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Abstract

In 2019, dengue incidences increased dramatically in many countries. However, the pro-
spective growth in dengue incidence did not occur in Guangzhou, China. We examined the
effectiveness of early start of Grade Il response to dengue in Guangzhou. We extracted the
data on daily number of dengue cases during 2017-2019 in Guangzhou and weekly data for
Foshan and Zhongshan from the China National Notifiable Disease Reporting System,
while the data on weekly number of positive ovitraps for adult and larval Aedes albopictus
were obtained from Guangzhou Center for Disease Control and Prevention. We estimated
the number of dengue cases prevented by bringing forward the starting time of Grade |l
response from September in 2017—2018 to August in 2019 in Guangzhou using a quasi-
Poisson regression model and applied the Baron and Kenny’s approach to explore whether
mosquito vector density was a mediator of the protective benefit. In Guangzhou, early start
of Grade Ill response was associated with a decline in dengue incidence (relative risk [RR]:
0.54, 95% confidence interval [Cl]: 0.43-0.70), with 987 (95% CI: 521-1,593) cases averted
in 2019. The rate of positive ovitraps also significantly declined (RR: 0.64, 95% Cl: 0.53—
0.77). Moreover, both mosquito vector density and early start of Grade Il response was sig-
nificantly associated with dengue incidence after adjustment for each other. By comparing
with the incidence in Foshan and Zhongshan where the Grade Il response has not been
taken, benefits from the response starting in August were confirmed but not if starting from
September. Early start of Grade Ill response has effectively mitigated the dengue burden in
Guangzhou, China, which might be partially through reducing the mosquito vector density.
Our findings have important public health implications for development and implementation
of dengue control interventions for Guangzhou and other locations with dengue epidemics.
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Author summary

There is a lack of data on comparing the observed dengue incidences under the real-world
scenarios that interventions commenced at different times. In 2019, WHO scaled up the
response to dengue due to the escalation of outbreaks occurring in many countries. In the
same year, local government in Guangzhou started the Grade III response to dengue one
month ahead in August. It is uncertain the degree to which the early intervention miti-
gated dengue burden. Our study examined the effectiveness of early start of Grade III
response in Guangzhou using a quasi-Poisson regression model by comparing the dengue
incidence with early start of Grade III response and that under the counterfactual scenario
that the Grade III response began in September as in 2017 and 2018. We estimated that
987 dengue cases were averted due to the early start of Grade III response, which were
equivalent to 71.4% of the total number of local dengue cases in 2019. Early start of Grade
III response reduced the dengue burden, which might be partially through controlling the
mosquito vector density. Dengue intervention strategies applied in Guangzhou could pro-
vide experience on how to effectively prevent and control dengue for other locations with
dengue epidemics.

Introduction

Dengue is the most rapidly spreading mosquito-borne disease throughout the world and it is
currently endemic in 128 countries [1]. Globally, around half of the population are at risk of
dengue virus infection, with approximately 400 million people infected by dengue viruses
annually [2]. Climate change, population growth, increasing human mobility, and unplanned
urbanization are expected to facilitate the spread of dengue viruses and thereby aggravate the
dengue disease burden [3-6]. In 2019, World health Organization (WHO) listed dengue virus
as the world’s top 10 public health threats [1].

Vaccination is an intervention for the prevention of dengue infection. However, dengue
vaccination programs are only recommended for areas with a high dengue burden, consider-
ing the vaccine safety issues for seronegative individuals and low vaccine efficacy [7-9]. Even
as effective vaccines become available, vector control is crucial in dengue prevention and miti-
gation [10, 11]. Previous studies have reported the effectiveness of interventions which
included vector control measures in locations such as two Chinese cities of Guangzhou [12,
13] and Ningbo [14], Sri Lanka [15], and Singapore [16]. In addition, Liu et al. illustrated that
the implementation of early rigorous interventions could reduce dengue epidemic through
simulating dengue incidences under different scenarios [17]. However, there is a lack of data
on comparing the effectiveness of interventions commenced at different times for the identifi-
cation of appropriate start time of the intervention.

Dengue disease burden distributes disproportionately globally, with Asia representing 75%
of the burden [18]. Guangzhou, located in the subtropical climatic zone (latitude: 23°07'N;
longitude 113°15'E) and having a permanent population of 14.9 million, is most highly influ-
enced by dengue in China. During 2006-2014, approximately 70% of the dengue cases in
China were reported in Guangzhou [19]. During 2017-2018, the peak dengue season was from
August to November. Guangzhou Municipal Health and Family Planning Commission (GZ
MHFPC) divided the events related to dengue into six grades and formulated a series of
responses for events of different grades. Considering the dengue epidemic, funding and man-
power required for the initiation, the local government started the Grade III response which
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targeted the Grade III events related to dengue in September in 2017 and 2018 to curb the pro-
liferation of dengue transmission in the population. However, the initiation of Grade III
response mainly triggered by the event may be not timely for adequately controlling the conse-
quent epidemics.

In 2019, large dengue outbreaks occurred in many locations and especially, places such as
Bangladesh, Pakistan, and WHO Region of the Americas witnessed their worst dengue out-
breaks in recent years [1, 20-22]. Due to the escalation of outbreaks, WHO scaled up the global
response to dengue [1]. In Guangzhou, a higher mosquito vector density in early months was a
potential signal of a large dengue epidemic in the year [23]. In response to the high risk of
increasing severity of dengue epidemic, the start time of Grade III response was advanced in
August. This provided us a precious opportunity to examine the impact of early implementa-
tion of control program on the additional reduction in dengue disease burden. The present
study aims to 1) gauge the effect of early start of Grade III response on dengue incidence and
2) explore the role of vector control in dengue prevention and mitigation, when the beginning
time of Grade III response was advanced one month ahead in 2019 in Guangzhou, China.

