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Summary eBioMedicine
Background Studies have shown that dengue virus transmission increases in association with ambient temperature. 2023;91: 104582
We performed a systematic review and meta-analysis to assess the effect of both high temperatures and heatwave PUlished Online 21 Apri

L . 202
events on dengue transmission in different climate zones globally. httSS' J/doi org/10

1016/j.ebiom.2023.
Methods A systematic literature search was conducted in PubMed, Scopus, Embase, and Web of Science from ;0453,

January 1990 to September 20, 2022. We included peer reviewed original observational studies using ecological time
series, case crossover, or case series study designs reporting the association of high temperatures and heatwave with
dengue and comparing risks over different exposures or time periods. Studies classified as case reports, clinical trials,
non-human studies, conference abstracts, editorials, reviews, books, posters, commentaries; and studies that
examined only seasonal effects were excluded. Effect estimates were extracted from published literature. A
random effects meta-analysis was performed to pool the relative risks (RRs) of dengue infection per 1 °C increase
in temperature, and further subgroup analyses were also conducted. The quality and strength of evidence were
evaluated following the Navigation Guide systematic review methodology framework. The review protocol has
been registered in the International Prospective Register of Systematic Reviews (PROSPERO).

Findings The study selection process yielded 6367 studies. A total of 106 studies covering more than four million
dengue cases fulfilled the inclusion criteria; of these, 54 studies were eligible for meta-analysis. The overall pooled
estimate showed a 13% increase in risk of dengue infection (RR = 1.13; 95% confidence interval (CI): 1.11-1.16,
1> = 98.0%) for each 1 °C increase in high temperatures. Subgroup analyses by climate zones suggested greater
effects of temperature in tropical monsoon climate zone (RR = 1.29, 95% CI: 1.11-1.51) and humid subtropical
climate zone (RR = 1.20, 95% CI: 1.15-1.25). Heatwave events showed association with an increased risk of
dengue infection (RR = 1.08; 95% CI: 0.95-1.23, 1> = 88.9%), despite a wide confidence interval. The overall
strength of evidence was found to be “sufficient” for high temperatures but “limited” for heatwaves. Our results
showed that high temperatures increased the risk of dengue infection, albeit with varying risks across climate
zones and different levels of national income.

Interpretation High temperatures increased the relative risk of dengue infection. Future studies on the association
between temperature and dengue infection should consider local and regional climate, socio-demographic and
environmental characteristics to explore vulnerability at local and regional levels for tailored prevention.
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Research in context

Evidence before this study

A comprehensive search was conducted in PubMed, Embase,
Scopus and Web of Science databases to find available
systematic reviews and meta-analysis of studies that reported
the effect of temperature and heatwaves on dengue infection
and published in English language. The databases were
searched with outcome terms: (“dengue fever” or “dengue
haemorrhagic fever” or “dengue infection” or “DF” or DHF)
and combined with meteorological terms: (“temperature” or
“heatwave” or “extreme weather” or “meteorological factor”
or “climate” or “climatic factor” or “climate change” or “global
warming”); and filtered using the term “review”. The search
resulted five systematic review articles, of which two were
only single country reviews. Among the five systematic
reviews, two of them performed a meta-analysis of
temperature and dengue infection. However, the association
between temperatures and the risk of dengue infection was
not explicitly differentiated across climate zones. In addition,
the effect of heatwaves on dengue incidence was not yet
addressed. Despite the inclusion of heterogeneous studies, the
strength of evidence wasn't assessed and measured in
previous reviews. To address these gaps, this systematic
review and meta-analysis was conducted to assess the impact
of high temperatures and heatwaves on dengue incidence

Introduction

Dengue virus (DENV) infection is an acute systemic
disease transmitted primarily by Aedes aegypti and the
less effective Aedes albopictus mosquitoes.! The World
Health Organization (WHO) identified dengue fever as
the fastest spreading mosquito-borne viral disease in the
past 50 years, with global incidence increasing 30-fold
since the 1960s.”* It is estimated there are 390 million
dengue fever cases annually’ in 128 countries,”* with
five to six billion people worldwide at risk by 2050.>°
Most dengue cases are in Asia—Pacific regions (ac-
counting for about 70% of total cases),”* followed by
Africa (16%),"* North and South America (14%),” and
Oceania region (0.2%).>*

Global warming is one of many significant risk fac-
tors of increased disease transmission.”"" Climatic fac-
tors, notably temperature, have been identified as one of
the determinants of dengue transmission.””"” Temper-
atures above regional threshold levels are conducive to
the life cycle of dengue vectors, Aedes aegypti and Aedes
albopictus mosquitoes. Temperature also increases the
proliferation of the dengue virus, shortens the extrinsic
incubation period (EIP) and increases mosquito biting
frequency.'**

across different climate zones, and to update the previous
reviews regarding the quality and strength of included
evidence.

Added value of this study

Our study has provided updated evidence and advanced the
results of previous reviews by including heatwaves and
assessing the quality and strength of available evidence. We
estimated the effect of high temperature across different
Koppen-Geiger climate zones. Our results showed that high
temperatures increased the risk of dengue infection, albeit
with varying risks across climate zones and different levels of
national income.

Implications of all the available evidence

The current systematic review and meta-analysis provided
sufficient epidemiological evidence that showed the risk of
dengue infection increased with higher temperature. Further
studies are required to ascertain the observed relationship
between dengue incidence and heatwave events. These
findings should provide much needed evidence for public
health policy makers to establish localized adequate dengue
early warning systems and develop preventive measures
based on socio-economic conditions and climatic features.

