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Abstract Changsha was one of the most affected areas
during the 2009 A (HIN1) influenza pandemic in China. Here,
we analyze the spatial-temporal dynamics of the 2009 pan-
demic across Changsha municipal districts, evaluate the
relationship between case incidence and the local urban spatial
structure and predict high-risk areas of influenza A (HIN1).
We obtained epidemiological data on all cases of influenza A
(HINTI) reported across municipal districts in Changsha dur-
ing period May 2009-December 2010 and data on population
density and basic geographic characteristics for 239 primary
schools, 97 middle schools, 347 universities, 96 malls and
markets, 674 business districts and 121 hospitals. Spatial—
temporal K functions, proximity models and logistic regres-
sion were used to analyze the spatial distribution pattern of
influenza A (HIN1) incidence and the association between
influenza A (HINT1) cases and spatial risk factors and predict
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the infection risks. We found that the 2009 influenza A
(HINT) was driven by a transmission wave from the center of
the study area to surrounding areas and reported cases
increased significantly after September 2009. We also found
that the distribution of influenza A (HI1N1) cases was associ-
ated with population density and the presence of nearest public
places, especially universities (OR = 10.166). The final pre-
dictive risk map based on the multivariate logistic analysis
showed high-risk areas concentrated in the center areas of the
study area associated with high population density. Our find-
ings support the identification of spatial risk factors and high-
risk areas to guide the prioritization of preventive and miti-
gation efforts against future influenza pandemics.
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1 Introduction

The 2009 A (HIN1) influenza pandemic was caused by a
new triple-reassortant swine-origin influenza virus which
was first discovered in North America and Mexico in April
2009 and rapidly spread around the world within weeks [1,
2]. A total of 18,449 laboratory-confirmed A (HINI1)
pandemic deaths were reported globally during April
2009-August 2010 (www.who.int/cst/don/2010_08_06/en/
index.html). Although a few quantitative studies have
analyzed the spatial-temporal patterns of mortality and
transmission characteristics of influenza A (HIN1) and
other respiratory diseases [3—6], little is known about
spatial transmission characteristics of seasonal and pan-
demic influenza in densely populated urban areas [7].

The accelerated urbanization trends associated with a
continuous shift in human populations from rural to den-
sely populated urban areas are changing global patterns of
morbidity and mortality [8, 9], especially in the developing
countries. In fact, the proportion of the world’s population
living in urban areas exceeded 50 % in 2008. Moreover,
the United Nations has projected that the world’s urban
population will almost double from 3.3 billion in 2007 to
6.3 billion in 2050 [10, 11]. In China, the total floating
population was close to 230 million in 2011, accounting for
17 % of the total population [12]. Also, a higher fraction of
the Chinese population is now living in cities than in the
countryside. High population density and an increasing
floating population may facilitate transmission of infec-
tious diseases in cities by increasing population contact
rates [13]. The 2009 A (HIN1) influenza pandemic gen-
erated high transmission rates in China since the identifi-
cation of the first case on 9 May, 2009 [14].

The 2009 A (HIN1) influenza transmission patterns
were influenced by a number of factors including the epi-
demiology of the influenza virus itself, contact rates, peo-
ple mobility patterns, climatic conditions, school cycles
and social distancing measures (e.g., school closure) [15-
19]. In particular, the spatial association between A
(HIN1) incidence and the distribution of public spaces
(e.g., schools, hospitals) and population density in urban
areas has not been systematically studied before, but could
prove useful to improve epidemiological surveillance and
design effective control intervention strategies [20]. Prior
studies have identified early transmission onset and higher
transmission potential in confined settings and areas with
high population density, such as schools [21-23].

Here, we analyzed the spatial-temporal dynamics of the
2009 A (HINT1) influenza pandemic in Changsha, a political,
economic and cultural center with a high number of public
spaces and a substantial floating population in China that
was significantly affected by the 2009 A (HIN1) pandemic
[16]. We focused on increasing our understanding of the
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Fig. 1 Study area and the distribution of influenza A (HIN1) cases.
a Changsha city in Hunan Province; b Urban area in Changsha and
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association between temporal and spatial development of
the 2009 pandemic in this region in relation to the popula-
tion spatial structure characterized by local population
density and the distribution of public spaces.

