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Abstract

The present study was done to identify the viral diversity, seasonality and burden associated
with childhood acute respiratory tract infection (ARTI) in Sri Lanka. Nasopharyngeal aspi-
rates (NPA) of hospitalized children (1 month—5 years) with ARTI were collected in 2 cen-
ters (wet and dry zones) from March 2013 to August 2014. Respiratory viral antigen
detection by immunofluorescence assay (IFA) was used to identify the infecting viruses. IFA
negative 100 NPA samples were tested for human metapeumovirus (hMPV), human boca-
virus and corona viruses by polymerase chain reaction. Of the 443 and 418 NPAs, 37.2%
and 39.4% were positive for any of the 8 different respiratory viruses tested from two centers
studied. Viral co-infection was detected with respiratory syncytial virus (RSV) in both cen-
ters. Peak viral detection was noted in the wet zone from May-July 2013 and 2014 and in the
dry zone from December-January 2014 suggesting a local seasonality for viral ARTI. RSV
showed a clear seasonality with a direct correlation of monthly RSV infections with rainy
days in the wet zone and an inverse correlation with temperature in both centers. The case
fatality rate was 2.7% for RSV associated ARTI. The overall disability adjusted life years
was 335.9 and for RSV associated ARTI it was 241.8. RSV was the commonly detected
respiratory virus with an annual seasonality and distribution in rainy seasons in the dry and
wet zones of Sri Lanka. Identifying the virus and seasonality will contribute to employ pre-
ventive measures and reduce the empirical use of antibiotics in resource limited settings.

Introduction

Acute respiratory tract infection (ARTI) represents one of the most common acute illnesses in
childhood. ARTIs range from common cold, a mild, self-limited catarrhal syndrome to life
threatening lower respiratory tract infections [1]. Viruses account for most ARTIs and several
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viruses are associated with ARTI [2]. The most frequently reported respiratory viruses in new-
borns and children under 5 years are respiratory syncytial virus (RSV), parainfluenza virus
types 1,2, 3,4 (PIV-1, -2, -3, and 4), adenovirus (AdV), influenza virus types A (Inf-A), B (Inf-
B), human corona virus (hCoV), enteroviruses, human boca virus (hBoV), and human meta-
peumovirus (hMPV) [3, 4].

Viruses cause most of the ARTI but a small percentage of these infections results in severe
or fatal disease. Viral ARTT lead to secondary bacterial infections in healthy children by lower-
ing the immunity in the respiratory tract allowing the invasion of bacteria [5, 6]. Most respira-
tory viruses cause lower respiratory tract infection (LRTI) of different severity with a wide
range of respiratory manifestations including severe pneumonia and bronchiolitis. However,
detection of viral etiology of ARTI will be useful since it contributes to minimize the use of
antibiotics, which is unwarranted in viral ARTT in the absence of bacterial co-infections. Pre-
maturity, immuno-compromised state and congenital heart or lung diseases are the risk fac-
tors for severe LRTT in children. RSV infection in children with high risk often leads to severe
LRTI requiring stringent monitoring to reduce morbidity and mortality [7-9].

The ARTI associated disease burden is greater than that of any other infections [10]. In
2014, 18%, 15%, and 11% of the mortality in children younger than 5 years of age was caused
by ARTIs, diarrhea and malaria, respectively [11]. ARTIs account increased mortality and
morbidity in children imposing a burden on the health care systems [12-14]. Prevention of
viral ARTI is important as antivirals and vaccines are not available against many respiratory
viruses [7].

Hand hygiene, respiratory etiquettes, use of personnel protective equipment are effective in
preventing the spread of respiratory viral infections. In addition, contact precautions play a
crucial role in preventing RSV and PIV infections in healthcare settings; droplet precautions
are useful in preventing Inf-V and rhino viral infections; contact and droplet precautions are
useful in preventing adenoviral respiratory infections. Early viral diagnosis and active surveil-
lance are essential for the identification of infected cases and symptomatic management when
necessary [12-14].

The viral detection in ARTI depends on many factors, such as sample processing and test-
ing, disease severity, diagnostic methods, and the seasonal trends with the local climate [15].
There is a seasonal variation in viral incidence, which is higher during the colder months in
countries with temperate climates [16]. In countries with tropical climates, the seasonality var-
ies according to the temperature-dependent local weather pattern such as humidity, and / or
rainfall [17]. Global warming carries a profound change in earth’s climate and major changes
in the atmosphere will make an impact on the biosphere, and the environment [18]. Con-
versely, climatic variations and extreme weather events also cause profound impact on the
incidence of viral ARTI in a given area or a region. Detailed epidemiological studies on the
viral etiology of ARTI have not been performed in children in different climatic zones of Sri
Lanka. Thus the current study was undertaken to determine the viral etiology of ARTT and
associated disease burden in childhood ARTTI in two centers from dry and wet zones of Sri
Lanka.

Materials and methods
Patients and clinical specimens

Ethical approval (Permit No 2012/EC/24) for the study was obtained from Faculty of Medi-
cine, University of Peradeniya, Sri Lanka. This was a prospective cross-sectional study in hos-
pitalized children with ARTT from 1 month to 60 months. The study was performed at the
children’s ward of the Professorial Unit of the Teaching Hospital, Anuradhapura (THA)
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located in the North Central Province (Dry zone), and the Teaching Hospital, Gampola
(THG) located in the Central Province (Wet zone) of Sri Lanka (Fig 1).

To study the year-round incidence of different viral ARTI, recruitment of participants for
the study was done on consecutive days throughout the year for 18 months from March 2013
to August 2014. Hospitalized children were recruited with ARTT with severe acute respiratory
illness (SARI) using the case definition of the World Health Organization (WHO) [19]. The
clinical diagnosis of ARTI was done by the consultant pediatricians using the ICD-10 2012
guidelines [20]. A child was included in the study after obtaining the guardian’s or parents’
consent following the objectives explained in English or the local languages. Patient’s history
and data on clinical signs and symptoms, demography and risk factors for acquiring ARTI
were collected using an investigator administered questionnaire by interviewing the parent or
guardian with the informed written consent. Then the nasopharyngeal aspirates (NPA) were
taken using the recommended mucous aspirator with minimal discomfort to the child by the
pediatrician or his trained medical staff to test for the infecting respiratory virus.

Detection of respiratory viruses

NPA was collected with sufficient number of respiratory nasopharyngeal epithelial cells (NPC)
as these cells have the virus infection. NPA was then released into 8 mL phosphate buffered
saline (PBS) and transported on ice to the laboratory (4°C) within a few hours of collection.
Indirect immunofluorescence assay (IFA) was performed using the D3 (USA) [21] with com-
parable sensitivity with culture and a required specificity as stated by the manufacturers. IFA
covered screening for 8 respiratory viruses including RSV, AdV, PIV-1, PIV-2 and PIV-3, Inf-
A and Inf-B, and hMPV and then the IFA screening positive NPA were subjected to identify
the infecting virus using monoclonal antibodies provided by the D3 Ultra DFA Respiratory
Virus Screening and ID Kit (USA). Stained slides were examined under UV-Epi fluorescence
microscope (Leads, Germany) and intracellular nuclear and/or cytoplasmic apple green fluo-
rescence emitting cells were recorded as virus infected. IFA negative samples were then vor-
texed, transferred into 1.5 mL Eppendorf tubes and stored at -70°C for polymerase chain
reaction (PCR) to detect hMPV, hBoV, and coronaviruses (CoV) [22].

PCR to detect hAMPV, hBoV and CoV

To detect respiratory viral co-infections, a qualitative PCR was performed for hMPV, hBoV
and CoVin100 RSV positive children. Moreover, 100 selected IFA negative children’s samples
were subjected to PCR to detect hMPV [23], hBoV [24] and CoV [25] as primary etiological
agents in ARTT using previously published protocols.

All the laboratory tests for the study were done in the Diagnostic and Research Virology
Laboratory of the Department of Microbiology, Faculty of Medicine, University of Peradeniya,
Sri Lanka.

Statistical analysis

Data obtained was double entered into a spreadsheet in Microsoft™ Excel and cleaned for dou-
ble or wrong entries. Associations between categorical and continuous variables were analyzed
using the Chi square tests or Fisher’s exact tests, and the 2-tailed Student’s ¢ test or Wilcoxon
rank-sum test as appropriate.

Demographic data, clinical features, disease spectrum, mean hospital stay and use of antibi-
otics in RSV, PIV-1, -2 and -3, AdV, Inf-A, Inf-B, and hMPV associated ARTIs were expressed
in measures of central tendency (Table 1 and Supplementary 1 in S1 File). Multivariable analy-
ses were performed using a step wise logistic regression analysis to assess the risk factors for
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Fig 1. A map of Sri Lanka with sampling sites (THA and THG), number of children recruited in each center (n) and patient draining area. THA-
Teaching hospital, Anuradhapura; THG-Teaching hospital, Gampola.

https://doi.org/10.1371/journal.pone.0259443.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0259443 December 17, 2021 4/23


https://doi.org/10.1371/journal.pone.0259443.g001
https://doi.org/10.1371/journal.pone.0259443

Viral burden and diversity in acute respiratory tract infections in hospitalized children

PLOS ONE

H00¥ €776G¢08uod [euinoly| L€ 1 °01/B10°10p//:sdpy

‘Jueoyrudis

PIaPISU0D SeM G(°() >J PUE SISA[BUR 3JBLIBAI)[NUI UT PIJR[NI[ED SEM dN[BA 4 ‘snumsownaudejour uewn - AJAY ¢ BZUanul—g-JuJ ¢y eZUsnju[-y-JuJ SNIAOUIPY-A PV € 7T SNIIA BZUINJUIEIR]

‘09 7T —AId ‘snaia [endouss £10jenidsayg— A SY SUOTILIAD pIepuelg—JS Suonodjur 10e1) A1o3eridsar aynoy -1V ‘eindeypeinuy [eydsopy Sunyoes] -y 1, sejoduren) ‘reydsoy Suryoes-HH T,

S00<| 8TFS e¥s| ¢wv| TRy | rveFe| rveFe| | veFv| vere| eFe| veFe| veFe| 9Fe| vTFe| seF | 1¥F | QS T shep skeis endsoy rerog,
50'0< 0 1 I 0 1 0 1 1 I 0 I 0 0 0 € 3 UOTIEQI2IEXD BUIYISY
S0°0< 0 1 0 0 1 0 1 1 0 0 0 0 1 0 I 4 LLYV 1omo[ payroads up
S0°0< 1 1 0 0 1 1 1 I I I I 1 1 1 € € oypuoIg
S0°0< 1 1 1 0 1 1 1 I 0 I 4 0 1 I € 3 IeqoT BIUOWNAU]
50'0< 0 0 0 0 0 1 0 0 0 0 0 0 0 0 z € SOIYPUOIY 2Oy
€00 0 € 1 0 z 0 0 0 I 0 I I I 0 0T 61 DOUEN
%00 1 T 0 T 0 1 z 1 0 1 z 1 I 0 11 1 AJBIPON
€00 1 T 0 0 1 1 T 1 0 1 I 0 0 1 11 4l PN
200 T L T T € T ¥ z I z ¥ T T T w 9% SII[OIYOUOIG AN
LLYV 19MO]

