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Nationwide prospective surveillance of all-age patients with acute respiratory infections was
conducted in China between 2009-2019. Here we report the etiological and epidemiological
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age children have the highest viral positivity rate (46.9%) and bacterial positivity rate (30.9%).
Influenza virus, respiratory syncytial virus and human rhinovirus are the three leading viral
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diagnosis, prevention and control should be highlighted in terms of acute respiratory tract infection
patients’ demography, geographic locations and season of illness in China.
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cute respiratory infections (ARIs) are a major worldwide

health problem associated with high morbidity and

mortality!. The World Health Organization (WHO)
estimates that ARIs rank as the fourth-highest global cause of
mortality, resulting in nearly three million deaths worldwide in
2016 (40 deaths per 100,000)2. Among them, acute lower
respiratory infections (ALRIs)—including pneumonia and
bronchiolitis—have become a leading cause of hospital admis-
sions and in-hospital deaths of young children, especially in low
and middle-income countries®. The ongoing novel coronavirus
(COVID-19) outbreak caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) that was first reported at the
end of 2019, is a public health emergency of international con-
cern, responsible for a growing interest in respiratory tract
infections as an issue of public health importance*. During the
last decade, numerous research studies have reported the detec-
tion of respiratory pathogens causing ARIs or pneumonia, with a
great diversity in prevalence and pathogen spectrum shown
across countries and regions, population demography, years, and
seasons®~8. Results are made further difficult to compare between
studies as diagnostic techniques also vary appreciably.

In China, the surveillance for respiratory infectious diseases has
been specifically performed for influenza, measles, mumps, per-
tussis, tuberculosis, and scarlet fever under the national influenza
surveillance network, and China Information System for Diseases
Control and Prevention for notifiable infectious diseases’. Infor-
mation was formerly lacking on which pathogens were causal to
each of the monitored ARIs. To meet this need, a nationwide
project was initiated in 2009 and established a network for the
active surveillance of ARIs, which was officially maintained by the
Chinese Center for Disease Control and Prevention (China
CDCQC)!0. Towards the end of 2019, more than a decade of data
had been accumulated. In this work, using these unique data, we
identify the etiological and epidemiological features of ARI in all
ages of the population of China for an extended duration,
immediately prior to the COVID-19 pandemic.

Results

Study patients. In total, 233,037 ARI patients were recruited and
had samples tested, from which 1930 patients were excluded
owing to incomplete data records or for having an inadequate
sample volume. Therefore 231,107 cases from 277 sentinel hos-
pitals and 92 reference laboratories in 106 cities, were available
for the final analyses (on average 21,010 patients from 147 hos-
pitals/laboratories annually) (Fig. 1A, Supplementary Fig. 1).
Their median age was 14 years (interquartile ranges (IQR) 2-44
years, 52.2% were aged <18 years), 53.1% were hospitalized, and
20.2% were diagnosed with pneumonia (Supplementary Table 1).
Among them, 110,058 patients were tested for all the eight viral
pathogens, 26,757 patients for all the nine bacterial pathogens,
and 13,524 patients for all viral and bacterial 17 pathogens
(Fig. 1B). Based on these three groups of patients, positivity rates
and pathogen spectrum information were compared by age
groups and by pneumonia status (hereafter pneumonia vs non-
pneumonia).

Pathogen positive rate. In total 34.8% (38,265/110,058) of the
ARI patients tested for all the eight viral pathogens had at least
one positive virus detection, with the highest rate determined in
children (46.9%, 19,643/41,921). This dropped to 30.2% (5342/
17,663) in 5-17 years old school-age children, 26.9% (8961/
33,288) in adults, and 25.1% (4319/17,186) in older people
(Table 1). The positive rate was comparable between genders
(35.8% in male vs 33.8% in female) and significantly higher in the
hospitalized than the outpatients (37.2% vs 30.7%). A total of

25,014 pneumonia patients had all viral pathogens tested, and
9654 (38.6%) had at least one positive detection, higher than that
of non-pneumonia (33.6%) (P <0.001). Significantly higher rates
were seen in pediatric patients with pneumonia than non-
pneumonia (57.9% vs 42.9%, P <0.001), with a comparable or
lower rate for the other age groups (28.1% vs 30.8% for school-age
children, 20.5% vs 28.0% for adults and 22.4% vs 26.4% for older
people).

