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Preface

The new epidemiological trends in RSV are one of the most interesting and widely discussed
topics at a global level, not only in the pediatric field.

The main aim of this Special Issue is to provide updated and high-quality evidence on the spread
of RSV and its clinical manifestations in different contexts and in different geographical areas of
the world. We are confident that the papers collected in this reprint may contribute to enhance the
response of healthcare systems to the new challenges we must face.

This Special Issue has been produced thanks to the contribution of clinicians, virologists, and
epidemiologists from different parts of the world. It is aimed not only at pediatric clinicians
involved in the various phases of care of patients with symptomatic RSV infection, from primary
care to emergency departments and intensive care units, but also at those involved in public health
management.

We would like to thank all those who contributed to the realization of this Special Issue. First,
we’d like to thank all the authors, reviewers, and editorial staff for their assistance. Last but not least,

we warmly thank Mrs. Corrina Zhai for the invaluable assistance during all phases of the process.

Emanuele Castagno and Irene Raffaldi
Guest Editors
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RSV (respiratory syncytial virus) is a major cause of acute lower respiratory tract
infection (LRTI) worldwide. Immunocompromised adults and the elderly are susceptible
to severe infection and high mortality. Among children, RSV is the most frequent cause of
LRTI, particularly in infants and toddlers younger than 2 years old, and one half of this
group will have been infected twice by this age [1,2].

Human RSV is an enveloped, spherical RNA virus belonging to the genus Orthopneu-
movirus in the family Pneumoviridae [1]; when infection develops, RSV forms large cells,
known as syncytia. The structure of the virus consists of three membrane proteins: a small
hydrophobic (SH) protein, an attachment glycoprotein (G), and a fusion (F) protein. Based
on the protein G sequence, subtypes A and B can be identified. Both subtypes circulate
simultaneously during an epidemic season, but usually one of the two predominates each
year. The replication cycle of this virus is error-prone, allowing for a rapid generation of
mutations, thus resulting in changes in the virulence of RSV and difficulties in creating
antiviral agents or vaccines [3].

Its physiopathology consists of the disruption of the alveolar epithelium; this cre-
ates submucosal oedema and cilia loss on the apical surface of infected epithelial cells,
together with an accumulation of mucus and cellular debris, inducing airway plugging
and neutrophil infiltration in the airways. The severity of its clinical manifestations directly
correlates with the virus titer and the exacerbated proinflammatory cytokine/chemokine
response skewed toward a T helper type 2 immune response. However, the relative
contributions of these factors to the determination of clinical features remain unknown [4].

Most children infected with RSV typically exhibit mild respiratory symptoms. The
severe manifestations of RSV include pneumonia and bronchiolitis; the latter is usually
self-limiting but accounts for a significant number of hospitalizations and admissions to
pediatric intensive care units (PICUs), even in previously healthy, full-term newborns and
infants [3].

Before the COVID-19 pandemic, RSV was typically described as a seasonal virus,
characterized by a predictable epidemiological pattern, depending on the geographic
area and climate [3]. In the Northern Hemisphere, the virus usually spread between
November and March, with peak incidences in January/February, whereas in the Southern
Hemisphere, RSV season typically occurred between June and September [3].

During the COVID-19 pandemic, drastic interventions were adopted on a global scale,
and these included social distancing, stay-at-home orders, wearing face masks, and the
promotion of hand washing. Such non-pharmaceutical interventions limited the circulation
of SARS-CoV-2, together with other viruses transmitted through aerosol, droplets, and
direct contact, such as RSV. In 2020, many countries saw an absence of RSV circulation
during the “traditional” epidemiological season. For example, in Western Australia, a
decrease of 98% in the detection of RSV infection was reported, compared to previous
winter seasons between 2012 and 2019 [5]. Similarly, other authors reported a marked
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reduction in RSV spread in Europe and in other regions of the Northern Hemisphere, with
a complete absence of cases noted in some countries [6-10].

After the initial reduction in RSV circulation, many authors recorded an out-of-season
surge of RSV as the distancing measures adopted during the COVID-19 pandemic loosened.
For example, in the Southern Hemisphere, a sharp rebound was observed in South Africa
and New Zealand in late 2020 and early 2021, respectively [2]. Additionally, in the Northern
Hemisphere, a similar rebound was also reported in Japan [11-13]; in the USA, where
the total number of RSV infections had remained lower than expected until early 2021,
a significant increase in reported infections was shown in statistics for the summer of 2021,
largely before the traditional RSV outbreak period [11,12]. As regards Europe, the number
of visits to the emergency department for acute bronchitis or bronchiolitis in England
diverged from the seasonal trend, beginning in week 22 of 2021 and continuing onwards.
In this survey, during the summer of 2021, the authors observed 9789 (84.9% [84.5 to 85.4])
more admissions than expected [11,14]. In addition to this, an Italian multicenter study
reported a significantly higher admission rate for RSV infections in 2021 compared to 2020
and 2019 [3].

Epidemiological surveillance suggested that this new trend in the epidemic wave was
not only present in children. During the second part of 2021, an inter-seasonal rise in RSV
cases was observed even in younger adults, while an upsurge in older adults was observed
later on [15].

Concerning pediatric patients in particular, some evidence for a correlation between
affected patients of different ages and a higher severity of RSV-related clinical pictures arose
after the first wave of the COVID-19 pandemic. On the one hand, Pruccoli et al. reported
a shift towards older children presenting with symptomatic RSV infections [3]. Such an
age shift was also confirmed by another report in Iceland; the median age of RSV-positive
cases was 16 months during the 2020-2021 season, compared to 5.7 months across the five
previous seasons [8,16].

On the other hand, Cai et al. recorded higher levels of severity in RSV-related disease
and reported a percentage of 8.5% of RSV patients admitted to the PICU in 2022-2023,
compared to 6.8% in pre-COVID-19 seasons. The authors also described an increased need
for respiratory support than was previously reported (6.1% vs. 3.8%, respectively) [17].
However, such an observation has not been noticed by other authors, and this requires
further confirmation in future epidemic seasons [3,18,19].

The COVID-19 pandemic scenario has offered a unique opportunity for researchers to
learn more about the transmission of RSV and other respiratory viruses, as well as design
future preventive strategies regarding RSV spread in both children and adults. Monitoring
RSV seasonality is essential for pediatric health care in order to plan the appropriate timing
of preventive strategies. The introduction of prophylactic measures, such as nirsevimab
administration to newborns and infants, as well as the immunization of pregnant women,
could be greatly influential in managing the next epidemic seasons from both clinical and
organizational perspectives.
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Abstract: Following an interseasonal rise in mainly pediatric respiratory syncytial virus (RSV) cases
in Germany in 2021, an exceptionally high number of adult cases was observed in the subsequent
respiratory season of 2022/2023. The aim of this study was to compare the clinical presentation of RSV
infections in the pre- and post-SARS-CoV-2 pandemic periods. Additionally, the local epidemiology
of the RSV fusion protein was analyzed at a molecular genetic and amino acid level. RSV detections
in adults peaked in calendar week 1 of 2023, 8 weeks earlier than the earliest peak observed in
the three pre-pandemic seasons. Although the median age of the adult patients was not different
(66.5 vs. 65 years), subtle differences between both periods regarding comorbidities and the clinical
presentation of RSV cases were noted. High rates of comorbidities prevailed; however, significantly
lower numbers of patients with a history of lung transplantation (p = 0.009), chronic kidney disease
(p =0.013), and immunosuppression (p = 0.038) were observed in the 2022/2023 season. In contrast,
significantly more lower respiratory tract infections (p < 0.001), in particular in the form of pneumonia
(p =0.015) and exacerbations of obstructive lung diseases (p = 0.008), were detected. AnICU admission
was noted for 23.7% of all patients throughout the study period. Sequence analysis of the fusion
protein gene revealed a close phylogenetic relatedness, regardless of the season of origin. However,
especially for RSV-B, an accumulation of amino acid point substitutions was noted, including in
antigenic site &. The SARS-CoV-2 pandemic had a tremendous impact on the seasonality of RSV,
and the introduction of new vaccination and immunization strategies against RSV warrants further
epidemiologic studies of this important pathogen.

Keywords: RSV; molecular epidemiology; fusion protein; respiratory infections; respiratory viruses

1. Introduction

Respiratory syncytial virus (RSV) is one of the most widespread respiratory pathogens
and affects all age groups across the population [1]. Besides mild upper respiratory tract
infections (URTIs), RSV can especially cause severe lower respiratory tract infections (LRTIs)
in infants and young children below the age of two years [2]. RSV infections in adults
seem to predominantly occur in the form of mild URTIs [3]. However, severe disease
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courses with subsequent hospitalization and the development of LRTIs, i.e., in the form
of pneumonia, are frequently observed especially in high-risk patient groups [4-9]. In
addition to age, comorbidities may result in increased susceptibility to infections with a
higher risk for severe disease progression. These include chronic diseases affecting the
lungs (chronic obstructive pulmonary disease [COPD]), cardiovascular system, kidneys,
liver, central nervous system (stroke), endocrine system (diabetes mellitus), and obesity,
as well as other co-factors, such as immunosuppressive drugs (i.e., in the context of solid
organ transplantation) [10-13].

RSV is a negative-stranded RNA virus belonging to the genus Orthopneumovirus in the
family Pneumoviridae. In Europe, infections typically occur in late fall and the winter months
with a peak in February [14]. Based on genetic and antigenic diversity [14,15], RSV can
be subdivided into two subtypes, RSV-A and RSV-B. The virion contains a lipid envelope
with embedded glycoproteins, most notably the fusion protein (F) and the attachment
glycoprotein (G). The G protein initiates cell binding, while the F protein mediates fusion
of the virion with host cells.

Recent proposals for revised genotype descriptions identified the G ectodomain as
the lowest common denominator suitable for RSV genotyping [16-18]. However, only a
narrow genotype spectrum was observed in recent epidemiological studies, as a global
predominance of single genotypes of RSV-A and -B [4,16-19] has evolved and was even
further accelerated by the contact restriction measures in the wake of the SARS-CoV-2 pan-
demic [20,21]. At the same time, due to recent approvals (i.e. FDA and EMA) of several RSV
vaccines intended for pregnant women and adults older than 60 years of age and the new
highly potent monoclonal antibody nirsevimab for the RSV prophylaxis of neonates [22-24],
in addition to the monoclonal antibody palivizumab, the clinical importance and need for
molecular surveillance of the fusion protein has vastly increased since 2023. The structure
of the fusion protein is highly complex [25] and features a conformational change between a
metastable prefusion conformation [26] when incorporated into virus particles and a stable
postfusion conformation [27] after membrane binding and fusion. Antibody binding to the
prefusion confirmation may be associated with a highly potent neutralization of RSV [28].
Six antigenic sites were identified on the fusion protein, of which three are present only
on the prefusion confirmation (sites & (zero), I, and V) and three on both conformational
states (sites I, II, and IV). Thus far, particular clinical importance can be ascribed to site II,
which represents the binding site of palivizumab [29], and site &, the main target region
for the recently approved vaccines and nirsevimab [30].

Following behavioral changes and the implementation of extensive non-pharmaceutical
interventions (NPIs) [20] in 2020 due to the SARS-CoV-2 pandemic, which included na-
tionwide lockdowns with the subsequent closing of schools, daycare centers, and cultural
events, RSV activity was greatly reduced during the winter of 2020/2021. Following the
easing of NPIs, an interseasonal rise in RSV cases, especially in children and younger adults,
was observed in the summer and fall of 2021 [4], while an upsurge in older adults was
observed with a delay of one year in 2022 and 2023.

The aim of this study was to characterize the clinical significance of RSV infections
of adult patients between seasons 2017/2018, 2018/2019, and 2019/2020 before the SARS-
CoV-2 pandemic and the 2022/2023 season. Additionally, the local molecular F gene
epidemiology between 2017 and 2023 was analyzed.

2. Materials and Methods
2.1. Sample Collection and Clinical Data

From October 2017 to September 2023, 17,251 respiratory samples from 9997 adult
(>18 years) in- and outpatients were collected and tested for viral respiratory infections at
the University Hospital of Leipzig, Germany.

Samples included nasal and/or naso-oropharyngeal swabs (44.7%, n = 7708), throat
rinsing fluids (30.1%, n = 5200), bronchoalveolar lavage fluids (15.2%, n = 2630), tracheal
secretions (8.8%, n = 1523), and sputum samples (1.1%, n = 190). Testing was initiated at



Viruses 2024, 16, 943

the discretion of the responsible physician. To avoid bias caused by follow-up samples,
re-testing within six weeks after initial detection was excluded. For this retrospective obser-
vational study, data relating to underlying medical conditions, comorbidities, and clinical
parameters from the day of RSV detection were retrieved from patient charts. In the case
of missing clinical information, the designation “(n/total)” indicates the respective cases
for the total amount of available data. A body temperature > 38.0 °C was categorized as
fever. The classification of URTIs and LRTIs was carried out according to the International
Statistical Classification of Diseases and Related Health Problems (ICD-10-WHO) [31] and
the diagnoses and information listed in the patients’ records. Patients with any of the
following conditions were considered immunocompromised: receiving active chemother-
apy for cancer, chronic neutropenia (<1500/uL for more than three months), receiving
steroids or other immunomodulatory medications prior to visit/admission, aplasia of
the thymus gland, or reported HIV infection. Furthermore, comorbidities were classified
according to the age-adjusted Charlson comorbidity index (CCI) [32]. Asthma, COPD, and
Asthma-COPD Overlap Syndrome (ACOS) were summarized as obstructive lung disease
(OLD). Anticholinergics and 2-adrenergic agonists (i.e., ipratropium bromide and salbuta-
mol) were classified as bronchodilators. Bacterial and fungal pathogens were cultivated
with standard microbiological techniques and considered co-infections if detection from
respiratory samples or blood was documented. Viral co-infections were assessed through
a multiplex test for respiratory viruses (see below) and established routine laboratory
protocols for CMV [33,34], HSV [35], and VZV [36]. SARS-CoV-2 was analyzed with a
commercially available SARS-CoV-2 RT-PCR assay for the Alinity m analyzer (Abbott,
Chicago, IL, USA) targeting the viral RdRp- and N-genes.

2.2. Saisonality, Detection Intervals, Peak Detection

A respiratory season was defined as starting on October 1st and ending on September
30th of the following year. Deviating from this definition, RSV cases between August
2021 and February 2022 were considered to belong to the 2021/2022 season. Additionally,
cases from September 2022 were considered as belonging to the 2022/2023 season. For the
sake of this study, the main detection interval, equaling the epidemic period, was defined
as the period between the first of two subsequent weeks and the last of two subsequent
weeks where at least two RSV cases were identified per week. The peak detection of RSV is
equivalent to the week/weeks where the most RSV cases were identified.

2.3. Meteorological Data

The data for the mean monthly air temperatures (Leipzig/Halle; Station ID: 2932) were
obtained from the Climate Data Centre (CDC) of the Deutscher Wetterdienst (DWD) [37].

2.4. Nucleic Acid (NA) Extraction and RSV Detection

Total NA was extracted from 200 puL of the respiratory samples using the DNA and
Viral NA Small Volume Kit on a MagNA Pure 96 instrument (both Roche, Mannheim,
Germany) according to the manufacturer’s instructions. NAs were stored in aliquots
at —80 °C until further use. The presence of genomes of common respiratory viruses,
including influenza viruses A and B, RSV-A and -B, parainfluenza viruses 1 to 4, human
coronaviruses (including 229E, NL63, OC43, and HKU1), human metapneumoviruses,
adenoviruses, human bocaviruses, rhinoviruses, and enteroviruses, was assessed using a
multiplex panel assay (NXTAG RPP, Luminex corporation, Austin, TX, USA) according to
the manufacturer’s instructions. Samples that reacted to either one or both RSV targets of
the assay were further analyzed.

2.5. Phylogenetic Analysis of the RSV F Gene Sequence

The complete viral fusion protein gene (F gene) was amplified using a protocol opti-
mized for contemporary RSV genotypes. The resulting amplicons spanned a fragment of
approximately 2150 bp for both RSV-A and RSV-B after the final nested PCR step. Sequences
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were generated using either of the following two approaches. (1) Sanger Sequencing was
performed using the BigDye Terminator Sequencing Kit v1.1 and an ABI 3500 Genetic Ana-
lyzer (both Applied Biosystems, Foster City, CA, USA). (2) Oxford Nanopore Sequencing
was performed using the Rapid Barcoding Kit 96, R9.4.1 flow cells and a GridION Mk (all
Oxford Nanopore Technologies Ltd., Oxford, UK). Reads were basecalled in real time with
high accuracy and re-basecalled with super accuracy. Reads with a length above 600 nt were
mapped to reference sequences KY654514 (RSV-A) and KY684758 (RSV-B). For a detailed
description of the reaction conditions and primers, see Supplementary Tables S1-S7. The
sequencing approach was applied to at least ten randomly selected samples of the four
seasons before 2022/2023 that were already genotyped in the G gene [4]. For the 2022/2023
season, the sequencing approach was applied to all RSV-A cases and to randomly se-
lected RSV-B cases, including all fatal cases. The sequences obtained were generated
using Geneious Prime software, version 2023.2.1, and submitted to GenBank (accession
numbers PP084746-PP084890 and PP354071-PP354073). Separate phylogenetic trees for
RSV-A and RSV-B were constructed at the nucleotide level using MEGA software, ver-
sion 7, based on the maximum likelihood method. Bootstrap analyses were performed
with 1000 replicates [38]. For the analysis of the relatedness of clinical isolates of the current
study, two phylogenetic trees for RSV-A and RSV-B were constructed, including full-length
fusion protein gene consensus sequences derived from reference strains proposed by
Goya et al. [16] for the genotype analysis of RSV (Supplementary Tables S8 and S9).

2.6. Amino Acid Analysis

The obtained fusion (F) protein sequences were translated in order to compare the
analyzed strains on an amino acid (AA) level and to the translated consensus reference
strains of genotypes GA2.3.5 and GB5.0.5a. The AA changes were mapped to fusion
protein subunits, regions, and antigenic sites according to Mas et al. [25]. The AA residues
considered for the antigenic sites are provided in Supplementary Table S10.

2.7. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics for Windows, version
29.0 (IBM Corp., Armonk, NY, USA). Continuous values were expressed as medians
(interquartile range (IQR)) and categorical data as frequencies (percentages). A Mann-—
Whitney U test was performed to compare continuous variables. A chi-square test or
Fisher’s exact test was performed for categorical variables. Brackets indicate parameters
that were analyzed in the same contingency table. All tests were two tailed. A p-level of
<0.05 was considered significant. For post hoc pairwise comparisons of column proportions,
a Bonferroni correction for multiple comparisons was applied.

3. Results
3.1. RSV Detection and Seasonality

In total, the presence of RSV RNA was confirmed by RT-PCR in 477 samples originating
from 343 unique cases. The absolute numbers of RSV cases detected between 2017 and 2023
stratified by subtype are shown in Figure 1. The main detection intervals for the seasons
before 2022 /2023 were as follows: week 5 to week 18 of 2018 (season 2017/2018), week 5 to
week 17 of 2019 (season 2018/2019), week 4 to week 14 of 2020 (season 2019/2020), and
week 37 to week 46 of 2021 (season 2021/2022). For these seasons, weeks with the highest
incidence of new RSV cases were weeks 11 and 14 (seven cases each), week 9 (nine cases),
weeks 9 and 11 (five cases each), and week 40 (six cases), respectively. For the 2022/2023
season, the main detection interval was observed between week 47 of 2022 (November)
and week 13 of 2023 (March). The highest incidence of new cases within a single week was
observed in week 1 of 2023 (18 cases). The 2020/2021 season was considered absent.

The peak RSV detections coincided with the lowest temperatures of the year (Figure 2),
except for the 2021/2022 season. The peak positivity rates for seasons 2017,/2018,2018/2019,
2019/2020, 2021 /2022, and 2022 /2023 were 9.3%, 6.8%, 3.8%, 9.4%, and 9.1%, respectively.
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Two shifts between dominant RSV subtypes were observed during the study period
(p < 0.001, Table 1). While most cases originated from infections with RSV-A in seasons
2019/2020 and 2021/2022, RSV-B infections were predominantly observed before and
thereafter. The patients over the age of 60 predominated in the study population, except for
the 2021/2022 season (Table 1).

Table 1. Sex, age, and RSV species distribution during the study period.

Seasons 2017/2018 2018/2019 2019/2020 2021/2022 2022/2023 Total p-Value

Age group

<60 [% (n/total)] 34.4 (21/61) 21.4 (15/70) 35.9 (14/39) 73.1(19/26) 34.9 (51/146) 35.3 (121/343)

>60 [% (n/total)] 65. 6 (40/61) 78.6 (55/70) 64.1(25/39) 26.9 (7/26) 65.1 (95/146) 64.7 (222/343) <0.001
Sex

male [% (n/total)] 67.2 (41/61) 48.6 (34/70) 56.4 (22/39) 57.7 (15/26) 52.1(76/146) 55.1(189/343)

female [% (1n/total)] 32.8 (20/61) 51.4 (36/70) 43.6 (17/39) 42.3 (11/26) 47.9 (70/146) 44.9 (154/343) e
RSV species

RSV-A [% (n/total)] 39.3 (24/61) 44.3 (31/70) 82.1(32/39) 53.8 (14/26) 8.2 (12/146) 32.9 (113/343)

RSV-B [% (n/total)] 60.7 (37/61) 55.7 (39/70) 17.9 (7/39) 46.2 (12/26) 91.1 (133/146) 66.8 (229/343) <0.001

mixed [% (n/total)] - - - - 0.7 (1/146) 0.3 (1/343)

Analyzed categories are displayed on the column to the left and given as relative and absolute frequencies
[% (n/total)]. (n/total) indicates the respective cases of the total number of cases in the respective season. The
p-values of the chi-square tests for the contingency tables, including all seasons and subgroups, are indicated. Sig-
nificant p-values for the post hoc pairwise analysis of specific categories (age group) are given in the corresponding
paragraph. n.s., not significant.

A relative age stratification into six age groups within RSV cases comparing the pre-
pandemic seasons, the 2021/2022 season, and the 2022/2023 season is shown in Figure 3. A
significant age difference was detected between those time periods (p < 0.001), originating
from the high percentage of patients in the 25-44 years group in the 2021 /2022 season in
comparison to the pre-pandemic cohort (p < 0.001) and the patients of the 2022/2023 season
(p = 0.005).

3.2. Study Population and Clinical Features

RSV-related patient characteristics and clinical parameters are presented in Table 2.
A comparison between the pre-pandemic seasons (2017/2018, 2018/2019, and 2019/2020)
and the 2022/2023 season was performed. Neither the median age nor the sex differed
between these periods. The age-adjusted CCI of patients who contracted RSV was not
statistically different between the two groups. However, a lower prevalence of patients
with chronic kidney failure (26.4 vs. 39.9%, p = 0.013) and lung transplantation (0 vs.
4.7%, p = 0.009) and patients receiving immunosuppression (25.4 vs. 36.3, p = 0.038) were
observed in the 2022/2023 season compared with RSV patients in the pre-pandemic seasons.
Additionally, for the 2022/2023 season, fever (p = 0.032), LRTIs (p < 0.001), pneumonia
(p = 0.015), exacerbation of OLD (p = 0.008), and administration of bronchodilators occurred
more frequently compared to the pre-pandemic seasons. The detected co-pathogens are
listed in Supplementary Table S11. A comparison between the 2021/2022 and 2022 /2023
seasons is presented in Supplementary Table S12.
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number of cases detected in the age group indicated. The 2017/2018, 2018/2019, and 2019/2020
seasons were designated “pre-pandemic”.

3.3. Phylogenetic Analysis

For RSV-A, the F gene amplification approach was performed for 12, 12,12, 11, and
nine cases for the seasons from 2017 /2018 to 2022 /2023, respectively. For RSV-B, the gene
amplification approach was performed for 11, 10, 10, 12, and 48 cases for the seasons from
2017/2018 to 2022/2023, respectively. Within the genotyped subset, respiratory specimens
included 111 nasal and/or oropharyngeal swabs (75.5%), 20 throat rinsing fluids (13.6%),
14 bronchoalveolar lavage fluids (9.5%), and two tracheal secretions (1.4%). For all isolates,
the coding sequence (CDS) had a length of 1,725 bases, translating into 574 amino acids.

The phylogenetic analysis of the complete F gene revealed a close relationship between
all RSV-A isolates analyzed (Figure 4). The pairwise nucleotide identity was 99.5% for
the isolates of the 2022/2023 season and 99% for all analyzed sequences. No distinct well-
supported cluster was observed for any of the five seasons, as most groupings of different
isolates are located in terminal nodes with low statistical support of ancestral nodes. The
isolates clustered together with the consensus sequence of GA2.3.5 (Goya et al. [16]), which
was also confirmed by a separate phylogenetic analysis carried out with proposed reference
strains (Supplementary Figure S1). No distinct cluster of fatal cases was observed.

The phylogenetic analysis of the complete F gene revealed a close relationship be-
tween all analyzed RSV-B isolates (Figure 5). The pairwise nucleotide identity was 99.4%
for the isolates of the 2021/2022 season and 99.3% for all analyzed sequences. The iso-
lates clustered close to the consensus sequence of GB5.0.5a (Goya et al. [16]), which was
also confirmed in the separate phylogenetic analysis with proposed reference strains
(Supplementary Figure S2). Except for two strains in the 2017 /2018 season, the majority of
the isolates formed a distinct phylogenetic cluster that corresponded to distinct AA changes
with regard to the GA2.3.5 consensus translation (see below). No distinct cluster of fatal
cases was observed.
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Table 2. Study population and clinical features of the 2022 /2023 season and pre-pandemic RSV cases.

Pre-Pandemic 2022/2023 Total p-Value
Study population
Female [% (n/total)] 429 (73/170) 47.9 (70/146) 453 (143/316)
Male [% (n/total)] 57.1 (97/170) 52.1 (76/146) 54.7 (173/316) s
Age [years] [median (IQR)] SD] 66.5 (56-77) 65 (49.75-78) 66 (55-78) ns.
Inpatients [% (n/total)] 79.4 (135/170) 82.8 (120/145) 81 (255/315)
Outpatients [% (n/total)] 20.6 (35/170) 17.2 (25/145) 19 (60/315) e
Length of hospital stay [days] [median (IQR)] 13 (7-24.5) 10 (4-20) 12 (6-22) n.s.
Comorbidities and risk factors
Obstructive lung disease [OLD] [% (n/total)] 22.6 (38/168) 31.2 (44/141) 26.5(82/309) ns.
Lung transplant [% (n/total)] 4.7 (8/170) 0(0/142) 2.6 (8/309) 0.009
Chronic kidney failure [% (n/total)] 39.9 (67/159) 26.4 (37/140) 33.8 (104/308) 0.013
Heart failure [% (n/total)] 19.0 (32/168) 17.0 (24/141) 18.1 (56/309) ns.
Arterial hypertension [% (n/total)] 58.9 (99/168) 57 (81/142) 58.1 (180/310) n.s.
Coronary heart disease [% (n/total)] 16.7 (28/168) 14.9 (21/141) 15.9 (49/309) ns.
Diabetes [% (n/total)] 31.5 (53/168) 24.8 (35/141) 28.5 (88/309) ns.
Immunosuppression [% (1n/total)] 36.3 (61/168) 25.4(36/142) 31.3(97/310) 0.038
Malignancy [% (n/total)] 35.7 (60/168) 28.2(40/142) 32.3 (100/310) n.s.
Solid [% (n/total)] 11.9 (20/168) 4.9 (7(142) 8.7 (27/310)
Hematologic [% (n/total)] 23.2(39/168) 22.5(32/142) 22.9(71/310) n.s.
Solid and hematologic [% (n/total)] 0.6 (1/168) 0.7 (1/142) 0.6 (2/310)
ccI [median (IQR)] 5 (4-7) 5(3-7) 5(3-7) ns.
Clinical presentation and features
Fever [% (n/total)] 24.1(38/158) 35.8 (43/120) 29.1(81/178) 0.032
Newly reported dyspnea [% (n/total)] 43.5 (67/154) 48.4 (59/122) 45.7 (126/276) ns.
URTI [% (n/total)] 35.4 (28/79) 34.0 (33/97) 34.7 (61/176) ns.
LRTI [% (n/total)] 52.5 (83/158) 77.8 (84/108) 62.8 (167/266) <0.001
Bronchitis [% (n/total)] 7.6 (12/158) 10.3 (11/107) 8.7 (23/265) ns.
Pneumonia [% (n/total)] 33.3(53/159) 48.1(52/108) 39.3 (105/267) 0.015
Exacerbation of OLD [% (n/total)] 13.8 (22/159) 26.9 (29/108) 19.1 (51/167) 0.008
ICU stay [% (n/total)] 25.9 (44/170) 21.1 (30/142) 23.7 (74/312) ns.
Length of ICU stay [days] [median (IQR)] 3 (1-10) 5(2.75-12.5) 3.5 (2-10) n.s.
Ventilatory support [% (n/total)] 15.3 (26/170) 23.2(33/142) 18.9 (59/312) ns.
None * [% (n/total)] 84.7 (144/170) 76.8 (109/142) 81.1 (253/312)
HFNC [% (n/total)] 0.6 (1/170) 14 (2/142) 1.0 (2/312)
Non-invasive [% (n/total)] 7.1 (12/170) 9.2 (13/142) 8.0 (25/312) e
Invasive [% (n/total)] 7.6 (13/170) 12.7 (18/142) 9.9 (31/312)
Administration of bronchodilators [% (n/total)] 16.9 (28/166) 30.9 (42/136) 23.2(70/302) 0.004
Syst. prednisolone administration [% (n/total)] 14.9 (25/168) 22.0(29/132) 18.0 (54/300) ns.
Co-infections [% (n/total)] 21.2 (36/170) 27.3(39/143) 24.0 (75/313) ns.
Bacterial [% (n/total)] 5.9 (10/170) 11.9 (17/143) 8.6 (27/313)
Viral [% (n/total)] 11.2 (19/170) 9.8 (14/143) 10.5 (33/313)
Fungal [% (n/total)] 1.8 (3/170) 0.7 (1/143) 1.3 (4/313) ne
Combined [% (n/total)] 2.4 (4/170) 5.6 (8/143) 3.8(12/313)
Mortality [% (n/total)] 6.5 (11/170) 12 (17/142) 9(28/312) ns.

Analyzed categories are displayed in the column to the left and are either given as frequencies (%) or as the
median and interquartile range (median (IQR)). (n/total) indicates the respective cases for the total amount of
available data. The p-values of the chi-square tests for the contingency tables, including all subcategories, are
indicated. All significant p-values for the post hoc pairwise analysis are given in the corresponding paragraph. The
Mann-Whitney U test was performed to compare continuous variables. CCI, Charlson comorbidity index; HFNC,
high-flow nasal cannula; ICU, intensive care unit; LRTI, lower respiratory tract infection; n.s., not significant; OLD,
obstructive lung disease; syst., systemic; URTI, upper respiratory tract infection; * including low-flow oxygen via
nasal cannula.
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Figure 4. Molecular phylogenetic analysis of the RSV-A F gene by the maximum likelihood method.
The evolutionary history was inferred using the maximum likelihood method based on the Tamura—
Nei model [39]. The tree with the highest log likelihood (—4744.71) is shown. The percentage of trees
in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the
heuristic search were obtained automatically by applying Neighbor-Joining and BioN]J algorithms to
a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach
and then selecting the topology with superior log likelihood value. The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site. The analysis involved 75 nucleotide
sequences. There were a total of 1725 positions in the final dataset. Evolutionary analyses were
conducted in MEGA7 [38]. Only nodes with statistical support > 80% are shown. The following
symbols indicate the sequence origin or the season of the indicated strain: dots/squares. Red, RSV-A
prototype strain; green: season 2017/2018 isolates; orange, season 2018/2019 isolates; purple, season
2019/2020 isolates; blue, season 2021/2022 isolates; black, season 2022 /2023 isolates; squares, fatal
cases; black triangle: consensus reference sequences according to Goya et al. [16]. Amino acid changes
in sites @ and II with regard to the GA2.3.5 consensus sequence (red) are given in brackets.

12



Viruses 2024, 16, 943

@ RSVB/Leipzigi2021/15
J[ RSVB/Leipzig/2021/88

RSV:B Sequences (this study): %\ﬁ/ﬁ_ /22001211/;;119
L ol
@ Sesson 2017148 RSVBILeipzia/2022111 |01 1o

Reference Sequences:
A Goyaetal. &y
», @ RSVB/Leipzigi2022/6
@ Prototype strain ROVEILeroaia 203310
@ RS eeinsigl2ozans,

ig/2022/9

RSVBLe
RSVB 375
RovBlLeraioraoans
RSVB/Leipzig/2023/1 [CERY
['|@ RSVBILeipzig/2023/7
@ ReVBILopaiglz022/10
2022122
RSVBILoipaig05514
+| RS\ VBILe\pzlg/ZnZZHG
@ RSVB/Leipzigi2023/18
972023125

Jorszan

RSVB/Leipzig/20:
L Rsvs/mpx.gmzz/n 01 wtQ209 s211N
RSVB/Leipzig/2022/12
[-= @ RsVBILeipzigi2023/22 (0] K191R
RSVBJLeipzig/2023/12 Jmsmu (01 1206M

) RSVB/Leipzigi2023/16 (0] Q209R
igi2018/11

958
5 RSVB/

RSVBILelpzig 201 i [ s276N

SVB/Leipzigi2018/15

SVB/Leipzig2019/7

BiLei 018/3

RSvBILe
RSVBI|
E RgVEILw

RSV
RSVBILibrg/202016
@ RSVBLeiprigl20z1/52
~Le RSVBlLoipzlgi2021/54
/201

7’RSVBIL. T R20/15

[ 'RSVB Lelpzig/2023/24
RSVB/Leipzigi2023/21
2| @ RSVBILeipzig/2023/20

RSVB/Leipzigi2023/17
RSVBILolpzlg/2022/4
w ipzigi2022]°
i
9/2022/8
i

RSVB/Leipzig/2018/5 -
RSVB/Leipzigl2018/2

B5.0.52 Consensus Sequence

.42 Consensus Sequence

onsensus. sequence

4b Consensus Sequence

, GB5.0.4c Consensus Sequence
onsgnsus Soquence

£GBEDS Consonsus  Seque
4 6B5.0.0 Consensus Sequa
A GB3 Consensus Sequer
386 Consensiis  Sequence
A 584 Consensus Seque
4 GB2 Consensus Seq
A GB1 Consensus Seq
@ Prototype Stiain REVB

Fogos

Figure 5. Molecular phylogenetic analysis of the RSV-B F gene by the maximum likelihood method.
The evolutionary history was inferred using the maximum likelihood method based on the Tamura—
Nei model [39]. The tree with the highest log likelihood (—4220.58) is shown. The percentage of trees
in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the
heuristic search were obtained automatically by applying Neighbor-Joining and BioN] algorithms to
a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach
and then selecting the topology with superior log likelihood value. The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site. The analysis involved 105 nucleotide
sequences. There were a total of 1725 positions in the final dataset. Evolutionary analyses were
conducted in MEGA7 [38]. Only nodes with statistical support > 80% are shown. The following
symbols indicate the sequence origin or the season of the indicated strain: dots/squares. Red, RSV-B
prototype strain; green: season 2017/2018 isolates; orange, season 2018/2019 isolates; purple, season
2019/2020 isolates; blue, season 2021/2022 isolates; black, season 2022 /2023 isolates; squares, fatal
cases; black triangle: consensus reference sequences according to Goya et al. [16]. Amino acid changes
in sites @ and II with regard to the GA2.3.5 consensus sequence (red) are given in brackets. Note that
for the RSVB/Leipzig/2022/17 strain, no amino acid change was noted at position 209 (wtQ209).

3.4. Amino Acid Analysis

The detected AA changes within the fusion protein are depicted in Tables 3 and 4 (FO
numbering). In comparison to the GA2.3.5 consensus translation, which was used as a
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reference, no distinct AA exchange was noted that was present in all isolates of the current
study. The following AA changes were found in more than five percent of the strains:
S276N (22.8%), T12I (22.1%), L20F (15.8%), S105N (14%), A10V (8.8%), and S377N (7%).
The majority of AA changes were noted in the F1 subunit (56.7%), especially the signal
peptide (41.8%). One AA exchange could be mapped to site &J, K65R (1.8%), while site
IT was affected with both K65R and S276N substitutions. In comparison to the GB5.0.5a
consensus translation, which was used as a reference, nearly all strains showed three
distinct AA changes at positions 191, 206, and 209. In detail, the following substitutions
were found in more than five percent of the strains: K191R, 1206M (both 97.8%), Q209R
(96.7%), S190N (51.7%), S211N, S389P (both 50.6%), K123R (12.1%), and S276N (5.5%). The
majority of AA changes were noted in the F2 subunit (93.4%). Five AA changes (164V,
1206M, Q209R, S211N, and E295D) could be mapped to site &, affecting 97.8% of all strains,
while substitutions in site Il were observed in 6.6% of all strains (L2731 and S276N). AA
changes S190N, S211N, and S389P were highly frequent and only observed in strains from
the 2021/22 season onwards.

Table 3. Amino acid changes in RSV-A isolates.

AA position

10 12 13 20 65 103 105 113 114 122 127 276 334 377 384 543 547

Subunit

F1

F1 F1 F1 F1 F1 F1 F1 F2 F2 F2 F2 F2 F2

Region

SP

SP SP SP SP p27  p27  p27 P27 CT CT

Antigenic sites

/1 1I/101 1/111 1

GA2.3.5 consensus

16 strains *

RSVA /Leipzig/2017/1
RSVA/Leipzig/2018/2
RSVA/Leipzig/2018/3
RSVA/Leipzig/2018/5
RSVA /Leipzig/2018/9
RSVA/Leipzig/2018/10
RSVA/Leipzig/2018/11
RSVA/Leipzig/2018/12
RSVA/Leipzig/2018/14
RSVA/Leipzig/2018/17
RSVA /Leipzig/2018/15
RSVA /Leipzig/2018/18
RSVA/Leipzig/2018/16
RSVA/Leipzig/2019/3
RSVA/Leipzig/2019/4
RSVA/Leipzig/2019/5
RSVA/Leipzig/2019/8
RSVA/Leipzig/2019/10
RSVA/Leipzig/2019/11
RSVA/Leipzig/2019/14
RSVA /Leipzig/2019/20
RSVA/Leipzig/2019/16
RSVA /Leipzig/2020/10
RSVA /Leipzig/2020/16
RSVA/Leipzig/2021/11
RSVA/Leipzig/2021/18
RSVA/Leipzig/2021/47
RSVA /Leipzig/2021/67
RSVA/Leipzig/2021/73
RSVA/Leipzig/2021/123
RSVA/Leipzig/2021/129
RSVA /Leipzig/2022/1
RSVA/Leipzig/2022/6
RSVA/Leipzig/2022/7
RSVA/Leipzig/2022/8
RSVA/Leipzig/2022/9
RSVA /Leipzig/2022/10
RSVA/Leipzig/2022/11
RSVA/Leipzig/2022/1
RSVA/Leipzig/2022/2
RSVA/Leipzig/2022/3

>
—
~
=
=
S
w
=
i
-
<

S L S I A L

- Zz.- 22 22227

2227 ZZZZZZZ -

v

—
oMM T

T A
. . . . T A
Vool . F .