50°0< 0 0 0 0 I 0 z 1 1 1 1 1 I 0 1 I LLYV 1oddn paymads up
50°0< 0 0 0 0 0 I 1 1 0 0 0 0 0 0 1 4 snraydenofukie Anoy
S0°0< 0 0 1 0 0 0 1 0 0 0 I 0 0 0 0 I SOI[[ISUO) 2Oy
S0°0< 0 0 0 0 1 1 4 4 1 1 1 1 0 0 1 0 snigufreyd anoy
S0°0< 0 0 1 I 0 0 0 0 I I 0 I I 0 I I SHISOUIS 3Ny
%00 1 I 1 z z 1 € z I 0 v € 1 I il 4 P[02 uowwoy
LLYV roddn

wmwcﬁmﬂm—v Tesrur D

%00 0 0 1 T 0 0 6 9 0 I 0 I 0 I 0 0 snIAnUN U0
€00 0 0 0 0 0 0 6 ¥ 0 0 0 1 0 0 0 (4 eayLIeI(]
S0'0< L S T € v ¥ 9 S S i4 8 S ¥ € 3 L€ Surzaay
€00 ¥ € € z T € € € € 4 01 8 S v 9 79 sorey
¥0°0 I < i4 4 4 € 4 € S 4 Al 11 i4 4 Ly 0S U0I$$9231 383y
€0°0 1 €1 I < 4 4 4 € 4 € S 4 4 € 67 s eaoud4oe,
50'0< L S 4 < 4 4 9 S S 4 L S 4 € g G sfep £ ssau[pt Jo wopeIn(
8 L id € id 9 8 6 9 ¥ 9 i4 S id € i3 D.6¢ < dway £poq 3saysrg

200 8 il L v o1 8 01 6 L L 1 01 6 S Sy 15 12891
SO1ISLId)dRIRY)D JedIul]D

€00 i 9:6 €5 (a3 viL €5 € L:01 €5 €5 9:01 S 9 €€|  TEES | PE09 ey e
€OTF TerT I'sT ds ¥ squowr

100 €z TYT | TLFET TV | L'SFET | V67T | 6TIFVT | €TIFET | TLFET | T9FCT | S8FET | T6FHI | 68FET | I'SFCI | T6FIT| T'6F01 ueaw ‘vonejuasaid je 98y
sonsuoereyd sryderowa g

suornodyul

100 i2 v T 0 T 1 iz 2 0 0 iz € € € €1 €|  -09 YIIM UAIP[IYD JO JoquinN
VHL OHL| VHL| OHL| VHL| 5DHL| VHL| DHL| VHL| DHL| VHL| OHL| VHL| 5DHL| VHL| DHL paymal [eydsoy

(6=u)| (s1=1w) | (8=1u) | (s=w)|(I1=1) (8=1) (LI=u) (LI=u)|(8=u)|[(8=u)|(91=1u) | (I=1) | (I[=1)|(9=1)|(s8=1) (¥6=U) PATPTYS UIP[IY JO T2qUINN

d AdINY q-Jur V-JuI APV €-AId T-Ald I-Ald ASH SOSLId)ORILYD [EIIA

*sasnaiA Lrojexrdsax xofewr g 03 393dsax ym sapdures Apnys DT, pue VL Woxy LV YIM udapyd pazifeyrdsoy jo sonsuagoerey) 1 d[qe]

5/23

PLOS ONE | https://doi.org/10.1371/journal.pone.0259443 December 17, 2021


https://doi.org/10.1371/journal.pone.0259443.t001
https://doi.org/10.1371/journal.pone.0259443

PLOS ONE

Viral burden and diversity in acute respiratory tract infections in hospitalized children

developing RSV associated ARTI vs other tested individual viral ARTIs. Initially, a univariate
analysis was done and p<0.1 was selected for the multivariate analysis and modeling. Model-
ing was done for RSV positive vs. positive for any of other seven viruses. Variables such as age
at hospitalization (nearest month), duration of the disease (days), gender, ethnicity (Sinhala,
Tamil, Moor, and other), weight (kg), and Hb%, chronic malnutrition (height-for-age < 2SD
was taken while weight-for-age <2SD also considered to assess malnutrition), gestational age
considering the maturity of the mother, mode of delivery (vaginal or lower segment cesarean
section), presence of underlying medical conditions (congenital heart disease-CHD; chronic
lung disease-CLD, asthma, cystic fibrosis) and genetic disorders: Down’s syndrome-trisomy
21; neuromuscular disorders and pre-existing respiratory tract morbidity, passive smoking
(the involuntary inhalation of cigarette smoke from other smokers or the child’s father), hav-
ing house hold pets, presence of indoor smoke through fire wood used for cooking / houses
without chimney and outdoor air pollution through construction activities outdoor or indus-
tries), crowding (child’s living area <24 m®) [26], guardian’s/parent’s education (<grade 8, up
to advanced level and graduates), experience as a caregiver (first child or experience in
caring>1 child) and occupation. Odds ratio was calculated for these variables with consider-
ation of significance at p value of <0.05. Multivariate odds ratios with 95% ClIs that did not
include 1.0 were considered as significant and the continuous variables were expressed as mea-
sures of central tendency. Children with viral co-infections were excluded in clinical data
analysis.

A “peak” in virus activity was defined when the monthly proportion was >10% during the
study period. The correlation between the monthly incidence of overall viral ARTT and cli-
matic factors (mean atmospheric temperature in a given month (mTm in °C), mean relative
humidity in a given month (mRH in %), and mean number of rainy days in a given month,
windspeed and direction and atmospheric pressure) was determined using Spearman correla-
tion coefficient and multiple linear correlation coefficient. Further a separate analysis was
done between the monthly incidence of RSV associated ARTI, and climatic factors (Supple-
mentary 4 in S1 File). In addition, the effects of climatic factors and their interaction were cal-
culated using the geographical detector method. The geo-detector g-statistic measures the
degree of special heterogeneity of a particular variable (Y) and the determinant power of an
explanatory variable (X) of Y; the value of g-statistic is strictly within 0, 1 [27]. The g-statistic
was calculated to evaluate the spatially stratified heterogeneity (Supplementary 5 in S1 File) as
described in Xu et al. [28].

Disability adjusted life years (DALYs) was calculated using the Health Statistics and Infor-
mation Systems WHO, 2000-2011 [29]. The statistical analysis was done using the Statistical
Analysis System (SAS), Version 9.1 [30].

Results and discussion
Children with ARTI

The viral, demographic and clinical characteristics data of the study are summarized in Table 1
and Supplementary 1 in S1 File. A total of 418 and 443 children were included over the period
of 18 months in THA and THG, respectively. Of the tested, 165 children were positive for
respiratory viral antigen by IFA from each of the center for one or more viruses. In both study
centers, the number of boys with ARTI was significantly higher compared to girls with ARTI
(p = 0.03). Considering the ethnicity in THA and THG study samples collectively, the number
of Sinhalese (ethnic majority in Sri Lanka) children with ARTT was significantly higher
(p=0.02,0.01) compared to Tamil (an ethnic minority in Sri Lanka) and Muslim (another eth-
nic minority in Sri Lanka) children. Compared to THA, in the THG study sample, number of
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Tamil children with ARTI was significantly higher than other ethnic groups (p = 0.03). Con-
sidering the residential areas of THA and THG study samples, the number of children with
ARTI from the rural areas (away from the urban and suburban limits) (p = 0.03) was higher
than that from the semi-urban and urban areas, respectively. In the THG study sample, many
children with ARTI were from semi-urban areas when compared to the THA study sample
(p = 0.04).

Children with viral ARTI

Viral ARTI was more common in 12-24 months-old children in both study centers compared
to 1-<12 and > 24-< 60-month-olds. No significant differences were noted in the distribution
of viral ARTT in different age categories between the two study centers.

Body weight was in median to -1 SD to -2 SD in THA and -1 SD in THG study samples.
Blood hemoglobin (Hb)% was 9.1 + 1.9 g/dl in the THA and it was 9.3+2.1 g/dl in the THG.
Body weight and Hb% were not significantly different among children with ARTISs or viral
ARTTs between the two study centers. All children have had the routine vaccine coverage from
the national immunization program, which does not include immunization against influenza.
Moreover, none of the study participants had vaccination against influenza.

Clinical characteristics

Clinical characteristics of respiratory virus positive children are summarized in Table 1. Multi-
ple viral infections were detected in 29 children. In both centers, co-infection with RSV was
significantly higher compared to other viral co-infections (p = 0.03).

The most important symptoms in children for mothers to seek medical assistance were
rapid respiratory rate (60%), fever (48%), wheezing (33%), and anorexia (20%). When com-
pared to PIV-1, PIV-2, PIV-3, Inf-A, Inf-B, and hMPV infections, fever was less frequently
observed in children with RSV or AdV infections (p<0.02). When compared to PIV-1, PIV-3,
AdV, Inf-A, Inf-B, and hMPV infections, respiratory rales were frequently auscultated in chil-
dren with RSV or PIV-2 infections (p<0.03). Chest recession was frequently observed in chil-
dren with RSV or PIV-2 infection (p<0.03). Compared to RSV, PIV-1, PIV-2, PIV-3, Inf-A,
Inf-B, and hMPYV infections, conjunctivitis (p<0.04) and diarrhea (p<0.03) were frequently
observed in children with AdV infection. Tachypnea was frequently observed in children with
RSV or h(MPV infections compared to PIV-1, PIV-2, PIV-3, AdV, Inf-A, and Inf-B infections
(p<0.03). Bronchiolitis was frequently observed in children with RSV infections compared to
PIV-1, PIV-2, PIV-3, AdV, Inf-A, Inf-B, and hMPV infections (Supplementary 2 in S1 File)
(p<0.02). Children in all age category had bronchiolitis, however, bronchiolitis was frequently
noted in children between 1 and 24 months (p = 0.03). There was no difference in the duration
of illness in different types of viral ARTI. Past history of ARTI predisposed the children to a
current viral infection (p = 0.04).

Distribution of viral ARTI

Monthly distribution of ARTIs in THA and THG are shown in Fig 2. In both centers, ARTI
was detected throughout the study period. ARTI peaked in the THA from December to Janu-
ary and in the THG from May to July. Overall, ARTI peaked during the rainy seasons. In the
dry zone (THA), the peak ARTI was associated with north-east monsoon (from December to
March) (Fig 3) and in the wet zone (THG), the peak ARTI was associated with south-west
monsoon (from May to September) (Fig 4). In the dry zone (THA), two peaks of RSV infection
were noted between December-January in 2013 (major peak) and in April in 2013 and 2014
(minor peak) (Fig 3). RSV infections were detected throughout the year in both centers. In the
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Fig 2. Monthly distribution of ARTISs in children less than 5 years in THA and THG from March 2013 to August
2014. ARTI-Acute respiratory tract infection; THA-Teaching hospital, Anuradhapura; THG-Teaching hospital,
Gampola.

https://doi.org/10.1371/journal.pone.0259443.9002

wet zone (THG), the peak of respiratory viral infections was noted from April to June in 2013
and 2014 (Fig 4).