Since the early 2000s, various studies have quantified
the associations between temperature and dengue
infection.”’” Only two studies performed comprehen-
sive systematic reviews and meta-analyses that quanti-
fied the association between high temperatures and
dengue.”” A recent meta-analysis of 19 studies pub-
lished until September 2019” estimated a 13% increase
in dengue incidence per 1 °C temperature rise above
threshold, which was higher compared to estimate from
the previous meta-analysis of studies published until
March 2014 indicating 7% increase in dengue incidence
per 1 °C temperature rise above threshold.”

Although the previous studies estimated the overall
effect, the association between high temperatures and
the risk of dengue infection was not differentiated
across climate zones. Moreover, the impact of heatwaves
on dengue incidence was not yet addressed. To address
these gaps, this systematic review and meta-analysis was
conducted to assess the impact of high temperatures
and heatwaves on dengue incidence across different
climate zones, and to update the previous reviews
regarding the quality and strength of included evidence.
The review was formulated following the Population-
Exposure-Comparisons-Outcome (PECO) framework™
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to answer the question “In the general population, what
is the change in risk of dengue fever infection per 1 unit
change in exposure to ambient temperature and heat-
waves, observed in human epidemiological studies?”

Methods

Overview

This systematic review and meta-analysis were per-
formed following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)
guidelines.’’ A detailed description of the PRISMA
guideline for this review is presented in the supple-
mentary material (Table S1). The review protocol has
been registered in the International Prospective Register
of Systematic Reviews (PROSPERO CRD42020211053).
The review was formulated following the Population-
Exposure-Comparisons-Outcome (PECO) framework™
to answer the question “In the general population (P),
what is the increase in risk of dengue fever infection (O)
per 1 unit change (C) in exposure to ambient tempera-
ture and heatwaves (E), observed in human epidemio-
logical studies?”

Search strategy and selection criteria

A comprehensive literature search strategy was devel-
oped (Appendix pp 3) to search in PubMed, Embase,
Scopus and Web of Science databases from database
inception to September 20, 2022. The databases were
searched with the following keywords for the health
outcome terms: (“dengue fever” or “dengue haemor-
rhagic fever” or “dengue infection”) and combined with
meteorological terms: (“temperature” or “heatwave” or
“extreme weather” or “meteorological factor” or
“climate” or “climatic factor” or “climate change” or
“global warming”). The articles obtained from all data-
bases were imported into EndNote,”> and duplicates
were removed. An additional manual search was also
performed from previous review articles and all refer-
ence lists of included studies (Fig. 1).

The titles, abstracts and full text of the remaining
articles were evaluated for inclusion by two of the re-
viewers (YID and MT) in a double-blind independent
screening using Rayyan, a web-tool developed for initial
screening of abstracts and titles).” Any disagreement
between the two reviewers was resolved through
discussion.

Studies were included if they met the eligibility
criteria: (1) peer-reviewed original research articles, (2)
quantitative observational time series, case-crossover or
case series human studies in the general population
with dengue infection cases or incidence as the outcome
of interest and (3) the exposures of interest were high
temperatures and heatwaves. The following study types
were excluded from this review: (1) studies classified as
case reports, clinical trials, non-human studies, confer-
ence abstracts, editorials, reviews, books, posters,
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commentaries; and (2) studies that examined only sea-
sonal effects.

For studies based on the same study population and
over the same study period (repeated datasets), we
included more than one study if: (a) the study reported
different location-specific estimates within a state or in
different climate zones; (b) the study used different
exposure time resolution of exposure (temporal resolu-
tion of exposure/outcome data) and outcome (daily,
weekly or monthly); (c) the study used different tem-
perature metrics (minimum, mean, maximum); or (d)
the study used different lag period structures (single or
cumulative lag) and different models. Otherwise, we
included studies of longer duration periods and the
most recent study.

Data extraction

Data extraction was performed using a customized Excel
form prepared based on Cochrane Effective Practice and
Organization of Care (EPOC) data collection resource
guideline.*** Two of the Authors (YID and MT) inde-
pendently retrieved, extracted and cross-checked the
following data: the last name of the first author, year of
publication, study location (country, city, province, re-
gion, or state), study period, sample size and sources of
outcome data, confounding and effect modifiers, study
design and statistical models, temperature metrics,
heatwave definitions, exposure time resolution, key
findings, and effect estimates with corresponding 95%
confidence interval (CI). Moreover, for studies with
location-specific estimates, climate zones were extracted
using Koppen-Geiger climate classification map*® and
climate data website.”” For studies with multiple lags,
exposure metrics, and climate zones, the effect esti-
mates, and all other characteristics were recorded
separately.

For meta-analysis effect estimates, including Inci-
dence Rate Ratios (IRR) and Relative Risks (RRs) were
extracted from the published literature. Regression co-
efficients (B), Odds Ratios (OR), and percent change
(PC) were converted to RRs using standard methods.***
For studies that presented effect estimates only graphi-
cally, were extracted using the WebPlotDigitizer tool.*
For studies that reported only the effect size and p-
value, a 95% CI was calculated according to the method
of Altman and Bland.”

Data analysis
The study findings were synthesized quantitatively and
narratively. Quantitative synthesis in the form of meta-
analysis and forest plots was conducted for studies
that fulfilled the eligibility criteria for inclusion in the
meta-analysis. Otherwise, the key findings were sum-
marized and synthesized narratively.

