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SUMMARY

Hand, foot, and mouth disease (HFMD) has caused public health concerns worldwide. We aimed
to investigate the effect of meteorological factors on the HFMD epidemic in Qingdao, a port city in
China. A total of 78641 cases were reported in Qingdao between January 2007 and December 2014.
Of those, 71084 (90-:39%) occurred in children aged 0-5 years, with an incidence of 1691-2/100000.
The incidence increased from early spring, peaked between spring and summer, and decreased in
late summer. Aetiological agents in all severe cases and selected mild cases were characterized by
examining throat swabs. Except for enterovirus 71 (EV71) and coxsackievirus A16 (CA16), other
EVs caused >50% of the HFMD cases between 2011 and 2014. EV71 was more frequent in the off-
peak months than in the peak months and prone to causing more severe cases compared to CA16
(o =463, P<0-001). CA10 caused more severe HFMD than did CA6 (;° = 20-49, P <0-001) and
all non-CA10 EVs (y*=41-01, P <0:001). Community-derived HFMD cases accounted for 65-11%.
Spearman rank correlation analysis showed that HFMD incidence in children aged 0-5 years was
positively correlated with atmospheric temperature (r,=0-77, P <0-001), relative humidity (r, =
0-507, P <0-001), and precipitation (r,=0-328, P <0-001). Climate changes and CA10 surveillance
in communities should be integrated into the current prophylactic programme.

Key words: Coxsackievirus A6, coxsackievirus A10, hand, foot, and mouth disease (HFMD), human
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INTRODUCTION CA10have been proven to be the major aetiological fac-
tors [1-3]. EV71 is one of the aetiological viruses and
often causes severe, sometimes fatal illness in East
Asia [4-8]. HFMD is more frequent in summer than
in the other seasons and is more frequent in hot areas
than in cold areas [9-11]. Recent studies carried out in
China indicated that the HFMD epidemic had spatio-
temporal characteristics and that annual average tem-
perature, relative humidity, and sunshine hours were

Hand, foot, and mouth disease (HFMD), a communic-
able disease that often affects children aged 0-5 years,
poses a severe threat to children’s health. Highly conta-
gious enteroviruses (EVs) including human enterovirus
71 (EV71), coxsackievirus Al6 (CA16), CA6, and
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positively related to the HFMD epidemic in different
geographical areas, especially in warm areas [11-14].
However, the effects of weekly meteorological variables
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on the real-time HFMD epidemic in northern cold
areas remain largely unknown. Understanding the
effect of meteorological factors on the HFMD epi-
demic is particularly important for developing suitable
prophylactic programmes in the context of climate
change.

Qingdao is one of the largest tourist port cities in
China with a population of ~ 8 715100 (2010 census).
It is located in the central section of the northern
coastline of China (35° 35-37° 09° N, 119° 30’-121°
00’ E) and belongs to the northern temperate maritime
monsoon climate zone characterized by a hot, humid
summer and a cold, windy winter. Qingdao has four
distinctive seasons: spring (11 April-30 June), summer
(1 July-10 September), autumn (11 September—10
November), and winter (11 November—10 April),
which is very suitable to investigate the effects of me-
teorological factors on the HFMD epidemic.

METHODS
Clinical and meteorological information

From 1 January 2007, all HFMD cases were notified
to the Municipal Centre for Disease Control and
Prevention (CDC) of Qingdao via the National
Notifiable Disease Reporting System (NNDRS) by
medical practitioners. From 1 January 2009, the diag-
nostic criteria of mild and severe HFMD cases were
implemented according to the ‘Diagnosis and
Treatment Guidelines of HFMD’ formulated by the
Ministry of Health in 2008 when HFMD was ranked
as the 38th notifiable disease (http://www.moh.gov.cn/
publicfiles/business/htmlfiles/mohyzs/s3585/200812/
38494.htm), as described previously [8]. Briefly, a mild
case was characterized by mucocutaneous papulovesi-
cular lesions on the hands, feet, mouth, and buttocks
with or without fever, which resolved spontaneously
within 7 days; a severe case was diagnosed when an
exanthematous disease with cardiopulmonary compli-
cations and/or encephalitis was present. A laboratory-
diagnosed case met one of the following criteria: (1)
positive EV71 and/or CA16 genomic RNA; (2) isola-
tion of CA16, EV71 or other EVs; and (3) a fourfold
increase in the concentrations of neutralized anti-
bodies against EV71 or other EVs in the late phase ra-
ther than in the early phase.