In the THA, PIV-1 was detected between March and April in 2013 and December and Jan-
uary in 2014. In the THG, PIV-1linfection was detected from April to June in 2013 and 2014.
In the THA, PIV-2 was detected in March-June in 2013 and November-February in 2014.
PIV-2 infection was detected from March to August in 2013 and May to August in 2014 in the
THG. In the THA, PIV-3 was detected in June and August in 2013 and January in 2014. In the
THG, PIV-3 infections were detected in April to June in 2013 and 2014.

AdV infection was detected in April, September to November in 2013 and February to
August in 2014. In the THA, AdV was detected in May and December in 2013 and January to
August in 2014 with a peak in April 2014. Inf-A infection was detected in May, July to August,
and December in 2013 and March to June in 2014. In THA, Inf-A infection was detected in
June in 2013 and January to April, June to July in 2014. Inf-B infections were detected in
August, December in 2013 and June in 2014. In THA, Inf-B infections were detected in June
2013 and January to April, June to July in 2014.

In THA, hMPYV infection was detected in March to April, November to December in 2013,
and January to February in 2014. hMPV infection was detected in THG in March to April,
November to December in 2013 and January to February in 2014. In both dry and wet zones, a
similar seasonality was observed for h(MPV infection. CoV and hBoV were not detected in
tested RSV positive and 100 IFA negative samples from children clinically diagnosed with
ARTL
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Fig 3. Pattern of distribution of viral ARTISs in children less than 5 years in THA from March 2013 to August
2014. ARTI-Acute respiratory tract infection; THA-Teaching hospital, Anuradhapura; RSV-Respiratory syncytial
virus; PIV-1, 2 & 3 —Parainfluenza virus 1, 2 & 3; Ad V-Adenovirus; Inf-A-Influenza A; Inf-B-Influenza B; hMPV-
Human metapneumovirus.

https://doi.org/10.1371/journal.pone.0259443.g003
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Fig 4. Pattern of distribution of viral ARTISs in children less than 5 years in THG from March 2013 to August
2014. ARTI-Acute respiratory tract infection; THG-Teaching hospital, Gampola; RSV-Respiratory syncytial virus;
PIV-1, 2 & 3 —Parainfluenza virus 1, 2 & 3; Ad V-Adenovirus; Inf-A-Influenza A; Inf-B-Influenza B; hAMPV-Human
metapneumovirus.

https://doi.org/10.1371/journal.pone.0259443.g004
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Climatic factors and viral ARTI

Taken the explanatory power of the climatic factors for overall viral ARTI, the mean atmo-
spheric temperature [0.41 (p<0.05)], the mean relative humidity [0.42 (p<0.05)] and the mean
number of rainy days [0.46 (p<0.05)] had a greater influence. On the viral ARTT in THA and
THG, the mean atmospheric temperature [0.39 (p<0.05), 0.44 (p<0.05)], the mean relative
humidity [0.44 (p<0.05), 0.41 (p<0.05)] and the mean number of rainy days [0.46 (p<0.05),
0.48 (p<0.05)] had a greater influence. However, wind speed, wind direction and atmospheric
pressure did not have an influence on viral ARTL

Overall, the explanatory power of the climatic factors (atmospheric temperature, relative
humidity and mean number of rainy days) was greater in boys than girls for each age group
(1-<12, 12-24 and > 24-< 60 months). However, no significant difference was observed in
the explanatory power of the climatic factors on viral ARTI between THA and THG (Supple-
mentary 6 in S1 File).

Moreover, Spearman’s rank correlation and multiple linear regression showed a direct cor-
relation of monthly viral ARTT cases with number of rainy days in both THA and THG centers
and an inverse correlation with the mean atmospheric temperature. Additionally, regression
analysis identified a further significant inverse correlation of viral ARTT cases with relative
humidity in both centers. Monthly increase of one rainy day was associated with a 0.78
increase in monthly viral ARTT cases in THA and 0.88 increases in monthly viral ARTT cases
in THG based on the multiple regression. However, in THA and THG, an increase of 1% of
relative humidity and 1°C of temperature were associated with 1.91 and 1.83 and 2.82 and 2.76
decrease in viral ARTT cases, respectively. In THA, a total of 32.3% of explained variance (R* =
0.323) in the number of monthly viral ARTI cases was attributed to number of rainy days in a
month, relative humidity and temperature. In THG, a total of 33.3% of explained variance (R*
= 0.333) in the number of monthly viral ARTI cases was attributed to the climatic factors.
Other climatic factors such as windspeed and wind direction and atmospheric pressure did
not have an influence on viral ARTI.

Climatic factors and RSV associated ARTI

Since RSV infection showed a clear seasonality with the highest number of cases, the associa-
tion of RSV with climatic factors was further analyzed. For RSV infection in the THA study
sample, the explanatory power of the atmospheric temperature was 0.49 (p<0.05) and that of
the relative humidity was 0.42 (p<0.05). For RSV infection in the THG study sample, the
explanatory power of the atmospheric temperature and relative humidity were 0.51 (p<0.05)
for both variables. For RSV infection in the THG study sample, the explanatory power of the
mean number of rainy days was 0.52 (p<0.05).

Spearman’s rank correlation and multiple linear regressions showed a direct correlation of
monthly RSV cases with number of rainy days in the THG study sample and an inverse corre-
lation with mean atmospheric temperature in both study samples. Additionally, regression
analysis identified a significant inverse correlation of RSV cases with relative humidity in THA
and THG study samples. Based on the multiple regression analysis, a monthly increase of one
rainy day was associated with a 0.58 increase in monthly RSV cases in the THG. However, in
THA and THG, an increase of 1% of relative humidity and 1°C of temperature were associated
with 1.21 and 1.03 and 1.92 and 1.86 decreases in RSV cases, respectively. In the THA study
sample, a total of 20.3% of explained variance (R* = 0.203) in the number of monthly RSV
cases was attributed to number of rainy days in a month, relative humidity, and temperature.
In the THG study sample, a total of 23.3% of explained variance (R? = 0.233) in the number of
monthly RSV cases was attributed to the same. Other climatic factors like the wind speed and
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Fig 5. Pattern of RSV associated ARTI with climatic factors in THA and THG from March 2013 to August 2014.
ARTI-Acute respiratory tract infection; THA-Teaching hospital, Anuradhapura; THG-Teaching hospital, Gampola;
RSV-Respiratory syncytial virus; PIV-1, 2 & 3 -Parainfluenza virus 1, 2 & 3; Ad V-Adenovirus; Inf-A-Influenza A;
Inf-B-Influenza B; hMPV-Human metapneumovirus. Climatic factors analyzed-mean monthly relative humidity (%),
mean monthly temperature, mean monthly number of rainy days.

https://doi.org/10.1371/journal.pone.0259443.9005

wind direction and atmospheric pressure were not significantly associated with RSV infec-
tions. The pattern of distribution of RSV associated ARTI with climatic factors (mean monthly
relative humidity (%), mean monthly temperature, mean monthly number of rainy days) in
THA and THG study samples are shown in Fig 5 and Supplementary 4 in S1 File.

The supplementary 7 in S1 File shows the interactions of the paired climatic factors on viral
ARTIs and RSV associated ARTI at THA and THG. The dominant interaction is in bold letters
where the q value is higher than the sum of each individual factor. The dominant interactors
on overall ARTI (q = 0.71) at THA (g = 0.58) and THG (g = 0.72), viral ARTT and RSV associ-
ated ARTT at THA (q = 0.72) was atmospheric temperature and atmospheric pressure. The
dominant interactor on RSV associated ARTI at THG was the mean number of rainy days and
the mean atmospheric pressure (g = 0.74) (Supplementary 7 in S1 File).

Risk factors for RSV associated ARTI

Viral co-infection was not included in risk factor analysis (Table 2). Male sex was a significant
risk factor for acquiring RSV infection (Odds ratio = 2.4; p = 0.03) and other 7 respiratory viral
infections (Odds ratio = 2.3; p = 0.03). Malnutrition was a significant risk factor for acquiring
PIV-2 compared to RSV infection in THA (Odds ratio = 1.8; p = 0.02) and THG (Odds

ratio = 2.1; p = 0.02). Birth weight <2500 g was a significant risk factor for acquiring AdV
infection compared to RSV in children with ARTT in THA (Odds ratio = 1.7; p = 0.04) and
THG (Odds ratio = 1.8; p = 0.04). Living in crowded conditions was a significant risk factor
for acquiring AdV infection compared to RSV in children from THA (Odds ratio = 2.8; p =
0.03) and THG (Odds ratio = 3.2; p = 0.03). Birth through LSCS was a significant risk factor
for acquiring hMPV infection compared to RSV in children from THA (Odds ratio = 1.9; p =
0.05) and THG (Odds ratio = 2.4; p = 0.05). Considering the co-morbidities, having congenital
heart disease was a significant risk factor for acquiring RSV and AdV infection compared to 6
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Table 2. Risk factors for acquiring RSV and other viruses in children 1-< 60 months with ARTIs.

