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Abstract: The intensity of influenza epidemics varies significantly from year to year among regions
with similar climatic conditions and populations. However, the underlying mechanisms of the
temporal and spatial variations remain unclear. We investigated the impact of urbanization and
public transportation size on influenza activity. We used 6-year weekly provincial-level surveillance
data of influenza-like disease incidence (ILI) and viral activity in northern China. We derived
the transmission potential of influenza for each epidemic season using the susceptible-exposed-
infectious-removed-susceptible (SEIRS) model and estimated the transmissibility in the peak period
via the instantaneous reproduction number (R;). Public transport was found to explain approximately
28% of the variance in the seasonal transmission potential. Urbanization and public transportation
size explained approximately 10% and 21% of the variance in maximum Ry in the peak period,
respectively. For the mean R; during the peak period, urbanization and public transportation
accounted for 9% and 16% of the variance in Ry, respectively. Our results indicated that the differences
in the intensity of influenza epidemics among the northern provinces of China were partially driven
by urbanization and public transport size. These findings are beneficial for predicting influenza
intensity and developing preparedness strategies for the early stages of epidemics.
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1. Introduction

In temperate regions, the peak influenza season occurs in the winter months [1], and
the scale of seasonal influenza epidemics can vary greatly between provinces and years [2,3].
However, little is known about the drivers of this variation. A better understanding of
the factors that govern epidemic intensity is necessary for the public health system to
accurately and promptly prepare for seasonal influenza epidemics.

Climatic factors are important drivers of influenza epidemics in temperate regions.
Experimental studies have shown that a reduction in relative humidity improves the
viability and transmission of influenza virus aerosols [4,5]. Epidemiological evidence also
indicates that a reduction in relative humidity is associated with a higher risk of influenza
A in the population [6]. Urbanization and human mobility are also believed to be drivers
of influenza epidemics [7-9]. A simulation-based investigation in Australia highlighted
that the increased peak prevalence and faster spreading rate of influenza pandemics could
partially be attributed to an increase in population fractions living in cities [7]. A study of
weekly incidence data from the United States found that the size of the urban population
was positively associated with the incidence of city-level influenza and further showed
that the intensity of influenza epidemics was shaped by urbanization and humidity [10].
Empirical evidence revealed that airline volume was a significant predictor of the spread of
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influenza between regions [8], and high mobility within countries (internal commuting)
could accelerate epidemics [9]. However, these studies focused mainly on the impact of
human mobility on interregional influenza epidemics. Evidence regarding the influence of
human mobility on intracity or intraprovincial epidemics is limited.

Recent studies on influenza epidemics have revealed unexplained differences between
provinces with similar urbanization and climate conditions in China [2,3,11], suggesting
that there are other unidentified factors driving the differences in influenza epidemics
between provinces. China is a vast country that comprises provinces with different climatic
and economic backgrounds. These factors have led to varying levels of heterogeneity
regarding population structure and mobility. Therefore, we assumed that the unexplained
interprovince differences in influenza epidemic intensity may be caused by the hetero-
geneity of population mobility in provinces with similar climates and urbanization levels.
Higher human mobility inside a province increases close contact between people, and thus
the transmission of the influenza virus among people may be enhanced.

In the present study, we explored the above hypothesis by using 6 years (2012 to 2017) of
data on weekly influenza-like disease and virus activity in 14 provinces in northern China.

2. Methods
2.1. Data

The temperature of both the environment and the dew point for each province were
obtained from the China Meteorological Administration to calculate the relative humidity,
using the R package ‘humidity” (R software, version 4.2.1). The approximating function can
closely simulate relative humidity: r(t) = u x cos x (2 x 7t(t —5)) /52 + m. Census data,
including population size, urbanization, and public transportation data, were recovered
from the China National Bureau of Statistics [12]. Weekly influenza-like disease incidence
rate data (ILI) and viral detection positive rate data for each province were obtained from
the Chinese National Influenza Surveillance Network. Referring to previous studies [13,14],
proxy measures of the weekly incidence rate (referred to as the ‘incidence rate’) were
obtained by multiplying the ILI percentage among patients visiting sentinel hospitals
with the proportions of influenza-positive specimens. This proxy is considered a precise
representation of the activity of influenza infection [15,16].