A random-effects meta-analysis was conducted to
pool the effect estimates from eligible studies. For
studies reporting estimates from different models, the
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final model estimates as specified by the authors were
used. If a final model was not specified, the model with
covariates (e.g. rainfall, humidity) were chosen.”” For a
study that didn’t favor effect estimate from a specific
temperature metrics, we included all effect estimates
using different temperature metrics (minimum, mean
and maximum) separately. For multi-location studies,
estimates from all locations were used to estimate the
main pooled effect estimations. For studies that did not
select or favor a specific lag, we included all RRs from
either a single or a cumulative lag. For non-linear model
estimates showing an effect at both ends of the tem-
perature range, we chose the RRs for temperature ef-
fects above references temperature (temperature
thresholds with no or minimum risk of dengue, or no
heatwaves as defined by authors of the studies). Finally,
all effect estimates were standardized for a 1 °C increase
in temperature assuming a log-linear association of
temperature with the incidence of dengue infections
beyond reference temperature to allow pooling effect
estimates.**** For studies that reported an increase in
effect estimates per X degree Celsius rise in tempera-
ture (where X is different from 1), effect estimates were
divided by X and standardized for a 1 °C increase in
temperature.”® Random effects meta-analysis using the
DerSimonian and Laird procedure* was applied to pool
the overall effect estimates from included studies.

The between-study heterogeneity was assessed using
Higgins I statstics*® which is expressed as the propor-
tion of observed variability not caused by sampling er-
ror. For Higgins I* statistics, the heterogeneity was
categorized as low (I* < 25%), moderate
(25% < 1> < 75%), or high (I* > 75%). Moreover, Pre-
diction intervals (PI) of 80% were adopted to quantify
the range in which the effect estimate of a new obser-
vation from future studies would fall, based on the
existing evidence.®* Severe heterogeneity was sus-
pected when the 80% PI included the null effect and was
more than twice the width of the 95% CIL.*

After identifying the degree of heterogeneity, a sub-
group analysis was performed to identify the possible
source of heterogeneity when the total number of effect
estimates were greater than or equal to two, i.e. k >2.
This was based on temperature metrics (minimum,
maximum, mean), national income levels,” exposure
time resolution (i.e. dengue case daily, weekly, or
monthly), and Koppen Geiger climate zones.***” using
location/city-specific effect estimates.

Sensitivity analyses were conducted to assess the
robustness of the primary estimates by examining the
extent to which the results are affected by changes in
methods, models, values of unmeasured variables, the
influence of individual studies, or assumptions through
applying alternative analysis.

We carried out sensitivity analyses in the following
steps. First, a leave-one-out analysis approach was per-
formed by excluding one study at a time and examining

the change in the pooled estimates. Second, a random
effects analysis was performed after swapping multiple
effect estimates stratified by temperature metrics and
lag period in a single study, with a single pooled fixed
effect estimate. Third, additional sensitivity analyses
were conducted by analyzing different factors, including
primary confounders and covariates adjustment, overall
score in the risk of bias, modelling approach (linear vs.
nonlinear), lag structure (single vs. cumulative), and lag
periods. Lastly, we also performed analyses using
studies with similar exposure time resolution and lag
period only. Most of the studies used monthly temporal
resolution and presented effect estimates with a lag
period of up to three months. Therefore, we applied a
sensitivity analysis using a restricted lag period of up to
three months for a single lag structure and 0-3 months
for a cumulative lag effect.”

Publication bias was visually evaluated using funnel
plots and Egger regression tests of asymmetry.”® The
‘trim-and-fill’ method was applied to adjust the overall
estimates after accounting for the number of studies
that are missing owing to publication bias.”' Statistical
analyses and figures were performed using R software
version 4.0.2 (Team R, 2021) with the packages meta*
metafor,” dmetar™ and forester.”® A p-value of <0.05
was considered statistically significant unless otherwise
reported.

Quality and strength of evidence

The body of evidence was assessed following the Navi-
gation Guide systematic review methodology
framework.>**’

Risk of bias assessment was conducted using a
modified version*** of the Office of Health Assessment
and Translation (OHAT) Risk of Bias Rating Tool for
Human and Animal Studies.” Each study was evaluated
against six domains of the risk of bias: selection, con-
founding, exposure assessment, outcome assessment,
selective reporting, and appropriateness of statistical
methods.”® Each domain is rated as “definitely low,”
“probably low,” “probably high,” and “definitely high”
(Appendix pp 4-7). A cautious approach was adopted to
rate studies with insufficient information as “probably
high” risk of bias. Two of the reviewers (YID and MT)
performed the risk of bias assessment. Three key do-
mains (the assessment of exposure, the assessment of
outcomes, and the assessment of confounding) were
used (Table S4) to determine the overall rating of an
individual study’s bias.® Although the Navigation Guide
Methodology suggested to exclude studies with “prob-
ably high,” and “definitely high” risk of bias from the
meta-analysis.*>”” In all included studies were rated
“probably low,” and “definitely low”.

Following the Grading of Recommendations,
Assessment, Development, and Evaluation methods
(GRADE), the quality of the evidence was initially rated
as “moderate”.” Later, the overall quality was rated as
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“high”, “moderate” or “low” after considering upgrading
or downgrading quality factors, including Risk of Bias
across studies, indirectness of evidence, imprecision,
inconsistency, publication bias, size of the effect, dose—
response gradient, and whether confounding would
minimize effects (Appendix pp 7). Using GRADE as a
qualitative guide, the possible ratings were 0 (no change
from the initial “moderate” quality), -1 (one level
downgrade), -2 (two-level downgrade); +1 (one level
upgrade), or +2 (two-level upgrade).”**”

The strength of evidence was assessed by
combining the quality of the body of evidence with
“direction of effect” (i.e. plausible consistency in find-
ings across studies on whether dengue incidence
gradient was positively associated with high tempera-
ture or heatwave exposure); “confidence in the effects”
(the likelihood that a new study would change our
conclusion); and any other characteristics of the data
that may have an impact on certainty as described in
the Navigation Guide.”*” After full consideration of
these factors, the overall strength or certainty of the
evidence was categorized as “sufficient evidence,”
“limited evidence,” or “inadequate evidence,” as out-
lined in the Navigation Guide guideline (Appendix pp
8). All body of evidence evaluation was carried out by
two of the authors (YID and MT).