Methods
Data source

We extracted the data on daily number of dengue cases confirmed by serological and/or viro-
logic methods in Guangzhou during 2017-2019 and weekly data for Foshan and Zhongshan
from the China National Notifiable Disease Reporting System. The dengue cases were classi-
fied into local cases and imported cases. The mosq-ovitrap is the most widely employed device
for the surveillance of Aedes albopictus [24, 25] and it is currently used for routine surveillance
of container-breeding Aedes in 172 streets in all of the 11 districts of Guangzhou. Data on the
number of positive ovitraps for adult and larval Aedes albopictus and total number of retrieved
traps were obtained from Guangzhou Center for Disease Control and Prevention (GZ CDC).
Data collection frequency was determined according to dengue epidemic, from once a month
between January and March, to once a week between July and November. Mosquito ovitrap
index (MOI) was calculated as the number of positive ovitraps for adult and larval Aedes albo-
pictus per 100 traps which were retrieved [26]. Daily meteorological data on ambient mean
temperature, relative humidity, and rainfall were downloaded from the China Meteorological
Data Sharing Service System [27].

The Grade III response to dengue

GZ MHFPC formulated a series of responses for the events related to dengue, which were
divided into six grades (i.e., VI, V, IV, III, II, I) according to the severity of events, with the
Grade I events being the most severe ones (S1 Text) [28]. Generally speaking, the responses is
comprised mainly of vector surveillance, vector control, raising public awareness of the health
risk related to mosquito vectors, public announcement of the outbreak. The most important
counterpart of these responses is vector control, including killing adult mosquito vectors,
clearing indoor and outdoor mosquito breeding grounds. The core area is defined as the area
within a radius of 200 meters from a dengue case, while the warning zone is defined as the area
within a radius of 400 meters but outside a radius of 200 meters of a dengue case. Streets are
required to kill adult mosquito vectors indoors and outdoors in core areas within three days.
Subsequently, the intervention is implemented every three days for three times and then once
a week until the end of the epidemic. The intervention is meanwhile conducted in warning
zones with different frequency (i.e. once a week if mosquito vector density is reduced to the
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safety level; every three days if mosquito vector density still exceeds the safety level. Details on
the safety level are provided in S2 Text).

Vector control requires efforts from government, communities and individuals. Interven-
tions formulated for the events of six grades related to dengue are in general consistent, but the
degree of government involvement differs. The responses for events of Grade VI-IV rely
mainly on the efforts from local health authority with limited resources. However, local gov-
ernment dominates the work of dengue control when Grade III-I responses start. The aims of
the Grade III response, which targets the Grade III events related to dengue (S1 Text), are
quickly controlling dengue outbreak and preventing rapid spread of dengue in the population.
The initiation of Grade III response is influenced by various factors, such as dengue epidemic,
funding and manpower required for the initiation, national and global events occurring at the
time. After commencing the Grade III response, the intervention for dengue control is intensi-
fied, additional works are required to be conducted, more resources are allocated and the
cross-departmental collaboration is reinforced, with direct supervision of senior officials.

Data analysis

Since the data on mosquito vector density were collected at the end of month during January
and March, the weekly data were available only for the last weeks of these months, while the
values of mosquito vector density were missing in other weeks of these months and the miss-
ing values were not imputed. The values of rainfall were highly right skewed (more than half of
the values were zeroes) and there were a few outlier values (S1 Fig). The inclusion of rainfall as
a continuous variable in the model would impair the inference for the association between
rainfall and dengue incidence. Thus, we categorized rainfall into three levels (i.e. 0, 0.05-3.85,
>3.85mm; 0.05 and 3.85mm were the minimum and median of the non-zero values of rain-
fall). We compared the effect of Grade III response commencing in August 2019 on local den-
gue incidence with the counterfactual scenario that the Grade III response started in
September as usual by associating an indicator variable of the Grade III response in 2019 and
daily incidence of dengue in Guangzhou using a quasi-Poisson regression model [15]. The
model evaluating the effect of early start of Grade III response on dengue incidence (Model 1)
was as follows:

log(E[D,]) = o, + offset(log[Pop,]) + ns(Day,, df = 4) + y,Year,
+0 Hum, g + ﬁDIntr,l()—?l

(1)
Temp,, 5, + 0

Temp Hum

where t is sequential days from January 1, 2017 to December 31, 2019; D, and Pop, are daily
number of local dengue cases and population at the time point ¢, respectively. We included the
logarithm transformation of population into the model and constrained the corresponding
regression coefficient to be one. A natural cubic spline function ns(.) with four degrees of free-
dom (dfs) was used for the calendar day in each year to control for the seasonality of dengue
incidence. In addition, a linear function of calendar year was also included. Candidate climatic
variables included daily mean temperature, relative humidity, and a categorical variable of
rainfall. We selected climatic variables and corresponding maximum lags according to the
Quasi Akaike Information Criterion (QAIC). In Model 1, Temp, o », and Hum, o_go are metrics
constructed by applying the distributed lag non-linear model (DLNM) to temperature and rel-
ative humidity, with maximum lags of 22 and 69 days, respectively (S1 Table). We constrained
the time lag for the indicator variable of the Grade III response in 2019 (1: between August 9
and December 18, 2019; 0: otherwise) to be at least 10 days, considering the intrinsic incuba-
tion period (IIP) and time delay from illness onset to reporting cases, and selected the maxi-
mum lag based on QAIC. The cross-basis of an indicator variable of the Grade III response in
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2019 and time lag (Int,10_,;) was subsequently included in the model (S2 Table). The cross-
basis can indicate the additional effect of early start of Grade III response, since the Grade III
response started in September in 2017 and 2018, but in August in 2019 (S3 Text).

