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Abstract

Influenza-like illness (ILI) patients co-detected with respiratory pathogens exhibit poorer health outcomes than those

with single infections. To address the paucity of knowledge concerning the incidence of concurrent respiratory path-

ogens, their relationships, and the clinical differences between patients detected with single and multiple pathogens,
we performed an in-depth characterization of the oropharyngeal samples of primary care patients collected in Genoa
(Northwest Italy), during winter seasons 2018/19-2019/20.

The apriori algorithm was employed to evaluate the incidence of viral, bacterial, and viral-bacterial pairs dur-
ing the study period. The grade of correlation between pathogens was investigated using the Phi coefficient. Factors
associated with viral, bacterial or viral-bacterial co-detection were assessed using logistic regression.

The most frequently identified pathogens included influenza A, rhinovirus, Haemophilus influenzae and Streptococcus
pneumoniae. The highest correlations were found between bacterial-bacterial and viral-bacterial pairs, such as Hae-
mophilus influenzae-Streptococcus pneumoniae, adenovirus-Haemophilus influenzae, adenovirus-Streptococcus pneu-
moniae, RSV-A-Bordetella pertussis, and influenza B Victoria-Bordetella parapertussis. Viruses were detected together

at significantly lower rates. Notably, rhinovirus, influenza, and RSV exhibited significant negative correlations with each
other. Co-detection was more prevalent in children aged <4, and cough was shown to be a reliable indicator of viral
co-detection.

Given the evolving epidemiological landscape following the COVID-19 pandemic, future research utilizing the meth-
odology described here, while considering the circulation of SARS-CoV-2, could further enrich the understanding
of concurrent respiratory pathogens.
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Background

According to the Global Burden of Disease (GBD) col-
laboration, globally, in 2019 there were about 17.2 bil-
lion cases of upper respiratory tract infection (URI) and
489 million cases of lower respiratory tract infection
(LRI), which lead to, respectively, 10,000 and 2.5 mil-
lion deaths. The highest incidence and mortality rates
are observed among elders and children younger than
5 years, those who are immunocompromised or have
underlying comorbidities such as chronic heart and
respiratory disease [1].

On the other end of the spectrum of URIs, influenza-
like illness (ILI) is distinguished by the sudden onset
of at least one among four systemic symptoms (fever
or feverishness, malaise, headache, myalgia) and one
among three respiratory symptoms (cough, sore throat,
shortness of breath). In the US, during the 2020-21
season, approximately 3000 health care providers
reported an average 85 million outpatient visits for ILI
symptoms [2].

With the development of multiplex PCR assays, which
can identify numerous pathogens in a single sample, it
has been found that many patients (20—-40%) who present
with ILI are actually infected with multiple viruses [3].

By both damaging the airway epithelium and dysregu-
lating the inflammatory responses, viruses also predis-
pose to secondary bacterial infection throughout the
respiratory tract.

Multiple additional infections have been observed,
among others, concomitantly to influenza A, influenza
B, respiratory syncytial virus (RSV), rhinovirus, human
coronavirus, parainfluenza virus and adenovirus. Strepto-
coccus pneumoniae, Haemophilus influenzae, Moraxella
catarrhalis, Staphylococci and respiratory anaerobes are
predominant in both acute and chronic rhinosinusitis [4].

An analysis of 19,31 patients with respiratory infections
has shown that, compared with other groups, patients
with co-infections have both higher intensive care unit
(ICU) admission and mortality rates, especially in case of
laboratory-confirmed viral-bacterial co-infections [5].

Given the increased morbidity and mortality, the
ability to identify co-infections represents an impor-
tant advancement. However, there is currently a lack of
knowledge regarding the relative frequency of co-detec-
tion of respiratory pathogens, their relationships, and the
clinical differences between the presence of single and
multiple pathogens.

This paucity of data is especially evident in the pre-
COVID era, when limited research on co-detection of
respiratory pathogens was carried out. As the current
scientific discourse largely centers around SARS-CoV-2
co-infections, retrospective analyses can shed light on
potential changes in the epidemiological patterns and
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their clinical implications, contributing to a more holis-
tic comprehension of respiratory infections.

Study objective

The scope of this study was to gather comprehensive
data on the incidence of concurrent respiratory patho-
gens, their relationships, and the clinical differences
between patients detected with single and multiple
pathogens.

In order to do so, an in-depth characterization of the
oropharyngeal samples of ILI patients attending pri-
mary care in Liguria (Northwest Italy), over the course
of two pre-pandemic seasons (2018-19 and 2019-20),
was performed in 3 steps:

1) Calculating the incidence of viral, bacterial, and viral-
bacterial pairs of pathogens co-detected during the
study period;

2) Establishing the grade of correlation between respira-
tory pathogens;

3) Identifying factors associated with the co-detection
of viral, bacterial or viral-bacterial pathogens;

Methods

Study setting and population

Data was collected by the Interuniversity Research
Center on Influenza and other Transmissible Infections
(CIRI-IT) during winter seasons 2018-19 and 2019-20
within the framework of the DRIVE study. This was a
European observational case—control study (design
test-negative) meant to measure seasonal influenza
vaccination effectiveness (IVE) against laboratory-con-
firmed influenza [6].

