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Abstract

The leading infectious cause of death in children worldwide is lower acute respiratory infec-
tion (LARI), particularly pneumonia. We enrolled a total of 538 acute respiratory infection
(ARYI) cases according to WHO criteria and age-sex matched 514 controls in the Forcibly
Displaced Myanmar National (FDMN) refugee camps in Cox’s Bazar, Bangladesh, between
June 2018 and March 2020 to investigate the role of bacteria, viruses, and their co-infection
patterns and observe Streptococcus pneumoniae (S. pneumoniag) serotype distribution.
According to the etiological findings, children <5 years of age have a higher bacterial positiv-
ity (90%) and viral positivity (34%) in nasopharyngeal samples (NPS) compared to those >5
years of age, in both ARI cases as well as for the control group. Among the bacteria, S.
pneumoniae was predominant in both cases and controls (85% and 88%). Adenovirus
(ADV)(34), influenza virus A and B (IFV-A, B)(32,23), and respiratory syncytial virus (RSV)
(26) were detected as the highest number among the viruses tested for the ARI cases. The
total number of viruses was also found higher in <5 years of age group. Within this group,
positive correlation was observed between bacteria and viruses but negative correlation
was observed between bacteria. Both single and co-infection for viruses were found higher
in the case group than the control group. However, co-infection was significantly high for
Streptococcus aureus (S. aureus) and Haemophilus influenzae b (H. influenza b) (p<0.05).
Additionally, semi-quantitative bacterial and viral load was found higher for the ARI cases
over control considering Cycle threshold (Ct)<30. Pathogen identification from blood speci-
mens was higher by qRT-PCR than blood culture (16% vs 5%, p<0.05). In the S.
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pneumoniae serotype distribution, the predominant serotypes in ARI cases were 23F, 19A,
16F, 35B, 15A, 20 and 10F, while 11A, 10A, 34, 35A and 13 serotypes were predominant in
the control group. Pathogen correlation analysis showed RSV positively correlated with
human metapneumovirus (HMPV), S. aureus and H. influenza b while S. pneumoniae was
negatively correlated with other pathogens in <5 years age group of ARI cases. However, in
>5 years age group, S. aureus and H. influenza b were positively correlated with IFVs, and
S. pneumoniae was positively correlated with HMPV and ADV. Logistic regression data for
viruses suggested among the respondents in cases were about 4 times more likely to be
RSV positive than the control. Serotype distribution showed 30% for PCV10 serotypes, 41%
for PCV13 and 59% for other serotypes. Also, among the 40 serotypes of S. pneumoniae
tested, the serotypes 22F, Sg24, 9V, 38, 8, and 1 showed strong positive correlation with
viruses in the case group whereas in the control group, it was predominant for serotypes 14,
38, 17F and 39 ARI cases were prevalent mostly in monsoon, post-monsoon, and winter
periods, and peaked in September and October. Overall these region-specific etiological
data and findings, particularly for crisis settings representing the FDMNs in Cox’s Bazar,
Bangladesh, is crucial for disease management and disease prevention control as well as
immunization strategies more generally in humanitarian crisis settings.

Author summary

Acute respiratory infections (ARIs) are one of the most common communicable diseases
in crisis settings, causing significant morbidity and mortality. Non-comparable as well as
little aetiological data from refugee camps and surveillance, make it difficult to compare
the prevalence of ARI disease between crisis and non-crisis contexts. In the world’s largest
refugee settlement situated in Cox’s Bazar, Bangladesh, very little is known about the etiol-
ogy of ARIs. To our best knowledge, this is the first case-control prospective study to eval-
uate the level of involvement of each etiological agent in the onset of LARI etiology, and
the association between respiratory viral infections and invasive pneumococcal infections,
S. pneumoniae serotype distribution, antimicrobial resistance pattern both in case and
control group. Our study showed that <5 years age group was the most vulnerable, having
the highest number of bacteria as well as viruses both in the case and control group. S.
pneumoniae was the predominant bacteria, whereas, among the viruses ADV, IFVs, and
RSV were predominant. Semi-quantitative bacterial as well as viral load was found higher
in the case group. Positive correlation between viruses and other pathogens was higher in
cases of RSV than in the control group. However, single as well as co-infection between
viruses were significantly high among the ARI case while for bacteria it was comparable
between the case and control group. ARI case enrollment peaked in September and Octo-
ber in the FDMN camps in Bangladesh.

Introduction

Pneumonia, a severe form of lower acute respiratory infection, continues to be a major cause
of death among children under the age of five years globally and accounted for 14% of deaths
in this age group in 2019 [1]. Both children and adults are affected by pneumonia, but mortal-
ity is highest in South Asia and Sub-Saharan Africa [1]. Pneumonia infections can be caused
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by bacteria, viruses, fungi, and parasites. However, S. pneumoniae, H. influenzae b and Staphy-
lococcus aureus are the most commonly found bacteria associated with acute respiratory infec-
tions (ARI), particularly pneumonia [2, 3]. Viruses associated with ARIs are Respiratory
syncytial virus (RSV), influenza A virus (IFV-A) and influenza B virus (IFV-B), Human Para-
influenza Viruses 1, 2, 3 (HPIV1-3), adenovirus (ADV), and Human metapneumovirus
(HMPV) are known to be a primary cause of ARI in children, as they can be attributed to over
60% of ARIs [4-6]. Several factors such as overcrowding, cold weather, and insufficient shelter
all create an ideal condition for respiratory droplet transmission. Malnutrition, lack of suffi-
cient sanitation, and stress can play a role in illness progression [1, 7]. The clinical symptoms
of viral and bacterial pneumonia are very similar irrespective of causative agents [8] which cre-
ates a challenge in diagnosing and managing patients with ARIs making it difficult for physi-
cians to determine the best course of treatment, which is based solely on clinical presentation,
can lead to the overuse or misuse of drugs. Another major issue around the world is the rise of
drug-resistant bacteria as well as the lack of evidence of clinical benefit. Data on the causative
agents, improved and accessible diagnostic techniques and the drug sensitivity/resistance spec-
trum of the organisms are critical for optimal prevention and treatment of ARIs and lack of
these data leads to irrational and inappropriate antimicrobial use, resulting in an increase in
multi-drug resistant bacteria [9, 10]. Studies have documented the detection of respiratory
infections that cause pneumonia throughout the previous decade, with wide variations in prev-
alence and pathogen spectrum seen among countries and regions, community demography,
years, and seasons [11-14]. However, in everyday primary health care especially in refugee set-
tings little is understood about the etiology of ARIs due to lack of data. Although it is difficult
to compare the disease burden of ARIs in crisis and non-crisis settings due to data incompati-
bility, published evidence primarily from refugee camps and surveillance, suggests a very high
morbidity and mortality (20-35%) percentage proportional mortality) as well as case fatality
(up to 30-35%) due to ARIs [15]. Furthermore, data on pathogen detection in both symptom-
atic patients and healthy controls (without pneumonia) to differentiate between asymptomatic
carriage and the presence of agents causing symptoms is also limited. Of bacterial pathogens
responsible for ARIs. S. pneumoniae is a major pathogen causing pneumonia related deaths
globally [2, 16, 17]. At least 98-100 pneumococcal capsular serotypes have been identified to
date [18, 19]. Currently, pneumococcal conjugate vaccines (PCV) are being used to prevent S.
pneumoniae infections (PCV10 and PCV13). These vaccinations only protect against a limited
number of pneumococcal serotypes and do not protect against non-vaccine serotypes or unen-
capsulated S. pneumoniae. It is believed that the number of antibiotic-resistant non-vaccine
serotypes has risen dramatically. Innovative, effective, and economical pneumococcal vaccines
that can cover a wide range of serotypes are urgently needed. Therefore, to minimize respira-
tory infection-related morbidity and mortality, continuous monitoring and updates on etiol-
ogy, better diagnostics, and serotype distribution, antibiotic resistance profiling is required.
However, to the best of our knowledge, there have not been investigations on bacterial and
viral etiologies of ARIs and S. pneumonia serotype distribution patterns in crisis settings, par-
ticularly in the Forcibly Displaced Myanmar Nationals (FDMNs). Nowadays, traditional cul-
ture methodologies are applied in limited resource settings. Although culture remains the gold
standard, it has significant drawbacks, including specimen collection and transport require-
ments, the danger of pathogen growth inhibition due to recent antibiotic treatment, and long
time needed to obtain results [20, 21]. Multiplexed molecular assays have recently emerged as
a comprehensive diagnostic solution, providing laboratories with the necessary turnaround
duration, sensitivity and specificity, and breadth of coverage of respiratory infections to sup-
port the physician’s decision-making needs [21]. To properly manage ARI cases, country-spe-
cific etiological and microbial sensitivity/resistance spectrum data are required. In Bangladesh,
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no study has been carried out in the FDMN camp settings focusing on pneumonia etiology.
This study was driven by the understanding that ARI particularly pneumonia causes high mor-
tality, particularly in crisis situations, and it intends to give data on ARI etiology. So, commu-
nity-representative population studies are needed to better understand the true incidence of
ARI infection. Moreover, the current new coronavirus disease (COVID-19) outbreak, which
was first reported at the end of 2019 [22], is a public health emergency of international con-
cern, prompting a growing interest in respiratory tract infections.

In the humanitarian crisis site of the FDMN in Cox’s Bazar, Bangladesh, no data is available
regarding the presence of respiratory pathogens in ARI cases or in asymptomatic or healthy
control persons as well as their age-specific distribution, co-infection frequency, and S. pneu-
moniae serotype distribution, etc. It is already known that numerous pathogens naturally colo-
nize the respiratory tract [23], which explains why determining the true etiology of ARI is
challenging. Moreover, organisms detected in the control group and their causal role cannot
be excluded, as the human respiratory tract is a reservoir for many organisms, and their associ-
ation with other organisms and their co-infection pattern could have resulted in the develop-
ment of disease conditions [23]. The present case-control study aimed to gather evidence on
the most common causative bacterial and viral agents of ARISs, the highest-risk age group in
the FDMN camp settings. Considering the natural colonizing ability of the respiratory patho-
gens, healthy individuals (without ARI signs and symptoms) were enrolled to estimate the pro-
portion of ARI cases attributable to detected viral and bacterial pathogens in the patients in a
more accurate manner.

Materials and methods
Ethics statement

The study was approved by the ethical review committee, that is the National Research Ethics
Committee (NREC) of the Bangladesh Medical Research Council (BMRC) [Registration num-
ber: 084 04 12 2017] and the Directorate General of Health Services (DGHS) of Bangladesh.
Also, got the permission letter from Cox’s Bazar civil surgeon, Refugee Relief and Repatriation
Commissioner (RRRC). Informed written consent was obtained from all participants accord-
ing to the ‘Declaration of Helsinki’ regulation and guidelines. In case of child participants writ-
ten consent was taken from the parents or legal guardians.

Study population and sites

This is a prospective case-control investigation of acute respiratory infections (ARI) within the
Forcefully Displaced Myanmar Nationals (FDMN). Participants were enrolled from March
2018 to March 2020 from a total of 6 camps and their respective health care units (HCU) situ-
ated in Cox’s Bazar, Bangladesh, sheltering the largest refugee camps in the world.