We hypothesized that the Grade III response starting one month ahead in August could
influence local dengue incidence through affecting mosquito vector density. To explore the
mediator effect of mosquito vector density, quasi-Poisson regression models were further
applied to evaluate the effect of early start of Grade III response on the rate of positive ovitraps
for adult and larval Aedes albopictus (Model 2) and to associate the indicator variable of the
Grade III response in 2019, logarithm transformation of MOI, and weekly number of local
dengue cases (Model 3), according to the prerequisites for establishing mediation proposed by
Baron and Kenny [29, 30] (S2 Fig). Model 2 and Model 3 were as follows:

log(E[Pos,,]) = o+ offset(log[Trap,,]) + ns(Week,,, df = 4)
+yYear,, + ns(Temp,,, df = 3) + ns(Hum_0 —7,,,df = 3) (2)
+pInt,,

log(E[D,,]) = oy, + offset(log[Pop,,]) + ns(Week,,,df = 4)
+y,, Year,, + ns(Temp_0 — 3,,,,df = 3)
+ns(Hum_0 — 10,,,df = 3)
+dolog(MOI_1 —3,,) + p,,Int,, .

where tw is sequential weeks from 1 to 156; Pos,,, and Trap,,, are the number of positive ovi-
traps for adult and larval Aedes albopictus and total number of traps at the time point tw,
respectively; Week,, represents the calendar week in each year; D,,, and Pop;,, are the number
of local dengue cases and population at the time point tw, respectively. According to Model 1,
moving averages of 0-3 and 0-10 weeks were applied to temperature and relative humidity for
Model 3, respectively. The time lags between climatic variables and the positive rate in Model
2 and the lag between the logarithm transformation of MOI and dengue incidence in Model 3
were selected jointly, assuming that climatic factors could influence dengue incidence through
mosquito vector density. The current-week temperature and a moving average of relative
humidity at a lag of 0-7 weeks were included in Model 2, meanwhile the logarithm transfor-
mation of MOI at a lag of 1-3 weeks were included in Model 3. In addition, to describe the
effects of early start of Grade III response on mosquito vector density and weekly dengue inci-
dence, the indicator variable of the Grade III response in 2019 of current week and at a lag of
three weeks were included in Model 2 and Model 3, respectively according to QAIC (54 Text
and S3 Fig).

Subsequently, we used Foshan and Zhongshan, where Grade III response did not initiate
during 2017-2019, as negative controls to examine the effects of Grade III response respec-
tively starting in August and September on dengue incidence. The model (Model 4) was as fol-
low:

log(E[DcityJW]) = O(Dw_m + O.f/‘:getaog[POpcity.tw]) + nS<Weektw7 df = 4)
+’wa,m Yeartw + nS(Temp—O - 3t:ity<tw7 df = 3)

+ns(Hum-0 — 10,,,,,,, df = 3) (4)
+ﬁDW_mInt—mcity.twf3 + BGDPGDPCity
+ﬁGr@enGr€encity + OCcity
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where Int_m.;y, 1.3 is a categorical variable indicating the Grade III response starting in August
(August 9-December 18, 2019) and starting in September (September 13-December 19, 2017
and September 14-December 17, 2018) in Guangzhou and no Grade III response in Zhong-
shan and Foshan during the whole study period; GDP.;,, and Green,;, represent gross domes-
tic product and areas of green spaces per capita (in parks); o, is a random-effect intercept for
three cities.

The reduction in daily number of dengue cases due to early start of Grade III response was
estimated by subtracting the predicted number of dengue cases given the Grade III response
commenced in August 2019 from that under the counterfactual scenario that the Grade III
response started in September 2019. Subsequently, the total number of dengue cases averted
was estimated by summing up the daily number of avoided cases during the rest period of
2019 after the Grade III response. To investigate the appropriateness of the models used in the
main analysis, histograms of residuals, scatter plots of residuals versus predicted values of
response variables, and plots of partial autocorrelation function (PACF) of residuals of the fit-
ted models are presented.

We conducted sensitivity analysis to assess the cumulative relative risk (RR) of dengue over
0-21 days associated with early start of Grade III response, checking whether the effect of early
start of Grade III response began within 10 days; to check the robustness of the effect estimates
of early start of Grade III response and MOI, by changing the parameters and adjusting for the
number of imported cases in the models (S5 Text). We conducted all analyses using R software
version 3.6.2 (R Foundation for Statistical Computing).

Results

During 2017-2019, there were 3,871 dengue cases reported in Guangzhou, among which 3,454
(89.2%) were local cases (2017: 873; 2018: 1,199; 2019: 1,382), while 417 (10.8%) were imported
cases. The first local case in each year under study was consistently identified in June, after
which the number of dengue cases increased until October and then declined (Fig 1 and S4
Fig). MOI, temperature, relative humidity, and rainfall during the months between January
and June were on average higher in 2019 than in 2017 and 2018 (5S4 Fig).

It was observed that dengue incidence in general increased with temperature and relative
humidity, although the associations were not linear (S5 Fig). We estimated that the RR of den-
gue associated with early start of Grade III response in 2019 was 0.54 (95% confidence interval
[CI]: 0.43-0.70) over 10-21 days (Fig 2). Accordingly, bringing forward the start time of
Grade III response in 2019 prevented 987 (95% CI: 521-1,593) dengue cases (Fig 3). Early start
of Grade III response was also associated with a reduction in the positive rate of ovitraps, with
a RR of 0.64 (95% CI: 0.53-0.77). Mosquito vector density might be a mediator between early
start of Grade III response and dengue incidence, given (1) the statistically significant effects of
early start of Grade III response on dengue incidence and the positive rate of ovitraps, indi-
cated in Model 1 and Model 2, respectively; and (2) the association between the logarithm
transformation of MOI and dengue incidence after controlling for the indicator variable of the
Grade III response revealed in Model 3 (RR: 1.36, 95% CI: 1.01-1.84) (Table 1). The effect of
early start of Grade III response on dengue incidence reduced slightly but remained statisti-
cally significant after controlling for mosquito vector density (RR: 0.68, 95% CI: 0.52-0.90).
The findings implied that early start of Grade III response may reduce mosquito vector density
which might indirectly curb the transmission of dengue viruses. In addition, early start of
Grade III response could reduce the number of dengue cases in other ways. Results of Model 4
indicated that the Grade III responses starting in August were associated with a decline in den-
gue incidence, with RR of 0.59 (95% CI: 0.45-0.78) but the benefit was not statistically
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Fig 1. Time-series of daily number of reported dengue cases, weekly mosquito ovitrap index (MOI), daily
temperature, relative humidity, and rainfall in Guangzhou, 2017-2019. Grey regions indicate the time periods of

Grade III response.

https://doi.org/10.1371/journal.pntd.0008541.g001
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Fig 2. Cumulative relative risk of dengue due to bringing forward the starting time of Grade III response from September to August in 2019 in
Guangzhou over 10-21 days. The grey region indicates the corresponding 95% confidence interval.

https://doi.org/10.1371/journal.pntd.0008541.9g002

significant if the response started in September (RR: 0.91, 95% CI: 0.74-1.12) when comparing
with Foshan and Zhongshan where Grade III response was not taken during the whole study
period.