2.2. SEIRS Model

Referring to previous studies [3,10], we constructed a susceptible—exposed-infectious—
removed-susceptible (SEIRS) compartmental model to work with province-level weekly
incidence rate data (the ILI rate x the proportions of influenza-positive specimens). Suscep-
tible (S) refers to individuals at risk of infection with influenza, representing approximately
90% of the total population. Exposed (E) refers to people in the latent period. Infectious (I)
refers to people who have been infected. Removed (R) refers to people who have recovered
or died. The SEIRS model consists of the following ordinary differential equations:

dS/dt = —N"'BSI+6(N—-S—E—1)

dE/dt = N7'BSI — ¢E
dl/dt = eE — vl
dR/dt = oI
N=S+E+I+R

where ¢ is the rate of reinfection, which is equal to 1/52; ¢ is the rate of infection after
exposure, which is equal to 7; and 7 is the rate of recovery from infection, which is equal to
7/2. The values of J, ¢, and y were taken from Dalziel’s research [10]. The generation time
was assumed to be 3 days.

After a certain period [17,18], the immunity of infected individuals weakens and these
individuals enter the susceptible compartment. New infections are generated when a
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susceptible individual comes into contact with an infected individual at a rate of BSI/N,
where N refers to the size of the population. In a stable population, the incidence of new
infections is governed by the transmission function B(t) = g+~ “"(!), where g refers to the
maximum gain in the transmission potential at 0 relative humidity and w refers to the rate
of the loss of viral viability caused by relative humidity. The transmission function S(t) is
composed of the sum of two parts: a seasonally invariant base transmission potential g,
which refers to transmission between individuals under the same climatic conditions (in
this case, the impact of climate is 0), and an additional transmission governed by relative
humidity, o~ @) which increases with the decrease in relative humidity in Chinese
provinces in winter and thus increases the risk of transmission between individuals under
different climate conditions.

2.3. GLM Model

A generalized linear model (GLM) of the SEIRS model was further constructed to
explore the patterns of influenza dynamics by fitting the incidence data. GLM avoids the
defects associated with the nonlinearity of the SEIRS model. The corresponding generalized
linear model is as follows:

YnJrl,j =a- an +0b- anrnj +c- anPnj + Qn]

where Y,,; = log[l,;], I,; indicate the number infected in week n of season j. We ob-
tained I,;; by multiplying the incidence rate (the ILI rate x the proportions of influenza-
positive specimens) with the province population size. The parameter vector a is given by
a = [log(g),log(g+01),...,108(g + 06)], which is estimated from the SEIRS model. The
design vector W,,; with seven elements indicates whether the data point associated with
(n,j) is in the off-peak regime or in one of the six influenza seasons. b and c are parameter
vectors with two elements, b = [w1, wy] and ¢ = [p1, p2], where b is obtained by fitting
the relationship between relative humidity and viral viability and c is obtained from the
observed incidence data. X,; is a design vector with two elements that indicate whether
the point associated with (1)) is in the off-peak or peak influenza season. P, indicates cu-
mulative incidence, P,;; = %ZIZ’:OI;{]-. Oyj is an offset term Oy;; = log(<S¢;>) — log(N) + aY ),
where <Sp;> = 0.9N refers to the expected population-level initial susceptibility each season,
taken from Wang and colleagues’ study [19]. The influenza peak was defined as extending
from 5 weeks before the peak incidence rate observed in each season to 5 weeks after [20].
A detailed explanation of the GLM model was provided in a previous study [10].

2.4. Estimation of Transmissibility

The weekly instantaneous reproduction number R; was estimated according to the
Bayesian framework applied to the branching process model proposed by Cori et al. [21],
which is an extension of Fraser method [22]. Fraser proposed that the renewal estimation
equation for the R; of an epidemic could be written as:

Iy

Ri= ——————
i Z'sn:() wsl—s

¢y
where I; refers to the number of reported cases (here, the incidence rate times a constant)
between time t and time t + 1, and w;s refers to the generation time distribution, such
that /" yws = 1. The expected incidence at time ¢ is Poisson distributed with a mean
(Rt XL gwsli—s). The transmissibility is assumed to be constant over the time period