Demographic data of permanent residents in
Qingdao were collected from the statistical yearbook
and the children’s immunization programme each
year during the study period. Weekly meteorological
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information including atmospheric temperature, pre-
cipitation, relative humidity, and sunshine hours be-
tween 1 January 2007 and 31 December 2014 was
obtained from Qingdao Meteorological Bureau.

Sample collection

A total of 18 sentinel hospitals are responsible for
HFMD surveillance in Qingdao. From 1 January
2009, throat swabs were randomly collected from at
least five mild cases every month from April to
September and from all mild cases in the other months
in each sentinel hospital; while swabs of severe cases
were collected in Qingdao Children’s Hospital, the
designated tertiary hospital responsible for the diag-
nosis and treatment of all severe HFMD cases in
this city. All swab samples were stored at 4 °C imme-
diately after collection and quickly sent to the national
network laboratory in Qingdao for aetiological
identification.

Actiological identification

In the network laboratory, technicians extracted viral
RNA from the throat swabs using MagNA Pure LC
total nucleic acid isolation kits in an automated nucle-
ic acid extraction instrument (MagNA Pure LC 2.0;
Hoffmann-La Roche, Switzerland) according to the
manufacturer’s instruction. The extracted nucleic
acids were dissolved in 50 ul RNase-free distilled
water and preserved at —80 °C. Fluorescence reverse
transcription—polymerase chain reaction (RT-PCR)
nucleic acid detection kits (Jinhao, China and
Zhijiang, China) were applied to detect pan-EVs,
EV71, and CAl6. For specimens positive for
pan-EVs but negative for EV71 and CA16 nucleic
acids, semi-nested RT-PCR was used to amplify the
VP1 gene of EVs. The PCR amplicons were routinely
sequenced. The sequence fragments were connected
using Sequencher software (wWww.genecodes.com/).
The genotypes of EVs were determined by online
BLAST (blast.ncbi.nlm.nih.gov/Blast.cgi).

Statistical analysis

To determine the effect of meteorological factors on
the HFMD epidemic we conducted descriptive ana-
lysis and correlation analysis, respectively. In the de-
scriptive analysis, we matched the weekly HFMD
incidence in children aged 0-5 years with weekly aver-
aged atmospheric temperature, relative humidity, and
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Table 1. The HFMD cases reported via NNDRS in Qingdao, China, 2007-2014

Annual incidence rate

(per 100 000) Ratio of
cases aged
HFMD Sex ratio Whole Population 0-5 years/ Number of

Year cases (male/female) population (0-5 years) all cases (%) severe cases™
2007 8019 1-57 103-75 1179-86 88 —

2008 2446 1-57 31-51 364-42 88 —

2009 15323 1-47 196-83 2352-07 90 643

2010 14725 1-60 188-68 2378-47 93 535

2011 9073 1-62 104-11 1618-65 91 714

2012 11158 1-61 127-02 2121-47 89 248

2013 6043 1-59 64-66 1363-08 90 449

2014 11854 1-48 132-41 2270-00 90 1073

Total 78 641 1-55 117-58 1691-12 90 3662

NNDRS, National Notifiable Disease Reporting System.

*In 2007 and 2008, standardized classification criteria were not implemented.

sunshine hours from calendar weeks 1-52 between 1
January 2007 and 31 December 2014, respectively.
In the correlation analysis, the Shapiro-Wilk test
was initially used to examine the distribution of week-
ly meteorological data in the 8 years. If the weekly
data were not normally distributed, Spearman rank
correlation analysis was applied to examine the correl-
ation between each meteorological variable and
HFMD incidence in children aged 0-5 years. y* test
was applied to determine the difference of categorical
variables. All analyses were two-sided and conducted
using SPSS v. 19.0 for Windows (IBM Corp., USA).
P < 0-05 was considered as significant.

RESULTS
Distribution of HFMD cases

From 1 January 2007 to 31 December 2014, a total of
78 641 HFMD cases were reported to the Municipal
CDC of Qingdao via NNDRS. Of those cases, 3662
were diagnosed as severe (in 2007 and 2008, the severe
cases were not stratified). Annual average HFMD in-
cidence was 117-6/100 000 in the entire population. Of
the reported cases, 71 084 (90-39%) occurred in chil-
dren aged 0-5 years, with an incidence of 1691-2/
100 000. The HFMD incidence is higher in males, with
an average male/female ratio of 1-55, ranging from 1-47
in2009to 1-:62in 2011 (Table 1). HFMD incidence in chil-
dren aged 0-5 years was higher in urban areas including
Licang, Shinan, Shibei, and Laoshan than in suburban
areas including Huangdao, Jimo, Jiaozhou, Laixi, and
Pingdu (Fig. 1). The epidemic intensity differed but the
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trend was similar. Generally, HFMD incidence in chil-
dren aged 0-5 years began to increase from early spring,
peaked between spring and summer, decreased gradual-
ly in late summer, and became rare in autumn and win-
ter (Fig. 2). The epidemic strength of this disease varied,
for example the incidence was extremely low in 2008.
However, the tendency of incidence in each season
was consistent over the 8 years.