Amino acids (AA) are numbered with regard to the FO protein. Additionally, the F1 and F2 subunits are indicated.
The consensus amino acid residues to which the isolates were compared were derived from the GA2.3.5 consensus
sequence. The AA changes were mapped to the following regions or antigenic sites: SP, signal peptide; p27, 27
amino acid fragments; CT, cytoplasmatic tail; @, site @; I-III, site I to III. * Sixteen strains that were identical at the
amino acid level are depicted as a pool and contain isolates of the following seasons: two strains for 2017,/2018,
ten strains for 2019/2020, four strains for 2021 /22.
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Table 4. Amino acid changes in RSV-B isolates.

AA position

22 42 64 108 113 116 123 157 190 191 206 209 211 273 276 295 389 463 477 507 508 514 527

Subunit

F1

F1

F1 F1 F1 F1 F2 F2

e
N

F2 F2 F2 F2 F2 F2 F2 F2 F2 F2 F2 F2 F2

Region

SP

SP

sP P27 P27 p27 A A B B B CT

Antigenic sites

Q

/oo 1

GB5.0.5a consensus

2 strains #

25 strains ©
RSVB/Leipzig/2018/3
RSVB/Leipzig/2018/13
RSVB/Leipzig/2018/15
RSVB/Leipzig/2019/7
RSVB/Leipzig/2019/8
RSVB/Leipzig/2019/11
RSVB/Leipzig/2019/12
RSVB/Leipzig/2021/19
21 strains ©
RSVB/Leipzig/2022/3
RSVB/Leipzig/2022/4
RSVB/Leipzig/2022/5
RSVB/Leipzig/2022/6
RSVB/Leipzig/2022/7
RSVB/Leipzig/2022/8
RSVB/Leipzig/2022/9
RSVB/Leipzig/2022/10
RSVB/Leipzig/2022/11
RSVB/Leipzig/2022/14
RSVB/Leipzig/2022/15
RSVB/Leipzig/2022/16
RSVB/Leipzig/2022/17
RSVB/Leipzig/2022/18
RSVB/Leipzig/2022/19
RSVB/Leipzig/2022/20
RSVB/Leipzig/2022/21
RSVB/Leipzig/2022/22
RSVB/Leipzig/2023/1
RSVB/Leipzig/2023/3
RSVB/Leipzig/2023/5
RSVB/Leipzig/2023/6
RSVB/Leipzig/2023/7
RSVB/Leipzig/2023/10
RSVB/Leipzig/2023/11
RSVB/Leipzig/2023/12
RSVB/Leipzig/2023/13
RSVB/Leipzig/2023/16
RSVB/Leipzig/2023/17
RSVB/Leipzig/2023/18
RSVB/Leipzig/2023/19
RSVB/Leipzig/2023/20
RSVB/Leipzig/2023/21
RSVB/Leipzig/2023/24
RSVB/Leipzig/2023/25
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Amino acids (AA) are numbered with regard to the FO protein. Additionally, the F1 and F2 subunits are indicated.
The consensus amino acid residues to which the isolates were compared were derived from the GB5.0.5a consensus
sequence. The AA changes were mapped to the following regions or antigenic sites: SP, signal peptide; p27, 27
amino acid fragments; A, heptad repeat A; B, heptad repeat B; CT, cytoplasmatic tail; &, site &; L II, V, sites I, II,
V. Strains that were identical at the amino acid level are depicted as a pool and contain isolates of the following
seasons: 2 two strains for 2017/2018; ® seven for 2017/2018, five for 2018/2019, ten for 2019/2020, three for
2021/2022; € nine for 2021 /2022, 12 for 2022/2023.

4. Discussion

Following the introduction of NPIs [20,40] and changes in social practices, such as
mask wearing in public and increased work from home [39], introduced worldwide and in
Germany [41-44] in the wake of the SARS-CoV-2 pandemic in 2020, the seasonal circulation
of other respiratory pathogens, such as RSV, was altered tremendously. Nationwide
lockdowns with the subsequent closing of schools, daycare centers, and cultural events led
to an exceptional reduction in RSV activity in the winter of 2022/2021. NPIs were eased
starting in Germany in May 2021 [45] and tied to the incidence of SARS-CoV-2 infections.
However, a more progressive easing of regulations for children and a higher and prolonged
adhesion to NPIs in the adult population may represent key contributors to the disparity
in the resurgence of RSV infections. While the pediatric population was greatly affected
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in the 2021/2022 season [4], the majority of the adult population was first affected in the
2022 /2023 season.

The start and end points of the pre-pandemic seasons are in line with studies that,
for continental Europe, typically define a season with a start in December and an ending
in April of the following year [39—41]. For Germany, in particular, a season is defined
based on the positivity rate (PR) exceeding 5% of RSV real-time RT-PCR detection assays
in children between 0 and 4 years of age, as assessed by the national outpatient sentinel
surveillance [42] of the Robert Koch Institute (RKI). This age subgroup was chosen because
of its high disease burden and clinical importance in order to more accurately correspond
to the endemic circulation. According to this definition, the pre-pandemic seasons spanned
between weeks 50 to 51 (December) and weeks 11 to 13 (March). The seasonal peaks
were reported between weeks four and six (January/February). For the sake of this study,
the main detection interval was defined to be framed by each two subsequent weeks
with at least two RSV cases per week in order to compensate for a lower catchment
population compared to a sentinel surveillance and to additionally compensate for singular
cases that would otherwise inflate the analyzed interval. For different study designs
and locations, deviating parameters may be needed to generate a robust and comparable
detection interval.

This study presents analyses of adult patients that indicate a slightly delayed main
detection interval between 2017 and 2020 starting at weeks 4 and 5 (January/February) and
ending at weeks 14 to 18 (April/May), which was also confirmed by the seasonal reports of
the RKI [46]. The same applies to the peak detections, which were reported between weeks
three and six (January/February) for the sentinel cohort and were observed between weeks
nine and 14 (February to April) in the adult cohort studied. This distinctive circulation
characteristic may be attributed to two main contributing factors. First, the epidemic
wave of infection may originate from the infant population and subsequently reach older
populations, similar to what was reported for influenza virus infections [47]. Secondly, a
delay between the peaks of RSV infections in the general population and hospitalizations
may be considered.

The regular RSV circulation pattern observed in the pre-pandemic seasons was re-
markably altered with the start of NPIs due to the then-emerging SARS-CoV-2 pandemic.
After an abrupt end of the RSV circulation after March 2020, only a few cases were noted
for the projected time span of the 2020/2021 season, corresponding to an absent respiratory
season [4,46]. After a gradual alleviation of the introduced NPIs, the re-emergence of RSV
occurred as a premature season of 2021/2022 and was mainly driven by infections in the
pediatric population. According to the definition that is used in Germany, the endemic
circulation of RSV started in week 35 (August) and ended in week 50 (December) of 2021,
peaking 19 weeks before the usual average (week eight) in week 41 (October). The main
detection interval of the studied adult population was observed between weeks 37 (Septem-
ber) and 46 (November) with a peak in week 40 (October), devoid of the temporal delay
described above. Furthermore, RSV circulation preceded the lowest air temperatures of the
winter of 2021/2022, underlining the unusual properties of this respiratory season.

When compared with the pre-pandemic seasons, a premature start and end were also
noted for the 2022/2023 season; however, a shift towards a regular cycle was observed.
According to the RKI, in Germany, the endemic circulation occurred between week 41 in
2022 (October) and week 3 in 2023 (January), peaking 13 weeks before the usual average in
week 47 (November) [46]. A re-establishment of the delay in RSV detections in the adult
cohort was confirmed with a main detection interval between week 47 (November) and
week 13 (March). The peak of RSV infections was observed in week 1 (January), eight weeks
before the earliest observed peak of one of the pre-pandemic seasons, namely, seasons
2018/2019 and 2019/2020.

The considerably increased amount of RSV cases and altered circulation may highlight
the underestimated importance of pre-existing or waning immunity, even in the adult
population, as the re-emergence of RSV in 2021 apparently was not caused by major

16



Viruses 2024, 16, 943

antigenic shifts circumventing a pre-existing immune response [4]. More likely, it seems
that an immunologic gap caused by the lack of RSV circulation during the period of
intensified contact restrictions was created within the population [48]. Furthermore, the
importance of waning immunity and its impact on circulation patterns was previously
described for RSV [49] and other respiratory viruses, like enteroviruses [50,51] and influenza
B virus [52]. In addition to the apparent differences in the observed amount of RSV cases
after the year 2020, age was a major epidemiologic characteristic that differed within the
study period. It has to be noted, that the hospitalization rate due to RSV was previously
reported to be less variable than e.g. rates observed for influenza over successive seasons.
Additionally, the hospitalization burden showed a peak for adults between the ages 65
and 74 [5]. However, while the median age of the study population was 66.5 years in the
pre-pandemic seasons, the age group of 25-44-year-old adults was over-represented in
the 2021/2021 season, resulting in a significantly lower median age of 49.5 [4], which is
in line with observed perturbations in the age composition of adults reported in other
studies [53-55]. In the 2022/2023 season, the median age of the study population converted
back to the pre-pandemic average (65 years). Therefore, excluding 2021/2022, between 65
and 80% of the adults of a respective season were 60 years of age or older and belonged
to the target population of the newly introduced RSV vaccines (see below) [23,56]. The
reasons for this remarkable disparity in the epidemiological characteristics are likely to
be multifactorial and also have implications for the observed differences in the clinical
parameters between the pre-pandemic seasons and the 2022 /2023 season.

Overall, the prevalence of comorbidities was very high in the studied adult cohort,
underlining observations of increased susceptibility to severe disease outcomes subsequent
to RSV infections and the hospitalization of high-risk populations [3,5,10,57]. Comorbidities
that for RSV have previously been reported to be associated with an increased incidence
rate among hospitalized patients or with severe disease progression are, i.e., COPD, asthma,
coronary artery disease, congestive heart failure [58-61], hematologic malignancies and
previous stem cell transplantations [6,7], and lung transplantations [8]. Reported incidences
of comorbidities were as high as 87% of the study population [62], and mortality after
an RSV LRTI was reported to be up to 50% for specific subgroups, i.e., patients after
hematopoietic cell transplantation with severe immunodeficiency [7].

As the number of comorbidities may vary substantially between different study
sites, even within the same study [32], an observed baseline level and composition of
comorbidities may be highly specific for the respective region and patient collective that
is treated in or connected to each study site, and thus a comparison with other studies
at the same site seems warranted. A comparable high number of comorbidities was also
observed for infections with other respiratory pathogens at the same hospital, namely,
rhinovirus [34], parainfluenza virus type 3 [63], and influenza B virus [52]. The particularly
high number of ICU admissions (roughly 25%) of the RSV cases studied was comparable to
what was observed for influenza B virus (20-25.8%) [52] and highlights the susceptibility
of this patient cohort of developing a severe RSV infection. A comparison between the
clinical characteristics of the pre-pandemic seasons and the 2022/2023 season may allow
further conclusions about the patient collective at each point in time. Additionally, it may
indicate behavioral changes evoked through the SARS-CoV-2 pandemic, i.e., a more liberal
utilization of respiratory pathogen tests, including multiplex tests, because of an increased
need for pathogen identification and higher awareness of severe viral infections.

After the re-emergence of RSV in 2021/2022, only a small number of adult patients
tested positive for RSV at the study site. This may be attributed to an overall lower amount
of RSV infections but also to the adherence of severely ill patients to the hospital, as
indicated by the high number of immunosuppressed individuals [4]. Unfortunately, the
low number of RSV cases in 2021 /2022 was also the main obstacle to a robust comparison
of clinical data with the two other periods of the current study. In the 2022 /2023 season, the
study population resembled the pre-pandemic baseline. However, subtle differences were
noted. Firstly, the lower prevalence of RSV patients with a history of lung transplantation
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and immunosuppression may be the result of more stringent adherence to NPIs in specific
and at-risk subgroups of adult patients [64]. The same may apply to patients with different
stages of chronic kidney injury. Another reason may be indicated by the higher incidences
of clinical features like LRTI, pneumonia, exacerbation of OLD, and administration of
bronchodilators. As the incidence waves for RSV, influenza, and SARS-CoV-2 infections
vastly overlapped in the 2022/2023 season [65], high pressure on the healthcare system
was exerted, which may have resulted in a competition for resources and a selection for
a higher disease severity in the hospitalized population. However, a waning immunity
may also be considered to have an influence on the observed differences in clinical disease
severity (see above).

The year 2023 may mark the beginning of a new era of dealing with RSV infections
as new highly potent tools become implemented [66] in response to unmet needs for
the prophylaxis of otherwise healthy newborns and adults. The vaccine efficacies for
adults > 60 years of age in the first RSV season were thereby reported to be up to 85.7%
and 94.1%, depending on specific subgroups, for the bivalent [23] and monovalent [56]
compositions, respectively. The protection rates for newborns for medically attended severe
LRTIs following a maternal immunization were reported to be 81.8% and 69.4%, 90 and
180 days after birth, respectively [22]. For nirsevimab, the efficacy to prevent medically
attended RSV-associated LRTT is reported to be 74.5% [22]. Additionally, the SARS-CoV-2
pandemic marked an evolutionary bottleneck, accelerating the notion of a very narrow
spectrum of circulating genotypes and lineages [4,16,21], namely, the very closely related
lineages GA2.3.5 and GA2.3.6a for RSV-A and GB5.0.5a for RSV-B. Thus, the timing for the
introduction of new vaccines and long-acting monoclonal antibodies appears to be optimal.

At the same time, the implementation of new immunization strategies mainly target-
ing one antigenic site in a broad age range of the population may result in a selection of
RSV strains with escape mutations in the fusion protein. In in vitro studies, prolonged
selective pressure due to co-cultivation resulted in the selection of escape mutants with
decreased binding affinities for various monoclonal antibodies (mABs) [67-71], includ-
ing palivizumab [72,73]. Furthermore, resistant variants were detected in up to 8.7% of
palivizumab recipients [74,75]. Thereby, resistance may not only be conferred by muta-
tions at the binding site but also through distant mutations, resulting in an altered protein
conformation [76]. Although generally considered a very conserved protein, the RSV-B
isolates showed a greater diversity and drift in the fusion protein than the RSV-A isolates,
confirming previous observations of accented differences in antigenic sites of the pre-fusion
F [77]. Especially AAs that previously have been ascribed to site & [25] were affected
in most RSV-B strains, and AA changes accumulated over the study period. In contrast,
site Il was affected to a much lower extent, and mutations rather appeared in clusters.
A continued antigenic drift may have future implications for the efficacy of mABs and
vaccines, especially in seasons with a predominance of RSV-B. Thus, molecular and anti-
genic surveillance of vaccine and mAB non-responders is highly warranted in the future.
Furthermore, alternative vaccine strategies [78] and mABs [79] targeting different antigenic
sites are needed in order to broaden the immunologic repertoire of the population.

Several limitations of this study should be noted. Notably, the genotyping approach
was not applied to all RSV cases and may be a source of selection bias, which might
include the circulation of other less common genotypes, especially in the seasons before
the SARS-CoV-2 pandemic. However, the authors are confident that the analyzed RSV
isolates constitute an adequate representation of the local F gene diversity in the study
period and that the protocol applied was usable for contemporary analysis of the F gene, as
a narrow genotype spectrum was demonstrated before [4]. Due to the retrospective study
design, only associations could be shown, without proof of causality. Patient selection
favoring severe cases may have occurred due to the sampling at a tertiary care hospital,
which is underlined by the high numbers of pneumonia cases and cases that needed
an ICU admission. In addition, the age spectrum of the analyzed patients is likely to
underrepresent patients who do not belong to the high-risk groups for severe disease
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courses and hospitalization. Detection of a further pathogen was considered a co-infection;
however, for bacterial pathogens, colonization cannot be ruled out.

5. Conclusions

This study reports the epidemiology and associated clinical spectrum of adult RSV
cases that were treated at a tertiary care university hospital in Germany between 2017
and 2023. The findings are consistent with other studies and indicate a profound impact
of non-pharmaceutical interventions implemented in the wake of the SARS-CoV-2 pan-
demic. A close phylogenetic relatedness of circulating strains is evidenced by analysis
of the F gene. However, an accumulation of amino acid changes was observed, espe-
cially for RSV-B strains, and also affected immunologically important antigenic sites. The
ongoing implementation of a recently approved monoclonal antibody with an extended
half-life [24,30] and vaccination strategies for pregnant women and older adults [22,23,56]
in clinical treatment guidelines necessitate a genetic and antigenic analysis of the fusion
protein going forward. Additional epidemiologic studies or population-based surveillance
programs are warranted, as retained behavioral changes are likely to have an influence on
the re-establishment of a regular circulation of respiratory pathogens.
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Abstract: Respiratory syncytial virus (RSV) is a significant cause of morbidity, particularly in infants.
This study describes RSV genomic diversity and disease outcomes during the 2023-2024 season
in the Johns Hopkins Hospital System (JHHS). Between August and December 2023, 406 patient
samples were sequenced, showing that RSV-B GB5.0.5a was the dominant genotype detected. RSV-A
genotype GA2.3.5 was detected less frequently. Metadata analysis of patient data revealed that,
although RSV-B was more commonly detected, patients with RSV-A infections were more frequently
hospitalized. Analysis of both the G- and F-genes revealed multiple amino acid substitutions in both
RSV-A and RSV-B, with some positions within the F-protein that could be associated with evasion
of antibody responses. Phylogenetic analysis revealed the genetic diversity of circulating GB5.0.5a
and GA2.3.5 genotypes. This study serves as an important baseline for genomic surveillance of RSV
within the JHHS and will assist in characterizing the impact of the newly approved RSV vaccines on
RSV genomic evolution and the emergence of escape mutations.

Keywords: respiratory syncytial virus; RSV; surveillance; genomic sequencing

1. Introduction

Respiratory syncytial virus (RSV) is a significant cause of lower respiratory tract
infections, causing bronchiolitis and pneumonia in infants and young children globally [1,2].
By the age of one, approximately 60-70% of children are infected with RSV, with 2-3%
requiring hospitalization [3]. RSV seasonality is largely dependent on geographical location
and generally results in annual epidemics during the winter months in temperate climates
and year-round transmission in (sub)tropical climates [1,4]. However, the timing and
duration of epidemics can vary widely between and within countries [1,5]. RSV activity
also changes at the local level, with season onset, peak, and decline varying between 0
and 5 weeks across the country, within the same state [5,6], and in tropical countries [5].
Although circulating genotypes can be similar between two neighboring cities, genetic
variation between locations is notable [7]. This indicates that local surveillance systems
can be valuable for understanding surges in disease, outbreaks, and seasonality [5]. The
infrequency of RSV genomic and clinical data largely stems from immature surveillance
systems, which mainly rely on pre-existing influenza surveillance [3,4]. Genomic RSV
surveillance will facilitate an understanding of outbreaks, informed responses, and the
ability to predict future epidemiological waves [4]. Additionally, baseline RSV genome
characterization is expected to facilitate future investigations on the impact of the recently
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approved RSV vaccines on RSV genomic evolution and changes in associated disease
severity. In this study, we characterized RSV genotypes of patients diagnosed at the Johns
Hopkins Health System (JHHS) during the 2023/2024 season and provided a description
of the associated clinical presentations and outcomes.

2. Materials and Methods
2.1. Study Population

Standard-of-care diagnostic RSV testing was conducted for both inpatients and outpa-
tients across JHHS hospitals and outpatient practices. Testing for RSV A /B was performed
with Cepheid (Sunnyvale, CA, USA) Xpert Xpress SARS-CoV-2/Flu/RSV test or Roche
(Basel, Switzerland) ePlex Respiratory Pathogen Panels [8,9]. Overall, 52,343 tests were
conducted for RSV between June 2023 and February 2024. Of these, 4.6% (2420/52,343)
were positive for RSV. Out of the 2420 samples positive for RSV, 17.2% (417 /2420) were ran-
domly selected (convenience sample, based on availability, sufficient volume, and proper
storage after the standard-of-care testing) for genome sequencing. Study samples were
collected between August 2023 and December 2023. Clinical and demographic data were
collected in bulk from the electronic health record systems as described previously [10].
RSV-related admissions were defined based on laboratory testing results: patients tested
with the extended respiratory panel were assumed to be symptomatic, and patients who
tested positive only for RSV prior to admission were assumed to be admitted for RSV-
related illness. Patients who tested positive for other targets were not included as being
admitted for RSV-related illness.

2.2. Nucleic Acid Extraction and Real-Time PCR

Viral nucleic acid was extracted from remnant patient samples using the Chemagic
Viral RNA /DNA Kit following the manufacturer’s instructions (Revvity (Waltham, MA,
USA)), with 300 pL extracted for each sample and eluted into 60 uL volume. To distinguish
between RSV-A and RSV-B and obtain cycle threshold (Ct) values, real-time PCR was
performed using the Luna Universal Probe One-Step RT-qPCR Kit per the manufacturer’s
guidelines (New England BioLabs, Ipswich, MA, USA). Samples with Ct values 33 and
above were excluded from additional analysis.

2.3. Whole-Genome Amplification and Sequencing

Whole-genome amplification was adapted from Wang et al. [11] by using 2 pL of first-
round PCR products for the nested PCR. Library preparation for sequencing followed the
manufacturer instructions of the DNA Native Barcoding Kit 96 v14 (SQK-NBD114.96) for
the PromethION and the NEBNext ARTIC Library Prep kit (New England BioLabs/Oxford
Nanopore Technologies (Oxford, UK)). The input amount of the PCR product used was 7 uL
of the nested PCR product in addition to 4 uL of the first-round PCR product into the end-
prep reaction. EDTA was added to the barcoded amplicons to stop the reaction. Samples
were pooled and 5 uL./sample AMPure Beads were used for sample cleaning. Elution was
added to 10 uL of NEBNext Quick Ligation Reaction Buffer, 5 uL of native adaptor, and
5 pL of Quick T4 DNA Ligase and incubated at room temperature for 20 min. Beads (30 uL)
were added, and clean-up steps were repeated using 125 uL of SFB buffer. The library was
eluted in 35 pL of elution buffer. The entire 35 uL library was used for sequencing.

2.4. Virus Genome Assembly and Phylogenetic Analysis

The resulting fastq files were analyzed using our in-house pipeline. The closest ref-
erences were selected by blasting against the RSV reference genomes (NC_038235 and
NC_001781). Draft genomes were generated by mini_assemble within pomoxis, using
medaka consensus to further enhance the draft genome and establish a consensus sequence.
Sequencing depth was evaluated with samtools. The alignment of sequences was per-
formed using the built-in pipeline in NextClade. Clades and amino acid substitutions
(AASs) were determined by the built-in pipeline in NextClade. Quality control parameters
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were used to remove sequences of mediocre and bad quality, with scores between 30 and
90+. Genomes were visualized using BioEdit and IGV to assess the presence of gaps and
coverage. Sequences with gaps were removed from the analysis. The phylogenetic trees for
RSV-A and RSV-B were generated using the maximum likelihood method using IQ-Tree
version 2.2.6. The visualization was performed using FigTree version 1.4.4. Complete refer-
ence genomes used for the phylogenetic analysis can be found in Supplementary Table S1.
The ModelFinder in IQ-TREE2 was used to select the best-fitted nucleotide substitution
model. The robustness of the tree topology was tested with 1000 nonparametric bootstrap
analyses. Bootstrap values > 75% were shown on branches of the consensus trees.

3. Results
3.1. RSV Prevalence at JHHS and the Study Cohort

The 2023/2024 respiratory viral season (~12.5% at peak) exhibited a lower RSV
positivity rate in the JHHS than the 2022/2023 (~15% at peak) and 2021/2022 (~20%
at peak) seasons (Figure 1). The 2021/2022 RSV season at JHHS exhibited increasing testing
positivity rates in early April 2021, peaking in September 2021 with a testing positivity
rate close to 20% (Figure 1). Similarly, the 2022 /2023 season exhibited increasing testing
positivity rates in June 2022, peaking in October 2022 with a testing positivity rate of
12.8% (Figure 1). For the 2023 /2024 season, increased RSV detection started around early
September 2023 and peaked in November 2023 with a positivity rate of 10.9% (Figure 1).
RSV activity peaked earlier in the season compared to influenza A and B viruses, consistent
with the prior two seasons (Figure 1).
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Figure 1. Percent positive tests (%) for influenza A, influenza B, and RSV between January 2020 and
December 2023.

Metadata of the 2023 /2024 cohort were collected for 406 unique patients. The cohort
consisted of slightly more females (51.0%, [207 /406]) than males (48.8%, [198/406]) (Table 1).
The median age of the cohort was two years old. Children aged 1-5 years were the
most represented (45.7%, [183/406]). Infants, 11 months and younger, comprised 29.6%
(120/406) of the cohort. Adults 60 years and older (9.1%, [37/406]) and the other age
groups were represented to a lesser extent (Table 1). Clinical signs and symptoms were
noted from the charts of 89.4% (363/406) of patients at the time of presentation. Cough
(32.8%, [119/363]), fever (28.9%, [105/363]), and breathing problems (27.0%, [98/363]),
including wheezing and shortness of breath, were most commonly reported (Table 1). One
or more comorbidities were noted for 40.1% (163/406) of patients, with cancer (23.9%,
[97 /406]), immunosuppression (20.7%, [84/406]), and hypertension (17.0%, [69/406]) being
most common (Table 1). Admissions were reported for 31.3% (127/406) of the cohort;
of those, 23.6% (30/127, and 7.4% of cohort, [30/406]) required ICU-level care (Table 1).
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Supplemental oxygen was provided to 77.2% (98/127, and 24.1% of cohort [98/406]) of
admitted patients (Table 1). The age groups 18-59 years and 60+ years had the highest rates
of comorbidities and admissions, as detailed in Table S2. Metadata also revealed 13 (3.2%)
patients to have co-infections with rhino/enteroviruses. These co-infections occurred in
all age groups, with children 1-5 years of age and infants comprising 46.2% (6/13) and
23.1% (3/13), respectively. Other respiratory pathogens (influenza A/B, parainfluenza 1-4,
seasonal coronaviruses, SARS-CoV-2, adenovirus, metapneumovirus, Chlamydia pneumoniae,
and Mycoplasma pneumoniae) were included in the metadata pull but were not detected in
our cohort.

Table 1. Description of 2023/2024 study cohort. Breathing problems include wheezing and shortness
of breath. Seizures include febrile seizures. Percents for symptoms were calculated out of the
total number of patients with symptoms reported in their chart. All others, unless indicated, were
calculated out of the total cohort or samples with characterized genotypes.

Characteristic Number of Patients (% Cohort)
Cohort RSV B RSV A RSV A/B
Cohort Size 406 282 (69.5) 78 (19.2) 14 (3.4)
Sex, N (%)
Female 207 (51.0) 136 (48.2) 51 (65.4) 5(35.7)
Male 198 (48.8) 146 (51.8) 26 (33.3) 9 (64.3)
Nonbinary 1(0.2) 0 1(1.3) 0
Age Group, N (%)
Infants (0-11 months) 120 (29.6) 82 (29.1) 27 (34.6) 6 (42.9)
1-5 183 (45.1) 133 (47.2) 28 (35.9) 7 (50.0)
6-17 28 (6.9) 19 (6.7) 4(5.1) 0
18-59 38(9.4) 21 (7.4) 12 (15.4) 1(7.1)
>60 379.1) 27 (9.6) 7 (9.0) 0
Clinical presentation, N (%)
Symptomatic 363 (89.4) 255 (90.4) 65 (83.3) 12 (85.7)
Not Symptomatic 43 (10.6) 27 (9.6) 13 (16.7) 2 (14.3)
Fever 105 (28.9) 71 (27.8) 19 (29.2) 2(16.7)
Cough 119 (32.8) 76 (29.8) 25 (38.5) 4(33.3)
Breathing Problems 98 (27.0) 74 (29) 15 (23.1) 4(33.3)
Congestion 21 (5.8) 12 (4.7) 6(9.2) 1(8.3)
Emesis 20 (5.5) 16 (6.3) 3(4.6) 0
URI 20 (5.5) 15 (5.9) 4(6.2) 1(8.3)
Flu-like Symptoms 11 (3.0) 8(3.1) 1(1.5) 0
Chest Pain 7 (1.9) 5(2.0) 2(3.1) 0
Seizures 1(0.3) 0 0 0
Comorbidity, N (%)
>1 Underlying Medical Condition 163 (40.1) 108 (38.3) 32 (41.0) 9 (64.3)
Hypertension 69 (17.0) 42 (14.9) 15 (19.2) 3(21.4)
Lung Disease 37(9.1) 27 (9.6) 6(7.7) 2 (14.3)
Kidney Disease 47 (11.6) 29 (10.3) 12 (15.4) 3(21.4)
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Table 1. Cont.

Characteristic Number of Patients (% Cohort)
Immunosuppression 84 (20.7) 56 (19.9) 15(19.2) 4(28.6)
Diabetes 26 (6.4) 14 (5.0) 10 (12.8) 0
Heart Failure 26 (6.4) 16 (5.7) 8(10.3) 0
Atrial Fibrillation 19 (4.7) 14 (5.0) 3(3.8) 1(7.1)
Smoker 16 (3.9) 7(2.5) 6(7.7) 0
Cerebrovascular Disease 22 (5.4) 16 (5.7) 6(7.7) 0
Cancer 97 (23.9) 61 (21.6) 25 (32.1) 4 (28.6)
Coronary Artery Disease 46 (11.3) 31 (11.0) 11 (14.1) 0
Pregnancy 5(1.2) 1(0.4) 2(2.6) 0
Outcome, N (%)
Admitted 127 (31.3) 77 (27.3) 33 (42.3) 8 (57.1)
ICU 30(7.4) 21(74) 7 (9.0) 1(7.1)
Supplemental Oxygen 98 (24.1) 63 (22.3) 23 (29.5) 6(42.9)

Metadata were compared for 374 patients, whose samples were able to be typed for
RSV-A, RSV-B, or RSV-A/B (Table 1). RSV-B (51.8%, [146/282]) and RSV-A/B (64.3%,
[9/14]) comprised slightly more males than females, whereas the RSV-A cohort had slightly
more females (65.4%, [51/78]). The median age for RSV-B, RSV-A, and RSV-A /B were
similar. Of note, RSV-A had a higher percentage of adults 18-59 years of age (15.4%,
[12/78]) compared to RSV-B (7.4%, [21/282]) and RSV-A/B (7.1%, [1/14]). Clinical signs
were reported at the time of presentation in 90.4% (255/282) of RSV-B, 83.3% (65/78) of RSV-
A, and 85.7% of RSV-A/B (12/14) and were similar between the three groups. RSV-A had
higher admissions than RSV-B, with 42.3% (33/78) of RSV-A and 27.3% (77/282) of RSV-B
patients being admitted (Table 1). A total of 27.3% (21/77) of admitted RSV-B patients
and 21.2% (7/33) of admitted RSV-A patients required ICU-level care. Rhino/enterovirus
co-infections were found in 3.2% (9/282) of RSV-B-positive samples and 3.8% (3/78) of
RSV-A-positive samples. No co-infections in RSV-A /B samples were reported.

3.2. Genotype Analysis

Following real-time PCR for initial genotyping into RSV-A and RSV-B, 33 (7.9%)
samples were excluded from whole-genome sequencing for having Ct values above 33.
Of the remaining samples, 289 (69.3%) were identified as RSV-B, 81 (19.4%) were RSV-A,
and 14 (3.4%) were RSV-A/B co-detections. A total of 255 (61.2%) sequences had complete
G-genes and were assigned GA genotype classifications based on the Nextclade Pipeline.
The complete F-gene was recovered from 266 (63.8%) sequences.

3.3. G-Gene Analysis

Of the 52 RSV-A samples with G-gene sequences, all (52/52) belonged to G-clade
GAZ2.3.5. Several different clades were identified based on defining AASs in the G-gene
(Table 2). A.D.1 comprised 38.5% (20/52), A.D.5.2 was identified in 28.8% (15/52), and
A.D.3in 19.2% (10/52) of samples (Table 2). A.D.2.1 (1.9%, [1/52]), A.D.3.1 (3.8%, [2/52]),
and A.D.5.1 (7.7%, [4/52]) were represented to a lesser extent (Table 2).
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Table 2. Distribution of G-clades and clades for RSV-A and RSV-B sequences obtained from the JHHS
2023 cohort.

RSV-A
Number of Samples (% Cohort) %
Total 52 (20.4)
G-Clade
GA23.5 52 100
Clades
A.D.1 20 38.5
A.D.2.1 1 1.9
A.D.3 10 19.2
A.D.3.1 2 3.8
A.D.5.1 4 7.7
A.D.5.2 15 28.8
RSV-B
Total 203 (79.6)
G-Clade
GB.5.0.5a 203 100
Clades
B.D.4.1 1 0.5
B.D.4.1.1 15 7.4
B.D.E.1 187 92.1

Of the RSV-B samples with G-gene sequences, all (203/203) belonged to the G-clade
GB5.0.5a. Within this clade, three different clades were identified based on defining AASs
in the G-gene (Table 2). B.D.E.1 represented 92.1% (187/203) of sequences and B.D.4.1.1
was found in 7.4% (15/203) of samples.

Twelve AASs were identified in the RSV-A G-gene that were found across all or most of
the clades when compared to the reference sequence hRSV/A /England /397 /2017 (Table 3).
P71L, 52431, and 1265L were found in 100% of RSV-A genomes. G224E (69.2%), D284G
(96.2%), and Y304H (82.7%) were found across all clades but not all samples. HO0Y (96.2%,
not in A.D.2.1), L101F (88.5%, not in A.D.3.1), 1134K (98.1%, not in A.D.2.1), and K262E
(98.1%, not in A.D.2.1) were found in four of five clades. Two AASs were found in the
majority of samples, T3191 (69.2%) and T320A (73.1%) (Table 3). V131D (100%, [10/10]),
1141T (70%, [7/10]), H266L (100%, [10/10]), and T136I (90%, [9/10]) were frequently
identified within the A.D.3 clade.

Seven AASs were identified to be in most or all the RSV-B clades. A74V (100%), T131A
(96.1%), I137T (97.0%), and 1252T (90.6%) were found in all RSV-B clades when compared
with the reference genome hRSV/B/ Australia/VIC-RCH056 /2019 (Table 3). Of note, 1252T
was only found in one (6.7%, [1/15]) B.D.4.1.1 sample. An additional AAS, P289L, was
identified across all three clades, but at low percentages (2.5%, [5/203]). P289S (13.3%,
[2/15]) was found in clade B.D.4.1.1. The B.D.4.1.1 and B.D.E.1 clades had two additional
AASs that were found among the majority of samples. S100G was found in 98.5% (200/203)
of the RSV-B samples, and all B.D.E.1 samples contained this substitution (Table 3). P221L
was found in 96.6% (196/203) of the RSV-B samples. Three more substitutions were
identified in low frequencies between both clades: P101S (B.D.4.1.1: 6.7%, [1/15], B.D.E.1:
1.6%, [3/187]), T1411 (B.D.4.1.1: 6.7%, [1/15], B.D.E.1: 0.5%, [1/187]), and E239K (B.D.4.1.1:
13.3%, [2/15], B.D.E.1: 13.9%, [26/187]). A further five AASs were frequently found in
B.D.4.1.1 samples: K85E (86.7%, [13/15]), T141A (80%, [12/15]), E224G (80%, [12/15]),
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P229S (66.7%, [10/15]), and S243I (80%, [12/15]). The loci 85 (K85T) and 141 (T1411) also
exhibited substitutions in two samples within the B.D.E.1 clade. Within the B.D.E.1 clade,
four AASs were prominent: K256N (90.4%, [169/187]), 1268T (98.9%, [185/187]), S275P
(98.4%, [184/187]), and Y285H (78.1%, [146/187]). An additional 41 samples (21.9%) had a
Y285L substitution.

Table 3. Amino acid substitutions identified within the G-region of RSV-A and RSV-B viruses in the

JHHS 2023 cohort.
RSV-A
Number of Samples with Substitution (%)

Substitution Total A.D.1 AD21 AD.3 A.D3.1 ADS5.1 A.DS5.2
P71L 52 (100) 20 (100) 1 (100) 10 (100) 2 (100) 4 (100) 15 (100)
H90Y 50 (96.2) 20 (100) 0 9 (90.0) 2 (100) 4 (100) 15 (100)
L101F 46 (88.5) 18 (90.0) 1 (100) 8 (80.0) 0 4 (100) 15 (100)
1134K 51 (98.1) 20 (100) 0 10 (100) 2 (100) 4 (100) 15 (100)
G224E 36 (69.2) -~ zfv(:lf%o()sa()) 1(100) 10 (100) 2 (100) 4 (100) 15 (100)
$2431 52 (100) 20 (100) 1 (100) 8 (80.0) 2 (100) 4 (100) 15 (100)
K262E 51(98.1) 20 (100) 0 10 (100) 2 (100) 4 (100) 15 (100)
1265L 52 (100) 20 (100) 1 (100) 10 (100) 2 (100) 4 (100) 15 (100)

D284G 50 (96.2) 20 (100) 1 (100) 9 (90.0) 1 (50) 4 (100) 15 (100)
Y304H 43 (82.7) 20 (100) 1 (100) 2(20.0) 1 (50) 4 (100) 15 (100)
T3191 36 (69.2) 17 (85.0) T319S1 (100) 0 0 4 (100) 15 (100)
T320A 38(73.1) 18 (90.0) 0 0 1 (50) 4 (100) 15 (100)
RSV-B
Number of Samples with Substitution (%)

Substitution Total B.D.4.1 B.D.4.1.1 B.D.E.1
A74V 203 (100) 1 (100) 15 (100) 187 (100)

T131A 195 (96.1) 1 (100) 13 (86.7) 181 (96.8)
1137T 197 (97.0) 1 (100) 13 (86.7) 183 (97.9)
1252T 184 (90.6) 1 (100) 1(6.7) 182 (97.3)
P289L 5(2.5) 1 (100) 1(6.7) 3(1.6)
S100G 200 (98.5) 0 13 (86.7) 187 (100)
P221L 196 (96.6) 0 12 (80.0) 184 (98.4)

3.4. F-Gene Analysis

The F-genes of 53 (65.4%) RSV-A sequences were examined for AASs. A T122A sub-
stitution was found in 43.4% of samples. This locus was not found to have any other
substitutions with different amino acid identities within RSV-A samples. A V1271 substitu-
tion was found in 24.5% of samples (Table 4). A V127A substitution was also found in 9.4%
(5/53) of RSV-A samples. The F-genes of 213 (73.7%) RSV-B sequences were examined for
AASs. An S211N substitution was detected in 96.2% (205/213) and an S389P substitution
was detected in 93.0% (198/213) of RSV-B samples (Table 4). A further 4.2% (9/213) of
samples had an S389L substitution.
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Table 4. AASs identified within the F-region of RSV-A and RSV-B viruses in the JHHS 2023/2024 cohort.

