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ABSTRACT

Epidemiology of viral respiratory infections
with focus on in-hospital influenza transmission

MARTINA SANSONE

Department of Infectious Diseases
Institute of Biomedicine
Sahlgrenska Academy, University of Gothenburg, Sweden 2020

Human Rhinovirus (HRV) and influenza virus
are respiratory pathogens which represent a ma-
jor global disease burden. Healthcare-associated
infections (HCAIs) are increasingly recognized
as a public health concern, but limited data has
been published on the characteristics and epide-
miology of HCAI caused by respiratory virus-
es. The aim of this thesis was to investigate the
molecular epidemiology of HRV and influenza
virus with special focus on in-hospital influenza
transmission. In paper [, 114 stored respiratory
samples positive for HRV, collected over a four-
year period, were sequenced and compared with
HRV sequences identified in other parts of the
world. In paper Il a nosocomial outbreak involv-
ing 20 cases with influenza B virus infection were
retrospectively investigated by combining clinical
and epidemiological data with molecular methods.
In paper IlI, the characteristics of 435 hospital-
ized adult patients with influenza A virus infec-
tion throughout an entire year were described,
whereof 114/435 (26%) were classified as HCAIL
Suspected in-ward transmission was investigated
by combining epidemiological investigations and

whole-genome-sequencing. In paper 1V, a system

dynamic model for healthcare-associated influenza
was developed and used in order to identify factors
promoting transmission as well as effective con-
trol interventions. Conclusions: HRV infections
are represented by many subtypes. HRV epidemics
are highly globalised, and subtypes may circulate
locally for extended time periods. Influenza B may
spread rapidly within an acute-care hospital, and
molecular methods can be used for outbreak anal-
ysis. In-ward transmission of influenza A occurs
frequently, and healthcare-associated influenza
may have a severe outcome. System dynamic mod-
elling may be a valuable tool to illustrate in-hos-
pital transmission of influenza. Antiviral prophy-
laxis seemed in our model to be the most effective

control measure.

Keywords: influenza, rhinovirus, infection
control, hospital outbreak, nosocomial,
phylogeny, polymerase chain reaction,

viral transmission, whole-genome sequencing,

system dynamics.
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SAMMANFATTNING PA SVENSKA

Denna avhandling syftar till att férdjupa kunskap-
en om hur smittspridning av vanliga luftvigsvirus

sker, framfor allt i sjukhusmiljo.

I delarbete | jamfordes retrospektivt fynd av hu-
mant rhinovirus (HRV) i 114 luftvigsprov tag-
na mellan 2006 - 2010 i Géteborgsregionen med
rapporterade fynd av HRV fran 6vriga delen av
virlden. Vi fann en stor variabilitet av subtyper
och ett globalt spridningsménster som kan vara en
delférklaring till varfér HRV i4r ett sa framgangs-
rikt virus. I delarbete 11 kartlades ett sjukhusut-
brott av influensa B, dir en koppling i tid och
rum mellan 20 patienter kompletterades med
helgenomsekvensering och fylogenetisk analys av
virussekvenser. Sjukhusspridning pavisades gen-
om detaljerad granskning av nukleotidvarianter
i kombination med tidpunkt fér symtomdebut
och epidemiologisk koppling mellan patienter.
Vi fann betydande stéd for spridning av influen-
sa dven mellan patienter som inte delat rum med
varandra. I delarbete Ill genomférdes en retros-
pektiv journalgenomgang av samtliga vuxna pa-
tienter som vardats inneliggande pa Sahlgrenska
Universitetssjukhuset under sisongen 2016/17
med laboratorieverifierad influensa A. Vi fann att
114/435 (26%) av patienterna uppfyllde kriteri-

er for vardrelaterad influensa och att dessa hade

en hog dodlighet inom 30 dagar. Genom slikts-
kapsanalys undersokte vi fall provtagna inom 7
dagar fran samma vardavdelning och fann da 8
kluster med >3 fall och 10 par av influensasekvens-
er med ndra sliktskap talande for att smitta pa
sjukhusavdelningar ir vanligt forekommande. I
delarbete 1V beskrivs en systemdynamisk modell
for smittspridning av influensavirus pa ett typ-
sjukhus skapat utifran patientfléden, patientfak-
torer och virusfaktorer. Modellen anvindes for att
simulera olika scenarier och studera relativ effekt
av olika forebyggande atgirder for spridning av
influensa inom sjukhuset. Av paverkbara faktorer
visade sig profylax till samvardade patienter och
véard pa enkelrum enligt var modell vara de mest
effektiva dtgirderna for att minska antalet vardre-

laterade influensafall.

Sammanfattningsvis har denna avhandling okat
kunskapen om spridningsménster fér rhinovirus,
visat hur smittspridning av influensa A och B kan
ske i sjukhusmiljé och hur nya molekyldrbiologis-
ka tekniker kan anvindas for att klargéra smit-
tvigar och detaljstudera utbrott. Systemdynamisk
modellering kan anvindas for att illustrera och
analysera komplexa system och jimf6ra effekter av
preventiva atgirder vars effekter ir svara att testa

i praktiken.
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ABBREVIATIONS

ARTI/ARI/RTI Acute respiratory tract infection/acute respiratory infection/respiratory tract infection
CcDC U.S Centers for Disease Control and Prevention
Ct Cycle threshold

HA Hemagglutinin

HCAI Healthcare-associated infection

HCW Healthcare worker

HRV Human rhinovirus

HRV-A Human rhinovirus type A

HRV-B Human rhinovirus type B

HRV-C Human rhinovirus type C

ILI Influenza-like iliness

InfA Influenza type A

InfB Influenza type B

LOS Length-of-stay

NA Neuraminidase

NPS Nasopharyngeal sample

PCR Polymerase chain reaction

SD System Dynamics

SNV Single nucleotide variant

VP1/VP2 Viral protein 1/Viral protein 2

WGS Whole-genome sequencing






DEFINITIONS IN SHORT

Outbreak

Charlson score

Aerosol transmission

Attack rate

Index case

Primary case

Epidemic curve

Occurrence of more cases of a disease than would normally be expected in a
specific place or group of people over a given period.

A comorbidity index which predicts the one-year mortality for a patient who may
have a range of a total of 22 comorbid conditions. Each condition is assigned a
score depending on the risk of dying associated with each one.

Transmission by air including small particles (< 5-10um) possible to inhale.

The proportion of those becoming ill after a specific exposure.

The first case noted in an outbreak.

The first case that brings a disease into a group of people.

A graph showing the frequency of new cases of infectious diseases over time.
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1INTRODUCTION

Infectious diseases constituted the most serious
global health issue until the beginning of the
20th century. In the history of humanity, epi-
demic spread of diseases like the plague, Span-
ish flu, or Ebola has posed significant threats to
populations, in terms of both direct and indirect

effects.

The role of infectious diseases may have been un-
derestimated in the evolutionary course of human
civilization, and has been considered equally im-
portant as economic and military determinants !,

Pandemics are unpredictable and cause not only

Figure 1: Hippocrates, Ignaz Semmelweiss and John Snow

|
figet

human causalities but also widespread insecurity
and fear. This is being illustrated today, while the
world currently gathers its forces in order to battle
the pandemic spread of the newly discovered virus

SARS-CoV-2.

One of the earliest reports of a highly contagious
disease comes from Hippocrates, who described an
influenza-like illness from northern Greece (ca.
410 B.C). The idea that some diseases are trans-
mitted between people was developed long before
the existence of microbes had been scientifically

proved and formed a basis of practical infection

Image source: https://commons.wikimedia.org/ Creative Commons Attribution (CC BY 2.0) license

1.1 Hippocrates by J.G de Lint Atlas van de geschiedenis der geneeskunde

1.2 Semmelweiss portrait by Agost Canzi Henry E. (1965) GroBe Arzte

1.3 John Snow portrait by Thomas Johnes Barker



control. The word still used for quarantine orig-
inates from the Italian quaranta giorni, due to the
40-day isolation of ships and people practiced as a
preventive measure to avoid spread of the plague

in the 14th century.

Dr John Snow is considered the father of mod-
ern epidemiology, tracing a cholera outbreak to a
source of contaminated water before the discovery
of the infectious agent Vibrio Cholerae. The pre-
vailing hypothesis at the time were transmission
by foul air (often mentioned as "miasma”), a topic
which interestingly have regained attention with
recent reports of suspected transmission of com-

mon gastrointestinal virus by air 23,

The father of infection control, Ignaz Semmel-
weiss, discovered that handwashing prevented
the transmission of child-bed fever. Physicians
however resisted his findings for several reasons.
‘Washing hands before treating patients would be
a too cumbersome procedure, involve rebuilding
of hospitals and making sinks and running water
available. '4]. Unfortunately, he was dismissed
from his work at the hospital, and died at an insane

asylum at the age of 47.

Physicians and public health specialists do not
usually draw much attention from the historical
record of disease control efforts. Evidence-based
practices and models in the modern world instead
use data removed from social contexts and expect

them to be universally applicable .

In this thesis, the transmission patterns of HRV
and influenza virus, with special focus on the
hospital environment, will be discussed. Classic
epidemiology will be integrated with new meth-
ods in molecular biology and computational tech-

niques.

18

11 BACKGROUND

Respiratory tract infections (RTIs) represent the
most frequent infections in humans. Adults are af-
fected by colds approximately 2-3 times per year
(6] and children up to 12 times/year ). Symptoms
range from mild to severe, depending on factors
related both to the virus itself and the host. RTIs
are commonly divided into upper and lower infec-
tions. During the infection period however, dif-
ferent parts of the respiratory tract can be simul-
taneously or consecutively affected. Viral etiology
is common, and a multitude of diverse viruses may
cause disease. In most cases nothing but symptom-
atic treatment can be offered and finding a remedy
for the “common cold” has been a challenge for sci-
entists over decades. The majority of upper RTIs is
caused by viruses, with a similar incidence in both

low/middle and high-income countries ®'.