RSV PIV-1 PIV-2 PIV-3 Adv Inf-A Inf-B hMPV
No. of virus positive ARTI 94 85 6 11 12 16 8 8 17 17 8 11 5 8 15 9
No. of co-infections® 13 13 3 3 3 4 0 0 4 4 1 1 0 1 4 4
Study site THG | THA | THG | THA | THG | THA | THG | THA | THG | THA | THG | THA | THG | THA | THG | THA
Risk factors
Malnutrition (weight-for-age - - - - 2.1 1.8 - - - - - - - - _ -
z-score -2)° 0.02) | (0.02)
Male sex 2.4 2.3 - - - - - - - - - - - R - -
(0.03) | (0.03)
Low birth weight® (2500 g) - - - - - - - - 1.8 1.7 - _ - _ _ _
(0.04) | (0.04)
Mode of delivery-LSCS* - - - - - - - - - - - - - - 2.4 1.9
(0.05) | (0.05)
Outdoor air pollution® - 3.2 - - - 24 - - - - - - - - - -
(0.04) (0.03)
Indoor air pollution - - - - - - 1.8 1.5 - - - - - - - _
(0.04) | (0.04)
Passive smoking
Breastfeeding (during the - - - - - - - - - - . _ . _ - -
first 4 months)
Lack of measles immunization - - - - - - - - - - R . R R - -
(within the first 12 months)
Crowded living - - - - - - - - 3.2 2.8 - - - R R -
(0.03) | (0.03)
Concurrent/ Congenital heart | 3.4 3.2 - - 2.4 2.3 - - - - - - - - - -
diseases (0.02) | (0.02) (0.03) | (0.03)
Asthma - - 1.4 1.4 - - - - - - - - - - 2.1 2.1
(0.04) | (0.04) (0.03) | (0.03)
Immunodeficiency - - - - - - - - - - . _ _ _ - -
Epilepsy - - - - - - - - - - - - _ _ - -
Mother’s experience as a - - - - - - - - - : : _ _ _ - _
caregiver
Mother’s education 2.3 2.1 - - - - - - 2.4 2.2 - - - - - -
(0.04) | (0.04) (0.03) | (0.03)
Day-care attendance - - 1.3 1.3 1.4 1.4 - - 1.5 1.5 - - - - - -
(0.03) | (0.03) | (0.03) | (0.03) (0.03) | (0.03)
> Mean monthly RH (%) 2.5 2.1 - - - - - - - - - R R R - -
(0.03) | (0.03)
> Mean Tm (°C) 3.1 2.9
(0.02) | (0.04)
Mean monthly rainy days> 3.2 - - - - - - - - - , - , . - -
15/month (0.03)
Trisomy 21 - - - - - - - - - - - - - - - -
Birth order > 3 - - - - - - - - - - R R - - - R

*Viral co-infections were excluded from the analysis. Only significant odds ratio and P value are given. P value was calculated in multivariate analysis and P< 0.05 was

considered significant and given in parenthesis in relevant columns. THA-Teaching hospital, Anuradhapura; THG-Teaching hospital, Gampola; RSV-Respiratory
syncytial virus; PIV-1, 2 & 3 -Parainfluenza virus 1, 2 & 3; Ad V-Adenovirus; Inf-A-Influenza A; Inf-B-Influenza B; h(MPV-Human metapneumovirus; LSCS-Lower

segment caesarian section.

https://doi.org/10.1371/journal.pone.0259443.t002
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other respiratory viral infections in THA and THG. Having asthma was a significant risk factor
for acquiring PIV-2 and hMPV infections compared to RSV infection in THA and THG.

Considering the socio-demographic factors, poor educational level of the mother (up to pri-
mary level only) was a significant risk factor for acquiring RSV and hMPV infections com-
pared to 6 other viruses in THA and THG. Day care attendance was a significant risk factor
for acquiring PIV-1 or PIV-2 or AV infection compared to RSV in THA and THG. In addi-
tion, outdoor air pollution was a significant risk factor for acquiring RSV and PIV-2 infection
in THA compared to 6 other viruses. Indoor air pollution was a significant risk factor for
acquiring PIV-3 infection compared to RSV in both THA and THG.

Considering the climatic factors, high relative humidity (not the mean monthly relative
humidity) was a significant risk factor for acquiring RSV infection in children compared to all
seven viruses in THA and THG. Similarly, high atmospheric temperature was a significant risk
factor for acquiring RSV infection. Furthermore, having more than 15 rainy days in a month
was a significant risk factor for acquiring RSV infection. Empirical antibiotic use was noted in
all children with ARTI, in the study sample.

Burden of viral ARTI in childhood

Viral incidence/100,000 person years for ARTI are given in Table 3 and Fig 6. Overall, RSV
associated ARTI incidence was 29.76/100,000 person years and it was significantly higher for
RSV than the rest of the viral ARTI (p = 0.001).

In the THA study sample, 6 deaths were recorded for viral ARTI. Two of these children had
RSV infection alone, 2 had RSV and hMPV co-infection (Supplementary 3 in S1 File) and 2
had RSV and PIV-1 co-infection (Table 4). In the THG study sample, 3 deaths were recorded
for viral ARTI during the study period. Two of these children had RSV infection alone and
one had RSV and PIV-1 co-infection. Case fatality rate for childhood ARTI at THA and THG
was 1.43% (6/418) and 0.67% (3/443), respectively. Overall RSV associated case fatality rate in
THA and THG study samples was 3.63% (6/165) and 1.81% (3/165), respectively. Case fatality
rate for RSV mono-infection for both centers was 1.21% (2/165). DALYs in THA and THG
were 429.77 and 242.06, respectively. DALY for RSV infection were 322.33 and 161.37 for
THA and THG, respectively.

Overall, period prevalence of ARTI in the total study population was 21.5% while period
prevalence of viral ARTI was 8.25%. Period prevalence of RSV associated ARTI in THA was
4.25% and in THG was 4.7%. Overall, ARTI incidence in the total study population was 287/
100,000 person years for children <5 years. In THA, RSV associated ARTT incidence was 28.3/

Table 3. Incidence/100000-person years for RSV, PIV-1, PIV-2 and PIV-3, AV, Inf-A, Inf-B, and hMPYV infections
for different age groups of children with ARTI compared to overall incidence of these viruses despite the age
categories.

Age in months Incidence/100000-person years for respiratory viruses tested p value
RSV PIV-1 PIV-2 |PIV-3 AV Inf-A Inf-B hMPV
1-<4 5.83 1.26 1.90 1.26 1.26 1.26 0.95 0.63 *0.03
5-<12 5.73 1.27 2.23 1.27 1.59 1.59 1.27 0.95 *0.03
13-<24 11.20 1.35 2.02 1.35 2.02 1.69 1.01 1.01 *0.02
25-< 60 7.00 1.66 3.66 1.33 6.33 1.66 0.99 2.66 *0.02
All age groups 29.76 1.39 2.45 1.30 2.80 1.55 1.06 1.31 *0.001

p value 0.05 was considered significant. RSV-Respiratory syncytial virus; PIV-1, 2 & 3 —Parainfluenza virus 1, 2 & 3;

Ad V-Adenovirus; Inf-A-Influenza A; Inf-B-Influenza B; hMPV-Human metapneumovirus.

https://doi.org/10.1371/journal.pone.0259443.t003
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Fig 6. Incidence/100000-person years for RSV, PIV-1, PIV-2 and PIV-3, AV, Inf-A, Inf-B, and hMPV infections
for different age groups of children with ARTI compared to overall incidence of these viruses despite the age
categories. ARTI-Acute respiratory tract infection; RSV-Respiratory syncytial virus; PIV-1, 2 & 3 -Parainfluenza
virus 1, 2 & 3; Ad V-Adenovirus; Inf-A-Influenza A; Inf-B-Influenza B; hMPV-Human metapneumovirus.

https://doi.org/10.1371/journal.pone.0259443.g006

100,000 person years for children <5 years. In THG, RSV associated ARTT incidence was 31.3/
100,000 person years for children < 5 years. Age related incidence of ARTI in infants <12
months of age in THA and THG was 9.6/100000 and 9.3/100000 person years, respectively.
Hospitalization following RSV infection in children aged <5 years in the rural population was
significantly (p = 0.03) higher than that in the urban population. The risk of viral ARTT associ-
ated case fatality for THA and THG was 3.63% (6/165) and 1.81% (3/165 (Table 4). All deaths
were associated with RSV associated pneumonia or bronchiolitis in mono-infection or co-
infection with other respiratory viruses. Viral ARTI associated case fatality rate was 2.4% (4/
165) and 1.2% (2/165), respectively for THA and THG in the presence of congenital cardiac
disease.

Table 4. Mortality and morbidity data in children with viral ARTIs (lower ARTI).

Data on mortality and morbidity THA THG

Number of hospitalized children with 418 443
ARTI
Number of viral positive ARTI 165 165
Number of deaths 6" 3"
Etiology for mortality RSV =2,RSV & PIV-1=2and RSV & RSV =2, RSV & PIV-
hMPV =2 1=1
DALYs 429.77 242.06

THA-Teaching hospital, Anuradhapura; THG-Teaching hospital, Gampola; ARTI-Acute respiratory tract infection;
DALYs-Disability adjusted life years; RSV-Respiratory syncytial virus; PIV-1, 2 & 3 —~Parainfluenza virus 1, 2 & 3;
Ad V-Adenovirus; Inf-A-Influenza A; Inf-B-Influenza B; hMPV-Human metapneumovirus.

https://doi.org/10.1371/journal.pone.0259443.t1004
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Discussion

As with most parts of the world, ARTIs in children under 5 years is one of the most common
causes of morbidity in Sri Lanka [31]. The distribution of respiratory viruses in Sri Lanka
appears to be like those in developing countries and other tropical regions [32]. The age distri-
bution and the clinical picture of respiratory viral infections were also like those previously
described in tropical countries [33]. As noted in the other regions [32, 33], the present study
demonstrated an annual pattern for respiratory viral infections in Sri Lanka.

Information on the causes of respiratory illness in tropical countries is limited compared to
temperate countries. The available data indicates that about one third of the respiratory tract
infections are caused by viruses based on antigen detection using IFA [34, 35]. The present
study identified viruses in 37.1% + 0.75 and 36.4% + 0.12 of children hospitalized for ARTI in
THA and THG, respectively. Compared to previous studies, antigen detection by IFA in our
study shows a higher detection rate [36-39], and it may be due to higher detection indices of
the current assay compared to those used in the previous studies.

In the present study, RSV was the most predominant virus detected in both centers with an
incidence of 29.8/100,000 person years. This RSV incidence of the present study is lower than
that estimated in children based on hospital-surveillance done in Thailand (46/100,000 per-
son-years in children) [40] and Kenya (293/100 000 person-years in children aged <5 years)
[41]. In the USA and UK, it was 300 per 100,000 person-years in children aged <5 years [42,
43]. According to the current study, RSV associated ARTI incidence in Sri Lanka is somewhat
like Thailand and it might be due to low prevalence of RSV infection in the Asian region com-
pared to UK, USA and Kenya. Another reason for low prevalence of RSV infection in Sri
Lanka might be due to low level of hospitalization of children following ARTTs as urban as well
as rural areas of Sri Lanka has general practitioners. Conversely, with high degree of parental
concern towards childhood illnesses, parents seek medical advice early in the illness.

RSV predominance in Sri Lankan children agrees with the fact that this virus is the single
most frequent respiratory pathogen detected in infants and young children worldwide. When
considering the clinical characteristics of RSV associated ARTI, fever was less frequently noted
in the present study. Rhonchi, rhinorrhea, chest recession and tachypnea were observed com-
monly. Overall, these signs and symptoms are related to the any known pathogen causing
ARTIs and not characteristically confined to a specific virus as noted by many other studies as
well [43-45].

Disease spectrum in RSV associated ARTIs ranged from common cold to life threatening
severe bronchiolitis and pneumonia, suggesting the role of RSV in most of the cases with
exacerbation of bronchiolitis [46, 47]. Moreover, the disease spectrum noted by the current
study agrees with that noted in many studies done elsewhere [7, 48, 49]. RSV is associated with
many viral co-infections and this finding is also in agreement with previous studies [50-52].
The association between the occurrence of co-infection and development of severe disease is
unclear [53], and the present study also noted morbidity and mortality in children with viral
co-infections with RSV.