Role of funders

The funder of the study had no role in study design, data
collection, data analyses, data interpretation, or writing
of the report.

Results

The study selection process yielded 6367 studies. After
removing duplicates, title and abstract screening, a total
of 378 studies underwent full text assessment. Finally,
106 studies published between 2005 and 2022 meeting
our inclusion criteria were included, which covered over
four million dengue cases from 32 countries (Fig. 1). Of
the total, 101 studies investigated the association be-
tween high temperature and dengue infection, one
study®” used both high temperature and heatwave as
exposure, and the remaining four studies** used
heatwaves. Summarized key findings extracted from the
included studies are presented in the supplementary
material (Appendix pp 9-36).

Study context and characteristics

Most studies (n = 103) used surveillance data collected
from 1974 to 2019. There are 98 studies published since
2010, particularly, 32 studies published since 2019. Two
studies used hospital admissions data”** and one
study®” used data obtained from published articles and
grey literature. Temperature data were collected from
weather stations monitored by national meteorological
agencies in 87 studies.

www.thelancet.com Vol 91 May, 2023

For high temperature studies, the ambient temper-
atures had been used with different temporal exposure
periods, including daily,"**¢>¢+% bi-weekly,” monthly
and yearly.”” Mean temperature was frequently used as
temperature metrics (n = 31).

Heatwave studies used two definitions including
duration and intensity of high temperature* and num-
ber of days exceeding certain percentile of daily and
weekly temperature distribution.®

A large number of the studies (n = 45) were from
upper-middle-income countries, with only three coming
from low-income countries.”® The study period ranged
from one year”' to 37 years.”” The number of dengue
cases included in each study ranged from 376" to
469,171 cases.” Fourteen studies were
nationwide.'”*>®>727>% The remaining studies were
subdivided into various administrative divisions such as
district, province, or state level.

Four climate zones (tropical savanna climate, humid
subtropical climate, tropical rainforest climate and
tropical monsoon climate) dominated the study loca-
tions, together comprising 77.4% of studies. The
greatest proportion of studies (25.7%) was from tropical
savanna climate.

Except for one study* which applied a case-crossover
design, the remaining 105 studies used a time-series
study design. Regarding modelling approaches, the
majority (n = 53) used generalized linear models and 11
studies applied distributed lag nonlinear models. The
remaining studies used different modelling approaches
such as generalised additive models, distributed lag
model and autoregressive moving average models
(Appendix pp 9-36).

Most studies (n = 75) adjusted for primary con-
founders (season and time trend). The other eleven
studies adjusted for either one of these confounders.
Rainfall (n = 96) and relative humidity (n = 76) were the
most included covariates in our reviewed studies.

The reviewed studies reported effect estimates in
terms of IRR, RR, OR, percent change, regression co-
efficients and correlation coefficients. A total of 54 ar-
ticles (49 articles with 92 estimates for high
temperatures and the other five articles with 13 esti-
mates for heatwaves) met the inclusion criteria for the
meta-analysis. The majority of the studies provided city-
level estimates, whereas four studies provided country-
level estimates.!77>7552

For studies that quantified the association between
high temperature and dengue infection, the selected
reference temperatures to estimate the increase in risk
of dengue, varied across climate zones and on the uti-
lisation of temperature metrics. Minimum temperature
ranges were between 9.8 °C and 24.5 °C in the Tropical
savanna climate zone; and between 20 °C and 25 °C,
22.8 °C-24 °C, 14.3-24.9 °C in the Humid subtropical
climate, Tropical rainforest climate, and Tropical
monsoon climate, respectively.
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Different lagged effects were also employed in the
studies. For studies that used monthly exposure time
resolution, a lag period ranging from one month to 12
months was applied. For studies with weekly resolution,
one to 52 weeks of lag period were used. For studies
using daily resolution, one to 51 lag days were utilized.

The overall risk of bias assessment was definitely low
or probably low. For high-temperature studies, except
four studies that were rated either “definitely high”"#
or “probably high”** the remaining studies were
rated “definitely low” or “probably low” in the overall
risk of bias assessment. For heatwave studies, except for
one study® that rated “probably low”, the remaining
heatwave studies were rated “definitely low” in the risk
of bias assessment. Fig. 2 summary plot shows the

percentage of the risk of bias judgement within each
domain. The details of rating in each domain for indi-
vidual studies were presented in the supplementary
material (Appendix pp 37, 48-49).