For community-acquired pneumonia by bacterial
etiology, differences in incidence rates are instead
highly dependent on the country income level.
Lower RTIs are the leading causes of respiratory
deaths in children throughout the world and may
also be caused by viruses. To underline the impor-
tance of transmission, approximately one third of
all deaths from respiratory causes are due to com-
municable respiratory diseases *). However, given
that respiratory viruses belong to different genera
and families, have different physical properties
and different viral characteristics, it is unwise and
inaccurate to assume that any conclusions about

one virus easily can be applied to another .

Even in non-epidemic situations, viral RTIs re-
main a major global health issue. In spite (or per-
haps because) of the high prevalence, the burden
of disease for viral RTIs does not gain much public
attention. Human rhinovirus (HRV) and influenza

virus are the two respiratory viruses with greatest



impact on the human population. Globally, HRV
is the cause of >50% of common colds "°! and al-
though HRV-related costs are likely to exceed 60
billion dollars/year, the search for a cure is still on-
going ", Though not typically considered a viru-
lent pathogen, HRV also has a high potential for
asthma exacerbations in children '3 and wors-

ening of chronic respiratory conditions %,

While the success of rhinoviruses is characterized
by diversity and ability to circulate all year around,
the main weapon used by influenza viruses is their
unique antigenic variability. This allows influen-
za virus to escape the immune system and cause
seasonal epidemics, which every year is estimated
to affect 5-10% of the world’s population '**), Con-

trary to rhinovirus, both vaccine and treatment

options are available, although sometimes with

limited effectivity.

Healthcare-associated infections (HCAIs) have
increasingly being recognized as a public health
concern. It has been estimated that in the Eu-
ropean Union (EU), every year more than 91
000 deaths are attributable to the most frequent
HCAIs "¢, The focus for prevention of HCAIs
has been on endogenous infections or infections
caused by bacteria resistant to antibiotics. Limit-
ed data are published on the characteristics and
epidemiology of HCAIs caused by respiratory
viruses. In the following sections, the epidemi-
ology of HRV and transmission patterns of in-
fluenza within the hospital environment will be

discussed in more detail.
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2 THE VIRUSES

2.1 HUMAN RHINOVIRUS

2.1.1 Basic virology

HRYV are a small (around 30nm in diameter), sin-
gle-stranded, non-enveloped RNA virus belong-
ing to the family Picornaviridae, (pico-rna-virus,
i.e.” very small-rna-virus”) and the genus Entero-
virus. HRV has a genome of approximately 7.200
nucleotides which are translated into 11 proteins.
Viral proteins (VP) 1-4 form the capsid, whereof
VP1-3 account for the antigenic diversity of the

virus (Figure 2).
Since the discovery in the 1950s, approximately
160 different subtypes have been identified and di-

vided into three main groups, HRV-A, HRV-B and
HRV-C. HRV-C uses a distinct cell-attachment

Figure 2: Genomic structure of HRV
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mechanism and does not grow in regular cell cul-
ture "), There is no evidence for HRV-C being a
newly emerged virus, instead the clade has proba-
bly been undetected previously. For HRV-C, type
classification relies solely upon molecular tech-

niques.

Differences in disease pathogenesis and virulence
between subtypes have frequently been proposed.
HRV-C, discovered as late as 2009, was initially
considered to cause a more severe disease 52,
However well-designed studies did show that the
clinical manifestations were similar between sub-
types 2221, To discriminate if mainly viral or host
factors account for disease severity among HRV

infections require further studies.
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Reprint with permission from Human Rhinoviruses, Jacobs et al, Clinical Microbiology Reviews, American Society for Microbiology Jan 7, 2013.
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2.1.2 Transmission

Transmission of HRVs occurs primarily by drop-
HRVs have

been shown to survive on skin for 2 h %/, and may

lets or via indirect/direct contact.

241 Because

survive in the environment for days !
HRVs lack a lipid envelope, they are resistant to
environmental perturbation as to many deter-
gents. Use of different sanitizers, such as alcohol
gels, have not been able to decrease the frequency
of colds in epidemiological studies .. The main
route of transmission has been considered to be by

self-inoculation 2

|, however whether transmis-
sion also may occur through aerosols are not well

understood.

Viral access for HRV to the respiratory tract is
mainly via the nasal mucosa. In most cases the cell
surface receptor ICAM-1 is used, but in some cas-
es by the low-density-lipoprotein (LDL)-receptor.
The infectious dose can depend on subtype and has
not yet been determined in detail. It is likely that
the infectious dose is lower than suggested by tis-
sue culture techniques ).

2.1.3 The disease

The incubation period is short, on average 2 days
12728 and duration of symptoms ranges between 7
- 14 days . Clinical presentation is generally mild,
and symptoms manifested in upper respiratory
HRYV infections are often explained by the lack of
cytotoxic effects on airway epithelial cells.

Even if not cytotoxic, HRV disrupts the cell barri-
er function. This facilitates for bacteria to transmi-
grate ), and may thereby pave the way for sinus-
itis, acute otitis media or other secondary bacterial
infections. Lower respiratory infections such as
bronchiolitis in children are a common clinical
manifestation of HRV. HRV infections in young
children have been identified as a non-dependent

risk factor for recurrent wheezing and asthma 1%,

22

In the adult population, influenza-like-illness (ILI)
may be caused by HRV in as many as 20% of cases
31, For immunocompromised hosts, HRV is asso-
ciated with increased morbidity 23¥, Asymptom-
atic viral shedding of HRV has been reported, and
HRVs are also a commonly detected co-pathogen
in mixed respiratory infections. Shedding times
of are relatively short (10 - 14 days) in otherwise
healthy individuals ®*. In contrast, viral shedding
up to 12 months has been reported in immuno-
compromised patients after transplantation 3%,
2.1.4 Epidemiology

The seasonal pattern of HRV differs from many
other viral respiratory infections, as HRV infec-
tions is common all-year-round. An annual peak
is noticed in early fall, possibly related to social
behavior correlated with students returning to
school and subsequent in-door crowding. Basic
reproductive number (RO) for rhinovirus is esti-

mated to be around 1,2-1,5 13738,

2.1.5 Immunology

Immunological responses to HRV infections in-
volve both the innate and the adaptive immune
system. IL-8 has been shown to be an important
factor for clinical outcome. After experimental
virus inoculation, IL-8 levels in nasal lavage peak
after 48-72 h and correlate with symptom severity
13?], Humoral immune responses are probably also
important but not well understood. Antibodies
(IgG as well as secretory IgA) are detected after
1-2 weeks of infection and may remain elevated
for years “. The main challenge for the human
immune system, and for future vaccine develop-
ers, is the high number of different serotypes with
incomplete cross-protective immunity “!. In or-
der to find an effective strategy to battle HRV, not
a single key needs to be found but a master key to

open hundreds of locks.



2.2 INFLUENZA VIRUS

2.2.1 Basic virology

Influenza viruses measures around 80-120 nm
in diameter and is a single-stranded RNA virus
belonging to the Orthomyxoviridae family. The
segmented genome consists of approximately 14
000 nucleotides within a lipid envelope which
translate into at least 17 proteins (Figure 3). In-
fluenza is divided into type A, B and C “2. While
influenza A (InfA) and B (InfB) are involved in
seasonal epidemics, type C (InfC) generally caus-
es a mild disease. Influenza A was first isolated

1933 and Influenza B in 1936.

Based on antigenic properties, InfA is further clas-
sified into subtypes where the surface glycopro-
teins hemagglutinin (HA) and neuraminidase (NA)
account for the differences. Sixteen different types
of HA (H1-H16) and 9 different types of NA are
described, which all may be combined to develop
new InfA subtypes. For InfB there are instead two
distinctly separate lineages circulating in humans,
Victoria (VIC) and Yamagata (YAM), classified
due to a divergence of 27 amino acids in the HA
gene ), Being an RNA virus with high mutation
rate (2.0 x 10-6 for InfA and 0.6 x 106 for Inf B
per site/cycle) “4 and without proofreading func-
tion during replication, influenza is regarded as an

unstable virus which constantly undergo changes.

Figure 3A: Genome organization and 3B: Virion structure for influenza A.
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nome_figl_304397258 [accessed 31 March 2020]
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2.2.2 Transmission

InfA is a zoonosis with birds as the natural host.
Only subtypes H1-H3 and N1-N2 have been in-
volved in transmission between human subjects.
Avian influenza occasionally spread from birds to
humans and may cause severe disease with high
mortality, but none of the various types of “bird
flu” have yet reached an epidemic stage although
suspected human-to-human transmission has

been reported 14541,

Differences in disease outcome and clinical picture
have been suggested to be related to level of expo-
sure and mode of transmission “*). Aerosolized
influenza viruses are infectious at a dose much
lower than by nasal instillation . Intranasally
administered influenza virus uncommonly causes
lower respiratory tract infections in experimental-
ly infected volunteers " Indirect contact is also
regarded as a relevant mode of transmission. Influ-
enza viruses may last at steel surfaces for up to 24

h, but rapidly decreases on hands by 15 min 5255,

Accumulated point mutations in the HA and NA
gene cause minor changes in surface antigens,
which combined with selective pressure result in
what is known as antigenic drift. This mechanism
occurs in all three types and is a key factor to suc-
cessively escape the immune system. Antigenic
shift on the contrary, is a sporadic event occur-
ring at irregular intervals and which only includes
InfA. It is based on a reassortment of genes and
results in a novel virus strain. It may transmit di-
rectly from birds to humans but more likely occurs
through an exchange of genes within an interme-
diate host simultaneously infected by both avian
and human influenza, such as pigs *°l. Antigenic
shift has a more dramatic impact on global health

and a potential of pandemic spread because of the

low prevalence of protective antibodies in the

24

population. Severity may not generally be greater,
but due to the large number of persons infected,

the total amount of severe infections will be high.