RSV-A
Total 53
Substitution Number of Samples with Substitution %
T122A 23 43.4
V1271 13 24.5
V127A 5 9.4
RSV-B
Total 213
Substitution Number of Samples with Substitution %
S211IN 205 96.2
S389P 198 93.0
S389L 9 4.2

AASs that have been reported to impact or are at positions with substitutions that have
been reported to impact monoclonal antibody binding in both RSV-A and RSV-B F-proteins
were detected. An S276N substitution was detected in 5.7% [3/53] of RSV-A samples
(Table 5). Additionally, N201K (1.9%, [4/213]), R209Q (2.3%, [5/213]), and R209K (1.4%,
[3/213]), which might impact palivizumab and nirsevimab activity, were detected [12].

Table 5. Amino acid substitutions in RSV-A and RSV-B F-region known to or * at positions known to
impact monoclonal antibody binding.

Substitution Number of Samples % Monocllrflr;aalcigtibody
RSV-A
S276N 3 5.7 [3/53] Palivizumab
RSV-B
N201K * 4 1.9 [4/213] Nirsevimab
R209Q * 5 2.3[5/213] Nirsevimab
R209K * 3 1.4 [3/213] Nirsevimab

3.5. Phylogeny

The Nextclade G-gene results were confirmed through a phylogenetic analysis for RSV-
A (Figure 2) and RSV-B (Figure 3). For RSV-A, the clades described above (A.D.1, A.D.2.1,
A.D3,ADJ3.1,A.D.52, and A.D.5.2) clustered together with reference genomes from the
GAZ2.3.5 clade. Each clade clustered with reference genomes from different geographical
locations and isolation years (Table S1). The A.D.1 clade had two distinct branches, with
reference genomes from the United States but from different years. The smaller cluster
was closely related to a 2022 genome, whereas the larger cluster was from 2023. The two
A.D.3 samples were found to cluster with the ten A.D.3.1 samples but were found to be
within their own branch (Figure 2). Within the A.D.3 genotypes, there were three distinct
branches with references from the United States (characterized in 2023 and 2022) and China
(characterized in 2019) (Figure 2 and Table S1). The clade A.D.5.1 clustered with a 2022
reference genome from the United States. The largest clade, A.D.5.2, was close to 2022
reference genomes from the United States and two from Germany characterized in 2021
and 2022 (Figure 2 and Table S1). Genotype A.D.2.1 was most closely related to a 2022
reference genome from the United States (Table S1).
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Figure 2. Phylogenetic tree for RSV-A G-gene. Reference genomes are listed in Table S1. All sequences
belonged to the G-clade GA2.3.5.
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Figure 3. Phylogenetic tree for RSV-B G-gene. All clades belonged to the G-clade GB5.0.5a. Reference
genomes are in purple.

For RSV-B, the clades B.D.4.1, B.D.4.1.1, and B.D.E.1 clustered distinctly, confirming
the Nextclade analysis (Figure 3). All samples were associated with sequences belonging to
the GB5.0.5a genotype. The clade B.D.4.1 clustered distinctly, along with a 2021 reference
genome from France (Figure 3 and Table S1). The B.D.4.1.1 clade also clustered distinctly,
with some evident diversity. These samples clustered with two geographically and tempo-
rally distinct reference genomes. Two samples were most closely related to a 2018 sample
from the United States, while the majority clustered with a 2023 sample from Thailand. For
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B.D.E.1, there were many distinct clusters indicating lots of diversity within this clade. The
B.D.E.1 reference genomes were from three different countries in 2021-2024: United States,
Thailand, and Germany (Figure 3 and Table S1).

4. Discussion
4.1. RSV-B Is the Dominant Genotype Characterized from the JHHS

In the years following the emergence of SARS-CoV-2, the seasonality of RSV was
temporarily disrupted, as was the case for numerous respiratory pathogens [13]. RSV cases
for the 2021 /2022 season began in mid-April 2021 and peaked in September. This early
beginning to the RSV season was also reported in Washington State [13]. The 2022 /2023
season also exhibited an early start, with cases increases starting in July, peaking in October,
and ending around February 2023. Washington State, Arizona, and Massachusetts also
observed cases increasing and peaking earlier than normal [13-15]. Cases during the
2023/2024 season increased in September and peaked in mid-November. This is still earlier
than what has been reported in the past, with the United States exhibiting peak RSV season
in January /February [4]. Further retrospective studies of RSV circulation within the United
States indicated that the season onset usually occurred in October/November, peaking in
December /January, and decreasing around March/April [6,16]. However, it is important to
note that RSV seasonality is prone to substantial differences at the national and subnational
level [5].

The RSV testing positivity rate increased during the 2021/2022 season and decreased
during the following two seasons. Our data contrast with those from Washington State,
which reported a greater number of cases during the 2022/2023 season [13]. However,
an increase in RSV cases in the 2021/2022 and 2022/2023 seasons was observed glob-
ally [17-20]. This increase in cases is thought to be due to reduced protective immunity
following the COVID-19 pandemic, with population exposure to RSV having been im-
pacted by non-pharmaceutical interventions (NPIs) [19,21]. Previous studies have shown
that in the absence of circulating RSV, antibody titers waned significantly [20]. Studies have
indicated reduced anti-RSV antibody levels in infants, women of childbearing age, and in
human milk, indicating immune debt [17]. However, another study from Australia showed
no differences in the population-level immunity to RSV between pre-pandemic seasons
and the 2022 season [20]. It was also hypothesized that a new viral strain with increased
fitness may have emerged following the pandemic [13,15]. However, numerous reports
from Australia, Japan, Italy, Austria, Argentina, and Spain reported similar genotypes
circulating pre- and post-pandemic, indicating that this surge in cases was likely not due
to a new viral genotype [7,17,19-22]. In fact, there was a decrease in the genetic diversity
of circulating RSV-A and RSV-B genotypes in Italy and Australia during and after the
pandemic, indicating a potential genetic bottleneck introduced due to a sharp reduction
in infections [17,20]. The increased number of cases following the pandemic might be
attributable to more complex and unknown factors, such as changes in infrastructure, social
attitudes, and health-seeking behaviors [20].

RSV-B genotype GB5.0.5a was predominantly (69.5%) detected in our cohort, followed
by RSV-A genotype GA2.3.5 (19.2%), and a few co-detections of RSV-A/B (3.4%). In the
United States, RSV-A was predominantly detected during the 2021,/2022 and 2022 /2023
seasons in Washington, Arizona, and Massachusetts [13-15]. In Austria and Bulgaria,
RSV-B dominated the 2022/2023 season, while RSV-A drove the surge in 2021/2022 [19].
The RSV-B genotype GB5.0.5a comprised all RSV-B samples in Washington State during
the previous seasons, whereas RSV-A genotype GA2.3.6b was dominant, with GA2.3.5
circulating to a lesser extent [13]. Similarly, in Arizona, RSV-B genotype GB5.0.5a comprised
all RSV-B samples [14]. However, similar to what our data show, RSV-A GA2.3.5 was the
only genotype detected. In Massachusetts, all RSV-B belonged to the GB5.0.5a genotype
and all RSV-A belonged to the GA2.3.5 genotype [15]. The GB5.0.5a and GA2.3.5 genotypes
have been circulating globally since 2017 and reported to be dominant following the
SARS-CoV-2 pandemic [19,20,22]. However, some variability is observed among countries.
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GAZ2.3.6b was found to be circulating in Argentina from 2019 to 2021 [21]. Our data indicate
a shift in predominant circulating viruses from RSV-A to RSV-B in the 2023 /2024 season,
although the circulation of genotypes within RSV-A and RSV-B are similar to what was
detected in previous seasons. RSV-A and RSV-B have been shown to co-circulate during
epidemic seasons, with predominance altering over time [23]. The co-circulation of RSV
subtypes is associated with co-detections of both RSV-A and RSV-B, comprising around
2% of cohorts in studies from the United States and Senegal [23,24]. The percentage of
co-detections reported in our cohort was slightly higher; however, the clinical significance
and outcomes associated with co-detections of RSV subtypes A and B are not well defined.
Each genotype tends to dominate for a few consecutive seasons before being displaced by
the other genotype, and the predominating genotype and length of circulation changes
geographically [25,26]. Therefore, this shift to RSV-B predominance is not unexpected.

4.2. Analysis of the G-Gene Identifies Several Amino Acid Substitutions within RSV-A and RSV-B
Samples Circulating in the JHHS

Analysis of the G-gene for RSV-A revealed 12 prominent AASs that were found across
all or most of the six clades identified within the GA2.3.5 samples. All 12 AASs were found
in the extracellular domain of the G-protein, within two highly glycosylated mucin-like
regions (aa66-160 and aa ~ 192-319) that are known to be highly variable [27,28]. Three
mutations detected in our cohort, 1134K (98.1%), 52431 (100%), and K262E (98.1%), are most
likely reversion mutations, often described to occur in RSV to change antigenicity, as older
ON1 strains contain K1341I, 1243S, and E262K substitutions [1,26,29,30]. The substitutions
1243S, E262K, and K134I were observed in the 20142015 season in China and the 2016-2017
season in Taiwan and subsequently detected in multiple countries such as Lebanon, Iran,
and Italy, indicating prolonged global circulation [1,26,29-32]. An E224G was detected in
an Iranian cohort during the 2018-2019 season in an epitope in escape mutants [31]. An
E224V substitution was observed to have emerged in an Italian cohort, further supporting
that this site is prone to substitutions resulting from immune pressure [1]. A study showed
that glutamic acid (E) at position 262 was under positive selective pressure [30,33]. In our
cohort, a G224E (69.2%) substitution was observed, which might also lead to antibody
escape as described above. A T319I substitution was described to be circulating in Iran
during the 20162017 season and subsequently found in 100% of samples in Lebanon
in 2019, indicating global circulation of this substitution [31,34]. The Y304H and T320A
substitutions, found in 82.7% and 73.1% of our samples, have been observed to be common
among ON1 lineages and were the most common AASs detected in Taiwan, Lebanon,
Germany, Senegal, China, Iran, and Italy [1,24,26,29,31]. Taiwanese, Lebanese, and Iranian
studies reported substitutions, with differing amino acid identities, at position 320, which
resulted in the loss of an N-glycosylation site [29,32,34]. In one study, the loss of this
glycosylation site was identified as one of several changes thought to be responsible for a
change in disease severity in Rome, Italy, during the 2016-2018 seasons [32].

Within RSV-B, seven AASs were detected across the three clades within the GB5.0.5a
G-clade. All seven AASs were found in the extracellular domain of the G-protein, within
two highly glycosylated mucin-like regions (aa66-160 and aa ~ 192-319) that are known to
be highly variable [27,28]. One AAS, A74V (100%), detected in our cohort was previously
identified in genomes from pediatric patients in Senegal [35]. Multiple studies detected an
A131T amino acid substitution within the 2016-2022 seasons across Asia and Europe, with
different countries reporting its presence across various seasons [1,26]. A T1371 substitution
was described to often be found with the A131T substitution as well as two others, T288I
and T310I, in a Chinese study during the 2016-2019 seasons [26]. In our cohort, there was a
T131A (96.1%) substitution and an I137T substitution (97%), indicating a reversion back to
an older strain, which has been documented within RSV to change antigenic properties to
evade host antibodies [36]. A 15-year study out of Kilifi, Kenya, observed R137K/T during
the 20072008 season where RSV-B predominated, indicating that this site has undergone
past changes. In a proposal for RSV nomenclature, 137] was determined to be a defining
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mutation for RSV-B genotype GB1 [37]. I1288T and I310T were found in only one sample,
which also contained T131A and I137T. This illustrates that RSV substitutions are spatially
and temporally dynamic. An S100G emerged within the 2022-2023 surveillance season in
Italy, northwest Spain, and Bulgaria [1,22]. Our samples also displayed the S100G (98.5%)
substitution, indicating a potential fitness advantage and global spread. This substitution
has become prominent within RSV-B and is a clade-defining mutation for B5.0.5a in a novel
RSV nomenclature proposal by Goya et al. [37].

4.3. Analysis of the F-Gene Identifies Several Amino Acid Substitutions within RSV-A and RSV-B
Samples Circulating in the JHHS

The RSV F-protein is essential in the RSV viral life cycle and, along with the G-protein,
promotes membrane fusion and viral entry [2,38]. It is synthesized as an inactive precursor
protein, which is subsequently cleaved at two sites, aal09 and aa136, into two subunits, F1
(137-57) and F2 (aa26-109) [38]. There are six main antigenic sites within the F-protein: &
(aa92-96, aa195-227), I (aa27-45, aa312-318, aa379-389), II (aa254-277), III (aa46-54, aa301-311,
aa345-353, aa367-378), IV (aa422-471), and V (aa55-61, aal46-194, aa287-300) [23]. Similarly,
there are some important cytotoxic T-lymphocyte epitopes within the fusion protein [39].
The pre- and post-cleavage forms of the F-protein have distinct as well as shared antigenic
sites. Site & and V, which are considered the most immunogenic, are found on the pre-
fusion conformation whereas sites I, II, III, and IV are shared [40]. Although the F-protein
is highly conserved, the signal peptide, transmembrane domain, and antigenic site & have
been observed to be the most variable [39].

Within RSV-A, two positions were found to have AASs across most samples: T122A
(43.4%) substitution and two AASs at position 127, V1271 (24.5%) and V127A (9.4%). Both
positions are within the p27 portion of the F-protein. A global study from the RSV 2017-2018
seasons detected a T122A substitution within the RSV-A F-protein, indicating that within
the conserved F-protein, this site has undergone changes over time [23]. Similarly, a study
conducted in China and the Americas found an A122T substitution in a p27 B-cell epitope,
but its impact was not fully described [26,41]. A South African study found a reversion
substitution A122T paired with a known escape substitution at site 123, suggesting these
amino acids may be essential for maintaining protein functionality [39]. Further studies
should investigate whether the substitution at position 122 affects F-protein function.
Studies from Washington State in 2022-2023 and Texas in 2017 also detected a T122A
substitution, suggesting its circulation in the United States in previous seasons [13,41].
Position 122 also falls within a cytotoxic T-lymphocyte epitope [28,39].

Within RSV-B two AASs were identified: S211N, found in the antigenic site & at
the top of the protein, was present in 96.2% of our RSV-B cohort [42]. Position 389 has
substitutions S389P (93%) and S389L (4.2%), which are located in antigenic site I. The S211N
substitution is within the nirsevimab binding domain [20]. This substitution has been
extensively studied and has no known effect on the neutralization activity of nirsevimab.
The S211N substitution has become increasingly common since 2020. Substitutions at
position 389 have been detected in South Africa, Brazil, and Bulgaria, indicating that
this site is prone to changes [23]. Palivizumab binds within antigenic site I, where these
substitutions are located. However, it has been reported that these AASs are not predicted
to impact palivizumab binding [23].

Although RSV causes a significant disease burden, there exist only a few treatment
and prevention options [43]. All of these target the F-protein, which exhibits high sequence
and antigenic conservation between genotypes (>90% identity), is essential in the viral life
cycle, and produces high levels of cross-reactive neutralizing antibodies during natural
infection, making it a valuable target [43,44]. The use of mAb therapies can increase
selective pressure and facilitate antibody escape mutations [43]. To date, few AASs have
been detected that impact monoclonal antibody treatments [12,43]. Only one AAS, S276N,
was detected in three RSV-A samples and is known to impact palivizumab binding [12].
This substitution has been detected in South Africa, Korea, China, Iran, and Lebanon [12].
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Additionally, N201S and Q209L substitutions have been observed in South Africa, the
Netherlands, Korea, Brazil, and the USA, affecting nirsevimab binding [12]. Four samples
contained an N201K substitution, and eight contained R209Q/K substitutions. Although
these positions are known to affect antibody binding, the implications of specific amino
acid identities should be further investigated. Therefore, utilizing surveillance systems to
monitor and detect potential escape mutations is critical for informing public health and
clinical interventions.

5. Conclusions

RSV is the leading cause of acute lower respiratory tract infection in children world-
wide and represents a significant disease burden within the United States. This study
describes the 2023 /2024 RSV season in the Johns Hopkins Health System. Samples from
406 patients were collected for RSV genomic characterization, resulting in 384 sequences.
The RSV-B GB5.0.5a clade was predominantly detected, indicating a shift from previous
RSV-A dominated seasons within the United States. The RSV-A GA2.3.5 clade was iden-
tified to a lesser extent within our cohort. Despite RSV-A circulating to a lesser extent,
patients with RSV-A detections were associated with higher admission rates. Multiple
amino acid substitutions were detected within both the RSV-A and RSV-B G-protein that
have been associated with changes in antigenicity. Further in vitro studies are necessary to
describe the impact of each AAS on antigenicity and their potential impact on monoclonal
antibody function. Similarly, when the F-gene was examined, amino acid substitutions
were detected within both RSV-A and RSV-B. Some of these substitutions or their locations
have previously been described to impact the binding of monoclonal antibodies. Following
the approval of AREXVY, a prefusion F-protein subunit vaccine against RSV, genomic
surveillance will be critical for monitoring escape mutants. Given the diversity of RSV
populations within a country, local surveillance efforts are crucial for monitoring RSV
activity and genomic evolution.
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Abstract: Respiratory syncytial virus (RSV) is increasingly recognized as being implicated in acute
illness in older adults, with a significant weight in hospitalizations for respiratory illness and death.
By means of a best-evidence review, this paper aims to investigate whether RSV can be considered a
forgotten pathogen in older patients, looking at trends in the literature volume and exploring possible
epidemiological and clinical features underlying the focus given to it. We then present an assessment
of its disease burden and present and future strategies for its reduction, particularly in light of the
recent availability of new vaccines.

Keywords: respiratory syncytial virus; RSV; older adults; elderly; vaccine; pneumonia

1. Introduction

Respiratory syncytial virus (RSV) is a well-recognized cause of acute respiratory tract
illness among infants, with the first case of RSV-related bronchiolitis described as early
as 1957 [1]. However, RSV is also increasingly recognized as being implicated in acute
illness in older adults [2-15], contributing to a considerable burden in hospitalizations for
respiratory illness while presenting mortality rates that are close to those associated with
illness caused by influenza viruses [16-18].

RSV is transmitted through contact between viral particles from infected individuals
and oral, nasal, and conjunctival mucous membranes. This contact can happen through the
emission of droplets by direct contact or by self-inoculation after touching contaminated
surfaces, where the virions can remain viable for several hours [19]. Direct contact is,
however, the most common route of transmission [20-22]. RSV typically causes seasonal
epidemics worldwide. In temperate climates, these usually occur in winter, whereas in
tropical and semitropical climates, seasonal epidemics are usually associated with rainy
seasons, and in some contexts, RSV circulation may be documented in as many as eight
months of the year [23]. However, these seasonal variations have been disrupted by the
COVID-19 pandemics and its containment measures [24]. At present, it is therefore not
possible to state with absolute certainty that the circulation of RSV will resume in a manner
similar to the pre-pandemic period [25].
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In adults, the severity of the acute RSV illness is exacerbated by the presence of respi-
ratory and cardiac comorbidities [10,13,26-38] as well as immunosuppression associated
with bone marrow or solid organ transplantation [30,39]. Evidence shows that, after the
acute respiratory illness resolves, the virus interferes with the immune system'’s ability to
establish memory, allowing for recurrent infections, particularly reinfections in the same
winter season [40]. Therefore, RSV infection incidence is heterogeneous given RSV infection
results in an incomplete natural immunity that predisposes hosts to reinfection and limits
the implementation of serological studies to define the disease burden [23]. In the last
decade, a growing body of literature has begun to point out that RSV is the second pathogen
after Streptococcus pneumoniae more often implicated globally in deaths of people of all ages
with a lower respiratory tract infection as well as causing a burden of disease comparable
to that of influenza among people over 70 years of age [41]. The increased clinical focus has
been accompanied by considerable interest and efforts in the development of new therapies
against RSV, with two vaccines recently approved for active immunization of people over
60 years of age [42,43].

2. Research Questions
In this work, we aimed to provide evidence and comment on the following questions:

(@) Is RSV a forgotten pathogen among older adults? Is there a shift in trend in the
importance that is being given to it?

(b) Does RSV disease among older adults present a considerable burden?

(c) What new and developing strategies are there to reduce the need for medical care in
older adults? Are these relevant?

3. Materials and Methods

We conducted a best-evidence review by searching all peer-reviewed journals focus-
ing on RSV lower respiratory tract infections among older adults, emphasizing articles
published since 2000. PubMed/MEDLINE and Cochrane database were scrutinized for
articles using the following key word combinations: “respiratory syncytial virus” and
“adults”, “respiratory syncytial virus” and “elderly”, “respiratory syncytial virus” and
“older adults”, “respiratory syncytial virus” and “vaccine”. After providing an overview
on RSV’s microbiology and epidemiology, we compared the RSV and influenza virus
publication volumes in order to make a rough assessment of the clinical interest in the
respective topics. We included clinical studies, reports, reviews, and meta-analyses. We
excluded protocols, case reports, and case series as well as studies that were not specific
for patients over 60 years of age and those that did not have RSV lower respiratory tract
infections as its main subject. We then retraced the course of the literature on RSV in older
adults. We identified the evidence in support of RSV as a forgotten pathogen, outlining
its aspects and inconsistencies from a clinical, diagnostic, and surveillance point of view.
Finally, we illustrated the pipeline of vaccines and new therapeutics.

4. RSV Microbiological and Epidemiological Overview

RSV is an enveloped RNA virus and a member of the Paramyxoviridae family and
Pneumovirinae subfamily. Virions are characterized by dimensions of 150 nm or more,
usually spherical and made of negative single-stranded ribonucleic acid (3’-5’). This
molecular characteristic means that in order to be infectious, it needs to be accompanied by
polymerase to generate a chain capable of being translated into protein elements, which is
why it is essential for the nucleocapsid to be internalized when it enters the host cell [23,44].
RSV presents minimal antigenic heterogeneity with nucleocapsid proteins (N, P, L e M2-
1), envelope and non-structural proteins (M, NS1 e NS2), and transmembrane proteins
(F, G e SH) [45]. The role of the G protein in attachment to the host cell and the role of
the F protein in penetration into the host cell, as well as fusion between viral and host
cell membranes, should be emphasized. This ability is responsible for the formation of
syncytia, multi-nucleated cell clusters. Both the G and F proteins are important antigenic
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targets for immune neutralization. Variability in the F protein correlates with disease
severity and effectiveness of monoclonal drug and vaccine development [46]. There are
two subtypes of RSV described, A and B, with significant genomic variation between the
two that are simultaneously present in most outbreaks, A subtypes typically causing the
more severe disease. The phenotypic differences are expressed above all in terms of the
antigenic expression of the G protein [47].

As far as older adults are concerned, data from US health systems and epidemiological
surveillance suggest that RSV is responsible for up to 10,000 deaths per year in people
over 64 as well as 60,000 to 120,000 hospitalizations in this population [48]. Data from
the city of London from 1994 to 2011 suggest an incidence of 0.7 hospitalizations per
1000 inhabitants [49]; in New York from 2017 to 2020, the data suggest an incidence of 0.4 to
0.6 per 1000 [5]. The only study available from a tropical context, conducted in Guatemala
and based on surveillance data, suggests an incidence of 0.3 per 1000 per year [50].

5. Literature Overview Output

The volume of publications on RSV or influenza viruses in older adults over the last
23 years are reported in Figure 1.

Keywords Respiratory syncytial virus Influenza
Adults 2637 27,219
Elderly 2907 22,825
Older adults 2482 22,304
Vaccine 3959 44227
Respiratory syncytial virus Influenza
600 4000

500

400
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200 1500
1000
100

EEEE3E88EE8E5535¢6¢8¢688¢8¢8
SRASRSASRERRRRRRRRRRERRBRR
m—Adults ====Elderly ====Olderadults e====Vaccine — Adults Elderly ====Qlderadults e===Vaccine

Figure 1. Comparison of respiratory syncytial virus and influenza virus publication volumes (2000-2023).

As a main paper topic, RSV among adults/elderly/older adults was given 7.9 (RSV
OR influenza AND elderly) to 11.2 (RSV OR influenza AND vaccine) times less publication
volume than its counterparts in influenza. At the same time, it was noted that attention to
influenza has always been relatively constant while that for RSV has been on the rise. We
finally found a total of 1452 articles that matched our key words, from which we ultimately
included a total of 86 for the purposes of this review.

6. Can We Consider RSV a Forgotten Pathogen in Older Adults?

Although “forgotten pathogen” is a formulation that is found every now and then in
the scientific literature, especially when referring to infrequent diseases, it does not pertain
to a rigorous standardized definition. A search for the term on PubMed /MEDLINE yields
just 14 results, with the main suspects being Streptococcus pneumoniae- and
Chlamydophila psittaci-related infections and no results for RSV. Similarly, a search for
the term “forgotten disease” provided 287 results with the majority of published papers
referring to cases of Lemierre’s syndrome. Therefore, these terms seem to be used as narra-
tive artifices to draw the reader’s attention rather than to define a clinical underestimation
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of a given infectious agent in a given population. Although it does not outline the object,
the absence of a definition of forgotten pathogen draws attention to the actors involved
in forgetting. In the case of RSV in older adults, clinicians, lab diagnostics, surveillance
system, and drug companies could have been involved in this process.

6.1. Literature Focus of RSV Infection in Older Adults

The scientific literature focus on RSV in older adults is quite recent. Falsey et al.
were amonyg the first to take an interest in the topic with some of their works on factors
associated with disease severity and mortality remaining the most common references
in the field [2,3]. In the last four years, several systematic reviews and meta-analyses
were published [15-17,25,27,29,31,32,41], most of them with the aim to define the disease
burden of RSV in older adults and some of them with the active participation of pharma
companies involved in RSV vaccine and drug development. Several clinical studies have
been published over the years worldwide [51-81]. In Europe, what emerged together with
the findings of few multicenter clinical studies [21,59-65] was the need to harmonize and
collaborate between the various laboratories in order to obtain shared diagnostic protocols
with which to compare data [82].

6.2. Factors Supporting RSV Being a Forgotten Pathogen in Older Adults

Several factors have been reported to be associated with underestimating the RSV
disease burden in patients over 60 years [31,83]. These factors relate mainly to clinical
features (e.g., non-specificity of symptoms, lack of an effective treatment, absence of a
licensed vaccine), diagnostics aspects (e.g., low sensitivity of the antigen-based tests, high
costs of polymerase chain reaction (PCR) diagnostic techniques, and presence of low viral
loads in older adults), and surveillance-related aspects (e.g., lack of a clinical case definition,
non-specificity of the surveillance system).

6.2.1. Clinical Picture and Disease Management

After replicating in the nasopharynx, RSV infects the small bronchiolar epithelium,
then extends to alveolar pneumocytes. Pathologic findings of RSV include the necrosis
of epithelial cells, occasional proliferation of the bronchiolar epithelium, and infiltration
of inflammatory cells between the vascular structures and small airways. This leads
to airway obstruction, air trapping, and increased airway resistance [23,84]. However,
the symptomatology is non-specific, with an average incubation time of 4-6 days. An
asymptomatic infection, a mild infection with symptoms of an upper respiratory tract
infection, and a more severe infection with symptoms of a lower respiratory tract infection
that can also lead to decompensation of chronic pulmonary and cardiac diseases can be
considered the main spectrum of RSV infection presentation (Figure 2) [7,85,86].

Radiology also does not provide much guidance for a diagnosis, as chest tomography
findings are very non-specific, as shown by a recent meta-analysis in which the authors,
however, state that healthy adults with an RSV infection would have an increased risk for
septal thickening, nodular lesions, and ground glass opacities compared to children [87].

Another clinical element that may have contributed to RSV’s oblivion in older adults
is that there is no effective therapy other than symptomatic, supportive, and complication
treatment. Nebulized or oral ribavirin has been shown to reduce morbidity and mortality
in hematopoietic stem cell transplant recipients [39,88] but has not been as effective in
the immunocompromised and older adults [30,89]. Treatment with glucocorticoids, albeit
widely used, is controversial, there being outdated studies in the literature, such as this
one showing that short courses of steroids did not affect viral load or shedding [90] and
has been associated with longer hospital stays and secondary infections [11], thus leaving
room for new studies in this area.

As multicenter clinical studies on RSV infections in older adults, the scenario is quite
fragmented, with mortality rates ranging from 0 to 25.9% (Table 1) [21,51-81].

43



Viruses 2024, 16, 531

Incubation 4—6 days

Asymptomatic infection

Tachypnea

Rhinorrhea Wheezing
Anorexia Taia: Tracheobronchitis
Asthenia Pneumonia
Odynophagia Cough Decompensated chronic heart failure

Exacerbation of asthma/COPD

Severe infection

Figure 2. Clinical features of respiratory syncytial virus infection in older adults.

Table 1. Main clinical studies on respiratory syncytial virus infection in older adults according to
year of publication.

Age + SD Critically Il
Stud Period Count Patients or (Range) or Pati. n){ Pneumonia Coinfection Mortality Rate
udy erio ountry ) [IQR], arents % (n) % () % (n)
% (n)
Years

46 Not reported Not reported 2(1) 0
[2] 1999-2003 USA 56 Not reported Not reported 7 (4) Not reported 4(2)

132 76 +£13 15 (20) 31 (41) 8 (10)

26 65 + 14 0 0
[78] 2007-2008 USA 32 71413 34 (1) Not reported Not reported 19 (6)

33 69.8 +14.9 18 (6) 15 (5) 6(2)
[90] 2005-2008 Usa 17 72.0 + 14.8 29 (5) 24 (4) Not reported 0
[79] 2006-2009 USA 31 68 [56-78] 9.7 (3) Not reported Not reported 6.5(2)
[50] 2007-2012 Guatemala 65 >50 9 (6) 59 (23) Not reported 13 (8)
(1] 2009-2011 H"E‘%ﬁ;’“g' 607 75.1 + 16.4 Not reported 423 125 9.1
[77] 2009-2010 USA 32 60.8 [44.8-68.9] 16.7 (4) Not reported Not reported 42(1)
[51] 2012-2013 Canada 86 74 (19-102) 15 (13) 40 (34) 13 (11) 6 (5)
[4] 2008-2009 15 countries 41 Not reported Not reported 49(2) 49(2) Not reported

41 53.8 +11.8 14.6 (6) 49 (2)
[72] 2009-2012 USA 28 55+ 15.1 17.9 (5) Not reported Not reported 10.7 (3)

106 62.1+19.8 24.5 (26) 6.6 (7)
[69] 2013 Hong Kong, 123 78415 122 (15) 67.5 (83) Not reported 8.9 (11)

75 >65 347 4
[81] 20122013 USA 39 Not reported Not reported 385 Not reported 103
[60] 2012-2015 France 53 74 (61-84) 15 (8) 44 (23) Not reported 8 (4)
[54] 2004-2016 USA 243 >60 0 9.5 (23) Not reported 0
[21] 2015-2016 Spain 95 57.7 Not reported 33.6 (32) Not reported 14.7 (14)
[73] 2000-2013 USA 181 59 (18-87) 13 (24) Not reported 8 (14) 7(13)

. 107 60.5 [48-70.6]

[70] 2005-2014 Switzerland 68 50.8 [37.3-59.4] 29.3(17) 36.9 (62) 23.4 (25) 19 (11)
[55] 2009-2015 USA 489 60 +17 27 (132) 38.8 (190) 8.2 (40) 3.9 (19)
[59] 20052018 The Netherlands 192 60.7 [50.8-69.2] 16 (30) Not reported 42.2 (81) 8(16)
[56] 2014-2015 Thailand 69 72 [58-81] 36.2 (25) 79.7 (55) 8.7 (6) 15.9 (11)

27 70 [56-82] 66.7 (18) 100 (27) 100 (27) 259 (7)
(911 2013-2016 France 62 76 [59-85] 21 (13) 100 (62) 0 17.7 (1)
1571 2012-2015 RE%‘;EB; of 132 >65 25 (33) 56.8 (75) Not reported 10.6 (14)
[12] 2011-2015 USA 664 78 (60-103) 18 66 Not reported 56
[92] 2017-2019 China 113 64.2 +16.3 22.1(25) Not reported Not reported 115 (13)

616 704 £19.4 0 4.9 (30)
93] 2014-2019 France 85 666+ 18.6 Not reported Not reported 100 (85) 12.9 (1)
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Table 1. Cont.

Age + SD

. Critically I11 . . . .
. Patients or (Range) or N Pneumonia Coinfection Mortality Rate
Study Period Country ) [IQI%], Pg/h(en)ts % (n) % (n) % (:)
Years o fn
[68] 2016-2018 Alaska, USA 8 68 [52-77] Not reported 75(6) 0 0
[76] 2013-2015 USA 192 >65 13 (25) Not reported 20.3 (39) 5.9 (11)
[67] 2019-2019 Austria 103 57 [40-73] 6.8(7) 17.5 (18) Not reported 29 (3)
[37] 2012-2015 New Zealand 281 (18-80) 2.8(8) Not reported Not reported 1.4 (4)
[33] 2017209 Begium UK, 59 75 (70-79) 0 Notreported  Not reported 0
[62] 2017-2019 “a'%;;;i‘;ga" 166 809 £8.7 Not reported 29.6 (49) Not reported 121 (20)
[63] 2017-2019 Switzerland 79 78 [65-84] 19 (15) 405 (32) Not reported 10.1 (8)
[71] 2015-2017 USA 1713 >65 (60%) 20 (344) Not reported Not reported 5(86)
[75] 2016-2018 China 71 77 [67-83] 42(3) 46.5 (33) 21.1(15) 7(5)
[65] 2017-2018 Finland 152 73 [65-86] 3.9 (6) 37.5(57) Not reported 8.6 (13)
[61] 2011-2018 France, Belgium 309 672+ 15 100 (309) Not reported 27.2 (84) 23.9 (74)
[74] 2017-2019 403 69.0 [57.2-82.1] 16.4 (66) Not reported Not reported 7.7 (31)
[64] 2015-2019 France 1168 75 [63-85] 24.6 (288) Not reported 18.2 (213) 6.6 (77)
[58] 2016-2019 USA 622 >65 12.4 Not reported Not reported 159
Most clinical studies have focused on investigating factors associated with the devel-
opment of a low respiratory tract infection, especially at the population level, the risk of
hospitalization, ICU admission or the need for ventilatory support, and mortality, often com-
pared to a control population (especially patients with influenza virus infections) (Table 2).
Table 2. Factors associated with RSV acute respiratory infection, hospitalization, requirement of
ventilatory support, and mortality in older adults.
Study Acute L(I):‘A;seel;tli(::plratory Hospitalization %zi‘;;izi‘?é&rxjﬁgzzg;y Short-Term Mortality
- Chronic pulmonary disease;
[26] - Functional disability;
- Low serum neutralizing
antibody titre;
- Underlying medical conditions;
38 - Female sex;
138] - Increased mucosal IL-6 level;
- Longer duration of virus
shedding;
- Advanced age;
- Chronic lung disease; - Pneumonia;
[11] - Pneumonia; - Requirement for ventilation;
- Elevated urea and ALT; - Bacterial superinfection;
- Elevated urea and WBC count;
180] - Congestive heart failure;
- Exposure to children;
[50] - Cardiovascular disease;
- Need for ICU and mechanical
[51] ed for I
ventilation;
- Older age;
[69] - Major comorbidities;
- Bacterial superinfection;
- Requirement for ventilation;
[72] - Age > 60 years (vs. age < 60)
- Lower respiratory infection,
[94] chronic respiratory disease,
bacterial coinfection, and fever;
- Cancer
[60] - Immunosuppressive
treatment;
54] - Age > 75 years (Ys, 60-64 yelars);
- COPD or congestive heart failure;
- Neutropenia and
lymphocytopenia and not - Neutropenia and
[73] receiving ribavirin-based lymphocytopenia at RSV
therapy during RSV upper diagnosis;
respiratory tract infection;
- Solid tumours or leukaemia,
[70] chronic immunosuppression (vs.

HSCT recipients);
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Table 2. Cont.

Acute Lower Respiratory

Requirement for Ventilatory

Study Infection Hospitalization Support or ICU Admission Short-Term Mortality
- Lower respiratory tract infection,
[59] chronic pulmonary disease,
temperature, confusion, and
elevated urea;
- Older age;
- COrD;
- Congestive heart failure;
8] - Chronic kidney disease;
- Previous pneumonia;
- Haematological malignancies;
- Stroke;
- Baseline healthcare resource use;
- > two hospitalizations in the
prior six months;
- Tachypnoea;
- Altered consciousness;
[12] - Lymphoma;
- During hospitalization:
- Acute renal failure;
- Atrial fibrillation;
- Neurovascular complication;
- Neurologic disease;
[76] - Respiratory disease;
- Congestive heart failure;
. - Male gender;
[e2] - glfr[z:licc)ll;[iscl,ne disease; - Solid neoplasm;
Y ’ - OSA/OHS;
-Age>065 'years; - Respiratory disease;
- Smoking; - Complications;
[67] - Cardiac disease; P prications; - Age > 65 years;
- Diabetes mellitus; Sneun}oma: X
- Pneumonia; - Superinfection;
- Age 65-80 and diabetes mellitus;
[37] - Age > 50 years and chronic heart
failure or COPD;
71] - Higher census tract-level poverty
and crowding;
[75] - IL-6 concentration;
[5] - Coronary artery disease;
- Congestive heart failure;
- Age > 85 years;
- Chronic heart or respiratory - Neutropenia;
[64] failure; - Acute respiratory failure;
- Coinfection; - Need for ventilation support;
- Withdrawing of life-sustaining
therapies;
- COPD or asthma;
- Ischemic heart disease;
[95] - Stroke;
- Diabetes;

- Chronic kidney disease;

Abbreviations: COPD: chronic obstructive pulmonary disease; ALT: alanine aminotransferase; WBC: white blood
cells; ICU: intensive care unit; HSCT: hematopoietic stem cell transplant; OSA /OHS: obstructive sleep apnoea or
obesity hypoventilation syndrome.

In Europe, a Portuguese, Italian, and Cypriot project that included patients hospital-
ized due to a lower respiratory tract infection due to influenza and/or RSV during two
consecutive winter periods showed that influenza A HIN1 virus was the only microbi-
ological factor associated with in-hospital mortality and a need for invasive mechanical
ventilation [96]. In one of the sub-analyses carried out on the population over 85 years of
age, however, it emerges that chronic diseases, especially COPD or asthma and chronic
kidney disease KDIGO stage 3A or worse, weigh more on outcomes (pneumonia and
death) than viral etiology [97]. In another sub-analysis of the same cohort, which included
166 elderly patients with a lower respiratory tract RSV infection, about 30% of the patients
had pneumonia, the in-hospital mortality rate was 12.1%, and the factors associated with
mortality were the male gender, solid neoplasia and obstructive sleep apnea, and/or obesity
hypoventilation syndrome [62]. In a French multicenter study that included more than
1000 adult patients, the overall mortality rate was lower (around 6%), while it was more
similar to the overmentioned cohort for ICU patients. The study reported the factors associ-
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ated with a need for mechanical ventilation to be chronic cardio-pulmonary diseases [64].
In a Scottish and Danish study, Osei-Yeboah et al. found an increased risk of RSV hospital-
ization in adults with chronic obstructive pulmonary disease, ischemic heart disease, and
chronic kidney disease when compared with those of the overall population [95].