Aetiological characteristics of HFMD

Nucleic acids were extracted from throat swabs of the
HFMD cases for pathogen identification. Of those
tested, the positive rates of EVs were from 24% to
65% in the 8 years (Table 2). Before 2010, CAl6
and EV71 were the major HFMD pathogens iden-
tified in Qingdao. Other types of EVs such as CA2,
CA4, CAS, CA6, CAS, CA10, CA12, CAl4, CBI,
CB2, CB3, CB4, CB5, and E6 accounted for more
than half of the HFMD pathogens from 2011 to
2014. EV71 was prone to causing more severe cases
than was CA16 (=463, P<0-001) (Table 3).
However, EV71 infection was not statistically related
to severe cases compared to other EV types (> =
1-013, P=0-314), indicating that other EV types
might also contribute to the severity of HFMD.
With the use of relatively intact aetiological data in
2013 and 2014, we found that CA10 caused more se-
vere HFMD cases than did CA6 (y*=20-49, P<
0-001); CA6 was not significantly related to the sever-
ity of HFMD compared to non-CA6 EVs (> =215,
P=0-143); however, CA10 was significantly more
related to the severity compared to non-CA10 EVs
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Fig. 1. The distribution of HFMD cases in the population aged <5 years in each district of Qingdao, China from 2007 to
2014. The epidemic covered all ten districts in Qingdao and mainly attacked urban districts (Shinan, Shibei, Licang,

Chengyang, Laoshan).

((*=41-01, P<0-001). By summarizing the aetio-
logical data from 2009 to 2014, we found that EV71
was more frequently identified in the off-peak months
(September—May) than in the peak months (June—
August), either for all HFMD cases or for severe
cases (Fig. 3).

Onset locations of HFMD cases

We summarized the data of locations where HFMD
occurred from 2009 to 2014. We found that 99-42%
of the HFMD cases occurred in communities, nurser-
ies, and elementary schools. Community-derived
patients accounted for 65-11% of the entire HFMD
cases, followed by nursery-derived cases (34:11%).
The ratios of HFMD occurrence in nurseries were
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consistent from 2009 to 2012 but greatly decreased
in 2013 and 2014 (Table 4). The cases found in com-
munities accounted for >50% of all patients each
year, with the highest percentages in 2013 and 2014.

Association of meteorological variables with HFMD
occurrence

As HFMD occurred periodically each year (Fig. 2), it
was necessary to evaluate if meteorological variables
were the major determinants of the HFMD epidemic.
We matched the weekly HFMD incidence in children
aged 0-5 years with the weekly meteorological vari-
ables from calendar weeks 1-52 between 2007 and
2014. We found that the HFMD incidence increased
with increasing atmospheric temperature but reached
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Fig. 2. Weekly HFMD incidence in the population aged <5 years in Qingdao from 1 January 2007 to 31 December

2014. Light red indicates spring; yellow, summer; green, autumn; blue, winter.

Table 2. Aetiological composition of all HEFMD cases in Qingdao, China, 2007-2014

Aetiological composition, 1 (%)

Cases Positive Other
Year examined cases 7 (%) EV71 CAl6 enteroviruses™*
2007 291 90 (31) 15(17) 75 (83) —
2008 1328 405 (30) 145 (36) 260 (64) —
2009 2470 597 (24) 455 (76) 45 (8) 97 (16)
2010 1613 1023 (63) 431 (42) 418 (41) 174 (17)
2011 1976 750 (38) 261 (35) 24 (3) 465 (62)
2012 976 300 (31) 49 (16) 56 (19) 195 (65)
2013 980 636 (65) 272 (43) 60 (9) 304 (48)
2014 1703 910 (53) 316 (35) 257 (28) 337 (37)
*In 2007 and 2008, other enteroviruses were not fully examined.
Table 3. Aetiological composition of severe HFMD in Qingdao, China, 2009-2014

Aetiological composition, 1 (%)