In total, 22.8% (6112/26757) of the ARI patients tested for all
the nine bacterial pathogens had at least one positive bacterium
detection, with the highest rate determined in school-age children
(30.9%, 656/2121), followed by children (23.9%, 2511/10,517),
older people (21.3%, 1320/7621), and adults (20.3%, 1625/6498)
(Table 1). The positive rate was comparable between gender
(22.9% in males vs 22.7% in females, P > 0.05), and significantly
higher in the hospitalized than the outpatients (23.7% vs 17.8%).
A total of 9395 pneumonia patients had all bacterial pathogen
tested, with at least one positive detection in 2851 (30.3%)
patients, significantly higher than that of non-pneumonia (18.8%)
patients (P <0.001). Within each age group, higher rates were
determined in pneumonia vs non-pneumonia, with the highest
difference observed in the school-age children (49.9% vs 19.1%).

Among 13,524 patients with all virus and bacteria tested, the
coinfection with over two viruses or bacteria was seen in 23.3%
(3157/13,524) of the patients with the highest coinfection rate
determined in children (34.3%), followed by school-age children
(21.4%), older people (13.1%) and adults (12.3%) (Table 1). Male
patients had slightly higher coinfection rates (24.1% vs 22.1%, P <
0.05), as did hospitalized vs outpatients (25.3% vs 11.8%). Among
5900 pneumonia patients with all 17 pathogens tested, the
coinfection rate was determined at 28.5%, significantly higher
than that of non-pneumonia (19.3%) patients. This pattern was
shown in all-age groups.

Pathogen spectrum. Based on the proportion of positive detec-
tion for viruses, the most frequently determined viral pathogen
was influenza virus (IFV) (accounting for 28.5% of total positive
detection), followed by respiratory syncytial virus (RSV) (16.8%),
human rhinovirus (HRV) (16.7%), human parainfluenza virus
(HPIV) (13.1%), human adenovirus (HAdV) (10.3%), human
coronavirus (HCoV) (5.8%), human bocavirus (HBoV) (4.6%),
and human metapneumovirus (HMPV) (4.1%) (Fig. 2). Further
genotyping analysis for IFV showed the predominant role of IFV-
A, which accounted for 58.3% of the total genotyped patients, in
contrast with IFV-B and IFV-C (29.1% and 0.9%, respectively).
Within RSV, RSV-A and RSV-B accounted for 45.5% and 32.9%
of the total genotypes. Within genotyped HPIV, the predominant
was HPIV-3 (56.4%), followed by HPIV-2 (16.9%), HPIV-1
(16.1%), HPIV-4 (10.5%). Further age-specific analysis revealed
RSV was the top pathogen found among children (25.7%), fol-
lowed by HRV (17.4%), HPIV (15.8%), IFV (14.2%), and HAdV
(10.7%). IFV and HRV were the second-ranked viruses among
the other three age groups (35% and 17.3% among school-age
children, 53.9% and 14.1% for adults, 41.7% and 17.7% for older
people), whereas the other ranking of viruses differed among age
groups. The genotype ranking of IFV, HPIV, and RSV within age
groups largely followed that of total patients, except that RSV-B
had a higher proportion in older people.