2.2.3 The disease

The clinical presentation of influenza is character-
ized by a sudden onset (in German illustratively
called ‘blitzkatarr’) of systemic reactions including
fever, chills, myalgia combined with symptoms of
RTI such as dry cough, nasal discharge and sore
throat (Figure 5). The incubation period is short,
24-48 h, with a median of 1.4 days for InfA and 0.6
days for InfB 7). Fever may rise as high as 40-41
°C in the first days of illness **) and typically lasts
around 3 - 8 days. The clinical symptoms of InfB
infections are generally similar to those of InfA ),
Historically, the diagnosis of influenza (or ILI) has
been based upon clinical presentation, not easily
distinguished from other RTIs. High fever may
affect the cardiovascular system and inflammato-
ry engagement of bronchioli can block the flow of
oxygen and gas exchange in the lungs. Infection of
alveolar epithelial cells appears to trigger acute re-

[60]

spiratory distress syndrome (ARDS)

Influenza infections are further are associated with
primary viral pneumonia, bronchiolitis and croup
(58,61, 621 Secondary bacterial pneumonia is a well-
known and potentially severe complication. In the
1918, 1957 and 2009 pandemics, a large propor-
tion of the fatalities was associated with bacterial
pneumonia > ¥, Influenza may also affect oth-
er organs and cause myocarditis, encephalitis as
well as exacerbations of underlying heart diseases
1651, Chow et al recently reported a high frequen-
cy (47%) of non-respiratory diagnoses in a large
study including almost 90 000 hospitalized adults
with laboratory confirmed influenza “*), In this re-
port, 5.1% had a non-respiratory diagnosis only, of

which sepsis was the most common.



It has been hypothesized that severity differs
across types and subtypes. Thompson et al found
the highest number of hospitalizations and influ-
enza-associated deaths during seasons in which
H3N2 was the dominant subtype, followed by
seasons dominated by InfB or HIN1 ). This was
later confirmed in other studies %) and also by
the Public Health Agency of Sweden "%\, Never-
theless, it has been difficult to identify strain-spe-
cific determinants of severity due to multiple con-
founders such as diversity in study populations,
settings and influenza case definitions " The
comparatively higher burden of disease associated
with H3N2 may be due to the greater susceptibil-
ity to this subtype in the elderly, as these repre-
sent the largest group at risk for severe influenza
(721, Patients hospitalized for influenza with acute
non-respiratory diagnoses have been reported to
have a significantly higher frequency of underly-
ing medical comorbidities compared with patients

with respiratory diagnoses.

Stratifying risks is important for strategic plan-
ning of influenza management. The influenza-at-
tributable mortality has been assessed with heter-
ogenous results in numerous studies as both host,
pathogen, setting and methodological factors need
to be considered 1. WHO estimated that influ-
enza is associated with 290000 to 650000 deaths
from respiratory causes alone 74. Increased risk
for severe influenza infections among adults with
specific chronic medical conditions were recent-
ly reported and compared with those without
such conditions. The largest risks occurred with
congestive heart failure, end-stage renal disease,
coronary artery disease and chronic obstructive

73] Hospitalization rates are

pulmonary disease
high among the ‘elderly elderly’. For adults aged
75-84 years and 285 years rates were reported to

be 1.4-3.0 and 2.2-6.4 times greater respectively,

than rates for adults aged 65-74 years "¢, In Swe-
den, the Public Health Agency reported a 30-day
mortality rate among confirmed cases between
2.9-5.6% season 2015-2019, whereof in season
2018/19, 86% were >65 years old 7).

2.2.4 Immunology

In order to enter the human cell, HA binds to
sialyloligosaccharide receptors at the surface of
the hosts cells, while NA enables release of viral
particles by enzymatic cleavage. as The adaptive
immune memory is highly strain specific, why
previous influenza exposure have an impact on
future susceptibility. The first influenza type a
child is exposed to has a profound effect on immu-
nity 781, This has been proposed as a reason why
the burden of mortality for the HIN1 pandemic
in 2009-10 was shifted towards patients younger
than 65years of age, since the elderly were more
likely to previously have encountered related sub-

types 1791,

2.2.5 Epidemiology

The impact of influenza can be described in terms
of transmissibility estimated by effective repro-
duction number (R1). The median R1 value for
the 2009 pandemic was 1.46 for the first wave and
1.48 for the second wave. The median R1 value for
seasonal influenza was 1.28 according to a system-

atic review by Biggerstaff et al in 2014 ],

The seasonal pattern of influenza is well known
but much less understood. There is a gap in how
studies combine immunology, mathematics, ep-
idemiology and virology to form a picture of flu
seasonality !/, In temperate climate, the epidemic
on-set is generally seen in December, and lasts for
approximately 6-12 (in median 10) weeks 2, In-
creased transmission during cold weather has been

related to both indoor crowding and facilitated
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(83-85] Epidemics are less pro-

spread in dry air
nounced in the tropics/subtropics, but the inci-
dence in these areas is higher during humid and

rainy conditions ¢,

Annual influenza epidemics typically affect 5-10%
of the adult population ", Influenza surveillance
aim to detect the start and duration as well as to
monitor trends during the influenza season. In
Sweden, the Public Health Agency publish weekly
reports and provide key data and analysis (Figure
4). Globally coordinated epidemiologic and viro-
logic surveillance are essential. For Europe ECDC
(European Center for Disease Control and Pre-
vention) report to WHO’s Global Influenza Sur-
veillance and Response System (GISRS).

Figure 4: Total number of laboratory-confirmed
cases of influenza per week and season.
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2.2.6 Prevention and treatment

The most effective method for controlling influ-
enza is undoubtedly vaccination %, WHO is re-
sponsible for recommendations regarding seasonal
composition **), which normally contain antigens
from InfA (H3N2 and H1N1) as well as either one
or two circulating InfB strains (tri or quadrivalent
vaccines). Evaluation of vaccines is made either
in aspect of efficacy or effectiveness. Whilst vac-
cine efficacy refers to randomized control studies
measuring specific reduction in rates of laboratory
confirmed infection, effectiveness is determined
by observational data. Well-matched vaccines usu-
ally report the effectiveness to be around 50-60%
in healthy adults .. Most countries recommend
vaccination for defined risk groups and healthcare
workers. Despite strong recommendations, im-
munization rates remain around 50% in Sweden
among elderly >65 years (well below the 75% goal
set by WHO) and coverage in other risk groups is

low, in Sweden estimated to be only ~2% !,
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Downloaded from Public Health Agency of Sweden (www.folkhalsomyndigheten.se).
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Antiviral treatment options for influenza are cur-
rently dominated by neuraminidase inhibitors,
where oseltamivir is the most extensively used
drug of choice. Nevertheless, data regarding effec-
tiveness of neuraminidase inhibitors are variable

and highly dependent on administration early in

the disease course, preferably within 48 hours of

onset %, Side-effects are generally mild (mainly
gastrointestinal such as nausea) and resistance is
uncommon **!, In randomized control trials, du-
ration of clinical symptoms was shortened by ap-
proximately 1 day by oseltamivir ¥, The use of
preventive treatment in infection control will be

further discussed in section 7.9.

Figure 5: Description of Influenza from Nordic Family book, 1910.

605 Inflammatorisk—Influensa

s

katarr, snufva, lungsicks- och bukhi tion | spridning, daterar sig

606
frin 1880-talets sista &r och

etc., fororsakas af bakterier {ofta jimte andra skad-
liga inflytanden). Bakteriearten blir d en ny indel-
ningsgrund, tuberkulds, tyfés inflammation o. s. v.
Vanligen benimnes en inflammation i ett visst organ
genom tilligg af #ndelsen -ztis till organmets veten-
skapliga namn, t. ex. appendicitis (af appendiz,
blindtarmens maskformiga bihang). — Sérskildt vid
de baktericlla inflammationerna instilla sig utom de
lokala rubbningarna ofta dfven allménna sjukdoms-
symtom, allmint illamiende, feber m. m., beroende
pé resorption af giftiga produkter frén lokalhirden;
i manga fall ofvergd dirvid afven lefvande bakterier
i lymfan och blodet, sprida sig i kroppen och gliva.
upphof till nya infla ti i andra kr
som kunna ligga lingt ifrin det forst angrlpna
stillet. En vid puerperalfeber stundom forekom-
mande inflammation i underhuden pd laren (fortledd
fran -konsdelarna) kallas. flegmasi (Phlegmasm
alba dolens). G. F—r

Inflammatorisk, som bestir i eller hinfor sig
till en inflammation (se d. o.).

Inflammeéra, upphetta, istadkomma inflammation

(se d. o0.).

Inflexibel (lat. inflexi’bilis), obojlig. — In-
flexibilitet, obgjlighet.

Inflexionspunkt (af lat. infle/ctere, boja). 1. Mat.,
kallas en punkt pd en kroklinje, dir linjen #ndrar
krokning, si att denna frin att vara konvex &t ett
visst hall blir konkav, eller tvirtom. Tangenten i
en inflexionspunkt skir samtidigt kroklinjen i just
samma punkt. Inflexionspunkter bestimmas i all-
ménhet medelst differentialrikning. — 2. Skpsb. Se
Hélkrabb. 1. (L.F)

In flore, lat., i blomstring.

Infloresce’ns (af lat. inflore/scere, borja blomma),
bot. Se Blomstdallning.