The study population consisted of patients aged
6 months and above, with no contraindication for
influenza vaccination, who consulted a GPs or paedia-
trician who were part of the study network, for symp-
toms compatible with ILI in accordance with the ECDC
case definition [7]. Inclusion and exclusion criteria are
extensively described in the DRIVE protocol [8].

Demographic characteristics, chronic conditions
and risk factors were collected by means of a standard-
ized questionnaire. Subjects were enrolled from week
45/2018 to week 18/2019 and from week 44/2019 to
week 11/2020.

The minimal required laboratory analyses for the
DRIVE study included detection of influenza viruses
and subtyping of positive samples. However, additional
laboratory analyses were performed and used, retro-
spectively, for the completion of this manuscript.
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Laboratory analysis

In accordance with national protocols, pathogens in res-
piratory samples were identified empoying molecular
assays.

The genetic material was extracted from each res-
piratory swab and set up for PCR with the Nimbus IVD
Seegene platform (STARMag 96x4 Viral DNA/RNA
Universal Kit).

Overall, the presence of 26 pathogens in the extracted
material was investigated, through a one-step real-time
multiplex retro-transcription RT-PCR assay on a Bio-
rad CFX96 " thermal cycler. Three positive controls (one
for each respiratory panel) and one internal control for
viruses (common to all respiratory panels) were used for
the analysis (included in the Seegene kit).

The kit used for the detection of 19 respiratory virus
(RSV-A, RSV-B, influenza A(HIN1) and A(H3N2), influ-
enza B, adenovirus, enterovirus, metapneumovirus,
parainfluenza virus (PIV) 1, PIV-2, PIV-3, PIV-4, bocavi-
ruses 1-4, rhinovirus and coronaviruses (229E, NL63,
0OC43)) and 7 bacteria pathogens (Streptococcus pneu-
moniae, Bordetella parapertussis, Bordetella pertussis,
Chlamydophila pneumoniae, Haemophilus influenzae,
Legionella pneumophila, Mycoplasma pneumoniae) was
the AllplexTM Respiratory Panel Assays (https://adeno
virus.seegene.com/assays/allplex_respiratory_panel
assays). Because this kit is not meant for the subtyping of
influenza B, influenza B positive samples were character-
ized into B-Yamagata and B-Victoria lineages through a
one-step real-time multiplex RT-PCR assay. To check
extraction performance, amplification of the human ribo-
nuclease P gene (RNP) was carried out at the same time;
this procedure utilized a specific primer/probe set and
adopted the same thermal profile as that of the influenza
A/B virus real time RT-PCR assay [9].

Samples showing a cycle threshold (Ct) value <40 were
considered positive. Sample aliquots were stored at -20°C
in order to be used for future studies. Indeed, because
participants of the DRIVE study were enrolled until week
11 of 2020, preservation of aliquots allowed us to later
test all samples for SARS-CoV-2, in order to assess a pos-
sible premature circulation of the virus. For the detec-
tion of SARS-CoV-2, the AllplexTM SARS-CoV-2 assay,
able to detect 4 genes of the virus, was employed (https://
adenovirus.seegene.com/assays/allplex_sars_cov_2_
assay).

Statistical analysis

The incidence of each respiratory pathogen, as well as
pairs of viral, bacterial, and viral-bacterial pathogens
during the study period, was evaluated using the apriori
algorithm.
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Unlike conventional incidence ratios, in the context
of complex interactions within the dataset, the use of
the apriori algorithm allowed us to consider scenarios
where pathogens are not only detected in pairs, but also
as part of more numerous pathogen combinations. For
instance, when examining the incidence of the Strepto-
coccus pneumoniae and Haemophilus influenzae pair,
the algorithm allowed us to calculate its incidence
when these pathogens are found not only alone (a sam-
ple positive to Streptococcus pneumoniae and Haemo-
philus influenza), but within larger sets of pathogens
(eg. a sample positive to Streptococcus pneumoniae,
Haemophilus influenzae and influenza A or Streptococ-
cus pneumoniae, Haemophilus influenzae, influenza A
and adenovirus).

Specifically, this process involves first identify-
ing frequently appearing individual pathogens (indi-
vidual “items” with a frequency greater than or equal
to a given “support” threshold) within the dataset.
Subsequently, the algorithm systematically extends
these individual findings into broader, frequent sets of
pathogen combinations (“frequent itemsets”) [10]. The
algorithm was implemented using KNIME Analytics
Platform version 4.6.0 (University of Konstanz, Zurich,

Switzerland).

Example of algorithm output in the context of our dataset:

O itemset: adenovirus, rhinovirus (pathogen pair of interest)

O itemset size: 2 (number of items, in this case pathogens, contained
in the itemset)

O itemset support: 29 (number of times the itemset is contained

in the database, alone or in association with other items)

O relative itemset support: 1.43% (rate at which the itemset is con-
tained in the database, alone or in association with other items)

The “relative itemset support” corresponds to the incidence rate

at which an itemset (a pathogen or pair of pathogens) is contained
in the database, alone or in association with other items, dur-

ing the study period

The grade of correlation between different viral and
bacterial respiratory pathogens was investigated using
the Phi coefficient.