The top five viruses in pneumonia patients remained the same
as non-pneumonia, but, their ranking altered (Supplementary
Table 2). For pediatric pneumonia, RSV (28.1%), and HRV
(18.3%) remained as the two predominant viruses, whereas the
proportion of IFV decreased from 16.5% to 9.77%, dropping
behind HPIV and HAdV. For school-age children with
pneumonia, HRV had exceeded IFV and HAdV to be the leading
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Fig. 1 Setting of hospital-based surveillance network and data processing in the mainland of China. A Locations of the 277 sentinel hospitals and the 92
reference laboratories participating in acute respiratory infection (ARI) surveillance from 2009 to 2019. Each point indicates the location of a sentinel
hospital (blue) or laboratory (green). The black lines indicated the province boundaries. The background color indicates the average population density of

each province from 2009 to 2019 in China. B Flowchart of

NATURE COMMUNICATIONS | (2021)12:5026 | https://doi.org/10.1038/s41467-021-25120-6 | www.nature.com/naturecommunications

data collection and sorting procedures.


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

pathogen (HRV >IFV>HAAdV >HPIV>RSV). For adults and older
people, the pathogen spectrum of pneumonia only differed
slightly from non-pneumonia, with HPIV up-ranked in both
groups (IFV>HRV>HPIV>HAdV>HCoV for adults and
IFV>HRV>HPIV>HCoV>RSV for older people). All these
patients taken together lead to an altered ranking in pneumonia,
with RSV up-ranked from third to first, IFV dropped from first to
third, whereas in others the order was unchanged (ie.,
RSV>HRV>IFV>HPIV>HAAV) (Fig. 2).

Based on the proportion of positive detection for bacteria,
Streptococcus pneumoniae (S. pneumoniae) was the most frequent
bacterium, accounting for 29.9% of the total positive detection,
followed by Mycoplasma pneumoniae (M. pneumoniae, 18.6%),
Haemophilus influenzae (H. influenzae, 15.8%), Klebsiella pneu-
moniae (K. pneumoniae, 12.5%), Pseudomonas aeruginosa (P.
aeruginosa, 11.4%), Staphylococcus aureus (S. aureus, 8.9%),
Chlamydia pneumoniae (C. pneumoniae, 1.6%), Legionella
pneumophila (L. pneumophila, 0.9%) and Group A Streptococcus
(GAS, 0.4%) (Fig. 2). Age-specific heterogeneity was revealed,
with the top five bacterial pathogens among children determined
as S. pneumoniae (38.5%), H. influenzae (20.3%), M. pneumoniae
(18.8%), S. aureus (9.7%), and K. pneumoniae (7.4%). Among the
school-age children, M. pneumoniae was up-ranked to the first
place, with others slightly altered (M. pneumoniae>S. pneumo-
niae>H. influenzae>S. aureus>K. pneumoniae). Among adults
and older people, P. aeruginosa was up-ranked (ie., S.
pneumoniae, M. pneumoniae, P. aeruginosa, K. pneumoniae, H.
influenzae in the adults and S. pneumoniae, P. aeruginosa, K.
pneumonia, H. influenzae and S. aureus in older people).

For pediatric pneumonia, the top-listing bacterial pathogens
remained the same as that of non-pneumonia, however, with H.
influenzaeup-ranked from third to second (S. pneumoniae>H.
influenzae>M. pneumoniae> S. aureus> K. pneumoniae). For
school-age children with pneumonia, there was a remarkable up-
ranking of P. aeruginosa from eighth to fourth compared with
that of non-pneumonia, whereas the other remained unchanged
(i.e, M. pneumoniae> S. pneumoniae>H. influenzae> P. aerugi-
nosa>and K. pneumoniae). For adults with pneumonia, there was
an up-ranking of M. pneumoniae from sixth to first compared
with that of non-pneumonia, whereas the other remained
unchanged (M. pneumoniae >S. pneumoniae > P. aeruginosa
>K. pneumoniae >H. influenzae). For older people patients, an
identical ranking of the top five bacterial pathogens was observed
between pneumonia and non-pneumonia patients (Supplemen-
tary Table 2). Notably, when all-age groups were taken together,
an identical spectrum and rank of bacterial pathogens were
observed between pneumonia and non-pneumonia groups
(Fig. 2).