Influe'ns (af lat. influ’ere, flyta in), infiytande,
inverkan. — Fys. Se Elektricitet, sp. 203.

Influensa, Blixtkatarr, Ryska snufvan
(fr. grippe) dr en epidemiskt eller snarare pande-
miskt upptridande, akut infektionssjukdom, kinne-
tecknad af katarr 1 respirations- och digestions-
organen, starkt allmént illaméende och feber. Sjuk-
domen har hirjat i drhundraden. De forsta nagor-
lunda sikert igenkiéinnbara beskrifningarna af in-
fluensaepidemier datera sig redan fran 1173, di
sjukdomen upptridde i Italien, Tyskland och Eng-
Jand. Under 1300- och 1400-talen &ro nigra epide-
mier kinda, under 1500-talet omkr. 7 epidemi-
perioder, af hvilka sirskildt de 1510, 1557 och
1593 nadde en allmén utbredning. Frin 1627 da-
terar sig den forst kinda influensaepidemien i viistra
hemisfiren. Fran 1600-talet &ro f. 6. mycket firre
epidemier kiinda #n frin 1700-talet, d& under hvarje
drtionde flera sidana iakttagits, af hvilka sirskildt

e 1732—33 och 1781—82 vunno allmén utbred-
ning, den forra ofver hela jorden, den senare mest
ofver Ostra hemisfiren, under det att dem vistra
hemisfiren 1789—90 grundligt hemsoktes. Under
1800-talet ha speciellt &ren 1830—32, 1836—37,
1847—48, 1850—51, 1855, 1857—58, 1874—T75H
varit utmirkta af verkliga influensapandemier och
ehuruvdl méinga epidemier af sjukdomen med en
mera begrinsad utbredning #fven under andra &r
af detta sekel iakttagits. Den sista stora influensa-
pandemien, som #fven i Sverige vunnit kolossal

fortsdtter dnnu, ehuru i svagare och mera begrin-
sade epidemier. Fore demna sista influensaperiod
ha vi i Sverige haft minga dylika epidemier. Den
tidigaste, mt.]hgen négot osakra, uppgiften frin
Svenge daterar sig fran 1580 i mnov. och dec.;
i sept. 1729 iakttogs en mindre epidemi, frin 1830-
talet dro dylika beskrifna af Ronander, Trafvenfelt,
Thelning och A. Retzius, 1851 och vintern 1874
-—75 hirjade influensa hir ater i stérre utbredning.
F3i sjukdomar nd en sidan allmin utbredning som
denna, och det ir ingalunda ovanligt, att %/s af
befolkningen angripas. Mottagligheten #r mycket
olika; vissa individer angripas nastan ofelbart vid
hvarje epidemi, och s. k. immunitet skapas icke af
influensa. Sjukdomen &r i eminent grad smittsam,
och dess smittimne, den af R. Pfeiffer 1892 upp-
tickta influensabacillen, den minsta af de hittills
kinda, for ménniskor smittsamma bakterierna (se
Bakteriologi, sp. 723) finnes i oerhord mingd
i det upphostade sekretet. I borjan af sjukdomens
senaste harjningsperiod, som for vart land daterar
sig frin dec. 1889, var man mycket bojd for att
bagatellisera densamma Det senaste artiondets sorg-
liga erfarenheter ha dock i hog grad bevisat det
oberittigade hiruti och lirt oss, att influensa spe-
ciellt genom sina foljder for nervsystemet (neurasteni
0. d.) samt genom sina s. k. sekundirinfektioner
(varhildande mikrokocker, tuberkulos etc.) 4r en
mycket allvarlig sjukdom och for &lderstigna eller
forut forsvagade individer ndistan alltid farlig. Sjuk-
domen borjar mycket plotsligt (diraf den tyska be-
némningen blitzkatarrh) efter en kort s. k. inkuba-
tionstid af omkr. 3 dagar med feber, nedsatt all-
mintillstand, stark virk i korsryggen och ristningar
i leder och muskler sirskildt i cxtremltetema, samt
lokala symtom, ligast frén luftviigsslemhinnorna
med striifhet och stickningar i svalg och strupe samt
intensiv hostretning med till en borjan sparsamt
sekret. Stundom kunna samtidigt med hosta eller
utan dylik kritkningar och diarré hora till sjuk-
domens tidigaste symtom. Snufvan behofver icke
alltid medfolja. Efter nigra dagar kunna sjukdoms-
symtomen &ter aftaga och fullstindig hilsa intrida,
dock vanligen atfoljd af en ganska stor matthet och
kraftnedsittning. Emellertid intraffa ofta, sirskildt
hos forut svaga personer, svirartade komplikationer.
Bland de farligaste dro lunginflammation med var-
bildningar i lunga eller lungsicken, varbildningar
i nishdlor och oron samt diverse nervikommor.
T. o. m. akuta sinnessjukdomar #ro icke alldeles
ovanliga i anslutning till influensa. Latenta och
delvis utlikta andra infektioner inom organismen,
sisom tuberkulos, kunna ock genom influensa bryta
upp och f& fornyad fart. Sirskildt de senaste epide-
mierna ha visat sig i hog grad benéigna for komplika-
tioner. Nagon specifik behandling af influensa exi-
sterar annu_icke. I allminhet pligar en ordentlig
svettkur vid sjukdomens horjan jimte febermedel
af olika slag (antipyrin, aspirin, pyramidon, kina
etc.) visa sig vilgorande. Stor forsiktighet, icke
minst under konvalescensperioden, 4r nddvindig, och
sirskildt bor man akta sig att for tidigt begynna
med intellektuellt arbete.

Bendmningen influensa har p& senare tid i all-
ménhetens mun och #fven af likare i hég grad
missbrukats for alla mojliga s. k. forkylningssjuk-
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3 INFECTION PREVENTION

AND CONTROL

3.1 GENERAL ASPECTS

Infection control units mainly focus on practical
implications to reduce transmission, managing
outbreaks, and performing surveillance within a
wide range of communicable diseases and health-
care settings. The aim is to protect patients and
HCW:s by breaking the chain of infection, a goal
which can be perceived as indirect and diffuse for
those working in close contact with patients. Eth-
ical considerations are common, such as situations
arising when a patient in need of care at the same
time is considered hazardous for other patients or
staff.

In the 1980s it was demonstrated that surveillance
and infection control practices (including trained
professionals) could prevent healthcare-associated
infections **!. In 1996 CDC introduced guidelines
for standard precautions, which now are widely

(#6], These assume that all patients carry

adopted
transmissible organisms, although they may be
asymptomatic. Since then, the need for infection
control programs has grown while medicine has
become more complex and healthcare costs con-
tinues to increase. The high burden of HCAIs
forces administrations around the world to try to

find the best use of limited resources.

Infection control are often constituted of a bundle
of measures, why the effect of single procedures

for prevention is difficult to scientifically evaluate.

To add more complexity, risk analysis of trans-
mission does not only include the likelihood of
transmission, but also a need for estimating the
consequences of the undesired event. This is fa-
cilitated by standardizations in how to define cases
and concepts within the infection control field as

well as good communication skills.

3.2 HEALTHCARE-ASSOCIATED
INFECTIONS

Healthcare-associated infections (HCAIs) are in-
fections occurring in a patient during the process
of care in a hospital or another healthcare facility,
which was not present or incubating at the time

7], Occupational infections among

of admission
HCW:s are also included, but rarely reported. In
EU/EEA, approximately 4 131 000 patients are af-
fected by 4 544 100 episodes of HCAIs every year.
HCAIs further account for 16 million extra days
of hospital stay and 37 000 attributable deaths an-
nually, but also contribute to additional 110 000
deaths. The economic burden (in direct costs only)
is estimated to approximately € 7 billion per year
8] It remains unclear what the most effective
strategy is to improve adherence to standard pre-

cautions 7).

The definition of HCAIs rely upon time limits,
where onset of symptoms >48 h after admission or
<48 h after a previous discharge is the most com-

mon %) HCAI has to some extent replaced the
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terms nosocomial or hospital-infection. However,
it does not include matters of known exposure/
epidemiologic links and is not equal to the more
specific term ‘hospital-acquired infection’.

The lack of knowledge regarding HCAIs caused
by respiratory viruses may partly be explained
by the difficulties in surveillance. Viral RTIs are
rarely notifiable diseases and contact tracing is sel-
dom feasible, nor relevant. Healthcare-associated
infections of viral respiratory origin are in many
aspects different as to those of bacterial origin.

Bacteria are responsible for important HCAIs such

30

as central-line-associated bloodstream infections,
ventilator-associated pneumonia or catheter-as-

sociated urinary tract infections 1%,

but viral
HCAIs need to be addressed in a different manner.
Asymptomatic carriage of respiratory viral infec-
tions is rare why screening of patients in the way
it is performed for bacteria is not possible. Indirect
transmission through contaminated surfaces is
less important for viruses compared with bacteria,
which may survive on surfaces and remain infec-

tious for long time periods (e.g. vancomycin-resis-

tant enterococci and MRSA) 1102103,



Figure 6: Public advice from the Ministry of Health, Great Britain during World War |I.
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4 LABORATORY METHODS

4.1 POLYMERASE CHAIN REACTION (PCR)

The PCR method was first described in 1983 and
has since then revolutionized diagnostic virology.
The process is described in Figure 7. Different nu-
cleic acid amplifications tests are now the standard
method to detect virus in various types of biolog-
ic samples, where so-called ‘primers’ are carefully
selected to match conserved sequences of the tar-
geted gene to allow identification. Development
of multiplex methods (where several pathogens
at the same time can be detected) and automated
extractions have further enabled increased use and

shortening of turnaround times.