Overall, the present study demonstrated an annual seasonality of viral ARTI in Sri Lanka in
two different climatic zones especially for RSV infections. There is a marked seasonal variation
in viral incidence between the temperate and tropical countries [54]. In tropical countries, the
seasonality varies according to the temperature-dependent local weather pattern such as
humidity or/and rainfall [17]. Epidemiological studies from tropical regions indicate that fac-
tors such as rainy seasons [55] or low air humidity [56] and temperature may influence out-
breaks of viral ARTIs. Global warming has a profound influence in the earth’s climate and
changes in the climate has an impact on the seasonality and burden of respiratory viral
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infections. In addition to climatic factors, population density and degree of exposure to risk
factors predisposing to the acquisition of ARTT in childhood also have a role in the overall bur-
den of viral ARTI [57-59].

RSV infection was detected throughout the year in the current study. The seasonality corre-
lated with the rainy season in both wet (South-west monsoon from May to September) and
dry zone (North-east monsoon from December to March) and this explains the positive corre-
lation with number of rainy days per month instead of monthly rain fall, which has a less bear-
ing on the viral incidence [57, 60]. A slightly similar RSV seasonality from May to July has
been reported by other studies conducted in the southern part of Sri Lanka, which experiences
almost similar climatic conditions to the wet zone study center of the current study [61, 62].
The peak occurrence of RSV infections in the rainy season might be due to indoor overcrowd-
ing. At THG, the dominant interaction was detected between mean number of rainy days and
atmospheric pressure (g = 0.74). At THA, the dominant interaction was detected between the
mean atmospheric temperature and atmospheric pressure (g = 0.58). Moreover, in a study
conducted in China [28], the dominant interaction was observed between the mean wind
speed and the mean atmospheric pressure (g = 0-836). According to that study, a low atmo-
spheric pressure would enhance the spread of airborne viruses. Our findings and the findings
of the Xu et al. [28] suggest that these interactions might differ in different geographical areas
and that the interpretations would differ accordingly.

There have been a few studies on PIV infections in developing countries and most of these
studies do not differentiate the subtypes of the virus. Our study recorded a 3.1% period preva-
lence of PIV infections with the predominance of PIV-3. Similar hospital-based studies have
been reported in other developing countries [63, 64]. PIV infections have been strongly associ-
ated with croup based on the findings of some previous studies [65, 66]. However, the present
study recorded a smaller number of cases with croup among PIV infected patients. In the
THA study sample, an absence of a well demarcated seasonality was seen for PIV associated
ARTI. In the THG study sample, PIV associated ARTI was scattered in the second quarter of
the year. This distribution cannot be explained using climatic or other risk factors. Further-
more, the number of PIV cases was also less in the present study and thus extracting a clear
association is difficult.

AdV was the third highest prevalent virus causing ARTT in the study sample. The period
prevalence for AdV associated ARTI was 5.66% and this was similar in both study centers. In
the tropics, AdV has been reported to be responsible for 5-10% of the ARTT affecting infants
[65, 67-69]. In our study, AdV was evenly distributed in different age groups of children <5
years. Furthermore, diarrhea and conjunctivitis were significantly associated with AdV infec-
tion. However, AdV infections showed a year-round distribution in the wet zone including the
rainy season with no seasonality.

Period prevalence for Inf-A was 3.66 and 2.66 and Inf-B was 2.66 and 1.66 in THA and
THG, respectively. Inf-V infections were associated with a smaller number of morbidity and
mortality and this may be due to scattering of antigenically stable Inf-A and Inf-B strains dur-
ing the inter-epidemic period. In 2015, an influenza epidemic was reported in Sri Lanka with
significant mortality and morbidity, however, no obvious seasonality was noted with these out-
breaks either [70], supporting the findings of the present study.

hMPYV infection is more prevalent in countries with temperate climates. We detected chil-
dren with hMPV associated ARTI in both study centers. This is one of the large-scale studies
detecting hMPV infection in Sri Lanka. Co-infections with RSV and hMPV were also detected.
The disease spectrum and the severity of hMPV infection are like that of RSV associated ARTI
[71-73]. Although the number of cases identified with hMPV associated ARTI were less,

PLOS ONE | https://doi.org/10.1371/journal.pone.0259443 December 17, 2021 16/23


https://doi.org/10.1371/journal.pone.0259443

PLOS ONE

Viral burden and diversity in acute respiratory tract infections in hospitalized children

hMPV associated ARTI peak overlapped the RSV peak and thus the same climatic conditions
might influence the distribution of RSV and hMPV.

Taken study findings together, identifying the pattern of distribution of viral ARTI in a
location will help implementing the early preventive measures, which can be communicated to
the public with awareness on RSV infection including the RSV dominant times in the forth
coming year and in rainy seasons. The RSV burden is high and present throughout the year
and the Inf-V related morbidity is less and confined only to the epidemic period with low prev-
alence during the inter-epidemic period, however, introducing influenza vaccination will help
to prevent Inf-V associated ARTI in high risk children. Now no specific evidence based pre-
ventive measures are practiced in Sri Lanka to control childhood ARTI. The current data on
RSV burden and the pattern of distribution will contribute to health promotion activities in
Sri Lanka among parents, guardians and childcare providers.

Considering the viral burden, DALY is less compared to other studies done in the tropics
[74,75]. DALYs is a measure of mortality and associated burden following viral ARTI. DALYs
for ARTT in THA and THG were 429.77 and 242.056, respectively. DALYs for RSV infection
was 322.33 and 161.37 for THA and THG, respectively. These DALYs values of the current
study are significantly lower when compared to DALY associated with ARTI in South-East
Asian region [76]. According to the WHO, Sri Lanka lies in <25 deaths/1000 live births for
under 5 years of age [77] and this reflects the low mortality rate and DALY associated with
ARTIs in the island. On the other hand, it may also be due to high level of parental care,
including seeking early medical advice for childhood illnesses leading to lesser chances for
worsening of the illness. Although specific antiviral treatment is not available for many viral
ARTI, symptomatic management eases the severity and the duration of the illness.

Malnutrition has generally been considered as a risk factor for viral ARTI in developing
countries [78, 79], however, the increased mortality could occur especially when bacterial
infections are involved during post-viral convalescence. In our study, malnutrition was identi-
fied as a potential risk factor for acquiring PIV-2 and AdV infections. In addition to tested
nutrition indicators, the low level of Hb% reflected the level of malnutrition and this finding
has been shown by many other studies as well [80]. All patients with anemia were screened for
a complete blood evaluation (CBE) and found to have iron deficiency anemia. Viral infections
further deprive the nutritional state by reducing the appetite in a child with ARTI, leading to
increased risk for recurrent viral infections [81]. Viral testing on respiratory secretions like
NPA is the accurate way of identifying the viral etiology and lack of viral diagnostics will raise
the use of antimicrobials irrationally.

The present study also noted the empiric use of antibiotics in children with ARTI in accor-
dance with the pediatric emergency treatment protocol for managing moderate to severe bron-
chiolitis. In these instances, antibiotic treatment does not contribute positively to clinical
improvement as noted by previous studies [80, 81]. On the other hand, use of antibiotics in
children with viral ARTI contributes to an enormous health cost in developing economies like
Sri Lanka. Moreover, rational use of antibiotics will contribute to minimize the development
of antimicrobial resistance. Health care policy makers must consider reviewing the clinical
algorithm for patient management with virologists and clinicians considering the cost
incurred by the irrational use of antibiotics for viral infections and this expenditure can be
diverted to establish viral diagnostics. Future cross-sectional and longitudinal studies of viral
ARTI in out-patients and communities will contribute to identify the time bound trends on
the respiratory viral burden. This will alarm the clinicians about common, uncommon and
newly emerging respiratory viruses. This study also shows the number of viral ARTI associated
hospitalization in two climatic zones of Sri Lanka.
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Opverall, period prevalence of ARTI in both centers was 21.5% while the period prevalence
of virus identified ARTT was 8.25%. Overall, ARTI incidence in the study sample was 287/
100,000 person years for < 5-year-old children. In addition to the morbidity, the management
cost and the loss of parent/guardian manpower used for the childhood ARTI have economic
consequences. This is the first large study to detect h(MPV associated ARTI in Sri Lankan chil-
dren. Our data shows the respiratory viral burden on childhood ARTT and this will help the
health care providers and policy makers to re-evaluate the existing infection control and pre-
vention strategies for viral ARTI. Awareness on local respiratory viral dynamics is important
to implement early preventive measures like use of respiratory precautions and health educa-
tion for different categories of care providers including parents. Prevention plays a significant
role in reducing the burden of childhood viral ARTIs, however, adherence to preventive meth-
ods must be promoted by the health care providers and the policy makers.

Recruiting only the hospitalized children with SARI led to miss a fair number of patients
who reported to the outpatient department with viral ARTIs. Moreover, Sri Lanka has a well
spread network of general practitioners and parents seek paid medical care following ARTI
and this would have also reduced hospitalizations leading to drop in the actual number of
ARTI and this would under-estimate the true burden of viral ARTI. This study was confined
to children between 1 month to 5 years and thus missed the pediatric ARTI cases from >5 to
<12 years. Since detection sensitivity of IFA for viral antigen is low compared to molecular
methods, the study would have missed some more true viral ARTI cases. We have also not
tested for rhinoviruses and enteroviruses which contribute to >10% of all viral ARTTs. In addi-
tion to detecting hMPV using IFA, only 100 RSV positive and 100 virus negative NPA were
further tested using PCR for hMPV, hBoV, and CoV.

Conclusions

Overall, 38.33% of the hospitalized children had virus identified ARTI based on antigen detec-
tion by IFA. The level of viral detection was similar in both study samples representing dry
and wet zones of Sri Lanka. RSV was the commonly detected respiratory virus with an annual
pattern of distribution and RSV associated ARTI was distributed during the rainy seasons. In
the wet zone, RSV associated ARTI was seen around May to July along with the South-West
monsoon. In the dry zone, RSV associated ARTI was seen around December to January along
with the North-East monsoon. Furthermore, monthly RSV cases negatively correlated with
mean monthly atmospheric temperature and mean monthly relative humidity, and positively
correlated with the number of rainy days present in a month instead of the mean rain fall.
Other respiratory viruses tested in the study have not shown such a correlation. Moreover, this
study has demonstrated that respiratory viruses are associated with a considerable number of
hospitalizations in Sri Lanka. Future cross-sectional and longitudinal studies of viral-ARTI
including out-patients will contribute to assess the true burden and the time bound diversity
of viral ARTT in Sri Lanka.