Severe cases Positive Other
Year examined cases n (%) EV71 CAl6 enteroviruses
2009 502 124 (25) 74 (60) 10 (8) 40 (32)
2010 485 331 (68) 206 (62) 48 (15) 77 (23)
2011 631 221 (35) 51 (23) 42 166 (75)
2012 248 78 (31) 27 (35) 11 (14) 40 (51)
2013 464 269 (58) 105 (39) 11 (4) 153 (57)
2014 1073 512 (48) 171 (34) 109 (21) 232 (45)

the peak 5 weeks before the temperature reached the
maximum; the levels of precipitation and relative hu-
midity were also positively related to the HFMD epi-
demic; whereas sunshine hours seemed to be inversely
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related to the HFMD epidemic (Fig. 4). We then eval-

uated the statistical correlation of the weekly HFMD
incidence in children aged 0-5 years with each of the

weekly meteorological variables. The Shapiro-Wilk
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Fig. 3. Proportions of EV71 and non-EV71 enteroviruses identified in all HFMD cases and severe cases during the
off-peak months (September—May) and the peak months (June-August) in Qingdao, 2009 to 2014.

Table 4. Onset places of HFMD cases in Qingdao, China, 2009-2014

Year Total Nursery n (%) Community 7n (%) School n (%) Others n (%)
2009 15323 5189 (33-86) 9382 (61-23) 694 (4-53) 58 (0-38)
2010 14715 5561 (37-80) 8651 (58:79) 462 (3-14) 41 (0-28)
2011 9073 3831 (42-22) 4780 (52-68) 407 (4-49) 55 (0-61)
2012 11158 4159 (37-27) 6302 (56-48) 597 (5-35) 100 (0-90)
2013 6043 1457 (24-11) 4247 (70-28) 274 (4-53) 65 (1-08)
2014 11854 3582 (30-22) 7638 (64-43) 556 (4:69) 78 (0-66)

test indicated that none of these meteorological vari-
ables was normally distributed. Spearman rank correl-
ation analysis showed that HFMD incidence in
children aged 0-5 years was positively correlated
with atmospheric temperature (r;=0-77, P <0-001),
relative humidity (r,=0-507, P <0-001), and precipi-
tation (r,=0-328, P<0-001). However, the incidence
rate was not correlated with sunshine hours (r;=
0-014, P=0-781). Thus, the rise in atmospheric tem-
perature, precipitation, or relative humidity facilitates
the HFMD epidemic.

DISCUSSION

In this study, we selected Qingdao, a tourist port city
with four distinctive seasons to evaluate the effects of
meteorological factors on the HFMD epidemic. The
results indicated that HFMD cases mainly occurred
from early spring to early summer in Qingdao. Of
the reported cases during the 8 years, 90-39% occurred
in children aged 0-5 years. We reported that HFMD
incidence in children aged 0-5 years in Ningbo, a
warmer port city in East China, was 3066-8/100 000
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between 2009 and 2011 [8]. The incidence was
2138-3/100 000 in Qingdao between 2009 and 2011
(Table 1). Thus, HFMD occurs more frequently in
children living in warmer cities. HFMD incidence
was higher in urban areas than in suburban areas, in-
dicating that living in crowded conditions and/or fre-
quently sharing public facilities may facilitate the
transmission of EVs [15]. Interestingly, HFMD inci-
dence was extremely low in 2008 when the aquatic
sports of the 2008 Summer Olympics was held in
Qingdao. The local government temporarily rein-
forced prophylactic measures like sterilization of chil-
dren’s environments to control HFMD, at a very high
cost. To establish routine prophylaxes cost-effectively,
it is necessary to clarify the major risk factors of the
HFMD epidemic.

By summarizing the meteorological data within the
8 years, we found that the rise in atmospheric tem-
perature, precipitation, or relative humidity was posi-
tively correlated to the HFMD epidemic; whereas
sunshine hours might be inversely related to the
HFMD epidemic in children aged 0-5 years.
Spearman rank correlation analysis indicated that
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Fig. 4. Correlations of HFMD that occurred in the population aged <5 years with the major meteorological variables in
each week by averaging weekly data from 2007 to 2014.
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the incidence rate was positively correlated with at-
mospheric temperature, relative humidity, and pre-
cipitation. This can be explained in four aspects.
First, children increase outdoor activity when it
becomes warmer from early spring to early summer,
thus facilitating transmission of the disease. HFMD in-
cidence is higher in male children, with an average male/
female ratio of 1-55, possibly because male children are
more active. Second, EVs are highly contagious in
warm and humid weather, while precipitation can in-
crease relative humidity. Third, frequent precipitation
and subsequent flooding may damage the barriers be-
tween clean and dirty living environments, especially
in suburban areas where some public toilet facilities
are not well administered, thus causing water pollution.
Fourth, although sunlight can inactivate human EVs
efficiently [16], the HFMD-causing EVs are highly con-
tagious in conditions not exposed to sunlight. In add-
ition, we found that HFMD incidence in children
aged 0-5 years increased with increasing atmospheric
temperature but reached its peak at week 27 even if
the temperature continued to increase (Fig. 4). This mis-
match should be caused by public health interventions.
Local governments usually take steps to block the trans-
mission pathways if incidence increases rapidly.