2 Materials and methods
2.1 Study area

Changsha, the capital city of the Hunan Province, is located
in the northeast region of the province. Changha is about
233 km long and 90 km wide, covering a total land area of
118,000 km?. Changsha is a political, economic, cultural and
traffic center and the most populous city in the Hunan
Province, with a population size of 7.04 million in 2010.
Moreover, with the accelerated urbanization trends affecting
the Changsha—Zhuzhou—Xiangtan city region, all municipal
districts of Changsha have experienced a significant increase
in their floating population. The urban area of Changsha is
comprised by five districts namely Kaifu, Yuelu, Furong,
Tianxin and Yuhua. These districts comprise a total of 47
communities, 6 towns and 3 villages (Fig. 1).

2.2 Influenza A (HIN1) cases
We obtained epidemiological information on 1957 A

(HIN1) pandemic cases reported across municipal districts
of Changsha from May 2009 to December 2010 from the
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Fig. 2 Distribution of public places: a primary schools, b middle schools, ¢ higher education places, d malls and markets, e business districts,

f hospitals

Changsha Center for Disease Control and Prevention
(CDC). For each A (HIN1) pandemic case, we obtained
gender, age, occupation, residential address and dates of
symptoms onset and diagnosis. Each confirmed pandemic
(HINT) influenza case was reported online to the China
CDC within 2 h of reporting through a Web-based system
that covers all hospitals and clinics in Changsha.

Patients with influenza-like illness (ILI) had sudden
onset of fever greater than 38 °C, cough or sore throat, and
the absence of other diagnoses according to the guidelines
of the World Health Organization (http://www.who.int/csr/
resources/publications/surveillance/WHO_CDS_CSR_ISR _
99_2_EN/en/). ILI patients visiting hospitals or clinics
were tested for A (HINT1) influenza by one or more of the
following tests: reverse transcriptase PCR, real-time

@ Springer

reverse transcriptase PCR, viral culture or a fourfold rise in
specific antibodies to pandemic influenza A virus (http:/
www.moh.gov.cn/zhuzhan/wsbmgz/201304/7d93ebf8422b
4f7a9d8da3162bf0dca8.shtml).

2.3 City’s geographic data

We obtained geographic characteristics on all public places
located in Changsha in 2009 including primary schools,
middle schools, higher education places, malls and mar-
kets, business districts and hospitals (Fig. 2). For education
institutes, we obtained spatial data for 239 primary schools,
97 middle schools and 347 higher education places from
the Hunan Province Education Office. In addition, we also
obtained spatial information for 96 malls and markets and
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674 business districts from the Changsha Urban and Rural
Planning Bureau and for 121 hospitals from the Hunan
Provincial Center for Disease Control and Prevention. We
used Google Earth for geocoding purposes by using the
residential address of public places. The geographic dataset
was created in ArcGIS 9.3 (Environmental Sciences
Research Institute, Redlands, CA).

Population density at street and township level was
calculated using a 9 %o population sample survey con-
ducted in 2005 and the Changsha Statistical Yearbook in
2006 and 2009. Population density was categorized into
three levels: low (<50 per hm?), middle (50-200 per hm?)
and high (>200 per hm?) by using the following formula:

P ,
Popdenypg = (P(:)Pgoos X POonos) / Area, (1)

2005

where Popden,g is the estimated population density at the
street and township level in 2008, Pop,qos is the population
at the street and township level from the 9 %o population
sample survey conducted in 2005 and Pop’,pos and
Pop’»00s are the reported population from the Changsha
Statistical Yearbook in 2006 and 2009. Area corresponds to
the area of each spatial unit (at street or township level).

2.4 Spatial-temporal point pattern analysis

Ripley’s K function was employed to analyze our spatial A
(HINT) pandemic data as a point process that changes over
different spatial and temporal lags. That is, the outcome of
this analysis is plotted against a series of increasing lags
where a peak value would suggest an outbreak cluster
emerging at the scale of the corresponding lag. Ripley’s K
function is originally defined as follows [24]:

IK(3) = E(9) 2)

where E(J) is the expected number of events found within
certain scale d, W;; is the adjustment factor of the edge
effects and 4 is the intensity of the events. Therefore, the
spatial-temporal K function, K(d.,f), is defined as the
expected number of events per unit of area and per unit of
time. That is,