A total of 538 ARI cases were enrolled and between the age 6 months to 40 years and the
inclusion criteria were these Rohingya patients manifesting at least one of the clinical signs
and symptoms following WHO criteria: 1) cough or dyspnea, onset within the last 10 days; 2)
history of fever in the last 7 days or current tympanic fever measured at >38.0°C; 3) tachypnea
(In children between 2 months and <1 year of age: breathing rate > 50 breaths per minute;
between 1 year and <5 years of age: breathing rate > 40 breaths per minute; between >5 years
and <18 years of age: breathing rate > 30 breaths per minute; In adults >18 years of age:
breathing rate > 20 breaths per minute 4) lower chest wall indrawing (expected in children <3
years old only) [1]. Cases that meet any of the following exclusion criteria were ineligible to
enroll 1) wheezing suggestive of asthma; 2) a one-month (30-day) exclusion period following
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the date of discharge from the hospital; 3) ongoing or previously prescribed asthma or on cor-
ticosteroid treatment; and 4) recent intravenous antibiotic therapy.

In this study, we also enrolled a control group (n = 514) matched with the cases in terms of
age, sex, and catchment area of Rohingya individuals aged >3 months without having any
symptoms of acute or chronic infections including respiratory, COBP, digestive, and
cutaneous.

Prior to enrolment, written informed consent was obtained from the participants, and in
the case of minors, each child’s parents or legal guardians. In addition, demographic and clini-
cal data were documented in case report forms (CRFs) at the time of specimen collection.

Specimen collection

NPS and blood specimens were drawn from the ARI cases whereas only NPS samples from
control group by trained personnel using standard operating procedures. Laboratory works of
the collected samples were later conducted at the Institute for Developing Science and Health
Initiatives (ideSHi), International Centre of Diarrhoeal Disease Research, Bangladesh (icddr,b)
and Bangladesh Institute of Tropical and Infectious Diseases (BITID).

During NPS collection, a sterile cotton-flocked swab was soaked in saline and then placed
approximately 1 to 1.5 cm into the nostrils and rotated against the anterior nasal mucosa for 3
seconds. Then the NPS sample was placed into universal transport media (UTM) (Copan
Diagnostics Universal Transport Medium (UTM-RT) in Screw-Cap Tube)(DMEM, Gibco-
BRL, Life Technologies, Paisley, Scotland; penicillin 10,000 U/ml, and streptomycin 10,000
IU/ml, BioWhittaker, MA; NaHCO3; HEPES buffer, 1M, Gibco; L-Glutamate 200 mM; Fungi-
zone (Amphotericin B) 250 pg/ml; bovine serum albumin, Fraction V, 7.5%, Gibco) for detec-
tion of bacteria and viral pathogens. The collected specimens were immediately placed at
2-8°C and the samples were kept at -70°C for later identification of viral and bacterial patho-
gens following nucleic acid extraction. The extracted nucleic acids were then subjected to
qRT-PCR. In addition, blood samples were collected only from the case group in EDTA tube
for bacterial and viral pathogen detection by qRT-PCR, Aerobic Hemoculture bottle and Pedi-
atric Aerobic Hemoculture bottle for blood culture as well as observation of antimicrobial
resistance pattern.

Culture of bacteria from blood specimens

Haemoculture assay was performed only for the case group using BacT/ALERT (bioMérieux,
Marcy I'Etoile, France) automated blood culture systems. Blood cultures were performed for
464 out of 538 cases because of sample transportation issues. In children under-five, the col-
lected blood volume was 1-3 mL, while in children aged five and over the blood volume was 6
mL. Besides, antimicrobial susceptibility testing was performed for all clinically relevant
strains.

Molecular biology testing of NPS and blood samples

Bacterial DNA was extracted from both blood and NPS samples using the QIAamp DNA Mini
kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions. A final elution vol-
ume of 50uL of DNA was stored in 1.5mL Eppendorf tubes at -20°C until amplification. The
extracted DNA was then tested for the detection of three most common bacteria of pneumo-
nia, including S. pneumoniae, S. aureus and H. influenza type b by real-time triplex PCR assay.
This triplex PCR has been used in previous studies [24, 25]. Amplification was performed in a
CFX96 Touch Real-Time PCR machine (Bio-Rad Laboratories, Inc). Positive and negative
controls were included in each experiment. Those with a Ct value of 40 or less were identified
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as positive in the qRT-PCR test. A threshold value of 40 was used in each experimental run
and we adjusted the RFU (relative fluorescence units) cut-off value according to the data vali-
dation team and values greater than the cut-off were considered positive. Additionally, S. pneu-
moniae serotyping was done with the multiplex RT-PCR described previously for 40 serotypes
[26]. For eight viruses (RSV, HMPV, HPIV-1, HPIV-2, HPIV-3, INF-A, INF-B and ADV)
detection only from the NPS samples of a total of 1000 samples (512 cases and 488 controls)
where nucleic acids were extracted using Nucleic Acid Extraction kit (Chemagic viral NA/
gDNA kit (PerkinElmer) and the extraction Machine: chemagic 360 instrument. qRT-PCR
was done with iTaq Universal Probes One-Step Kit (Bio-Rad) and the machine used was PCR
Machine: CFX96 Touch Real-time PCR Detection System (Bio-Rad). The primers and probes
used for virus detection, Table 1.

Moreover, whole blood samples were collected from only cases (in EDTA tube) extracted
using QIAamp DNA blood mini kit (Qiagen, Hilden, Germany), and quantitative Triplex PCR
assay was conducted on 5 pL of extracted DNA to identify S. pneumoniae, Staphylococcus
aureus and H. influenzae b following the published protocols [24, 25].

Comparison of Ct values

Ct values for ARI pathogens were compared as Ct value indicates the first PCR cycle in which
the fluorescent signal for the target (DNA/RNA) is detected higher than the detection thresh-
old. The quantity of target is inversely proportional to its Ct value which provides a semi-

Table 1. Primer and Probe sequences used for eight viruses detection by qRT-PCR following nucleic acid

extraction.

Primer’s name Nucleotide Sequence 5’-3’

RSV Forward GGC AAA TAT GGA AAC ATA CGT GAA

RSV reverse TCT TTT TCT AGG ACA TTG TAY TGA ACA G

RSV probe 6 FAM-CTG TGT ATG TGG AGC CTT CGT GAA GCT-BHQ1
HMPV Forward CAA GTG TGA CAT TGC TGA YCT RAA

HMPV Reverse ACT GCC GCA CAACATTTAGRA A

HMPYV probe 6 FAM-TGG CYG TYA GCT TCA GTC AAT TCA ACA GA-BHQ1
HPIV1 Forward ACA AGT TGT CAAYGT CTT AAT TCR TAT

HPIV1 Reverse TCG GCA CCT AAGTARTTY TGA GTT

HPIV1 Probe 6 FAM-ATA GGC CAA AGA “T”TG TTG TCG AGA CTA TTC CAA
HPIV2 Forward GCA TTT CCAATCTAC AGG ACT ATG A

HPIV2 Reverse ACCTCC TGG TAT AGC AGT GAC TGA AC

HPIV2 Probe 6 FAM-CCA TTT ACC “T”AA GTG ATG GAA TCA ATC GCA AA
HPIV3 Forward TGG YTC AAT CTC AACAACAAGATTTAAG

HPIV3 Reverse TAC CCG AGA AAT ATT ATT TTG CC

HPIV3 Probe 6 FAM-CCC RTC TG“T” TGG ACC AGG GAT ATACTA CAA A
Inf B Forward TCCTCA AYT CACTCT TCG AGC G

Inf B Reverse CGG TGC TCT TGA CCA AAT TGG

Inf B Probe FAM-CCA ATT CGA GCA GCT GAA ACT GCG GTG- BHQ1

Inf A Forward GAC CRATCCTGT CACCTCTGAC

Inf A Reverse AGG GCATTY TGG ACA AAK CGT CTA

Inf A Probe FAM-TGC AGT CCT CGC TCA CTG GGC ACG-BHQ1

Adeno Forward GCC CCA GTG GTCTTA CAT GCA CATC

Adeno Reverse GCC ACG GTG GGG TTT CTA AACTT

Adeno Probe 6 FAM-TG CAC CAG ACC CGG GCT CAG GTA CTC CGA-BHQ1

https://doi.org/10.1371/journal.pntd.0011189.t001
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quantitative evaluation of viral/bacterial load where a low Ct value indicates a high viral load
and the other way around [27, 28].

Statistical analysis

Descriptive statistics were utilized to define the study participants based on several characteris-
tics, and the frequency of each characteristic was reported with percentage. For the compari-
son of characteristics and pathogen detection, the chi-square test was used. In addition, in
both the case and control groups, two-tailed chi-square was used to quantify the prevalence of
the detected pathogen and co-infection frequencies in different age groups. Also, a Pearson
correlation analysis was conducted to determine the pathogens’ correlation pattern. Each virus
was fitted with a logistic regression model. The significance of associated factors was deter-
mined using an odds ratio with a 95% confidence interval. A level of significance was defined
as a P value of less than 0.05. For statistical analysis, we used IBM SPSS Statistics for Windows
(Version 20.0. Armonk, NY: IBM Corp) and STATA (Version SE-15, StatCorp LLC, College
Station, TX) and R (version 4.1.2). Microsoft Access (Microsoft Office Professional 2013) was
also used for data entry.

Results
Demographic and clinical characteristics

Prior to enrollment, participants were examined for clinical signs and symptoms by physicians
for ARI case definitions. A total of 538 cases were enrolled where 54% (291) were male.
Among the age groups, 59% (320) were <5 years of age and the rest were older. A set of age
and sex-matched control participants (n = 514) were also enrolled, Table 2.

Among the enrolled cases, cough was the most prevalent symptom, specifically dry cough
and around 97% were classified as pneumonia cases according to WHO case definition criteria
[1]. Control group came to the health care unit seeking medical help and other reasons specifi-
cally for external injury, back pain or joint diseases, immunization, and urinary diseases. ARI
cases were enrolled with different clinical symptoms, where it was highest with dry cough.
Other predominant symptoms were dyspnea, tachypnea and lower chest wall in drawing.
Most of the clinical symptoms were associated with bacterial and viral infection as well as co-
infection between bacteria-bacteria and bacteria-virus where no significant etiological differ-
ences were observed for clinical symptoms, Table 3.

Overall pathogen detection in ARI cases and controls group

In summary, comparable proportion of bacterial pathogens was found among cases 85% (459/
538) and controls 87% (452/514) and was not significantly different for at least one of the three
bacteria tested. Similar trend was found in gender and age groups between cases and controls.

Table 2. Demographic characteristics of ARI cases and control group.

ARI Cases (n = 538) Controls (n =514)
Sex
Male 291 (54) 254 (49)
Female 247 (46) 260 (51)
Age
<5 years 320 (59) 299 (58)
>5 years 218 (41) 215 (42)

https://doi.org/10.1371/journal.pntd.0011189.t002
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Table 3. Clinical characteristics and pathogen detection distribution in ARI case group.