[t — 7, t] and measured by R[t—r,t] ; then, the likelihood of I; _+, ... ... ... , I given the
reproduction number R[FT’” and Iy, ... ... ... , I;_+_q is as follows:
R (R A"
....... Ch|Io, e e, @ Ryy) = T 1'[ v )
S

s=t—T
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where Ag = 221:0 wsl;—s. The generation time distribution is a gamma distribution with
a mean of 3 days (SD = 1.5 d) and is assumed to be constant throughout an epidemic. A
Bayesian framework with a gamma-distributed prior with parameters (a, b) was developed
for R(;_., and the posterior joint distribution of R;_ ;4 can be derived as proportional to

Agls
I!

t
t 1
Rj;_  (posterior) = R[tfr,t]ﬁzgzmlrl e Mmoo fite) TT
s=t—T

®)

Equation (3) indicates that the posterior distribution of R};_.  is a gamma distribution

with the parameters (a + Yt _,_ I, (Yf_, A+ %)_1).

2.5. Regression Analysis with Transmissibility (3 and Ry of Each Influenza Season

A simple linear regression model was used to explore the relationship between driving
factors and . R-squared values (R?) were used to quantify the impact of individual drivers.
To make the results more intuitive, we used the same method to further quantify the rela-
tionship between each driving factor and the simulated R;. Because public transportation
is easily affected by population size and urbanization, for example, in provinces with larger
population sizes and higher urbanization, the accessibility of public transport is higher and
more people may use public transportation. Therefore, we can more accurately represent
human mobility per unit density. A combined mobility index, i, was calculated using
population size (PS), urbanization (U), and public transportation (PT) to represent human

mobility more accurately: h = log(P Zsj*Tu) A higher value of h indicates more frequent

population mobility. Differences in Akaike information criteria (AAIC) were used to esti-
mate the relative quality of the GLM, where higher values indicate models with poorer
relative support.

3. Results

Annual data on population size, urbanization, and public transportation size are
presented in Table 1. As shown in Figure 1, influenza incidence varies with urbanization,
climate, and transportation size. The maximum and mean incidence of influenza at peak
times tended to be higher in provinces with larger magnitudes of urbanization and larger
transportation sizes (Figure 1A-D).

Table 1. Characteristics of the fourteen provincial-level administrative divisions during 2012-2017.

Year

Province

Beijing  Tianjin Hebei Shanxi ~ Mongo-  Liaoning Jilin H;;‘ﬁgg Shandong Henan  Shaanxi ~ Gansu  Qinghai  Ningxia
lia
2012 20.69 14.13 72.88 3611 2490 43.89 27.50 38.34 96.85 94.06 37.53 25.78 573 647
Population 2013 2115 1472 7333 3630 2498 4390 2751 3835 9733 9413 37.64 25.82 578 6.54
size 2014 2152 1517 73.84 36.48 25.05 1391 2752 3833 9789 9436 3775 25.91 583 6.62
(mil- 2015 2171 1547 7425 36.64 25.11 5382 2753 38.12 98.47 94.80 37.93 26.00 588 6.68
lions) 2016 2173 15.62 7470 36.82 2520 1378 2733 37.99 99.47 95.32 3813 2610 593 675
2017 2171 1557 75.20 37.02 2529 1369 2717 37.89 100.06 9559 3835 2626 598 6.82
2012 86.20 81,55 1680 5126 57.14 65.65 5370 59.60 52.43 243 5002 3875 47.44 50.67
2013 86.30 82,01 4812 52.66 5871 66.45 5420 57.40 53.75 4380 5131 1013 4851 52,01
Urbanization 2014 8635 8227 14933 5379 5951 67.05 54381 58.01 55.01 4520 52,57 4168 4978 53.61
%) 2015 8650 82,64 5133 55.03 60.30 67.35 5531 58.80 57.01 1685 53.92 4319 50,30 55.23
2016 86.50 8293 5332 56.21 61.19 67.37 5597 5920 59.02 4850 5534 14169 5163 56.29
2017 86,50 8293 55.01 57.34 62,02 67.49 56.65 59,40 60.58 50.16 56.79 14639 53.07 57.98
Public 2012 761578 129951 203954 124838 963.49 128367 170561 223956 398268  2637.18 254599 102844 39135 39135
trans- 2013 804775 160927 202727  1563.64 108685 435633 171378 238156 411311 266157 250732 110711 417560 41760
porta- 2014 815848 181072 205342 131496 107099 440165 176867 251360 403854 263819 269246  1137.38 34971 4744
tion size 2015 738384 185813 187208 132132 107674 434710 175452 257476 390026 257070 269203 109823 379.09 42377
(mil- 2016 734953 180790 186048 126350 114588 424262 171369 253420 391136 253910 269406 114549 37768 41898
lions) 2017 713396 173279 181829 127183 108390 432824 177218 255084 396777 259421 281740 124946 367.10 407.44