Figure 7. Polymerase chain reaction
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Besides mere pathogen identification, real-time
PCR (sometimes referred to as qPCR) allows for
a semi-quantitative estimation of viral load in the
analyzed sample. By adding specific oligonucle-
otides, ‘probes’, it is possible to follow each cycle
of the PCR-process by emitted fluorescent signals,
which also can be plotted as a curve. The cycle
when fluorescent detection occurs is referred to as
the cycle threshold (Ct) value. This value is pro-
portional to the logarithm of the target concentra-

tion before amplification.
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Multiplex PCR refers to a process when multiple
primer-sets are used within the same run. This has
been beneficial in reducing workload and cost, in
addition to assist the treating physician in finding
the correct diagnosis amongst the multitude of
pathogens causing RTI. Choosing which primers
to combine for multiplexing needs precision and
optimization, as some combinations does not fit
well together and therefore may hamper perfor-

mance below an acceptable level.

Even though PCR has added considerable value
as a diagnostic tool, there are some methodolog-
ical limitations and challenges. It is impossible to
discriminate between viable and non-viable virus.
Detection and clinically relevant infection are two
different things. Cross-contamination may lead to
false positive results. Multiplex analyzes may de-
tect several pathogens which can lead to difficul-
ties in result interpretation. Primers may attach to
sequences similar to the target gene. And finally,
the continuous evolution of virus can be a chal-
lenge. Mismatch of primers may occur if the tar-
geted genes undergo changes, paving the way for
emerging viruses to spread undisturbedly without

detection.

4.2 SEQUENCING

After the discovery of DNA by Watson and Crick
in the 1950s, techniques to ‘read’ the genome by
determining the order of nucleotides in biological
samples was developed over several years. Since
then, a rapid evolvement has occurred, in which
sequencing minor fragments of single genes has
moved to a widespread availability of whole-ge-

nome-sequencing (WGS).
Fredrick Sanger developed a technique based on

the detection of radiolabeled fragments after a

two-dimensional fractioning Y. This allowed

34

for the birth of ‘first-generation’ DNA sequencing,
where fragments are broken at specific bases and
then runned on a polyacrylamide gel. Thus, the
position of specific nucleotides can be determined.
A breakthrough for sequencing technology came
in 1977 with the use of deoxyribonucleotide ana-
logues. By mixing radiolabeled nucleotides into a
DNA extension reaction, fragments of each possi-
ble length can be produced and then illustrated as
radioactive bands at a corresponding position on
the gel. After several improvements, the so-called
‘Sanger sequencing’ became the most common se-

quencing technique for years to come.

Concurrent development of PCR provided means
of generating the high concentrations of DNA
which are required for sequencing. In ’second
generation’ sequencing, machines allowed for
mass parallelization of reactions, which greatly in-
creased the amount of DNA possible to sequence
in one run "% After parallelization, bridge am-
plification techniques followed, where replicating
DNA strands are used to prime the next round
of polymerization. The DNA molecules are then
passed over a lawn of complementary oligonu-
cleotides bound to a flow-cell, after which sub-
sequent PCR produces neighboring clusters from

each individual flow-cell 11,

Due to remarkable progress in technology in the
last decade, several sequencing companies with
different methodologies have appeared. One of the
most important perhaps being [llumina " and Ion
Torrent which use the first so-called ‘post-light’ se-
quencing, involving neither fluorescence nor lumi-
nescence technology " The genomic revolution
can be illustrated by a doubling of sequencing ca-
pability which occurred every 5 months between
2004 and 2010 "%\, After providing a great amount

of information in terms of sequences of various



length (reads’) and number ('depth’), a process of
mapping the reads to reference sequences need to
follow. This led scientists in the field of molecular
biology to move in front of computers instead of

doing classical laboratory work.

We have now entered the ‘third-generation’ se-
quencing era, with possibilities of massive read-
ing of DNA fragments at the length of hundreds
of base pairs, and the stored amount of sequence
data is growing continuously. Nanopore sequenc-
ing can produce ultra-long read length at a high
speed. In 2014, the platform MinION was released
(119 which is a handheld 90 g device that can plug
into any computer with a standard USB port. This
allows for portable sequencing in the field with
less high-skilled training required. For example,
in Guinea Ebola viruses were sequenced two days

111

after sample collection '], Sequencing has even

been performed in remote field locations such as

the dry valleys of Antarctica (12,

For influenza surveillance, public health laborato-
ries have previously relied upon Sanger sequenc-
ing of the HA gene, with focus on the dominant
virus lineage within an infected individual, the so-

called ‘consensus sequence’.

The detailed information obtained by WGS how-
ever provides opportunities to closely monitor the
genetic profiles of circulating influenza strains.
This may be a useful contribution in order to de-
tect emerging strains, antiviral drug mutations and

(13 and is illustrated by

optimize vaccine selection
recent reports on influenza surveillance based on
WGS 114115 How to put extensive molecular data
into practical use lies ahead of us. Future develop-
ment will probably shift to be driven by applica-

tions instead of technological advances.

4.3 PHYLOGENETICS

Phylogeny is a way to classify organisms and orga-
nize genetic information where the relationships
are given by the degree and kind of evolutionary
distance. Traditionally it has been based upon
morphology, but since the birth of molecular phy-

16l genetic sequence data forms

logeny in 1962 !
the basis for phylogenetic studies and molecular

epidemiology.

The genetic relationship between species is com-
monly illustrated by a phylogenetic tree, which is
a graphical representation that ideally has a root,
nodes and branches of different lengths. A root
is often referred to as being the last common an-
cestor. Division into clades is based upon the idea
that members of one group share a common evo-
lutionary history and are more closely related to

each other than to members of any other group.

As previously described, molecular sequence data
has the recent years become increasingly available.
In addition, refined computer algorithms for tree
construction have been developed. Methods for
phylogenetic tree construction are often being
classified into two groups by the use of the max-
imum likelihood/maximum parsimony approach

or by a distance matrix.

Maximum likelihood (ML) assigns quantitative
probabilities to mutational events, rather than
merely counting them. This method compares
possible phylogenetic trees based on ability to pre-
dict observed data. The tree that has the highest
probability of producing the observed sequences is
preferred "', Maximum likelihood seems to be an

appealing way to estimate phylogenies ['*!,

Maximum parsimony (MP) aims to create the phy-

logenetic tree which requires the least evolutionary
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change. It may however suffer from long branch
attraction, a problem that may lead to incorrect

trees in rapidly evolving lineages [''*).

Another way of measuring relatedness is by a dis-
tance matrix, which can estimate the mean num-
ber of nucleotide differences between two related
sequences. It is recommended to include at least
one distantly related sequence for the analysis as a

sort of negative control.

In addition, phylogenetic tree construction often
involves bootstrapping analyses. Bootstrapping
is a way of rebuilding the tree and testing if the
nodes remain unchanged through many iterations.
For example, if the same node is recovered in 95 of
100 iterations of resampling, the result is a boot-
strap value of 95%. This should be interpreted as
the node is well supported, not that the branch-
es have a 95% genetic similarity. Several software
packages are available for tree construction, such
as the highly recommended MEGA®, which also
allow for a visual inspection of alignments. Ideally,
for reliable data sets, including multiple correct se-
quence alignments, any of the methods described

above would be found largely accurate.

One major concern in phylogenetic tree construc-
tion need to be addressed: the level of uncertainty
with respect to the true evolutionary relationships.
Both analytical and biological factors as well as
known and unknown factors, may cause incongru-
ence. Resolving phylogenetic incongruence is how-
ever not easy; a problem may become more compli-
cated when the attempts of resolving one negative

factor instead introduce a new negative factor 2%,

4.4 BIOINFORMATICS
Bioinformatics is a fast-moving field with un-

clear boundaries, but can be perceived as a way of

36

processing extensive data from biological systems

and place it into context.

One of the most used and updated sequence data-
bases is GenBank ®, which provides an annotated
collection of all publicly available DNA sequences.
The database offers various ways to search and re-
trieve data, for example by BLAST searches (Ba-
sic Local Alignment Search Tool), where similar
regions within nucleotide or protein sequences
can be found and compared with each other. The
largest collection of influenza sequences is GISAID
(Global Initiative on Sharing All Influenza Data)
through its database Epiflu, hosted by the German

government.

Currently, there is no standard for 'pipeline devel-
opment’ in whole genome sequencing. However,
bioinformatic algorithms are nevertheless crucial
tools for comparative and functional genomics,
such as sequence alignment, assembly, identifi-
cation of single nucleotide polyforms or variants
(SNP/SNV), gene prediction, and quantitative
analysis of transcription data 2!, In order to add
scientific value, genomic data needs to be stored,
shared, and enabled for reanalysis when new hy-
potheses are generated. In molecular epidemiolo-
gy, web-based tools for visualizing and comparing
datasets may further supply public health laborato-

ries with important information.

Several programs are available to align reads to a
reference genome or to assemble them de novo 122,
but may differ in aspects such as type of sequenc-
ing platform, read length, expected genome size,
length of longest repetitive elements, and whether
paired-end reads are in use. Interdisciplinary to its
nature, bioinformatics combines biology, computer

science, information engineering, mathematics and

statistics.



Epidemiology of viral respiratory infections with focus on in-hospital influenza transmission
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5 AIMS

The overall aim of this thesis was to investigate the transmission patterns of rhinovirus and influenza

virus infections, especially within the hospital environment and more specifically to:

. Describe the seasonal pattern of HRV types over four consecutive seasons in

one geographic region (Paper I)

. Investigate a hospital outbreak of influenza B by combining clinical and epi-

demiological data with molecular methods (Paper II)

. Describe the characteristics of patients with influenza A virus infection at a
large acute-care hospital across an entire season and to use whole-genome

sequencing to investigate in-ward transmission (Paper III)

. Develop a system dynamic model to illustrate healthcare-associated influenza
transmission and to use the model to identify effective control interventions

(Paper IV)
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6 METHODS

6.1 SETTINGS

Data included in this thesis were collected retro-
spectively from Region Vistra Gotaland 2006-
2010 (Paper I), more specifically from Kungilv
hospital 2016 (Paper II) and Sahlgrenska Univer-
sity Hospital between 2016-2019 (Paper III-1V).
Sahlgrenska University hospital is a teaching facil-
ity with ~1900 beds including three main emer-
gency departments (ED) for adult patients and
Kungilv hospital is a medium sized hospital with

~200 beds and one ED.