Differences in continuous variables between two sea-
sons were investigated with independent sample t-test
or non-parametric Mann—Whitney test. Any associa-
tion between season and categorical data was assessed
by Chi-square test or Fisher’s exact test. Fisher’s exact
test was used when the Chi-square test provided unre-
liable results due to small, expected cell counts (< 5).

Finally, the identification of factors predicting the pres-
ence multiple viral, bacterial or viral-bacterial pathogens
was assessed using logistic regression models. P val-
ues < 0.05 were considered statistically significant.

Analysis was performed using IBM SPSS Statistics
Version 24.0 (IBM Corp, Armonk, NY, USA).
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Results
Subject characteristics
Full list of subject characteristics is shown in Supple-
mentary Material (Table 1). Across the two seasons,
2027 individuals were enrolled in the study. Overall, 326
(16.1%) individuals aged 0-4 years, 461 (22.7%) indi-
viduals aged 5-17 years, 908 (44.8%) individuals aged
18-64 years and 332 (16.4%) individuals aged > 65 years
were enrolled.

1047 (51.7%) were females, 562 (27.7%) had at least one
chronic condition and 505 (24.9%) received a flu vaccine
during the enrolment season.

Respiratory infections
The overall incidence of viral and bacterial pathogens is
shown in Supplementary Material (Table 2). Influenza A
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was the most incident viral detection, with A(H3N2) and
A(HIN1) with a relative itemset support of 14.40% and
9.91%, respectively. Rhinovirus, coronaviruses and ade-
novirus were the second, fourth and fifth most common
viral infections (14.30%, 5.77% and 5.22%, respectively).
Because none of the samples later tested for SARS-CoV-2
yielded a positive result, the incidence rate of SARS-
CoV-2 was 0%.

With regards to bacteria, Haemophilus influenzae,
Streptococcus pneumoniae and Mycoplasma pneumo-
niae were the most incident (37.98%, 19.93% and 3.60%,
respectively).

Table 1 shows the overall incidence of co-detected viral
pairs.

Rhinovirus was the most commonly pathogen found
in viral co-detections. Adenovirus-rhinovirus and enter-
ovirus-rhinovirus were in fact the two most incident

Table 1 Incidence of viral pairs in winter seasons 2018/19 and 2019/20

Item set Itemset size Itemset support Relative
itemset
support (%)

Adenovirus-rhinovirus 2 29 143

Enterovirus-rhinovirus 2 17 0.83

Rhinovirus-RSV-A 2 14 0.69

Influenza A(H3N2)-rhinovirus 2 14 0.69

Coronaviruses-rhinovirus 2 12 0.59

Rhinovirus-RSV-B 2 9 044

Adenovirus-RSV-A 2 9 044

Bocaviruses 1-4-rhinovirus 2 8 0.39

Adenovirus-enterovirus 2 8 0.39

Adenovirus-coronaviruses 2 8 0.39

Metapneumovirus-rhinovirus 2 7 0.34

Influenza A(H3N2)-RSV-B 2 7 0.34

Adenovirus-RSV-B 2 6 0.29

Adenovirus-bocaviruses 1-4 2 5 0.25

Adenovirus-metapneumovirus 2 5 0.25

Enterovirus-RSV-A 2 5 0.25

Coronaviruses-influenza A(H1NT) 2 5 0.25

Coronaviruses-influenza A(H3N2) 2 5 0.25

PIV-3-rhinovirus 2 4 0.20

Coronaviruses-influenza B Victoria 2 4 0.20

Coronaviruses-RSV-A 2 4 0.20

Adenovirus-influenza A(HTN1) 2 4 0.20

PIV-3-RSV-B 2 3 0.15

Adenovirus-PIV-3 2 3 0.15

Enterovirus-bocaviruses 1-4 2 3 0.15

Bocaviruses 1-4-RSV-A 2 3 0.15

Influenza A(HTN1)-metapneumovirus 2 3 0.15

Influenza A(H3N2)-metapneumovirus 2 3 0.15

Enterovirus-RSV-B 2 3 0.15

Adenovirus-influenza A(H3N2) 2 3 0.15
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concomitant viral pairs (1.43% and 0.83%), followed by
RSV-A-rhinovirus and influenza A(H3N2)-rhinovirus
(0.69% each).

Table 2 shows the overall incidence of co-detected bac-
terial pairs.

Table 2 Incidence of bacterial pairs in winter seasons 2018/19
and 2019/20

Itemset Itemset size Itemset Relative

support itemset
support (%)

H. influenzae-S. pneumoniae 2 276 13.61

H. influenzae-M. pneumoniae 2 37 1.82

M. pneumoniae-S. pneumoniae 2 20 0.99

C. pneumoniae-H. influenzae 2 4 0.20

B. pertussis-S. pneumoniae 2 3 0.15

B. pertussis-H. influenzae 2 3 0.15

C. pneumoniae-S. pneumoniae 2 3 0.15

B. parapertussis-S. pneumoniae 2 1 0.05

B. parapertussis-H. influenzae 2 1 0.05

Haemophilus influenzae and streptococcus pneumoniae
were the most common pathogens found in bacterial co-
detections. Top 3 pairs were haemophilus influenzae and
streptococcus pneumoniae (13.61%), haemophilus influen-
zae and mycoplasma pneumoniae (1.82%) and streptococ-
cus pneumoniae and mycoplasma pneumoniae (0.99%).