Kd.1) = KTy~ 3 failh) ©)

i=1 jAi i

where R is the total area of the study, T is the time span
from the earliest case to the latest case in the dataset, n is
the number of observed cases and I,;,(i,j) is an indicator
variable that equals 1 whenever the distance and time
intervals of case i and j are within d and ¢, respectively, and
equals O otherwise. Finally, a test for space-time
interaction may be based on this equation:
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L(d,1) = K(d,1) — K(d) - K(1). (4)
2.5 Statistical analysis

We computed the distance between each of the 1,913
reported cases of A (HIN1) influenza and the nearest
public places in 2009. We also calculated the proximity
function to infer the relationship between the distribution
of A (HIN1) influenza cases and the nearest public places.
Based on the frequency distribution of distances from
infections to the nearest public places, 1 km was selected as the
threshold distance (i.e., assigned O (>1 km) and 1 (<1 km),
respectively). Next, 3,826 points were randomly generated and
used as “control” sites (two controls/case). Seven types of
spatial risk factors (primary school, middle school, higher
education places, hospitals, business district, malls and market,
and population density) were considered in this study.
Logistic regression was used to quantify the relationship
between the distribution of A (HIN1) influenza cases and
public places and local population density. Unconditional
logistic regression was performed, and odds ratios (ORs) and
their corresponding 95 % confidence intervals (Cls) and
P values were estimated by using maximum likelihood
methods. ORs of the variables involving minimal distances to
the nearest primary school, middle school, higher education
places, hospitals, business district and malls and market were
calculated for a 1-km difference. Population density was
stratified into three levels: 0-50, 50-200 and >200 per hm?.
Univariate analyses were first conducted to examine the effect
of each variable separately. Multivariate analysis was then
performed using the set of significant predictor variables based
on our univariate analyses (P value of <0.1). Models were also
optimized by comparing the —2 log likelihood and Hosmer—
Lemeshow goodness of fit. A P value <0.05 was considered
statistically significant by using the backward-LR method.
Finally, we generated a risk prediction map based on our
multivariate logistic regression analysis and used 44 influ-
enza A (HIN1) cases reported in 2010 as test points. The
risk of A (HIN1) influenza for each grid was calculated and
classified as high risk, medium risk and low risk according
to quartile levels for the predicted prevalence in the pre-
dictive map. The average area under the receiver operating
characteristic curve (AUC) was used to evaluate the pre-
dictive accuracy of the model. All statistical analyses were
performed using SPSS (SPSS Inc., Chicago IL, USA).

3 Urban structure and influenza A (H1N1) outbreaks
3.1 Spatial-temporal distribution of HIN1 cases

A total of 1957 A (HIN1) cases were reported from May
22, 2009, to December 31, 2010, with the great majority of
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Fig. 3 Monthly distribution of influenza A (HIN1) incidence during outbreaks in 2009. Daily epidemic curve in Changsha urban area, May 22—
December 31, 2009, based on laboratory-confirmed A (HIN1) pandemic influenza cases

cases occurring during May-December 2009 (97.8 %).
During the initial pandemic phase, there were only scattered
reports of 2009 A (HIN1) influenza cases, but the number of
cases significantly increased after September 2009 (Fig. 3).
A pandemic wave began in September 2009 mainly con-
sisted of students, coinciding with the return of students
from summer vacations. The second wave of widespread
activity began in October probably influenced by the 1
October National Day holiday, when population movement
increases through short- and long-distance travel.

Then number of A (HIN1) cases varied from 85 in the
district of Tianxin to 822 cases in the district of Yuelu, while
the median number of cases across districts was estimated at
239. The spatial dissemination of influenza A (HINI) in

@ Springer

Changsha appears to have followed a spreading wave from
the center to the surrounding areas of the city (Fig. 3).
Influenza A (HIN1) cases were rarely reported in the north
of the study area, where population density is low and public
places are rare. The highest number of influenza A (HIN1)
cases were reported in the district of Yuelu.

The spatial-temporal pattern of A (HINI) reports is
illustrated by the spatial-temporal K functions using a con-
tour map (Fig. 4). High values of L(h) in the contour map
indicate space-time clustering. The results indicated that the
most significant space-time peak involved a time period
from O to 100 days and a spatial lag from O to 5 km. After the
initial wave, the second peak involves a time period from 55
to 100 days and a spatial lag from 25 km away.