6.2.2. Diagnostic Challenges

Laboratory diagnostic methods for an RSV diagnosis mainly include rapid antigen
testing and PCR. Despite their ease of use, antigenic tests for RSV do not have high
sensitivity in adult patients [98,99]. Besides not being cheap and gold standard, PCR
techniques have different sensitivities, with single-target PCRs having a higher sensitivity
than multiplexes [100]. In a recent meta-analysis, the authors conclude that, for improving
RSV detection, at least one other respiratory sample should be tested in addition to the
RT-PCR test of the nasopharyngeal swab and that diagnostic sensitivity could benefit from
testing up to at least 3 respiratory samples [101], increasing the complexity in terms of
logistics and costs.

6.2.3. Recent Developments on Surveillance and Case Definition

RSV surveillance was officially introduced by the WHO in 2016 [101], starting to take
into account that, in about 50% of older adults, an RSV infection may occur without fever.
A case definition for hospital and community was provided [102]. Extended SARI (severe
acute respiratory infection) and ARI (acute respiratory infection) were defined, and the
case definitions of influenza-like illness and SARI for influenza [103], which required fever
as a symptom and on which both RSV surveillance and clinical studies had previously
been based, were abandoned. The RSV surveillance system now includes screening for
RSV of patients with symptoms compatible with extended SARI in sentinel hospitals [104].
For older adults, the respiratory sample to be tested is sputum. If the test is positive for
RSV, typing in A or B and subsequent notification is performed. If the test is negative and
the patient presented with fever, testing for influenza is performed, with the subsequent
notification of the result [105].

7. Estimating RSV Disease Burden in Older Adults

In recent years, several meta-analyses aimed at estimating the RSV disease burden
in adults have been published, most of them highlighting the high burden of the disease
in older adults [16,27-29,31,32]. The first estimate was by Falsey et al., which stated that
global incidence could be around 6.3 per 1000 people older than 70 years of age or high-
risk adults [2]. A more recent meta-analysis estimated that, in 2015, RSV would cause
illness in about 1.5 billion people over 50 years of age, that 14.5% would be hospitalized,
and that 1.6% would die [28]. Another meta-analysis estimated a case fatality proportion
between 8 and 10 percent in elderly and high-risk adult patients, respectively [27]. In Eu-
rope, a Northern European, prospective, observational cohort study aiming at assessing
the community burden of RSV in older adults aged > 60 years showed that RSV had an
incidence between 4 to 7.2%, with mostly mild infections, leading to both fewer medical ap-
pointments and antibiotic prescriptions in comparison to influenza-associated infections [35].
Conversely, an estimation of hospital admission in Europe showed that RSV causes about
160,000 admissions per year, with about 92% of cases occurring in adults aged > 65 years [106].

7.1. Limitations in Estimating RSV Disease Burden in Older Adults

Almost all the works that attempted to estimate the RSV disease burden in older
adults reported several limitations. These are basically due to the processing data from
studies performed with very different methods and protocols [107]; being based on the
case definition of influenza-like illness [108]; lacking the necessary data to stratify by
age group; being based on data mainly derived from academic, high-income, in-hospital
settings [31,67]; and underestimating the presence of other factors, such as coinfections or
complications [15]. To address these limitations, the WHO published a document with the
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essential guidelines to be followed in estimating the RSV disease burden [109], but robust
evidence is lacking.

7.2. Burden of Coinfections

Among older adults with an RSV infection, the presence of another pathogen in the
respiratory tract is another factor to be considered in the disease burden analysis [66]. The
rates of viral and bacterial coinfection in causing pneumonia range from 10 to 68% [110],
making the associated disease severity a wide area needing investigation. Several bacterial
and viral respiratory pathogens, such as Staphylococcus aureus, Pseudomonas aeruginosa,
Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis, Klebsiella pneumoniae,
human rhinoviruses, influenza A virus, human metapneumovirus, and human parain-
fluenza viruses, have been reported to be involved [91,92,94,111]. Celante et al. reported a
coinfection rate of 18.2% in their cohort of French hospitalized adults with an RSV infec-
tion, and coinfection was associated with a need for invasive mechanical ventilation [64].
Godefroy et al. showed that bacterial coinfections may be present in about 12% of older
adults with an RSV infection, and these patients showed a higher mortality rate [93].

8. Pipeline of Vaccines and New Therapeutics

RSV vaccine candidates for pediatric, maternal, or older populations use four ap-
proaches: live attenuated, protein based (inactivated, subunit, or particle-based), nucleic
acid vaccines, and recombinant vectors [112]. There are several candidates in different
stages of study and development [113]. As far as the elderly are concerned, in spring 2023,
two vaccines were approved by the responsible drug agencies and placed on the market for
the active immunization of people over 60 years of age. Specifically, the first one, marketed
by GlaxoSmithKline, is a monovalent vaccine and comprises RSV pre-F protein. It showed
a vaccine efficacy of 94.1% in phase 3 trial (NCT04886596) against severe RSV-related lower
respiratory tract disease and a satisfactory safety profile [114]. The second one, marketed
by Pfizer, is a bivalent vaccine comprising subtype A and B of RSV pre-F proteins. The
RENOIR phase 3 trial (NCT05035212) showed a vaccine efficacy of preventing an RSV-
associated lower respiratory tract illness between 66.7 (at least two signs or symptoms) and
85.7% (at least three signs or symptoms) [115] and no vaccine-related serious adverse events
through 12 months post-vaccination [116]. Concerning RSV vaccine candidates in Phase 3,
the Moderna candidate, the only nucleic acid vaccine in phase 3, showed 83.7% (95.88%
CI, 66.0-92.2) efficacy (NCT05127434) in preventing confirmed lower respiratory tract RSV
infections with at least two lower respiratory symptoms with no safety concerns [117]. Of
note, there are several phase 1 studies ongoing, assessing the safety and reactogenicity
of combined mRNA vaccines in healthy older adults [118]. As far as new therapies are
concerned, monoclonal antibodies that seem to be effective in newborns need to be assessed
for efficacy and safety in at-risk adults, currently having no role. There are still other drugs
that attempt to target the mechanism of virus entry and replication, some of which have
shown promising results, such as fusion [119] and nucleoprotein inhibitors [120].

9. Conclusions

Although the term ‘forgotten pathogen’ is more akin to a narrative gimmick than a
scientific term, one can fairly say that publication interest in RSV among older adults has
been relatively low for a long time up until the late 2010s. Several reasons associated with
the clinical characteristics of the associated infections, diagnostics, and surveillance have
been put forward as contributing to this relative lack of concern. The surveillance system
itself is very recent, compared to the influenza system, which is over 60 years old, so a
full understanding of the phenomenon is still some time away. Moreover, the limitations
of published studies make it difficult to estimate the real disease burden of this pathogen
in the older and adult population in general. Interest in RSV among older adults has,
however, grown in recent years, in parallel with the final stages of vaccine development,
even though the associated disease burden has not been well characterized. In fact, in spite
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of this knowledge gap, it can be said that RSV has not been forgotten by the companies
involved in the development of drugs and vaccines since the first attempts to develop a
vaccine against RSV for children date back to the 1960s [121], and the first vaccines to be
marketed are those for older adults.

Given the trial evidence so far, RSV vaccination should already be considered the only
relevant option for patients living with diabetes mellitus, advanced age, chronic organ
diseases, frailty, and immunodeficiency and those residing in long-term care facilities or
frequently exposed to young children (Figure 3) in order to reduce the risk of a lower tract
respiratory disease and need for medical care [122].
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Figure 3. Graphical decision making for respiratory syncytial virus vaccination.
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Abstract: In Vietnam, due to the lack of facilities to detect respiratory viruses from patients’ specimens,
there are only a few studies on the detection of viral pathogens causing pneumonia in children,
especially respiratory syncytial virus (RSV) and adenovirus (Adv). Here, we performed a cross-
sectional descriptive prospective study on 138 children patients from 2 to 24 months old diagnosed
with severe pneumonia hospitalized at the Respiratory Department of Children’s Hospital 1 from
November 2021 to August 2022. The number of patients selected in this study was based on the
formula n = ([Z(1 — «/2)]2 x P [1 — P])/d2, with a = 0.05, p = 0.5, and d = 9%, and the sampling
technique was convenient sampling until the sample size was met. A rapid test was used to detect
RSV and Adv from the nasopharyngeal swabs and was conducted immediately after the patient’s
hospitalization. Laboratory tests were performed, medical history interviews were conducted, and
nasotracheal aspirates were collected for multiplex real-time PCR (MPL-rPCR) to detect viral and
bacterial pathogens. The results of the rapid test and the MPL-rPCR in the detection of both pathogens
were the same at 31.9% (44/138) for RSV and 8.7% (7/138) for Adv, respectively. Using MPL-rPCR,
the detection rate was 21% (29/138) for bacterial pathogens, 68.8% (95/138) for bacterial-viral co-
infections, and 6.5% (9/138) for viral pathogens. The results showed few distinctive traits between
RSV-associated and Adv-associated groups, and the Adv group children were more prone to bacterial
infection than those in the RSV group. In addition, the Adv group experienced a longer duration
of treatment and a higher frequency of re-hospitalizations compared to the RSV group. A total
of 100% of Adv infections were co-infected with bacteria, while 81.82% of RSV co-infected with
bacterial pathogens (p = 0.000009). This study might be one of the few conducted in Vietnam aimed
at identifying viral pathogens causing severe pneumonia in children.

Keywords: respiratory syncytial virus (RSV); adenovirus (Adv); severe pneumonia; multiplex real-
time PCR; Nasal Continuous Positive Airway Pressure (NCPAP)

1. Introduction

Community-acquired pneumonia is a common respiratory disease affecting all ages,
especially children under 5 years old. The incidence and hospitalization rate due to pneu-
monia remains at a high level, given that it is the leading cause of death in children,
especially in low-income countries like Cambodia, Laos, Vietnam, China, and the Philip-
pines [1]. The etiology of pneumonia encompasses various infectious organisms. However,
viruses account for a significant proportion, as shown by the study by Kouni et al. [2], in
which the co-infection of viruses in children with acute respiratory infection accounted for
42.5%. According to numerous studies and the literature, viruses were the most common
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cause of acute lower respiratory tract infections. Notably, respiratory syncytial virus (RSV)
was particularly prevalent in infants, especially those under 6 months of age. In addition,
other viruses such as adenovirus (Adv), influenza, parainfluenza, rhinovirus, and human
metapneumovirus were also important causes, with Adv being the second most common
after RSV [2,3]. Rodriguez-Martinez et al. from 2009 to 2011 documented 2.267 children
with lower respiratory infections [3], of which 87,8% were identified as being caused by
RSV, while 9% were attributed to Adv infection; 3.1% were found to be the result of both
RSV and Adv infection. In some cases, Adv infections resulted in a more severe illness than
RSV, leading to life-threatening and prolonged pneumonia and necessitating admission to
the intensive care unit for respiratory support [4]. In addition, Adv is highly contagious and
there is no preventive vaccine available to mitigate its spread at present. Hence, we carried
out this study with the primary aim of assessing the occurrence of viral and bacterial-viral
co-infection in children aged 2 months to 24 months of age with severe community-acquired
pneumonia requiring oxygen therapy in the emergency room of the respiratory department
of Children’s Hospital 1. Additionally, this study sought to examine the characteristics of
clinical, subclinical, and microbiological characteristics along with treatment outcomes of
severe viral, bacterial, and bacterial-viral co-infection pneumonia in this population.

2. Methods
2.1. Study Design and Population

This is a cross-sectional descriptive prospective study on 138 children patients from
2 to 24 months old diagnosed with severe pneumonia hospitalized at the Respiratory
Department of Children’s Hospital 1 from November 2021 to August 2022. The inclusion
criteria were (i) age from 2 to 24 months old; (ii) clinical signs including cough, shortness of
breath, tachypnea according to age, chest indrawing, and indications for oxygen (WHO
2016); and (iii) parenchymal injury detected by a chest radiograph. On the other hand,
following the guidelines for the diagnosis and management of bronchiolitis by the WHO in
2016, we excluded children who had respiratory failure due to being diagnosed with bron-
chiolitis. Some specific characteristic features include a viral upper respiratory prodrome
followed by increased respiratory effort (e.g., tachypnea, nasal, flaring, chest retractions)
and wheezing and/or crackles in children younger than two years of age, as well as chest
radiographs that are not damaging to lung parenchyma. The pediatric patients infected
with COVID-19 confirmed by a rapid test and/or PCR, or patients whose nasal tracheal
aspirate (NTA) could not be collected or whose NTA could not meet the Bartlett score [5]
to indicate the high quality of the expectorated sputum based on the Gram stain smear
of the specimen at the laboratory right after receiving the sample, or patients who had
received intravenous antibiotics within 24 h before admission were excluded from this
study. The total number of the patients selected in this study was based on the formula
n=(Za_a/nl* x P[1 = P])/d?, with a = 0.05, p = 0.5, and d = 9%; then, n = 118. The
sampling technique used in this study was convenient sampling until the sample size
was met.

All pediatric patients who met the mentioned criteria were interviewed for medical
history and clinical examination. Laboratory tests, including complete blood count, CRP,
chest X-ray, and nasopharyngeal swab to quickly detect respiratory syncytial virus (RSV)
and adenovirus (Adv), were carried out. The NTA samples were collected within 24 h of
admission. The chest radiograph was reviewed by the head physician of the radiology
department. Disease progression, laboratory results, and antibiotic therapy were recorded.
To analyze NTA samples, 1 mL of each sample collected from patients was sent to the
laboratory for multiplex real-time PCR (MPL rPCR) testing to detect the microorganism
pathogens with the protocol and materials, as in a previous study [6,7]. In addition, the
collected NTA samples were also tested for RSV and Adv antigens using the “FUJI DRI-
CHEM IMMUNO AG RSV/Adv” system based on the immuneoelectrophoresis principle
(95% sensitivity and 100% specificity compared to standard PCR). Patients with RSV and
Adv pneumonia were characterized in Table 1.
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Table 1. Some clinical characteristics of RSV and Adv among children with pneumonia.

Clinical Features RSV (n =44) Adv(n=7) p-Value

<38 °C 35 (79.5%) 2 (28.5%)
38 °C-38.5°C 0 1(14.3%)

Temperature 0.001
38.6 °C-39 °C 9 (20.5%) 3 (42.9%)
>39 °C 0 1(14.3%)
<85% 1(2.3%) 1(14.3%)

SpO, 85%-90% 22 (50%) 3 (42.9%) 0.518
91%-94% 21 (47.4%) 3 (42.9%)
Indrawing 36 (81.8%) 2 (28.6%)

Chest indrawing 0.001
Severe indrawing 8(18.2) 5 (71.9%)

Wheezing 34 (77.3%) 5(71.4%) 0.042

Wheezes—rhonchi 34 (77.3%) 6 (85.7%) 0.008

2.2. Statistical Analysis

The collected data were processed using SPSS 20.0 software for subsequent statistical
analysis. Categorical variables were compared using %2 or Fisher’s exact test. The statistical
significance was defined as p < 0.05. Data are expressed as the number of cases and the
percentage.

2.3. Ethics Statement

This study was approved by the Ethics Committee of Children’s Hospital 1 in Ho
Chi Minh City on 7 December 2022 (No. 269/GCN-BVNDI). Stringent measures were in
place to ensure patient privacy and data confidentiality. Personal identifying information
was anonymized during data analysis, and all research procedures adhered to the ethical
guidelines and regulations applicable in Vietnam. The medical record information of the
patients participating in this study was used for research purposes only and not for any
other purpose.

3. Results

From November 2021 to August 2022, there were 138 pediatric patients from 2 to
24 months old admitted to the Respiratory Department who met the inclusion criteria.
Among these patients, 93 were boys and 33 were girls; the mean age was 7.39 months
old with the youngest being 2 months old and the oldest being 23 months old. The most
common age range was from 2 to 6 months old (59.4%), followed by 6 to 12 months old
(21%) and over 12 months old (18.8%). There were 32 cases (23.2%) of low birth weight or
preterm births and 29 cases (21%) that had postpartum respiratory failure.

All of these patients underwent rapid tests for RSV and Adv. The results from the
rapid test showed seven cases positive for Adv, forty-four cases positive with RSV, and
eighty-seven cases negative with both Adv and RSV. The NTA for multiplex real-time PCR
testing was taken within the first 24 h of admission and sent quickly to the laboratory. The
results of the MPL rPCR in the detection of Adv and RSV were completely consistent with
those of the rapid test. The MPL rPCR results also showed that there were twenty-nine
cases positive for bacterial pathogens (21%), ninety-five cases positive for bacterial and viral
pathogens (68.8%), nine cases positive for viral pathogens (6.5%), and five cases negative
for both bacterial and viral pathogens (3.7%). Table 2 shows the results of the MPL rPCR in
the detection of bacterial and viral pathogens in 138 NTA samples.
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Table 2. The bacterial and viral pathogen detection rate by MPL rPCR.

Bacterial Pathogen n % Viral Pathogen n %
Respiratory
Streptococcus pneumoniae 69 49.8 syncytial virus 44 319
(RSV)
MRSA 18 13.1  Adenovirus (Adv) 7 5.1
MRSE 15 10.6 Rhinovirus 12 8.7
Staphylococcus 6 41 Bocavirus 28 203
epidermidis
Hemophilus influenza UT 12 9 Influenza virus A 1 0.7
Moraxella catarrhalis 7 4.9 Pa.r ainfluenza 21 15.2
virus type 3
. Cytomegalovirus
Mycoplasma pneumoniae 8 5.7 (CMV) 35 254
) . Epstein—Barr virus
Chlamydia trachomatis 18 13.1 (EBV) 5 3.6
Burkholderia cepacia 5 3.3 % is the percentage of pathogen detection in
Escherichia coli 26 18.8 138 NTA samples collected from patients
Klebsiella pneumoniae 16 11.3 MRSA: methicillin-resistant Staphylococcus aureus
Acinetobacter baumannii 9 6.5 MRSE: methicillin-resistant Staphylococcus
Pseudomonas aeruginosa 9 6.5 epidermidis

Table 2 data indicate that among the bacterial pathogens, S. pneumoniae was the
pathogen with the highest detection ratio (49.8%). Among the atypical bacterial pathogens,
Chlamydia trachomatis was detected with a ratio of 13.1%, higher than that of Mycoplasma
pneumoniae (5.7%). RSV exhibited the highest detection ratio (31.9%) among the viral
pathogens. CMV had a high detection ratio of 25.4%, although this viral pathogen is
often regarded as the etiological pathogen of pneumonia in the immunocompromised
host; CMV is also considered a potential pathogen of severe pneumonia in children in
non-HIV-infected children [8].

In order to analyze the differences between severe pneumonia associated with RSV
and Ady, the related laboratory and treatment characteristics were also reported and shown
in Tables 3 and 4.

Table 3. Laboratory characteristics of severe pneumonia associated with RSV and Adv.

Laboratory Features RSV (n = 44) Adv (n=7) p-Value
<15,000 cell/mm? 32 (72.7%) 2 (28.6%)
WEBC >15,000 cell /mm? 12 (27.3%) 5 (71.4%) 0.047
Neutrophil <8000 cell/ mm? 30 (68.2) 2 (28.6%) 0.064
count >8000 cell/mm? 14 (31.8%) 5 (71.4%) ’
<35mg/L 34 (77.3%) 2 (28.6%)
CRP >35mg/L 10 (22.7%) 5 (71.4%) 0.012
Elevated liver Yes 3 (6.8%) 4 (57.1%) 0.00001 *
enzyme * No 41(93.2%) 3(42.9%) :
Bilateral infiltrates 18 (40.9%) 6 (85.7%)
One-sided infiltrates 14 (31.8%) 0
Chest X-ra Consolidation 3 (6.9%) 0 "
s Y Right upper lobe collapse 8 (18.2%) 1(14.3%) 0.359

Pneumonia—pleural
effusion

Elevated liver enzyme *: ALT > 45U/L and/or AST > 60U/L, **: Fisher.

1(2.3%) 0
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Table 4. Treatment characteristics of severe pneumonia associated with RSV and Adv.

Treatment Characteristic RSV (n =44) Adv(n=7) p-Value
<7 days 4(9.1%) 0
) 8-14 days 26 (59.1%) 1(14.3%)
Duration * 15-30 days 10 (22.7%) 3 (42.9%) 0-168
>30 days 4(9.1%) 3 (42.9%)
1 time 20 (45.5%) 3 (42.9%)
Antibiotic change 2 times 4(9.1%) 2 (28.6%) 0.18
>3 times 2 (4.5%) 1 (14.3%)
Oxy/cannula 20 (45.5%) 2(28.6%)
. HENC * 1(2.3%) 0
Respiratory support NCPAP 20 (45.5%) 4(57.1%) 0.619
ETT ventilation 3 (6.8%) 1(14.3%)
1 time 8 (18.2%) 3 (42.9%)
Re-hospitalization ** 2 times 0 0 0.002
>3 times 0 2 (28.6%)

HENC: high-flow nasal cannula, NCPAP: Nasal Continuous Positive Airway Pressure, ETT ventilation: endo-
tracheal tube ventilation. * Duration is the total number of days that the patient was treated in the hospital.
** Re-hospitalization is hospitalization again because of recurrent pneumonia within 1 month after discharge from
the hospital.

In Table 3, the obtained data show that (i) a white blood cell (WBC) count of more
than 15,000 cell/mm? was mainly seen in severe pneumonia associated with Adv; however,
in the RSV group, WBC count was <15,000 cell/ mm?, and the difference was statistically
significant with p = 0.047 and x? = 6.003. (ii) Severe pneumonia cases with C-reactive
protein (CRP) more than 35 mg/L were encountered mainly in the Adv group, while
CRP < 35 mg/L was mainly in the RSV group, and the difference was statistically signifi-
cant with p = 0.012 and x? = 8.795. (iii) Elevated liver enzymes were mainly observed in the
Adv group (57.1%).

The obtained data in Table 4 show that (i) most patients in the RSV group were treated
in less than 2 weeks, while most of the Adv patients were hospitalized for over 30 days,
and the difference was statistically significant with p = 0.002 and x2 = 18,375. (ii) Some
patients in both groups were re-hospitalized once; however, readmission more than three
times was only recorded in the Adv group, including one case that progressed to PIBO
(postinfectious bronchiolitis obliterans), and the difference was statistically significant with
p =0.0021 and X2 = 37,059.

Why did the two groups of children with severe pneumonia exhibit differences in
laboratory findings and treatment outcomes in which the Adv group was more prone
to bacterial infection (high white blood cell count, high CRP, increased liver enzymes),
required a longer duration of treatment, and experienced more frequent re-hospitalizations
than the RSV group? To answer this question, it was necessary to analyze the bacterial
co-infection of the two groups. The analyzed results showed that in the RSV group, there
were 36 cases of bacterial pathogen co-infection, accounting for 81.82% (36/44), while in
the Adv group, 100% (7/7) were co-infected with the bacterial pathogens. Although the
number of cases in the Adv group in this study was relatively low (only seven cases), with
the statistical analysis using the binomial test, this difference was statistically significant
with p = 0.000009.

4. Discussions

The present study shows that RSV and adenoviruses are significant causes of acute
severe pneumonia in infants and young children in low- and middle-income countries,
including Vietnam. Additionally, the findings of the present study suggest that the Adv
group children were more prone to bacterial infection than those in the RSV group. Also,
patients co-infected with other pathogenic bacteria were more frequently observed in both
groups. Of all the viral infections, RSV was the most often detected, affecting 31.9% of
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patients; rhinovirus was detected in only 8.7% of cases. According to a prior Vietnamese
study, 632 infants under the age of two who had community-acquired pneumonia had up
to 48% of RSV and 6% of Adv [9]. Compared to our study, which did not include the rainy
season, this one may have included two RSV infection episodes (the rainy season) from May
2009 to December 2010. The RSV detection ratio in our study was greater than that of a study
conducted on 1082 hospitalized children with lower respiratory tract infections between
April 2010 and May 2011, which revealed a 23.8% RSV detection rate [10]. Benjamin M.
Althouse et al. observed 15.2% (455/2998) plus influenza A virus 6.1% and rhinovirus 19%
in a distinct study conducted between 2007 and 2012 on children hospitalized for acute
respiratory virus infection in the city of Nha Trang, located in central Vietnam. Nevertheless,
the detection ratio of Adv in this investigation was a mere 2.9% [11]. Naturally, because
of the high humidity during the rainy season, the highest rate of infectious respiratory
infections was seen. Given that Nha Trang, which is directly overlooking the sea, has a
more temperate dry climate with a shorter rainy season than Ho Chi Minh City, which is
located further inland and experiences intense heat and humidity during the rainy season,
the differences are most likely due to the different geographic areas with different climates.

In our study, the rates of severe RSV-associated and advanced pneumonia groups
requiring mechanical ventilation (NTT, CPAP, oxygen/cannula, etc.) were comparable. On
the other hand, the Adv group saw a greater rate of re-hospitalization than the RSV group.
These results are consistent with a number of evaluations of the literature that indicated
that RSV was the most common virus responsible for lower respiratory tract infections
in babies, with Adv coming in second [4,11-14]. These studies also revealed that 10% of
hospitalized RSV-infected newborns may go on to acquire asthma later in life, and that
wheezing from lower respiratory tract infections caused by RSV infection could last for a
long time [4,11-14]. However, following a 5-year follow-up period, 50% of individuals with
severe Adv-associated pneumonia resulted in the development of PIBO (postinfectious
bronchiolitis obliterans) [4,11-14].

Numerous studies revealed that between 50 and 90% of lower respiratory tract infec-
tion cases in children under the age of five were caused by viral pathogens. The majority
of viral-bacterial co-infected pneumonia cases affected children younger than 2 years
old [2,13,14]. These data were entirely consistent with our study’s findings, which showed
that 94 out of 138 cases (68.1%) had bacterial-viral co-infection and 75.4% (104/138) had
viral pathogens detected. Children who obtain community-acquired pneumonia frequently
have both bacterial and viral co-infection, which exacerbates the illness and raises the
death risk. The results of our investigation were fully consistent with the incidence of
bacterial and viral co-infection in pneumonia, which can reach up to 68% of hospitalized
patients [2,11]. Numerous investigations also revealed that S. aureus and S. pneumoniae were
the most frequently found bacterial pathogens co-infected with viral pathogens [9,12,13].
This finding was consistent with our investigation, as the two bacterial pathogens detected
with the highest ratio were S. pneumoniae and staphylococci.

In the current study, the majority of patients with Adv infection had SpO2 levels
below 85% at admission, followed by SpO2 levels between 85% and 90%. Additionally,
71.4% of patients had increased work of breathing with severe chest withdrawal, and
28.6% had chest withdrawal. On the other hand, a significant number of patients in the
group infected with RSV had an initial SpO2 level between 85% and 90% (50%), 47.7%
had a level between 91% and 94%, and only 2.3% of cases had a level below 85%. When it
came to the level of the withdrawal chest, most patients in the Adv-infected group (71.9%)
had severe indrawing, but many patients in the RSV group only experienced less severe
indrawing chests. Zampoli’s study [15] showed that hypoxemia affected 70.9% of children
with pneumonia related to Adv, whereas Li Min Lim’s study [14] showed that respiratory
failure affected 67.2% of the children. As a result, when severe Adv-infected pneumonia vs.
RSV worsens, it should be recognized and treated right away [3,12,15].

While several of the children in the Adv-infected group of our study received treatment
for longer than 30 days, most of the RSV-infected children were hospitalized for less than
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two weeks. While most patients in the RSV group changed antibiotics just once throughout
therapy, the majority of the Adv group required antibiotic changes three times (14.3%). As
previously mentioned, the RSV group mostly needed oxygen or cannulas for respiratory
assistance, but the Adv-infected group needed NCPAP or other cutting-edge techniques.
Children with advanced disease were susceptible to not responding to the first round of
antibiotics (cefotaxime or ceftriaxone), which would mean a lengthier course of treatment.
In our investigation, every instance with advanced pneumonia had a co-infection with at
least one species of bacteria, necessitating the use of antibiotics. In addition, our patients in
both groups were readmitted to the hospital; however, the Adv group was the only one to
be readmitted three times, with one case progressing to pneumonia after contracting an
infection (based on clinical and chest CT scan data, ruling out other variables that could
induce interstitial lung damage). A 5-year follow-up study was carried out by Rodriguez [3]
on 38 children who were hospitalized in 1998 during an outbreak of Adv pneumonia in
Santiago, Chile. According to the study, almost 50% of the cases went on to develop PIBO,
and the requirements for oxygen therapy, mechanical ventilation, and ICU (intensive care
unit) hospitalization were linked to this complication. While the incidence of pneumonia
due to Adv was only 25-12%, serotypes 3, 7, and 14 have the potential to cause fatal
necrotizing pneumonia [3,15-23]. This could be one of the factors contributing to severe
pneumonia linked to Adv in pediatric patients. The small patient population and the
fact that this study was carried out in a specialist hospital are its two primary limitations.
Additionally, due to the small group sizes of each respiratory virus, we were unable to
ascertain the independent effect of each respiratory virus concurrently diagnosed with the
illnesses. Lastly, it was not possible to evaluate the effect of co-infection on the long-term
effects of RSV and Adv infection.

5. Conclusions

Bacterial-viral co-infection pneumonia has a high prevalence in children under 2 years
of age, with S. pneumoniae infection and RSV being the primary contributors. Severe CAP
with wheezing is suggestive of RSV infection, while severe CAP requiring oxygen with a
high-grade and prolonged fever, elevated WBC, elevated liver enzymes, and prolonged
treatment time suggests Adv in conjunction with drug-resistant bacteria. To aid clinical
physicians in stratifying management plans and to help limit the spread of these two
viruses, rapid tests and MPL-rPCR to detect RSV and Adv should be indicated in patients
with severe CAP requiring oxygen.
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Abstract: During the COVID-19 pandemic, nonpharmaceutical interventions (NPIs) were imple-
mented in order to control the transmission of SARS-CoV-2, potentially affecting the prevalence of
respiratory syncytial virus (RSV). This review evaluated the impact of NPIs on RSV-related hospi-
talizations in children during the lockdown (2020-2021) compared to the pre-pandemic (2015-2020)
and post-lockdown (2021-2022) periods. In this systematic review and meta-analysis, we searched
through PubMed, Scopus, and Web of Science for studies published in English between 1 January 2015
and 31 December 2022. Additionally, we conducted hand searches of other records published between
1 January 2023 and 22 January 2024. Our target population was hospitalized children aged 0-18 years
with RSV-related lower respiratory tract infections confirmed through immunofluorescence, antigen
testing, or molecular assays. We focused on peer-reviewed observational studies, analyzing the
primary outcome of pooled RSV prevalence. A generalized linear mixed model with a random-effects
model was utilized to pool each RSV prevalence. Heterogeneity was assessed using Cochran’s Q and
I? statistics, while publication bias was evaluated through funnel plots and Egger’s tests. We iden-
tified and analyzed 5815 publications and included 112 studies with 308,985 participants. Notably,
RSV prevalence was significantly lower during the lockdown period (5.03% [95% CI: 2.67; 9.28]) than
during the pre-pandemic period (25.60% [95% CI: 22.57; 28.88], p < 0.0001). However, RSV prevalence
increased notably in the post-lockdown period after the relaxation of COVID-19 prevention measures
(42.02% [95% CI: 31.49; 53.33] vs. 5.03% [95% CI: 2.67; 9.28], p < 0.0001). Most pooled effect estimates
exhibited significant heterogeneity (I*: 91.2% to 99.3%). Our findings emphasize the effectiveness of
NPIs in reducing RSV transmission. NPIs should be considered significant public health measures to
address RSV outbreaks.

Keywords: respiratory syncytial virus; nonpharmaceutical interventions; lockdown; COVID-19;
SARS-CoV-2; respiratory tract infection

1. Introduction

Respiratory syncytial virus (RSV) is the primary cause of early childhood lower respi-
ratory tract infections (LRTIs), leading to severe illness and high mortality rates [1]. In 2019,
RSV resulted in 33 million LRTI episodes, 3.6 million hospitalizations, and 101,400 deaths
among children aged 0-60 months [1]. This virus exhibits seasonal transmission patterns,
with epidemic peaks occurring in autumn and winter in temperate climates [2,3].

The declaration of coronavirus disease 2019 (COVID-19) as a global public health
emergency by the World Health Organization (WHO) prompted the adoption of non-
pharmaceutical interventions (NPIs) aimed at mitigating the transmission of severe acute
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respiratory syndrome coronavirus 2 (SARS-CoV-2) [4]. These interventions likely altered
the seasonality patterns of RSV and profoundly impacted its prevalence among hospitalized
children with LRTIs, particularly during the 2020-2021 season [5-7].

Ravkin et al. [7] utilized Google Trends search volumes as an indicator of viral circula-
tion and observed a disruption between the peak latency and magnitude of RSV during the
pandemic. This observed phenomenon could be attributed to NPIs, emphasizing the signif-
icant impact of population mobility on RSV incidence. Multiple countries have reported a
substantial decrease in RSV-related LRTI hospitalizations, with some indicating a 90-99%
reduction [5,6]. For instance, in England, Bardsley et al. [5] reported a dramatic fall in RSV
test positivity through PCR of 99.6% among children under five years old, as documented
by the Respiratory DataMart System (RDS). Remarkably, in Italy, Pruccoli et al. [6] reported
only three cases of RSV-related hospital admissions among children under three years
old across fifteen pediatric hospitals. As a result, the 2020-2021 RSV season presented a
real-world opportunity to assess the effectiveness of NPIs in reducing RSV transmission.

Due to the similarities in transmission mechanisms between RSV and SARS-CoV-2,
the global implementation of NPIs resulted in a decline in RSV infections [8]. However,
following the relaxation of COVID-19 restrictions, RSV seasonality patterns and outbreaks
have returned to pre-pandemic levels or even increased [5,9-12].

Presumably, NPIs may have influenced RSV-related hospitalizations, underscoring
the importance of comprehensively examining their effects. To address this concern, this
systematic review aimed to assess the impact of NPIs on the prevalence of RSV among
hospitalized children with LRTIs during the early pandemic (lockdown) period (2020-2021)
in comparison to the pre-pandemic (2015-2020) and post-lockdown periods (2021-2022).
Of note, because winter seasons start in the second half of a given year and end during the
first half of a given year, the periods appear to include a “repeated” year, but cases were
assigned only to one period, based on the months of the year.

2. Materials and Methods
2.1. Search Strategy and Selection Criteria

The systematic review protocol was registered on the International Prospective Reg-
ister of Systematic Reviews (PROSPERO) with the registration number CRD42022376951
and adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement, published in 2020 [13,14]. For detailed information, please refer to
Table S1 in the Supplementary Material SA for the PRISMA 2020 Checklist. The PICOS
strategy was used to establish the eligibility criteria (population, intervention, comparison,
outcome, and study design) [15]. Our research question was as follows: “What is the
impact of NPIs during the COVID-19 pandemic on the prevalence of RSV-related LRTI
hospitalizations in children?”

This study examined children aged 0-18 years hospitalized with RSV-related LRTTs,
excluding nosocomial infections. RSV diagnosis was confirmed using immunofluorescence,
antigen testing, or molecular assays. The prevalence of RSV hospitalizations was assessed
for each winter season; studies in which pooled data from several seasons were reported
were excluded. Peer-reviewed observational studies (cohort, case—control, and cross-
sectional) were considered, with an RSV season defined as a six-month local epidemic.
Case reports, reviews, editorials, and duplicates were excluded.

A comprehensive search through the PubMed, Scopus, and Web of Science databases
was conducted to identify relevant articles published between 1 January 2015 and 31
December 2022. Additionally, other methods involving hand searching were carried out
for articles published from 1 January 2023 to 22 January 2024. We exclusively incorporated
studies conducted in the English language. Table S2 in the Supplementary Material SA
includes the search terms employed for each database. Additionally, we thoroughly
examined the bibliographies of pertinent research articles. The study selection process
involved LAEM and JJLM independently screening records, reviewing full reports, and
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discussing articles. A third reviewer (DEN) made the final decision if disagreements arose.
Pilot screening refined the process before the actual screening.

Two reviewers (LAEM and GRA) extracted data using Microsoft® Excel 365 spread-
sheets, conducting pilot extraction to ensure consistency. Cross-checking was conducted to
ensure accurate extraction, and a final spreadsheet was obtained. A third reviewer (DEN)
resolved any disagreements. Researchers emailed the corresponding author if additional
data were needed for inclusion or clarification. The following items were collected: RSV
prevalence, period, seasons, WHO region, age, sex, study design, timing of data collection,
diagnostic technique, and sample type.

The primary outcome was the pooled RSV prevalence in hospitalized children with
LRTIs across the pre-pandemic, lockdown, and post-lockdown periods. As a secondary
outcome, we examined the prevalence of intensive care unit (ICU) admissions and deaths
among children with LRTIs related to RSV during these three periods. The tool developed
by Hoy et al. [16] for prevalence studies was employed to assess the risk of bias, categorizing
it as low (8-10), moderate (5-7), or high (0-4) (Table S3 in Supplementary Material SA). The
reviewers LAEM and JJLM independently analyzed and cross-checked bias assessments,
resolving any disagreements through discussion with a third reviewer (DEN). The quality
of evidence was assessed using the AMSTAR 2 instrument (A MeaSurement Tool to Assess
systematic Reviews 2) [17].

2.2. Data Analysis

We summarized the study characteristics in tables and narrative synthesis. We deter-
mined the proportion of RSV-related LRTI cases by dividing the number of RSV-positive
samples by the total number of samples tested. Then, we transformed the proportion into a
prevalence by multiplying it by 100.

Our meta-analysis aimed to estimate and report the pooled prevalence with a 95%
confidence interval (CI). We observed a wide prevalence range, varying from nearly 0% to
100%. This wide range could lead to overestimating precision due to significant variance.
To address this issue, we performed a generalized linear mixed model using a maximum-
likelihood estimator for T2 and a random-effects model to pool each RSV prevalence [18].
Finally, the results were presented through forest plots, tables, and narratives to display the
pooled effect estimates.

Heterogeneity was assessed visually through forest plots and using Cochran’s Q and I?
statistics. Cochran’s Q with p < 0.1 indicated significant heterogeneity among studies [15,19].
The I? statistic categorized heterogeneity as follows: (a) <25%: low heterogeneity; (b) 25~
50%: moderate heterogeneity; (c) >50%: high heterogeneity [15,19]. A random effects
model was used due to the observed high heterogeneity. Funnel plots and Egger’s tests
assessed potential publication bias, with a p-value < 0.1 being considered statistically
significant. Analyses were performed using the RStudio (R version 4.2.3) “meta” package
(version 6.2-1), with a p-value < 0.05 indicating statistical significance.

Subgroup, sensitivity, and meta-regression analyses explored sources of heterogeneity
based on study and participant characteristics: period, seasons, WHO region, age, study
design, timing of data collection, risk of bias, diagnostic technique, and sample type.