Supporting information

S1 File.
(PDF)

Acknowledgments

We would like to acknowledge the supportive staff at Teaching hospitals Anuradhapura and
Gampola, Sri Lanka for the support given for the sample collection.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259443 December 17, 2021 18/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259443.s001
https://doi.org/10.1371/journal.pone.0259443

PLOS ONE

Viral burden and diversity in acute respiratory tract infections in hospitalized children

Author Contributions
Conceptualization: J. A. A. S. Jayaweera, A. J. Morel, J. S. M. Peiris, F. Noordeen.

Data curation: J. A. A. S. Jayaweera, A. J. Morel, A. M. S. B. Abeykoon, F. N. N. Pitchai, H. S.
Kothalawela, F. Noordeen.

Formal analysis: ]. A. A. S. Jayaweera.
Funding acquisition: ]. A. A. S. Jayaweera, J. S. M. Peiris, F. Noordeen.
Investigation: A. M. S. B. Abeykoon, F. N. N. Pitchai, H. S. Kothalawela, J. S. M. Peiris.

Methodology: A. J. Morel, A. M. S. B. Abeykoon, F. N. N. Pitchai, H. S. Kothalawela, F.
Noordeen.

Project administration: A. ]. Morel, F. Noordeen.

Resources: A. J. Morel, J. S. M. Peiris, F. Noordeen.

Supervision: F. Noordeen.

Validation: F. N. N. Pitchai, H. S. Kothalawela, J. S. M. Peiris, F. Noordeen.
Writing - original draft: J. A. A. S. Jayaweera.

Writing - review & editing: F. Noordeen.

References

1.  Meneghetti A, 2011. Upper respiratory tract infection. Available at: http://emedicine.medscape.com/
overview/1/1/2011. Accessed June 12, 2020.

2. Melnick JL, Lannette EM, Balows A, Hausler j Jr, Shadowy HJ, 1985. Manual of clinical microbiology,
American Society for Microbiology. In: Melnick JL Editor. Taxonomy of viruses. 694-700.

3. Wong-Chew RM, Espinoza MA, Taboada B, Aponte FE, Arias-Ortiz MA, Monge-Martinez J, 2015.
Prevalence of respiratory virus in symptomatic children in private physician office settings in five com-
munities of the state of Veracruz, Mexico. BMC Res Notes 8: 261-266. https://doi.org/10.1186/s13104-
015-1239-0 PMID: 26108920

4. Berry M, Gamieldien J, Fielding BC, 2015. Identification of new respiratory viruses in the new millen-
nium. Viruses 7: 996—1019. https://doi.org/10.3390/v7030996 PMID: 25757061

5. Murphy T, Bakaletz L, Smeesters P, 2009.Microbial interactions in the respiratory tract. Pediatr Infect
Dis J 28: S121-S126. https://doi.org/10.1097/INF.0b013e3181b6d7ec PMID: 19918134

6. Albrich W. C., Monnet D. L. Harbarth S, 2004. Antibiotic selection pressure and resistance in Strepto-
coccus pneumoniae and Streptococcus pyogenes. Emerg Infect Dis 10: 514-517. https://doi.org/10.
3201/eid1003.030252 PMID: 15109426

7. Tregoning JS, Schwarze J, 2010. Respiratory viral infections in infants: causes, clinical symptoms, virol-
ogy and immunology. ClinMicrobiol Rev 23: 74-98. https://doi.org/10.1128/CMR.00032-09 PMID:
20065326

8. Garcia CG, Bhore R, Soriano-Fallas A, 2010. Risk factors in children hospitalized with RSV bronchiolitis
versus non-RSV bronchiolitis. Pediatrics 126: e1453-60. https://doi.org/10.1542/peds.2010-0507
PMID: 21098154

9. Resch B, 2014. Respiratory syncytial virus infection in high-risk infants—an update on palivizumab pro-
phylaxis. Open Microbiol J. 8: 71-77. https://doi.org/10.2174/1874285801408010071 PMID: 25132870

10. Mizgerd JP, 2006. Lung infection—a public health priority. PLoS Med 3:e76. https://doi.org/10.1371/
journal.pmed.0030076 PMID: 16401173

11.  World Health Organization. Burden of disease project, 2005. World Health Organization, Geneva,
Switzerland.

12. Llor C, Bjerrum, 2014. Antimicrobial resistance: risk associated with antibiotic overuse and initiatives to
reduce the problem. Ther Adv Drug Saf 5: 229-241. https://doi.org/10.1177/2042098614554919 PMID:
25436105

13. LowD, 2008. Reducing antibiotic use in influenza: challenges and rewards. Clin Microbiol Infect 14:
298-306. https://doi.org/10.1111/j.1469-0691.2007.01910.x PMID: 18093237

PLOS ONE | https://doi.org/10.1371/journal.pone.0259443 December 17, 2021 19/23


http://emedicine.medscape.com/overview/1/1/2011
http://emedicine.medscape.com/overview/1/1/2011
https://doi.org/10.1186/s13104-015-1239-0
https://doi.org/10.1186/s13104-015-1239-0
http://www.ncbi.nlm.nih.gov/pubmed/26108920
https://doi.org/10.3390/v7030996
http://www.ncbi.nlm.nih.gov/pubmed/25757061
https://doi.org/10.1097/INF.0b013e3181b6d7ec
http://www.ncbi.nlm.nih.gov/pubmed/19918134
https://doi.org/10.3201/eid1003.030252
https://doi.org/10.3201/eid1003.030252
http://www.ncbi.nlm.nih.gov/pubmed/15109426
https://doi.org/10.1128/CMR.00032-09
http://www.ncbi.nlm.nih.gov/pubmed/20065326
https://doi.org/10.1542/peds.2010-0507
http://www.ncbi.nlm.nih.gov/pubmed/21098154
https://doi.org/10.2174/1874285801408010071
http://www.ncbi.nlm.nih.gov/pubmed/25132870
https://doi.org/10.1371/journal.pmed.0030076
https://doi.org/10.1371/journal.pmed.0030076
http://www.ncbi.nlm.nih.gov/pubmed/16401173
https://doi.org/10.1177/2042098614554919
http://www.ncbi.nlm.nih.gov/pubmed/25436105
https://doi.org/10.1111/j.1469-0691.2007.01910.x
http://www.ncbi.nlm.nih.gov/pubmed/18093237
https://doi.org/10.1371/journal.pone.0259443

PLOS ONE

Viral burden and diversity in acute respiratory tract infections in hospitalized children

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Zaas AK, Garner BH, Tsalik EL, Burke T, Woods CW, Ginsburg GS, 2014. The current epidemiology
and clinical decisions surrounding acute respiratory infections. Trends Mol Med 20: 579-88. https://doi.
org/10.1016/j.molmed.2014.08.001 PMID: 25201713

Musher DM, 2003. How contagious are common respiratory tract pathogens? N Engl J Med 348:
1256-1266. https://doi.org/10.1056/NEJMra021771 PMID: 12660390

Straliotto SM, Siqueira MM, Machado V, Maia TMR, 2004. Respiratory viruses in the pediatric intensive
care unit: prevalence and clinical aspects. Mem Inst Oswaldo Cruz 99: 883-887. https://doi.org/10.
1590/s0074-02762004000800017 PMID: 15761607

Muiller-Pebody B, EdmundsWJ, Zambon MC, Gay NJ, Crowcroft NS, 2002. Contribution of RSV to
bronchiolitis and pneumonia-associated hospitalizations in English children, April 1995-March 1998.
Epidemio Infect 129: 99-106. hitps://doi.org/10.1017/s095026880200729x PMID: 12211603

Lee JsT, Chang LY, Wang LC, Kao CL, Shao PL,Lu CY, 2007. Epidemiology of respiratory syncytial
virus infection in northern Taiwan, 2001-2005 —seasonality, clinical characteristics, and disease bur-
den. J Microbiollmmunol Infect 40: 293-301.

Global epidemiological surveillance standards for influenza. World Health Organization 2013. Geneva
Switzerland. Available at: www.who.int 15/10/2013. Accessed June 12, 2020.

Diseases of the respiratory system. ICD codes. Available at: http://www.icd10data.com/ICD10CM/
Codes/J00-J99/6/7/2011. Accessed June 12, 2020.

D3 Ultra DFA Respiratory virus screening and ID Kit (USA). Available at: https://www.quidel.com/sites/
default/files/product/documents/PI13120000ENO0O_%2801_19%29_D3_Ultra_8_DFA_Resp_Virus_
Screening_%26_ID_Kit.pdf. Accessed June 12, 2020.

Jansen RR, Schinkel J, Koekkoek S, Pajkrt D, Beld M, Jong MD, 2011. Development and evaluation of
a four-tube real time multiplex PCR assay covering fourteen respiratory viruses, and comparison to its
corresponding single target counterparts. J ClinVirol. 51: 179-85.

Maertzdorf J, Wang CK, Brown JB, Quinto JD, Chu M, Graaf MD, 2004. Real-time reverse transcriptase
pcr assay for detection of human metapneumoviruses from all known genetic lineages. J ClinMicrobiol.
42: 981-986. https://doi.org/10.1128/JCM.42.3.981-986.2004 PMID: 15004041

Allander T, Tammi MT, Eriksson M, Bjerkner A, Tiveljung-Lindell A, Andersson B,2005. Cloning of a
human parvovirus by molecular screening of respiratory tract samples. Proc Natl AcadSci 102: 12891—
12896. https://doi.org/10.1073/pnas.0504666102 PMID: 16118271

Vijgen L, Keyaerts E, Moés E, Maes P, Duson G, Ranst MV, 2005. Development of one-step, real-time,
quantitative reverse transcriptase PCR assays for absolute quantitation of human coronaviruses OC43
and 229E. J ClinMicrobiol 43: 5452—5456. https://doi.org/10.1128/JCM.43.11.5452-5456.2005 PMID:
16272469

Okiro EA, Ngama M, Bett A, Cane PA., Medley GF, James ND, 2008. Factors associated with
increased risk of progression to respiratory syncytial virus-associated pneumonia in young Kenyan chil-
dren. Trop. Med. Int. Health 13:914-926. https://doi.org/10.1111/j.1365-3156.2008.02092.x PMID:
18482199

Wang JF, Zhang TL, Fu BJ. 2016. A measure of spatial stratified heterogeneity. Ecological Indicators
67: 250-256.

Xu B, Wang J, Li Z, Xu C, Liao Y, Hu M, 2021. Seasonal association between viral causes of hospital-
ized acute lower respiratory infections and meteorological factors in China: a retrospective study. Lan-
cet Planet Health 5: e154—63. https://doi.org/10.1016/S2542-5196(20)30297-7 PMID: 33713616

WHO methods and data sources for global burden of disease estimates 2000-2011. Available at:
https://www.who.int/healthinfo/statistics/GlobalDALYmethods_2000_2011.pdf?ua=1 Accessed June
12, 2020.

SAS Institute Inc, 2005. SAS® 9.1.3. Language Reference: Concepts. 3rd Edition. Cary, NC, USA:
SAS Institute Inc.