Symptoms for ARI cases ARI Cases (n/%) Single infection Co-infection

Bacteria (n/%) | Virus (n/%) | Bacteria-Bacteria (n/%) | Virus-Virus (n/%) | Bacteria-Virus (n/%)
Cough 538(100) 459(85) 158(30) 126(24) 6(1) 138(26)
Productive 52(9) 46(10) 11(6) 16(12) 0 11(7)
Dry 486(90) 413(89) 147(93) 110(87) 6(100) 127(92)
Dyspnea 534(99) 455(85) 157(30) 123(24) 6(1) 137(26)
Temperature
>102.2 20(3) 18(3) 8(5) 6(4) 1(16) 7(5)
<102.2 518(96) 441(96) 150(94) 120(95) 5(83) 131(94)
Wheezing 0 0 0 0 0 0
Hospitalized * 0 0 0 0 0 0
Prior antibiotic therapy 0 0 0 0 0 0
Tachypnea
<1 year (>50) 17(94) 16(94) 5(83) 3(75) 2(100) 5(83)
1to 5 years (>40) 229(87) 206(86) 76(86) 57(90) 3(75) 71(87)
>5 year (>30) 215(89) 169(88) 52(85) 51(87) 0 41(82)
Lower chest in drawing (<3 years of age) 135(25) 126(93) 51(40) 30(24) 4(3.20) 47(37)
Oxygen saturation
<95 15(2) 14(3) 3(1) 5(3) 0 3(2)
>95 523(97) 445(96) 155(98) 121(96) 6(100) 135(97)

*hospitalized represents data from the OPD-based hospitalization in the study sites, tertiary hospitalization data not available

https://doi.org/10.1371/journal.pntd.0011189.t003

However, children of <5 years were at higher risk of bacterial pathogen detection than those
>5 years of age both for cases 90% (289/320) vs 77% (170/218), p<0.05 and controls 93%
(280/299) vs 80% (172/215), p<0.05. For viral infections, 512 cases and 488 control specimens
were tested (for eight viral pathogens, had at least one positive) where higher detection rate
was also found in cases than controls 30% (158/512) vs 16% (80/488), p<0.05. Children <5
years of age were the high-risk group than those >5 years of age group both in cases 34% (104/
301) vs 17% (51/284), p<0.05 and controls 26% (54/211) vs 15% (29/204), p<0.05. Viral detec-
tion rate was higher in the case group in both male and female groups compared to that seen
in the males and females in the control group. While observing co-infection (any two different
pathogens detected among the 11 pathogens tested), the highest rate was found in the control
group than in cases (37% vs 26%), p<0.05. Among the age groups, those <5 years of age were
found to have higher detection rates than those >5 years of age in case 31% (96/301) vs 19%
(42/211), p<0.05 but in control group, it was comparable, Table 4.

Positive spectrum of viruses and bacteria among cases and control groups
detected from NPS specimens by qRT-PCR

Among the bacteria detected, S. pneumoniae was the most frequently detected bacterial patho-
gen both in case 80% (414/512) and control groups 82% (402/488) followed by S. aureus 21%
(110/512) vs 24%(120/488) and H. influenza b (15% vs 13%). Moreover, high detection rate
was observed for <5 years of age than >5 years of age group both in cases and control group
for S. pneumoniae 85% (272/320) vs 65% (142/218), p<0.05 for cases and 88% (264/299) vs
64% (138/215), p<0.05 for controL, and H. influenza b (15% vs 13% for cases and 13% vs 11%
for controls) where detection was found higher in control group for S. aureus 15% vs 27%,
p<0.05 for cases and 16% vs 33%, p<0.05 for controls. For viruses, the overall detection
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Table 4. Positivity of bacterial and viral pathogens and their co-infection rate among the ARI cases and control group.

All bacteria tested All viruses tested All bacteria and viruses tested *
ARI case (n = 538) Control (n =514) ARI case (n =512) Control (n = 488) ARI case (n =512) Control (n = 488)

All 459(85.32) 452(87.94) 158(30.86) 80(16.39) * 1 138(26.95) 181(37.09) *
Sex
Male 253(86.94) 225(88.58) 86(30.82) 39(16.18) *176(27.24) 94(39.00) *
Female 206(83.40) 227(87.31) 72(30.90) 41(16.60) * 1 62(26.61) 87(35.22) *
Age group

<5 years 289(90.31) 280(93.65) 104(34.55) 51(17.96) * 196(31.89) 103(36.27)

>5years | 170(77.98) 172(80) 54(25.59) 29(14.22) * | 42(19.91) 78(38.24) *

* * * *

Number and proportion of at least one positive bacterial/viral pathogen shown in the table. Three bacterial and eight viral pathogens were tested.
*Co-detection was defined as detected by at least two bacterial or viral pathogens including three bacterial and eight viral pathogens.

* indicates significant p<0.05

https://doi.org/10.1371/journal.pntd.0011189.1004

number was higher in the case group than control group for all eight viruses tested by
qRT-PCR from the NPS samples. In cases, number of detection was highest for ADV (34) fol-
lowed by IFV-A (32), RSV (26), IFV-B (23), and HMPV (20). Within the genotypes of HPIV,
the highest number was observed in HPIV1 (14), HPIV3 (13), and HPIV2 (2). For controls,
the sequence of detection numbers for the viruses was ADV >IFV > HPIV and RSV. Some
viruses were found significantly higher (p<0.05) for <5 years age group in cases than control
like RSV (21 vs 6, p<0.05), IFV-B (15 vs 5, p<0.05), HPIV-3 (11 vs 3, p<0.05) and HMPV (13
vs 0, p<0.05). Also, <5 years age group was detected with highest number of viruses both in
cases and control group. In case group, it was observed like ADV (25 vs 9), RSV (21 vs 5,
p<0.05), IFV-a (17 vs 15), INF-B (15 vs 5), HMPV (13 vs 7), HPIV-3 (11 vs 2), HPIV-1 (7 vs 7)
and HPIV-2 (1 vs 1). Similarly, in control group <5 years age group was also found with
higher detection than >5 years age such as IFV-A (15 vs 9), IFV-B (8 vs 5), ADV (9 vs 8),
HMPV (7 vs 1) and RSV (6 vs 0, p<0.05). Both in case and control group RSV was found sig-
nificantly higher for <5 years age group. Within genotypes of HPIV number of detection were
HPIV-1 (7 vs 6), HPIV-2 (1 vs 0), HPIV-2 (2 vs 0). Overall, <5 years age group was found at
high risk both for case and control than the >5 years age group (Fig 1).

Single and co-infection in cases and controls

Single infection frequency was found similar between the case and control groups as well as
the co-infection frequency considering three bacteria tested. However, particularly for S. pneu-
moniae, no significant difference was found between single and co-infection both in cases and
also in control group. However, single infection was significantly high in control group
(p<0.05) and co-infection was high in case group. In addition, co-infection was found signifi-
cantly higher than single infection (p<0.05) both in case and control groups for both S. aureus
and H. influenza b. In the case of co-infection among viruses, co-infection was found to be
higher than single infection for all the viruses except IFV-A in the case group. Similar patterns
were observed for control group for all the viruses except for HMPV. However, single infection
as well as co-infection numbers were higher in cases than control group for RSV, IFV-B,
HPIV-3 and HMPV. In addition, control group was found in high viral positive number over
case group for co-infection (IFV-A, HPIV1, ADV) and no single infection was found higher
for the control group over the cases (Fig 2).
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Fig 1. Pathogen detection from NPS samples by qRT-PCR in cases and control group. (A) Number of eight viruses detected in cases and control (B)
Percentage of major three bacteria detected in cases and control group (C) Age-specific distribution number of eight viruses in cases and control group
(D) Age-specific percentage of three major bacteria in cases and control group.

https://doi.org/10.1371/journal.pntd.0011189.g001

Correlation pattern between bacterial and viral pathogens

Most predominant correlations were found between bacteria and viruses where the patterns
differed in age groups. In <5 age group most predominant were observed for H. influenza b
with RSV, IFV-A with ADV; RSV with S. aureus and HMPV where they were positively corre-
lated. In contrast, no positive virus-virus correlation was found except for RSV with HMPV
where negative viral-viral correlation was found for RSV with ADV, HPIV3 and IFV-B; ADV
with IFV-B, HMPV, HMPV and IFV-B. Moreover, H. influenza b, S. aureus and S. pneumo-
niae were negatively correlated with each other. Also, H. influenza b and S. aureus were posi-
tively correlated with IFVs where S. pneumoniae was found negatively correlated with IFVs
and less likely to coexist with them found particularly for <5 age group On the other hand, in
>5 age the positive correlation patterns were found S. aureus with IFV-A, IFV-B and HPIV2
and H. influenza b with IFV-A, HMPV and HPIV2 and S. pneumoniae with HPIV1, HMPV
and ADV. However, in both age groups no bacteria-bacteria positive correlation was observed
where negative bacteria-bacteria correlation was found for S. pneumoniae with S. aureus in
both age groups (Fig 3). However, such correlation analysis was not possible for all pathogens
in control group as correlation did not exist for some pathogens in this group.
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https://doi.org/10.1371/journal.pntd.0011189.9002

Moreover, logistic regression analysis data showed the prevalence of each pathogen’s distri-
bution frequency between case and control and their age-specific distribution. From the analy-
sis, no significant difference or association was observed for three major bacteria tested.
However, for viruses, among the respondents in cases were about 4 times more likely to be
RSV positive than the controls. Similarly, for influenza B it was about 2 times, for HPIV3 it
was 4 times and for HMPV it was significantly higher about 20 times whereas no significant
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Fig 3. Correlation pattern between different pathogens. Correlation patterns were observed between each pathogen
for three bacteria and eight viruses tested from NPS samples by QRT-PCR in the case group for both <5 age and >5
age.

https://doi.org/10.1371/journal.pntd.0011189.g003

associations were observed for other viruses. While considering the age group analysis in cases
and control, respondents aged >5 years were 75% less likely to be RSV positive than those
aged <5 years. Also, HPIV3 80% less likely to be RSV for >5 years age, ADV 45% less likely to
be for >5 years age where significant associations were observed Table 5.

Semi-quantitative bacterial and viral load in cases and control group

The most frequent pathogen was S. pneumoniae, detected by qRT-PCR both in cases and in
controls, followed by S. aureus and H. influenza b from the NPS samples tested. However,
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Table 5. Associated factors for viruses tested for cases (n = 512) and control group (n = 488).

Variables RSV IFV-A IFV-B HPIV1 HPIV2 HPIV3 HMPV ADV
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
Control 1 1 1 1 1 1 1 1
Case 4.32(1.76-10.61)* | 1.48(0.84-2.61) | 2.25(1.06-477)* | 0.95(0.45-2.02) | 0.63(0.10-3.79) | 4.21(1.19-14.90)* | 19.78(2.65-147.99)* | 1.31(0.77-2.24)
Age
<5 years 1 1 1 1 1 1 1 1

>5years | 0.25(0.10-0.66)* | 1.18(0.68-2.06) | 0.92(0.45-1.87) | 1.23(0.58-2.61) | 0.35(0.04-3.14) | 0.20(0.04-0.88)* 0.87(0.36-2.14) 0.55(0.31-0.99)*

Note:
* = p<0.05, OR = Odds Ratio, CI = Confidence Interval

Dependent variables are the eight viruses and each of them are dichotomous variables. Gender-specific analysis was skewed.

https://doi.org/10.1371/journal.pntd.0011189.t005

their Ct value was calculated to measure the semi-quantitative bacterial load. The value of the
qRT-PCR cycle threshold (Ct) indicates the first PCR cycle in which the fluorescent signal for
the target (DNA/RNA) is detected is higher than the detection threshold. The quantity of tar-
get is inversely proportional to its Ct value which provides a semi-quantitative evaluation of
viral/bacterial load so that a low Ct value indicates a high viral load and the other way around.
Interestingly, while considering the semi-quantitative bacterial load according to Ct values tar-
geting <30 the detection percentage was found higher in cases than in control and high Ct
value indicating lower bacterial load (Ct>30) was found predominant in control group. For
viruses, a low Ct value indicating higher viral load category was seen in the case group than the
control group for all the viruses except for HPIV-1, 2, and ADV (Fig 4).