Finally, Table 3 shows the overall incidence of viral-
bacterial pairs. Top 3 pairs were Rhinovirus and Haemo-
philus influenzae (6.86%), influenza A and Haemophilus
influenzae (5.28% and 4.29%, respectively for influenza
A(H3N2) and A(HIN1)) and rhinovirus and Streptococ-
cus pneumoniae (4.00%).

Correlation between viral and bacterial respiratory
pathogens

Figure 1 shows the grade of correlation (in terms of pres-
ence) between different viral and bacterial respiratory
pathogens.

Overall, there were 31 statistically significant positive
associations between pairs of pathogens. The highest
strength of effect was the correlation between Haemophi-
lus influenzae and Streptococcus pneumoniae (Phi=0.31;
»<0.001). The next was between adenovirus and both
Haemophilus influenzae (Phi=0.15; p<0.001) and Strep-
tococcus pneumoniae (Phi=0.15; p<0.001). Third, there
were the correlations between Bordetella pertussis and
RSV-A (Phi=0.12; p<0.001) and Bordetella parapertus-
sis and influenza B Victoria (Phi=0.12; p <0.001).
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Table 3 Incidence of viral-bacterial pairs in winter seasons
2018/19 and 2019/20

Item Set Itemset size Itemset Relative
support itemset
support
(%)
Rhinovirus-H. influenzae 2 139 6.86
Influenza A(H3N2)-H. influenzae 2 107 5.28
Influenza A(HIN1)-H. influenzae 2 87 429
Rhinovirus-S. pneumoniae 2 81 4.00
Adenovirus-H. influenzae 2 73 3.60
Influenza A(H3N2)-S. pneu- 2 63 3.11
moniae
Coronaviruses-H. influenzae 2 50 247
Influenza A(HINT1)-S. pneu- 2 50 247
moniae
Adenovirus-S. pneumoniae 2 48 2.37
RSV-A-H. influenzae 2 46 227
Enterovirus-H. influenzae 2 40 197
RSV-B-H. influenzae 2 39 1.92
Influenza B Victoria-H. influ- 2 38 1.87
enzae
RSV-A-S. pneumoniae 2 29 143
Coronaviruses-S. pneumoniae 2 28 1.38
Enterovirus-S. pneumoniae 2 24 1.18
Metapneumovirus-H. influ- 2 23 1.13
enzae
RSV-B-S. pneumoniae 2 20 0.99
Metapneumovirus-S. pneu- 2 19 0.94
moniae
Bocaviruses 1-4-H. influenzae 2 18 0.89
Influenza B Victoria-S. pneu- 2 15 0.74
moniae
Bocaviruses 1-4-S. pneumoniae 2 14 0.69
PIV-3-H. influenzae 2 11 0.54
Influenza B Yamagata-H. 2 9 044
influenzae
Rhinovirus-M. pneumoniae- 2 9 044
PIV-3-S. pneumoniae 2 7 0.34
PIV-4-H. influenzae 2 6 0.30
Influenza B Yamagata-S. pneu- 2 6 0.30
moniae
PIV-4-H. influenzae 2 5 0.25
Influenza A(H3N2)-M. pneu- 2 5 0.25
moniae

In addition, there were 18 statistically significant
negative associations between pairs of pathogens.
The highest strength of effect was shown, among oth-
ers, for the correlation between influenza A(H1IN1)
and influenza A(H3N2) (Phi=-0.14; p<0.001), influ-
enza A(HIN1) and rhinovirus (Phi=-0.13; p<0.001),
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Fig. 1 Grade of correlation between different viral and bacterial respiratory pathogens

influenza A(H3N2) and rhinovirus (Phi=-0.11;
p<0.001), influenza A(H3N2) and RSV-A (Phi=-0.08;
p=0.001).

Circulation by calendar week is illustrated in Fig. 2.

Characterization of patients detected with single

and multiple respiratory pathogens

Factors associated with detection of single pathogens
were analyzed and are shown in Supplementary Mate-
rial (Table 3). The main determinant for the presence of a
single pathogen was age. In fact, age groups 5-17, 18—-64
and > 65 had, in comparison with the youngest age group
0—4 (ref.), about 2 and 3 times the odds of detection of
a single viral or bacterial species. Factors associated with
multiple infections are reported in Table 4. The main
determinant for the presence of co-detection was also
age, but with opposite direction. In fact, all age groups
had significant lower odds of co-detection in compari-
son with the 0—4 age group. With regards to viral co-
detection, in particular, the odds were about 64% [OR
0.36 (95%CI 0.24 — 0.55); p<0.001] lower among sub-
jects aged 5—17 years and 94% [OR 0.06 (95%CI 0.03 —
0.12); p<0.001] and 96% [OR 0.04 (95%CI 0.01 — 0.13);
p<0.001] lower among adults aged 18-64 years and
elderly>65 years, respectively. With regards to bacte-
rial co-detections, they were 43% [OR 0.57 (95%CI 0.40
— 0.80); p=0.001] lower among subjects aged 5-17 years
and 91% [OR 0.09 (95%CI 0.05 — 0.14); p <0.001] and 95%
[OR 0.05 (95%CI 0.02 — 0.11); p<0.001] lower among
adults aged 18-64 years and elderly > 65 years. As for