The most frequently seen coinfection was observed among S.
pneumoniae, H. influenzae, M. pneumonia, and HRV (Fig. 3A),
however, the patterns differed across age groups, e.g., the
predominant coinfection seen in children was HRV-S. pneumo-
niae and HRV-H. influenzae, S. pneumoniae-M. pneumonia in
school-age children, IFV-A-H. influenzae in adults and S.
pneumoniae-H. influenzae in older people (Supplementary
Fig. 2).

It was notable that most of the interactions referring to IFV-A
were negative, predominantly occurring between RSV-A, IFV-A,
and RSV-B, between IFV-A and HPIV-3, between IFV-A and
HCoV. Positive interaction was identified between HPIV-2 and
HAdV, HCoV, and HPIV-3, HBoV and HPIV-3, HMPV,
and HCoV. In contrast, most of the viral-bacterial interactions
were positive, mainly involving S. pneumoniae (with HRV and
HCoV) and K. pneumoniae (with HRV and HMPV). Among
bacteria, S. pneumoniae and M. pneumonia were less likely to
coexist with another bacterium (S. pneumoniae-P. aeruginosa, S.
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Table 1 Positive rates of viral and bacterial pathogens and viral-bacterial coinfection rate among patients with an acute respiratory infection (ARI) in the mainland of China,
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Number and proportion of at least one positive viral/bacterial pathogen are shown in the table. For viral and bacterial pathogens, the denominators are 110,058 patients with all eight viral pathogens tested and 26,757 patients with all nine bacterial pathogens tested,

respectively.
3Coinfection number and coinfection rate were calculated based on 13,524 patients with 17 pathogens tested. The coinfection was defined as infected by at least two viral or bacterial pathogens.
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sample size.

pneumoniae-K. pneumoniae, S. pneumoniae-S. aureus, M.
pneumonia-S. aureus, and M. pneumonia-H. influenzae). The
negative viral-bacterial interaction was only observed for M.
pneumonia, which occurred between M. pneumonia and IFV-A,
RSV-A, RSV-B, HPIV-3, and HPIV-4) (Fig. 3B, Supplementary
Tables 3-4).

Pattern of age-specific positivity rates. Altogether, 183,011
patients were tested for at least one of the eight viral pathogens.
IFV, as well as its subtype of IFV-A and IFV-B, were observed
with higher positive rates in school-age children or adults than in
older people or children, while all other viruses were most fre-
quently detected from pediatric cases (Supplementary Table 5).
Join-Point regressions (JPRs) revealed the age-specific patterns
(Fig. 4 and Supplementary Fig. 3). A child—elderly pattern was
shown for RSV (both RSV-A and RSV-B), HRV, and HPIV
(mainly in HPIV-1 and HPIV-3), HMPV and HCoV, with the
highest rates observed in pediatric patients, followed by one or
two descending turn points at ~4 years and 15-18 years (sig-
nificant APC < 0), with the lowest incidence observed in school-
age children or adult group, ensued by increasing turn point
(significant APC > 0). The school-age child pattern was featured
for IFV, with the highest rates observed in school-age children
patients, followed by one descending turn point at about 14 years
of age. When subtypes of IFV were separately considered, an
earlier turn point at age 6 for IFV-B compared with 14 years old
for IFV-A (Supplementary Fig. 3). The child pattern was also
featured for HAdV and HBoV, followed by a persistent decrease
to the lowest level in older people (Fig. 4).