Pneumococcal serotypes/serogroups distribution in ARI cases and control
group
In the FDMN population, pneumococcal conjugate vaccines (PCV) were introduced to 41% of
ARI cases and 45% of control group in our study population which includes both PCV-10 and
PCV-13. Serotypes of S.pneumoniae determined showed that 30.6% (221) belong to PCV10,
41.1% (297) and 60% (425) for PCV13 and non-PCV13 respectively. Among the 722 numbers
of isolates, serotypes/serogroups including 221 (52%) were found under PCV10 serotypes/ser-
ogroups and 297 (41%) were non-PCV13 serotypes/serogroups. There was no significant dif-
ference found between cases and controls when considering multiple serotypes/serogroups.
However, some serotypes were found in higher percentages in cases and controls such as for
PCV-13, e.g. 6AB, 23F and 19A. In non-PCV13 serogroups 22F, 11A, 10A, 35F, 34, 17F, 35A
and 13 serotypes were found in higher numbers in the control group than in the case group
where 35B, 15A, 20, and 10F serotypes were found in higher numbers in the case group. The
most predominant serotypes were 6AB (11.9%, 64/538) in case and 13.2%, 68/514) in control
followed by 23F in and 19A was found as the most predominant both in case and control. In
non-PCV13 category highest proportion of serotypes are as follows 15B/C, 35B, 16F, 20, 11A,
15A, 10F and 13 for cases where in control 11A, 15B/C, 13, 34, 35B, 10A, 16F, 20, 22F, 7C and
35A (at least 4% was selected as high proportion). It was seen that 402 isolates were positive for
IytA out of 414 (97.02%) in case and 94.27% in controls, indicating the presence of non-encap-
sulated non-typeable S. pneumoniae (Fig 5).

However, no significant differences were found when considering the presence of multiple
serotypes between cases and control group, Table 6.

In addition, we wanted to see the correlation pattern between serotypes and other bacterial
and viral pathogens tested for ARI cases. Correlation data showed that almost all the serotypes
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Fig 4. Bacterial and viral semi-quantitative load. (A) Bacterial load detection in NPS samples by qRT-PCR calculated
according to Ct values in the case and control group. (B) Viral load detection in NPS samples by qRT-PCR was
calculated according to Ct values in the case and control groups. Higher bacterial/viral load considered for Ct<30.

https://doi.org/10.1371/journal.pntd.0011189.g004

are correlated with other pathogens with positive and/or negative interactions. However, S.
aureus showed less positive interactions among the tested pathogens, where it has positive
interactions with Sr21 and Sr31. In addition, a high number of negative interactions were
found for many serotypes such as 3, 4, 12F, 23F, 7F, 16F, Sg18, 19F, 31, 35F, 15A, 7C, 5, 35A,
9N/L, 2, and 13. In contrast, strong positive interactions with other pathogens were observed
for several serotypes like 19A, 22F, 9V, 23F, 38, 8, 1, 17F, 20, Sg24 and 39. Where in control
group, S. aureus showed a high negative interaction in a similar manner. In this group, a high
number of negative interactions were found for many serotypes such as 4, 33F, 35B, Sg18, 19F,
31,1, 15A, 7C, 6C, Sg24, 9N/L, and 2 where strong positive interactions were found for a few
serotypes like 14, 11A, 38, 10F and 39 (Fig 6).
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Table 6. Multiple serotypes in cases and control group.

Number of multiple Serotypes Case group Control group
2 115 105
3 57 49
4 25 22
5 9 14
6 2 5
7 1 2
8 0 1

https://doi.org/10.1371/journal.pntd.0011189.t006
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Sr35 = 10F, Sr36 = 2, Sr37 = 23A, Sr38 = Sg24, Sr39 = 13, Sr40 = 21, Sr41 = 39. Also, SA = S. aureus, HI = H. influenza b.

https://doi.org/10.1371/journal.pntd.0011189.g006

Pathogen detection from blood specimens and antimicrobial resistance
pattern

From the blood culture, only 5% tested positive for bacterial pathogens where S. haemolyticus
(5) and Pseudomonas spp (5) was found in the highest number and only 2 S. pneumoniae were
found (Fig 7).

In addition, antimicrobial resistance patterns showed isolated bacteria were most resistant
to penicillin-G and cotrimoxazole and S. pneumoniae isolates were resistant to cotrimoxazole,
penicillin-G, and gentamycin (Fig 8).

ARI cases enrollment and pathogen detection frequency

A total of 538 cases were enrolled from July 2018 to March 2020 in the study period. The rate
of ARI case enrollment was highest during September then the detection rate was low and
remained almost similar until January. In 2018, September (n = 46) was the month of highest
enrollment, then it was gradually declining for ARI case enrollment till December (n = 27).
Similarly, in 2019, the rate of cases enrollment peaked in September (n = 39), and fell sharply
in October (n = 17) and after October there was a continuous upsurge in case enrollment
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Fig 7. Pathogen identification from blood culture.
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which remained high till January (n = 32). Again, after January, the case enrollment dropped
gradually and remained low till June (n = 13). A similar trend was also observed in 2020 where
a sharp peak was found in January (n = 39) and then a sharp decline till March (n = 8). In sum-
mary, most of the cases’ enrollment (80%) was between July and January (Fig 9).

Seasonal distribution of ARI pathogens. For all three major pathogens S. aureus
(n=60), H. influenza b (n = 57) and S. pneumoniae (n = 46) highest detection number reached
the highest peak in September 2018. In 2018 case enrollment started in July when bacterial
pathogens reached the highest peak in September followed by October and November. How-
ever, for the next two years in 2019 and 2020, the detection number for these three bacteria
was highest during December (S. aureus 59, H. influenza b 61 and S. pneumoniae 68) and
remained high between Septembers and February. In 2020, cases were enrolled until the
month of March when January was the highest peak for the detection of all three bacterial
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Fig 8. Antimicrobial resistance patterns for pathogen identification from blood culture.

https://doi.org/10.1371/journal.pntd.0011189.g008

pathogens. All eight viruses detected in the three-year period of the study are shown according
to the month of sample collection. Low numbers of virus detections were seen compared to
bacteria detection. However, RSV reached its highest peak in July (n = 20) and it was roughly
constant for other months. Similarly, IFV-A detection was higher in May (n = 14) than in July
(n=11),IFV-B (n = 11) in September followed by August (n = 9). For HPIV-1 it was highest
in January (n = 14) and HPIV-2 only 5 were detected, whereas 3 were in January. March was
the highest time for HPIV-3 (n = 10) and HMPV was detected in highest number in Septem-
ber (n = 7) and then July (n = 6). ADV detection was highest in January (n = 13) and it was
found in similar numbers for February (n = 6), March (n = 5), September (n = 6), and October
(n = 4). Overall, the months of July, August, September and January, February, and March
were the periods of most virus circulation found (Fig 10).
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Fig 9. Month-wise case enrollment throughout the study period.

https://doi.org/10.1371/journal.pntd.0011189.g009
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Fig 10. Seasonality of ARI pathogens in the study period. (A) Month-wise detection number of bacteria from NPS samples of ARI cases by qRT-PCR.
(B) Month-wise detection number of viruses from NPS samples of ARI cases by qRT-PCR.

https://doi.org/10.1371/journal.pntd.0011189.9010

Discussion

To our knowledge, this is the first study conducted on a representative fragile population, i.e.,
FDMNs, which focused on both bacterial and viral etiology for ARI case group along with
their matched control groups. This study also examined the level of involvement of each etio-
logical agent in the onset of LARI as well as the association between respiratory viral and bacte-
rial infections, single and co-infection frequency and their correlation pattern, distribution of
S. pneumoniae serotypes, seasonality of isolated pathogens and the enrollment of LARI cases.
The purpose of the control group was to examine the presence of bacteria and/or viruses in
healthy participants in comparison to those with LARI cases and figure out whether there were
any associations/differences etiologically. The patient enrollment data at different times of the
year, pathogen identification seasonality pattern of LARI, S. pneumoniae serotypes distribution
infections will help with different preventive measures, like vaccination. Sample collection
from participants was carried out from June 2018 to March 2020, with modest enrollment of
ARI cases between July to February, and the peak being in October. Pre-monsoon (March-
May), monsoon (June-August), post-monsoon (September-November), and winter (Decem-
ber-February) are the four seasons of Bangladesh, where pre-monsoon, monsoon and post-
monsoon seasons are basically the rainy seasons [29]. However, in our study, post-monsoon to
winter covered 80% of ARI case enrollment, where as post-monsoon (October) was the highest
peak. Seasonal fluctuation information might be useful in raising awareness among the general
public and health professionals such as physicians and nurses. During the peak ARI season,
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preventive measures such as personal and in-house sanitation and cleanliness, avoiding mass
gatherings, frequent hand washing as well as sufficient ventilation, may be implemented par-
ticularly in crisis settings where these factors might play crucial roles. Our study described that
the majority of cases were observed between July to February corresponding to the monsoon
and winter season which is a commonly known period for respiratory illness [30, 31]. More-
over, many studies have shown that winter is the peak season for respiratory infections in Ban-
gladesh [32, 33]. However, no specific patterns of seasonal distribution were observed for
viruses during the study period. Our study findings suggested that the most frequently
detected viral pathogens ADV, RSV, and IFV-A had no distinguishable seasonal pattern and
were detected almost throughout the year. However, ADV was detected in higher numbers
from September to February and reached its peak circulation in January. Also, RSV detection
remained high from July to November and highest in the month of July. For human parainflu-
enza virus (HPIV), detection was higher from July to November, HPIV-1 from December to
January, HPIV-2 from December to January and HPIV-3 from February to March. For influ-
enza viruses, IFV-A and IFV-B were found from April to October, which is similar to the pre-
vious study in Bangladesh [33]. Overall, during the months of April, May, and June viral
pathogen detection was relatively low and circulation was higher only for influenza viruses,
which circulated following no specific pattern rest of the months. The findings on viral patho-
gen seasonality in the monsoon and winter are similar to earlier studies in Bangladesh on
respiratory viral pathogen detection [32]. All three bacteria in our study were found circulating
throughout the year, particularly from September through December, with the peak months
being December and January. However, in 2018 all these three bacteria S. pneumoniae, S.
aureus and H. influenza b peaked during September. Throughout the post-monsoon and win-
ter, particularly in this FDMNs crisis settings in Cox’s Bazar, Bangladesh, especially for chil-
dren may need the proper preventive measures against ARIL. However, because this study was
for a short period, a longer study period, as well as sufficient data, are required to support the
seasonality of the infections. Multiple virus detection is possible using real-time polymerase
chain reaction (RT-PCR), which is more reliable and quicker than viral culture [34] and for
different bacteria detection [35-37]. In our study pathogen identification using qRT-PCR
enabled identification of pathogen proportion from NPS samples as well as blood specimens
both in cases and control group. A total of 538 ARI cases were enrolled in this study and
majority of them were from children less than 5 years of age (59%). In terms of bacteria detec-
tion from NPS samples by qRT-PCR, similar proportions were detected both in cases and con-
trol (80% vs 82%). Also, no difference was observed for sex and age in cases and control. The
<5 years age group was found to have a significantly higher proportion of bacterial detection
both in cases and control group than >5 years (p<0.05). Virus detection was significantly
higher in the cases group compared to the control group (30% vs 16%, p<0.05) similar to pre-
vious studies [38, 39]. Also, both age groups <5 years and >5 years were found in higher pro-
portion in cases than control group (p<0.05 and p<0.05). In case group, <5 years showed
higher proportion than >5 years (p<0.05) whereas in control group no difference was found
between age groups. In addition, virus detection was found significantly higher for both male
and female groups in cases than control (p<0.05). Considering co-infection, a higher propor-
tion was found for <5 years age than >5 years in cases (p<0.05) where in control group no
age-specific difference was observed. Among the bacteria identified in our study S. pneumo-
niae was found in highest percentage both in ARI cases (80%) and control (82%) group fol-
lowed by S. aureus and H. influenza b. S. pneumoniae may cause disease, but a robust immune
system and a healthy balance between local flora and invaders can help to clean it out. The
host is frequently and persistently colonized by S. pneumoniae due to weak defensive mecha-
nisms, which might eventually cause illness [40, 41]. The longitudinal study by Lipsitch et al.
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implied that children were reservoirs because of the length of carriage and colonization [42,
43]. Althouse et al. came to the conclusion that infants play a far smaller part in transmission
than toddlers and older kids do, despite the fact that infants account for a higher percentage of
carriage [43]. However, these findings indicate that more study is necessary to properly under-
stand the direction of transmission. Moreover, in our study, of bacterial detection, no signifi-
cant differences were observed between cases and control which is corroborated with previous
study [44]. Age-specific distribution suggested that in both age groups (<5 years and >5
years) S. pneumoniae was found as most predominant among the three bacteria both in cases
and control group. However, among 3 major bacteria S. pneumoniae was seen as most pre-
dominant for <5 years of age group than >5 years (85% vs 65%, p<0.05) in cases where H.
influenza b were detected in a similar proportion with no significant difference. Where S.
aureus was found in higher proportion for >5 years age both in case and control. Similarly,
the PERCH multi-country case—control study showed that these same respiratory viruses and
bacteria were frequently linked to ARI. Furthermore, ADV and influenza viruses were found
more frequently in controls in our study who had no history of ARIs in the 14 days prior to
recruitment and had no respiratory symptoms seven days after recruitment, according to par-
ticipant or family reports. The exception was for S. aureus where it was detected in higher pro-
portion in >5 years of age group both for cases and control which may suggest the
opportunistic infection for older people.