&) SCIENCE CHINA PRESS



Chin. Sci. Bull. (2014) 59(5-6):554-562

559

1000
500

=500
-1000
-1500

-2000

Time lag (d)

-2500

patial-temporal L(h)

w
=3
(=3
S
S

-3500

-4000

5 10 15 20 25 30 35 40 45 50
Distance lag (km)

Fig. 4 Contour map of the Spatial-temporal K function. The L(h) is
coded from low values, in black, to high values, in white. The peak
value indicates an outbreak cluster emerging at the scale of the
corresponding lag

3.2 Distance from A (HIN1) cases to the public places

We found that the distance distribution between A (HIN1)
influenza cases and each type of education setting (primary
schools, middle schools and higher education places) fol-
lowed a similar profile (Fig. 5). Correspondingly, the mean
distance between A (HIN1) cases and the nearest primary
schools, middle schools and higher education places was 0.75
(SD 0.53) km, 1.14 (SD 1.07) km and 0.77 (SD 0.93) km,
respectively. However, the corresponding distance profile for
the nearest business districts was not unimodal, but showed a
skewed distribution with two major peaks occurring at/near
<0.2 km and 1.2 km. The mean distance to the nearest malls
and markets and the nearest hospitals was estimated at 1.40
(SD 1.44) km and 1.17 (SD 1.11) km (Fig. 5).

3.3 Logistic regression analysis

In our case—control study, minimal distances to the nearest
public places and local population density were found to be
statistically significant predictors in univariate analyses
(Table 1). Moreover, multivariate logistic regression
demonstrated that both education places and population
density were the most important risk factors influencing
influenza A (HIN1) incidence. In particular, the minimum
distance to the nearest higher education places was a highly
significant risk factor for A (HIN1) incidence (OR =
5.578) (Table 1). Our multivariate logistic regression
model was satisfactory as deemed by the average AUC,
which was estimated at 0.801.

Based on our predictive model derived from the logistic
regression analysis, we generated a predictive risk map of
influenza A (HIN1) infections in Changsha using GIS

&) SCIENCE CHINA PRESS

(Fig. 6). The risk of A (HIN1) case events for each grid
was classified into three levels: low (<0.3), medium
(0.3-0.6) and high (>0.6). Our resulting prediction map
indicated that high-risk areas were primarily located in the
south-central region, and the risk decayed from the center
area to surrounding areas. We also plotted the locations of
44 influenza A (HIN1) cases occurring in 2010, which we
used for validation purposes. The overlapping analysis
revealed that 90.9 % (40/44) of cases occurred in the
predictive high or medium risk areas (Fig. 6). Further, the
AUC calculated using influenza A (HIN1) cases in 2010
was estimated at 0.814, confirming the satisfactory per-
formance of our multivariate logistic regression model.

4 Discussion

We have characterized the relationship between pandemic
A (HINT1) influenza cases and the population urban struc-
ture in Changsha by using spatial-temporal analysis and
logistic regression models to identify spatial risk factors.
Our results indicate that minimum distance to nearest
public places particularly to higher education places
(adjusted OR = 5.6) and primary schools (adjusted
OR = 1.42) was highly significant risk factors for A
(HINT) influenza. In addition, population density (adjusted
OR = 2.8) was also found to be a significant risk factor for
A (HINT1) influenza incidence. Our findings indicate that
the distribution of public places may affect epidemic
development indirectly through its effect on population
mixing and flow during daily activity patterns. Findings
underscore the need to increase our understanding of the
spatial dissemination patterns of A (HINI1) influenza
among humans by identifying high-risk areas and related
risk factors for infection in urban areas to improve epide-
miological surveillance systems and the design of control
interventions. This is particularly relevant in the context of
delayed vaccine availability during influenza pandemics.
Our analysis of the spatial-temporal distribution pattern
of influenza A (HINI1) in Changsha municipal districts
showed that A (HIN1) influenza spread from the center of
city to surrounding areas, with densely populated areas
associated with early transmission events. Further, A
(HINT) influenza incidence increased rapidly after Sep-
tember when students returned to educational activities and
A (HINI) influenza cases mostly consisted of students,
which could have amplified transmission as discussed in
prior studies [25]. Areas within 5 km from A (HINI)
infections and within 1 km from the nearest public places
were associated with high infection risks. However, the
distance from infections to the nearest business districts
showed a bimodal distribution, indicating two layers
of epidemic transmission around business districts
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(peak-1 = 0.1 km, peak-2 = 1.2 km). Furthermore, infec-
tions around malls and market and hospitals were
dispersed.