viruses and bacteria, in comparison with age group
0—4, the odds of co-detection were reduced by 62% [OR
0.38 (95%CI 0.21 — 0.68); p=0.001] among subjects
aged 5-17 years and 96% [OR 0.02 (95%CI 0.01 — 0.10);
p<0.001] among adults aged 18—64 years.

Our results also indicate differential clinical features
between the presence of viral and bacterial pathogens.

Particularly, individuals with both single viral detection
and viral-viral detection had higher odds of reporting
cough. The odds, however, were higher in case of viral-
viral detection [OR 2.10 (95%CI 1.14 - 3.89); p=0.018
vs. OR 1.81 (95%CI 1.30 — 2.52); p<0.001]. On the other
hand, individuals detected with a single bacterial species
had 39% lower odds of cough [OR 0.61 (95%CI 0.42—
0.87); p=0.007]. This association was not shown in case
of bacterial co-detection for which, however, the odds of
reporting a sore throat were 33% lower [OR 0.67 (95%CI
0.49 - 0.91); p=0.010].

Finally, individuals with a viral-bacterial co-detection
had, in comparison with other patients, 51% lower odds
of reporting headache [OR 0.49 (95%CI 0.26- 0.96);
p=0.036].

Discussion and conclusions
In this study, the most common viral and bacterial path-
ogens found in respiratory samples were, respectively,
influenza A and rhinovirus and Haemophilus influenzae
and Streptococcus pneumoniae.
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Table 4 Association between demographic characteristics, chronic conditions and risk factors and co-detections

Presence of viral co-detections

Presence of viral-bacterial
co-detections

Presence of bacterial
co-detections

Univariate Multivariate

Univariate Multivariate Univariate Multivariate

Age group
0-4 <0.001 Ref
5-17 0.36 (0.24 —
0.55);<0.001
18-64 0.06 (0.03 -
0.12);<0.001
>65 0.04 (0.01 -
0.13);<0.001
Males vs females 0.64 -
Smoking status <0.001 0.99
Never smoker
Former smoker
Daily smoker
Not reported
Season
2019-2020 0.96 -
2018-2019
Number of symp- ~ Two or three <0.001 0.25
toms More than three
Fever <0.001 0.28
Headache <0.001 0.34
Myalgia <0.001 0.87
Malaise <0.001 0.80
Cough 0.029 2.10(1.14-3.89);
0.018
Difficulty breathing 044 -
Sore throat <0.001 0.56
Influenza vaccina- 0.77 -
tion in current
season
Presence of at least <0.001 0.87
one chronic disease
Antiviral treatment 0.30 -
within the 2 weeks
before swab
Statin use at the 0.020 0.72

time of vaccination

Ref

<0.001 Ref <0.001
0.57 (0.40 - 0.80); 0.38(0.21 - 0.68); 0.001
0.001
0.09 (0.05 - 002 (0.01 -
0.14);<0.001 0.10);<0.001
005 (0.02 - -
0.11)<0.001

0.14 - 0.98 -

<0.001 091 <0.001 0.99

0.002 0.07 0.13

<0.001 091 <0.001 091

<0.001 0.99 <0.001 0.99

<0.001 0.16 <0.001 049 (0.26 - 0.96);0.036

<0.001 049 <0.001 0.74

0.001 052 0.001 0.55

097 - 005 0.09

0.64 - 0.24 -

<0.001 0.67 (0.49-0.91); <0.001 0.34
0.010

0.24 - 093 -

<0.001 0.30 <0.001 0.16

0.99 - 0.99 -

0.003 0.98 0.99 -

Rhinovirus, in particular, was the most present in viral
co-detections, frequently in pair with adenovirus, entero-
virus, RSV-A or influenza A(H3N2).

Haemophilus influenzae and Streptococcus pneumoniae
were instead the most present in bacterial co-detections,
in pair with each other or Mycoplasma pneumoniae.

Finally, the top 3 viral-bacterial pairs were rhinovi-
rus-Haemophilus influenzae, influenza A-Haemophilus
influenzae and rhinovirus-Streptococcus pneumoniae.

The highest strength of correlation was found for
bacterial-bacterial or viral-bacterial pairs such as
Haemophilus influenzae-Streptococcus pneumoniae,
adenovirus-Haemophilus influenzae, adenovirus-Strep-
tococcus pneumoniae, RSV-A-Bordetella pertussis and
influenza B Victoria-Bordetella parapertussis.

By contrast, viral-viral pairs were detected together
at significant lower rates than bacterial-bacterial or
viral-bacterial pairs. Rhinovirus, influenza, and RSV,
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in particular, showed a significant negative correla-
tion between each other, with the highest negative val-
ues found for the pairs influenza A(HIN1)-influenza
A(H3N2), rhinovirus-influenza and RSV-influenza.