Moreover, no gender differences were seen in pathogen detection in cases or in control
group suggesting that gender has no impact in the case of ARI infection. Similar results have
been found in a previous study [45]. Viruses attributable to ARIs in our study were ADV in
6% of cases, influenza virus (IFV-A 6% and IFV-B 4%), RSV in 5% and HMPYV in 4% of cases.
These findings are similar to a recent study [44]. These findings are consistent with previous
research, such as Shi et al who found that RSV, influenza virus and HMPV were all substan-
tially linked to ARI [46]. Age distribution data showed that ADV is significantly higher among
<5 years of age both in cases and controls than the other age group. RSV was found in a simi-
lar pattern where no significant differences were observed for other viruses in age distribution.
So, age stratification revealed the highest-risk group where <5 years age group was found in a
consistent pattern in case and control both for bacterial and viral infection, in line with previ-
ous studies for this age group [11]. Many types of organisms naturally colonize the nasophar-
ynx. The majority of research focuses on bacteria, where sometimes the impact of viruses in
the makeup of the respiratory microbiota is likely to be overlooked [47]. S. pneumonia, H.
influenza b and S. aureus which was found in this study to be associated with controls where S.
pneumonia, S. aureus were found in higher numbers in control and these are well-known con-
tributors to acute respiratory infection. The fact that some of the microbes were identified
more frequently in control does not rule out their involvement with ARI in some cases. Our
study findings were similar to the PERCH study, where S. pneumoniae was detected signifi-
cantly more frequently in controls than in patients. However, S. pneumoniae and H. influenzae
b were strongly associated with lower respiratory tract infection [48]. However, a very low rate
of blood culture positivity was found in our study, which is also similar to previous studies
[49-51] and this finding may suggest bacterial pathogen identified from blood culture was
only 5% hence indicating the true cause of infection rather than the carriage in the nasophar-
ynx. However, antibiotic resistance was present for almost all the isolated pathogens from
blood culture for different antibiotics (amoxicillin, ampicillin, chloramphenicol, erythromy-
cin, oxytetracycline, ciprofloxacin, levofloxacin, doxycycline) where penicillin-G and cotri-
moxazole were most predominant. S. pneumoniae was found resistant to penicillin-G,
cotrimoxazole, and gentamycin. With the increased use of antibiotics, S. pneumoniae trans-
forms and evolves, acquiring several genes for antibiotic resistance. Pneumococcus strains that
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are currently resistant to penicillin have spread throughout the world, and they are also resis-
tant to other classes of antibiotics: tetracycline, chloramphenicol, and erythromycin corrobo-
rated with our study findings [52, 53]. In addition, in our study, QRT-PCR method was found
more sensitive for bacterial detection (16%) including three bacteria (S. pneumonia, S. aureus,
H. influenza b) from blood specimen following DNA extraction which may indicate the
importance of RT-PCR method in terms of ARI pathogen detection, where a previous study
also suggested the use of this technique [35, 37]. However, it is important to see how the pres-
ence of bacteria affects the co-infection, which may complicate the clinical symptoms and
their management. We also analyzed co-infection data in terms of co-occurrences of at least
two or more pathogens, where S. pneumoniae was found both in single and co-infection in a
similar proportion, where co-infection was higher than single infection for S. aureus and H.
influenza b were found both in cases and control group (p<0.05). For viruses, co-infection was
higher for RSV, IFV-B, HPIV-3, ADV, and HMPV than single infection both in cases and con-
trol group. Where single infection was higher for the rest of the viruses. Moreover, the co-
infection pattern is very important and can play an important role in causing disease and can
alter the etiology. Our study suggested that the co-infection pattern is more common between
bacteria and bacteria or viruses and bacteria but negligible numbers were found between
viruses, as also found in a similar previous study [6, 54]. More specific analysis for correlation
pairing between pathogens in case group showed the bacterial-viral synergistic effects were
mainly from S. pneumoniae with other bacteria and viruses and the co-infection number was
higher in <5 years of age. In our study, among the <5 years group highest co-infection num-
ber was found mainly from S. pneumoniae with H. influenza b followed by S. aureu s, RSV,
IFVs, ADV. RSV was found with other bacterial pathogens in the highest number followed by
ADV, IFVs, HMPV and HPIV-2. Number of co-infections was less in >5 years group than the
other age group where all the viruses interact with S. pneumoniae to a similar extent except for
HPIV-2 and HPIV-3 and correlation findings corroborated with the previous study. In the
case group, the correlation pattern (positive and/or negative) was observed for bacteria and
viruses for both age groups, whereas in the control group, no such correlation was found. In
the case group, the correlation pattern of co-infection in <5 years age was different from >5
years age group. In <5 years of age, most predominant co-infection was between RSV and S.
aureus, RSV and H. influenza b, RSV, and ADV where the correlation was positively correlated
and a negative correlation was observed for RSV and IFV-A. Similarly, a previous study
showed when RSV infection rates are high, influenza infection rates are low due to viral com-
petition, and vice versa [55]. In >5 years age, the numbers of co-infection between bacteria
and viruses were higher than <5 years group. Positive interactions were between influenza
viruses and S. aureus. Also, S. pneumoniae was positively correlated with ADV, HMPV and
HPIV viruses. However, no positive correlation was observed between bacteria where they
were negatively correlated, suggesting that S. pneumoniae less likely to coexist with other bac-
teria rather than viruses. Also, some previous studies suggested S. pneumoniae colonization
may enhance during viral co-infection and increased colonization during viral infection may
induce the transmission [56, 57]. Moreover, very few numbers of co-infection were detected
between viruses (RSV and HMPV) where a higher number of bacterial-viral infections may
correlate with the previous findings and their proposed mechanisms where a wide range of
pathogens interact with viruses through resource competition, immune response or interac-
tion between viral protein, etc. [58, 59]. Overall, co-infection pattern and their number may
suggest their interaction and that they can facilitate secondary infection for viruses or bacteria
and this phenomenon is common in respiratory infection [60]. Our current findings may sug-
gest, either bacterial or viral infection in combination with either pathogen can trigger second-
ary optimistic infection, which perhaps suggests future research. Moreover, there is growing
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evidence suggesting an association between bacterial colonization and future ARI occurrence
[61], which is related to our bacterial interaction findings. In addition, viral infection may
enhance bacterial superinfection by promoting bacterial attachment sites on nasopharyngeal
epithelial cells and increased mucous production may further enhance bacterial growth [62].
Also, sub-clinical infection in asymptomatic cases may act as a source of pathogen transmis-
sion [44]. Furthermore, a logistic regression analysis showed that case groups were more likely
to be positive for RSV four times, HPIV-3 four times, HMPV twenty times and IFV-B two
times more than the control group. Moreover, <5 years group was likely to be positive for
RSV, HMPV, and IFV-B in a higher percentage than the other age groups. Prior investigations
of bacterial and viral loads in the upper respiratory tracts of young Congolese children sug-
gested the importance of the load pathogens [63] and to our best knowledge there is no study
conducted among the FDMNs focusing on the viral and bacterial load in ARI cases and
healthy individuals. Cycle threshold (Ct) values are continuous, semi-quantitative assessments
of viral load used in qRT-PCR [63, 64]. However, our study evaluated the bacterial and viral
prevalence according to Ct value detected by RT-PCR where the detection number was higher
for all the bacteria considering Ct<30 in the case group than the control group. However, the
percentage was higher in control group when a lower load (Ct>30) was considered. In addi-
tion, viral load (Ct<30 and Ct>30) was found always high in case group for both the age (<5
years and >5 years) than the control group for all the viruses except for ADV and HMPV-1
corroborated with previous study [65]. However, understanding the complicated interactions
between viruses, bacteria, and viral-bacterial interactions could contribute to the understand-
ing of respiratory pathogen epidemiology and planning public health strategies. S. pneumoniae
is the leading cause of child mortality especially for younger children of <5 years despite the
vaccination program and it is responsible for 33% death worldwide [66]. Some of the discrep-
ancies were most likely due to methodological differences, whereas others were most likely
due to actual demographic disparities. Bangladesh and different NGOs introduced PCV-10
vaccination among the FDMNs and current PCV-13 replaced previous PCV-7 and PCV-10
which is protective against 13 serotypes [53, 67]. In our study, we identified 40 serotypes from
NPS using RT-PCR where few serotypes/serogroups were found in higher proportions 6AB,
14, 23F, Sg18, and 5. Serotypes/serogroup 6AB (12% and 13%) and 23F (10% and 9%) were
found in higher proportion under PCV-10 in cases and control. However, serotypes 16F, 35B,
154, 20, and 10F were predominant in case group whereas 114, 10A, 34, 35A, and 13 were
predominant in control group in higher proportions. Among the nonPCV-10 serotypes/ser-
ogroups higher proportion (>5%) were found for 194, 11A, 16F, 35B, 15B/C, 15A, 20, 10F
both for the case and control groups. Even if the 10- or 13-valent vaccines now being devel-
oped are only effective against half of the strains that cause invasive pneumococcal illness,
their introduction into the huge number of FDMNs population might be beneficial. However,
there are a number of strains that aren’t covered by the current vaccine candidates. Here, sev-
eral co-infection patterns and their positive/negative interaction between 41 serotypes and all
other pathogens tested might help in vaccination strategy planning in the future. Correlations
between viruses and serotypes were observed in higher numbers than the bacterial interactions
with serotypes which are predominant in cases over the control group. Overall, this study sug-
gests that S. pneumoniae is the most predominant bacteria followed by S. aureus and H. influ-
enza b in ARI patients. Among the viruses, RSV was the highest detected followed by ADV,
IFVs and HMPYV, and their seasonal pattern was mostly during rainy monsoon and cold dry
winter seasons in Bangladesh. Age group distribution showed <5 years age was found as the
highest risk group. Moreover, single and co-infection were found similar for S. prneumoniae
where the co-infection number is significantly higher for S. aureus and H. influenza b. For
viruses, RSV, HMPV, IFV-B and HPIV-3 were found in high proportions for co-infection
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than single infection, both in cases and control group. Also, the co-infection pattern showed
the predominant interaction occurred between bacteria and viruses and very limited extent for
virus and virus. Besides, high viral and bacterial loads were present in the ARI case group com-
pared with the control for most of the pathogens.