Random effects meta-analysis showed that the risk of
dengue infection increased by 13% (95% CI: 1.11-1.16)
for every 1 °C rise in high temperature (Appendix pp 4).
The overall pooled estimate from high temperature
resulted in a large heterogeneity (I* = 98.0%) suggesting
a subgroup analysis was needed when the total number
of effect estimates were sufficient, i.e. k >2. Subgroup
analysis was performed based on temperature metrics,
climate zones, national income levels, and exposure
time resolution (Fig. 3, Appendix pp 51-54). Subgroup
analyses showed positive associations between higher

6367 Records identified through database searching
(Scopus: 1951; Pubmed: 2078; Embase: 1411; Web of Science: 927)

Identification

A 4

272 full-text studies excluded

¢ 112 review, commentaries,
editorials, conference

e 76 only mosquito related
studies

e 42 not exposure of interest

e 23irrelevant outcomes

e 13 only assessed seasonal
effect

e 4 articles in other languages

¢ 2 not general population

Articles identified from previous
reviews, references and other
sources (n=12)

3871 studies after duplicates
were removed
o
=
<
]
5} v
)
366 articles after title and
abstract screening
) >
A
=
3 94 studies after full-text
= assessment
w
A
— 106 studies included in the
systematic review and meta-
analysis
v
§ Studies excluded from meta-analysis:
3 » 18 Couldn’t calculate or extract
£ IRR/RR/OR
¢ 15 Non-standardisable estimates
¢ 5 Not regression studies
e 14 Repeated and overlapping datasets
A4
— Studies included in the meta-analysis
(n=154)

Fig. 1: PRISMA flow diagram for literature search and study selection process of the systematic review and meta-analysis.
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Fig. 2: Percentage distribution of Risk of Bias ratings within each bias domain for all included studies. (a) High temperatures studies
(n = 102), (b) heatwaves studies (n = 5). The plots were created using the Risk of Bias Visualization Tool (ROBVIS).*

temperatures and dengue incidence across all sub-
groups (Fig. 3).

Heatwaves were also associated with an (non-signif-
icant) increased incidence of dengue (RR = 1.08; 95%
CI: 0.87-1.34) (Fig. 4). A subgroup analysis by exposure
time resolution did not show subgroup differences. In
studies that used the weekly (n = 3; k = 9) and daily

(n=2; k =4) resolutions, the overall pooled estimate was
RR = 1.02 (95% CI: 0.76-1.37), and RR = 1.17 (95% ClI:
0.96-1.42), respectively.

A qualitative synthesis was performed for the rest of
the studies that did not meet the inclusion criteria for the
meta-analysis (Appendix pp 9-36). Among studies that
investigated the association between high temperature

Subgroup k Relative Risk (95% Cls) : 80% Prediction Interval 12, p-value
Climate zone (Képpen classification) ] o
Tropical savanna 40 1.10(1.06-1.14) . iy (0.96-1.26) 99.1%, p<0-0001
Humid sub tropical 29  1.20(1.15-1.26) ! (1.04-1.38) 99%, p<0-0001
Tropica rainforest 11 1.08 (1.04-1.12) : e (1.00-1.16) 98%, p<0-0001
Tropical monsoon 6  1.29(1.11-1.51) | — 1 (0.97-1.73) 96%, p<0-0001
Hot semi-arid 3 1.03 (1.00-1.07) > (0.95-1.13) 74%, p=0-02
National income level ‘
Lower middle income 37 114 (1.11-1.17) E L d (1.04-1.24) 99%, p<0-0001
Upper middle income 48 1.13(1.09-1.17) L 4 (0.98-1.30) 98.9%, p<0-0001
High income 7 1.16 (0.91-1.49) ——— (0.72-1.87) 99.1%, p<0-0001
Temperature metrics -
Minimum 37  1.15(1.11-1.19) L e (1.02-1.29) 98.5%, p<0-0001
Mean 17 1.15(1.12-1.19) ‘ . (1.03-1.29) 99.4.9%, p<0-0001
Maximum 38 1.16(1.03-1.18) E,_. (0.92-1.32) 99.2%, p<0-0001
Exposure time resolution :
Monthly 65 1.19(1.15-1.23) : i (1.02-1.39) 99.2%, p<0-0001
Weekly 19  1.04 (1.02-1.07) : (0.97-1.12) 97.8%, p<0-0001
Daily 8 1.05 (1.02-1.07) :: (1.00-1.09) 94.7%, p<0-0001
. ; . .
05 1.0 15 20

Low risk

Higher risk

Fig. 3: Random-effects meta-analysis findings for high temperature studies by subgroup showing change in RR and 95% Cls per 1°C
increase in temperature. k = the number of effects estimates; 95% Cls = 95% Confidence interval.
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Study Country Relative Risk RR 95%-Cl Weight
1-Cheng et al. 2020 Vietnam - 1.47 (0.89-2.42) 7.3%
2-Cheng et al. 2020 Vietnam —1 1.52 (0.85-2.71) 6.4%
3-Cheng et al. 2020 Vietnam - 1.41 (0.91-2.18) 8.1%
4-Cheng et al. 2020 Vietnam T 1.47 (0.93-2.32) 7.9%
5-Cheng et al. 2021a China — 1.44 (0.88-2.35) 7.4%
6-Cheng et al. 2021a China 2.56 (0.68-9.58) 2.2%
7-Cheng et al. 2021a China +——— 1.28 (0.94-1.74) 9.8%
8-Cheng et al. 2020b China 1.05 (1.01-1.10) 12.1%
9-Seah et al. 2021 Singapore -+ | 0.72 (0.64-0.81) 11.7%
10-Seah et al. 2021 Singapore - 0.51 (0.43-0.61) 11.2%
11-Wang et al. 2022 Sri lanka 1.82 (0.47-7.09) 2.1%
12-Wang et al. 2022 Malaysia — 0.92 (0.55-1.54) 7.2%
13-Wang et al. 2022 Thailand — 0.93 (0.53-1.64) 6.6%
Random effects model —_ 1.08 (0.87-1.34) 100.0%
Prediction interval (80%-Pl) | —— | (0.69-1.71)

0.5

1 2 4

Fig. 4: Forest plot with 80% prediction interval shows the effect of heatwave on dengue infection. RR = Relative Risk; 95% Cl = 95%

Confidence interval; 80%-Pl = 80% confidence interval.

and dengue incidence, 51 studies were included in the
narrative synthesis. Except for a few studies (n = 13) that
found insignificant associations?”’***#° and negative
associations®”7°**1%* the rest of 90 studies reported a
significant positive association between high temperature
and dengue incidence. The observed associations were
reported at different lag periods ranging from weeks to
months. Most of the studies reported a positive associa-
tion with 0-3 months lag time.