Altogether, 84,214 patients were tested for at least one of the
nine bacterial pathogens. A diversified age-specific pattern was
revealed for the presence of tested bacteria (Supplementary

Table 6). A child pattern was revealed for S. pneumoniae, M.
pneumonia, H. influenzae, and C. pneumoniae. The positivity was
the highest for children, dropped as age increased, with an
obvious descending turn point at nine years for S. pneumoniae 7
years for M. pneumoniage, and at 6 years for H. influenza
(Supplementary Fig. 4). Conversely, an elderly pattern was
revealed for K. pneumoniae, P. aeruginosa, and S. aureus, with
their positive rate, increased as patients aged. S. pneumoniae, M.
pneumoniae, and C. pneumoniae were more frequently present in
inpatients, whereas P. aeruginosa, K. pneumoniae, S. aureus and
GAS were more frequently detected in outpatients (Supplemen-
tary Table 5).

Time trends and seasonality. During all study years save 2018,
IFV remained more frequently detected than other viruses. Three
viruses-HRV, RSV, and HPIV remained below IFV, although
their annual positive rates varied (Supplementary Fig. 5). Unlike
viruses, no consistent trend of positive rates across the years was
observed for the tested bacteria. High interannual regularity
existed for the variation of circulating subtypes of IFV, RSV, and
HPIV. IFV-A and HPIV-3 remained as the major subtype com-
position, whereas RSV-A and RSV-B alternated as the pre-
dominant genotypes.

The seasonal pattern of viruses differed between southern and
northern China (Supplementary Fig. 6). Generally, the seasonality
was more distinct in northern China. IFV-A circulated in cold
months (October to the following January) with one peak in
northern China; in contrast, it showed two peaks in January and
in August in southern China. The positive rate of IFV-B was
similar between northern and southern China, circulating from
December to the following March. Even though the epidemic
peaks of RSV-A and RSV-B occurred in colder months, the
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epidemic period of RSV-B seemed to come earlier and last longer
in southern China (Supplementary Fig. 7). The epidemic period
of HPIV-1, HPIV-3 and HPIV-4 were the warm months from
April to July for both northern and southern China while HPIV-2
were not observed to have epidemic peaks. The HBoV, HCoV,
and HRV had higher positive rates in summer but the difference
between months was not significant. The HMPV circulated
mainly in spring with an epidemic peak in March to April. The
HAdV was prevalent throughout the year in northern and
southern China.

Discussion

In this study, by using surveillance data on patients with ARIs
that spanned 11 years on all the mainland of China, we have
identified viral and bacterial pathogen spectrum and explored
their difference in terms of patients’ demography.

IFV, RSV, HRV, HPIV, and HAdV were frequently identified
in patients with either ARI or pneumonia. Among either ARI or
pneumonia patients, RSV was identified as the leading pathogen
in the child group, which was consistent with findings from the
USA®. IFV (mainly IFV-A) and HRV were identified as the
leading viral pathogen in both adults and older people, with or
without pneumonia. The current study also revealed a higher
proportion of HPIV than HMPYV in pneumonia in China, as has
been shown elsewhere!l.

In addition, by comparing the pathogen spectrum between
pneumonia and non-pneumonia patients, we revealed the
pathogens that were more likely to be related to pneumonia
development if detected in ARI patients of varying age groups.
We found an up-ranking of HPIV and H. influenzae in pediatric
pneumonia!?, of HRV and P. aeruginosa in school-age children
pneumonia, of HCoV and M. pneumoniae among adult pneu-
monia, and of HCoV in pneumonia of older people. Unexpect-
edly, HPIV, HRV, and HCoV, which were once thought to cause
only a “common cold”, were associated with pneumonia. Fur-
thermore, these viruses in combination were responsible for
greater annual morbidity than influenza viruses across all-age
groups!314, The IFV was shown to be less important in relating
to pneumonia, reinforcing the view IFV might act as a significant
driver of secondary pneumonial®.