However, this study has several limitations, like it was not possible for us to collect sputum
samples since most of the cases were children. Also, in the context of this study, X-rays were
not available and decisional tree for disease presentation was established based on clinical
symptoms and examination findings only as our study was in such humanitarian crisis set-
tings. Also, only very severe cases were hospitalized as per suggestion by the physician or
referred to the tertiary hospitals. Our study did not follow up with the participants for tertiary
hospitalization. Moreover, our study period was not long enough to determine the actual sea-
sonality of ARI pathogens. Besides, we were unable to differentiate the S. pneumoniae sero-
types like 6A and 6B, 15B and 15C, 9N and 9L or detect serogroups 18 and 24 because of the
limitations of the RT-PCR method we used. Despite this limitation, we observed ARI etiology
related to age, gender, single and co-infection pathogen spectra, S. pneumoniae serotype distri-
bution pattern, which may help in public health strategies like identifying the predominant
respiratory pathogen, identifying the highest risk age group, and vaccine administration in
such humanitarian settings.

Importantly, the prevalence of viral infections data may play a crucial role in preventing the
unnecessary use of antibiotics. Also, S. pneumoniae serotype distribution data may also be use-
ful in determining disease-causing serotypes and future vaccine development.

Conclusion

Opverall, our study on the FDMN population found that viral pathogens such as ADV, IFVs,
and RSV were the most commonly detected pathogens in the ARI cases. Co-infection inci-
dence was higher among the case group than the control group for viruses including RSV,
IFV-B, and HMPV. The detection of bacteria was comparable between the two groups, with
the highest detection observed for S. pneumoinae. Both bacterial and viral pathogen detection
rates were higher in children <5 years of age. Moreover, a higher prevalence of S. pneumoniae
serotypes including 19A, 6A/B and 23F within the PCV-13 vaccine where 13, 15B/C and 35B
serotypes within non-PCV-13 were observed. S. pneumonia e serotype distribution as well as
their infection pattern with other pathogens in cases and controls provide crucial information
for public health policy like vaccination strategies in such crisis settings. The study also sug-
gests that the patterns of co-infection with different pathogens may play a role in disease pro-
gression, however, further investigations are required to fully understand the mechanisms and
consequences of such conditions.

Acknowledgments

The authors would like to thank BITID, icddr,b Bangladesh for their continuous support. The
authors would also like to express their sincere thanks to the staff members of ideSHi for their
dedicated work in the field and laboratory during the study period.

Author Contributions

Conceptualization: Golam Sarower Bhuyan, Hubert Endtz, Firdausi Qadri, Valentina Sanchez
Picot.

Data curation: Abu Bakar Siddik, Nabid Anjum Tanvir, Md. Shahariar Alam, Zahirul Islam,
Md. Rakibul Hassan Bulbul, Md. Moniruzzaman, Firdausi Qadri, Valentina Sanchez Picot.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011189  April 10, 2023 24/28


https://doi.org/10.1371/journal.pntd.0011189

PLOS NEGLECTED TROPICAL DISEASES  Bacterial and viral etiology of acute respiratory infection among the FDMNs in Cox’s Bazar

Formal analysis: Abu Bakar Siddik, Nabid Anjum Tanvir, Md. Moniruzzaman, Firdausi
Qadri, Valentina Sanchez Picot.

Funding acquisition: Valentina Sanchez Picot.

Investigation: Abu Bakar Siddik, Nabid Anjum Tanvir, Golam Sarower Bhuyan, Zahirul
Islam, Md. Rakibul Hassan Bulbul, Firdausi Qadri, Valentina Sanchez Picot.

Methodology: Firdausi Qadri, Valentina Sanchez Picot.

Project administration: Abu Bakar Siddik, Nabid Anjum Tanvir, Golam Sarower Bhuyan,
Firdausi Qadri, Valentina Sanchez Picot.

Resources: Nabid Anjum Tanvir, Charls Erik Halder, Tayabur Rahman, Valentina Sanchez
Picot.

Supervision: Abu Bakar Siddik, Nabid Anjum Tanvir, Charls Erik Halder, Tayabur Rahman,
Shakeel Ahmed, Firdausi Qadri, Valentina Sanchez Picot.

Validation: Abu Bakar Siddik, Firdausi Qadri, Valentina Sanchez Picot.
Writing - original draft: Abu Bakar Siddik, Firdausi Qadri, Valentina Sanchez Picot.

Writing - review & editing: Abu Bakar Siddik, Nabid Anjum Tanvir, Golam Sarower Bhuyan,
Firdausi Qadri, Valentina Sanchez Picot.

References

1. Pneumonia; https://www.who.int/news-room/fact-sheets/detail/pneumonia#: ~ :text=In%20children%
20under%205%20years,the%20chest%20expands%20during%?20inhalation)

2. Wiederhold B, Garmon E, Peterson E, Stevens J, O’'Rourke M. StatPearls [Internet] StatPearls Publish-
ing. Treasure Island (FL): Mar. 2021; 16.

3. Michelow IC, Olsen K, Lozano J, Rollins NK, Duffy LB, Ziegler T, et al. Epidemiology and clinical charac-
teristics of community-acquired pneumonia in hospitalized children. Pediatrics. 2004; 113(4):701-707.
https://doi.org/10.1542/peds.113.4.701 PMID: 15060215

4. Walker TA, Khurana S, Tilden SJ. Viral respiratory infections. Pediatric Clinics of North America. 1994;
41(6):1365—1381. https://doi.org/10.1016/S0031-3955(16)38876-9 PMID: 7984389

5. Kurskaya O, Ryabichenko T, Leonova N, Shi W, Bi H, Sharshov K, et al. Viral etiology of acute respira-
tory infections in hospitalized children in Novosibirsk City, Russia (2013-2017). PloS one. 2018; 13(9):
€0200117. https://doi.org/10.1371/journal.pone.0200117 PMID: 30226876

6. LiZJ,ZhangHY, RenLL, Lu QB, Ren X, Zhang CH, et al. Etiological and epidemiological features of
acute respiratory infections in China. Nature communications. 2021; 12(1):1-11. https://doi.org/10.
1038/s41467-021-25120-6 PMID: 34408158

7. KriegerJ, Higgins DL. Housing and health: time again for public health action. American journal of public
health. 2002; 92(5):758-768. https://doi.org/10.2105/ajph.92.5.758 PMID: 11988443

8. Bhuyan GS, Hossain MA, Sarker SK, Rahat A, Islam MT, Haque TN, et al. Bacterial and viral pathogen
spectra of acute respiratory infections in under-5 children in hospital settings in Dhaka city. PloS one.
2017; 12(3):e0174488. https://doi.org/10.1371/journal.pone.0174488 PMID: 28346512

9. Cilléniz C, Dominedo C, Torres A. Multidrug resistant gram-negative bacteria in community-acquired
pneumonia. Annual Update in Intensive Care and Emergency Medicine 2019. 2019; p. 459—-475.
https://doi.org/10.1186/s13054-019-2371-3 PMID: 30850010

10. SongJH, Chung DR. Respiratory infections due to drug-resistant bacteria. Infectious Disease Clinics.
2010; 24(3):639-653. PMID: 20674796

11.  Jain S, Self WH, Wunderink RG, Fakhran S, Balk R, Bramley AM, et al. Community-acquired pneumo-
nia requiring hospitalization among US adults. New England Journal of Medicine. 2015; 373(5):415—
427. https://doi.org/10.1056/NEJMoa1500245 PMID: 26172429

12. Falsey AR, McElhaney JE, Beran J, Van Essen GA, Duval X, Esen M, et al. Respiratory syncytial virus
and other respiratory viral infections in older adults with moderate to severe influenza-like iliness. The
Journal of infectious diseases. 2014; 209(12):1873—1881. https://doi.org/10.1093/infdis/jit839 PMID:
24482398

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011189  April 10, 2023 25/28


https://www.who.int/news-room/fact-sheets/detail/pneumonia%23::text=In%20children%20under%205%20years,the%20chest%20expands%20during%20inhalation)
https://www.who.int/news-room/fact-sheets/detail/pneumonia%23::text=In%20children%20under%205%20years,the%20chest%20expands%20during%20inhalation)
https://doi.org/10.1542/peds.113.4.701
http://www.ncbi.nlm.nih.gov/pubmed/15060215
https://doi.org/10.1016/S0031-3955(16)38876-9
http://www.ncbi.nlm.nih.gov/pubmed/7984389
https://doi.org/10.1371/journal.pone.0200117
http://www.ncbi.nlm.nih.gov/pubmed/30226876
https://doi.org/10.1038/s41467-021-25120-6
https://doi.org/10.1038/s41467-021-25120-6
http://www.ncbi.nlm.nih.gov/pubmed/34408158
https://doi.org/10.2105/ajph.92.5.758
http://www.ncbi.nlm.nih.gov/pubmed/11988443
https://doi.org/10.1371/journal.pone.0174488
http://www.ncbi.nlm.nih.gov/pubmed/28346512
https://doi.org/10.1186/s13054-019-2371-3
http://www.ncbi.nlm.nih.gov/pubmed/30850010
http://www.ncbi.nlm.nih.gov/pubmed/20674796
https://doi.org/10.1056/NEJMoa1500245
http://www.ncbi.nlm.nih.gov/pubmed/26172429
https://doi.org/10.1093/infdis/jit839
http://www.ncbi.nlm.nih.gov/pubmed/24482398
https://doi.org/10.1371/journal.pntd.0011189

PLOS NEGLECTED TROPICAL DISEASES  Bacterial and viral etiology of acute respiratory infection among the FDMNs in Cox’s Bazar

13.

14.

15.
16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

Choe YJ, Smit MA, Mermel LA. Seasonality of respiratory viruses and bacterial pathogens. Antimicro-
bial Resistance & Infection Control. 2019; 8(1):1-6. https://doi.org/10.1186/s13756-019-0574-7 PMID:
31367346

Famoroti T, Sibanda W, Ndung'u T. Prevalence and seasonality of common viral respiratory pathogens,
including Cytomegalovirus in children, between 0-5 years of age in KwaZulu-Natal, an HIV endemic
province in South Africa. BMC pediatrics. 2018; 18(1):1-10. https://doi.org/10.1186/s12887-018-1222-
8 PMID: 30031377

Organization WH, et al. Mortality and Morbidity Weekly Bulletin (MMWB) Cox’s Bazar, Bangladesh; 2017.