Because of the great variety of diagnostic techniques used, we grouped antigen tests
and direct immunofluorescence into a single category called immune assays. Additionally,
all types of PCR, including multiplex PCR, multiplex RT-PCR, PCR, qPCR, RT-PCR, or
RT-qPCR, were grouped into a single category known as molecular assays.

Sensitivity analyses included only studies using molecular assays for RSV diagnosis.
Furthermore, we conducted a stratified analysis based on age strata (<2, <5, <10, <15,
and <18 years), WHO regions, and countries to compare the pandemic (lockdown, 2020
2021), pre-pandemic (2015-2020), and post-lockdown (2021-2022) periods. A bubble plot
illustrates the relationship between RSV prevalence and the study participants’ average
age (in months). In the meta-regression model, the presence of residual heterogeneity in
RSV prevalence was suggested by the explained heterogeneity (R?).
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3. Results
3.1. Search Results

A total of 8091 records were identified from the PubMed (n = 4367), Scopus (n = 1191),
and Web of Science (n = 2410) databases, along with hand searching (n = 123). After
removing duplicate records (n = 2276), we screened 5815 unique records (Figure 1). Among
these, we assessed 578 full reports for eligibility, excluding 466 reports due to them not
meeting the inclusion criteria. Ultimately, we included 112 studies in this systematic review
and meta-analysis. For the list of the 466 full reports that were excluded and the reasons
for their exclusion, please see Supplementary Material SB.

Identification ]

[

Screening

Identification of studies via databases and registers

] [ Identification of studies via other methods ]

Total records identified = 7968
PubMed (n = 4367)
Scopus (n = 1191)

Web of Science (n = 2410)

Records removed before
screening:

> Duplicate records
removed (n = 2276)

Records identified from:
Hand-Search (n=123)

I

Records screened (n = 5692)

Records excluded (n = 5216)

|

Reports sought for retrieval (n =
476)

Reports not retrieved (n = 21) Reports sought for »| Reports not retrieved

(n=0)

!

Lai retrieval.

Reports assessed for eligibility (n
=455)

Reports excluded (n = 367)
Language not in English (n = 23)
data on RSV prevalence

Full text not found (n = 21) (n=123)
Reports assessed for Reports excluded: (n = 99)

eligibility ] Diagnostic technique not reported

(n=123) (n=3)

[ Included ] [

Studies included in systematic
review and meta-analysis (n = 112)

(n=64)
Inappropriate study design (n = 22)
Inappropriate population (n = 76)
Inappropriate population and
seasonality not reported (n=11)
Inappropriate population and RSV
prevalence not reported (n=50)
Prevalence not reported by RSV
season individually (n=64)
Diagnostic technique not reported
(n=1)

Seasonality not reported (n=22)
Period of enrolment not reported
(n=2)

Period of study before 2015 (n = 28)
Duplicates (n = 4)

Duplicate with previous search via
databases and registers (n=3)
Inappropriate population (n=26)
Inappropriate population and RSV
prevalence not reported (n=3)
Inappropriate study design (n=1)
Inappropriate study due to not peer-
reviewed (n=1)

Incomplete data on RSV prevalence
(n=36)

Incomplete data on RSV
prevalence/inappropriate population
(n=1)

Language not in English (n=2)
Period of study before 2015 (n=2)
Pooled into one RSV-prevalence are
two or more RSV seasons (n=2)
Prevalence not reported by RSV
season individually (n=18)
RSV-season after 2021/22 (n=1)

Figure 1. Study selection.

3.2. Characteristics of the Included Articles

As illustrated in Table 1, most studies in this review focused on children under two years
of age (35/112; 31.3%). All participants were recruited between January 2015 and December
2022. Cross-sectional studies were more common (75/112; 67.0%), and most employed a
prospective recruitment strategy (58/112; 51.8%). Notably, the most commonly used sampling
method was consecutive sampling (110/112; 98.2%), and most studies exhibited a low risk of
bias (71/112; 63.4%). For a comprehensive analysis of the risk of bias in each study, please
refer to Tables S3 and S4 in the Supplementary Material SA.
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Table 1. Sociodemographic and clinical characteristics of the included studies.

Characteristics N=112 %
Age range
. <2 years 35 31.3
. <5 years 22 19.6
. <10 years 4 3.6
. <15 years 20 17.9
. <18 years 27 241
. Not reported 4 3.6
Male range (%) 39.1-73.8%
Period of inclusion of participants; range January 2015-December 2022
Year of publication; range 2017-2023
Study design
. Cross-sectional 75 67
o Longitudinal 37 33
Sampling method
. Consecutive 110 98.2
o Random 2 1.8
Timing of data collection
. Ambispective 4 3.6
. Prospective 58 51.8
. Retrospective 50 44.6
Study bias
. Low risk 71 63.4
. Moderate risk 41 36.6
WHO region
. African 7 6.3
. Americas 13 11.6
. Eastern Mediterranean 3 2.7
. European 47 42
. South-East Asia 8 7.1
. Western Pacific 34 30.4
Type of assay
. Immune assays ¥ 22 19.6
3 Molecular assays ¥¥ 85 75.9
. Mixed assays ¥¥¥ 5 4.5
Diagnostic technique $
. Antigen 6 54
. Direct immunofluorescence 16 14.3
. Mixed ¥¥¥ 5 45
. Multiplex PCR 14 12.5
. Multiplex RT-PCR 18 16.1
. PCR 16 14.3
. qPCR 2 1.8
. RT-PCR 31 27.7
. RT-qPCR 4 3.6
Sample type
. Mixed * 7 6.3
. Nasal secretions 9 8
. Nasopharyngeal secretions 62 55.4
. Nasopharyngeal secretions or BLF 11 9.8
. Not reported 8 7.1
. Oropharyngeal swab 7 6.3
. Sputum 3 2.7
. Throat swab 5 45

¥ Immune assays: antigen testing or direct immunofluorescence. ¥¥ Molecular assays: multiplex PCR,
multiplex RT-PCR, PCR, qPCR, RT-PCR, or RT-qPCR. ¥¥¥ Mixed assays: antigen testing/RT-PCR, direct
immunofluorescence/RT-qPCR/antigen testing, direct immunofluorescence/RT-PCR, or indirect immunofluo-
rescence/PCR. $ The indicated diagnostic technique is according to the authors’ description. * Mixed specimens:
nasopharyngeal secretions and nasal secretions or nasal and throat secretions. Abbreviations: WHO, World Health
Organization; BLF, bronchoalveolar lavage fluid.

Across all six WHO regions, our review encompassed studies primarily reported
from the European region (47/112; 42.0%), followed by the Western Pacific region (34/112;
30.4%). It is worth noting that these two regions accounted for 72.3% (81/112) of all included
studies. Furthermore, among the 37 countries that provided the 112 studies in this review,
a large proportion of studies were conducted in China (27/112; 24.1%) and Italy (20/112;
17.9%) (Table S5 in the Supplementary Material SA). Molecular assays, particularly RI-PCR
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and nasopharyngeal secretions, were the most frequently utilized diagnostic technique
and type of sample, respectively (31/112; 27.7% and 62/112; 55.4%, respectively). For a
comprehensive analysis of each study’s characteristics with detailed references, please refer
to Tables S6 and S7 in the Supplementary Material SA.

The 112 included studies provide 221 RSV prevalences, which varied significantly
across all studies, ranging from 0% to 82.24%. During the lockdown period, the proportions
ranged from 0% to 77.78%. Notably, ten studies reported proportions of 0%, while two
studies observed no occurrences of RSV-positive tests or hospitalizations for LRTIs during
this lockdown period [6,20-25]. Of note, in some studies, such as the report by Stera
et al. [25] and Pruccoli et al. [6], the numerator and denominator were zero during the
2020/21 season, making it mathematically implausible to calculate a proportion; therefore,
they were excluded from the meta-analysis. The proportion ranges in the pre-pandemic
and post-lockdown periods were 4.65% to 79.31% and 4.76% to 82.24%, respectively. Please
refer to Figure S1 in the Supplementary Material SA for a comprehensive breakdown of the
221 RSV prevalences based on each study and RSV season.

This review incorporated 112 studies encompassing 308,985 participants from 37 countries,
yielding a total of 221 prevalences. The overall pooled prevalence of RSV was 21.51% [95% CIL:
18.42; 24.96]. Notably, there was significant heterogeneity in the effect size (Q-value = 22,893.65,
P =99.0%, p < 0.0001) (Figure 2 and Figure S1 in the Supplementary Material SA).

Seasons RSV=-positive  Total Prevalence (%) 95%=ClI

2015/16 (24 studies)
Random effects model 7043 33,225 = 24.19 [19.45; 29.66]
Heterogeneity: 2= 99%, = 0.4704,p =0

2016/17 (21 studies)
Random effects model 4153 24,024 -4 24.10 [17.86; 31.68]
Heterogeneity: /2 = 98%, 1° = 0.7584, p < 0.01

2017/18 (26 studies)
Random effects model 5295 40,942 —— 28.82 [20.40; 39.01]
Heterogeneity: = 99%, 2= 1.3837,p=0

2018/19 (34 studies)
Random effects model 7369 41,586 - 27.02 [21.41; 33.47]
Heterogeneity: 12 = 98%, 1* = 0.8073, p=0

2019/20 (42 studies)
Random effects model 9875 83,896 e 24.29 [18.23; 31.58]
Heterogeneity: 2= 99%, 2= 14224, p =0

2020/21 (46 studies)
Random effects model 4556 50,298 G 5.03 [2.67; 9.28]
Heterogeneity: 7= 98%, o= 4.5466,p =0

2021/22 (28 studies)
Random effects model 7609 35,014 —— 42.02 [31.49; 53.33]
Heterogeneity: 17i= 99%, = 1.4847,p=0

Random effects model 45,900 308,985 < 21.51 [18.42; 24.96]
Heterogeneity: 2= 99%, = 2.0873,p=0 ‘ ‘ l l ‘
Test for subgroup differences: xé =42.53, df =6 (p <0.01) 0 20 40 60 80

Figure 2. Respiratory syncytial virus (RSV) prevalences according to RSV season. For all 221 preva-
lences and their respective references, please refer to Figure S1 and the reference section at the end of
the Supplementary Material SA (pages 39-59).
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3.3. Subgroup Analysis

Regarding the subgroup analysis, the prevalence of RSV was significantly lower during the
lockdown period than during the pre-pandemic period (5.03% [95% CI: 2.67; 9.28] vs. 25.6% [95%
CI: 22.57; 28.88], p < 0.0001). Interestingly, the prevalence of RSV increased in the post-lockdown
period after relaxing COVID-19 mitigation measures compared to the lockdown period (42.02%
[95% CI: 31.49; 53.33] vs. 5.03% [95% CI: 2.67; 9.28], p < 0.0001). A detailed subgroup analysis is
provided in Table 2.

Comparisons of RSV prevalence among pre-pandemic seasons (2015-2016 through
2019-2020) showed no difference (p = 0.8651). However, when each pre-pandemic season
was compared individually with the lockdown period (2020-2021) and the post-lockdown
season (2021-2022), similar results were observed as when all pre-pandemic seasons were
compared as a single group: a lower prevalence during the lockdown period and a higher
prevalence during the post-lockdown period (p < 0.0001) (Table 2 and Figure 2).

Overall, the European region exhibited a higher RSV prevalence than the other WHO
regions (p = 0.0004), and children under two years of age had a higher prevalence than the
other age groups (p < 0.0001). On the other hand, there was no significant difference in
RSV prevalence between studies with low and moderate risk of bias (p = 0.1453) (Table 2).
Noticeably, studies using molecular assays demonstrated a significantly higher prevalence
than those based on immune assays (24.96% [95% CI: 20.77; 29.69] vs. 13.94% [95% CI:
10.65; 18.04], p = 0.0007). Specifically, the qPCR test showed the highest RSV prevalence
among all diagnostic techniques (p = 0.0016). Moreover, nasopharyngeal secretions and
sputum specimens were associated with a higher RSV prevalence than other specimen
types (p = 0.0023) (Table 2).

Most pooled effect estimates exhibit substantial heterogeneity, with I statistics ranging
from 91.2% to 99.3%. Publication bias was detected for the overall pooled prevalence of
RSV, as indicated by the funnel plot and corroborated through Egger’s test (p < 0.0001)
(Table 2 and Figure 3).

Nevertheless, it is worth highlighting that there was no publication bias during the
lockdown period, as indicated by Egger’s test (p = 0.5569) (Table 2). It is also important
to note that most subgroup analyses found publication bias when analyzed using Egger’s
test, except for the type of assay and diagnostic technique.

3.4. Sensitivity Analysis

We conducted a sensitivity analysis explicitly focusing on the impact of molecular
assay diagnostic techniques on RSV proportions. The overall pooled prevalence using
molecular assays was 24.96% [95% CI: 20.77; 29.69], which showed a 3.46% increase com-
pared to the meta-analysis that included all diagnostic techniques. Similar to the initial
meta-analysis, evidence of publication bias was found, demonstrated by the asymmetry
in the funnel plot and corroborated by Egger’s test (p = 0.0350) (Table S8 and Figure S2
in the Supplementary Material SA). Nonetheless, this sensitivity analysis reported no
publication bias during the lockdown (2020/21) period based on Egger’s test (p = 0.2778).
The pooled RSV prevalence during the lockdown period was significantly lower than that
in the pre-pandemic period (3.82% [95% CI: 1.53; 9.22] vs. 30.45% [95% CI: 26.68; 34.49],
p < 0.0001). Interestingly, there was a significant increase in the pooled RSV prevalence
during the post-lockdown period compared to the lockdown period (44.29% [95% CI: 32.61;
56.63] vs. 3.82% [95% CI: 1.53; 9.22], p < 0.0001) (Table S8 in Supplementary Material SA).
Remarkably, the findings from the sensitivity analysis regarding RSV prevalence across
different periods and seasons align with those of the initial meta-analysis.
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Figure 3. Funnel plot of overall pooled prevalence of respiratory syncytial virus in lower respiratory

tract infections.

3.5. Stratified Analysis by World Health Organizations Regions, Countries, and Age Stratum

As shown in Table 1, the vast majority of WHO regions and countries in this review
were from the Western Pacific and Europe, with China and Italy representing their respec-
tive regions. Additionally, a high prevalence of RSV was observed in Europe, as reported in
subgroup and meta-regression model analyses (Table 2 and Table S9 in the Supplementary
Material SA).

In Europe, the impact of NPIs was evident; during the lockdown period, the pooled
prevalence of RSV was significantly lower than during the pre-pandemic period (4.89%
[95% CI: 1.68; 13.39] vs. 34.81% [95% CI: 29.47; 40.56], p < 0.0001). In contrast, there was
a notable upward trend in RSV prevalence in the post-lockdown period after relaxing
COVID-19 mitigation measures compared to the lockdown period (55.18% [95% CI: 42.96;
66.80] vs. 4.89% [95% CI: 1.68; 13.39], p < 0.0001) (Table 3).

Similar to the European region, Italy exhibited a low RSV prevalence during the lock-
down period compared to the pre-pandemic period (5.93% [95% CI: 0.89; 30.68] vs. 51.87%
[95% CI: 43.11; 60.51], p = 0.0024). After relaxing COVID-19 measures, Italy experienced
a significant upward trend in RSV prevalence (63.59% [95% CI: 53.25; 72.81] vs. 5.93%
[95% CI: 0.89; 30.68], p = 0.0024) (Table 3). On the other hand, though less pronounced,
the Western Pacific region and China demonstrated similar trends in RSV prevalences
during the three periods, showing a decline in the lockdown period and an increase in the
post-lockdown period (p = 0.0002) (Table 3). It is worth underscoring that we were unable
to perform these meta-analyses for the remaining WHO regions and countries due to the
lack of enough studies for all three periods.

Moreover, as evident from subgroup and meta-regression model analyses, age plays
a crucial role in RSV prevalence, especially among infants and toddlers under two years
of age (Table 2 and Table S9 in the Supplementary Material SA). The effect of NPIs was
more significant in the stratum under two years old. RSV prevalence during the lockdown
period was lower than in the pre-pandemic period (6.46% [95% CI: 1.19; 28.29] vs. 47.82%
[95% CI: 42.06; 53.65], p < 0.0001) (Table 4). Meanwhile, a major increase in RSV prevalence
was observed in the post-lockdown period (67.61% [95% CI: 57.01; 76.67] vs. 6.46% [95% CI:
1.19; 28.29], p = 0.0024). The rest of the age strata showed similar trends in RSV prevalence
during the pre-pandemic, lockdown, and post-lockdown periods as observed in the under
two years old stratum; however, this was less marked (Table 4).
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Table 3. Analysis by World Health Organization regions and countries.

. RSV- p Value
e pogiive TSl Tooldlmaes e pey Ve vl sl
(n) ° geneity 88 Difference
WHO Region ##
European 47 14,877 70,357 28.90 [22.73; 35.98] 7570.45 98.7 <0.0001 0.0004
Period <0.0001
Pre-pandemic (2015/20) 28 10,348 48,140 34.81 [29.47; 40.56] 3905.86 98.50 <0.0001 0.0001
Lockdown (2020/21) 23 1028 12,898 4.89 [1.68; 13.39] 853.67 97.40 <0.0001 0.7463
(r’z%ztil/"zcé‘)d"wn 18 3501 9319 55.18 [42.96; 66.80] 1479.62 98.90 <0.0001 0.0093
Western Pacific 34 26,723 222,101 14.71[12.28; 17.52] 8245.53 99.0 <0.0001 0.1071
Period 0.0024
Pre-pandemic (2015/20) 29 19,728 162,313 16.12 [13.28; 19.43] 6290.45 99.10 <0.0001 0.0424
Lockdown (2020/21) 16 3215 34,966 8.03 [4.99; 12.68] 1240.05 98.80 <0.0001 0.5502
Post-lockdown .
(2021/22) 8 3780 24,822 22.83[15.42; 32.42] 356.45 98.00 <0.0001 NA
Countries &&
Ttaly 20 5437 14,928 47.14 [37.07; 57.45] 1877.72 97.8 <0.0001 0.0011
Period 0.0024
Pre-pandemic (2015/20) 10 2955 9600 51.87 [43.11; 60.51] 815.15 97.40 <0.0001 <0.0001
Lockdown (2020/21) 8 43 801 5.93[0.89; 30.68] 110.71 93.70 <0.0001 NA
}DZ%SZt{I/OZC;)dOWH 13 2439 4527 63.59 [53.25; 72.81] 381.83 96.90 <0.0001 0.0136
China 27 23,416 211,831 11.33 [9.61; 13.30] 4416.56 98.6 <0.0001 0.6889
Period 0.0002
Pre-pandemic (2015/20) 23 16,898 153,351 12.04 [10.12; 14.26] 3350.33 98.70 <0.0001 0.79
Lockdown (2020/21) 12 2868 34,012 6.64 [4.83;9.07] 347.18 96.80 <0.0001 0.0314
Post-lockdown i
(2021/22) 6 3650 24,468 19.89 [12.49; 30.15] 237.17 97.90 <0.0001 NA
## The World Health Organization (WHO) regions, including Africa, the Americas, the Eastern Mediterranean, and
South East Asia, lack sufficient prevalence data for conducting this meta-analysis across periods. && Furthermore,
the remaining countries also lack adequate prevalence data for conducting this meta-analysis across periods.
Abbreviations: NA, not applicable.
Table 4. Analysis by age stratum.
. RSV- p Value
Studies L Total Pooled Prevalence p Value p Value
Groups ositive -Value % (%) . Subgrou;
P (n) P ) (n) (95%CI) Q ° Heterogeneity Egger Test Diffgrenci
Age stratum
Age < 2 years 35 6815 17,696 43.54 [35.56; 51.87] 1972.43 96.7 <0.0001 0.0017 NA
Period <0.0001
Pre-pandemic (2015/20) 23 4844 12,939 47.82 [42.06; 53.65] 1019.71 96.10 <0.0001 <0.0001
Lockdown (2020/21) 14 261 1359 6.46 [1.19; 28.29] 137.86 90.60 <0.0001 0.1192
}DZ%SZt{I/OZC;)dOWH 12 1710 3398 67.61[57.01; 76.67] 698.1 98.40 <0.0001 0.0004
Age < 5 years 22 7223 36,599 25.59 [21.03; 30.76] 2760.33 98.8 <0.0001 0.0781 NA
Period 0.1193
Pre-pandemic (2015/20) 19 5424 23,892 25.58 [20.94; 30.84] 1464.93 98.10 <0.0001 0.4885
Lockdown (2020/21) 3 1422 11,913 17.34 [7.61; 34.84] 380.63 99.50 <0.0001 NA
Fz%*;tf;’;;d"wn 2 377 794 42.69 [24.30; 63.35] 57.54 98.30 <0.0001 NA
Age <10 years 4 7706 65,262 17.34 [11.89; 24.58] 1267.48 99.0 <0.0001 0.1347 NA
Period 0.0384
Pre-pandemic (2015/20) 4 5554 48,007 20.48 [13.90; 29.11] 1249.79 99.20 <0.0001 0.1212
Lockdown (2020/21) 2 795 6989 7.39 [2.93; 17.40] 5.34 81.30 0.0208 NA
Post-lockdown .
(2021/22) 1 1357 10,266 13.22[12.58; 13.89] 0 NA NA NA
Age <15 years 20 5745 40,646 17.58 [12.82; 23.64] 4016.97 99.1 <0.0001 0.7428 NA
Period <0.0001
Pre-pandemic (2015/20) 15 3963 31,279 19.46 [14.11; 26.23] 1939.82 98.70 <0.0001 0.0083
Lockdown (2020/21) 7 304 5790 6.02[2.38; 14.39] 168.99 96.40 <0.0001 NA
g%sztilj’;;dw“ 6 1478 3577 31.37 [17.22; 50.12] 87.88 94.30 <0.0001 NA
Age <18 years 27 17,408 139,980 10.17 [7.29; 14.02] 5380.77 99.0 <0.0001 0.9850 NA
Period <0.0001
Pre-pandemic (2015/20) 19 13,026 99,877 16.68 [13.29; 20.72] 3843.26 99.20 <0.0001 0.1671
Lockdown (2020/21) 17 1695 23,124 2.53[1.07; 5.85] 1230.46 98.70 <0.0001 0.1565
Post-lockdown .
(2021/22) 7 2687 16,979 17.61 [14.30; 21.51] 48.9 87.70 <0.0001 NA

Abbreviations: NA, not applicable.

3.6. Meta-Regression Model Analysis

Similar to subgroup analysis, the meta-regression model confirms that the prevalence
of RSV during the lockdown period was lower than in the pre-pandemic period, as ob-
served in the subgroup analysis (coefficient = 0.1526 [95% CI: 0.0856, 0.2195], p < 0.0001,
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R? = 16.47%, with the lockdown period as a reference) (Table S9 in the Supplementary
Material SA). On the other hand, this analysis indicates that RSV prevalence increased in
the post-lockdown period, as also reported in the subgroup analysis (coefficient = 0.3005
[95% CI: 0.2059, 0.3951], p = 0.0001, R? = 16.47%, with the lockdown period as a reference)
(Table S9 in the Supplementary Material SA).

Furthermore, the meta-regression analysis confirms that age and diagnostic technique
significantly impact the prevalence of RSV. Age, especially among children under two
years old, is a crucial factor influencing the magnitude of this effect. The bubble plot and
meta-regression model further demonstrate a statistically significant negative relationship
between RSV prevalence and age in months (coefficient = —0.0079 [—-0.0105, —0.0054],
p < 0.0001, R? = 22.29%) (Table S9 and Figure S3 in Supplementary Material SA). Addi-
tionally, the pooled prevalence of RSV remains unaffected by the risk of bias (coefficient
—0.0554 [—0.1157, 0.0049], p = 0.0716, R? = 1.58%, with low risk as a reference), consistent
with our subgroup analysis. Based on the AMSTAR 2 [17] criteria for assessing the quality
of the body of evidence, the study meets all critical domains (items 2, 4, 7,9, 11, 13, and 15),
indicating a high-quality review (Table S10 in Supplementary Material SA).

3.7. Analysis of Intensive Care Unit Admissions and Mortality

We also analyzed the frequency of ICU admission and case fatality for children admit-
ted with RSV infection. Most studies did not provide detailed information regarding these
outcomes to allow assessment of the number of children with RSV infection who required
admission to the ICU or who died. Although we had limited data on the prevalence of
these outcomes, we conducted a meta-analysis using our dataset, which included 10 and
19 studies for ICU admission and RSV mortality, respectively. The analyses showed no
significant differences in the prevalence of ICU admissions between the pre-pandemic and
the lockdown periods (8.97% [95% CI: 2.60; 26.71] vs. 1.09% [95% CI: 0.15; 7.31], p = 0.07).
The post-lockdown period was not included in these analyses due to the scarcity of data.
Similarly, the comparison of mortality rates between the pre-pandemic, lockdown, and post-
lockdown periods showed no significant difference (0.13% [95% CI: 0.01; 1.15], 3.57% [95%
CI: 0.50; 21.42], and 0.0% [95% CI: 0.00; 100.00], respectively, p = 0.09) (Figures S4 and S5 in
the Supplementary Material SA).

4. Discussion

This systematic review and meta-analysis aimed to assess the impact of NPIs during
the COVID-19 pandemic on the prevalence of RSV in hospitalized children with LRTIs.
Our comprehensive analysis of a large dataset provides valuable insights into the evolving
prevalence of RSV across various pandemic phases and associated interventions.

Remarkably, our observations are similar to those of the meta-analysis conducted by
Regassa et al. [26], which studied RSV prevalence in hospitalized children with LRTIs in
Africa and reported a pooled prevalence of 23% [95% CI: 20.0; 25.0]. Similarly, a systematic
review conducted by Pratt et al. [27] in hospitalized children with community-acquired
pneumonia covering the pre-pandemic era showed an RSV pooled prevalence of 22.7%
[95% CT: 20.9; 24.5], closely aligning with our results for the same period.

In most of our analyses, we confirmed a significant finding: a notable reduction in
the prevalence of RSV during the lockdown period compared to the pre-pandemic period.
This observation suggests that implementing NPIs such as social distancing, face masks,
lockdowns, handwashing, and school closures to control the spread of SARS-CoV-2 had
the unintended positive effect of effectively reducing the transmission of RSV.

The results of our study are consistent with previous research that suggests a decline in
RSV-related hospitalizations during the COVID-19 pandemic [5,6]. For instance, Bardsley
et al. [5], in an extensive study conducted in England focusing on children under five years
of age and utilizing public health surveillance systems, reported an 80.8% decrease [95%
CI: —80.9; —80.8] in admissions for RSV-attributable respiratory diseases from 2015-2019
to 2020-2021.
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During the pandemic, similar trends were observed for other respiratory pathogens,
demonstrating the efficacy of NPIs in controlling respiratory infections [28,29]. The substan-
tial decline in positive tests for RSV and hospitalizations for LRTIs during the lockdown
period can be attributed to reduced mobility and social interactions, which limited oppor-
tunities for RSV to spread among vulnerable children [7].

Interestingly, our review revealed a rebound effect as COVID-19 restrictions were
eased. The prevalence of RSV in the post-lockdown period significantly increased compared
to that in the lockdown period, and the proportion of RSV-associated hospitalizations
surpassed that observed in the pre-pandemic period. This phenomenon was observed
in various studies and countries, particularly during the summer of 2021 [5,9-12]. For
example, Bardsley et al. [5] reported a staggering increase of 1258.3% [95% CI: 1178.3;
1345.8] in RSV cases in England. This increase could be attributed to the relaxation of NPIs,
increased mobility, enhanced social interactions, and the subsequent spread of RSV [7].

Additionally, the population may have experienced a temporary decrease in immu-
nity against RSV due to reduced exposure during the lockdown, a phenomenon known
as “immunity debt”, which could have rendered them more susceptible when the virus
started circulating again [30-33]. Importantly, in Canada, Reicherz et al. [32] documented
a significant reduction in prefusion RSV F IgG levels in women of childbearing age
in 2021 compared to 2020 (148,858 & 2.4 vs. 197,806 + 2.2 AU/mL; p = 0.0232). Simi-
larly, RSV-neutralizing titers in women decreased by 12-fold in 2021 compared with 2020
(10.3 2.0 vs. 120.9 = 2.9; p < 0.0001). Likewise, infants sampled in 2021 exhibited approx-
imately 15-fold lower prefusion RSV F IgG levels (4258 £ 8.8 vs. 63,530 &+ 4.4 AU/mL;
p < 0.0001) and 3.4-fold lower RSV neutralizing titers (6.7 &= 1.8 vs. 22.8 & 2.0; p < 0.0001)
than infants sampled in 2020. In the Netherlands, den Hartog et al. [33] also found similar
findings in a population of all ages (1-89 years). They observed that postfusion F RSV-
specific IgG antibody concentrations declined from 2020 to 2021 (p < 0.001). These findings
suggest a potential waning immunity that may have contributed to the global resurgence
of RSV during interseasonal periods.

Another plausible explanation for the resurgence of RSV could be viral interference,
whereby the high prevalence of SARS-CoV-2 during the lockdown period suppressed the
circulation of RSV and other respiratory viruses [34]. As COVID-19 cases declined and NPIs
were relaxed, RSV found a susceptible population and rapidly started spreading again.

Other proposed hypotheses regarding the change in RSV epidemiology during the
pandemic include immune dysregulation due to SARS-CoV-2 infection, enhanced RSV
virulence, and behavioral modifications in RSV testing practices among healthcare work-
ers during the lockdown [35]. However, these proposed mechanisms require further
in-depth study.

An important issue is to assess whether the low numbers of RSV infections docu-
mented during the lockdown period are the result of a reduction in RSV prevalence or a
decrease in testing as a result of prioritizing SARS-CoV-2 detection, as healthcare resources
were redirected towards managing COVID-19 during the pandemic [35]. Although a re-
duction in non-SARS-CoV-2 testing occurred in some countries, the available data suggest
that the reduced proportion of RSV detections during the lockdown period was a result of
reduced circulation of this virus. For example, a study carried out in Germany reported
that during the period between December 2020 and March 2021, testing for four viruses
(influenza A, influenza B, RSV, and SARS-CoV-2) was routinely used in an emergency
department; during that period, 4915 tests were carried out and none were positive for
influenza A, influenza B or RSV, despite the fact that the number of tests represented a five-
fold increase compared to pre-pandemic figures [36]. Groves et al. analyzed the number
of RSV tests carried out at sentinel laboratories in Canada during the 2020/2021 season
and compared this with pre-pandemic testing; the weekly number of RSV tests during the
2020/2021 season (8890) was higher than the weekly average number of tests before the
pandemic (6207), although the proportion of positive results was notably lower [37]. As
shown in the abovementioned studies, even in countries where RSV testing was maintained
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or increased during the lockdown period, the number and proportion of RSV-positive tests
were reduced.

RSV resurgence during the post-lockdown period highlights the importance of bal-
ancing the relaxation of NPIs and continuous viral monitoring with early interventions
to manage the health impacts associated with outbreaks of respiratory infections. Future
policies should consider a gradual easing of restrictions and ongoing monitoring to prevent
sudden surges, particularly during respiratory virus seasons.

Our subgroup and meta-regression analyses identified age as a critical factor influ-
encing the prevalence of RSV, with children under two years of age exhibiting the highest
prevalence. This negative relationship between RSV prevalence and age underscores the
vulnerability of young children to RSV infections. This observation is consistent with the
understanding that young children, particularly infants and toddlers, are more susceptible
to RSV due to their immature immune systems and narrower airways [38,39]. The higher
prevalence of RSV among younger children highlights the need for targeted preventive
strategies for this vulnerable population, particularly in post-lockdown scenarios.

The geographic emphasis of the study data suggests that the European region ex-
hibited a higher RSV prevalence than other WHO regions. This regional difference in
prevalence may be attributed to factors such as population density, climate, the level of
healthcare surveillance, and adherence to NPIs [38,39]. Further studies are warranted to
fully understand the regional variations in RSV prevalence during and after the pandemic.

In our review, determining which specific NPIs were more effective in mitigating
the spread of SARS-CoV-2 and, consequently, RSV for each WHO region and age group
was challenging. Factors such as pandemic severity, demographics, and local policies
can influence their effectiveness, complicating the ability to carry out a comprehensive
overview. In this context, Billard et al. [40] analyzed RSV surveillance data from 11 countries,
focusing on the impact of nine NPIs from 2020 to 2021. They concluded that school closures,
workplace closures, and stay-at-home measures were the most effective in reducing RSV
spread. Similarly, Liu et al. [41] assessed the impact of NPIs on SARS-CoV-2 spread across
over 130 countries using panel regression analysis and hierarchical cluster analysis, finding
that school closures and restrictions on internal movement were consistently effective in all
models. Additionally, Suryanarayanan et al. [42] used the Worldwide Non-pharmaceutical
Interventions Tracker for COVID-19 (WNTRAC) to compile data on NPIs carried out in
261 countries and territories. WNTRAC showed that entertainment/ cultural section closure
(24.1%), confinement (15.0%), and school closures (13.9%) were the most common measures,
aligning with the findings of Billard et al. [40] and Liu et al. [41]. These results suggest that
school closures, workplace and entertainment closures, and confinement (stay-at-home)
measures contributed to the reduction in the number of SARS-CoV-2 and RSV cases in most
regions and countries.

Diagnostic techniques played a significant role in determining RSV prevalence esti-
mates. Our study revealed that molecular assays, particularly qPCR, were associated with
a higher RSV prevalence than immune assays. This finding is not unexpected, as molecular
assays have higher sensitivity and specificity in detecting viral RNA [43,44]. Moreover, the
use of nasopharyngeal secretions and sputum specimens was linked to a higher prevalence
of RSV compared to other sample types, possibly due to the higher viral load present in the
nasopharynx [43,44]. These findings are consistent with a systematic review by Regassa
et al. [26] involving African children, which supports the importance of sample types in
estimating RSV prevalence. This observation underscores the significance of diagnostic
techniques in accurately assessing RSV prevalence and suggests that molecular assays
could be more reliable for surveillance and clinical management.

In this review, the overall quality of evidence evaluated using the AMSTAR 2 [17]
criteria was high. However, a critical limitation of this study was the presence of publication
bias. This may be because most study were from the WHO regions of Europe and the
Western Pacific, and only published studies were included. Arguably, this may limit the
generalizability of our findings to more densely populated areas such as Southeast Asia,
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parts of the Americas, and sub-Saharan Africa. This concern could affect the validity of
the conclusions drawn from the included studies, as the available data may not have been
fully captured. Nevertheless, most of our meta-analyses focusing on the lockdown period
(2020/21) showed no publication bias, suggesting more robust and reliable results within
this subgroup. To comprehensively assess RSV prevalence during the COVID-19 pandemic,
future studies should address publication bias and consider including unpublished studies
with a more balanced distribution across WHO regions.

Additionally, significant heterogeneity was observed among the included studies in
the meta-analysis, which can affect the precision of the pooled estimates. Subgroup and
meta-regression analyses revealed several factors contributing to RSV prevalence hetero-
geneity, including age range, geographic region, sample type, and diagnostic techniques.
Although random-effects models accounted for this heterogeneity;, it is vital to interpret the
findings cautiously. Our data demonstrated significant similarity to five systematic reviews
and meta-analyses that focused on the prevalence of RSV in hospitalized children with
LRTIs [26,27,45-47]. These studies also reported high heterogeneity, with 2 values ranging
from 90% to 99%, consistent with our findings.

Concerning the severity of RSV hospitalizations, our findings regarding ICU admis-
sions and mortality are limited because few studies reported these outcomes in detail. No
differences in ICU admissions and mortality were identified between the pre-pandemic,
lockdown, and post-lockdown periods. Similarly, Nygaard et al. [48] analyzed a large
dataset based on the Danish National Patient Registry. They reported that there were no
differences in the use of mechanical ventilation in RSV-related hospitalizations in children
(0-17 years) between the pre-pandemic and post-lockdown periods. It is important to
underscore that our observations regarding this issue are limited. Thus, our results should
be considered cautiously. This knowledge gap suggests that it is essential to study this
topic in further detail in future research.

Finally, NPIs significantly reduced RSV cases; however, researchers have raised con-
cerns about children’s health in relation to NPIs, particularly regarding mental health issues
such as anxiety and depression linked to quarantine and school closures. These measures
also disrupt healthcare access, impacting the management of non-communicable diseases.
Careful evaluation of the benefits and drawbacks of NPIs is crucial. In severe pandemics,
where specific treatments or vaccines are unavailable, NPIs may be the only viable option.
This necessitates policymakers to balance the benefits and risks of NPIs to ensure global
well-being [49].

5. Conclusions

In summary, this systematic review and meta-analysis provides valuable evidence
on the impact of NPIs during the COVID-19 pandemic on the prevalence of RSV in hospi-
talized children with LRTIs. The findings highlight the effectiveness of NPIs in reducing
RSV transmission, particularly during periods of increased respiratory virus circulation.
The resurgence of RSV following the relaxation of COVID-19 restrictions emphasizes the
ongoing need for surveillance and public health interventions to mitigate the burden of
respiratory infections in the post-pandemic era. These findings have important implica-
tions for public health policies and interventions to control RSV infections, particularly in
vulnerable populations such as young children. Further research is required to investigate
the long-term effects of NPIs on the transmission of RSV and to evaluate the potential
benefits of vaccination and long-acting RSV monoclonal antibodies in conjunction with
NPIs for reducing hospitalizations caused by RSV.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v16030429/s1, Supplementary Material SA: Table S1: Preferred
reporting items for systematic reviews and meta-analyses (PRISMA) 2020 checklist; Table S2: Search
strategies from the PubMed, Scopus, and Web of Science databases; Table S3: Risk of bias tool by
Hoy et al.; Table S4: Risk of bias assessment; Table S5: Countries of origin of the studies included in
this systematic review and meta-analysis; Table S6: Characteristics of all included studies; Table S7:
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Definitions of lower respiratory tract infection according to each study; Table S8: Sensitivity analysis
of pooled respiratory syncytial virus (RSV) prevalence in children diagnosed with RSV-related lower
respiratory tract infection using molecular assays; Table S9: Univariable meta-regression model for
the prevalence of the respiratory syncytial virus in hospitalized children with lower respiratory
tract infections; Table S10: The AMSTAR 2 (A Measurement Tool to Assess Systematic Reviews)
instrument; Figure S1: Respiratory syncytial virus (RSV) prevalences according to RSV season;
Figure S2: Funnel plot of sensitivity analysis of pooled respiratory syncytial virus (RSV) prevalence in
children diagnosed with RSV-related lower respiratory tract infection by molecular assays: Figure S3:
Bubble plot illustrating the association between average age in months and prevalence of respiratory
syncytial virus; Figure S4. Prevalence of intensive care unit (ICU) admissions in hospitalized children
with lower respiratory tract infections related to respiratory syncytial virus (RSV); Figure S5. Mortality
among hospitalized children with lower respiratory tract infections related to respiratory syncytial
virus (RSV), references of all 112 of the included studies are cited in the Tables S4, S6 and S7,
Figures S1, S4 and S5; Supplementary Material SB: Table S1: Reasons for excluding full-text articles
from the systematic review via databases, registers, and hand-searching.
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Abstract: The SARS-CoV-2 Pandemic affected the global epidemiology of respiratory infections,
including Human Respiratory Syncytial Virus (HRSV), thanks to state governments” implementation
of mitigation strategies, like the promotion of face masks and lockdowns. However, after the
Pandemic, the dramatic resurge of these diseases was reported worldwide. Our retrospective
study, involving three Spoke Pediatric Departments, includes all the infants under one year of age
hospitalized for HRSV bronchiolitis in a period before the Pandemic period (2017-2020), during the
SARS-CoV-2 Pandemic (2020-2021), and after the Pandemic (2021-2023). The primary aim was to
analyze the temporal trend of HRSV in these three periods. Then, the clinical and epidemiological
characteristics were analyzed to highlight the clinical differences in the affected patients, in the severity
of the infections, and in the short-term outcomes. Ultimately, we analyzed the HRSV prevalence in
the global bronchiolitis hospitalization over the reported periods. Overall, we included 237 patients.
Before the Pandemic, the peak was recorded in January and February, while after the Pandemic,
the peak was in November and December. A higher prevalence of HRSV was demonstrated after
the Pandemic compared to the period before the Pandemic; overall, no difference in severity was
reported. In conclusion, an increase in HRSV cases after the Pandemic has been demonstrated with
an anticipated peak, while no differences were recorded in severity.