The aetiological investigation indicated that EV71
and CA16 were the major aetiological agents of
HFMD in 2009 and 2010; however, other EVs
accounted for >50% of those in 2011 and 2012. This
might be partially attributable to immune protection.
Although EV71 vaccine has not been administered,
the immunization barrier against EV71 should be
gradually established because EV71 has been epidemic
for a number of years in Qingdao. We have previously
reported that the prevalence of neutralization anti-
body against EV71 increased with the increasing age
of residents [8]. It has been proven that inactivated
EV71 vaccine has good safety and immunogenicity
in infants and confers a relatively high rate of protec-
tion against EV71-related diseases [17]. As immune
pressure for EV71 increases in affected populations,
other EVs may take its place and become the domin-
ant pathogens of HFMD. This may explain the
co-circulation of aetiological agents of HFMD in con-
secutive years. CA6 has been linked to severe out-
breaks worldwide since 2008 and associated with
severe HFMD in children and adults [18, 19]. CA6
has become a major strain for HFMD in southern
China [20, 21]. CAIO0 was not a major strain for
HFMD in China but its proportion as the pathogen
has increased recently [20-22]. Interestingly, by
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summarizing the aetiological data in this study, we
found that CA10, rather than CA6, was prone to caus-
ing severe HFMD. Although the severity of HFMD is
related to multiple factors [8], the pathogen should be
the most important one. Our findings might reduce the
urgency and uniqueness of EV71 vaccination in the
fight against severe HFMD. Public health prophy-
laxes focusing on CA10 and EV71 should become a
priority.

To establish a disease outbreak, three prerequisites
are needed: (i) the presence of a pathogen in sufficient
quantities, (ii) an appropriate mode of transmitting
the pathogen, and (iii) an adequate pool of susceptible
persons exposed to the pathogen. In this study, we
found that HFMD outbreaks started in early May
and peaked between spring and summer, indicating
that the three prerequisites are all met in the peak
months. In addition, we found that HFMD cases oc-
curred mostly in communities. It is highly likely that
large amounts of the pathogen are normally carried
by adults caring for infants, especially by older age
groups. Because of the high positive rate of circulating
neutralizing antibody against EV71 in adults [8], the
adults with neutralizing antibody might be asymptom-
atic carriers for EVs. EVs can infect susceptible
infants when the infants become active in warm and
unsanitary conditions. Future directions of controlling
the HFMD epidemic should focus on communities
with  backward public health infrastructures.
Interestingly, EV71 was less frequent in the peak
months than in the off-peak months (Fig. 3). This
can be explained by the fact that EV71 frequently
causes severe notifiable medical condition in the off-
peak months.

The outcomes of this study should be integrated
into the current programme for the prophylaxis and
control of the HFMD epidemic. Hygiene education
should be implemented in community-based popula-
tions especially for families with children and/or chil-
dren’s guardians before atmospheric temperature,
relative humidity, and precipitation rise. Public sani-
tary control including disinfection measures can be
precisely conducted in light of climate changes. EVs
such as CA10 and EV71 that can cause severe
HFMD cases should be monitored in communities
with backward public health infrastructures.

In summary, HFMD is a major public health issue
for children aged 0-5 years, with an incidence of
1691-2/100 000 in Qingdao, a large tourist port city
in northern China. Atmospheric temperature, precipi-
tation, and relative humidity positively correlate with
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the HFMD epidemic. EV71 is prone to causing more
severe cases than is CA16. CA10 also causes more se-
vere HFMD cases than does CA6. CA10, compared
to non-CA10 EVs, is significantly more related to
the severity of this disease. To prevent and control
the HFMD epidemic cost-effectively, climate changes
can be integrated into the current prophylactic pro-
gramme for HFMD. Co-circulation of severe
HFMD-causing agents such as CA10 and EV71
should be regularly monitored in communities with
backward public health infrastructures.
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