Loughran AJ, Orihuela CJ, Tuomanen El. Streptococcus pneumoniae: invasion and inflammation.
Microbiology spectrum. 2019; 7(2):7-2. https://doi.org/10.1128/microbiolspec.GPP3-0004-2018 PMID:
30873934

Rai P, Parrish M, Tay IJJ, Li N, Ackerman S, He F, et al. Streptococcus pneumoniae secretes hydrogen
peroxide leading to DNA damage and apoptosis in lung cells. Proceedings of the National Academy of
Sciences. 2015; 112(26):E3421-E3430. https://doi.org/10.1073/pnas.1424144112 PMID: 26080406

Masomian M, Ahmad Z, Ti Gew L, Poh CL. Development of next generation Streptococcus pneumoniae
vaccines conferring broad protection. Vaccines. 2020; 8(1):132. https://doi.org/10.3390/
vaccines8010132 PMID: 32192117

Chang B, Kinjo Y, Morita M, Tamura K, Watanabe H, Tanabe Y, et al. Distribution and variation of sero-
types and pneumococcal surface protein A clades of Streptococcus pneumoniae strains isolated from
adult patients with invasive pneumococcal disease in Japan. Frontiers in cellular and infection microbiol-
ogy. 2021; 11:617573. https://doi.org/10.3389/fcimb.2021.617573 PMID: 33869075

Aydemir O, Aydemir Y, Ozdemir M. The role of multiplex PCR test in identification of bacterial patho-
gens in lower respiratory tract infections. Pakistan Journal of Medical Sciences. 2014; 30(5):1011.
https://doi.org/10.12669/pjms.305.5098 PMID: 25225517

Caliendo AM. Multiplex PCR and emerging technologies for the detection of respiratory pathogens.
Clinical Infectious Diseases. 2011; 52(suppl_4):S326—-S330. https://doi.org/10.1093/cid/cir047 PMID:
21460291

Islam T, Talukder AK, Siddiqui N, Islam T. Tackling the COVID-19 pandemic: The Bangladesh perspec-
tive. Journal of public health research. 2020; 9(4):jphr—2020. https://doi.org/10.4081/jphr.2020.1794
PMID: 33117758

Bosch AA, Biesbroek G, Trzcinski K, Sanders EA, Bogaert D. Viral and bacterial interactions in the
upper respiratory tract. PLoS pathogens. 2013; 9(1):e1003057. https://doi.org/10.1371/journal.ppat.
1003057 PMID: 23326226

Albrich WC, Madhi SA, Adrian PV, van Niekerk N, Telles JN, Ebrahim N, et al. Pneumococcal colonisa-
tion density: a new marker for disease severity in HIV-infected adults with pneumonia. BMJ open. 2014;
4(8):e005953. https://doi.org/10.1136/bmjopen-2014-005953 PMID: 25113557

Albrich WC, Madhi SA, Adrian PV, Telles JN, Paranhos-Baccala G, Klugman KP. Genomic load from
sputum samples and nasopharyngeal swabs for diagnosis of pneumococcal pneumonia in HIV-infected
adults. Journal of clinical microbiology. 2014; 52(12):4224—4229. https://doi.org/10.1128/JCM.01553-
14 PMID: 25253798

Messaoudi M, Milenkov M, Albrich WC, van der Linden MP, Bénet T, Chou M, et al. The relevance of a
novel quantitative assay to detect up to 40 major Streptococcus pneumoniae serotypes directly in clini-
cal nasopharyngeal and blood specimens. PLoS One. 2016; 11(3):e0151428. https://doi.org/10.1371/
journal.pone.0151428 PMID: 26986831

Clark TW, Ewings S, Medina Mj, Batham S, Curran MD, Parmar S, et al. Viral load is strongly associ-
ated with length of stay in adults hospitalised with viral acute respiratory illness. Journal of Infection.
2016; 73(6):598-6086. https://doi.org/10.1016/}.jinf.2016.09.001 PMID: 27615557

Ginzinger DG. Gene quantification using real-time quantitative PCR: an emerging technology hits the
mainstream. Experimental hematology. 2002; 30(6):503-512. https://doi.org/10.1016/S0301-472X(02)
00806-8 PMID: 12063017

Hossain MS, Roy K, Datta DK. Spatial and temporal variability of rainfall over the south-west coast of
Bangladesh. Climate. 2014; 2(2):28—46. https://doi.org/10.3390/cli2020028

Lieberman D, Friger M. Seasonal variation in hospital admission for community-acquired pneumonia: A
5-year study. Journal of Infection. 1999; 39(2):134—140. https://doi.org/10.1016/S0163-4453(99)90005-
1 PMID: 10609531

Collier L, Kellam P, Oxford J, et al. Human virology. Ed. 4. Oxford University Press; 2011.

Homaira N, Luby SP, Petri WA, Vainionpaa R, Rahman M, Hossain K, et al. Incidence of respiratory
virus-associated pneumonia in urban poor young children of Dhaka, Bangladesh, 2009-2011. PloS
one. 2012; 7(2):e32056. https://doi.org/10.1371/journal.pone.0032056 PMID: 22384139

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011189  April 10, 2023 26/28


https://doi.org/10.1186/s13756-019-0574-7
http://www.ncbi.nlm.nih.gov/pubmed/31367346
https://doi.org/10.1186/s12887-018-1222-8
https://doi.org/10.1186/s12887-018-1222-8
http://www.ncbi.nlm.nih.gov/pubmed/30031377
https://doi.org/10.1128/microbiolspec.GPP3-0004-2018
http://www.ncbi.nlm.nih.gov/pubmed/30873934
https://doi.org/10.1073/pnas.1424144112
http://www.ncbi.nlm.nih.gov/pubmed/26080406
https://doi.org/10.3390/vaccines8010132
https://doi.org/10.3390/vaccines8010132
http://www.ncbi.nlm.nih.gov/pubmed/32192117
https://doi.org/10.3389/fcimb.2021.617573
http://www.ncbi.nlm.nih.gov/pubmed/33869075
https://doi.org/10.12669/pjms.305.5098
http://www.ncbi.nlm.nih.gov/pubmed/25225517
https://doi.org/10.1093/cid/cir047
http://www.ncbi.nlm.nih.gov/pubmed/21460291
https://doi.org/10.4081/jphr.2020.1794
http://www.ncbi.nlm.nih.gov/pubmed/33117758
https://doi.org/10.1371/journal.ppat.1003057
https://doi.org/10.1371/journal.ppat.1003057
http://www.ncbi.nlm.nih.gov/pubmed/23326226
https://doi.org/10.1136/bmjopen-2014-005953
http://www.ncbi.nlm.nih.gov/pubmed/25113557
https://doi.org/10.1128/JCM.01553-14
https://doi.org/10.1128/JCM.01553-14
http://www.ncbi.nlm.nih.gov/pubmed/25253798
https://doi.org/10.1371/journal.pone.0151428
https://doi.org/10.1371/journal.pone.0151428
http://www.ncbi.nlm.nih.gov/pubmed/26986831
https://doi.org/10.1016/j.jinf.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27615557
https://doi.org/10.1016/S0301-472X(02)00806-8
https://doi.org/10.1016/S0301-472X(02)00806-8
http://www.ncbi.nlm.nih.gov/pubmed/12063017
https://doi.org/10.3390/cli2020028
https://doi.org/10.1016/S0163-4453(99)90005-1
https://doi.org/10.1016/S0163-4453(99)90005-1
http://www.ncbi.nlm.nih.gov/pubmed/10609531
https://doi.org/10.1371/journal.pone.0032056
http://www.ncbi.nlm.nih.gov/pubmed/22384139
https://doi.org/10.1371/journal.pntd.0011189

PLOS NEGLECTED TROPICAL DISEASES  Bacterial and viral etiology of acute respiratory infection among the FDMNs in Cox’s Bazar

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Hug F, Rahman M, Nahar N, Alam A, Haque M, Sack DA, et al. Acute lower respiratory Thact infection
due to virus among hospitalized children in Dhaka, Bangladesh. Reviews of infectious diseases. 1990;
12(Supplement_8):S982-S987. https://doi.org/10.1093/clinids/12.Supplement_8.5982 PMID:
2176737

Falsey AR, Formica MA, Treanor JJ, Walsh EE. Comparison of quantitative reverse transcription-PCR
to viral culture for assessment of respiratory syncytial virus shedding. Journal of clinical microbiology.
20083; 41(9):4160-4165. https://doi.org/10.1128/JCM.41.9.4160-4165.2003 PMID: 12958241

Michelow IC, Lozano J, Olsen K, Goto C, Rollins NK, Ghaffar F, et al. Diagnosis of Streptococcus pneu-
moniae lower respiratory infection in hospitalized children by culture, polymerase chain reaction, sero-
logical testing, and urinary antigen detection. Clinical Infectious Diseases. 2002; 34(1):e1—e11. hitps://
doi.org/10.1086/324358 PMID: 11731965

Templeton KE, Scheltinga SA, Van Den Eeden WC, Graffelman WA, Van Den Broek PJ, Claas EC.
Improved diagnosis of the etiology of community-acquired pneumonia with real-time polymerase chain
reaction. Clinical infectious diseases. 2005; 41(3):345-351. https://doi.org/10.1086/431588 PMID:
16007532

Diederen BM, Van Der Eerden MM, Vlaspolder F, Boersma WG, Kluytmans JA, Peeters MF. Detection
of respiratory viruses and Legionella spp. by real-time polymerase chain reaction in patients with com-
munity acquired pneumonia. Scandinavian journal of infectious diseases. 2009; 41(1):45-50. https://
doi.org/10.1080/00365540802448799 PMID: 18821175

Johnston S, Sanderson G, Pattemore P, Smith S, Bardin P, Bruce C, et al. Use of polymerase chain
reaction for diagnosis of picornavirus infection in subjects with and without respiratory symptoms. Jour-
nal of clinical microbiology. 1993; 31(1):111-117. https://doi.org/10.1128/jcm.31.1.111-117.1993
PMID: 8380179

Graat JM, Schouten EG, Heijnen MLA, Kok FJ, Pallast EG, de Greeff SC, et al. A prospective, commu-
nity-based study on virologic assessment among elderly people with and without symptoms of acute
respiratory infection. Journal of clinical epidemiology. 2003; 56(12):1218-1223. https://doi.org/10.1016/
S0895-4356(03)00171-9 PMID: 14680673

for Disease Control C, et al. Prevention and control of influenza: recommendations of the Advisory
Committee on Immunization Practices (ACIP). MMWR Recomm Rep. 1997; 46:1-25.

Nuorti P, Butler J. Prevention of pneumococcal disease: Recommendations of the Advisory Committee
on Immunization. .. MMWR: Morbidity & Mortality Weekly Report. 1997; 46(RR-8):1-24.