The SEIRS model was used to fit the influenza incidence rate data to explore the
reasons for the temporal and spatial differences in the intensity of the influenza epidemics.
As described in the Methods section, the transmission potential of each influenza season
in each province could be obtained using the SEIRS model. Influenza epidemics vary in
intensity by year and province, indicating a difference in transmission potential. The SEIRS
model is a common method for fitting influenza time series data. However, the model is
nonlinear; thus, minor changes in input parameters can cause significant changes in the
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prediction results. Therefore, a general function of the SEIRS model was constructed to
work with province-level influenza incidence data. The results are shown in Figure 2. Ten
fitted parameters (Supplementary Table S1) were obtained using province-level time series
models. The results were obtained for the following three provinces randomly selected from
the total of 14: Beijing, Heilongjiang, and Ningxia. Spearman’s r = 0.83 for the comparison
of the observed and predicted influenza incidence (Figure 3).
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Figure 1. Bubble charts demonstrating the incidence rate in provinces with different levels of
urbanization, transport, and relative humidity (A-F). Provinces with higher max and mean incidence
tended to have a higher magnitude of urbanization (A,B), lower relative humidity (C,D), and larger
transportation size (E,F).

The early transmission potential obtained by SEIRS is only a mathematical value,
and its practical significance is limited. In this regard, we further explored the factors
that influenced the transmission potential. As shown in Figure 4, urbanization and public
transportation size could explain 1.28% and 27.62% of the variation in the annual trans-
mission potential, respectively. Close contact between individuals is a prerequisite for
influenza transmission. The frequency of close contact can directly affect the transmis-
sion potential of the influenza virus between persons. A larger public transport system
does not necessarily mean that contact between persons is more frequent. To meet the
commuting needs of residents, public transportation may be more extensive in areas with
large populations. The size of public transportation per unit population in urban areas
can reduce the impact of population size to better represent the transmission potential of
contact between people. Urbanization, population size, and public transportation size were
used to calculate the combined index h, which indicated population mobility. The results
showed a positive correlation between the combined index / and the annual transmission
potential, R = 0.1349 (p < 0.05).
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Figure 2. Transmission potential and relative humidity predicted the observed differences in the
intensity of the influenza epidemics in northern Chinese provinces (A-F). (A,C,E) simulated results
of the SEIRS model in three provinces. (B,D,F) fitted results of the GLM model in three provinces.
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T T T T
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Simulated influenza incidence

Figure 3. Observed versus simulated influenza incidence in all provinces. Gray points show simu-
lated influenza incidence rate. Blue line shows the fitted line between simulated influenza incidence
and observed incidence.
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Figure 4. Urbanization, transportation size, and combined index estimated from census data pre-
dicted transmission potential, maximum R;, and mean R; during peak period of influenza season
(A-L). Gray points show transmission potential, maximum R;, and mean R; during peak period
of influenza season estimated from the influenza incidence rate. Red lines refer to the prediction
for transmission potential during peak period of influenza season (A-C). Purple lines refer to the
prediction for maximum R; during peak period of influenza season (D-F). Green lines refer to the
prediction for mean R; during peak period of the influenza season (G-L).

In addjition, the association between urbanization, public transportation size, and the
combined index i was also examined with the maximum R; and mean Ry at the peak of
each influenza season. Urbanization and public transportation size were significant drivers
of max Ry and mean R; during the peak period of each influenza season.

4. Discussion

Weekly surveillance data on outpatient ILI and virus activity from 14 provinces in
northern China revealed that the annual transmission potential was positively associated
with the size of public transportation. The maximum R; and mean R; of each influenza
season during the peak period estimated from province-level incidence data were positively
correlated with urbanization and the size of public transportation. The results presented
here suggest that, at least in northern China, the intensity of the influenza epidemic may be
governed by urbanization and intra-city human mobility.
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Climate conditions, urbanization, and human mobility play a significant role in the
spread of seasonal influenza. Relative humidity is an important environmental factor that
affects the survival of influenza viruses in aerosols, and it is also a crucial driving factor for
influenza seasonality [23]. In the current study, we controlled for the influence of climate on
transmission by fitting approximate functions. Therefore, the annual transmission potential
refers to the comprehensive influence of other factors, excluding climate conditions.