6.2 DIAGNOSTIC MULTIPLEX REAL-TIME
PCR FOR RESPIRATORY PATHOGENS
Laboratory analyses in Paper I-III were per-
formed by routine assays at the Clinical Virolo-
gy laboratory. Respiratory sampling of patients
was made at the discretion of the treating phy-
sician, mainly by nasopharyngeal swabs (FLO-
QSwabs™ in Paper | and Eswabs™ in Paper
1T, COPAN Industries Inc) and occasionally by
bronchoalveolar lavage. No additional sampling
of patients was made for the studies. Clinical
samples were stored in the laboratory and fro-

zen at -20°C after routine analysis.

The multiplex inhouse qPCR method used for
diagnostics has previously been described in de-
tail P, It has been increasingly used since the
introduction in 2006 and currently includes 17
respiratory pathogens. The following patho-
gens are included: influenza A and B, respiratory

syncytial virus, human rhinovirus, coronavirus

(NL63, OC43, 229E and HKU1), metapneumo-
virus, adenovirus, bocavirus, parainfluenza virus
type 1-4 and five bacterial agents: S pneumoniae,
H influenzae, C pneumoniae, M pneumoniae and
B pertussis. The test is run once a day Mon-
day-Saturday with a turnaround time of 12-24 h.
In short, nucleic acid from 100 pL specimen are
extracted into an elution volume of 100 xL and
amplified in 25 uL reaction volumes. After re-
verse transcription, 45 cycles of two-step PCR is
performed. Each sample is amplified in 8 parallel
reactions containing primers and probes specific
for 2-4 target agents. A cycle threshold (Ct) <40

is considered as a positive result.

Clinical testing of hospitalized patients with
symptoms of respiratory infection is common
with a current number of ~13 000 analyses/year.
PCR data were included in paper Paper [-I11. Vi-
ral load was expressed as Ct values, where a high

Ct value represent a low viral load.

6.3 CONTROL MEASURES

Infection control recommendations for suspect-
ed influenza cases (Paper II-1V) include care in a
single occupancy room and personal protective
equipment for standard and droplet precaution
(surgical mask combined with glasses or a full-face

visor) for HCWs.
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Chemoprophylaxis for influenza (75 mg oseltami-
vir once daily for ten days) was recommended for
exposed patients (Paper I-111) regardless of vac-
cination status. According to national guidelines,
antiviral treatment (75 mg oseltamivir twice dai-
ly for five days) should be considered for patients
with severe influenza or a high risk of complica-
tions (specified as all patients needing in-hospital

care).

6.4 DEFINITIONS IN PAPER II-IV

An influenza case was defined as laboratory con-
firmation of influenza virus in a respiratory sam-
ple by multiplex real-time PCR in addition to
symptoms of ILI or ARI. Influenza-like-illness
(ILI) was defined as stated by CDC as fever >37.8
°C and cough or sore throat. Acute respiratory
infection (ARI) was defined as sudden onset of
cough, sore throat or shortness of breath regard-
less of fever with no other plausible cause. Expo-
sure was defined as contact by sharing room at a
hospital ward with an influenza case. Healthcare-
associated influenza infection (HCAI) was defined
as onset of ILI/ARI >48 hours after hospital ad-
mission or <48 hours after a previous discharge
1100 Morbidity was expressed as Charlson co-mor-

bidity score (CCI) 123,

6.5 ETHICAL CONSIDERATIONS

The Regional Ethical review board in Gothenburg
approved the studies in Paper [1-I11. No ethical ap-
proval was needed in Paper [, as analyzed samples
had been collected prior to our study and no clin-
ical or personal data was included. This also apply

for Paper IV.

6.6 METHODS PAPER |
6.6.1 Subjects
The study cohort for Paper 1 includes clinical

respiratory samples positive for rhinovirus by
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real-time PCR. Samples from 170 patients were
selected which represent approximately 10% of the
total amount of samples positive for rhinovirus
from November 2006 through September 2010.

No patient data were included.

6.6.2 Design

Stored respiratory samples were selected to repre-
sent both autumn and spring across four consec-
utive seasons. The obtained sequences from local
samples were compared with reference sequences
from other geographical areas representing known
HRYV types. These references included 74 HRV-A,
24 HRV-B and 50 HRV-C sequences, classified
as suggested by the International Committee on
Taxonomy of Viruses (ICTV) Picornaviridae
Study Group (with provisional classification for 14
HRV-C sequences). In order to retrieve the 5-10
published sequences of the same type with the
closest similarity, a BLAST search was performed

for each of our sequences.

6.6.3 Typing, sequencing and phylogeny

All 170 samples were selected for sequencing of
the VP4/VP2 regions followed by phylogeny if
amplicons were of sufficient length and qual-
ity. After total nucleic acid extraction in a Mag-
NA Pure LC instrument (Roche, Branchburg,
NJ, USA), amplification was performed using
the primers Rhino_547F and Rhino_1125R, in a
first PCR and Rhino_547F and Rhino_1087R, in
a second PCR. Cycle sequencing was carried out
in both directions using ABI BigDye Termina-
tors (Life Technologies, Carlsbad, CA, USA) and
Rhino_547F and Rhino_1087R as primers, and
the sequences were read in an ABI 3130XL instru-
ment and assembled using the Lasergene software

(DNASTAR, Inc., Madison, W1, USA).



A segment of 395 nucleotides were aligned along
with reference sequences and phylogenetic trees
were constructed by maximum-likelihood analysis
using MEGA® Version 5.0 software. Type assign-
ment was based on a >90% nucleotide similarity
to a reference sequence or clustering with a with
a reference sequence in the phylogenetic analysis
with a bootstrap value >70%. Genetic distances
between and within types were compared by Stu-

dent’s t-test.

6.7 METHODS PAPER Il

6.7.1 Subjects

The outbreak studied in Paper Il consisted of
20 patients with influenza B virus infection at
Kungilv hospital, Sweden, during a period of six
weeks in May-June 2016. The report includes all
patients with a respiratory sample positive for InfB
during an extended time period which precedes
the admission of the index case of the outbreak by
one week and terminates one week after confir-
mation of the final case. This constitutes 67% of all
samples positive for InfB at the laboratory during
the study period. All patients admitted to the main
affected ward during the outbreak were also evalu-
ated in order to find cases of influenza not detected

by the laboratory.

6.7.2 Design

Retrospective review of medical records was con-
ducted, and the following variables were regis-
tered: dates for admittance and discharge, type
of ward, wardroom, respiratory sampling date,
age, sex, co-morbidities, antibiotic treatment and
whether the influenza infection could be classi-
fied as HCAI. A putative map for transmission
was created by using both genetic and patient
data in relation to time and location within the

hospital.

6.7.3 Typing, sequencing and phylogeny

Stored respiratory samples were selected for lin-
eage typing along with phylogenetic analysis of
the full-length hemagglutinin (HA) gene. InfB
detection and lineage typing (B/Yamagata or B/
Victoria) was performed by real-time PCR using
the TagMan Fast Virus 1-Step Master Mix (Ap-
plied Biosystems/ Thermo Fisher Scientific, Carls-
bad, CA, USA) and the 7900HT Fast Real-Time
PCR System (Thermo Fisher Scientific) by the
Department of Microbiology, Unit for Laboratory
Surveillance of Viral Pathogens and Vaccine Pre-
ventable Diseases, Public Health Agency of Swe-
den, Stockholm.

The RT-PCR products were sequenced using the
Ton Torrent S5 XL (Thermo Fisher Scientific)
platform. The sequencing reads from lon Tor-
rent were mapped against B/Phuket/3073/2013
(EPI_ISL166957, downloaded from the GISAID
EpiFlu Database, www.gisaid.org) in CLC Ge-
nomics Workbench (Qiagen). The phylogenetic
tree was constructed from aligned full-length
haemagglutinin sequences along with all Swed-
ish B/Yamagata strains collected and sequenced
during season 2015/2016, the vaccine strain for
northern hemisphere season 2015/2016 and ref-

erence strains.

A phylogenetic tree was constructed using the
maximum-likelihood method in Mega® Version
5.1. Bootstrap values were obtained from 1000
replicates and displayed on nodes if >70%. In ad-
dition, a detailed analysis of nucleotide differenc-
es within the entire InfB genome of the outbreak
strains were performed. To reveal single nucle-
otide variants, all nucleotide sequences (coding
region) from the 18 cases were aligned with each
other in CLC Genomics Workbench.
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Figure 8: lllustration of the hospital influenza population
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6.8 METHODS PAPER Il

6.8.1 Subjects

The study in Paper [l included all hospitalized
patients 218 years old with a positive respiratory
sample for InfA during the study period from July
1st, 2016 to June 30th, 2017 at Sahlgrenska Uni-
versity Hospital. Altogether 435 patients were in-
cluded, which constituted 45% of the total amount
of influenza positive samples analyzed at the
Clinical Virology laboratory during the time pe-
riod. Only cases where respiratory sampling was
performed at patients admitted at a hospital ward
or at the ED followed by admission of the patient
were included. A schematic overview of the hos-

pital influenza population is displayed in Figure 8.