Muthulingam A, Noordeen F, Morel AJ, Abeykoon AMSB, 2014. Viral etiology in hospitalized children
with acute respiratory tract infection in the Kegalle area of Sri Lanka. J Pediatric Infect Dis 9: 167—170.

Terletskaia-Ladwig E, 2005. Defining the timing of res piratory syncytial virus (RSV) outbreaks: an epi-
demiological study. BMC Infect Dis 5: 20-27. https://doi.org/10.1186/1471-2334-5-20 PMID: 15801975

Mullins JA, 2003. Substantial variability in community respiratory syncytial virus season timing. Pediatr
Infect Dis 22: 857-862. https://doi.org/10.1097/01.inf.0000090921.21313.d3 PMID: 14551484

JinY, Zhang R, Xie Z, Yan K, Gao H, Song J, 2013. Prevalence of adenovirus in children with acute
respiratory tract infection in Lanzhou. China J Virol 10: 271. hitps://doi.org/10.1186/1743-422X-10-271
PMID: 23984826

Johnson DW, 2009. Croup. ClinEvid 3: 16—18.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259443 December 17, 2021 20/23


https://doi.org/10.1016/j.molmed.2014.08.001
https://doi.org/10.1016/j.molmed.2014.08.001
http://www.ncbi.nlm.nih.gov/pubmed/25201713
https://doi.org/10.1056/NEJMra021771
http://www.ncbi.nlm.nih.gov/pubmed/12660390
https://doi.org/10.1590/s0074-02762004000800017
https://doi.org/10.1590/s0074-02762004000800017
http://www.ncbi.nlm.nih.gov/pubmed/15761607
https://doi.org/10.1017/s095026880200729x
http://www.ncbi.nlm.nih.gov/pubmed/12211603
http://www.who.int
http://www.icd10data.com/ICD10CM/Codes/J00-J99/6/7/2011
http://www.icd10data.com/ICD10CM/Codes/J00-J99/6/7/2011
https://www.quidel.com/sites/default/files/product/documents/PI3120000EN00_%2801_19%29_D3_Ultra_8_DFA_Resp_Virus_Screening_%26_ID_Kit.pdf
https://www.quidel.com/sites/default/files/product/documents/PI3120000EN00_%2801_19%29_D3_Ultra_8_DFA_Resp_Virus_Screening_%26_ID_Kit.pdf
https://www.quidel.com/sites/default/files/product/documents/PI3120000EN00_%2801_19%29_D3_Ultra_8_DFA_Resp_Virus_Screening_%26_ID_Kit.pdf
https://doi.org/10.1128/JCM.42.3.981-986.2004
http://www.ncbi.nlm.nih.gov/pubmed/15004041
https://doi.org/10.1073/pnas.0504666102
http://www.ncbi.nlm.nih.gov/pubmed/16118271
https://doi.org/10.1128/JCM.43.11.5452-5456.2005
http://www.ncbi.nlm.nih.gov/pubmed/16272469
https://doi.org/10.1111/j.1365-3156.2008.02092.x
http://www.ncbi.nlm.nih.gov/pubmed/18482199
https://doi.org/10.1016/S2542-5196%2820%2930297-7
http://www.ncbi.nlm.nih.gov/pubmed/33713616
https://www.who.int/healthinfo/statistics/GlobalDALYmethods_2000_2011.pdf?ua=1
https://doi.org/10.1186/1471-2334-5-20
http://www.ncbi.nlm.nih.gov/pubmed/15801975
https://doi.org/10.1097/01.inf.0000090921.21313.d3
http://www.ncbi.nlm.nih.gov/pubmed/14551484
https://doi.org/10.1186/1743-422X-10-271
http://www.ncbi.nlm.nih.gov/pubmed/23984826
https://doi.org/10.1371/journal.pone.0259443

PLOS ONE

Viral burden and diversity in acute respiratory tract infections in hospitalized children

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Tang LF, Wang TL, Tang HF, Chen ZM, 2008. Viral pathogens of acute lower respiratory tract infection
in China. Indian Pediatr. 45: 971-975. PMID: 19129564

Irmen KE, Kelleher JJ, 2000. Use of monoclonal antibodies for rapid diagnosis of respiratory viruses in
a community hospital. ClinDiagn Lab Immunol 7: 396—403.

Casiano-Colon AE, Hulbert BB, Mayer TK, Walsh EE, Falsey AR, 2003. Lack of sensitivity of rapid anti-
gen tests for the diagnosis of respiratory syncytial virus infection in adults. J Clin Virol 28: 169-174.
https://doi.org/10.1016/s1386-6532(03)00002-7 PMID: 12957187

Kellogg JA, 2001.Cluture vs direct antigen assays for detection of microbial pathogens from lower respi-
ratory tract specimens suspected of containing the respiratory syncytial virus. Arch. Pathol Lab Med
115:451-458.

Fry AM, Chittaganpitch M, Baggett HC, Peret TC, Dare RK, Sawatwong P, 2010. The burden of hospi-
talized lower respiratory tract infection due to respiratory syncytial virus in rural Thailand. PLoS One 5:
e€15098. https://doi.org/10.1371/journal.pone.0015098 PMID: 21152047

Nokes DJ, Ngama M, Bett A, 2009. Incidence and severity of respiratory syncytial virus pneumonia in
rural Kenyan children identified through hospital surveillance. Clin Infect Dis 49: 1341—-1349. https://doi.
org/10.1086/606055 PMID: 19788358

lwane MK, Edwards KM, Szilagyi PG, 2004. Population-based surveillance for hospitalizations associ-
ated with respiratory syncytial virus, influenza virus, and parainfluenza viruses among young children.
Pediatrics 113: 1758—1764. https://doi.org/10.1542/peds.113.6.1758 PMID: 15173503

Iwane MK, Farnon EC, Gerber SI, 2013. Importance of global surveillance for respiratory syncytial
virus. J Infect Dis 208: S165-S166. https://doi.org/10.1093/infdis/jit484 PMID: 24265473

Hong JY, Lee HJ, Piedra PA, Choi EH, Park KH, Koh YY, 2001. Lower respiratory tract infections due to
adenovirus in hospitalized Korean children: epidemiology, clinical features, and prognosis. Clin Infect
Dis 32: 1423-1429. https://doi.org/10.1086/320146 PMID: 11317242

Kim JK, Jeon JS, Kim JW, Rheem |, 2013. Epidemiology of respiratory viral infection using multiplex
RT-PCR in Cheonan, Korea (2006—-2010). J Microbiol Biotechnol 23: 267-273. https://doi.org/10.4014/
jmb.1212.12050 PMID: 23412071

Singh AM, Busse WW, 2006. Asthma exacerbations: Aetiology. Thorax61: 809—-816. https://doi.org/10.
1136/thx.2005.045179 PMID: 16936237

Jackson DJ, Lemanske RF Jr, 2010. The role of respiratory virus infections in childhood asthma inception.
Immunol Allergy Clin North Am 30: 513-522. https://doi.org/10.1016/}.iac.2010.08.004 PMID: 21029935

Bryce J, Boschi-Pinto C, Shibuya K, Black RE, 2005. The WHO child health epidemiology reference
group. WHO estimates of the causes of death in children.Lancet 365: 1147-1152. https://doi.org/10.
1016/S0140-6736(05)71877-8 PMID: 15794969

Campbell H, Armstrong JRM, Byass P, 1989. Indoor air pollution in developing countries and acute
respiratory infection in children. Lancet, 1: 1012—1018. https://doi.org/10.1016/s0140-6736(89)92647-
0 PMID: 2565480

Cebey-Lépez M, Herberg J, Pardo-Seco J, Gémez-Carballa A, Martinén-Torres N, Salas A, 2016. Does
viral co-infection influence the severity of acute respiratory infection in children? PLoS One 11:
e€0152481. https://doi.org/10.1371/journal.pone.0152481 PMID: 27096199

Shafik CF, 2012. RSV, adenovirus most common viral co-infections among young children. BMC Infect
Dis 12: 350-355. https://doi.org/10.1186/1471-2334-12-350 PMID: 23237512

van der Zalm MM, van Ewijk BE, Wilbrink B, Uiterwaal CS, Wolfs TF, van der Ent CK, 2009. Respiratory
pathogens in children with and without respiratory symptoms. J Pediatr. 154: 396—400. https://doi.org/
10.1016/j.jpeds.2008.08.036 PMID: 18823911

Do LAH, Bryant JE, Tran AT, Nguyen BH, Tran TTL, Tran QH, 2016. Respiratory syncytial virus and
other viral infections among children under two years old in Southern Vietnam 2009-2010: Clinical char-
acteristics and disease severity. PLoS One 11: e01606086. https://doi.org/10.1371/journal.pone.
0160606 PMID: 27500954

Musher DM, 2003. How contagious are common respiratory tract pathogens? New Engl J Med 348:
1256—1266. https://doi.org/10.1056/NEJMra021771 PMID: 12660390

Gardinassi LG, Simas PVM, Salomao JB, Durigon EL, Trevisan DMZ, Cordeiro JA, 2012. Seasonality
of viral respiratory infections in Southeast of Brazil: the influence of temperature and air humidity. Braz J
Microbiol 43: 201-222. https://doi.org/10.1590/S1517-838220120001000021 PMID: 24031818

Chew FT, Doraisingham S, Ling AE, Kumarasinghe G, Lee BW, 1998. Seasonal trends of viral
respiratory tract infections in the tropics. Epidemiol Infect 121: 121-128. Climate change science.
United State environmental protection agency. Available at: https://www.epa.gov/climate-change-
science/overview-climate-change-science/3/2/2010. Accessed June 12, 2020. https://doi.org/10.1017/
s0950268898008905 PMID: 9747763