These results align with prior analyses, revealing that
co-detections of common respiratory viruses often occur
at considerably lower rates than would be expected by
chance alone [11-14]. These observations support the
viral interference hypothesis, according to which pre-
vious exposure of cells to another virus inhibits viral
reproduction. Factors implicated are the generation of
interferons by infected cells and the occupation or down-
modulation of cellular receptors [11].

On the other hand, potentially pathogenic bacteria tend
to colonize the upper airways, with a proven increase in
density and frequency of colonization during viral infec-
tions [15]. In vitro studies have shown that influenza and
RSV viruses have the ability to augment bacterial adher-
ence to the respiratory epithelium by up-regulating cell
receptors [16]. Recent advances in microbiome research
indicate that the mechanisms by which respiratory
viruses promote bacterial infections are diverse and go
from damaging the airways to dysregulating the immune
responses and can even involve the mediated release of
bacteria from biofilms [17].

In agreement with other studies we found that co-
detection is substantially more common in children,
especially under the age of 5 [18-20].

With regards to signs and symptoms, our results sub-
stantiate with prior literature suggesting that cough
is a valid indicator of viral co-detections [21]. How-
ever, it’s worth acknowledging that certain observed
associations may be biased. For instance, the observed
diminished odds of cough and sore throat among individ-
uals detected with bacterial species and headache among
individuals detected with viruses and bacteria, could be
attributed to the self-reporting of symptoms. Indeed, our
analysis has demonstrated a significant increase in co-
detection rates among young children aged 0 to 4 years,
that may not possess the ability to effectively communi-
cate subjective symptoms like "sore throat" and "head-
ache," but can still exhibit the action of coughing.

In addition, we were unable to differentiate between
different types of cough (eg. dry, typically viral, versus
productive, typically bacterial).

Our study presents with additional limitations. In fact,
the evaluation of co-detections was not one of the initial
outcomes of the DRIVE study, which incapacitated us
from following up patients over time and potentially ana-
lyze the sequence of additional infections.

The determinants for adjustment in the multivariable
analysis were also chosen on the basis of another out-
come (namely, influenza vaccine effectiveness). Thus, it is
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possible that other determinants relevant to our research
question were overlooked.

Finally, because all of our samples came from individu-
als undergoing outpatient visits for ILI and none of them
were hospitalized, we were not able to analyse different
clinical outcomes among co-detection groups. Neverthe-
less, other studies have found that morbidity and mortal-
ity are significantly higher in patients with viral-bacterial
co-infections in comparison with individuals detected
with a single viral or bacterial species [5, 22], underly-
ing the need for correct and punctual information on the
relationship between respiratory pathogens.

A significant strength of our study lies in the use
of the apriori algorithm, usually employed in other
domains such as market basket analyses, to evaluate
the real incidence of respiratory pathogens, alone and
in combination. In fact, the algorithm was initially
developed for the field of retail and consumer behav-
ior, where it identifies frequent itemsets (combinations
of items frequently bought together). In the context of
respiratory pathogens, the algorithm helps uncover fre-
quent co-occurrences, revealing hidden patterns and
associations among pathogens that might not be evi-
dent through traditional methods.

In our study, we indeed observed that certain patho-
gens appeared together more frequently, suggesting
potential synergistic relationships, and certain patho-
gens appeared together less frequently, suggesting
potential antagonistic relationships.

The subsequent correlation analysis solidified these
observations, providing evidence of the existence of
both positive and negative correlations between the
investigated pathogens.

Another advantage to our study is that we were able
to test the presence of a high number of respiratory
pathogens (19 viruses and 7 bacteria) in a similar sam-
ple of individuals living in the same area and presenting
with ILI symptoms, for a total of 2027 individuals with
an oropharyngeal swab.

Finally, none of our samples later tested for SARS-
CoV-2 yielded a positive result. However, given the
change in the epidemiological panorama following
the spread of the COVID-19 pandemic, future studies
employing the methodology here described and taking
in account the circulation of SARS-CoV-2 could further
enrich the body of evidence on the concurrency of res-
piratory pathogens.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512879-024-09687-1.

[ Supplementary Material 1. }



https://doi.org/10.1186/s12879-024-09687-1
https://doi.org/10.1186/s12879-024-09687-1

Ferrari et al. BMC Infectious Diseases (2024) 24:881

Authors’ contributions

Conceptualization (AF, SM, AQ, GI); Methodology (AF, IS, SM); Validation (AO,
DP, GI); Formal Analysis (AF, IS, SM); Investigation (MO, CM, RS, IG, EC, EM, PL,
SM, BB, DP, IC); Resources (AQ, DP, Gl); Data curation (SM); Writing-Original Draft
(AF); Writing-Review and editing (AF, MO, CM, RS, IG, EC, EM, PL, SM, BB, AO, DP,
Gl); Visualization (AF, IS, SM); Supervision (AO); Project Administration (AO, DP,
Gl); Funding acquisition (AO, DP, GI).