The summary of the overall quality of the evidence is
presented in Table 1. Following the Navigation Guide
guidelines for observational studies,” the quality of the
evidence was initially rated “moderate” and downgraded
or upgraded considering the quality factors mentioned
in Table 1. For both high temperatures and heatwave
studies, the risk of bias was rated as “definitely low” and
“probably low”. For high temperature studies, the
quality of evidence was upgraded for the dose-response
domain and there was no downgrade for any factor
based on the results of the sensitivity analyses
(Appendix pp 37). Meanwhile, for heatwave studies, the
quality of the evidence was downgraded for “inconsis-
tency” and “dose response pattern” but there was no
upgrade for any factor. After full consideration of the
above quality factors, the quality of evidence was
upgraded from the initial “Moderate” rating to “High”
in high-temperature studies but was downgraded to
“Low” in heatwave studies.

The strength of evidence was assessed based on
overall quality of evidence, direction of the effect esti-
mates, confidence in the effect estimate and other
compelling characteristics (Table 1). In the case of high-
temperature studies, the overall quality of evidence was
“High”. Most studies showed a positive association
suggesting an increasing trend in dengue infection with
increasing high temperatures (Appendix pp 55), and

confirmed by the results of the sensitivity analyses
(Appendix pp 37). Based on these criteria, the strength
of evidence for high temperature studies was graded as
“Sufficient”.

For heatwave studies, the quality of evidence was
rated as “Low”. Although the random effect estimate
showed increasing risk of dengue infections with heat-
waves, the confidence and prediction interval contained
the null effect. Moreover, the number of studies
included in the meta-analysis was small and future
studies may change the direction and size of the effect
estimate. Considering all these factors, we judged the
strength of evidence for heatwave studies as “Limited”.

Discussion

The present study is an update of the previous two
systematic reviews and meta-analyses?** that examined
the relationship between high temperatures and
dengue infection for studies published until 2019.
Moreover, the current systematic review also assessed
the effect of heatwave events on dengue infection.
Overall, a total of 106 studies comprising over four
million dengue cases were included with 32 studies
published after 2019.

The overall effect estimates in our study showed
similar direction, but higher in magnitude compared to
the result reported from a previous meta-analysis con-
ducted in 2014. Our result showed the risk of dengue
infection increased by 13% for each 1 °C increase in
high temperatures above the reference values, which is
the same estimate as another meta-analysis conducted
in 2019.

The impact of temperature on dengue transmission
takes complex pathways and mechanisms,'"* including
impacts of temperature on the female mosquito’s
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High temperature studies (n = 102)

Heatwave studies (n = 5)

Quiality of evidence assessment

Down grading factors

Confounding
minimizes effect

indicated a statistically significant increase in the risk of dengue
infection with an increase in temperatures above reference values.

0 One fourth (26/102) of the studies did not adjust for primary 0
confounders. However, the sensitivity analysis did not show evidence
to suggest that possible residual confounders would shift the effect to
null.

Summary of the quality assessment

Rating  Rationale and summary of evidence Rating Rationale and summary of evidence

Risk of bias 0 Only four studies were rated as “definitely high” or “probably high”. 0 All five studies were rated as “definitely low” and “probably low” risk
The remaining studies (98/103) were rated as “definitely low” and of bias. Thus, we judged there is no substantial risk of bias
“probably low” risk of bias.

Indirectness 0 Dengue cases included in most studies were either laboratory 0 Dengue cases included in most studies were either laboratory
confirmed or dlinically diagnosed according to WHO definition of confirmed or dlinically diagnosed according to WHO definition of
dengue fever. Moreover, the majority of the studies employed direct dengue fever. Moreover, the majority of the studies employed direct
measurements of exposure. measurements of exposure.

Inconsistency 0 High heterogeneity was observed in the overall pooled estimate -1 The heterogeneity was high (1> = 89%) and 95% prediction intervals
(1> = 99%). However, 80% PI did not contain unity (Appendix pp (PIs) contain unity and were wider compared to confidence intervals
50-49). Moreover, sensitivity analysis based on the “leave-one-out” (Fig. 4). Leave-one-out analysis also showed variation (RR: 1.06-1.16).
approach did not show considerable difference from overall pooled Thus, the evidence of quality was downgraded for such
effect estimates (RR: 1.12-1.15), and there was no change in statistical inconsistencies.
significance.

Imprecision 0 Except four studies, the 95% Cls of the studies possessed notably 0 We judge all five studies included representative of appropriate
narrow confidence intervals. Moreover, we judge most studies proportion of population of interest across different years of time.
included representative of appropriate proportion of population of Only two effect (2/13) estimates possessed wider confidence intervals.
interest across different years of time.

Publication bias 0 Despite the observed asymmetrical distribution of studies in the 0 Egger’s test revealed statistically insignificant result that did not show
funnel plot and Egger’s tests (Appendix pp 56), the pooled effect publication bias (p = 0.156). However, the small number of studies
estimate adjusted after including imputed studies using the Trim and (n <10), makes it uncertain and needs careful interpretation.