The instantaneous reproduction number (R;) is typically used to characterize real-time
transmissibility. A higher R; value indicates a higher transmission potential. The pathogen
spreads when R; > 1 and is under control when R; < 1. We calculated the maximum R; and
the mean R; of each influenza season for 14 provinces to quantify the transmissibility at
peak times.

Further analysis showed that the size of public transport was positively correlated
with the yearly transmission potential. This was consistent with the results of a previous
simulation study [24]. Globally, people traveling by air cause the transmission of pandemic
and seasonal influenza viruses, especially the A/H3N2 viruses [25-30]. At the regional
scale, the spatial transmission of influenza is dominated by patterns of human contact,
including school closure times and commute patterns [2,31,32]. In the current study, the
maximum peak R; and the mean peak R; of the influenza season were positively associated
with the size of public transport, which could explain the variations for more than one fifth
of the maximum peak R; variations and about one fifth of the peak mean R;, respectively.
These results provide new evidence for understanding the impact of human mobility on
influenza epidemics.

Previous studies have examined the impact of urbanization on the intensity or epi-
demic patterns of influenza [2,7,10]. However, the definitions of urbanization vary between
studies. For example, in Dalziel et al.’s study, urban population size is regarded as an
indicator of urbanization [10]. In the studies by Lei and Zachreson, urbanization refers to
the proportion of the total population living in urban areas [7,10]. In our study, different
urbanization indicators were used to evaluate the relationship between urbanization and
influenza transmission. Our results showed that the proportion of the total population liv-
ing in urban areas was also positively correlated with the maximum peak R; and the mean
peak R; of the influenza season. However, we did not find a consistent positive relationship
between urban population density, urban population size, and influenza transmission
(Supplementary Figures S2 and S3). Our findings suggest that the proportion of the total
population living in urban areas may be a better indicator for studying the relationship
between urbanization and influenza transmission in northern China compared with urban
population size and urban population density.

Two reasons may be responsible for this result. First, regarding infectious diseases,
current explosive trends in urbanization mean that more people are concentrated in urban
regions. Coupled with the spread of suburbs, this can lead to large hubs in the commuter in-
teraction network, which can cause a faster spread of infectious diseases between work and
home [33,34]. Second, public transportation (buses and subways) is a common means of
traveling in many cities around the world; thus, if an infected person interacts closely with
other users of public transportation on a bus or subway, combined with insufficient ventila-
tion and overcrowded conditions, it can increase the risk of influenza for other uninfected
people and lead to the spread of influenza among colleagues and family members [35].

A higher transmission potential and R; indicate that the number of infected cases will
increase in a short period of time, requiring increased surge capacity in the public health
system, including primary care facilities and clinical laboratories [36]. The significance of
our study is that, when the influenza season arrives, it can help predict the intensity of the
influenza epidemic according to urbanization and human mobility to prepare for its medical
and social impact in advance. Additionally, obtaining information on transmissibility at
peak times is beneficial for mitigating influenza spread by vaccination and taking non-
pharmaceutical interventions (NPIs) in the early stages of epidemics [37,38].
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A potential limitation of our study was that school holidays were not included in our
model. Previous studies have emphasized the importance of children in the spread of in-
fluenza, and the impact of school holidays and school closures on transmissibility [16,39,40].
Additionally, we did not have information on the impact of antigen drift and host immu-
nity on epidemics. However, a study based on the city-level analysis of the subtypes and
antigenical characteristics of the influenza virus in Australia demonstrated that antigenic
novelty has limited effects on epidemic size. It suggested that other factors drive influenza
epidemics apart from host immunity at the local scale in temperate areas [41].

5. Conclusions

In conclusion, urbanization and human mobility were positively associated with the
intensity of influenza. Increased commuting by public transport (including buses and
subways) can accelerate the spread of influenza. Monitoring flows for public transport may
be conducive to early detection and response to influenza epidemics.

Supplementary Materials: The following supporting information can be downloaded at: https:
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