Our Join-Point analysis results revealed the age threshold that
clearly defined the highest-risk group for acquiring infection.
Generally, viral pathogens exhibited a consistent age pattern, in
that younger than 5 years was at the highest-risk age group, in line
with previous studies showing higher detection rates in this age
group®10. The exception was IFV, which was detected with the
highest rate in school-aged children. Although advanced age is
associated with an increase in morbidity and mortality from
influenza, school-age children were more frequently infected with
influenza, potentially owing to their lower levels of immunity than
adults, fewer prior IFV infections, as well as, more opportunities
for transmission to occur in highly crowded school settings, when
compared with other community settings!”. Previous studies using
data from the national influenza surveillance program concluded
similar results from the current study that school-aged children
had the highest positive rate of IFV18-20, A study from New York
City also found that influenza epidemic period peaks occurred
earliest among school-aged children each season regardless of
circulating influenza viral type, subtype, or strain?!. In contrast, a
more diverse age pattern of infection was discovered for bacteria.
Many respiratory bacteria colonize the healthy human respiratory
tract, with some causing respiratory infection diseases opportu-
nistically, such as S. pneumoniae and H. influenzae in children,
compared with K. pneumoniae and P. aeruginosa in older
people?2-25. This was verified by the age turn point determined by

the current Join-Point analysis: 9 years for S. pneumoniae, 6 years
for H. influenza, 40 years for P. aeruginosa. However, K. pneu-
moniae was revealed to be more than simply an “elderly” patho-
gen. Notably, M. pneumonia showed the turning point at about 7
years, which is consistent with the highest detection rate in school-
aged children documented in England and Wales?°.

Inter-pathogen relationships were hard to distinguish owing to
the paucity of simultaneous detection of viral and bacterial
pathogens. The viral-bacterial synergistic effects as we found,
were mainly from S. pneumoniae with respiratory viruses (HRV
and HCoV). Competitive interactions of IFV-A with non-
influenza virus (RSV-A, RSV-B, and HCoV), as well as between
HPIV-3 and HPIV-4 was determined, which are corroborated by
previous epidemiological and mechanism studies2’-32, A range of
respiratory pathogens had been suggested to interfere with the
growth of the other viruses through resource competition, the
immune response, or interference through viral proteins3!:33,
This mechanism can explain the current results showing higher
viral-bacterial yet lower viral-viral coinfection rate than expected
if a random interactive process was assumed. For example, even
for the child group, none of the top five coinfections occurred
between viruses; instead between viruses and bacteria. We are
clear, however, that the current findings revealed only a statistical
relationship between pathogens that perhaps suggest mechanisms
or pathways for future research. A better understanding of the
complex interactions among viruses, bacteria, and viral-bacterial
could help to understand respiratory pathogen epidemiology and
planning public health strategies for infection control.

Geographical heterogeneity was identified for the viral activity.
In general, southern China was characterized by higher overall
positive rates of viruses and relatively lower monthly differences
compared with northern China. Epidemic dynamics driven by
climate factors (mainly by temperature) partly explained overall
detection rates along with seasonality patterns of respiratory
viruses and these relationships varied with latitude343>.

Our study was subject to several important limitations. First,
we failed to identify a detectable etiology in >50% of cases. This
limitation seemed to be common to surveillance studies with
similar study designs>®. Several factors such as the usage of
antibiotics or antiviral drugs prior to treatment might offer
plausible explanations for these low detection rates. Second,
causal relationships cannot be determined merely from the
positive detection of pathogens. Especially for bacterial patho-
gens, the culture on nasopharyngeal aspirate or sputum is likely
to be colonization rather than an invasive infection, which was
owing to the clinical dilemma that poorly tolerated invasive tests
are usually were not prescribed on patients with mild symptoms
or children®. Conversely, there is growing evidence showing an
association between bacterial colonization levels and future
occurrence of ARIs.

Despite these concerns, the determination of age-, gender-,
temporal-, and spatial-specific pathogen spectra may be helpful in
identifying predominant respiratory pathogen candidates for (i)
applying differential diagnosis, (ii) prevention control, and (iii)
the administration of antivirals or vaccines when available.
Unfortunately, vaccines against all of these pathogens are not yet
included in planned immunization in China. Commercially
available vaccines are provided as an option. Coverage rates of
viral or bacterial vaccines were unsurprisingly low, even for the
IFV and H. influenza, recognized to cause a high disease burden
yet showing several immediate opportunities for improved public
health intervention37-37.