Fill method (Appendix pp 59) did not show difference in statistical
significance.

Upgrading factors

Large magnitude of 0 Effect sizes were small in most studies, and the pooled effect estimate 0 Effect sizes were small in most studies, and the pooled effect estimate

effect was below 2. was below 2.

Dose response pattern +1 The quality of the evidence was upgraded as majority of the studies -1 Two of the five studies showed a decrease in effect estimate and the

random effect contains unity and were statistically insignificant.

Only one of the studies did not adjust for primary confounders.
However, such did not suggest the possible residual confounders
would shift the effect to null.

estimate

the data that may
influence certainty

Overall strength of
evidence

Other characteristics of n/a

infection and increased temperature. Moreover, the prediction
interval did not include the null effect and supported the positive
association between dengue incidence and temperature in the future
studies. The number of studies included in the meta-analysis was also
sufficient enough and provide certainty about the future.

Sensitivity analysis based on several factors did not show much n/a
variation from the main overall effect estimate and strengthen the
certainty of the evidence.

Sufficient The quality of evidence was rated as “High”, the prediction interval
suggested future studies may not affect the result and several
sensitivity analyses showed similar overall estimates. Thus, we
concluded that the evidence is sufficient enough to show the effect of
high temperature on dengue infection.

Quality of evidence High Moderate + (0) + (0) + (0) + (1) = 1. After one upgrade and no down Low Moderate + (0) + (0) + (-1) + (-1) = -2. After down grading two
grade in quality factors, the overall quality of evidence was rated as quality factors, the overall quality of evidence was rated as “low”
“High".

Summary findings n/a Overall, the studies included in the meta-analysis and narrative n/a Overall, the studies included in the meta-analysis resulted in “Low”
synthesis resulted in "High” quality of the evidence. quality of the evidence.

Strength of evidence assessment

Quality of evidence n/a High n/a Low

Direction of effect n/a The direction of effect estimates largely showed an increasing trend in n/a The direction of effect estimates largely showed an increasing trend in

estimates dengue infection with increasing high temperatures beyond the dengue infection associated with heatwave, but the inclusion of unity
reference values. in the confidence interval makes the result uncertain.

Confidence in effect  n/a Majority of the studies showed a positive association between dengue n/a Although an increasing trend was observed in the overall random

effect the confidence and prediction intervals contain the null effect.
Moreover, the number of studies included in the meta-analysis was
small and made the result uncertainty about the future.

The leave-one-out sensitivity analysis showed variation from the main
overall effect estimates (Fig. S9). The small number of studies included
hindered performing certain sensitivity analyses in addition to leave-
one-out analysis and increase the uncertainty.

Limited Although a positive association is observed, the “Low” quality of

evidence, inclusion of unity in confidence interval and the prediction
interval, and the small number of studies included in the meta-
analysis resulted a “Limited” evidence to conclude the association
between dengue infection and heatwave.

Table 1: Summary of the body of evidence for high temperatures and heatwaves as risk factors of dengue infection.
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reproductive cycle, feeding activities and EIP."** A
study examining the effect of temperature on the EIP
showed a reduction in the number of days from an
average of 15 days to 6.5 days as temperature increased
from 25 °C to 30 °C.” The reference temperature values
used to estimate effect estimates in the included studies
matched with the temperature ranges associated with
the biology of Aedes mosquito and dengue viruses,
which could explain the observed temperature-related
risk relationship in the current review.

Viral replication peaks at around 35 °C, which is
higher than the temperature at which adult mosquito
survival rates and feeding activities start to decline”
resulting in reduced dengue transmission potential.
This may explain a higher relative risk associated with
the minimum and mean temperatures than with the
maximum temperature. Maximum temperature showed
a lower relative risk of dengue incidence with a 10%
increase per 1 °C compared to minimum and mean
temperature, which were both associated with a 15%
increase. Moreover, the observed higher relative risk
related to a monthly time resolution could be related to
life span of the mosquito, EIP, survivorship and feeding
frequency and onset of clinical symptoms of
dengue.”™? For effective transmission, the vector
needs to live long enough after initial blood meal to
allow the virus replication in the vector to reach an in-
fectious level (which on average takes 8-12 days) and
then transmit the virus to a host by ingesting a blood
meal. The observed time-lagged association also aligned
with recent studies forecasting and providing tempera-
ture based early warning system for dengue
outbreaks.'*1%

The subgroup analysis for high-temperature studies
also revealed that higher relative risks were identified
in tropical climate zones (tropical monsoon: RR = 1.29,
95% CI: 1.11-1.51; humid subtropical climate:
RR = 1.20, 95% CI: 1.15-1.26). which could be due to
high relative humidity that is conducive to mosquito
breeding."" A combination of high temperature and
rainfall in tropical climate zones raises relative hu-
midity, which in turn increases the feeding activity,
survival, and egg development of Ae. aegypti.'"'s10710%
Moreover, the widespread presence of the vector Ae.
aegypti in tropical and subtropical climate zones could
contribute to the observed increased risk of dengue in
these regions. Considering 40% of countries lies in the
tropical climate zone, between 23.5° N and 23.5° S
latitude, and inhabited by high number of population
(40% of the world’s population), human behaviour
factors and population density could be another reason
for the observed higher risk in the region.'”'"" How-
ever, recent studies have shown that climate change
with increasing temperatures may facilitate vector,
particularly Ae. albopictus, spread to broader areas
including higher altitudes area and temperate climate
regions.'””1%