Results of model diagnostics suggested that residuals of models were nearly normally dis-
tributed and that there was no significant autocorrelation in residuals (S6 Fig). Sensitivity anal-
ysis indicated that the results were robust to the specification of parameters and whether the
number of imported cases was adjusted or not (S5 Text, S7 Fig, S3, S4 and S5 Tables).

Discussion

In this study, we assessed the effectiveness of early start of Grade III response in 2019 on den-
gue control in Guangzhou. In the early months of 2019 between January and June, tempera-
ture, relative humidity, MO], and the number of reported dengue cases in Guangzhou were
higher than that in 2017 and 2018 (54 Fig), signaling that the dengue outbreak was likely to be
more severe in 2019 than that in previous two years given the positive associations between
these factors and dengue incidence reported in previous studies [23, 31]. However, the pro-
spective increase in dengue incidence did not occur in Guangzhou, which could be attributed
to bringing forward the start time of Grade III response from September to August. We esti-
mated that early start of Grade III response in 2019 prevented 987 dengue cases in Guangzhou,
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cases given the Grade III response commenced in August 2019 from the predicted number of dengue cases under the counterfactual scenario that the
Grade III response started in September 2019.

https://doi.org/10.1371/journal.pntd.0008541.g003

which were equivalent to 71.4% of the total number of reported local dengue cases in the year.
It was estimated that approximately five million RMB could be additionally consumed due to
early start of Grade III response in August, according to the investigation by GZ CDC. How-
ever, around 95,600 RMB could be saved annually if one dengue case was prevented in Guang-
zhou [32]. Based on our estimates of the averted dengue cases in 2019, around 94,357,200
RMB would be saved due to early start of Grade III response. That is, early start of Grade III

Table 1. Associations between the logarithm transformation of MOI, early start of Grade III response, and den-
gue incidence in Model 3.

Variable RR (95% CI)
log (MOI) 1.36 (1.01-1.84)
Early start of Grade III response 0.68 (0.52-0.90)

Abbreviations: RR, relative risk; 95% CI, 95% confidence interval; log(MOI), logarithm transformation of mosquito

ovitrap index.

https://doi.org/10.1371/journal.pntd.0008541.t001
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response could save around 90 million RMB (i.e. 12.89 million USD) in 2019. In addition,
results for comparing with no Grade III response suggested that the effect of Grade III
response starting in August was much more significant than that commencing in September,
which also highlighted the importance of early dengue control. Future studies on comprehen-
sive cost-effectiveness analysis of the Grade III response initiating in August or even earlier
before the peak of mosquito vector density occurs can inform suitable public health interven-
tions for dengue prevention and mitigation. The experience in Guangzhou, especially the
effective integrated intervention strategy with the cross-departmental collaboration and super-
vision from senior officials could also be beneficial for other locations with dengue epidemics.

Vector control is of great importance in preventing and mitigating dengue burden [10, 11].
A previous study conducted in Sri Lanka revealed that mosquito vector density could be a
mediator of intensified dengue control measures and dengue incidence [15]. Interestingly, we
found that mosquito vector density could also be a mediator of early start of Grade III response
and dengue incidence. Killing adult mosquito vectors and eliminating mosquito breeding
grounds are counterparts of the integrated intervention measures included in the Grade IIT
response to dengue. Therefore, the Grade III response can contribute to a decline in mosquito
vector density. Early start of Grade III response reduced the duration of potential exposure to
infected mosquito vectors for local residents and subsequently mitigated the dengue burden.
Furthermore, it was observed that the effect of bringing forward the start time of Grade III
response one month ahead remained statistically significant, after controlling for the effect of
the logarithm transformation of MOI (Table 1). The findings implied that early start of Grade
III response may have an impact on dengue incidence not only through reducing mosquito
vector density, but also in other ways, such as controlling imported dengue cases, strengthen-
ing social preparedness and raising public awareness against dengue fever.

Previous studies have showed that dengue incidence was positively associated with house-
hold index, container index, and Breteau index in Vietnam [33] and Guangzhou, China [34].
In the present study, we found a positive association between MOI and dengue incidence.
Undoubtedly, a higher mosquito vector density could indicate an elevation in the number of
mosquitoes infected by dengue viruses. In this situation, the population could be exposed to
more infected mosquitoes and therefore at a higher risk of dengue infection. These findings
highlighted the importance of reducing mosquito vector density for dengue control. The result
of the association between the index of mosquito vector density and dengue incidence can be
used for constructing the predictive model for dengue disease burden [4].