6.8.2 Design

Retrospective review of medical records was con-
ducted and following variables were registered:
age, sex, co-morbidity, time of sampling, onset of
symptoms, antiviral therapy, length of stay, type of
ward, 30-day mortality, and whether the influenza

infection was classified as a HCAL
Univariate survival analysis comparing HCAI

and non-HCAI cases was performed using the

log-rank (Mantel-Cox) test. Multivariable Cox
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proportional hazard regression model was used to
further explore the covariates and P-values <0.05
were considered statistically significant. The mod-
el used the backward stepwise (Wald) method and
hazard ratios above 1 indicated a positively associ-
ated covariate. Statistical analyses were performed
using the SPSS software package, version 25 (IBM,
Armonk, New York, US).

In-ward transmission was suspected when two or
more patients tested positive for InfA in samples
collected at the same ward within 7 days. All cases
involved in possible in-ward transmission were
selected for lineage typing and whole-genome

sequence analysis.

6.8.3 Typing, sequencing and phylogeny

Lineage typing and sequence analysis were per-
formed by laboratory staff blinded for epidemio-
logical data. RT-PCR products was used in library
preparation performed by AB Library Builder sys-
tem (Applied Biosystems). Each genome library of
about 300-bp fragments was quantified with the lon
Library TagMan Quantitation Kit (Thermo Fisher
Scientific) and template preparation was performed

by the Ion Chef system (Thermo Fisher Scientific).

Sequencing was performed using the Ion Tor-
rent next generation sequencing platform with
the reference sequence for H3N2 accessed from
GenBank. Bioinformatic analysis was performed
with the web-based platform INSaFlu and consen-
sus sequences of each InfA genome were obtained
3] For comparison, samples obtained at primary
healthcare centres in the same region, during the
same season, were also included. A phylogenetic
tree was constructed using the maximum like-
lihood method in Mega® Version 7. Bootstrap
values were obtained from 500 replicates and dis-

played on nodes if >70%.



6.9 METHODS PAPER IV

For Paper 1V, data regarding patient flow and
clinical management from Sahlgrenska Univer-
sity Hospital, Gothenburg, Sweden was used to
constitute the base of a system dynamics model of
in-hospital influenza transmission. A simple flow-
chart illustrating the patients’ way from the ED
through the hospital until discharge is shown in

Figure 9.

6.9.1 Design

The SD model was designed exclusively for this
study and integrates local hospital data with vi-
rologic properties and national surveillance data.
A detailed description of the construction of the
model can be found in Paper [V. It enables quan-
tifications of scenarios by mathematical expres-
sions and interactions where both actual data and
assumptions can be combined. We used the data
to construct a model of a typical hospital, followed
by producing seasonal estimates of the number of
HCAI influenza cases by simulating future plausi-

ble scenarios.

Figure 9: Flow chart of the patient populations

The modelling process consisted of the following

consecutive steps:

(1) Identifying key variables with a potential influence
on in-hospital transmission of influenza.

(2) Construction and technical validation of the model.
(3) Selecting the model scenarios of interest.
(4) Producing the SD simulations.

Multiple stepwise simulations were then per-
formed in order to identify potential control strat-
egies with high benefit in order to reduce in-hos-
pital influenza transmission. Construction of the
model was made in collaboration with Paul Hol-
mstrdm and Stefan Hallberg with long time expe-
rience in systems thinking and simulation devel-
opment. The Stella Architect simulation software
(Stella Architect®, version 1.7.1, isee systems Inc,
Lebanon, NH, USA) was used.
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7 RESULTS AND DISCUSSION

71 RESULTS PAPER|

In this retrospective study, 114/170 (67%) of se-
lected clinical samples positive for rhinovirus by
real-time PCR produced sequences of sufficient
length and quality for phylogenetic comparison.
In 54/114 cases (47%), the samples were obtained
from children <18 years old and 56/114 (49%)

were obtained from females.

711 HRV types

By sequence analysis of the VP2/VP4 region
we found in total 64 HRV-A, 11 HRV-B and 37
HRV-C types. There were 33 different subtypes
of HRV-A, 9 HRV-B and 37 of HRV-C and some

types were found across several seasons.

7.1.2 Phylogenetic analysis

The mean nucleotide difference was 39.3% be-
tween HRV-A and HRV-B, 38.5% between
HRV-A and HRV-C, and 40.2% between HRV-B
and HRV-C. The variability within the HRV-C
strains was greater (24.4%) than within HRV-A
(20.3%, p<0.0001) and HRV-B (21.1%, p= 0.0002)

strains.

All HRV sequences included in our investigation
along with the reference sequences are presented
in a phylogenetic tree, Figure 10. The tree reveals
that some closely related subtypes appeared during
two or three seasons, suggesting circulation in the
population over long time periods. To further ex-
plore this, we constructed separate phylogenetic

trees for each of these types in comparison with

~10 related sequences retrieved from Genbank.
These trees demonstrate examples of greater as
well as less similarity between our strains of the
same subtype when compared with related se-
quences from other parts of the world. However,
the majority of the closely related sequences had
been collected the same or previous/following

year.

7.1.3 Putative new types

One HRV-B and six HRV-C sequences showed less
than 85% nucleotide similarity with the reference
sequence. This suggest that they might represent
new subtypes. For each of these cases there was at
least one published sequence with >90% similarity,
but type assignment could not be defined for as an-

124]
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Figure 10: Phylogenetic tree by maximum-likelihood
analysis of 112 HRV sequences from the present study
and database reference sequences (in bold). The
coloured dots indicate the sampling season: pink,
2006/2007; red, 2007/2008; blue, 2008/2009; green,
2009/2010; black 2010
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7.2 DISCUSSION PAPERI|

In Paper [, we observed a wide spectrum of HRV
subtypes each season. Different subtypes also ap-
peared during successive seasons. The genetic
diversity between and within the subtypes may
contribute to the seasonal pattern of HRV and the
ability to prevail across seasons. Despite the limit-
ed sample size of our study, it supports to some ex-
tent the hypothesis that HRV may cause restricted
outbreaks in a time-limited fashion, similarly to

other respiratory viruses.

Although each HRV subtype may appear during
a limited time period, the identification of some
types from successive seasons points at the possi-
bility of more extended periods of circulation. The
reason for this is probably multifactorial, possi-
bly influenced by prolonged viral shedding, mild
clinical presentation (which allows HRV infected
subjects to be more likely to expose others) and a

robust unenveloped virion structure 12,

Our study does not represent an extensive sur-
vey, but a judgement sample of HRV in different
types of patients during a long time period and de-
fined geographical area. A larger number of HRVs
would have to be sequenced to illustrate the pat-
tern of circulating subtypes more adequately. The
observed proportions of HRV type A-C is howev-
er in line with other reports following this publi-

cation [126-128]

as well as co-circulating of strains
and potential severity of clinical presentations as-

sociated with HRV infections 2%,

For classification, phylogeny based on sequencing
of the VP1 region has been more reliable than the
VP2/4 region being used in our study. For HRV-A
and HRV-B, sequencing of VP2/4 has been shown
to correlate well with VP1 and serological classi-

fication 3% 31 No serological typing technique
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is available for HRV-C, and classification is based
only on sequence comparison with a divergence of
more than 13 % in VP11'2*, New HRV-C subtypes
could therefore not be identified in our investiga-

tion.

In summary, HRV is a diverse pathogen with a
wide spectrum of subtypes. Further studies are
needed which include sequencing of many strains,
longer duration and including asymptomatic pa-
tients to clarify the detailed seasonal and global
transmission pattern. This may in the future con-

tribute to explain to the successfulness of HRV.

7.3 RESULTS PAPERII

In this retrospective study of a hospital outbreak,
17/20 of patients with influenza B during a period
of four weeks could be linked to each other by ei-
ther shared room or shared ward. In 15/17 of these
cases, WGS was successful (or partially successful)

and strongly supported the epidemiological link.

7.3.1 Outbreak

The index case (Case 1) was a 66 year old male
where the ED nurse noted that the patient’s wife
had ILI. He developed fever and respiratory symp-
toms four days after admission, underwent sam-
pling day five, and was moved to a single room and

received oseltamivir treatment on day six.

In order to find possible links to the outbreak,
all positive Inf B samples over an extended time
period were evaluated. This period precedes the
admission of the index case by one week and ter-
minates one week after confirmations of the final
case. We found one patient (Case 0) sampled at the
ED two days before admission of the index case.
No other epidemiological links from Case O to the
other patients involved were found. An overview

of the outbreak is shown in Figure 11.



Figure 11: Overview of all confirmed Inf B cases from the hospital during an extended time period. Location, onset of ILI/
ARl in relation to NPS and initiation of antiviral treatment are shown. The defined outbreak period range between NPS

sampling day of case 0 and 20.
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* Case 0,12 and 15 could not be linked to the “true” outbreak, starting with the index patient at ward A.

** Case 2 developed diffuse respiratory symptoms meeting the criteria for ARI ten days before NPS sampling, and in addition also had a high
CT value. Clinical picture and time of InfB infection are in this case unclear.

7.3.2 Outcome

During the outbreak period, 19/75 patients admit-
ted to the most affected ward (Ward A) were diag-
nosed with Inf B resulting in an attack rate of 25%.
The median age of patients was 77 years old with
a mean length of hospital stay (LOS) of 11.3 days.
Median CCI score was 4. The cycle threshold (Ct)
value indicated a high viral load in most cases. In
ward A, 15 HCW s reported sick-leave due to fever
and respiratory symptoms between day 8 and 19.

7.3.3 Molecular characterization of viral isolates

Phylogenetic tree of all HA sequences is shown in

Figure 12. A high Ct value prevented sequencing in

one case and in one case no sequence was obtained.