Lipsitch M, Abdullahi O, D’Amour A, Xie W, Weinberger DM, Tchetgen ET, et al. Estimating rates of car-
riage acquisition and clearance and competitive ability for pneumococcal serotypes in Kenya with a
Markov transition model. Epidemiology (Cambridge, Mass). 2012; 23(4):510. https://doi.org/10.1097/
EDE.0b013e31824f2f32 PMID: 22441543

Althouse B, Hammitt L, Grant L, Wagner B, Reid R, Larzelere-Hinton F, et al. Identifying transmission
routes of Streptococcus pneumoniae and sources of acquisitions in high transmission communities.
Epidemiology & Infection. 2017; 145(13):2750-2758. https://doi.org/10.1017/S095026881700125X
PMID: 28847317

van Gageldonk-Lafeber AB, Heijnen MLA, Bartelds Al, Peters MF, Van Der Plas SM, Wilbrink B. A
case-control study of acute respiratory tract infection in general practice patients in The Netherlands.
Clinical Infectious Diseases. 2005; 41(4):490—-497. https://doi.org/10.1086/431982 PMID: 16028157

Phommasone K, Xaiyaphet X, Garcia-Rivera JA, Hontz RD, Pathavongsa V, Keomoukda P, et al. A
case—control study of the causes of acute respiratory infection among hospitalized patients in North-
eastern Laos. Scientific Reports. 2022; 12(1):1—11. https://doi.org/10.1038/s41598-022-04816-9 PMID:
35042900

Shi T, McAllister DA, O’Brien KL, Simoes EA, Madhi SA, Gessner BD, et al. Global, regional, and
national disease burden estimates of acute lower respiratory infections due to respiratory syncytial virus
in young children in 2015: a systematic review and modelling study. The Lancet. 2017; 390
(10098):946-958. https://doi.org/10.1016/S0140-6736(17)30938-8 PMID: 28689664

Kumpitsch C, Koskinen K, Schépf V, Moissl-Eichinger C. The microbiome of the upper respiratory tract
in health and disease. BMC biology. 2019; 17(1):1-20. https://doi.org/10.1186/s12915-019-0703-z
PMID: 31699101

Man WH, van Houten MA, Mérelle ME, Vlieger AM, Chu MLJ, Jansen NJ, et al. Bacterial and viral respi-
ratory tract microbiota and host characteristics in children with lower respiratory tract infections: a
matched case-control study. The Lancet Respiratory Medicine. 2019; 7(5):417—426. https://doi.org/10.
1016/52213-2600(18)30449-1 PMID: 30885620

Torres A, Cilléniz C, Ferrer M, Gabarruds A, Polverino E, Villegas S, et al. Bacteraemia and antibiotic-
resistant pathogens in community acquired pneumonia: risk and prognosis. European Respiratory Jour-
nal. 2015; 45(5):1353-1363. https://doi.org/10.1183/09031936.00152514 PMID: 25614173

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011189  April 10, 2023 27/28


https://doi.org/10.1093/clinids/12.Supplement_8.S982
http://www.ncbi.nlm.nih.gov/pubmed/2176737
https://doi.org/10.1128/JCM.41.9.4160-4165.2003
http://www.ncbi.nlm.nih.gov/pubmed/12958241
https://doi.org/10.1086/324358
https://doi.org/10.1086/324358
http://www.ncbi.nlm.nih.gov/pubmed/11731965
https://doi.org/10.1086/431588
http://www.ncbi.nlm.nih.gov/pubmed/16007532
https://doi.org/10.1080/00365540802448799
https://doi.org/10.1080/00365540802448799
http://www.ncbi.nlm.nih.gov/pubmed/18821175
https://doi.org/10.1128/jcm.31.1.111-117.1993
http://www.ncbi.nlm.nih.gov/pubmed/8380179
https://doi.org/10.1016/S0895-4356(03)00171-9
https://doi.org/10.1016/S0895-4356(03)00171-9
http://www.ncbi.nlm.nih.gov/pubmed/14680673
https://doi.org/10.1097/EDE.0b013e31824f2f32
https://doi.org/10.1097/EDE.0b013e31824f2f32
http://www.ncbi.nlm.nih.gov/pubmed/22441543
https://doi.org/10.1017/S095026881700125X
http://www.ncbi.nlm.nih.gov/pubmed/28847317
https://doi.org/10.1086/431982
http://www.ncbi.nlm.nih.gov/pubmed/16028157
https://doi.org/10.1038/s41598-022-04816-9
http://www.ncbi.nlm.nih.gov/pubmed/35042900
https://doi.org/10.1016/S0140-6736(17)30938-8
http://www.ncbi.nlm.nih.gov/pubmed/28689664
https://doi.org/10.1186/s12915-019-0703-z
http://www.ncbi.nlm.nih.gov/pubmed/31699101
https://doi.org/10.1016/S2213-2600(18)30449-1
https://doi.org/10.1016/S2213-2600(18)30449-1
http://www.ncbi.nlm.nih.gov/pubmed/30885620
https://doi.org/10.1183/09031936.00152514
http://www.ncbi.nlm.nih.gov/pubmed/25614173
https://doi.org/10.1371/journal.pntd.0011189

PLOS NEGLECTED TROPICAL DISEASES  Bacterial and viral etiology of acute respiratory infection among the FDMNs in Cox’s Bazar

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Corbo J, Friedman B, Bijur P, Gallagher E. Limited usefulness of initial blood cultures in community
acquired pneumonia. Emergency Medicine Journal. 2004; 21(4):446—448. PMID: 15208227

Luna HIR, Pankey G. The utility of blood culture in patients with community-acquired pneumonia. Ochs-
ner Journal. 2001; 3(2):85-93. PMID: 21765724

Kim L, McGee L, Tomczyk S, Beall B. Biological and epidemiological features of antibiotic-resistant
Streptococcus pneumoniae in pre-and post-conjugate vaccine eras: a United States perspective. Clinical
microbiology reviews. 2016; 29(3):525-552. https://doi.org/10.1128/CMR.00058-15 PMID: 27076637

Sings HL, De Wals P, Gessner BD, Isturiz R, Laferriere C, McLaughlin JM, et al. Effectiveness of 13-
valent pneumococcal conjugate vaccine against invasive disease caused by serotype 3 in children: a
systematic review and meta-analysis of observational studies. Clinical Infectious Diseases. 2019; 68
(12):2135-2143. https://doi.org/10.1093/cid/ciy920 PMID: 30357326

Meskill SD, O’Bryant SC. Respiratory virus co-infection in acute respiratory infections in children. Cur-
rent Infectious Disease Reports. 2020; 22(1):1-8. https://doi.org/10.1007/s11908-020-0711-8 PMID:
31980966

Wang Y, Zhang Y, Kong W, Zhu H, Lin X, Yu B, et al. Epidemiological characteristics of influenza virus
and respiratory syncytial virus among children in Wuhan area from 2008 to 2012. Zhonghua yu Fang yi
xue za zhi [Chinese Journal of Preventive Medicine]. 2013; 47(5):415—419. PMID: 23958123

Vu HTT, Yoshida LM, Suzuki M, Nguyen HAT, Nguyen CDL, Nguyen ATT, et al. Association between
nasopharyngeal load of Streptococcus pneumoniae, viral coinfection, and radiologically confirmed
pneumonia in Vietnamese children. The Pediatric infectious disease journal. 2011; 30(1):11-18. https://
doi.org/10.1097/INF.0b013e3181f111a2 PMID: 20686433

Khan MN, Xu Q, Pichichero ME. Protection against Streptococcus pneumoniae invasive pathogenesis
by a protein-based vaccine is achieved by suppression of nasopharyngeal bacterial density during influ-
enza A virus coinfection. Infection and immunity. 2017; 85(2):e00530—-16. https://doi.org/10.1128/IAl.
00530-16 PMID: 27895132

van den Bergh MR, Biesbroek G, Rossen JW, de Steenhuijsen Piters WA, Bosch AA, van Gils EJ, et al.
Associations between pathogens in the upper respiratory tract of young children: interplay between
viruses and bacteria. 2012;.

Nickbakhsh S, Mair C, Matthews L, Reeve R, Johnson PC, Thorburn F, et al. Virus—virus interactions
impact the population dynamics of influenza and the common cold. Proceedings of the National Acad-
emy of Sciences. 2019; 116(52):27142—27150. https://doi.org/10.1073/pnas.1911083116 PMID:
31843887

Brealey JC, Sly PD, Young PR, Chappell KJ. Viral bacterial co-infection of the respiratory tract during
early childhood. FEMS microbiology letters. 2015; 362(10):fnv062. https://doi.org/10.1093/femsle/
fnv062 PMID: 25877546

Bomar L, Brugger SD, Lemon KP. Bacterial microbiota of the nasal passages across the span of human
life. Current opinion in microbiology. 2018; 41:8—14. https://doi.org/10.1016/j.mib.2017.10.023 PMID:
29156371

Wolter N, Tempia S, Cohen C, Madhi SA, Venter M, Moyes J, et al. High nasopharyngeal pneumococ-
cal density, increased by viral coinfection, is associated with invasive pneumococcal pneumonia. The
Journal of infectious diseases. 2014; 210(10):1649—-1657. https://doi.org/10.1093/infdis/jiu326 PMID:
24907383

Muhandule Birindwa A, Gonzales-Siles L, Nordén R, Geravandi S, Tumusifu Manegabe J, Morisho L,
et al. High bacterial and viral load in the upper respiratory tract of children in the Democratic Republic of
the Congo. Plos one. 2020; 15(10):€0240922. https://doi.org/10.1371/journal.pone.0240922 PMID:
33119683

Fuller JA, Njenga MK, Bigogo G, Aura B, Ope MO, Nderitu L, et al. Association of the CT values of real-
time PCR of viral upper respiratory tract infection with clinical severity, Kenya. Journal of medical virol-
ogy. 2013; 85(5):924-932. https://doi.org/10.1002/jmv.23455 PMID: 23508918

Feikin DR, Fu W, Park DE, Shi Q, Higdon MM, Baggett HC, et al. Is higher viral load in the upper respira-
tory tract associated with severe pneumonia? Findings from the PERCH study. Clinical Infectious Dis-
eases. 2017; 64(suppl_3):S337-S346. https://doi.org/10.1093/cid/cix148 PMID: 28575373

Walker CLF, Rudan |, Liu L, Nair H, Theodoratou E, Bhutta ZA, et al. Global burden of childhood pneu-
monia and diarrhoea. The Lancet. 2013; 381(9875):1405—-1416. https://doi.org/10.1016/S0140-6736
(13)60222-6

Andrews NJ, Waight PA, Burbidge P, Pearce E, Roalfe L, Zancolli M, et al. Serotype-specific effective-
ness and correlates of protection for the 13-valent pneumococcal conjugate vaccine: a postlicensure
indirect cohort study. The Lancet infectious diseases. 2014; 14(9):839-846. https://doi.org/10.1016/
S$1473-3099(14)70822-9 PMID: 25042756

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011189  April 10, 2023 28/28


http://www.ncbi.nlm.nih.gov/pubmed/15208227
http://www.ncbi.nlm.nih.gov/pubmed/21765724
https://doi.org/10.1128/CMR.00058-15
http://www.ncbi.nlm.nih.gov/pubmed/27076637
https://doi.org/10.1093/cid/ciy920
http://www.ncbi.nlm.nih.gov/pubmed/30357326
https://doi.org/10.1007/s11908-020-0711-8
http://www.ncbi.nlm.nih.gov/pubmed/31980966
http://www.ncbi.nlm.nih.gov/pubmed/23958123
https://doi.org/10.1097/INF.0b013e3181f111a2
https://doi.org/10.1097/INF.0b013e3181f111a2
http://www.ncbi.nlm.nih.gov/pubmed/20686433
https://doi.org/10.1128/IAI.00530-16
https://doi.org/10.1128/IAI.00530-16
http://www.ncbi.nlm.nih.gov/pubmed/27895132
https://doi.org/10.1073/pnas.1911083116
http://www.ncbi.nlm.nih.gov/pubmed/31843887
https://doi.org/10.1093/femsle/fnv062
https://doi.org/10.1093/femsle/fnv062
http://www.ncbi.nlm.nih.gov/pubmed/25877546
https://doi.org/10.1016/j.mib.2017.10.023
http://www.ncbi.nlm.nih.gov/pubmed/29156371
https://doi.org/10.1093/infdis/jiu326
http://www.ncbi.nlm.nih.gov/pubmed/24907383
https://doi.org/10.1371/journal.pone.0240922
http://www.ncbi.nlm.nih.gov/pubmed/33119683
https://doi.org/10.1002/jmv.23455
http://www.ncbi.nlm.nih.gov/pubmed/23508918
https://doi.org/10.1093/cid/cix148
http://www.ncbi.nlm.nih.gov/pubmed/28575373
https://doi.org/10.1016/S0140-6736(13)60222-6
https://doi.org/10.1016/S0140-6736(13)60222-6
https://doi.org/10.1016/S1473-3099(14)70822-9
https://doi.org/10.1016/S1473-3099(14)70822-9
http://www.ncbi.nlm.nih.gov/pubmed/25042756
https://doi.org/10.1371/journal.pntd.0011189