The current study had several limitations. First, the number of reported dengue cases was
an underestimate of dengue infections in Guangzhou, since almost all reported cases were hos-
pitalized and many asymptomatic people infected with dengue were not identified or reported
[2]. Consequently, the number of prevented cases associated with early start of Grade III
response would be underestimated. Second, we analyzed 3-year data, while the modification of
the start time of Grade III response was observed only for one year. Cumulative data for differ-
ent start time of response are required to identify an optimal stating time of Grade III
response. In addition, because of data availability, the impact of early start of the Grade III
response on mosquito vector density and the association between the logarithm transforma-
tion of MOI and dengue incidence were assessed on a weekly basis instead of a daily scale,
leading to less data points. Next, the intensity of intervention for dengue control might fluctu-
ate during the period of Grade III response. However, the intervention intensity of Grade III
response should be within a certain range and should be significantly stronger than that of
Grade VI-IV responses given the high degree of government involvement [28]. Since it is
extremely difficult to quantify the intervention intensity, we only used a dummy variable indi-
cating the period of Grade III response in 2009 in the model to examine the average effect of
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early start of Grade III response on dengue incidence. We explored whether mosquito vector
density was a mediator by using Baron and Kenny’s approach instead of structural equation
modeling (SEM). Although SEM is a powerful technique to distinguish the direct and indirect
effects in causal relationships, unfortunately, the techniques currently available for SEM are
not applicable to examine the lagged effects for such non-Gaussian time-series data in this
study. Further, we considered population, GDP and green coverage when comparing the den-
gue incidence among Guangzhou, Foshan and Zhongshan, while other variables such as a
greater degree of population mobility may lead to higher dengue incidence in Guangzhou,
which may be likely to underestimate the impacts of Grade III response.

In conclusion, bringing forward the starting time of Grade III response one month ahead
to August have effectively reduced the dengue burden in Guangzhou, China, which might be
partially through controlling the mosquito vector density. Our findings have important public
health implications on the dengue control interventions for Guangzhou and other locations
with dengue epidemics.

Supporting information

S1 Fig. Histogram of rainfall.
(TIF)

S2 Fig. Models used to test whether mosquito vector density was a mediator between early
start of Grade III response and dengue incidence.
(TIF)

S3 Fig. Combinations of time lags between climatic variables and mosquito vector density
in Model 2 and the lag between logarithm transformation of MOI and dengue incidence in
Model 3. Six combinations of time lags (C1-C6) were shown in the dashed line rectangle.
H—M, T—M, and M—D represent the time lags between relative humidity and mosquito
vector density, between temperature and mosquito vector density, between mosquito vector
density and dengue incidence, respectively.

(TTF)

S4 Fig. Time-series of monthly number of reported dengue cases, average mosquito ovi-
trap index (MOI), temperature, absolute humidity, and rainfall in Guangzhou, China, dur-
ing 2017-2019.

(TIF)

§5 Fig. Cumulative relative risk of dengue across temperature and relative humidity. (A)
Cumulative relative risk of dengue across temperature; (B) Cumulative relative risk of dengue
across relative humidity. Medians of temperature and relative humidity were treated as the ref-
erence levels for the two variables. Grey regions indicate the corresponding 95% confidence
intervals.

(TIF)

S6 Fig. Residual analysis of the models used in the main analysis. (A) Histogram of residuals
of Model 1; (B) Histogram of residuals of Model 2; (C) Histogram of residuals of Model 3; (D)
Histogram of residuals of Model 4; (E) Scatter plot of residuals versus predicted daily number
of reported dengue cases of Model 1; (F) Scatter plot of residuals versus predicted number of
positive ovitraps for adult and larval Aedes albopictus of Model 2; (G) Scatter plot of residuals
versus predicted weekly number of reported dengue cases of Model 3; (H) Scatter plot of resid-
uals versus predicted weekly number of reported dengue cases of Model 4; (I) Partial autocor-
relation function (PACF) of residuals of Model 1; (J) Partial autocorrelation function of

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008541  August 7, 2020 11/15


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s006
https://doi.org/10.1371/journal.pntd.0008541

PLOS NEGLECTED TROPICAL DISEASES The effectiveness of early start of Grade IIl response to dengue in Guangzhou, China

residuals of Model 2; (K) Partial autocorrelation function of residuals of Model 3; (L) Partial
autocorrelation function of residuals of Model 4.
(TIF)

S7 Fig. Relative risk of dengue due to bringing forward the starting time of Grade III
response from September to August in 2019 in Guangzhou over 0-21 days. Grey regions
indicate the corresponding 95% confidence intervals.

(TIF)

S1 Table. Values of Quasi Akaike Information Criterion (QAIC) corresponding to the
models which incorporate natural cubic splines of temperature or relative humidity with
different degrees of freedom.

(DOCX)

S2 Table. Values of Quasi Akaike Information Criterion (QAIC) corresponding to the
models which incorporate the cross-basis of an indicator variable of the Grade III response
in 2019 and time lag with different maximum lags.

(DOCX)

§3 Table. Estimates of averted number of dengue cases due to early start of Grade III
response in the sensitivity analysis.
(DOCX)

S4 Table. The effect of early start of Grade III response on the rate of positive ovitraps for
adult and larval Aedes albopictus in the sensitivity analysis.
(DOCX)

S5 Table. The effect of the logarithm transformation of mosquito ovitrap index (MOI) on
dengue incidence in the sensitivity analysis.
(DOCX)

S1 Text. Events related to dengue of six grades and the corresponding responses.
(DOCX)

S2 Text. The safety level of mosquito vector density.
(DOCX)

S3 Text. Model 1.
(DOCX)

$4 Text. Model 2 and Model 3.
(DOCX)

S5 Text. Sensitivity analysis.
(DOCX)

Acknowledgments

We thank Chen Shi for technique support and staff members of Guangzhou CDC for adminis-
trative work and data collection.

Author Contributions
Conceptualization: Lei Luo, Chun-Quan Ou.

Data curation: Wen-Hui Liu, Yuan Liu.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008541  August 7, 2020 12/15


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s007
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s008
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s009
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s010
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s011
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s012
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s013
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s014
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s015
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s016
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008541.s017
https://doi.org/10.1371/journal.pntd.0008541

PLOS NEGLECTED TROPICAL DISEASES The effectiveness of early start of Grade IIl response to dengue in Guangzhou, China

Formal analysis: Li Li.

Funding acquisition: Chun-Quan Ou.

Investigation: Li Li, Wen-Hui Liu, Lei Luo.

Methodology: Li Li, Xiao-Guang Chen, Lei Luo, Chun-Quan Ou.
Project administration: Wen-Hui Liu.