PLOS ONE | https://doi.org/10.1371/journal.pone.0259443 December 17, 2021 21/23


http://www.ncbi.nlm.nih.gov/pubmed/19129564
https://doi.org/10.1016/s1386-6532%2803%2900002-7
http://www.ncbi.nlm.nih.gov/pubmed/12957187
https://doi.org/10.1371/journal.pone.0015098
http://www.ncbi.nlm.nih.gov/pubmed/21152047
https://doi.org/10.1086/606055
https://doi.org/10.1086/606055
http://www.ncbi.nlm.nih.gov/pubmed/19788358
https://doi.org/10.1542/peds.113.6.1758
http://www.ncbi.nlm.nih.gov/pubmed/15173503
https://doi.org/10.1093/infdis/jit484
http://www.ncbi.nlm.nih.gov/pubmed/24265473
https://doi.org/10.1086/320146
http://www.ncbi.nlm.nih.gov/pubmed/11317242
https://doi.org/10.4014/jmb.1212.12050
https://doi.org/10.4014/jmb.1212.12050
http://www.ncbi.nlm.nih.gov/pubmed/23412071
https://doi.org/10.1136/thx.2005.045179
https://doi.org/10.1136/thx.2005.045179
http://www.ncbi.nlm.nih.gov/pubmed/16936237
https://doi.org/10.1016/j.iac.2010.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21029935
https://doi.org/10.1016/S0140-6736%2805%2971877-8
https://doi.org/10.1016/S0140-6736%2805%2971877-8
http://www.ncbi.nlm.nih.gov/pubmed/15794969
https://doi.org/10.1016/s0140-6736%2889%2992647-0
https://doi.org/10.1016/s0140-6736%2889%2992647-0
http://www.ncbi.nlm.nih.gov/pubmed/2565480
https://doi.org/10.1371/journal.pone.0152481
http://www.ncbi.nlm.nih.gov/pubmed/27096199
https://doi.org/10.1186/1471-2334-12-350
http://www.ncbi.nlm.nih.gov/pubmed/23237512
https://doi.org/10.1016/j.jpeds.2008.08.036
https://doi.org/10.1016/j.jpeds.2008.08.036
http://www.ncbi.nlm.nih.gov/pubmed/18823911
https://doi.org/10.1371/journal.pone.0160606
https://doi.org/10.1371/journal.pone.0160606
http://www.ncbi.nlm.nih.gov/pubmed/27500954
https://doi.org/10.1056/NEJMra021771
http://www.ncbi.nlm.nih.gov/pubmed/12660390
https://doi.org/10.1590/S1517-838220120001000021
http://www.ncbi.nlm.nih.gov/pubmed/24031818
https://www.epa.gov/climate-change-science/overview-climate-change-science/3/2/2010
https://www.epa.gov/climate-change-science/overview-climate-change-science/3/2/2010
https://doi.org/10.1017/s0950268898008905
https://doi.org/10.1017/s0950268898008905
http://www.ncbi.nlm.nih.gov/pubmed/9747763
https://doi.org/10.1371/journal.pone.0259443

PLOS ONE

Viral burden and diversity in acute respiratory tract infections in hospitalized children

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Melillo, Jerry M, Terese TC, 2014. Richmond, and Gary W. Yohe, Eds. Climate change impacts in the
United States: The Third National Climate Assessment. U.S. Global change research program 2014.

Climate change: The physical science basis. Contribution of working groups i, ii and iii to the fourth fifth
assessment report of the intergovernmental panel on climate change. Stocker T.F., Qin D., Plattner G.-
K., Tignor M., Allen S.K., Boschung J., Nauels A., Xia Y., Bex V.and Midgley P.M. (eds.). Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA 2013.

Hishiki H, Ishiwada N, Fukasawa C, Abe K, Hoshino T, Aizawa J, 2017. Incidence of bacterial coinfec-
tion with respiratory syncytial virus bronchopulmonary infection in pediatric inpatients. J Infect Che-
mother 17: 87-90.

Hall CB, 2001. Respiratory syncytial virus and parainfluenza virus. N Engl J Med. 344: 1917-1928.
https://doi.org/10.1056/NEJM200106213442507 PMID: 11419430

Shapiro D, Bodinayake CK, Nagahawatte A, Devasiri V, Kurukulasooriya R, Hsiang J, et al., 2017. ‘Bur-
den and seasonality of viral acute respiratory tract infections among outpatients in Southern Sri Lanka’.
Am J Trop Med Hyg 97: 88-96. https://doi.org/10.4269/ajtmh.17-0032 PMID: 28719323

Tillekeratne LG, Bodinayake CK, Simmons R, Nagahawatte A, Devasiri V, Arachchi WK, et al., 2019.
‘Respiratory viral infection: An underappreciated cause of acute febrile illness admissions in Southern
SriLanka’. Am J Trop Med Hyg 100: 672—680. https://doi.org/10.4269/ajtmh.18-0699 PMID: 30594268

Henrickson KJ, 2003. Parainfluenza viruses. ClinMicrobiol Rev 16: 242—264. https://doi.org/10.1128/
CMR.16.2.242-264.2003 PMID: 12692097

Adegbola R, Obaro S, 2000. Diagnosis of childhood pneumonia in the tropics. Ann Trop Med Parasitol
94: 197-207. https://doi.org/10.1080/00034980050006366 PMID: 10884863

Kim PE, Musher D, Glezen WP, Rodriguez-Barradas MC, Nahm WK, Wright CE, 1996. Association of
invasive pneumococcal disease with season, atmospheric conditions, air pollution, and the isolation of
respiratory viruses. Clin Infect Dis 22: 100—106. https://doi.org/10.1093/clinids/22.1.100 PMID:
8824973

Loscertales MP, Roca A, Ventura PJ, Abacassamo F, dos Santos F, 2002. Epidemiology and clinical
presentation of respiratory syncytial virus infection in a rural area of southern Mozambique. Pediatr
Infect Dis J 21: 148—155. https://doi.org/10.1097/00006454-200202000-00013 PMID: 11840083

Mathisen M, Strand TA, Sharma BN, Chandyo RK, Valentiner-Branth P, Basnet S, 2010. Clinical pre-
sentation and severity of viral community-acquired pneumonia in young Nepalese children. Pediatr
Infect Dis J 29: e1-6. https://doi.org/10.1097/INF.0b013e3181c2a1b9 PMID: 19935451

Moura PO, 2007. Molecular epidemiology of human adenovirus isolated from children hospitalized with
acute respiratory infection in Sao Paulo. Brazil J Med Virol 79: 174—181. Information on Influenza—Epi-
demiology unit, Sri Lanka. Available at: http://www.epid.gov.lk/web/index/11/11/2009. Accessed June
12, 2020. https://doi.org/10.1002/jmv.20778 PMID: 17177301

Van den Hoogen BG, de Jong JC, Groen J, Kuiken T, de Groot R, Fouchier RA, et al., 2001. A newly
discovered human pneumovirus isolated from young children with respiratory tract disease. Nature Med
7:719-24. https://doi.org/10.1038/89098 PMID: 11385510

Jayaweera JAAS, Noordeen F, Reyes MLM, 2016. Human metapneumovirus associated pneumonia
and severe bronchiolitis in a 9-month old infant admitted to a Sri Lankan hospital. Sri Lankan J Infect
Dis. 6:53-59.

Jayaweera JAAS, Noordeen, Morel AJ, Peiris JSM, 2016. Viral burden of acute respiratory tract infec-
tions in hospitalized children in wet and dry zones of Sri Lanka. Int J Infect Dis 45(S):463.

Disability adjusted life years. Health statistics and information systems. WHO 2017. Available at: http://
www.who.int/healthinfo/globalburden disease/metrics daly/1/2/2010. Accessed June 12, 2020.

Jayaweera JAAS, Noordeen F, Kothalawala S, Rayes MLM, 2018. A case series on common cold to
severe bronchiolitis and pneumonia in children following human metapneumovirus infection in Sri
Lanka. BMC Res Notes. 11:127. https://doi.org/10.1186/s13104-018-3239-3 PMID: 29444701

Levels and trends in child mortality, 2015. Available at: http://www.childmortality.org/files/pdf,3/2/2015.
Accessed June 12, 2020.

World Health Organization, 2002. Burden of disease in DALYs by sex and mortality stratum in WHO
regions, estimates for 2001. The world health report 192-197

Hazlett D, Bell T, Tukei P, Ademba G, Ochieng W, Magana J, 1998. Viral etiology and epidemiology of
acute respiratory infections in children in Nairobi, Kenya. Am J Trop Med Hyg 39: 632—-642.

Forgie IM, O’'Neil KP, Lloyd-Evans N, Leinonen M, Campbell H, Whittle HC, 1991. Etiology of acute
lower respiratory tract infections in Gambian children: |. Acute lower respiratory tract infections in infants
presenting at the hospital. Pediatr Infect Dis J. 10: 33—41. https://doi.org/10.1097/00006454-
199101000-00008 PMID: 1848364

Wickramasinghe P, 2013. Micronutrients in childhood nutrition. Sri Lanka J Child Health. 42: 157—165.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259443 December 17, 2021 22/23


https://doi.org/10.1056/NEJM200106213442507
http://www.ncbi.nlm.nih.gov/pubmed/11419430
https://doi.org/10.4269/ajtmh.17-0032
http://www.ncbi.nlm.nih.gov/pubmed/28719323
https://doi.org/10.4269/ajtmh.18-0699
http://www.ncbi.nlm.nih.gov/pubmed/30594268
https://doi.org/10.1128/CMR.16.2.242-264.2003
https://doi.org/10.1128/CMR.16.2.242-264.2003
http://www.ncbi.nlm.nih.gov/pubmed/12692097
https://doi.org/10.1080/00034980050006366
http://www.ncbi.nlm.nih.gov/pubmed/10884863
https://doi.org/10.1093/clinids/22.1.100
http://www.ncbi.nlm.nih.gov/pubmed/8824973
https://doi.org/10.1097/00006454-200202000-00013
http://www.ncbi.nlm.nih.gov/pubmed/11840083
https://doi.org/10.1097/INF.0b013e3181c2a1b9
http://www.ncbi.nlm.nih.gov/pubmed/19935451
http://www.epid.gov.lk/web/index/11/11/2009
https://doi.org/10.1002/jmv.20778
http://www.ncbi.nlm.nih.gov/pubmed/17177301
https://doi.org/10.1038/89098
http://www.ncbi.nlm.nih.gov/pubmed/11385510
http://www.who.int/healthinfo/globalburden disease/metrics daly/1/2/2010
http://www.who.int/healthinfo/globalburden disease/metrics daly/1/2/2010
https://doi.org/10.1186/s13104-018-3239-3
http://www.ncbi.nlm.nih.gov/pubmed/29444701
http://www.childmortality.org/files/pdf
https://doi.org/10.1097/00006454-199101000-00008
https://doi.org/10.1097/00006454-199101000-00008
http://www.ncbi.nlm.nih.gov/pubmed/1848364
https://doi.org/10.1371/journal.pone.0259443

PLOS ONE Viral burden and diversity in acute respiratory tract infections in hospitalized children

79. World Health Organization. Acute respiratory infections. Last updated in September 2010. Available at:
http://www.who.int/vaccine_research/diseases/ari/3/2/2010. Accessed June 12, 2020.

80. Breese HC, Powell KR, Schnabel KC, Gala CL, Pincus PH, 1998. Risk of secondary bacterial infection
in infants hospitalized with respiratory syncytial viral infection. J Pediatr 113: 266-271.

81. Caliendo AM, Gilbert DN, Ginocchio CC, Hanson KE, May L, Quinn TC, 2013. Better tests, better care:
improved diagnostics for infectious diseases. Clin Infect Dis 57: S139-S170. https://doi.org/10.1093/
cid/cit578 PMID: 24200831

PLOS ONE | https://doi.org/10.1371/journal.pone.0259443 December 17, 2021 23/23


http://www.who.int/vaccine_research/diseases/ari/3/2/2010
https://doi.org/10.1093/cid/cit578
https://doi.org/10.1093/cid/cit578
http://www.ncbi.nlm.nih.gov/pubmed/24200831
https://doi.org/10.1371/journal.pone.0259443