Methods
Hospital-based surveillance network. Between January 2009 and December
2019, active surveillance of patients with ARIs was conducted in the 31 provinces
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(autonomous regions or municipalities) in the mainland of China, under the
management of China CDC. Sentinel hospitals were selected in each province, to
sample admissions to general hospitals, children’s hospitals, as well as, urban and
rural community health service centers (Fig. 1A). The number of hospitals was
determined in proportional to the total population size by province. Within each
province, sites were selected with high coverage of medical service, adequate
capacity for surveillance and laboratory testing. All participating hospitals and
laboratories used a standard operating protocol (SOP) of surveillance that included
guidelines for patient enrollment, specimen collection, laboratory testing, data
recording, and management, developed by China CDC*0. All the sentinel hospitals
had undergone training to be qualified for recruiting patients, sample collection,
and test following the SOP, before the surveillance was started. The reference
laboratories were responsible for conducting comprehensive pathogenic tests on
the specimens. Pre-study training, whole-procedure supervision, monthly enroll-
ment reports, data audits, and annual study-site visits were conducted to ensure
uniform procedures were employed as guided among the study sites and across the
years. The SOP was approved by the institutional review board at each institution
and at the CDC, and remained unchanged across the surveillance years*0:41,

Patient enrollment and specimen collection. The ARIs were defined as (1) at
least one of the following conditions: fever, abnormal white blood cell (WBC)
differentials, leukocytosis or leukopenia; (2) at least one of the following symptoms/
signs: cough, chills, expectoration, nasal congestion, sore throat, chest pain,
tachypnea, and abnormal pulmonary breath sounds. Pneumonia was diagnosed
referring to the Chinese Thoracic Society (CTS) guidelines*2, with minor mod-
ification. Those with a chest radiograph demonstrating punctate, patchy, or uni-
form density opacity were defined as having radiographic evidence of pneumonia.
The clinical diagnostic criteria for pneumonia was 1) presence of clinical mani-
festations of pneumonia: (1) new onset of cough or expectoration, or aggravation of
existing symptoms of respiratory tract diseases, with or without purulent sputum,
chest pain, dyspnea, or hemoptysis; (2) fever; (3) signs of pulmonary consolidation
and/or moist rales; (4) peripheral WBC > 10 x 10%/L or < 4 x 10%/L, with or without
a left shift, together with 2) chest radiograph showing new patchy infiltrates, lobar
or segmental consolidation, ground-glass opacities, or interstitial changes, with or
without pleural effusion. A total of 95,534 cases were hospitalized and 60,104 cases
accepted chest radiographic examination. Owing to the samples collected prior to
therapeutic measures according to the SOP of ARI surveillance, the patients with
pneumonia were not healthcare-associated pneumonia getting from sentinel hos-
pitals in this study. Each sentinel hospital enrolled ARI patients from the depart-
ment of internal medicine, emergency department, fever department, pneumology
department, or infectious diseases department to collect patients according to the
preconcerted sample size regulated by the SOP of surveillance3®. Patients with
confirmed diagnoses of non-infectious respiratory diseases such as asthma and
respiratory tumor were excluded. Both outpatients and hospitalized patients were
recruited according to their admission diagnosis of ARI with pneumonia or not.
The respiratory specimens—including nasopharyngeal swab and aspirate, sputum,
bronchoalveolar lavage fluid (BALF), pleural effusion, and blood—were collected
prior to therapeutic measures, and tested within 24 h of the collection; otherwise,
samples were stored at —70°C until tested. If the long-distance transfer was needed,
all of the samples were transferred in dry ice, until the arrival at the reference
laboratory, and the subsequent detection was performed. Specimens for bacteria
cultured should be separated immediately and should not be separated after
storage.