Keywords: Respiratory Syncytial Virus (HRSV); SARS-CoV-2 Pandemic; epidemiology; seasonality
trend; HRSV prevalence

1. Introduction

Viral bronchiolitis is an acute respiratory illness that is the leading cause of hospital-
ization in young children; it represents the most common cause of acute respiratory failure
in infants under one year of age in developing countries [1].

Many guidelines and consensus have been released to standardize the approach for
viral bronchiolitis; the main point of discussion is regarding the definition, diagnosis, and
treatment of bronchiolitis. Bronchiolitis has been diagnosed in children under one year of
age, but the American guidelines use the diagnosis of bronchiolitis up to two years of age.

The diagnostic criteria of bronchiolitis, defined by an Italian Consensus referred to
children under 12 months of age and included the following: an onset with rhinorrhea
and/or upper respiratory tract infections; an episode of respiratory distress associated with
crackles and/or wheezing, the use of accessory muscles or lower chest wall retractions, low
O, saturation levels, high respiratory rate relative to age, skin color changes, nasal flaring,
fever, and presentation during epidemic season [2].
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Human Respiratory Syncytial Virus (HRSV) accounts for 60-80% of bronchiolitis
presentations.

It has been estimated that HRSV infects more than 60% of all children during the first
year of life and that HRSV infects nearly all children by the time they are two years old [3,4].
HRSV is the second cause of death worldwide after malaria and the first cause of death for
respiratory illness [5,6].

The clinical presentation of HRSV infections is highly variable. It may be limited to
upper respiratory tract symptoms, such as fever, rhinorrhea, and congestion; the severe
presentation includes bronchiolitis and pneumonia. Bronchiolitis is generally self-limiting
but can lead to hospitalization due to severe respiratory distress, acute respiratory failure,
or difficulty in feeding. The main risk factors for severe disease are bronchopulmonary
dysplasia, age younger than 12 months, a personal history of prematurity, male sex, im-
munodeficiency, formula feeding, and congenital heart disease.

The primary preventive measure used is prophylaxis with Palivizumab, a humanized
monoclonal antibody against HRSV; Pavilizumab is used to defend against the severe
manifestations of respiratory infections due to HRSV in high-risk patients, such as children
born preterm or with bronchopulmonary dysplasia [7].

HRSV is characterized by a variable epidemiology, depending on geographic area.
In Ttaly, the HRSV circulates from mild November until the end of March. It peaks in
January/February; the total circulation duration is about four months [8].

Nevertheless, HRSV circulation in the past has been influenced by previous Pandemics;
for instance, in 2009, influenza HIN1 delayed the HRSV peak. This variability of season-
ality could be explained by the possible viral interference and the impact of preventive
measures [9].

Concerning viral interference, a virus infection could be influenced by coinfection.
Recently, during the Pandemic, the virus—virus interaction has been well defined; this
interaction is influenced by the virus type, the infection timing, and the interplay between
the response of the host to each virus interplay. A positive interaction is reported when
co-infection results in an increased disease severity and pathogenesis, while a negative
interaction is reported when an infection reduces or prevents the infection and replication
of a second virus (e.g., influenza A virus and HRSV) [10].

During the SARS-CoV-2 Pandemic, various restrictive measures were adopted world-
wide, like the imposition of social distancing measures, the closing of schools and commer-
cial activities, strict hygiene behaviors, the use of face masks, and travel limitations. The
massive effort to contain the spread of SARS-CoV-2 also affected the circulation of other
respiratory pathogens, like influenza and HRSV, with a similar transmission route (contact,
droplets, and aerosol transmission) [11].

Especially during the 20202021 season, a few cases of bronchiolitis were reported
worldwide, leading some authors to speak about “a nearly absent disease” [12]. In the
2021-2022 season, a dramatic rebound of bronchiolitis was reported in the Northern and
Southern hemispheres, due to HRSV infections [12]. This data in Italy was detected by a
dedicated Surveillance Network system (RespivirNet), with a weekly report of respiratory
viruses’ circulation region-by-region [8].

The first report of decreased bronchiolitis was in Australia and New Zealand, where
the containment of SARS-CoV-2 was excellent and quickly started to relax the SARS-CoV-2
preventive measures.

After, an unexpected unseasonal peak of bronchiolitis compared to that in the pre-
Pandemic periods has been registered worldwide [13-15]. These data were confirmed by
intercontinental reports; it shows an anticipation of the peak of bronchiolitis, due to HRSV.
Also, in Italy, these data have been confirmed [16-19].

Our study aims to provide insights into the impact of the SARS-CoV-2 Pandemic on the
epidemiology of HRSV infections in Spoke hospitals of our health district (ASLTO4). The
secondary aim was to evaluate the differences in the clinical features of patients affected by
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HRSV before and after the SARS-CoV-2 Pandemic and the global increase in bronchiolitis
due to HRSV.

2. Materials and Methods
2.1. Study Design

A retrospective study was carried out in Spoke hospitals in the area nearing Turin,
Piedmont Region, in the northwest of Italy. Italy is divided into health districts with a
hub and spoke model for referral of patients. Our local health district (ASLTO4) includes
174 cities; the overall area is characterized by a great geographical variability, from high
Alpine Mountains to urban areas. The total population of this area is 504,467 people, with
3015 inhabitants under one year of age in 2022 [20]. The local healthcare system ASLTO4 is
organized into five districts, with great heterogeneity in demography, population density,
and infrastructures. The General Emergency Department and Pediatric Unit are present in
three Spoke hospitals of Cirie, Chivasso, and Ivrea.

We included patients under one year of age referred to our Pediatric Departments
for acute bronchiolitis due to HRSV that required hospitalization over different seasons.
The test used to detect the HRSV was a rapid antigen test for the qualitative detection in
nasopharyngeal swabs; the test used in our hospitals is the same since 2012 (BinaxNOW
HRSV CARD—Abbot).

We divided the included patients into two groups: Group A hospitalized before the
SARS-CoV-2 Pandemic (from 1 September 2017 to 31 March 2018; from 1 September 2018
to 31 March 2019; and from 1 September 2019 to 31 March 2020) and Group B hospitalized
after the period of the Pandemic (from 1 September 2021 to 31 March 2022 and from 1
September 2022 to 31 March 2023) when the restrictive measures were relaxed.

In order to estimate the prevalence of HRSV, we reported the total number of cases of
bronchiolitis hospitalized during the same periods and the few cases of bronchiolitis in the
Pandemic period (from 1 September 2020 to 31 March 2021).

The period of data collection from September to March was established based on the
HRSV epidemiology in Italy [8].

We collected data about demographic variables (sex, age, months of admission).
Clinical and epidemiological data were recorded (age at onset, gestational age and birth
weight, weight at admission, feeding, fever) as well as a personal history of chronic illnesses
such as cardiopathy, neurological disease, and bronchopulmonary dysplasia. Relevant
clinical variables were documented like laboratory (C-reactive protein in a performed
blood sample and Pco2 in the Blood Gas Analysis) and microbiology (coinfection by other
microbiological agents). C-reactive protein (CRP) was considered normal below 10 mg/dL.
The coinfection was investigated based on clinical suspicion: we usually assessed antibodies
for Epstein—Barr Virus or Mycoplasma pneumonia in blood samples. In Group B, all
patients were tested for SARS-CoV-2 with an antigen rapid test on a nasopharyngeal swab
for hospital admission. We reported radiograph results and short-term outcomes (length
of hospital stay, complications, Hub hospital transfer). Treatment during hospitalization
(low- or high-flow oxygen supplementation, nebulized therapy, steroids, antibiotics, and
intravenous hydration) and discharged therapy data were recorded in all patients.

Firstly, the temporal trend of HRSV bronchiolitis after the SARS-COV-2 Pandemic
(Group B) was compared to that of the previous period (Group A).

Then, the clinical and epidemiological characteristics were compared to assess if there
were differences in the patients affected, in the severity of the infections, and the short-term
outcomes.

Finally, we analyzed the HRSV prevalence in global bronchiolitis hospitalization in
the same periods, both over-reported and during the Pandemic.

The study was conducted with full conformance to the principles of the Declaration of
Helsinki. In accordance with the current legislation, this research is not among the types
that requires a formal permission from an ethics committee. This is a secondary use of data
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for research purposes for which specific informed consent was requested ab initio from
patients who would undertake a treatment process.

2.2. Statistical Analysis

Univariate analysis was performed with the Chi-square or Fisher’s test for dichoto-
mous variables, while the Kruskal-Wallis test for nonparametric measures was used for
continuous variables [21]. The Kaplan-Meier statistics were used to define the probability
of success [22]. The difference between groups was calculated with a log-rank test [23].

The univariate analysis was conducted using Vassar Stats (Statistical Computation
Web Site), while the Kaplan—Meier statistics were performed using the NCSS software for
Windows (https://www.ncss.com/; accessed on 4 December 2023). A p-value below 0.05
was defined as statistically significant.

3. Results

Overall, we hospitalized 468 bronchiolitis patients, 272 before the SARS-CoV-2 Pan-
demic (from 1 September 2017 to 31 March 2018; from 1 September 2018 to 31 March 2019;
and from 1 September 2019 to 31 March 2020), 3 during the Pandemic (from 1 September
2020 to 31 March 2021), and 193 after the period of the Pandemic (from 1 September 2021 to
31 March 2022 and from 1 September 2022 to 31 March 2023).

In 237 patients, the HRSV was detected on the nasal swab, and for this reason, they
were enrolled in the study: 109 in the Group pre-pandemic (named Group A) and 128 in
the Group post-pandemic (named Group B). No HRSV bronchiolitis patient was admitted
during the SARS-CoV-2 pandemic.

3.1. Seasonality
Hospitalization for HRSV bronchiolitis followed a distinct seasonal trend in the two
groups, as shown in Figure 1.

60
50
40
30

20

Sep Oct Nov Dec Jan Feb Mar
——GroupA ——GroupB

Figure 1. Seasonal trend of HRSV bronchiolitis.

In Group A (patients admitted in the period before the SARS-CoV-2 pandemic), the
peaks in admissions occurred between November and March, usually lasting 2—4 months.
Cases increased significantly in December and peaked in January and February, with only
a few cases reported in March.
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On the other hand, in Group B (patients admitted after the SARS-CoV-2 pandemic),
an anticipated peak was reported. Indeed, bronchiolitis started slowly in October, peaked
in November and December, and slowly decreased during February and March.

The distribution of hospitalization month-by-month is summarized in Table 1.

Table 1. Distribution of the seasonality of infections in the two groups.

Nt Nets p-Value
September 0 (0%) 0 (0%)
October 0 (0%) 2 (2%)
November 1 (1%) 36 (28%)
December 10 (9%) 49 (38%) <0.0001
January 34 (31%) 31 (24%)
February 53 (49%) 5 (4%)
March 11 (10%) 5 (4%)

3.2. Clinical and Epidemiological Characteristics of Hospitalized Patients

The demography and clinical characteristics of patients hospitalized in all periods that
were considered (pre-pandemic, during pandemic, and after pandemic) are provided in
Table 2.

Table 2. Demographic and clinical characteristics of patients.

Nofe N pvame

Gender Male 56 (51%) 78 (61%) 0.14
Female 53 (49%) 50 (39%)

Median Age (months) 2 (IQR 1-3) 2 (IQR 1-4) 0.85

Prematurity Yes 12 (11%) 15 (12%) 0.36
No 95 (87%) 106 (83%)

Unknown 2 (2%) 7 (5%)
Months at diagnosis <1 37 (34%) 62 (48%) 0.0012

1-3 52 (48%) 30 (23%)
4-6 14 (13%) 22 (17%)
6-12 6 (5%) 14 (11%)

Weight at diagnosis <4000 g 21 (19%) 22 (17%) 0.21
31 (28%) 34 (26%)
>5000 g 57 (52%) 69 54%)

Feeding Breast-feed 63 (58%) 84 (66%) 0.059
Artificial 37 (34%) 26 (20%)
Weaned baby 7 (6%) 13 (10%)

Comorbidity Yes 6 (5%) 10 (8%) 0.6
No 102 (93%) 118 (92%)

Coinfection Yes 1 (1%) 3 (4%) 0.62
No 108 (99%) 125 (96%)
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Table 2. Cont.

Group A Group B

N =109 N =128 p-Value
Fever Yes 45 (41%) 31 (24%) 0.0054
No 64 (59%) 97 (76%)
Profilaxed with Palivizumab 0 (0%) 1(0,78%) 1

In Group A, males were more represented than females (51% vs. 49%); gestational
age was reported in 98% of patients. Preterm infants accounted for about 11%; half of the
patients had a gestational age between 30 and 34 weeks, and the remaining patients had a
gestational age between 35 and 36 weeks. In this group (patients admitted before SARS-
SARS-CoV-2 pandemic), no patient had a gestational age under 30 weeks. Two patients
had bronchopulmonary dysplasia, two infants had chronic heart conditions, one had a
neurological disease like epilepsy, and no infant with immunodeficiency was recorded.
At the time of diagnosis, most patients (48%) had an age between one and three months
while 34% of them were under one month of age; furthermore, 13% had an age between
four and six months and 5% of them were over six months of age. Breastfeeding was
reported in 58% of all patients, while formula feeding was reported in 34% of patients of
the Group A. Furthermore, 6% of infants had already been weaned. In one patient, during
the hospitalization, a coinfection of Epstein-Barr Virus (EBV) was detected.

As specified before, no HRSV bronchiolitis was found during the SARS-CoV-2 pan-
demic in our hospitals.

In Group B (patients admitted after the SARS-CoV-2 pandemic), more males than
females (61% vs. 39%) were represented, and the gestational age was reported in 95% of
patients. Among the patients for whom the gestational age was available, preterm infants
were calculated to be 12% of all patients; most of these patients (67%) had a gestational age
between 35 and 36 weeks, while 27% of them had a gestational age between 30 and 34 weeks,
and only one infant had a gestational age of 25 weeks. Two patients had bronchopulmonary
dysplasia, and one infant had a neurological disease with hypotonia. No infants affected
by immunodeficiency or chronic heart conditions were recorded. When hospitalized, most
patients (48%) were newborns under one month of age, while 23% had an age between one
and three months, and 17% were between four and six months. Overall, 11% of infants
were over six months old of age. Breastfeeding was reported in 66% of all patients, while
formula feeding was reported as feeding modality in 20% of all patients. Furthermore, 10%
of infants had already been weaned. Concerning the coinfections, we reported three cases
in whom another pathogen was found. In one case, we also found an EBV first infection;
in the second patient, a Mycoplasma pneumoniae co-infection occurred, and in the last
patient, the nasal swab tested positive for both HRSV and SARS-CoV-2.

In the description of the demographic features of patients involved in the study,
we found a remarkable difference in the age of the infants; in Group B (post-pandemic),
there were more newborns. No statistical differences in sex, gestational age, feeding, and
comorbidity were recorded.

Concerning the prophylaxis with Palivizumab, only one patient in Group B was
hospitalized for bronchiolitis due to HRSV; he was born at 31 weeks of gestational age
and needed Continuous Positive Airway Pressure (CPAP) at birth. He also presented
pneumothorax in the hours after birth. During the hospitalization for bronchiolitis, he did
not need oxygen supplementation and was admitted to the hospital for three days.

Laboratory, X-ray findings, and treatment during hospitalization are provided in
Table 3.
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Table 3. Laboratory, X-ray findings, and treatment during hospitalization.

Group A Group B

N =109 N =128 p-Value
1.98 (0-63.5) 1.19 (0-60.3) 0.039
Chest X-rays (number) Yes 23 (21%) 19 (15%) 0.23
No 86 (79%) 109 (85%)
Chest X-rays (pathologic 13 (12%) 10 (8%) 027
results)
Higher level of pCO2 (mmHg) 46 (28.2-64.1) 48 (31.7-74) 1
Low-flow Oxygen Yes 64 (59%) 79 (62%) 0.69
No 45 (41%) 49 (38%)
Low-flow Oxygen days 3 (0-8) 3 (0-9) 0.76
High-flow Oxygen Yes 29 (27%) 33 (26%) 1
No 80 (73%) 94 (73%)
High-flow Oxygen days 4 (1-8) 5(1-11) 0.38
Fraction of inspired Oxygen % 35 (21-50) 34 (25-65) 0.56
Aerosolized drugs Yes 96 (88%) 122 (95%) 0.054
No 13 (12%) 6 (5%)
Antibiotics Yes 42 (38%) 24 (19%) 0.00082
No 67 (61%) 104 (81%)
Steroids Yes 13 (12%) 17 (13%) 0.84
No 96 (88%) 111 (87%)
Hydration IV Yes 32 (29%) 23 (18%) 0.045
No 77 (71%) 105 (82%)

Notes: CRP: C-reactive protein; pCO;: partial pressure of carbon dioxide; and IV: intravenous.

There were no significant differences between the two groups in X-ray findings, while
there was a remarkable difference in CRP values.

Concerning the treatment, some differences were remarkable. Antibiotics and IV
Hydration were less used in Group B; in Group A, 38% received an antibiotic therapy
compared to the 19% of patients in Group B. Similarly, in Group B, only 18% of patients
were treated with IV hydration (vs. 29% in Group A).

There were no statistically significant differences in the type of respiratory support
and the length of respiratory support in days.

Finally, concerning the short-term outcome, the complications, the length of hospital
stay, and the need to transfer to a Hub hospital were similar in the two groups. These data
are provided in Table 4. Figure 2 reports the probability of treatment success (discharge to
home without transfer to a Hub hospital with PICU or NICU): 96% of patients in Group A
and 94% in Group B.
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Table 4. Short-term outcome.

Group A Group B

N =109 N =128 p-Value
Complications Yes 12 (11%) 12 (9%) 0.82
No 97 (89%) 116 (91%)
Hospitalization (days) 6 (2-33) 5(1-13) 0.051
Transfer to a Hub hospital Yes 4 (4%) 7 (5%) 0.55
No 105 (96%) 121 (94%)
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Figure 2. Probability of treatment success (discharge to home). Notes: gray line: Group A and light
blue line: Group B.

3.3. HRSV Prevalence

In the period before the SARS-CoV-2 Pandemic (from 1 September 2017 to 31 March
2018; from 1 September 2018 to 31 March 2019; and from 1 September 2019 to 31 March
2020) in the three ASLTO4 Pediatric Departments, 272 patients were hospitalized with the
diagnosis of bronchiolitis, and in 109 (40%) of them, HRSV (Group A) was detected on the
nasal swab.

During the SARS-CoV-2 Pandemic (from 1 September 2020 to 31 March 2021), when
restrictive measures were adopted, 3 patients were hospitalized for bronchiolitis, and HRSV
was not detected.

After the SARS-CoV-2 pandemic (from 1 September 2021 to 31 March 2022 and from 1
September 2022 to 31 March 2023), the total number of hospitalizations for bronchiolitis
were 193. In 128 cases (66%), the detected agent was HRSV (Group B).

Therefore, we can demonstrate a significant increase in the prevalence of HRSV
after the SARS-CoV-2 Pandemic; moreover, we noticed a significant drop in the cases of
bronchiolitis, but, above all, we found the complete absence of HRSV infection in the
Pandemic period.

All these data are summarized in Table 5 and Figures 3 and 4.

Table 5. Cases of HRSV infections in patients hospitalized for bronchiolitis.

2017-2020 2021-2023 p-Value

HRSV positive 109 (40%) 128 (66%)
<0.0001

HRSV negative 163 (60%) 65 (34%)
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Figure 3. Hospitalization for bronchiolitis before, during, and after SARS-CoV-2 Pandemic.
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Figure 4. Prevalence of HRSV detected in bronchiolitis hospitalized before, during, and after the
SARS-CoV-2 Pandemic.

4. Discussion

The Pandemic shows the importance of respiratory viruses’ circulation surveillance.
Respiratory infections are very common in infants and their severity varies based on the
host features (for instance, the presence of prematurity or cardio-pulmonary broncho
dysplasia). Above all causes of respiratory infection, viral bronchiolitis is the most frequent
lower respiratory tract infection and the leading cause of hospitalization in children less
than twelve months of age. HRSV is the virus most involved in severe bronchiolitis, and its
prevalence shows territorial differences.

Our study analyzes the characteristics of infants hospitalized for acute HRSV bron-
chiolitis in the three Pediatric Departments of ASLTO4 before, during, and after the SARS-
CoV-2 Pandemic.

Our data highlight that after the SARS-CoV-2 Pandemic, the HRSV epidemic started
earlier than usual. We showed a peak in November-December in Group B (post-pandemic),
while in Group A (pre-pandemic), the peak was reached in January-February. This confirms
new epidemiological trends of HRSV infection as reported worldwide [18,24-27].
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The surveillance of the seasonality of HRSV is very important for the improvement
and adaptation of the prevention measures. The logistics and timing are very important to
optimize its prevention results; if the prophylaxis begins months before the HRSV season,
the protection could wane before the end of the epidemic, leaving infants susceptible to
HRSV. Similarly, if the HRSV season starts earlier than the prophylaxis, high-risk infants
remain vulnerable. Considering the new epidemiological trends, in Piedmont, prophylaxis
with Palivizumab in high-risk patients begins in October, starting from 2022, providing the
first dose before the onset of the circulation of HRSV. This highlights the importance of
improving and updating the system of local surveillance that started in Italy in 2019-2020
as the Influenza Surveillance Network (Respirvirnet) system.

In accordance with the current literature, no differences in the severity of HRSV
infection have been demonstrated in our study; other authors have reported no differences
in X-ray findings, short-term outcomes (like complications, the length of hospitalization,
the type of respiratory support, the length of oxygen supplementation, and the need of
transfer to a Hub hospital) [28-30]. The only remarkable difference in our study is in the
results of the CRP dosage; in Group A (pre-pandemic), its average value was higher than
that in Group B (post-pandemic).

Other studies, similar to this one, were conducted in Italy. It is very interesting to note
that studies conducted in Sicily, a region in the South of Italy, have a similar trend of HRSV
infection. The authors did not similarly report a variation in the disease severity [31,32].
Piedmont (in the northwest of Italy) and Sicily (an island in the south of Italy) have very
different climate and air characteristics. The similar results in HRSV trends suggest that
even in parts of Italy where there is different weather due to the different latitudes, the
HRSV epidemiological trend, the severity of the disease, and its prevalence are similar.

Interestingly, we showed remarkable differences in treatment; fewer antibiotics were
used in Group B. This suggests better adherence to the guidelines, making an important
effort to reduce the development of antibiotic resistance. On the other hand, a higher CRP
value was found in Group A; this finding may explain the higher use of antibiotics in
this group of patients: clinicians had more suspicion of bacterial complications, so they
prescribed antibiotics. Lastly, by reducing the rate of IV hydration over the years, the
patients were encouraged to maintain oral feeding with a higher number of fractionated
meals, as suggested by the national guidelines [4].

Looking at the HRSV prevalence, during the SARS-CoV-2 pandemic, we observed a
drop in bronchiolitis hospitalizations. We reported three patients that were hospitalized for
bronchiolitis, but no case of HRSV infection was found. These data are in agreement with
other studies and the epidemiological surveillance of viruses that show a global reduction
in respiratory infections that share the transmission path with SARS-CoV-2, like influenza
and HRSV [26,33]. Given that the transmission of HRSV occurs through droplets, the
containment measures of the SARS-CoV-2 Pandemic (like the use of face masks, social
distancing, smart working, and the closure of schools) have led to the reduction in HRSV
transmission [11,34,35].

Moreover, there is a strong correlation between environmental conditions, for example,
weather and air pollution, and the incidence of HRSV. A study shows a correlation between
HRSV transmission, benzene levels, and humidity, while there is an inverse correlation
with temperature [36]. Given that a significant reduction in air pollutants such as benzene
was recorded during the Pandemic, it can be hypothesized that the pollution reduction
helped to decrease the circulation of HRSV. It is very hard to quantify the contribution, but
we can suggest that it is not comparable with restrictive measures. We aim to explore such
hypotheses in future studies.

The prevalence of HRSV in our study group increased significantly after the SARS-
CoV-2 Pandemic, confirming previously published data; we reported an HRSV surge when
the prevention measures were relaxed, and the social interactions increased. This finding
confirms the main role of social distance measures in the containment of HRSV circulation.
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Furthermore, the “immunity debt” played a role in the increased circulation of HRSV:
during the Pandemic period, the cohort of HRSV-naive patients expanded. It happened
for two reasons: (1) due to the presence of children who have never had HRSV infections
and (2) due to the reduction in immunity duration, which decreased during the time and
without re-exposure to HRSV. This is confirmed by studies that show an increased number
of older infants affected by HRSV [36].

In our study, there is a remarkable difference in newborns hospitalized for HRSV
bronchiolitis comparing pre- and post-pandemic, with 48% of newborns in Group B vs. 34%
of newborns in Group A. This result is due to the reduced exposure to respiratory viruses
not only in children but also in pregnant women; above all, it is known that the infection in
the third trimester of pregnancy could protect newborns against HRSV infections through
antibodies contained in breast milk and those transferred transplacentally [37-39].

Our study has some limitations. Our analysis is conducted in Hub hospitals with a
small sample size, due to the characteristics of our health district as detailed below: First of
all, a small percentage of children aged less than one year live in our district. Furthermore,
the study is based on a retrospective data collection of hospital records; as a consequence,
this study may be subject to information bias due to the lack of data or incomplete hospital
records. In addition, we only reported data about hospitalized patients with bronchiolitis,
while patients who visited the Emergency Department and were discharged or treated by
general pediatric practitioners were not included. Consequently, the global prevalence and
the incidence of HRSV may be underestimated.

The main strength of our study is that it was performed in three Spoke hospitals that
are a part of the same health district (ASL); therefore, clinicians had the same devices for
the treatment of respiratory failure and the same tests to detect HRSV. The test used was
an antigen test that was less sensitive and specific than molecular methods, but the same
test was used in the three hospitals and in the different analyzed periods. Furthermore,
clinicians used the same protocols of treatment and had the same criteria of transfer to Hub
Hospital because of the lack of Pediatric Intensive Care Unit in our health district.

5. Conclusions

The SARS-CoV-2 Pandemic has changed the epidemiological trend of HRSV infections
in our territory. In detail, the bronchiolitis season started earlier than usual after the
Pandemic; this is reported in our study in accordance with the data records from other
countries. The unusual resurgence of HRSV infection was not associated with an increased
severity of the illness in our study group. In addition, we reported an increase in the
prevalence of HRSV bronchiolitis hospitalized after the Pandemic, with a high proportion of
newborns possibly due to the “immunity debt” and the lower exposure in pregnant women.

The surveillance of the circulation of the respiratory virus is necessary to adapt the
preventive measures and the hospital activity organization to the seasonal changes; indeed,
the analysis of changes in seasonality allows high-risk patients to receive the optimal level
of prevention with the correct prophylaxis while hospitals reorganize their activities. It
may also imply transferring patients from the Hub to the Spoke hospitals, leading to a
remarkable reduction in costs. Lastly, a lesson learned during the Pandemic period was that
the simple preventive measures should not be forgotten, because they can markedly reduce
HRSV circulation; this finding underlines the importance of the strict hygiene behaviors
and the utilization of face masks by healthcare workers, who predominantly deal with
high-risk patients.
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Abstract: Infants are a unique pediatric group due to their high hospitalization rates and unfavorable
outcomes from acute infectious diseases. Understanding the clinical differences and aftereffects
of SARS-CoV-2 in comparison to other prevalent viruses in this age group, like RSV, is crucial for
effective management. We conducted a retrospective case—control study of infants hospitalized with
SARS-CoV-2 or respiratory syncytial virus (RSV) infection in one year, in a tertiary pediatric hospital
in Bucharest, Romania. A total of 188 infants were included in the analysis in a 1:1 ratio (94 with
SARS-CoV-2 infection and 94 with RSV infection). Infants with COVID-19 were 10.2 times more
likely to have fever (p < 0.001) and 2.4 times more likely to have diarrhea (p = 0.016). Conversely,
infants with RSV were 2.5 times more likely to have a cough (p < 0.001), 3.0 times more likely to have
nasal congestion (p < 0.001), and 14.7 times more likely to present with dyspnea (p < 0.001). Increased
lymphocyte count was more common in infants with RSV (p = 0.008), while lymphopenia was more
frequent in infants with SARS-CoV-2 (p = 0.011). The median length of hospital stay was one day
longer in infants with RSV infection (5 days vs. 4 days). Overall, infants with RSV infection had a
27.3-fold increased risk of developing respiratory failure (p < 0.001), while infants with COVID-19
had a 5.8-fold increased risk of laryngitis (p = 0.003). Our findings suggest that infants with SARS-
CoV-2 infection may present with polymorphic symptoms, mostly dominated by fever, whereas
infants with RSV often present with respiratory symptoms. Laboratory differentiation between the
two infections is challenging; therefore, the use of rapid antigen or molecular diagnostic tests is
crucial for accurate diagnosis, epidemiologically appropriate measures, and effective management.
Continued surveillance of both viruses in infants, and beyond, and the implementation of specific
control measures are needed to mitigate their impact on this vulnerable pediatric group.

Keywords: infant; SARS-CoV-2; COVID-19; RSV; clinical features; respiratory failure; laryngitis

1. Introduction

The first year of life is an extremely important period in a child’s development. Any
external factor, especially acute illnesses, can interfere with and disrupt the developmental
process. In addition, an untrained and still evolving immune system puts infants at risk
of an unfavorable outcome in the event of an acute infectious disease [1]. Therefore, this
group of children requires close monitoring to prevent potential complications.

Based on experience with influenza and respiratory syncytial virus (RSV) infections,
where young children are at risk of hospitalization and potentially severe outcomes, the
emergence of circulating SARS-CoV-2 was viewed with special concern for this group of
children [2].

More than three years after the onset of the COVID-19 pandemic, it has been observed
that SARS-CoV-2 infection has had a significant impact on the pediatric population, and
although the majority of cases have had favorable outcomes [3], there is still a need for
further research; there have also been intensive care unit (ICU) admissions and deaths
associated with COVID-19. In an analysis of causes of death among children and young
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people aged 0 to 19 years in the United States, SARS-CoV-2 infection was included in the
top ten, precisely ranking eighth [4].

The true impact of SARS-CoV-2 infection in infants has not been fully quantified and
characterized, as data for this age group are clearly lacking. A good way to fully characterize
COVID-19 in infants is to compare it with other viral infections with a significant impact
on this population, in particular RSV infection. RSV is known to be the leading cause of
hospitalization and bronchiolitis in infants [5].

In this context, we aimed to conduct a case—control study describing the clinical course
and evolution of COVID-19 in hospitalized infants by conducting a comparative analysis
with infants with RSV infection.

2. Methods

We conducted a retrospective case—control study among infants hospitalized with
SARS-CoV-2 or RSV infection at the National Institute for Mother and Child Health
“Alessandrescu-Rusescu” (NIMCH) over a 12-month period from April 2021 to March
2022 (Delta and Omicron SARS-CoV-2 variants).

NIMCH is one of four university children’s hospitals in Bucharest, the main city
of Romania. Approximately 10,000 children are admitted to the hospital each year, and
more than 60,000 children are seen in the outpatient and/or emergency departments. At
the beginning of the COVID-19 pandemic, NIMCH was designated as the hospital to
treat non-COVID-19 cases, mainly respiratory and digestive pathology. Since April 2021,
an eight-bed ward has been opened in the hospital for the admission of children with
SARS-CoV-2 infection.

Cases in this study were specifically identified as infants who were hospitalized during
the study period and confirmed to have SARS-CoV-2 infection by reverse transcription-
polymerase chain reaction (RT-PCR) testing. We included all cases consecutively, excluding
children older than 1 year at the time of hospitalization, those with incomplete electronic
data, and those with other co-infections as evidenced by rapid tests, multiplex RT-PCR, or
cultures. This approach was taken to ensure that our study focused exclusively on cases
infected with SARS-CoV-2 only.

Controls were defined as infants with RSV infection confirmed by rapid antigen or
multiplex RT-PCR testing who were hospitalized during the study period. We matched the
controls to the cases consecutively by sex and age group. Exclusions were similar to the
cases: children over 1 years old at hospitalization, those lacking complete electronic data,
and those with other proven co-infections (similar to that described above for the cases).

The case:control ratio was set at 1:1. The equal division of the study participants
into these two groups allowed for a balanced comparison, ensuring that each group was
adequately represented in the analysis. This parity is essential for a fair and accurate
comparison between the two infections, providing insights into their similarities and
differences in terms of symptoms, severity, and overall impact on the health of infants.

For each infant identified as a case or control in the study, a complete set of data
including demographic and clinical data, laboratory parameter values, and outcomes was
collected. In order to facilitate a more detailed and nuanced analysis, the infants in our
study were categorized into five distinct age groups. This segmentation was based on
their age at the time of their involvement in the study: newborn (0-28 days), 1-3 months,
4-6 months, 7-9 months, and 10-12 months.

A statistical analysis was performed using IBM SPSS Statistics software, version 25
(IBM Corp., Armonk, NY, USA). The level of statistical significance was set at p < 0.05.
Categorical data were compared using the chi-squar (x?) test, and risk was reported as the
odds ratio (OR) along with the 95% confidence interval (95%CI). Continuous variables were
analyzed using the Mann-Whitney-U (U) test with z-value (z) and effect size (r) because
their distribution was non-Gaussian.
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3. Results

A total of 188 infants were included in the analysis, equally divided into two groups of
94 each, one with SARS-CoV-2 infection and the other with RSV infection. The demographic
characteristics of both groups were comparable and are summarized in Table 1.

Table 1. Demographic characteristics of the groups analyzed.

Characteristic SARS-CoV-2 Infection, 1 (%) RSV Infection, n (%) Total, n (%)
Sex
Male 54 (57.4) 54 (57.4) 108 (57.4)
Female 40 (42.6) 40 (42.6) 80 (42.6)
Age group
0-28 days 9(9.6) 9 (9.6) 18 (9.6)
1-3 months 45 (47.9) 45 (47.9) 90 (47.9)
4-6 months 19 (20.2) 19 (20.2) 38 (20.2)
7-9 months 13 (13.8) 13 (13.8) 26 (13.8)
10-12 months 8(8.5) 8(8.5) 16 (8.5)
Median age (IQR), in months 3 (IQR: 2.0, 5.8) 3 (IQR: 1.0, 6.0) 3 (IQR: 1.0, 6.0)

RSV—respiratory syncytial virus.

An epidemiological context was more commonly identified among infants with
COVID-19 (51.1%, n = 48) than those with RSV infection (36.2%, n = 34, p = 0.039, x2=61.3,
OR = 0.5, 95%CI: 0.3-0.97), particularly in the 1-3 and 4-6 months age groups (see Supple-
mentary Materials).

A total of 22 (11.7%) infants included in the study had at least one chronic dis-
ease. Of these infants, 9 had SARS-CoV-2 infection and 13 had RSV infection (p = 0.364).
Congenital heart diseases were most commonly identified (10 infants, 4 COVID-19, and
6 RSV), followed by genetic diseases (8 infants, 5 COVID-19, and 3 RSV), neurological
diseases (8 infants, 3 COVID-19, and 5 RSV), and pulmonary diseases (4 infants, all with
RSV infection).

Infants with SARS-CoV-2 infection generally presented to the hospital earlier than
those with RSV infection. The median hospital presentation was 1 day for COVID-19 (IQR:
1.0-2.3 days) versus 3 days for RSV infection (IQR: 2.0-4.0 days), p < 0.001, z = —6.997,
U =1878.5.

Significant clinical differences were observed between the two infections. Infants
with COVID-19 were 10.2 times more likely to have fever (p < 0.001, OR = 10.2) and
2.4 times more likely to have diarrhea (p = 0.016, OR = 2.4). Conversely, infants with RSV
were 2.5 times more likely to have a cough (p < 0.001, OR = 0.5), 3.0 times more likely to
have nasal congestion (p < 0.001, OR = 0.3), and 14.7 times more likely to present with
dyspnea (p < 0.001, OR = 0.07) (Table 2). In the age group analysis (Supplementary Ma-
terials), we found that cough and nasal congestion were significant in infants younger
than 6 months with RSV, whereas fever was significantly predominant in infants aged
1-9 months with COVID-19.

In terms of laboratory changes, an increase in monocytes was the most common find-
ing in both groups (83.0% and 80.9%, respectively, p = 0.705, Table 3). However, increased
lymphocyte counts were more common in infants with RSV infection (p = 0.008, OR = 0.5),
while decreased lymphocyte counts were more frequent in infants with SARS-CoV-2 infec-
tion (p = 0.011, OR = 3.1). Additionally, infants with COVID-19 were 2.5 times more likely
to have an inflammatory syndrome characterized by elevated C-reactive protein levels com-
pared to those with RSV infection (p = 0.007, OR = 2.6). Table 3 summarizes the laboratory
changes analyzed between the two groups. By age group, the trend of changes was similar
to those highlighted above, and they are presented in the Supplementary Material.
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Table 2. Comparison of the clinical characteristics between the groups.

Clinical Characteristic

SARS-CoV-2 Infection,
N =94, n (%)

RSV Infection,
N =94, n (%)

Statistical Analysis

Fever

77 (81.9)

29 (30.9)

p<0.001,x2 =49.8, OR = 10.2,
95%Cl: 5.12-20.11

Maximum temperature, °C,
median (IQR)

38.8 (IQR: 38.5-39.3)

38.5 (IQR: 38.3-38.9)

p=0.039,U=0621,z=-2061,
r=0.150

p<0.001,x2 =35.7,OR = 0.5,

Cough 64 (68.1) 94 (100.0) 95%ClI: 0.25-0.82

Nasal congestion 45 (47.9) 69 (73.4) ps 000.915;()22? 3)22%061{ -0
Dyspnea 13 (138) 66 (70.2) L S S
Diarrhea 29 (30.9) 15 (16.0) - Ogé?/;éizlis—gogé e

Vomiting 12(12.8) 14(149) - Oggg;éizg;—,gﬁ o

_— 560) 31 350 p=0007, x> =7.3,0R = 04,

95%CI: 0.19-0.78

RSV—respiratory syncytial virus.