Funding

This project has received funding from the Innovative Medicines Initiative 2
Joint Undertaking under grant agreement No. 777363. This joint undertak-
ing received support from the European Union’s Horizon 2020 Research and
Innovation program and EFPIA.

Availability of data and materials

Further details and results from the DRIVE studies are available at the DRIVE
website via the following link: https://www.drive-eu.org/ (accessed on 14
November 2022).

Declarations

Ethics approval and consent to participate

The study was performed in accordance with the World Medical Association’s
Declaration of Helsinki and the retrospective data were fully anonymized.
Protocols of the DRIVE studies were approved by the Ethics Committee of the
Liguria Region (N° 315/2018 and 246/2019). Written informed consent was
obtained for all patients enrolled. Informed consent for minors was obtained
from a parent and/or legal guardian.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 4 October 2023 Accepted: 29 July 2024
Published online: 29 August 2024

References

1. JinX,Ren J,LiR, GaoY, Zhang H, Li J, Zhang J, Wang X, Wang G. Global
burden of upper respiratory infections in 204 countries and territories,
from 1990 to 2019. EClinicalMedicine. 2021;37:100986. https://doi.org/10.
1016/j.eclinm.2021.100986.

2. Centers for Disease Control (CDC). U.S. Influenza Surveillance: Purpose
and Methods. Available at: https://www.cdc.gov/flu/weekly/overview.
htm. Accessed 09/01/2023

3. Alexander P, Dobrovolny HM. Treatment of respiratory viral coinfections.
Epidemiologia (Basel, Switzerland). 2022;3(1):81-96. https://doi.org/10.
3390/epidemiologia3010008.

4. Griffiths EC, Pedersen AB, Fenton A, Petchey OL. The nature and conse-
quences of coinfection in humans. J Infect. 2011;63(3):200-6. https://doi.
0rg/10.1016/}jinf.2011.06.005.

5. LiuY, Ling L, Wong SH, Wang MH, Fitzgerald JR, Zou X, Fang S, Liu X, Wang
X, HuW, Chan H, Wang Y, Huang D, Li Q Wong WT, Choi G, Zou H, Hui DS,
Yu J, Tse G, Zhang L. Outcomes of respiratory viral-bacterial co-infection
in adult hospitalized patients. EClinicalMedicine. 2021;37:100955. https://
doi.org/10.1016/j.eclinm.2021.100955.

6. DRIVE (Development of Robust and Innovative Vaccine Effectiveness).
Available at: https://www.drive-eu.org/. Accessed 01 April 2022

7. European Center for Disease Control and Prevention (ECDC). EU case
definitions/Influenza including Influenza A(H1N1). Available at: https://
ecdc.europa.eu/en/surveillance-and-disease-data/eu-case-definitions.
Accessed 01 April 2022

8. Bollaerts K, Alexandridou M. Annex 3: Sample size considerations for
case-control studies (in D7.1 Core protocol for type/brand-specific influ-
enza vaccine effectiveness studies - test-negative design studies). 2018.

Page 10 of 10

https://www.drive-eu.org/wp-content/uploads/2018/12/DRIVE_D7.1 _
Core-protocol-for-test-negative-design-studies_1.1.pdf

9. World Health Organization (WHO). Global Influenza Surveillance Net-
work. Manual for the laboratory Diagnosis and Virological Surveillance of
Influenza; http://whglibdoc.who.int/publications/2011/9789241548090.
Accessed 01 April 2022

10. Apriori. Find Frequent Item Sets and Association Rules with the Apriori
Algorithm. Available at: https://borgelt.net/doc/apriori/apriori.html.
Accessed 01 April 2022

11. Piret J, Boivin G. Viral Interference between respiratory viruses. Emerg
Infect Dis. 2022;28(2):273-81. https://doi.org/10.3201/eid2802.211727.

12. Achten NB, Wu P, Bont L, Blanken MO, Gebretsadik T, Chappell JD, Wang L,
Yu C, Larkin EK, Carroll KN, Anderson LJ, Moore ML, Sloan CD, Hartert TV.
Interference between respiratory syncytial virus and human rhinovirus
infection in infancy. J Infect Dis. 2017;215(7):1102-6. https://doi.org/10.
1093/infdis/jix031.

13. Greer RM, McErlean P, Arden KE, Faux CE, Nitsche A, Lambert SB, Nissen
MD, Sloots TP, Mackay IM. Do rhinoviruses reduce the probability of viral
co-detection during acute respiratory tract infections? J Clin Virology.
2009;45(1):10-5. https://doi.org/10.1016/j,jcv.2009.03.008.

14. Wu A, Mihaylova VT, Landry ML, Foxman EF. Interference between
rhinovirus and influenza A virus: a clinical data analysis and experimental
infection study. Lancet Microbe. 2020;1(6):e254-62. https://doi.org/10.
1016/52666-5247(20)30114-2.

15. DeMuri GP, Gern JE, Eickhoff JC, Lynch SV, Wald ER. Dynamics of Bacterial
Colonization With Streptococcus pneumoniae, Haemophilus influenzae,
and Moraxella catarrhalis during symptomatic and asymptomatic viral
upper respiratory tract infection. Clin Infect Dis. 2018;66(7):1045-53.
https://doi.org/10.1093/cid/cix941.