Resources: Wen-Hui Liu, Zhou-Bin Zhang, Yuan Liu, Lei Luo.
Software: Li Li, Chun-Quan Ou.

Supervision: Zhou-Bin Zhang, Xiao-Guang Chen, Chun-Quan Ou.
Validation: Wen-Hui Liu, Chun-Quan Ou.

Visualization: Li Li, Chun-Quan Ou.

Writing - original draft: Li Li, Wen-Hui Liu, Zhou-Bin Zhang.

Writing - review & editing: Li Li, Wen-Hui Liu, Zhou-Bin Zhang, Yuan Liu, Xiao-Guang
Chen, Lei Luo, Chun-Quan Ou.

References

1. World Health Organization. WHO scales up response to worldwide surge in dengue. 2019; [cited June
25, 2020]. https://www.who.int/news-room/feature-stories/detail/who-scales-up-response-to-
worldwide-surge-in-dengue.

2. BhattS, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, et al. The global distribution and
burden of dengue. Nature. 2013; 496(7446):504—7. https://doi.org/10.1038/nature 12060 PMID:
23563266.

3. Ryan SJ, Carlson CJ, Mordecai EA, Johnson LR. Global expansion and redistribution of Aedes-borne
virus transmission risk with climate change. PLoS Negl Trop Dis. 2019; 13(3):e0007213. https://doi.org/
10.1371/journal.pntd.0007213 PMID: 30921321.

4. MessinaJP, Brady OJ, Golding N, Kraemer MUG, Wint GRW, Ray SE, et al. The current and future
global distribution and population at risk of dengue. Nat Microbiol. 2019; 4(9):1508—-15. https://doi.org/
10.1038/s41564-019-0476-8 PMID: 31182801.

5. Massaro E, Kondor D, Ratti C. Assessing the interplay between human mobility and mosquito borne
diseases in urban environments. Sci Rep. 2019; 9(1):16911. https://doi.org/10.1038/s41598-019-
53127-z PMID: 31729435.

6. Pathak VK, Mohan M. A notorious vector-borne disease: Dengue fever, its evolution as public health
threat. J Family Med Prim Care. 2019; 8(10):3125-9. hitps://doi.org/10.4103/jfmpc.jfmpc_716_19
PMID: 31742130.

7. daSilveiraLTC, Tura B, Santos M. Systematic review of dengue vaccine efficacy. BMC Infect Dis.
2019; 19(1):750. https://doi.org/10.1186/s12879-019-4369-5 PMID: 31455279.

8. LangJ. Recent progress on sanofi pasteur’s dengue vaccine candidate. J Clin Virol. 2009; 46 Suppl 2:
S20-4. https://doi.org/10.1016/s1386-6532(09)70291-4 PMID: 19800562.

9. Dengue vaccine: WHO position paper, September 2018—Recommendations. Vaccine. 2019; 37
(35):4848-9. https://doi.org/10.1016/j.vaccine.2018.09.063 PMID: 30424888.

10. Stone CM, Schwab SR, Fonseca DM, Fefferman NH. Contrasting the value of targeted versus area-
wide mosquito control scenarios to limit arbovirus transmission with human mobility patterns based on
different tropical urban population centers. PLoS Negl Trop Dis. 2019; 13(7):e0007479. https://doi.org/
10.1371/journal.pntd.0007479 PMID: 31269020.

11. Bowman LR, Donegan S, McCall PJ. Is dengue vector control deficient in effectiveness or evidence?:
systematic review and meta-analysis. PLoS Negl Trop Dis. 2016; 10(3):e0004551. https://doi.org/10.
1371/journal.pntd.0004551 PMID: 26986468.

12. LinH, LiuT, SongT, Lin L, Xiao J, Lin J, et al. Community involvement in dengue outbreak control: an
integrated rigorous intervention strategy. PLoS Negl Trop Dis. 2016; 10(8):e0004919. https://doi.org/
10.1371/journal.pntd.0004919 PMID: 27548481.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008541  August 7, 2020 13/15


https://www.who.int/news-room/feature-stories/detail/who-scales-up-response-to-worldwide-surge-in-dengue
https://www.who.int/news-room/feature-stories/detail/who-scales-up-response-to-worldwide-surge-in-dengue
https://doi.org/10.1038/nature12060
http://www.ncbi.nlm.nih.gov/pubmed/23563266
https://doi.org/10.1371/journal.pntd.0007213
https://doi.org/10.1371/journal.pntd.0007213
http://www.ncbi.nlm.nih.gov/pubmed/30921321
https://doi.org/10.1038/s41564-019-0476-8
https://doi.org/10.1038/s41564-019-0476-8
http://www.ncbi.nlm.nih.gov/pubmed/31182801
https://doi.org/10.1038/s41598-019-53127-z
https://doi.org/10.1038/s41598-019-53127-z
http://www.ncbi.nlm.nih.gov/pubmed/31729435
https://doi.org/10.4103/jfmpc.jfmpc%5F716%5F19
http://www.ncbi.nlm.nih.gov/pubmed/31742130
https://doi.org/10.1186/s12879-019-4369-5
http://www.ncbi.nlm.nih.gov/pubmed/31455279
https://doi.org/10.1016/s1386-6532%2809%2970291-4
http://www.ncbi.nlm.nih.gov/pubmed/19800562
https://doi.org/10.1016/j.vaccine.2018.09.063
http://www.ncbi.nlm.nih.gov/pubmed/30424888
https://doi.org/10.1371/journal.pntd.0007479
https://doi.org/10.1371/journal.pntd.0007479
http://www.ncbi.nlm.nih.gov/pubmed/31269020
https://doi.org/10.1371/journal.pntd.0004551
https://doi.org/10.1371/journal.pntd.0004551
http://www.ncbi.nlm.nih.gov/pubmed/26986468
https://doi.org/10.1371/journal.pntd.0004919
https://doi.org/10.1371/journal.pntd.0004919
http://www.ncbi.nlm.nih.gov/pubmed/27548481
https://doi.org/10.1371/journal.pntd.0008541

PLOS NEGLECTED TROPICAL DISEASES The effectiveness of early start of Grade IIl response to dengue in Guangzhou, China

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Zhu G, Liu T, Xiao J, Zhang B, Song T, Zhang Y, et al. Effects of human mobility, temperature and mos-
quito control on the spatiotemporal transmission of dengue. Sci Total Environ. 2019; 651 (Pt 1):969-78.
https://doi.org/10.1016/j.scitotenv.2018.09.182 PMID: 30360290.