Table 3. Comparison of the laboratory parameters between the groups.

Laboratory Parameter

SARS-CoV-2 Infection,

N =94, n (%)

RSV Infection,
N =94, n (%)

Statistical Analysis

p=1.000, x> =0.0,OR = 1.0,

Increased white blood cell count 18 (19.1) 18 (19.1) 95%CI: 0.48-2.07
] p=0446, x> =0.6,OR = 1.5,
Decreased white blood cell count 10 (10.6) 7(7.4) 95%Cl: 0.53-4.07
. p=0.097,x>=28 0OR=52,
Increased neutrophil count 5(5.3) 11D 95%CI: 0.60-45.61
] ] p=0293,%x*=11,0R=15,
Decreased neutrophil count 24 (25.5) 18(19.1) 95%CI: 0.73-2.89
p=0705x2=0.1,0R=12,
Increased monocyte count 78 (83.0) 76 (80.9) 95%CT: 0.55-2.43
p=0.008,x>=69,0R=05,
Increased lymphocyte count 33(35.1) 51(54.3) 95%CI: 0.25-0.82
p=0011,x>=64,0R=31,
Decreased lymphocyte count 19(20.2) 7(7.4) 95%CI: 1.26-7.90
o ] p=0.007,x>=74,0R =26,
Increased C-reactive protein 31(33.0) 15 (16.0) 95%CI: 1.29-5.22
p <0.001, x2 =31.7, OR = 0.14,
Increased AST 12 (12.8) 48 (L) 959%CL: 0.07-0.29
p=0799%>=0.1,0R=08,
Increased ALT 8(85) 90.6) 95%Cl: 0.32-2.38
Increased urea 7 (7.4) 0(0.0 NA
Increased creatinine 1(1.1) 0(00 NA
Chest X-ray
p=0.023,x>=51,0R=03,
Normal 11(57.9) 2(167) 95%CI: 0.05-0.8
" ) p=0.806,%x>=0.1,0R =09,
Interstitial pneumonia 8 (47.1) 9 (52.9) 95%ClI: 0.32-2.38
Lung consolidation 0(0.0) 1(8.3) NA

AST—aspartate aminotransferase; ALT—alanine aminotransferase; NA—not applicable; RSV—respiratory syncy-

tial virus.
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A reduced number of only 31 infants (31/188, 16.5%) required imaging investigations
such as chest X-ray (19 infants (20.2%) with COVID-19 and 12 infants (12.8%) with RSV
infection, p = 0.169). In 54.8% of cases (17/31), these infants showed interstitial pneumonia,
and in 41.9% (13/31), they were normal without any pathological changes. Normal appear-
ance was more common in SARS-CoV-2 infection (57.9% vs. 16.7%, p < 0.001, OR = 6.9),
Table 3.

The median length of hospital stay was 1 day longer in infants with RSV infection:
5 days (IQR:3, 7 days) versus 4 days (IQR:3, 7 days) for COVID-19, p = 0.079, z = —1.756,
U =3768.0. The presence of acute respiratory failure in infants with RSV significantly
increased the median length of hospital stay by 3 days (p < 0.001). The outcome was
favorable for all cases, with no deaths in either group. Overall, infants with RSV infection
had a 27.3-fold increased risk of respiratory failure (2.1%, n = 2 vs. 37.2%, n = 35, p < 0.001,
x2 =36.6, OR = 0.04, 95%CI: 0.008-0.16), whereas infants with COVID-19 had a 5.8-fold
increased risk of acute laryngitis (16.0%, n = 15 vs. 3.2%, n = 3, p = 0.003, x2 =88, 0OR=58,
95%ClI: 1.6-20.6) (Figure 1). The incidence of acute dehydration syndrome was relatively
similar between the two groups (56.4%, n = 53 for SARS-CoV-2 vs. 47.9%, n = 45 for RSV,
p = 0.243). Only five cases were complicated by acute otitis media, one case in an infant
with COVID-19 and four cases in children with RSV (p = 0.174).

3.2%

S e

16.0%

Yo

SARS-CoV-2 infection '

0% 5% 10% 15% 20% 25% 0% 3% 40% 45% 0%
Acute laryngitis M Acute respiratory failure
Figure 1. Rates of acute respiratory failure and acute laryngitis by group.

4. Discussion

We conducted a case—control analysis to highlight the characteristics of SARS-CoV-2
infection in contrast to RSV infection in hospitalized infants over a period of one year
in a pediatric teaching hospital in Bucharest. Respiratory infections are responsible for
an increased morbidity and mortality rate among the pediatric population. RSV is one
of the most incriminated viruses involved, among young children, especially infants [6].
It has been observed that 45% of hospitalizations due to RSV are reported in children
under 6 months of age, which is associated with a risk of unfavorable outcomes with
respiratory failure [7]. Studies have also shown that the majority of infants with RSV
requiring hospitalization were previously healthy and born at term [8], while premature
children or children with certain underlying medical conditions are at higher risk of ICU
admission [9]. In contrast, SARS-CoV-2 infection in children resulted in mild-to-moderate
disease. Hospitalizations have been reported mainly in young children and infants, mainly
for medical follow-up, as the natural course of the disease is benign [10]. However, ICU
admissions were also reported among infants with COVID-19, but the admission rate was
less than 2% [11].

A European (including data from our country) surveillance study of epidemiology
aspects during the SARS-CoV-2 pandemic [12] documented a decrease in RSV circulation
to a low rate of positivity, 1% of specimens, from more than 21,000 primary care sentinel
surveillance centers. Only France and Switzerland documented clear waves of RSV activity,
and France, Germany, and Slovenia recorded an early start to their seasonal 2021-2022 cir-
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culation compared with the average starting week in pre-COVID-19 pandemic seasons [12].
This important change in circulation paradigm was also documented in other parts of
the world, where RSV circulates during the winter months, such as in Australia and New
Zealand [13] and South Africa [14].

One particular aspect of RSV circulation in our country, during the study period, was
the lack of prophylactic measures for severe RSV infections in vulnerable populations. For-
mer premature children are at risk of developing respiratory failure during an RSV episode,
as described by pre-pandemic papers from our country [15]. From 2022, palivizumab
(monoclonal anti-RSV antibodies) became available again, after more than a decade of
unattainability, for these children (premature infants with a shorter gestational age than
35 weeks, children younger than 2 years of age with bronchopulmonary dysplasia or with
severe congenital heart disease, and infants with cystic fibrosis, neuromuscular disorders
or immune-deficit syndromes [16]). Protection for severe RSV infection, in Romanian
children, will be increased in the near future through the use of nirsevimab, after European
Medicines Agency (EMA) approval in September 2022 [17].

In our analysis, we included cases of the COVID-19 variants Delta and Omicron, when
both in Romania [10], and other countries [18], the number of cases of SARS-CoV-2 infection
in children was increasing. Infants with RSV infection were selected from the same period
by matching cases according to sex and age for robust conclusions regarding our data.

The specific prevalence of the SARS-CoV-2 virus within our country can likely be
attributed to multiple contributing factors. One significant aspect is the relatively low rate
of vaccination among eligible individuals, with only 42.2% of the general population and
50.7% of those aged 18 and above being vaccinated [19]. These figures are notably lower
compared to the European Union/European Economic Area (EU/EEA) average, which
stands at 73%. This underwhelming vaccination uptake is indicative of deeper societal
issues, such as a widespread lack of trust in governmental institutions, the influence of
misinformation campaigns, inadequate infrastructure in rural areas, and a deficiency in
effective vaccine education and outreach efforts [20-22]. These factors have collectively
played a role in shaping the country’s response to the pandemic and the virus’s circulation.

Infants with COVID-19 most commonly presented to hospital with fever (81.9%), with
or without respiratory symptoms such as cough (68.1%) or nasal congestion (47.9%). One
third of cases had gastrointestinal symptoms, with diarrhea being the most common. In
another Romanian study of 613 infants hospitalized with SARS-CoV-2 infection, fever was
also the main symptom (96.4%), followed by cough (64.8%), and diarrhea was present in
37.5% of children [10]. In an analysis from Poland of 300 hospitalized cases of COVID-19
in infants, similar data were reported with a frequency of 77% fever, 40% cough, and 24%
diarrhea [23].

In contrast, the infants with RSV in the study had a clinical picture dominated by
respiratory symptoms, with cough present in all cases, followed by nasal congestion
(73.4%). A significant proportion of infants (70.2%) had dyspnea, while fever was present
in one third of patients with RSV. In a retrospective study of children up to 5 years of age
with RSV in Germany, the majority of hospitalized patients were infants and respiratory
manifestations dominated the clinical picture, with dyspnea present in 79.6% of infants
aged 0-6 months and 81.3% of infants aged 6 months to 1 year [24].

Our analysis shows clear differences in the clinical presentation of the two infections
in infants. While RSV infection is more likely to present as a clinical respiratory syndrome
with cough and/or dyspnea, SARS-CoV-2 infection may present as a polymorphic picture
dominated by fever in most cases. Similar data were reported in a review by Fedorczak
et al. for infants younger than 3 months only [25].

In our study, we observed that infants with SARS-CoV-2 infection presented to hospital
earlier than those with RSV infection. This could be explained in particular by the more
frequent presence of fever in those with COVID-19, as fever is known to be one of the
clinical symptoms most feared by parents, especially in this age group. Hatmann et al. had
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similar results to ours, showing hospital presentation for children with RSV on average 3
days after the onset of symptoms [24].

In terms of laboratory investigations, the most common change described in both
groups was an increase in monocytes. In particular, lymphocytosis was more common in
infants with RSV and lymphopenia was more common in infants with SARS-CoV-2. Briis-
sow et al. [26] showed that the decreased lymphocyte count associated with SARS-CoV-2
infection could be explained by the inhibitory effect of activated cytokines. This also over-
laps with our finding that elevated C-reactive protein values were more common in infants
with COVID-19.

Our findings indicated a distinct difference in radiological presentations between
infants suffering from COVID-19 and those with RSV. Specifically, infants afflicted with
COVID-19 tended to exhibit normal imaging results more frequently. In contrast, those
diagnosed with RSV were more prone to show signs of interstitial pneumonia in their
radiological evaluations. This divergence in radiological findings could potentially be
attributed to the greater likelihood of lower airway involvement in infants with RSV, as
compared to those with COVID-19. This aspect of our study highlights the variances in
how these two viral infections manifest in pediatric patients, particularly in terms of their
impact on the respiratory system as observed through imaging studies.

COVID-19 infants had a shorter hospital stay than those with RSV, in whom we
observed that the presence of acute respiratory failure increased the length of hospitalization
by at least 3 days. Our results are consistent with data from other studies that have
highlighted the need for longer hospital stays and more complex management among
children with RSV compared to SARS-CoV-2 [25,27]. In our analysis focusing on the length
of hospital stay in different age groups, we found that the median length of hospital stay
did not vary significantly between groups. This observation suggests a relatively consistent
pattern in the length of hospital stay across different age groups of infants. However, it
is noteworthy that the shortest median length of hospital stay was specifically observed
in the group of newborns infected with COVID-19. This aspect of our analysis provides
valuable insights into how the duration of hospitalization for COVID-19 may differ in the
earliest stages of life compared to older infants.

The outcome of all infants was positive and there were no deaths. Infants infected
with RSV had a higher risk of developing respiratory failure, while those infected with
COVID-19 had a higher risk of laryngitis. The results from other trials also suggest a
favorable outcome for both infections [25,27], but the most common complication observed
in the short term was the suspicion of bacterial superinfection [25].

In the current context of COVID-19 pandemic development, vigilant surveillance of
RSV and SARS-CoV-2, along with influenza and other respiratory viruses, is extremely
important [28,29]. These viruses pose significant public health challenges in terms of high
numbers of patients seeking medical care, high rates of hospitalization and high numbers
of deaths. In addition to its known impact on infants and young children, RSV is now
known to be an important respiratory pathogen in older adults, particularly those with
associated chronic diseases, and can lead to decompensation and progression with severe
complications. At the same time, SARS-CoV-2 has demonstrated its capacity for rapid
mutation, leading to various circulant variants with differing levels of transmissibility
and severity. Persistent surveillance is crucial for the early detection of new variants,
which is essential for timely public health responses, including updates to vaccines and
treatment protocols.

Surveillance also plays a critical role in understanding the epidemiology of these
viruses, such as transmission dynamics, infection rates, and population immunity. This
information is vital for guiding public health policies, including vaccination strategies,
social distancing measures, and resource allocation for healthcare facilities. Concurrent
surveillance of RSV and SARS-CoV-2 is vital due to the potential for co-infections, which
can exacerbate the severity of illness and complicate treatment strategies. Such surveillance
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helps in preparing healthcare systems for potential surges in cases, ensuring adequate
medical supplies, and informing the public about preventive measures.

Although our study provides valuable insights, it has several limitations, mainly due
to its retrospective design and the lack of extended follow-up of the infants included in
our analysis. Another notable limitation of our study is the relatively small sample size
of patients. A limited number of participants may reduce the statistical power of the
study, making it more difficult to detect significant differences or draw robust conclusions.
This small sample size may also limit the generalizability of our findings to the wider
population. However, it is important to highlight a strength of our study, which is the
careful matching of SARS-CoV-2 and RSV cases. By rigorously matching these cases, our
study provides a clearer and more detailed comparison of the differences between the two
infections in infants. This aspect of our methodology increases the reliability of our findings
in understanding how these infections differ, particularly in their clinical presentation,
severity, and short-term outcomes in this vulnerable age group.

5. Conclusions

The findings of this study suggest that infants with SARS-CoV-2 could be discrimi-
nated by clinical phenotyping from those with RSV infection, in the initial triage approach
in an emergency department in order to have optimal hospital management, through
the use of a tailored viral detection strategy, especially in a low-resource setting where
monoclonal antibodies or maternal RSV vaccine prophylaxis are not available. Infants
with SARS-CoV-2 infection may have polymorphic symptoms, mostly dominated by fever,
whereas infants with RSV often have a cough and/or shortness of breath. Continued
surveillance of both viruses in infants, and beyond, and the implementation of specific
control measures are needed to mitigate their impact on this vulnerable pediatric group,
according to dynamic, changing post-COVID-19 pandemic seasonal circulation.
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Abstract: Background: Public health measures for COVID-19 mitigation influenced the circulation of
Respiratory Syncytial Virus (RSV) during the 2020-2021 winter season. In the following autumn, an
unprecedented resurgence of RSV occurred. Our study monitored RSV pediatric infections one and
two years after the relaxation of containment measures for the COVID-19 pandemic. Methods: We
analyzed diagnostic molecular data for SARS-CoV-2, flu, and RSV infections and clinical data from
children with respiratory symptoms referring to our hospital during the 2021-2022 and 2022-2023
seasons. Results: In the 2021-2022 season, the number of RSV-affected children was very high,
especially for babies <1 year. The outbreak appeared in a shorter interval of time, with a high clinical
severity. In the 2022-23 season, a reduced number of infected pediatric patients were detected, with a
similar hospitalization rate (46% vs. 40%), and RSV accounted for 12% of the infections. Coinfections
were observed in age <2 years. In RSV patients, symptoms were similar across the two seasons.
Conclusions: The clinical presentation of RSV in the two post-COVID seasons suggests that the
pathophysiology of the virus did not change across these two years. Further studies are needed to
continuously monitor RSV to support an effective prevention strategy.

Keywords: acute respiratory infection; respiratory syncytial virus; bronchiolitis; epidemiology;
hypertransaminasemia; surveillance

1. Introduction

Respiratory Syncytial Virus (RSV) is the most common cause of bronchiolitis, leading
to hospitalization in infants worldwide and the second cause of infant mortality in resource-
limited countries [1,2]. In particular, RSV clinically manifests with bronchiolitis in children
younger than two years of age and especially in newborns under six months [3].

Despite the disease burden, no approved vaccines for RSV are currently available. The
prevention of RSV infections in infants through maternal vaccination has become a priority
and a target for the development of new potential vaccine candidates to be tested in clinical
trials [4].

In addition, there are no specific therapeutic options for RSV which is due in part to
our limited knowledge of the pathogenesis of the disease [1]. For this reason and the lack
of specific etiological treatment, therapy is primarily supportive, based on oxygen and
adequate fluid supplementation [5,6].

RSV is distributed worldwide and follows the pattern of influenza; despite strong
seasonal trends, the circulation of RSV may increase in periods outside the typical season.
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Indeed, the surveillance system in Australia revealed a higher-than-expected number of
cases during the austral spring of 2021, from September to December, while winter data
indicated a lower-than-expected circulation of RSV [7]. These events were attributed to the
impact of the COVID-19 pandemic and related containing measures, which deeply altered
the natural course of seasonal viral infections [7-9].

Since the introduction of non-pharmaceutical interventions to control COVID-19, the
circulation of RSV in Europe has been limited. Surveillance data from 17 countries showed
delayed RSV outbreaks in France (>12 weeks, w), the UK, and Ireland (>4 w) during the
2020-21 season [10,11]. Cases of RSV (predominantly affecting young children) in France
occurred in older children compared to previous seasons.

In Italy, restrictive measures for the prevention and control of the SARS-CoV-2 pan-
demic were likely to be responsible for the reduced circulation of RSV and other respiratory
tract diseases during the 2020-2021 winter season, as detected by the Respiratory Virus
Surveillance Network of the Italian National Institute of Health system (RespiVirNet,
https:/ /respivirnet.iss.it/Default.aspx?ReturnUrl=/, accessed on 15 November 2023). Al-
though specific national data on RSV are not yet available, weekly surveillance reports from
the Lombardia region confirmed a reduced circulation of the virus as well as a decrease in
hospital admissions related to RSV bronchiolitis in that period. SARS-CoV-2 was the only
virus detected in samples from individuals with influenza-like illness (ILI) tested between
October 2020 and January 2021. These data confirmed the hypothesis that, as for other
Countries, in Italy, the SARS-CoV-2 pandemic altered the RSV seasonality. As a result, in
autumn 2021, we observed an unexpected surge in RSV infections among infants and elder
children compared with previous seasons [12,13].

In this scenario, assays that can detect multiple respiratory viruses play a key role in
both treatment decisions and infection control measures. In fact, they allow the monitoring
of viruses in real-time as they move through the human population.

In this retrospective study, we evaluated the prevalence and clinical presentation of
RSV infection among children referred to our hospital for respiratory problems during the
2021-2022 and 2022-2023 seasons. We compared the two periods, evaluating respiratory
virus infection diagnostic and clinical data, including coinfections information, in order to
evaluate the evolution of RSV pediatric infection in the post-COVID era.

2. Materials and Methods
2.1. Setting and Participants

This is a single-center retrospective observational study carried out in a hospital
in the province of Verona, the IRCCS Hospital Sacro Cuore Don Giovanni Calabria in
Negrar di Valpolicella (Verona, Italy). Inclusion criteria were all pediatric patients attending
our hospital for suspected respiratory tract infections, with molecular analysis results of
influenza virus (either A or B strain, INF-A/B), respiratory syncytial virus (either A or
B strain, RSV-A/B), and SARS-CoV-2 test performed from 1 October 2021 to 31 January
2022 (2021-2022 season) and from 15 October 2022 to 31 January 2023 (2022-2023 season).
Exclusion criteria were bronchiolitis or other respiratory inflammation with undetermined
etiology and subjects transferred to other sites.

2.2. Ethics

The study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the Ethical Committee of Verona and Rovigo provinces under the protocol
n. 30569 of 22 May 2023.

2.3. Molecular Analysis for SARS-CoV-2, Flu and RSV Infections

Nasopharyngeal swab samples were collected in viral transport media and analyzed
with the Anatolia Geneworks Bosphore SARS-CoV-2/Flu/RSV PCR Panel Kit as per the
manufacturer’s instructions. In total, 510 patients during the 2021-2022 season (from
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1 October 2021 to 31 January 2022) and 365 patients during the 2022-2023 season (from
15 October 2022 to 31 January 2023) were subjected to the rt-PCR test.

2.4. Clinical Data Collection

All the patients attended the Pediatric Emergency Department and Operative Unit of
Pediatrics of the IRCCS Hospital Sacro Cuore for lower respiratory tract infection symptoms.
Clinical data were retrieved from the electronic medical records. The following clinical
parameters were considered: length of hospital stay (days), the presence of dyspnea
(arterial oxygen saturation SaO; < 95%, in addition to respiratory discomfort such as nasal
fin flaring, abdominal basculation, intercostal indentation), hypertransaminasemia (alanine
aminotransferase, ALT > 40 UI/L), the duration of symptoms (referred to dyspnea, reported
in days), aerosol therapy (with salbutamol or budesonide, using the pressurized metered-
dose inhaler with valved holding chamber device), and the type of oxygen therapy (low
flow if O, <2 L/min supplied by nasal prongs; high flow if O, is supplied at >2 L/min
by noninvasive oxygen therapy (NIV) using AIRVO Nasal High Flow system). Data were
analyzed for each patient using Microsoft Excel 2013 software.

2.5. Statistical Analysis

All variables recorded in this study are presented using descriptive statistics. Continu-
ous variables are presented as the mean =+ standard deviation (sd) or median interquartile
range (IQR 25th, 75th). Statistical significance was defined for a p-value equal to or lesser
than 0.05 (Fisher’s test, Student’s t-test). Descriptive and association analyses were con-
ducted using Microsoft Excel supported by the GraphPad statistics program.

3. Results

During the 2021-2022 season, 182 (36%) out of the 510 pediatric subjects (285 males
and 225 females) were infected with a respiratory virus, 175 (96%) of whom had RSV-A/B
and 7 (4%) had SARS-CoV-2. Seventy-five (41%) patients with lower respiratory tract
infections were hospitalized in the pediatrics unit (46 males and 29 females, Table 1), all of
them infected by RSV. The median age was 2.1 years.

Table 1. Demographic characteristics of the study population. Population data were divided ac-
cording to the analyzed seasons. The type and number of detected infections were reported. Lower
respiratory tract infection was present in all hospitalized patients. p values for the Student’s t-test
were reported.

Season 2021/2022 Season 2022/2023

Demographics Count V(i}l;e Count V(ao}l;e p Value
Population (n) 510 365
Gender (n)

Female 225 44 159 44

Male 285 56 206 56
Age (years)

25% Percentile 1.00 0.70

Median 2.15 2.60 0.0422

75% Percentile 5.00 6.75
Infected (n) 182 36 105 29

RSV 175 96 12 11

Influenza 0 0 76 72

SARS-CoV-2 7 4 9 8

RSV + SARS-CoV-2 0 0 4 4

RSV + Influenza 0 0 1 1

RSV + SARS-CoV-2 + Influenza 0 0 2 2
Hospitalised 75 41 52 49 p value
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Table 1. Cont.

Season 2021/2022 Season 2022/2023

Demographics Count V(i}:;e Count V(auit;e p Value
Gender (n)

Female 29 38 20 38

Male 46 60 32 62
Age (years)

25% Percentile 0.1 0.43

Median 0.4 2.14 0.0001

75% Percentile 1.4 543
Age (years) only for RSV infected

25% Percentile 0.15 0.06

Median 0.46 1.10 0.6396

75% Percentile 1.42 2.38

During the 2022-2023 season, we found 105 (29%) subjects infected with a respiratory
virus out of 365 analyzed subjects (206 males and 159 females). The median age for this period
was 2.60 years. Differently from the previous season, influenza (72%) was the most accounted
for infection, followed by RSV-A/B (11%) and SARS-CoV-2 (8%). Furthermore, during this
season, we found different viral coinfections in 7 subjects, i.e., RSV-A/B and SARS-CoV-2
(4 subjects), RSV-A/B and INF-A/B (1 subject), and RSV-A/B, INF-A /B, and SARS-CoV-2
(2 subjects). Coinfections were observed in children <2 years of age. Fifty-two (49%) out of
105 infected subjects were hospitalized for a lower respiratory tract infection (32 males and
20 females, Table 1), among which 100% were RSV-infected patients. Even though it was a
minor difference, the median age of the 2021-2022 season was significantly lower (2.15 years,
IQR 1.00-5.00) compared to the 2022-2023 season (2.60 years, IQR 0.70-6.753, Fisher’s test p =
0.042). This difference increased considering only hospitalized patients, with a median age of
0.46 years (IQR 0.15-1.42) for the first season and 2.14 years (IQR 0.43-5.43) for the second
season (p = 0.0001). Figure 1 shows the trend of RSV-A /B, INF-A /B, and SARS-CoV-2-positive
children detected during the considered periods.
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Figure 1. Epidemic trend of RSV, influenza, and SARS-CoV-2 infections from hospitalized children in
our hospital during the seasons 2021-2022 and 2022-2023. The lines are represented by the following
color code: Black line for RSV; red line for influenza; green line for SARS-CoV-2.
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Focusing on the 2021-2022 season, the number of infected children increased gradually
from October 2021 and reached a peak of 14 positive diagnoses per day around mid-
November 2021. After this date, the numbers slowly declined, with less conspicuous
peaks. From the end of the month, the decline was even more prominent, leading to few
cases being detected in December. No additional new cases were detected in January 2022.
Conversely, the RSV-A /B trend was much flatter during the 20222023 season, in which
the maximum number of RSV-A /B positive cases was detected only at the beginning of
December 2022 (4 cases per day), while the most prevalent infection was represented by
INF-A /B, starting from October 2022 and spreading all over the season. All the positive
flu cases were sent to the regional referral center for genetic characterization, and the most
circulated influenza genotype was identified as A /H;3Nj.

We further analyzed the clinical characteristics of the hospitalized patients, and the
data are summarized in Table 2. The following parameters were considered: the length of
hospitalization, the presence of dyspnea, the presence of a high level of alanine aminotrans-
ferase (ALT > 40 UI/L), the duration of symptoms, and the type of oxygen therapy (low
flow Oy <2 L/min, or high flow with O, > 2 L/min administered by AIRVO).

Table 2. Clinical characteristics of hospitalized patients. Data on hospital length and duration of
symptoms were reported as mean =+ standard deviation (sd) in days. Student’s f-test and Fisher’s
test p-values were also reported, considering season 2022-2023 versus season 2021-2022 data—the
duration of symptoms referred to the presence of dyspnea.

Season 2021/2022 Season 2022/2023
Value Value
Count %) Count %) p-Value
Number of patients (n) 75 41 52 46
Infections (lower respiratory
tract), (n)
RSV 75 100 12 23
Influenza 0 0 28 53
SARS-CoV-2 0 0 5 10
Co-infections 0 0 7 14
Hospital lenght of stay
(mean = sd, days)
Overall 52+27 - 50+25 - ns
RSV 52+27 - 50+25 - ns
Influenza 0 - 47+25 -
SARS-CoV-2 0 - 40+25 -
RSV + SARS-CoV-2 0 - 6.5+ 3.4 -
RSV + Influenza 0 - 4 -
RSV + SARS-CoV-2 + Influenza 0 - 6 -
Clinical characteristics
Dyspnea (n) 52 69 21 40 0.0034
ALT (>40 UI/L), (n) 7 9 4 7 ns
Duration of symptoms 95+ 04 - 78+ 0.6 - 0.0255
(mean =+ sd, days)
Therapeutic interventions (n)
Areosol 73 97 32 62 <0.0001
O, (<2 L/min) 41 56 16 31 0.0063
AIRVO (>2 L/min) 22 29 5 10 0.0044
Steroids 68 90 31 60 <0.0001

We did not find any statistically significant difference in the average length of the
hospital stay during the two seasons (mean =+ sd, 5.0 + 2.7 vs. 5.2 + 2.7 days), even when
considering only RSV-A/B inpatients. Moreover, we found that neither the type of virus
nor the presence of coinfections had an impact on the duration of hospitalization during
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the 2022-2023 season (Table 2). Our data showed that dyspnea was present in 69% of
cases in the first season; conversely, in the following season, only 40% of subjects showed
this symptom (p = 0.0034). A significative difference was also found in the duration of
symptomatology between the two periods, with a longer presence of symptoms observed
in the 2021-2022 season compared to the 2022-2023 season (mean diff & sd, 1.7 & 0.7 days,
p = 0.0255). When comparing the two seasons solely for RSV-A /B, we did not find sig-
nificant differences in terms of both dyspnea (51 out of 75 during 2021/2022, 9 out of 12
during 2022/2023, p = 1.0, Fisher’s test) and symptoms duration (difference between means
1.2 + 1.1, p = 0.307). No difference in terms of the presence of hypertransaminasemia was
found between the two seasons (p = 0.713).

When analyzing the therapeutic interventions between the two seasons, we found
statistically significant differences in aerosol (p < 0.0001), oxygen therapy with low flow
(p =0.0063), and AIRVO (p = 0.0044, Table 2), with a larger requirement of all the three
therapies during the 2021-2022 season. For both seasons, almost all RSV children were
given aerosol therapy (97 and 100% for the 2021-2022 and 2022-2023 periods, respectively),
often because this therapy had already been started at home by the caregiver. Steroids
are not indicated in pediatric guidelines, but in clinical practice, steroids are given to
bronchiolitis patients for prompt improvement, favoring a positive recovery. No differences
in steroid treatment were observed for RSV patients among the two seasons [14]. In the
2021-2022 season, 41 out of the 75 RSV inpatients required oxygen therapy (56%). Among
patients receiving oxygen, twenty-two (53%) required the use of NIV at high flows with the
aid of the AIRVO system for severe dyspnea. The mean duration of used high-flow oxygen
therapy was 6 + 2.4 days. The 22 subjects who needed high flow (29% of the RSV-A/B
patients) were patients with a lower median age than subjects who needed low flow or
no oxygen support. In addition, two of them were former preterm patients of 36 weeks
(w) and 35 w =+ 5 days. The latter subjects had a longer duration of high-flow respiratory
therapy (12 and 13 days, respectively), with a longer duration of symptoms (19 days)
and consequently longer hospitalization (12 and 13 days, respectively). In the 2022-2023
season, 31% of patients required low-flow oxygen therapy, and 10% needed AIRVO support.
For both seasons, patients who needed high-flow oxygen therapy had a lower median
age compared to all the hospitalized patients in the respective periods: 0.18 years (IQR
0.08-0.53) for the first season (—0.28 years compared to the median age of hospitalized
patients in 2021-2022) and 1.94 years (IQR 1.72-7.80) for the second season (—0.20 years
compared to the hospitalized patients in 2022-2023). This supports the hypothesis that
younger babies are more subject to severe symptoms. Considering only the NIV-treated
patients, the two seasons were statistically different (p = 0.004, Fisher test), but these data
probably reflect the difference in the age of the hospitalized patients in the two seasons.
However, no significant differences in terms of therapeutic interventions were found in
RSV patients between the two seasons, with 58% of the 20222023 RSV patients requiring
low flow O and 58% AIRVO. Ninety-nine percent (99%) of the reported RSV hospitalized
cases manifested bronchiolitis, and only 1% manifested broncho-pneumonia, specifically a
subject with comorbidity (pulmonary valve stenosis).

4. Discussion

RSV is one of the most common respiratory viruses. It affects not only young chil-
dren but also the elderly and immunocompromised patients [15,16]. With the emergence
of SARS-CoV-2, a considerable decrease in RSV incidence and hospitalization rate was
observed worldwide during the 2020-2021 cold season [17-22], coinciding with the im-
plementation of public health and social containment measures. A seasonality shift and
a delayed RSV outbreak with a greater number of infected patients were reported in the
2021-2022 season in several countries, such as Australia, Saudi Arabia, New Zealand,
France, the UK, and Japan [23-28]. Also, in Italy, an extraordinary surge in RSV was
observed in the fall of 2021 [12,13,29], with hospitalization rates similar to the previous
years but with a higher rate of admission to intensive care units [30]. Among others, the
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waning immunity against RSV in children and adults and a lack of antibody transmission
from the mothers to the newborns seem to be the primary factors responsible for the excep-
tional resurgence of RSV in the 2021-2022 season [30]. This has led to increased attention
towards RSV infections, which must be monitored to evaluate the evolving epidemiology
and clinical manifestations. In our study, we assessed the clinical characteristics, in terms
of symptoms and the subsequent healthcare management, of RSV pediatric infections in
children admitted to our hospital one and two years after the relaxation of containment
measures implemented during the COVID-19 pandemic.

In the first analyzed season (2021-2022), the number of RSV-affected children was very
high, in line with literature data, especially among children under one year of age [31]. The
outbreak appeared in a shorter interval, between October and December 2021, anticipating
the expected epidemic by a couple of months and making it shorter. Pre-pandemic levels of
infections were overcome, and, as a result, there was an overload in our hospital emergency
rooms and the whole country [31]. A relevant feature of the 2021-2022 season was the
severity of bronchiolitis: a more severe clinical presentation and a frequent need for high-
flow oxygen therapy, especially in younger children compared to the previous years. In
fact, in previous years, during RSV outbreaks in our hospital, it had never been necessary
to use AIRVO for high-flow oxygen therapy and for such a prolonged time. There were
significantly fewer cases of hospitalized children (lower than 30/years), with mostly home
management. Unfortunately, because molecular testing was not often required in the
pre-COVID-19 era and diagnosis was mostly clinical, we do not have sufficient data today
to compare with what was observed in the post-COVID-19 era [29,31].

In the second analyzed season (2022-2023), a reduced number of infected pediatric
patients were detected compared to the first post-COVID year (28% vs. 36%) but with
a similar hospitalization rate (46% vs. 40%). During the second season, different viral
infections were registered, with a predominance of the influenza virus (72%), while the
RSV accounted for 12% of the detected infections. Another aspect that emerged in our
study is the total absence of coinfections in the fall 2021 and their appearance in the fall
2022 season (7% of the total infected patients, 14% of the hospitalized). Coinfections
were observed in children <2 years of age, suggesting that respiratory coinfections in
children with SARS-CoV-2 are common, above all in younger children. This could be
due to an immature immune response. A recent paper highlighted the role of interferons
in preventing coinfections by different viruses [32]. In neonates and young children, the
pathways involved in interferon production are still in a developmental state and can be
less protective [33]. Chuang et al., reviewing the post-COVID pediatric infections data,
reported a similar trend of SARS-CoV-2 and RSV coinfections in several regions [34]. The
clinical effect of SARS-CoV-2 and RSV coinfection is still a debated issue; in fact, it seems to
be correlated with a longer hospital stay, although a direct correlation with an increased
mortality or intensive care unit admission has not been demonstrated [34,35].

Our study highlighted a decrease in the severity of symptoms among hospitalized
pediatric patients in the second post-COVID year. Nevertheless, focusing only on RSV
patients, a similar level of dyspnea, duration of symptoms, and need for oxygen therapy
was observed, indicating that RSV clinical presentation was not changed across the two
different seasons. Thus, the less severe symptoms registered globally in the 2022-2023
hospitalized population of pediatric patients were due to the presence of different viruses,
such as SARS-CoV-2 and INFA /B.

The present study has the following limitations that should be considered. First, it was
a retrospective analysis within a single hospital; testing was performed at the clinician’s
discretion; clinical data were retrieved retrospectively, reading the letter of discharge from
hospitalization; the data from the pre-COVID-19 era are missing. Moreover, we did not
characterize the circulating RSV strains at the genomic level to evaluate possible differences
between the two periods.
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5. Conclusions

In this retrospective study, we pointed out that in the two years after the relaxation of
the social containment measures, we observed a huge “pure” RSV outbreak in the 2021-
2022 season, in which 96% of infected pediatric subjects carried RSV, followed by a more
“mixed” 2022-2023 season, in which flu was prevalent, and RSV infections were reduced to
12%, including some coinfections. The clinical presentations of RSV in the two seasons were
similar, suggesting that the pathophysiology of the virus has not changed across these two
years. Further studies are needed to continuously monitor this virus to support the creation
of an effective year-round RSV-specific prevention strategy and monitor the presence of
respiratory viruses regardless of their seasonality.
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Abstract: Aim: The loosening of social distancing measures over the past two years has led to a
resurgence of seasonal epidemics associated with respiratory viral infections in children. We aim
to describe the impact of such infections through urgent hospitalizations in a pediatric emergency
department. Methods: We performed a retrospective review of medical records of all children and
adolescents with a positive nasal swab admitted at the children’s hospital IRCCS Burlo Garofolo of
Trieste, in Italy, from September 2021 to March 2022, and September 2022 to March 2023. Results:
Respiratory Syncytial Virus and Influenza viruses accounted for up to 55% of hospitalizations for
respiratory infections during the study periods. During the last season, the number of hospitalizations
related to the Influenza virus was five times higher than those related to SARS-CoV-2 (25% vs. 5%).
Respiratory Syncytial Virus was associated with a greater need for respiratory support, mostly HENC
(High Flow Nasal Cannula). Conclusions: Respiratory Syncytial Virus and Influenza virus had a
more significant impact on urgent hospitalizations during the past wintery seasons than SARS-CoV-2.

Keywords: Respiratory Syncytial Virus (RSV); bronchiolitis; emergency department

1. Introduction

Since 2020, the introduction of social distancing measures limiting the spread of the
COronaVlrus Disease 19 (COVID-19) pandemic has wholly changed the epidemiology of
common viral infections in children. These measures included a national lockdown with
school closures from March to May 2020, followed by the mandatory use of face masks
and different levels of social distancing measures from November 2020 to May 2021. These
measures have had a profound impact on the transmission of viruses through respiratory
droplets [1]. During the first winter of the COVID-19 pandemic, the disappearance of
winter epidemics sustained by Respiratory Syncytial Virus (RSV) and Influenza virus was
observed. In contrast, the prevalence of Rhinoviruses remained largely unaffected, likely
due to their viral stability and the role of asymptomatic transmission [2-5]. In the next two
years, the progressive loosening of most social distancing measures led to a resurgence of
seasonal epidemics associated with respiratory viral infections in children. Initially, several
European countries reported out-of-season RSV outbreaks during the spring of 2021 [6,7].
At the same time, an RSV epidemic was observed during the autumn of 2021, showing an
increase in disease severity [7-9]. Finally, the first Influenza virus epidemic was reported
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in the autumn of 2022, along with RSV and the COVID-19 pandemic [10]. The burden on
urgent hospitalizations related to the unprecedented combination of three highly diffusible
and virulent infections has not yet been described. This report aimed to describe the impact
of different respiratory viruses on urgent hospital admissions in the north-east of Italy,
with particular focus on RSV, Influenza virus and SARS-CoV-2 during the autumn-winter
season in 2022 /23 compared to the same period in the year before.

2. Methods

We conducted a retrospective study reviewing the medical records of all children
and adolescents hospitalized at the pediatric emergency department (PED) at the tertiary
level, in the University Teaching Children’s Hospital, Institute for Maternal and Child
Health, IRCCS Burlo Garofolo of Trieste, Italy, from 1 September 2021 to 31 March 2022
and from 1 September 2022 to 31 March 2023. Since the summer of 2021, all children
attending the PED with fever or respiratory symptoms and who needed hospitalization
underwent a multiple nucleic acid amplification assay using a nasopharyngeal (NP) swab
for 13 common viral respiratory agents, including RSV, SARS-CoV-2, Influenza virus and
Rhinovirus (Respiratory Flow Chip assay—Vitro, Sevilla, Spain).

