, high temperatures
increased the risk of disease by 36% (95% Cl, 24 to 50), which
was statistically significant. In studies that used heat stress or
heat strain, high temperature increased the risk of disease by

16% (95% Cl, 7 to 25), which was also statistically significant.

For all study and subgroup analyses, the I* values ranged
from 21.9% to 80.2% and the heterogeneity across the studies
was moderate. Since the /* value of all studies was more than
50%, the use of a variable-effects model was considered ap-
propriate.

In order to examine the tendency toward publication bias in
a schematic manner, we created a funnel plot as shown in Fig-
ure S2. We concluded that the possibility of publication bias
was low because the funnel plot was relatively symmetrical
and the result of the Egger test was not statistically significant
(p=0.083).

We conducted a quality assessment of the 11 studies in-
cluded in the meta-analysis, as shown in Table S1. The majority
of the studies included in the meta-analysis were of good
quality. However, the studies of Tawatsupa et al. [27] and
Moyce et al. [29] were assessed as fair-quality.

DISCUSSION

This meta-analysis evaluated the effects of high tempera-
tures on kidney disease morbidity, and confirmed that elevat-
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ed temperatures were associated with kidney disease. Both
disease- and study design—based subgroup analyses showed
consistent results. However, in the disease-specific subgroup
analysis, the effect estimate for renal colic or kidney stones
was larger than for other kidney diseases. In the study design—
specific subgroup analysis, the effect estimate of the time-se-
ries analyses was larger than that of studies with other designs.
In the subgroup analysis according to the temperature mea-
surement method, both groups showed significant results.
However, the effect size was larger in the studies where the
threshold temperature was set by measuring the mean tem-
perature.

The effects of high temperatures are generally acute and
are known to occur in a short period of time [3,32]. Our re-
sults for other kidney diseases support these observations.
However, renal colic and kidney stones showed longer lag ef-
fects. Although it is difficult to reach definitive conclusions
about the lag effects of heat because of the small number of
studies, most kidney diseases tend to occur within a short pe-
riod of time, whereas kidney stones may take some time to
develop.

In other meta-analyses, the mortality rate due to high tem-
peratures varied across studies; however, it was found that
mortality increased by 1%-5% when the temperature rose by
1°C and that heat-related deaths were mostly caused by car-
diovascular and respiratory diseases, especially in the elderly
[33]. In addition, the mortality rates were particularly high
among those confined to bed and among those with mental
illnesses [34]. In other meta-analyses on morbidity, blood
pressure became significantly elevated as temperature
dropped [35]. As temperature increases, so does the risk of
various diseases, such as diarrhea [36], dengue fever [37], and
cardiovascular and respiratory diseases [3].

In the literature search, we found that studies on kidney dis-
ease due to elevated temperatures included acute renal fail-
ure, acute kidney injury, kidney stones, renal colic, abnormal
kidney function, and kidney tumors. Many studies of acute
kidney injury and acute renal failure analyzed workers in high-
temperature environments or people who engaged in out-
door activities. Studies of renal dysfunction and kidney tu-
mors, in contrast, were generally based on experimental stud-
ies or hypotheses. In studies of abnormal kidney function, the
index for evaluating renal function was not unified, and a dif-
ferent index was presented in each study. Therefore, we did
not include abnormal kidney function or kidney tumors in this
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meta-analysis.

The heterogeneity observed in the sensitivity analyses and
the variability among study results may be related to various
factors. The fact that most of the studies were performed in
temperate regions supports pooling the studies. However, dif-
ferences in the locations where the studies were conducted
likely contributed to the observed heterogeneity. It is also pos-
sible that factors such as other research periods, different
characteristics of the population groups, and socioeconomic
conditions contributed to the heterogeneity [3], as well as
other factors such as the use of air conditioners [38]. It is also
possible that differences in research design, different model-
ing methods, and the use of different confounding variables
led to heterogeneity.

We indirectly considered the effects of adaptation to high
temperatures on kidney disease in this study by only including
studies that showed RRs at or above the threshold tempera-
ture compared to below the threshold temperature, which
was determined based on an assessment of the temperature
at which changes in disease morbidity were expected in the
study area.

The effect of diurnal temperature range on kidney disease
may be another issue to consider. To the best of our knowl-
edge, studies on the diurnal temperature range and kidney
disease have not yet been conducted, but studies have inves-
tigated the relationships of the diurnal temperature range
with mortality, cardiovascular disease, and respiratory diseases
[39,401. In some of those studies, the results were significant,
suggesting that further studies on diurnal variation and kid-
ney disease will be necessary [39,40].

The present study has the following strengths. First, this is
the first meta-analysis of associations between high tempera-
ture and morbidity due to kidney disease, to the best of our
knowledge. Second, the Egger test and a funnel plot analysis
showed that the possibility of publication bias was low, and
the quality of the studies included in the meta-analysis was
quite good, as assessed using the NOS.

This study also has several limitations. First, the number of
studies included in the meta-analysis was relatively small, and
the research design focused on time-series analyses. The stud-
ies were conducted in limited areas, and therefore do not re-
flect the impact of all climatic conditions [3]. For this reason,
caution is needed when generalizing the results through a
meta-analysis. However, we observed consistent results in the
studies included in the meta-analysis, and the relatively high
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quality of these studies further confirms the reliability of our
findings. Second, we used the Tl and only included published
studies. Therefore, there is a possibility that publication bias
may have been caused by excluding unpublished studies or
studies not found through the Tl [18]. However, the Egger test
showed that our results were not significantly affected by
publication bias. Third, studies using different criteria for high
temperatures were included in this meta-analysis; for exam-
ples, some studies used the criterion of a specific temperature
percentile, some used threshold values determined through a
dedicated analysis, and others focused on heat wave events.
This means that the meta-analysis was conducted without
standardizing the criteria for defining high temperatures.
Therefore, careful attention should be paid to the linear analy-
sis of the results, even though a random-effects model was
applied. Finally, there could have been significant differences
among the studies included in this meta-analysis according to
the study method, sample size, sex and age of the study popu-
lation, and discrepancies in the kidney function and kidney
disease indices used in each study.

CONCLUSION

We found that morbidity due to kidney diseases increases at
high temperatures. This finding suggests that public aware-
ness and surveillance of kidney disease, particularly kidney
stones, is necessary when temperatures become elevated.
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