YiB, ChenY, Ma X, RuiJ, Cui JA, Wang H, et al. Incidence dynamics and investigation of key interven-
tions in a dengue outbreak in Ningbo City, China. PLoS Negl Trop Dis. 2019; 13(8):e0007659. https://
doi.org/10.1371/journal.pntd.0007659 PMID: 31415559.

Liyanage P, Rocklov J, Tissera H, Palihawadana P, Wilder-Smith A, Tozan Y. Evaluation of intensified
dengue control measures with interrupted time series analysis in the Panadura Medical Officer of Health
division in Sri Lanka: a case study and cost-effectiveness analysis. Lancet Planet Health. 2019; 3(5):
e211-e8. https://doi.org/10.1016/S2542-5196(19)30057-9 PMID: 31128766.

Hsieh YH, Ma S. Intervention measures, turning point, and reproduction number for dengue, Singapore,
2005. Am J Trop Med Hyg. 2009; 80(1):66—71. PMID: 19141842.

Liu T, Zhu G, He J, Song T, Zhang M, Lin H, et al. Early rigorous control interventions can largely reduce
dengue outbreak magnitude: experience from Chaozhou, China. BMC Public Health. 2017; 18(1):90.
https://doi.org/10.1186/s12889-017-4616-x PMID: 28768542.

Wilder-Smith A, Ooi EE, Horstick O, Wills B. Dengue. Lancet. 2019; 393(10169):350-63. https://doi.
0rg/10.1016/S0140-6736(18)32560-1 PMID: 30696575.

Wu X, Lang L, MaW, Song T, Kang M, He J, et al. Non-linear effects of mean temperature and relative
humidity on dengue incidence in Guangzhou, China. Sci Total Environ. 2018; 628—-629:766—71. https://
doi.org/10.1016/j.scitotenv.2018.02.136 PMID: 29454216.

Hsan K, Hossain MM, Sarwar MS, Wilder-Smith A, Gozal D. Unprecedented rise in dengue outbreaks
in Bangladesh. Lancet Infect Dis. 2019; 19(12):1287. https://doi.org/10.1016/s1473-3099(19)30616-4
PMID: 31782396.

Junaidi I. Dengue cases surpass all-time record in the country. 2019; [cited June 25, 2020]. https:/
www.dawn.com/news/1510896.

World Health Organization. WHO Region of the Americas records highest number of dengue cases in
history; cases spike in other regions. 2019; [cited June 25, 2020]. https://www.who.int/news-room/
detail/21-11-2019-who-region-of-the-americas-records-highest-number-of-dengue-cases-in-history-
cases-spike-in-other-regions.

Chang FS, Tseng YT, Hsu PS, Chen CD, Lian le B, Chao DY. Re-assess vector indices threshold as an
early warning tool for predicting dengue epidemic in a dengue non-endemic country. PLoS Negl Trop
Dis. 2015; 9(9):e0004043. https://doi.org/10.1371/journal.pntd.0004043 PMID: 26366874.

Schaffner F, Bellini R, Petric D, Scholte EJ, Zeller H, Rakotoarivony LM. Development of guidelines for
the surveillance of invasive mosquitoes in Europe. Parasit Vectors. 2013; 6:209. https://doi.org/10.
1186/1756-3305-6-209 PMID: 23866915.

Velo E, Kadriaj P, Mersini K, Shukullari A, Manxhari B, Simaku A, et al. Enhancement of Aedes albopic-
tus collections by ovitrap and sticky adult trap. Parasit Vectors. 2016; 9:2283. https://doi.org/10.1186/
s$13071-016-1501-x PMID: 27102015.

Oidtman RJ, Lai S, Huang Z, Yang J, Siraj AS, Reiner RC Jr., et al. Inter-annual variation in seasonal
dengue epidemics driven by multiple interacting factors in Guangzhou, China. Nat Commun. 2019; 10
(1):1148. https://doi.org/10.1038/s41467-019-09035-x PMID: 30850598.

National Meterological Information Center China Meterological Data Service Center (CMDC). China
Meteorological Data Service Center. [cited June 25, 2020]. http://www.nmic.cn.

Guangzhou Municipal Health and Family Planning Commission. Preparedness and response plan for
dengue fever (2018). 2018; [cited June 25, 2020]. http://www.gzcdc.org.cn/uploads/download/
20191107/%E5%B9%BF%E5%B7%9E %E5%B8%82%E7%99%BB%E9%9D%A9%E7%83%AD %
E7%96%AB%E6%83%85%E5%BA%94%E6%80%A5%E9%A2%84%E6%A1%88%EF%BC%
882018%E5%B9%B4%E7%89%88%EF%BC%89.pdf.

Baron RM, Kenny DA. The moderator-mediator variable distinction in social psychological research:
conceptual, strategic, and statistical considerations. J Pers Soc Psychol. 1986; 51(6):1173-82. https://
doi.org/10.1037//0022-3514.51.6.1173 PMID: 3806354.

MacKinnon DP, Fairchild AJ, Fritz MS. Mediation analysis. Annu Rev Psychol. 2007; 58:593-614.
https://doi.org/10.1146/annurev.psych.58.110405.085542 PMID: 16968208.

ChenY, Zhao Z, Li Z, Li W, Li Z, Guo R, et al. Spatiotemporal transmission patterns and determinants
of dengue fever: a Case study of Guangzhou, China. Int J Environ Res Public Health. 2019; 16(14).
https://doi.org/10.3390/ijerph16142486 PMID: 31336865.