Here, we used the spatial-temporal K functions to
depict the spatial-temporal process of A (HIN1) influ-
enza cases. For this purpose, Ripley’s K function is an
effective approach to quantify point process data with
space and time information. However, this analysis
alone may bring together irrelevant events that occur
too far apart in space or in time to be captured by other
means. Our analysis indicated that two clusters occur-
ring during two pandemic waves characterized the dif-
fusion pattern of 2009 influenza A (HIN1) in
Changsha’s urban area.

@ Springer

High population density areas could facilitate both
droplet and aerosol transmission of the influenza virus
particularly in confined settings [26]. We found that pop-
ulation density was significantly associated with reports of
influenza A (HIN1). Our results support a significant
association between population density and transmission of
A (HIN1) influenza. Both the A (HIN1) spreading pattern
and our predictive risk map showed that high-risk areas
concentrated in the central urban area, characterized by
high population density.

One previous study found public places (e.g., hospitals,
schools) significantly correlated with the incidence rate of
severe acute respiratory syndrome in 2003 in Guangzhou
[27]. Our logistic regression analysis showed that
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Table 1 The association between influenza A (HIN1) outbreaks and spatial risk factors quantified through logistic regression analyses
Influencing factors (units) Univariate analysis Multivariate analysis
Crude OR* (95 % CI) P Adjusted OR® (95 % CI) P
Minimal distances (1 km)
To the nearest primary school 3.512 (3.103-3.974) <0.001 1.417 (1.205-1.667) <0.001
To the nearest middle school 4.715 (4.185-5.312) <0.001 1.234 (1.046-1.457) 0.013
To the nearest high education places 10.166 (8.795-11.749) <0.001 5.578 (4.651-6.690) <0.001
To the nearest hospitals 4.754 (4.217-5.360) <0.001
To the nearest business district 2.867 (2.557-3.214) <0.001
To the nearest malls and market 2.628 (2.327-2.968) <0.001
Population density
0-50 per hm? 1.000 1.000
50-200 per hm? 6.397 (5.604-7.301) <0.001 2.798 (2.394-3.270) <0.001
>200 per hm? 8.028 (6.480-9.946) <0.001 2.704 (2.108-3.469) <0.001

2010 HINT1 cases

Predicted probability

0.067-0.300

]
:] 0.300-0.600
I

0.600-0.718

Fig. 6 Predicted risk map overlaid with influenza A (HIN1) cases in
2010

education places are significantly associated as high-risk
areas for influenza A (HIN1) outbreaks, which is consis-
tent with the results of prior studies [28, 29]. Influenza
transmission is expected to be more frequent between
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school-aged children as schools play the role of densely
populated hubs with high contact rates. In the 2009 influ-
enza A (HIN1) epidemic in Changsha, nearly 79 % cases
were students (1515/1913). These results emphasize the
need to take adequate prevention measures in school set-
tings [19]. By contrast, the spatial distribution of nearest
business districts was not found to be a significant risk
factor in our analysis, which could be explained by the
distribution of occupations of influenza A (HIN1) cases.

Our study is subject to limitations. Although our study
successfully identified statistically significant risk factors
associated with influenza A (HIN1) in Changsha, the
underlying transmission mechanisms of influenza were not
explicitly addressed here. Also, our study was limited to
quantifying the association between the distribution of
public places and population density and influenza A (HIN1)
reports. Hence, further studies could aim to explain spatial
influenza incidence patterns in relation to prior immunity
patterns and people dynamic contact networks by using
spatially explicit mechanistic dynamic transmission models
[30, 31].

5 Conclusions

We analyzed the association between the distribution of
public places and population density and influenza A (HIN1)
reports using detailed spatial data from Changsha, China. We
effectively characterized the spatial characteristics of influ-
enza A (HIN1) cases in relation to the spatial distribution of
Changsha’s urban area in terms of population density and the
distribution of public places. This research could motivate
the development of predictive capacity for influenza epi-
demics and pandemics including the design of effective early
warning systems and the enhancement of public health
measures aimed at containment or mitigation efforts.
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