Eligible patients were children and adolescents, from 0 to 17 years of age, who were
admitted and hospitalized for at least 24 h at the PED. Among eligible patients, all cases
that tested positive for a viral agent at the swab test were retained for analysis. For every
selected patient, the following data were recorded: age, gender, diagnosis and the need for
ventilatory support. The triage code at arrival was also registered. Italian pediatric triage
codes consist of a five grade scale; for the purpose of our study, “urgent code” was the
highest clinical priority code. The number of patients who arrived at the PED during the
two study periods and the number of viral swabs performed were also collected.

The primary study outcome was the number of patients hospitalized for RSV, In-
fluenza virus or SARS-CoV-2 infection between the 2021/2022 and 2022 /2023 autumn and
winter seasons.

2.1. Ethics

The Institutional Review Board (IRB) of the Institute gave ethical approval to the study
protocol (RC 10/2020). Due to the study’s retrospective nature, no specific written informed
consent was administered.

2.2. Statistical Analysis

Data of enrolled children were summarized using descriptive analysis. Categorical
variables were reported through absolute frequencies and percentages.

We divided the study cohort into two periods according to the patient’s arrival date:
1 September 2021-31 March 2022 and 1 September 2022-31 March 2023.

The chi-square and Fisher’s Exact tests were used to examine the variables of interest
in the differences between the two periods. Data were entered into an Excel spreadsheet,
and statistical analyses were performed with R software (version 4.0.3, 2020). Statistical
significance was considered for p-values < 0.05.

3. Results

During the study period, 30.718 PED visits were performed: 13.706 (44.6%) in autumn—
winter 2021/22 and 17.012 (55.4%) in autumn—-winter 2022 /23. Of these, 97 (0.7%) and
188 patients (1.1%) with a positive multi-viral NP swab were hospitalized during autumn—
winter 2021/22 and 2022/23, respectively. Forty-six patients (47%) were female in the first
group, and eighty-two (44%) in the second. The mean age was significantly lower in the first
period (2.0 years + 3.3) compared to the second period (3.1 years & 4.3) (p = 0.028). Table 1
summarizes the impact of RSV, Influenza virus and SARS-CoV-2 on urgent hospitalizations
during the autumn-winter season 2022 /23, compared to the same period the year before.
During autumn and winter 2021/2022, three urgent hospitalizations related to Influenza
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virus infection were recorded. On the other hand, the number of urgent hospitalizations
related to the Influenza virus rose to five times higher than those related to SARS-CoV-2
over the last winter season, 48 (25%) vs. 10 (5%). RSV and Influenza viruses accounted for
up to 55% of hospitalizations for respiratory infections. In our population, RSV accounted
for most urgent hospitalizations in the autumn—winter season 2021/2022, 27 (28%) and,
57 (30%) in the following season. Rhinovirus was the most prevalent in our population in
both seasons: 38 (39%) in 2021/22 and 75 (40%) in 2022/23. It played a dual role as a cause
of both coinfections and primary infections, accounting for 31 cases of isolated infection in
2021/2022 and 11 cases in 2022/2023. During autumn-winter 2021/2022, six cases (19%)
were associated with bronchiolitis and four (12%) required respiratory support with HFNC.
In the subsequent season, two cases (18%) resulted in bronchiolitis and only one (9%)
required HFENC support. No patients in either season required support with CPAP.

Table 1. Virological data for urgent hospitalizations.

2021/22 2022/23
Number of PED visits 13.706 17.012
Number of urgent hospitalizations 110 226
N=97* N =188*
RSV =27 (28%) RSV =57 (30%)
Influenza = 3 (3%) Influenza = 48 (25%)
SARS-CoV-2 =22 (23%) SARS-CoV-2 =10 (5%)
Number of urgent hospitalizations with Others: Others:
positive NP swab e Rhinovirus = 38 (39%) e  Rhinovirus =75 (40%)
e  Parainfluenza virus = 3 (3%) e  Parainfluenza virus = 7 (4%)
e  Adenovirus = 8 (8%) e  Adenovirus = 14 (7%)
e  B.Pertussis=0
e RSV + rhinovirus = 15 (8%)
e RSV + rhinovirus = 5 (5%) e RSV +SARS-CoV-2 =1 (0.5%)
Coinfecti e RSV +SARS-CoV-2 =1 (1%) e RSV +influenza =4 (2%)
o-miections e RSV + other coronaviruses =2 (2%) o  SARS-CoV-2 + influenza =0
. SARS-CoV-2 + rhinovirus = 1 (1%) . Influenza + rhinovirus = 11 (6%)
. SARS-CoV-2 + rhinovirus = 0

List of abbreviations: pediatric emergency department = PED, nasopharyngeal = NP, respiratory syncytial
virus = RSV, severe acute respiratory syndrome coronavirus 2 = SARS-CoV-2. * The total number refers to the
number of positive tests; the sum of individual viruses is higher due to co-infections.

The few cases of coinfections did not allow a dedicated subgroup analysis. Neverthe-
less, we did not record a greater severity in those patients with coinfections.

Table 2 summarizes clinical data according to virus group, comparing the impact of
each virus on the urgent triage code and the need for respiratory support between the two
years. In our cohort, RSV was responsible for most of the urgent triage codes during the
autumn-winter seasons of 2021/2022 and 2022/2023: 14 (38%) and 30 (49%), respectively.
However, it must be highlighted that Rhinovirus was responsible for urgent triage codes
in 31 (84%) cases during the autumn-winter season 2021/2022. It represents the cause of
67% of bronchiolitis during both 2021 and 2022 and was associated with greater need for
respiratory support, mostly HFNC (7, 26%, during 2021 and 21, 37%, during 2022). No
statistical differences were found between the two groups.
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Table 2. Demographic characteristics of the population according to virological tests.

RSV Influenza SARS-CoV-2 Rhinoviruses
2021/2022
2021/2022  2022/2023 P 2021/2022  2022/2023 P 2021/2022  2022/2023 4 2022/2023
Age, years 29441
(mean, SD) 124+21 19+38 0.28 35+0.8 49+5 0.12 1.1+37 2+47 0.6 224134 0.61
Urgent triage o o } o o o 31 (84%)
code 14 (38%) 30 (49%) 0.44 12 (20%) N/A 3 (8%) 3 (5%) 0.18 11 (18%) 0.001
0 o o 0 4 (12%)
HFNC 7 (26%) 21 (37%) 0.18 - 5 (10%) N/A 1 (4%) - N/A 1(9%) 0.76
CPAP 5 (18%) 2 (3%) 0.98 - 0 N/A 0 - N/A 8 N/A
. o o o o 6 (19%)
Bronchiolitis 18 (67%) 37 (65%) 0.49 - 6 (12%) N/A 2 (9%) - N/A 2(18%) 0.94

Abbreviation list: HFNC = high flow nasal cannula, CPAP = continuous positive airway pressure,
RSV = respiratory syncytial virus, SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.

4. Discussion

Autumn and winter seasons 2022/2023 were the first seasons after the beginning
of the COVID-19 pandemic during which an Influenza virus epidemic along with RSV
and SARS-CoV-2 was observed in Europe [10]. This study highlighted the impact of this
epidemic on urgent hospitalizations in children as related to other common viral agents.

We observed a significant growth in hospital admissions (+25%) and a higher rate of
urgent hospitalizations (+51%) during autumn-winter 2022/23 compared to the previous
year, and one of the determining factors appeared to be the resurgence of Influenza. The
Influenza virus was responsible for many urgent hospitalizations with similar rates due
to other viral agents between 2021 and 2022. Moreover, we detected a higher prevalence
of hospitalizations and a more substantial impact of RSV bronchiolitis than SARS-CoV2
during autumn-winter 2022-2023. More specifically, our data aligned with other recent
studies, as RSV was responsible for a greater use of respiratory support (HNFC and CPAP)
in our setting compared to other viruses [11]. Whether this could suggest a more confident
use of HFNC and CPAP by pediatricians outside an intensive care setting rather than an
increase in severe forms of bronchiolitis is still a matter of debate. Our data support a
change in the management of RSV-bronchiolitis that seems to have gained a relatively
greater gravity if compared with the others respiratory infections, emerging as the primary
cause of urgent hospitalization and the need for respiratory support. As demonstrated
in previous studies, respiratory supports and HFNC increased significantly compared to
the pre-pandemic era, but the rate of intubation and the length of stay did not change,
suggesting a more aggressive treatment attitude rather than a more severe disease [12].

On the other hand, no subjects with SARS-CoV-2 positivity required respiratory aid
during the last season and only one patient required it during autumn-winter 2021-2022.
Our findings also aligned with previous data, showing that SARS-CoV-2 infection has a
respiratory involvement significantly milder in children than in adults [13,14]. Pediatric
data showed that SARS-CoV-2 only rarely causes symptoms suggestive of bronchiolitis [15].
Our data help to offer further insights into the natural history of SARS-CoV-2 in children
compared to other viral agents such as Influenza and RSV. In addition, this work confirmed
that respiratory support is only rarely needed in children admitted with SARS-CoV-2
infection, as already reported in previous pediatric works [15] and in extraordinary contrast
with adults [16].

Finally, our data, in line with previous studies, revealed a consistent prevalence of
Rhinovirus in both seasons, constituting approximately half of all viral detections. While
Rhinovirus frequently co-occurs with other respiratory viral infections, our findings indicate
that, despite an overall rise in its prevalence during the 2022/2023 season, the number
of hospitalizations solely attributable to this virus has decreased in comparison with the
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previous autumn-winter season. The underlying reasons for these findings remain unclear
and may be attributed to a combination of virological, environmental and behavioral factors,
including the stability of these non-enveloped viruses on surfaces and their prominent
transmission routes [17].

The resurgence of common viral infections was somewhat predictable, especially
after the relaxation of social distancing measures, mainly school closures and facial mask
wearing. On the other hand, the impact on urgent hospitalizations during the resurgence of
common epidemics such as Influenza virus and RSV was less predictable. Moreover, until
autumn 2022 no comparisons were possible between the Influenza virus and SARS-CoV-2.

This study has several limitations. Due to the study design, some cases may have been
missed or mislabeled. Moreover, our data referred to a PED of a single Institution, so the
generalizability is limited. According to the policy of our Institute, we did not perform the
nasopharyngeal swab for multi-viral tests on all the patients who arrived at the PED during
the study periods, but only on patients who needed urgent hospitalization. Therefore, we
cannot provide the distribution of viral infections among the general population accessing
the PED during the study periods. On the other hand, before the COVID-19 pandemic, the
execution of viral tests in our setting was extremely rare. Therefore, we could not provide
a measure of the impact of the Influenza virus and RSV on urgent hospitalizations in our
setting at that time. We reported data related to the first epidemic of the Influenza virus
after the pandemic, and the mean age of enrolled children was very young, so we can
presume that this was the first infection with this virus for most of the children in our
population, and this may have influenced the study results. No data on flu vaccination
in our population were available; considering the mean age of <5 years of the children in
our study, it is plausible to say that the majority of our patients were not vaccinated for
SARS-CoV-2, given that vaccination was not available for this age group. Furthermore, we
did not analyze the subgroup of patients with comorbidities, as these did not appear to
influence the final outcome or the need for respiratory support, which was necessary in
previously healthy infants with bronchiolitis.

Finally, this study was performed during the spread of the SARS-CoV-2 Delta (winter
season 2021) and Omicron (winter season 2022) genetic variants throughout Italy. The cases
positive for SARS-CoV-2 in this study were sustained by those variants, but no genetic data
were collected.

In conclusion, this study showed that after three years of the COVID-19 pandemic,
Influenza virus and RSV infections had a more significant impact on urgent hospitalizations
than SARS-CoV-2. According to other Italian centers, our data may provide support for
national vaccination strategies [18].

Since the beginning of the COVID-19 pandemic, remarkable scientific and public
health attention has been focused on SARS-CoV-2, sometimes at the expense of measures
to counteract other common viral infections in children.

Future studies are needed to maintain surveillance in the forthcoming winter season.
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Abstract: Respiratory syncytial virus (RSV) is a leading cause of acute lower respiratory infections
in young children worldwide. RSV-associated deaths in children are underreported in Bangladesh.
We analyzed hospital-based surveillance data on severe acute respiratory infections (SARIs) in
under-five children before (August 2009-February 2020) and during the COVID-19 pandemic (March
2020-March 2022). Using the World Health Organization definition, we identified SARI cases
in 14 tertiary-level hospitals. Nasopharyngeal and oropharyngeal swabs were collected for real-
time reverse-transcriptase—polymerase chain reaction (rRT-PCR) testing of six respiratory viruses,
including RSV. SARI deaths during the pandemic (2.6%, 66) were higher than pre-pandemic (1.8%,
159; p < 0.001). Nearly half of pandemic deaths (47%) had underlying respiratory viruses, similar to
the pre-pandemic rate (45%). RSV detection in deaths was consistent pre-pandemic (13%, 20/159)
and during the pandemic (12%, 8/66). Children aged < 6 months constituted 57% (16) of RSV-
related deaths. Evaluating interventions like maternal vaccination and infant monoclonal antibody
prophylaxis is crucial to address RSV, a major contributor to under-five SARI deaths.

Keywords: respiratory syncytial virus; RSV; COVID-19 pandemic; children; SARI death; Bangladesh

1. Introduction

Respiratory syncytial virus (RSV) is a major cause of respiratory tract infections
worldwide in infants and young children [1]. It is highly contagious and transmitted
through respiratory droplets and touch. RSV-infected individuals often exhibit symptoms
4-6 days after infection. The symptoms generally include sneezing, coughing, wheezing,
runny nose, increase in temperature, and decrease in appetite. Typically, these symptoms
do not appear together; rather, they appear gradually. Infected newborns and infants
may only symptomize diminished activity or lethargy, irritability, and breathing problems.
Nearly every child faces RSV exposure before their second birthday [2]. Although most of
the infected children are cured without any complications, some develop severe infections.
The most common complications include bronchiolitis or inflammation of the small airways
of the lungs, pneumonia, and eye and ear infections [2]

RSV poses a significant global health burden [3], predominantly in low- and middle-
income countries (LMICs) [4]. Globally, 1 in every 50 deaths among under-five children is
attributable to RSV, and in 2019 alone, there were around 3.6 million hospital admissions
and 26,300 in-hospital deaths globally in children under five years due to RSV [4]. LMICs
bear the brunt of the RSV burden, accounting for over 95% of RSV-acute lower respiratory
infections and over 97% of related mortality in all age groups globally [4].

Bangladesh, an LMIC, faces a significant RSV burden, with approximately 90% of
excess mortality during the RSV season attributed to RSV infections [5]. Hospitalization
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rates due to RSV are considerable, with RSV having the highest burden among both
hospitalized (34%) and non-hospitalized (39%) cases in children under the age of five [6].
The economic impact of RSV is also substantial, with families spending a median direct
cost of USD 62 and an indirect cost of USD 19 for hospitalization in 2010 [7]. The estimated
median direct cost of RSV-associated hospitalization in children under five years was
USD 10 million, with an indirect cost of USD 3.0 million in 2010, placing significant financial
strain on affected families and the healthcare system [7].

The COVID-19 pandemic brought about significant changes in the epidemiology of
RSV worldwide. Studies in developed countries reported delayed RSV peaks during the
pandemic following an absence during its typical season [8]. Reduced transmission of
RSV was observed due to non-pharmaceutical interventions, like lockdowns and school
closings [9]. Furthermore, changes in the age distribution of RSV infections have been
noted, with preschool-aged children being more affected than school-going children and
newborns [10]. However, the specific impact of the pandemic on RSV epidemiology in
LMICs, including Bangladesh, remains an important data gap that needs to be addressed.

Understanding the burden of RSV-associated under-five child deaths in Bangladesh,
both during and before the COVID-19 pandemic, is critical for designing context-specific
interventions and public health policies. Data on RSV-associated morbidity and mortality
may guide effective strategies to reduce RSV burden. This study aimed to address these
gaps and generate critical evidence on RSV-associated deaths among under-five children
with SARI in Bangladesh, ultimately contributing to improved public health responses and
better outcomes for the vulnerable under-five population.

2. Materials and Methods
2.1. Hospital-Based Surveillance Platform

We analyzed the data from the hospital-based influenza surveillance (HBIS) system to
characterize SARI deaths. As a part of the National Influenza Centres (NIC), the HBIS was
initiated in Bangladesh in 2007 in 12 tertiary care hospitals. The surveillance was conducted
in a maximum of 14 hospitals at different geographical locations across Bangladesh over dif-
ferent time points (Figure 1); the number of sites ranged from 7 to 14 depending on various
years. Since 2018, it has been operational in nine tertiary-care-level hospitals (seven public
and two private) geographically distributed all over Bangladesh. The activities of the
surveillance system are carried out jointly by the International Centre for Diarrhoeal Dis-
ease Research, Bangladesh (icddrb) and the Institute of Epidemiology, Disease Control
and Research (IEDCR) of the Government of Bangladesh (GoB), with technical support
from the United States Centers for Disease Control and Prevention (US CDC). The inpatient
capacity of the surveillance hospitals ranges from 500 to 1500 beds, with a 100-150% bed
occupancy rate.

2.2. Study Population

For this study, we analyzed the data of participants enrolled from August 2009 to
March 2022 in HBIS. Despite the ongoing pandemic in 2020 and subsequent pandemic
control efforts, the surveillance remained active and continued its operations six days a
week (Saturday to Thursday) during working hours (8:30 a.m. to 5:00 p.m.) by collecting
data from the in-patient departments of the study hospitals. During the national holidays
and the weekends (Friday), data collection was paused. In our study, the pre-pandemic
period spanned from August 2009 to February 2020, and the pandemic period was consid-
ered from March 2020 to March 2022. Our study population contains all in-patient children
under 5 years old admitted to the surveillance facilities during these periods.

2.3. Case Identification

The surveillance physicians and support staff screened and identified the severe acute
respiratory infection (SARI) patients who met the WHO case definition of SARI, defined as
an acute respiratory infection with subjective or measured fever of >38 °C and a history
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of cough with onset within the last 10 days from in-patient departments of medicine and
pediatrics wards, coronary care units (CCUs), and specialized COVID-19 isolation wards
established during the COVID-19 pandemic.

@® Surveillance Site
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SL#  Surveillance sites (in the map) Sitewise study time period (in month and year)
1 | Dhaka National Medical College Hospital January 2012 — September 2017
2 | Community Based Medical College Hospital Tannary 2012 — September 2017
3| Jahurul Islam Medical College Hospital January 2012 - December 2019
4 Rajshahi Medical College Hospital Tanuary 2012 - December 2019
5 Shabeed Ziaur Rahman Medical College Hospital | January 2012 — September 2017
6 | LAMB Hospital Tanuary 2012 - April 2016
7 Bangabandin Memorial Hospital January 2012 - April 2016
s Cumilla Medical College Hospital January 2012 — September 2017 & January 2018 — December 2019
9 | Khulna Medical College Hospital January 2012 - December 2019 1
10 | Jashore 250 bed General Hospital Tanuary 2012 — September 2017 & Dezember 2018 ~ December 2019
11 | Talalabad Ragib-Rabeya Medical College Hospital | Tanuary 2012 — December 2019
12 | Sherc-Bangla Medical College Hospital January 2012 - December 2019
13 | Chattogram Medical College Hospital April 2014 - December 2019
14| M Abdur Rahim Medical College Hospital April 2014 - December 2019

Figure 1. Location of the 14 surveillance hospitals of HBIS in Bangladesh.

2.4. Data Collection

After identification, written informed consent was obtained from the parents or care-
givers of the under-five children with SARI. The surveillance physicians then enrolled
and performed a physical examination of all the under-five children with SARI. This was
followed by the collection of data using a standardized surveillance form on a handheld
computer. Real-time data transfers to our central server allowed for the development of
algorithms that reported on primary missing variables and/or values in variables related
to data quality. The form included demographic, clinical, history of comorbid conditions
(e.g., diabetes, hypertension, cancer, asthma, chronic obstructive pulmonary disease, heart
diseases), and available diagnostic findings of the patients. At the time of discharge, the
outcome status (referral to another facility, partial recovery, full recovery, and in-hospital
death) of the participants was recorded. The data were checked for a second time by
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the data management team and matched with the staff to ensure the rectification of the
inaccuracies and to establish a robust system.

2.5. Sample Collection and Transportation

Maintaining all aseptic precautions, nasopharyngeal (NP) and oropharyngeal (OP)
swabs were collected from the SARI patients after written informed consent from their
parents or caregivers to participate in our study. Swabs were put into individual cryovials
containing VIM and kept in a cool box for up to 30 min with a temperature between 2 °C
and 8 °C. Both the NP swab and OP swab samples were labeled, packaged, stored in a
nitrogen dry shipper (—150 °C) on site, and then transported to the virology laboratory of
icddr,b, Dhaka, every week.

2.6. Laboratory Analysis

We tested all the in-hospital death cases for common respiratory viruses: RSV, ade-
noviruses, influenza, human metapneumovirus (HMPV), human parainfluenza viruses
(HPIV), and SARS-CoV-2 (from March 2020); these were checked using real-time reverse-
transcriptase—polymerase chain reaction (rRT-PCR). At icddrb virology laboratory, InviMag
Virus DNA /RNA Mini Kit (Invitek, STRATEC Molecular, Berlin, Germany) was used on
the Kingfisher Flex 96 (Thermo Fisher Scientific, Waltham, MA, USA), an automated nu-
cleic acid extraction tool to extract the viral nucleic acid from pooled NP and OP swab
samples [11]. US-CDC provided us with the primers and probes. The primers and probes
of the rRT-PCR assay were designed to detect the conserved regions of matrix genes. These
are detected from the GenBank alignment sequences. The primers and probes used for
detection of the the viruses of interest via rRT-PCR assay are given in the table below
(Table 1) [12,13]. Specimen total nucleic acid (TNA) extract (5 pL), forward primer (0.5 M),
reverse primer (0.25 uM), and probe (0.05 uM) were used to prepare the reaction mixture. It
was then amplified using an iCycler iQTM Real-Time Detection System (Bio-Rad, Hercules,
CA, USA). Three cycling conditions were used: 1 10 min cycle at 48 °C, 1 5 min cycle at
95 °C, and then 45 cycles of 15 s at 95 °C followed by 1 min at 55 °C [14].

Table 1. Primers and probes used in this study for real-time reverse-transcriptase-polymerase chain
reaction (rRT-PCR) assays.

Assay Primer/Probe Sequence (5'-3')
F, GGC AAA TAT GGA AAC ATA CGT GAA
RSV R, TCT TTT TCT AGG ACA TTG TAY TGA ACA G

P, CTG TGT ATG TGG AGC CTT CGT GAA GCT

F, GAC CRA TCC TGT CAC CTC TGA C
Influenza A R, AGG GCA TTY TGG ACA AAK CGT CTA
P, TGC AGT CCT CGC TCA CTG GGC ACG

F, TCC TCA ACT CAC TCT TCG AGC G
Influenza B R, CGG TGC TCT TGA CCA AAT TGG
P, CCA ATT CGA GCA GCT GAA ACT GCG GTG

F, GACCCCAAAATCAGCGAAAT
SARS-CoV-2 R, TCTGGTTACTGCCAGTTGAATCTG
P, ACCCCGCATTACGTTTGGTGGACC

F, CAA GTG TGA CAT TGC TGA YCT RAA 2
HMPV R, ACT GCC GCA CAA CATTTA GRA A
P, TGG CYG TYA GCT TCA GTC AAT TCA ACA GA

F, GCC CCA GTG GTC TTA CAT GCA CAT C2
Adenovirus R, GCC ACG GTG GGG TTT CTA AACTT
P, TGC ACC AGA CCC GGG CTC AGG TAC TCC GA

F, AGT TGT CAA TGT CTT AAT TCG TAT CAA T 2
HPIV R, TCG GCA CCT AAG TAA TTT TGA GTT
P, ATA GGC CAA AGA “T"TG TTG TCG AGA CTA TTC CAA
F, forward primer; R, reverse primer; P, probe; (P) = dP-CE (pyrimidine derivative); (A) = LNA-dA, (T) = LNA-dT
(Locked Nucleic Acid (LNA) primers).
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2.7. Data Analysis

We calculated descriptive statistics for all variables. Continuous variables were sum-
marized using median and interquartile range (IQR) based on the distribution of the
variables. We provided frequencies and proportions for categorical variables. We also
used Chi-square and Fisher’s exact tests to compare the contribution of RSV in SARI mor-
tality among under-5 children before and during the pandemic, where we considered a
p-value < 0.05 statistically significant. We conducted the statistical analyses using Stata
version 15, College Station, TX 77845, USA.

3. Results
3.1. Demographics of Study Participants

We enrolled 8923 under-5-year-old children with SARI during the pre-COVID-19
pandemic phase (August 2009-February 2020). The median age was 6 months (IQR:
2.5-12), and 67% were male (5956). During the pandemic period (March 2020-March
2022), 2570 children < 5 years were enrolled. The median age was found to be 6 months
(IQR: 3-14): 65% males (1680). Almost 90% of the patients were younger than two years
throughout the whole study period (Table 2).

Table 2. Demographic, clinical and epidemiological characteristics of under-five children with severe
acute respiratory infections (SARIs) before the COVID-19 pandemic (August 2009-February 2020)
and during the COVID-19 pandemic (March 2020-March 2022) in Bangladesh.

SARI Patients Enrolled
. Total SARI Before During
Characteristics Patients Pandemic Pandemic Value
N =11,493 N = 8923 N = 2570 P
n (%) n (%) n (%)
Demographic characteristics
Age
<2 Year 10,238 (89) 7980 (89.4) 2258 (88) 0.059
2-5 Years 1255 (11) 943 (10.6) 312 (12) <0.001
Median age (IQR), years 0.5 (0.2-1) 0.5 (0.2-1) 0.6 (0.2-1.2) <0.001
Sex (Male) 7637 (66.4) 5957 (66.8) 1680 (65.4) 0.188
Clinical Characteristics
Runny nose 6925 (60.3) 5076 (57) 1849 (72) <0.001
Difficulty of breathing 9959 (86.7) 7769 (87) 2190 (85) 0.014
Sore throat 51 (0.4) 51 (0.6) 0(0) -
Chest indrawing 8760 (76.2) 7126 (80) 1634 (63.6) <0.001
Unable to drink 2835 (24.7) 2080 (23.3) 755 (29.4) <0.001
Vomiting 1571 (13.7) 1446 (16.2) 125 (5) <0.001
Lethargy 668 (5.8) 628 (7) 40 (1.6) <0.001
Diarrhea 227 (2) 181 (2) 46 (1.8) 0.443
Duration of symptoms prior to
admission in days; Median (IQR) 2(1-3) 2(1-3) 2(1-3) 0.036
Length of hospital stay in days; g g g
Median (IQR) 4 (3-6) 4 (3-6) 4 (2-6) <0.001
Co-morbid condition
>1 co-morbid condition
(Self-reported) 11,406 (99.2) 8855 (99.2) 2551 (99.3) 0.907
Treatment received
Antibiotic 7804 (91) 5398 (90) 2406 (93.6) <0.001
Oseltamivir 0 (0) 0 (0) 0(0) -
Oxygen 3458 (41) 2232 (37.7) 1226 (47.7) <0.001
Mechanical ventilation 4 (0.05) 4 (0.07) 0 (0) -
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Table 2. Cont.

SARI Patients Enrolled

. Total SARI Before During
Characteristics Patients Pandemic Pandemic Value
N =11,493 N = 8923 N = 2570 P
1n (%) n (%) n (%)
ICU support (after admission in }
general ward) 201 801 1(04)
Laboratory Results
RSV * 658 (29) 638 (29) 20 (17) 0.242
Influenza virus 898 (7.8) 698 (7.8) 200 (7.8) 1
SARS-CoV-2 * 6(0.23) 0(0) 6 (0.23) -
HMPV 168 (7.3) 164 (7.5) 4(34) 0.757
Adenovirus * 155 (6.7) 141 (6.4) 14 (12) 0.43
HPIV * 159 (6.9) 147 (6.7) 11 (94) 0.733
- . . .

Cp detection with >2 respiratory 150 (1.3) 136 (1.5) 14 (0.5) 0762
viruses
Clinical outcome; Death 225 (2) 159 (1.8) 66 (2.6) <0.001

* A total of 2307 samples were tested for RSV, HMPV, Adenovirus and HPIV. * A total of 2563 samples collected
during March 2020-March 2022 were tested for SARS-CoV-2.

3.2. Clinical Features of Study Participants

During both of the periods, the most common respiratory symptoms the patients re-
ported were breathing difficulty (87%) and chest indrawing (76%). Other common clinical
symptoms included runny nose and inability to drink. The parents or the caregivers re-
ported to the hospital within an average of 2 days (IQR: 1-3 days) of the onset of symptoms.
Almost all patients were discharged within 4 days (IQR: 3-6 days) of admission unless they
were referred to a different facility or died.

3.3. Clinical Care of Study Participants

Over 90% of the children received antibiotics. None received any antiviral drugs.
The necessity of supplementary oxygen increased more during the pandemic than in the
pre-pandemic period. A total of nine patients required ICU support, and only one of them
was from the pandemic period (Table 2).

3.4. Contribution of RSV in SARI Mortality Pre- and during Pandemic

We found that compared to the pre-pandemic period, the proportion of SARI deaths
at the time of the pandemic was higher [((1.8%, 159) vs. 2.6%, 66); p < 0.001]. During the
pre-pandemic period, 45% (71/159) of the death cases revealed respiratory viruses, whereas
it was 47% (31/66) during the pandemic (Figure 2). Of 159 pre-pandemic deaths, RSV was
predominantly detected (13%, 20). The other findings included adenovirus (8%, 12), HPIV
(9%, 14), HMPV (6%, 10), and influenza (4%, 6). Further, nine (6%) death cases detected
viral co-detections, including three (2%) co-detections with RSV. During the pandemic
period, RSV (12%, 8) as well as adenovirus (12%, 8) comprised the largest proportions
of the 66 pandemic deaths. The other detected viruses were SARS-CoV-2 (6%, 4), HPIV
(6%, 4), influenza (3%, 2), and HMPV (1%, 2). We also detected co-detection with RSV and
adenovirus (3%, 2) and with HPIV and adenovirus (3%, 2) (Figure 3).
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Figure 2. Proportion of deaths among the SARI patients aged < 5 years before and during the pandemic.
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Figure 3. Respiratory viral pathogens detected among SARI death cases (aged < 5 years) during the
pre-pandemic and pandemic periods.

3.5. Characteristics of RSV-Associated SARI Deaths among under-Five Children before and during
the COVID-19 Pandemic

Before the onset of the COVID-19 pandemic, there were 20 recorded deaths in children
under the age of 5 years attributed to severe acute respiratory syndrome associated with RSV.
The median age of these cases was 3.5 months (IQR: 2.3-6 months), and 65% of the cases were
male (13/20). Of these cases, 85% (17/20) were children aged < 1 year and 65% (13/20) were
aged < 6 months. Co-morbid conditions were present in 10% of the cases (2/20).

During the COVID-19 pandemic, there were eight deaths in under-5-year-old chil-
dren associated with RSV-SARI. The median age for these cases was 7.5 months (IQR:
2.5-13.5 months), and 25% were male (2/8). Among these cases, 75% (6/8) were children
under 1 year of age, 38% (3/8) were under 6 months of age, and 13% (1/8) had at least one
co-morbid condition.

RSV was solely detected in 57% (16) of the <6 months old, in 25% (7) of the 6-12 months
old, in 11% (3) 1-2 years old, and 7% (2) of the 3-5 year olds among all the death cases. All
cases exhibited a history of breathing difficulty.

4. Discussion

Our study showed that in both the pre-pandemic and pandemic periods, RSV was
the major contributor to deaths among young children with SARI. Notably, we observed
that nearly half of all SARI-related deaths in under-5-year-old children were associated
with various respiratory viral pathogens, with RSV consistently responsible for a sub-
stantial proportion of these cases, exhibiting minimal variation between the two periods
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(pre-pandemic: 13%; during pandemic: 12%). These findings underscore the urgency of
implementing measures to prevent these vaccine-preventable deaths.

The burden and impact of RSV infections among under-five children have not been
well studied in Bangladesh. Our study, as far as we are aware, represents the first of its kind
in Bangladesh, concentrating exclusively on mortality among children under the age of
five linked to RSV. One of the main causative agents behind Bronchiolitis is RSV. According
to the WHO estimates, RSV is responsible for about 60% of pediatric acute respiratory
infections worldwide. Moreover, during the height of the viral season each year, RSV
causes about 80% of lower respiratory tract infections (LRTIs) in infants under the age of
one [15]. Pneumonia, another severe LRTI complication of RSV, may occur with or without
bacterial co-detection. Around 40% of those who were admitted into the pediatric intensive
care unit (PICU) due to severe RSV bronchiolitis were co-infected with respiratory bacteria
and had a higher risk for bacterial pneumonia [16]. A prior study conducted in Bangladesh
revealed a surge in unclassified pneumonia-related deaths (64%) in children < 2 years
during the peak seasons of bronchiolitis [17].

Estimating RSV-related mortality in Bangladesh has proven challenging, primarily
due to the absence of comprehensive, long-term systematic surveillance [18]. Our ongoing
surveillance platform, the HBIS, has been consistently monitoring data, both before and after
the onset of the COVID-19 pandemic. This platform enables us to systematically analyze
deaths attributed to RSV and all respiratory viruses in a comprehensive manner. The findings
from our study underscore the necessity for continued surveillance and further research
to investigate the underlying factors associated with RSV-related mortality and to identify
effective strategies for preventing childhood RSV infections and deaths in Bangladesh.

This study reveals a slight decrease in the total number of RSV-associated deaths
among children under five years old with SARI during the COVID-19 pandemic. Previously,
RSV-related deaths accounted for 20 out of 159 (13%) of all deaths, but during the pandemic,
this figure slightly decreased to 8 out of 66 (12%). It is worth noting that the total number
of SARI patients in children under five also decreased during this period. This trend of
reduced RSV-associated morbidity and mortality during the pandemic has been observed
in several other countries, including China [19], Austria [20], France [21], Brazil [22], and
globally [23-25].

Apart from the concept of viral interference, the non-pharmacological interventions
(NPIs) enacted during the COVID-19 pandemic, such as the use of face masks, frequent
handwashing, social distancing, and lockdowns, may have played a role in the lower
circulation of RSV. Washing hands frequently, putting on masks, and practicing respiratory
hygiene habits helped to stop the spread of RSV along with COVID-19. These practices
limited the circulation of virus-containing respiratory droplets. Curbing large gatherings
and physical distancing also limited viral transmission. In addition to helping to avoid
COVID-19, this action reduced the community spread of RSV [26].

When compared to the pre-pandemic period, our research indicates a shift in the
median age of RSV-related deaths among children under five, increasing from 3.5 months
(IQR 2.3-6) to 7.5 months (IQR 2.5-13.5) during the pandemic. The proportion of deaths due
to RSV among children aged under six months decreased from 65% before the pandemic
to 38% during the pandemic. This suggests that a higher percentage of older children,
primarily over 6 months old, were succumbing to RSV infections during the pandemic
compared to the pre-pandemic period. A study in France also reported a similar increase
in the median age of RSV admissions among children [27]. An Australian study found
that the median age of RSV-associated hospitalization in children significantly rose from
12.5 months in 2019 to 18.4 months after the COVID-19 pandemic NPIs were relaxed [28].
Various studies worldwide have reported that the decline in or near absence of RSV cases
was followed by a delayed seasonal resurgence, accompanied by an increase in the median
age of infection and death. We attribute this phenomenon to a significant cohort of older
children who remained immunologically vulnerable due to the NPIs during the COVID-19
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pandemic, and later, when these measures were relaxed, they came into contact with the
virus [19,29-31].

To combat emerging RSV epidemics, it is necessary to promote personal hygiene
practices and social distancing for sick individuals. It is neither practical nor feasible to
maintain year-round generalized social distancing and lockdowns. But season, context,
population-specific (e.g., kindergarten, elementary schools, etc.) mask mandates, temporary
restrictions on large gatherings, and distancing should be taken into consideration as proven
methods to curb the burden of RSV as well as all respiratory viral infections during future
potential outbreaks.

Among other preventive measures, infant monoclonal antibody prophylaxis and RSV
vaccination for mothers are noteworthy. Immunizing the pregnant mother during the
second or third trimester of the pregnancy will boost the serum-neutralizing antibody
response, the serum of which will eventually transfer to the fetus from the mother via the
placenta during the prenatal period and via breastmilk during the postnatal period [32,33].
These maternal antibodies effectively produce immunity against RSV in RSV-naive new-
borns and infants. The monoclonal antibodies provide pre-RSV exposure or prophylactic
and passive immunization to infants, especially preterm or full-term at-risk babies from
severe lower respiratory tract infection at the early stage of their lives [34]. These two
options should also be evaluated to combat these RSV-associated premature deaths.

We observed that the presence of co-morbid conditions was 10% (2/20) before the
pandemic and 13% (1/8) during the pandemic. Notably, a history of breathing difficulty
was a common feature among children under five upon hospitalization. Due to the limited
number of deaths, conducting a risk factor analysis was not feasible. However, future work
should consider such analysis using a larger cohort and develop risk detection or prediction
models to predict unfavorable outcomes. In resource-constrained settings like ours, the
creation and utilization of clinical prediction tools can facilitate early disease severity
detection, aid in diagnosis and prognosis, and offer clinical decision support [35,36].

Our study has several limitations. Firstly, we only tested SARI death cases. To
gain a better understanding of the seasonality of RSV and the impact of COVID-19 on
the seasonality and circulation of RSV, we need continuous year-round geographically
representative surveillance. Secondly, we only used data from our hospital-based SARI
surveillance and likely missed RSV cases that are non-SARI or non-medically attended
due to healthcare-seeking behavior, where only 34% of the population receives healthcare
from trained medical personnel [37]. We were also unable to conduct a risk factor analysis
due to the low number of deaths captured through the hospital-based SARI surveillance
system. Community-based surveillance can provide a more accurate insight into the RSV
circulation and burden in Bangladesh.

5. Conclusions

RSV imposes a significant burden among under-five children, particularly in LMICs.
Despite being a leading cause of under-five mortality in Bangladesh, the RSV burden has
not been well studied. Our study has shown that both before and during the pandemic
periods, RSV was a significant factor, leading to mortality in under-five children with SARI
in Bangladesh. Despite some changes in RSV circulation due to the COVID-19 pandemic, it
is expected that RSV circulation will re-emerge and cause local outbreaks in the near future.
An increase in the median age of RSV-infected children indicated naturally unimmunized
older children became vulnerable with the relaxation of NPIs.

Hospital- and community-based systematic surveillance is important to monitor RSV
circulation and characterize RSV seasonality. National health authorities should promote
personal respiratory hygiene. Season-, context-, and population-specific mask mandates
and temporary social distancing should be implemented to minimize the community
spread of RSV during potential seasonal outbreaks. In addition to that, other evidence-
based measures, such as monoclonal antibody prophylaxis for infants and RSV vaccination
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for mothers, should be evaluated. These preventive interventions may help us combat
RSV-associated unexpected premature deaths in the future.
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