National Health Commission of the People’s Republic of China decided that
since data from patients with ARIs was part of continuing public health
surveillance and implemented national surveillance guidelines; parents/guardians
of participants in this study were only required to provide brief verbal consent
during their enrollment, which was recorded in each questionnaire by their
physicians.

Laboratory procedures. Nasopharyngeal specimens were collected for detection of
eight viral pathogens—IFV, RSV, HPIV, HMPV, HCoV, HRV, HAdV, and HBoV
—by reverse transcriptase-polymerase chain reaction (RT-PCR) or PCR%L. IFV,
RSV, HPIV, HMPV, HCoV, and HRV were tested by RT-PCR, and HAdV and
HBoV were tested by performing PCR according to the SOP. For IFV, RSV, and
HPIV positive samples, the subtypes were further determined by real-time RT-PCR
using specific primers and probes (Supplementary Table 6). Automated nucleic
acid extraction equipment (i.e., from Roche/Qiagen/bioMerieux/Applied BioSys-
tem company), commercial kits (i.e., Invitrogen/Roche/Qiagen/Promega/Takara),
and other traditional methods were all acceptable for nucleic acid extraction. The
primer/probes used and amplification conditions are available on request. All steps
of the nucleic acid extraction and PCR test were conducted in parallel with positive
and negative controls.

Bacterial culture was applied to test blood, nasopharyngeal aspirate, sputum,
BALF, and pleural effusion to detect S. pneumoniae, S. aureus, K. pneumoniae, P.
aeruginosa, GAS, H. influenzae. The extraction nucleic acid and PCR were used on
the bacterial culture-negative specimens to detect the above six bacteria and L.
pneumophila, M. pneumoniae, and C. pneumoniae. Urine was also collected for
rapid antigen detection for L. pneumophila and S. pneumoniae detection (details
in Supplementary Information).

The primers and sequence information for PCR used in ARIs are listed in
Supplementary Figs. 8, 9 and Supplementary Table 6.

Data management and statistical analysis. Data on individual demography,
clinical manifestations, laboratory testing results, chest radiographic findings,
medication use, and outcomes were collected by reviewing medical records and the
data were entered into a standardized database by trained clinicians. All the data
were uploaded to the online management system structured by the China CDC,
sorted to remove redundant data, and checked for incomplete data. Data collection
was considered to be public health surveillance by the National Health Commis-
sion of the People’s Republic of China and verbal informed consent was obtained
from patients or their legal guardians. The surveillance protocol was reviewed and
approved by the ethics review committees of the China CDC (2015-025).

Four age groups were defined: children (<5 years old), school-age (5-17 years
old), adult (18-59 years old), and older people group (260 years old). Provinces
located in southern and northern China were defined according to latitude
(Supplementary Fig. 6). Descriptive statistics included frequency analysis for
categorical variables, medians, and IQR for continuous variables. Pearson’s Chi-
square test or Fisher’s exact test were performed to compare categorical variables
between groups. The JPR model was used to describe trends that were not constant
over ages (V.4.7.0.0, Statistical Research and Applications Branch, National Cancer
Institute, USA). Multi-stage logistic regression models were applied to infer
pathogen interactions at the individual host level after adjusting for patients’ sex,
age, illness severity, and disease seasonality (details in the Supplementary
Information). All the statistical analysis was performed using R version 3.6.3. A
two-sidedp value of <0.05 was considered statistically significant. Further details of
all laboratory procedures and statistical analyses are provided in the Supplementary
Information.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Relevant data that support the findings of this study and model results generated as part
of this study are publicly available within the paper and its Supplementary Information
Files. Raw data are not publicly available and are protected due to data privacy laws,
which were used under license for the current study, but are available upon reasonable
request to the corresponding author and with permission from the data provider (Li-Ping
Wang). The request will be responded within 1 week. Source data are provided with
this paper.
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