16. Avadhanula V, Rodriguez CA, Devincenzo JP, Wang Y, Webby RJ, Ulett
GC, Adderson EE. Respiratory viruses augment the adhesion of bacterial
pathogens to respiratory epithelium in a viral species- and cell type-
dependent manner. J Virol. 2006;80(4):1629-36. https://doi.org/10.1128/
JVI.80.4.1629-1636.2006.

17. Bakaletz LO. Viral-bacterial co-infections in the respiratory tract. Curr Opin
Microbiol. 2017;35:30-5. https://doi.org/10.1016/j.mib.2016.11.003.

18. Bonzel L, Tenenbaum T, Schroten H, Schildgen O, Schweitzer-Krantz S,
Adams O. Frequent detection of viral coinfection in children hospitalized
with acute respiratory tract infection using a real-time polymerase chain
reaction. Pediatr Infect Dis J. 2008,27(7):589-94. https://doi.org/10.1097/
INF.Ob013e3181694fb9.

19. Pinky L, Dobrovolny HM. Coinfections of the respiratory tract: viral com-
petition for resources. PLoS One. 2016;11(5):e0155589. https://doi.org/10.
1371/journal.pone.0155589.

20. MandeliaY, Procop GW, Richter SS, Worley S, Liu W, Esper F. Dynamics and
predisposition of respiratory viral co-infections in children and adults. Clin
Microbiol Infect. 2021;27(4):631.e1-631.e6. https://doi.org/10.1016/j.cmi.
2020.05.042.

21. Huijskens EGW, Koopmans M, Palmen FMH, van Erkel AJM, Mulder PGH,
Rossen JWA. The value of signs and symptoms in differentiating between
bacterial, viral and mixed aetiology in patients with community-acquired
pneumonia. J Med Microbiol. 2014;63(Pt 3):441-52. https://doi.org/10.
1099/jmm.0.067108-0.

22. Johansson N, Kalin M, Hedlund J. Clinical impact of combined viral and
bacterial infection in patients with community-acquired pneumonia.
Scand J Infect Dis. 2011;43(8):609-15. https://doi.org/10.3109/00365548.
2011.570785.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://www.drive-eu.org/
https://doi.org/10.1016/j.eclinm.2021.100986
https://doi.org/10.1016/j.eclinm.2021.100986
https://www.cdc.gov/flu/weekly/overview.htm
https://www.cdc.gov/flu/weekly/overview.htm
https://doi.org/10.3390/epidemiologia3010008
https://doi.org/10.3390/epidemiologia3010008
https://doi.org/10.1016/j.jinf.2011.06.005
https://doi.org/10.1016/j.jinf.2011.06.005
https://doi.org/10.1016/j.eclinm.2021.100955
https://doi.org/10.1016/j.eclinm.2021.100955
https://www.drive-eu.org/
https://ecdc.europa.eu/en/surveillance-and-disease-data/eu-case-definitions
https://ecdc.europa.eu/en/surveillance-and-disease-data/eu-case-definitions
https://www.drive-eu.org/wp-content/uploads/2018/12/DRIVE_D7.1_Core-protocol-for-test-negative-design-studies_1.1.pdf
https://www.drive-eu.org/wp-content/uploads/2018/12/DRIVE_D7.1_Core-protocol-for-test-negative-design-studies_1.1.pdf
http://whqlibdoc.who.int/publications/2011/9789241548090
https://borgelt.net/doc/apriori/apriori.html
https://doi.org/10.3201/eid2802.211727
https://doi.org/10.1093/infdis/jix031
https://doi.org/10.1093/infdis/jix031
https://doi.org/10.1016/j.jcv.2009.03.008
https://doi.org/10.1016/s2666-5247(20)30114-2
https://doi.org/10.1016/s2666-5247(20)30114-2
https://doi.org/10.1093/cid/cix941
https://doi.org/10.1128/JVI.80.4.1629-1636.2006
https://doi.org/10.1128/JVI.80.4.1629-1636.2006
https://doi.org/10.1016/j.mib.2016.11.003
https://doi.org/10.1097/INF.0b013e3181694fb9
https://doi.org/10.1097/INF.0b013e3181694fb9
https://doi.org/10.1371/journal.pone.0155589
https://doi.org/10.1371/journal.pone.0155589
https://doi.org/10.1016/j.cmi.2020.05.042
https://doi.org/10.1016/j.cmi.2020.05.042
https://doi.org/10.1099/jmm.0.067108-0
https://doi.org/10.1099/jmm.0.067108-0
https://doi.org/10.3109/00365548.2011.570785
https://doi.org/10.3109/00365548.2011.570785

	Co-detection of respiratory pathogens among ILI patients: characterization of samples collected during the 201819 and 201920 pre-pandemic seasons
	Abstract 
	Background
	Study objective
	Methods
	Study setting and population
	Laboratory analysis
	Statistical analysis

	Results
	Subject characteristics
	Respiratory infections
	Correlation between viral and bacterial respiratory pathogens
	Characterization of patients detected with single and multiple respiratory pathogens

	Discussion and conclusions
	References