Unlike high temperatures, the association of dengue
incidence with heatwave events has not been extensively
studied, as evidenced by the few studies that were
included. A contrasting effect was reported among the
included studies, reporting both negative and positive
associations. The differences could be related to a wide
variation in heatwave definition across countries, re-
gions and climate zones among included studies. For
example, a study in Singapore® with a tropical rainforest
climate zone defined the heatwave as three or more days
exceeding the 90th percentile (33.2 °C). Meanwhile, a
study in Vietnam® with Humid subtropical climate
zone defined a heatwave as mean temperature above the
95th percentile (24.3 °C) for more than 7 days.” In this
study, the temperature range (percentile) used to define
heatwave was close to the optimal temperature for
mosquito growth. These differences could cause the
contrary associations between dengue and heatwaves
and we were unable to rule out heatwave as a risk factor
for dengue. Thus, more studies with consistent heat-
wave definition are needed to confirm the impact of
heatwaves on dengue infections.

Significant heterogeneity was also found in high-
temperature studies, even after subgroup analyses
which is similar to the previous dengue reviews.”* The
causes of the considerable heterogeneity are not clear
but there are three plausible possibilities. First, under-
reporting of dengue cases could be an important factor.
There may also be a mismatch between exposure and
outcome measurement. Dengue cases may not be re-
ported at the time of onset of infection, which would
result in a temporal mismatch of exposure with the case.
Second, primary confounders and covariates adjustment
(particularly rainfall and relative humidity) could be
another important source of heterogeneity. However,
the sensitivity analysis showed a slight difference in the
RRs for studies that did not control for primary con-
founders. Third, other factors such as exposure mea-
surements, reference temperatures used, and
unaccounted environmental, social and demographic
factors may also contribute to the observed heteroge-
neity. In addition, other causes of heterogeneity may not
be discernible from reviewed studies, which resulted in
high heterogeneity in this review.

In this review, we found high-quality evidence on the
associations between high temperature and dengue
infection, the overall pooled estimate also showed an
increase in dengue infection with higher temperatures,
and sensitivity analyses confirmed the robustness of the
result. Thus, the strength of evidence is sufficient to
show the effect of high temperature on increased
dengue infection. Meanwhile, for heatwave studies, the
quality of evidence was “low”, and the strength of evi-
dence was “limited” for the association between heat-
wave and dengue infection. The observed quality and
strength reflect the uncertainty associated with the rea-
sons described in the strength of evidence evaluation.
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However, the inclusion of studies with low and probably
low risk of bias that adjusted for relevant confounding
factors makes the observed estimate worth considering
in the development of preventive measures to reduce
the risk of dengue outbreaks in the context of climate
change.

Although this review is not the first to assess the
impact of temperature on dengue transmission, the
extensive search approach, methodology used, and
higher number of studies provided updated knowledge.
We retrieved recent studies and performed a compre-
hensive systematic assessment of the quality and
strength of existing evidence following the Navigation
guide for systematic review and GRADE.®' guidelines,
which were not used in previous reivew. We also used
validated Risk of Bias assessment tools for our review.
Further, unlike previous studies which chose to include
only specific lag periods, temperature metrics and
largest effect estimates, we included all effect estimates
stratified based on factors, such as climatic zones and
socioeconomic status. Considering the variations in
weather patterns across regions, we have performed a
subgroup analysis and showed the effect estimate in
different climate zones. Despite high heterogeneity, the
robustness of the overall pooled estimate was verified by
sensitivity analyses. Moreover, heatwave was also
included in this meta-analysis, that was not done in the
previous reviews.

This study also has several limitations. First, only
peer-reviewed journal articles published in English
were included in this review. Second, there is currently
a lack of relevant studies from regions such as Africa
which accounts for 16% of the global dengue burden.
These limitations may contribute to a selection bias
and thus a cautious approach to generalizing the
findings to unexplored regions is required. Third, we
also found a significant publication bias and hetero-
geneity even after subgroup analysis. The observed
substantial heterogeneity could be related to unac-
counted socio-demographic and environmental factors
that we were unable to investigate due to lack of such
data in the included studies. Lastly, only five heatwave
studies were included, which limited the strength of
the evidence on association between heatwave and
dengue infection.

Most of the reviewed studies were from the Asia—
Pacific region. Despite varying reports on the inci-
dence of dengue in the tropics, particularly in Africa and
South America where we only found six studies that
investigated the impact of high temperature and dengue
association, more studies are needed to explore effects
of high temperatures on dengue outside the Asia—
Pacific region. Given the relatively small number of
studies that have examined the effects of heatwaves,
future epidemiological studies are warranted to investi-
gate the association between dengue infection and
heatwave events. Because of the role of socio-economic
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conditions and meteorological factors in vector-borne
disease transmission, future studies may also need to
account for socio-demographic, micro-climate, mos-
quito behaviour and other environmental factors that
can explain vulnerability at the local and regional levels.
Finally, global warming and increasing temperature
posed tremendous challenges to dengue control and
prevention in the context of climate change. This is
particularly important in urban settings where city heat
island effects and high density of population could make
dengue more transmissible. There is a gap in knowl-
edge on how climate change affect dengue transmission
under 2 °C increase or even up to 4 °C increase sce-
narios across different regions.

The current systematic review and meta-analysis
provided sufficient epidemiological evidence that
showed the risk of dengue infection increased with
higher temperature. We also believe further studies are
required to ascertain the observed relationship between
dengue incidence and heatwave events. These findings
should provide much needed evidence for public health
policy makers to establish localized adequate dengue
early warning systems and develop preventive measures
based on socio-economic conditions and climatic
features.
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