LiuW, ChenZ, LiuY,MaM, Ma, Li T, et al. Analysis of government in dengue prevention and control
work in Guanzhou in 2017. J Trop Med. 2018; 18(9):1223-6.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008541  August 7, 2020 14/15


https://doi.org/10.1016/j.scitotenv.2018.09.182
http://www.ncbi.nlm.nih.gov/pubmed/30360290
https://doi.org/10.1371/journal.pntd.0007659
https://doi.org/10.1371/journal.pntd.0007659
http://www.ncbi.nlm.nih.gov/pubmed/31415559
https://doi.org/10.1016/S2542-5196%2819%2930057-9
http://www.ncbi.nlm.nih.gov/pubmed/31128766
http://www.ncbi.nlm.nih.gov/pubmed/19141842
https://doi.org/10.1186/s12889-017-4616-x
http://www.ncbi.nlm.nih.gov/pubmed/28768542
https://doi.org/10.1016/S0140-6736%2818%2932560-1
https://doi.org/10.1016/S0140-6736%2818%2932560-1
http://www.ncbi.nlm.nih.gov/pubmed/30696575
https://doi.org/10.1016/j.scitotenv.2018.02.136
https://doi.org/10.1016/j.scitotenv.2018.02.136
http://www.ncbi.nlm.nih.gov/pubmed/29454216
https://doi.org/10.1016/s1473-3099%2819%2930616-4
http://www.ncbi.nlm.nih.gov/pubmed/31782396
https://www.dawn.com/news/1510896
https://www.dawn.com/news/1510896
https://www.who.int/news-room/detail/21-11-2019-who-region-of-the-americas-records-highest-number-of-dengue-cases-in-history-cases-spike-in-other-regions
https://www.who.int/news-room/detail/21-11-2019-who-region-of-the-americas-records-highest-number-of-dengue-cases-in-history-cases-spike-in-other-regions
https://www.who.int/news-room/detail/21-11-2019-who-region-of-the-americas-records-highest-number-of-dengue-cases-in-history-cases-spike-in-other-regions
https://doi.org/10.1371/journal.pntd.0004043
http://www.ncbi.nlm.nih.gov/pubmed/26366874
https://doi.org/10.1186/1756-3305-6-209
https://doi.org/10.1186/1756-3305-6-209
http://www.ncbi.nlm.nih.gov/pubmed/23866915
https://doi.org/10.1186/s13071-016-1501-x
https://doi.org/10.1186/s13071-016-1501-x
http://www.ncbi.nlm.nih.gov/pubmed/27102015
https://doi.org/10.1038/s41467-019-09035-x
http://www.ncbi.nlm.nih.gov/pubmed/30850598
http://www.nmic.cn
http://www.gzcdc.org.cn/uploads/download/20191107/%E5%B9%BF%E5%B7%9E%E5%B8%82%E7%99%BB%E9%9D%A9%E7%83%AD%E7%96%AB%E6%83%85%E5%BA%94%E6%80%A5%E9%A2%84%E6%A1%88%EF%BC%882018%E5%B9%B4%E7%89%88%EF%BC%89.pdf
http://www.gzcdc.org.cn/uploads/download/20191107/%E5%B9%BF%E5%B7%9E%E5%B8%82%E7%99%BB%E9%9D%A9%E7%83%AD%E7%96%AB%E6%83%85%E5%BA%94%E6%80%A5%E9%A2%84%E6%A1%88%EF%BC%882018%E5%B9%B4%E7%89%88%EF%BC%89.pdf
http://www.gzcdc.org.cn/uploads/download/20191107/%E5%B9%BF%E5%B7%9E%E5%B8%82%E7%99%BB%E9%9D%A9%E7%83%AD%E7%96%AB%E6%83%85%E5%BA%94%E6%80%A5%E9%A2%84%E6%A1%88%EF%BC%882018%E5%B9%B4%E7%89%88%EF%BC%89.pdf
http://www.gzcdc.org.cn/uploads/download/20191107/%E5%B9%BF%E5%B7%9E%E5%B8%82%E7%99%BB%E9%9D%A9%E7%83%AD%E7%96%AB%E6%83%85%E5%BA%94%E6%80%A5%E9%A2%84%E6%A1%88%EF%BC%882018%E5%B9%B4%E7%89%88%EF%BC%89.pdf
https://doi.org/10.1037//0022-3514.51.6.1173
https://doi.org/10.1037//0022-3514.51.6.1173
http://www.ncbi.nlm.nih.gov/pubmed/3806354
https://doi.org/10.1146/annurev.psych.58.110405.085542
http://www.ncbi.nlm.nih.gov/pubmed/16968208
https://doi.org/10.3390/ijerph16142486
http://www.ncbi.nlm.nih.gov/pubmed/31336865
https://doi.org/10.1371/journal.pntd.0008541

PLOS NEGLECTED TROPICAL DISEASES The effectiveness of early start of Grade IIl response to dengue in Guangzhou, China

33. PhamHV, Doan HT, Phan TT, Minh NN. Ecological factors associated with dengue fever in a Central
Highlands province, Vietnam. BMC Infect Dis. 2011; 11:172. https://doi.org/10.1186/1471-2334-11-172
PMID: 21679398.

34. ShenJC, LuoL,LiL, Jing QL, Ou CQ, Yang ZC, et al. The impacts of mosquito density and meteorolog-
ical factors on dengue fever epidemics in Guangzhou, China, 2006—2014: a time-series analysis.
Biomed Environ Sci. 2015; 28(5):321-9. https://doi.org/10.3967/bes2015.046 PMID: 26055559.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008541  August 7, 2020 15/15


https://doi.org/10.1186/1471-2334-11-172
http://www.ncbi.nlm.nih.gov/pubmed/21679398
https://doi.org/10.3967/bes2015.046
http://www.ncbi.nlm.nih.gov/pubmed/26055559
https://doi.org/10.1371/journal.pntd.0008541