All the 18 sequenced strains belonged to Influen-
za B/Yamagata, genetic clade 3. Fifteen of the 18
cases had identical HA sequences, although one
case contained a mix of two nucleotides in one
position. The remaining three cases had identical
HA sequences but differed in three nucleotide po-
sitions from the other 15 cases. All 18 cases were
identical at amino acid level and differed from all
other Swedish Influenza B/Yamagata strains col-

lected and sequenced during season 2015/16.
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Figure 12. Phylogenetic analysis, of full-length
(1755 nucleotides) hemagglutinin (HA) sequences.
Included are 18 viruses from the hospital outbreak
(blue), all Swedish B/Yamagata viruses collected
and sequenced during season 2015/2016 (n=10,
black) date and geographical location shown,
reference viruses (grey) and the vaccine strain

for northern hemisphere season 2015/2016: B/
Phuket/3073/2013. Sequencing data are missing
for case 10 and 4. The tree was constructed

using the Maximum Likelihood method in Mega

@ software version 5.. Bootstrap values were
obtained from 1000 replicates and values >70 %
are displayed on nodes. The EPI numbers shown in
the tree correspond to HA sequences in GISAID’s
EpiFlu™ Database (Www.GISAID.org).
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time and location within the hospital. The map

(shown in Figure 13) highlights the complexity of

outbreak progression.



Figure 13 A: Single nucleotide variants identified in the eight segments of the sequenced InfB genomes. B. Putative map
for InfB transmission based on SNV analysis of the whole InfB genome and patient overlap within a ward. Nodes repre-
sent cases and arrows indicate transmission events, directly or directly from one patient to the other.
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7.4 DISCUSSION PAPERII

In Paper 1, the hypothesis of in-hospital trans-
mission was supported by molecular data which
identified one virus strain as the cause of multi-
ple secondary cases. Recent advances in molecular
biology has yielded new insights in transmission
dynamics, which may be used to either corrobo-
rate or convene classic epidemiological links 132,
WGS has made detailed investigations of single
nucleotide variants (SN'V’s) possible, which in our
study was found to be in line with the mutation
rate for InfB **3], This indicated that changes
occurred within the influenza genome during the
outbreak and made it possible to create a putative

transmission map.

The ability to detect the starting point of an

outbreak may be challenging in a dynamic

environment with high density of patients. An
acute-care facility has a constant in- and outflow
of patients, and the index case is not necessarily
the true primary case *¥, All big outbreaks start
off as small outbreaks — and adequate timing of
preventive measures is crucial. In our study, a lo-
cal outbreak was not suspected until day 13, when
already seven InfB cases were confirmed. Delayed
initiation of control measures in relation to onset
of symptoms in the beginning of the outbreak may
have enabled the virus to spread efficiently within
the hospital. Swift responses are particularly im-
portant to prevent further transmission when it
comes to infectious agents with short incubation

periods, such as influenza 7,

Based on our findings, we suggest that InfB may

spread efficiently to patients not characterized as
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being exposed according to current infection con-
trol guidelines for the hospital. Defining true ex-
posure is difficult, especially when unrecognized
sources of infections are suspected to be involved.
Moreover, limiting the definition only to patients
sharing room may not be enough, as intra-hospi-
tal transfer of patients is common. The relative
importance of different modes of transmission
for influenza is not clear. Multiple studies [ 3
136 have provided evidence for the importance of
aerosol transmission, why exposure should be de-

fined with care.

The attack rate in our study was 25% for the most
affected ward (ward A) and 12% of patients admit-
ted during the outbreak was given antiviral pro-
phylaxis with oseltamivir. Attack rates reported in
influenza outbreaks ranges between 1%-65% with
an adjusted mean of 28% "7}, but are highly de-

pendable on case definitions and settings.

One limitation is that additional data regarding
number of possibly exposed cases or information
regarding HCW's from wards at the hospital other
than ward A was not investigated. Only one prob-
able case with ILI/ARI symptoms without verified
infection was identified at ward B which indi-
cates a low threshold for sampling of patients. In
contrary for HCWs, no sampling was performed
for the 15 unvaccinated members of the staff re-
porting sick-leave during the outbreak. Their role
therefore remains unclear, both in terms of direct
transmission to/from patients and indirect in as-

pect of adherence to control measures.

Further limitations are a lack of data regarding
vaccination status for involved patients. Even
though the outbreak strain was included in the
seasonal vaccine, the protective effect of vaccina-

tion was probably very limited since the outbreak
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occurred in May/June. Antibody titers peak 2-4
weeks after vaccination ** and is followed by a
significant decline after 180 days ¥\, Several un-
known factors such as detailed contact data and
unrecognized cases may further have affected the
course of the outbreak and the putative transmis-

sion map.

7.5 RESULTS PAPERIII

In this retrospective study, all adult hospitalized
patients with confirmed influenza A infection
during season 2016-17 were included. Exten-
sive in-ward clustering was revealed, and health-
care-associated influenza was identified as possibly
having a more severe outcome. A flow chart of the

study population is shown in Figure 14.

7.5.1 Patient characteristics and outcome

We identified 435 InfA cases of which 114/435
(26%) were classified as HCAI. The overall 30-
day mortality rate was 6.0% (n=26/435) and 7.2%
(n=24/333) among patients 265 years old. The 30-
day mortality rate was higher among patients in
the HCAI-group compared with the non-HCAI

group, see Figure 15.

Among the patients who died within 30 days, re-
spiratory causes were predominant, accounting
for 5/15 (33%) deaths in the non-HCAI and 7/11
(63%) in the HCAI group. Cardiovascular events
were also common. Antiviral treatment was given
in 7 out of 15 cases (47%) for patients in the non-
HCAI group and in 6 out of 11 (55%) in the HCAI
group. In multivariable Cox regression analysis,
only age remained an independent predictor of
death within 30 days after respiratory sampling.
Although having a healthcare associated influenza
did not reach statistical significance, it was noted
as a potential risk factor for death (p=0.082). No

cases were lost to follow-up.



Figure 14: Flow chart of the patient population. Grey boxes represent cases selected for in-ward transmission analysis.
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Of cases classified as HCAI, 74/114 (65%) were If more conservative HCAI-criteria were used
possibly involved in in-ward transmission. In an- (onset of symptoms <72 hours after admission or
other 40 cases, defined as HCAI, no additional InfA <24 hours after discharge when readmitted), the
case could be identified at the same ward within 7 proportion of HCALI still remained high at 22%.
days. In the non-HCAI group, 52/321 cases (16%) Median time from admission to symptom onset

were involved in possible in-ward transmission as was 8 days, and in 55 cases (48%) onset occurred

possible primary cases. after >7 days of hospital care.
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7.5.2 Molecular characterization

of viral isolates

All InfA samples were of subtype H3N2 and WGS
was successful in 124/134 (93%) of the hospital
cases selected for in-ward transmission analysis.
Altogether 60/124 (48%) of the sequenced samples
belonged to an in-ward cluster or pair. Figure 16
shows the phylogenetic tree based on WGS data,
which identified eight separate clusters (involving

>3 strains) and another ten pairs of strains from

cases related in time (interval <7 days) and location

(shared ward).

WGS also revealed a close relationship between
an in-ward cluster and a single strain from anoth-
er ward in three cases. Detailed analysis of possible
transmission events revealed adjacent localization of
wards in two of these cases and recent transfer from
an affected ward in one case. Strains obtained in pri-

mary healthcare were dispersed throughout the tree.

Figure 16: Phylogenetic analysis of selected InfA strains based on WGS compared with the H3N2 reference strain in
italic. Names correspond to InfA/city/country/week/year/ followed by letters A-S representing ward and serial number.
Strains showing in-ward transmission clusters are indicated (blue), in-ward pairs (green) and background sequences
(red). Asterisks show strains closely related to a cluster but from separate wards. The tree was generated by using the
maximum likelihood method in Mega? version 5.1. Bootstrap values were obtained from 500 replicates and values >70 %

are displayed on nodes.
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7.6 DISCUSSION PAPER 11

In Paper 111, we present the clinical characteristics
of adult patients hospitalized with influenza and
we show how WGS may be used to investigate in-

ward transmission.

Reliable identification of cases involved in trans-
mission is impossible without laboratory con-
firmation. As PCR-methods are becoming in-
creasingly available, earlier detection by the
treating physician and higher diagnostic accura-
cy is achieved. Likewise, outbreak investigations
have previously relied upon a traditional work-
flow based on case definitions, case confirma-
tions, determination of the background rate and
identification of epidemiological links. In the new
era of sequencing, surveillance of communicable
diseases is reshaping and allows for more precise
investigations. Viral sequencing in cases involved
in hospital outbreaks has previously often shown
non-related strains [“* !, In our study, the exten-
sive phylogenetic in-ward clustering based on the
selection of epidemiologically related cases strong-
ly support the suspected transmission. A closer in-
spection of the sequences also revealed low genetic
diversity within, and distinct separation between,

the individual clusters.

We classified 26% of the InfA cases as HCAI,
which is higher compared with several previous
reports [“14 ¢ is important to bear in mind
that this definition is not equal to a proven case
of hospital-acquired influenza. We used the most
common definition of a health-care associated
influenza "%’ in order to compare the HCAI and
non-HCAI patient groups. For the purpose of re-
liable identification of hospital transmission, we
instead included local and temporal proximity in
addition to phylogenetic analysis. By this mean,

possible index cases in the non-HCAI group (for

example cases not recognized as influenza upon
admission) were able to be included in the in-ward

transmission analysis.

By dividing the InfA cases into two groups of
HCAI and non-HCAI, comparison of patient char-
acteristics could be made. We found that InfA
patients categorized as HCAI had a longer total
length of hospital stay and were more likely to
die within 30 days of sampling compared with the
non-HCAI group. However, only age remained as
an independent risk factor for death in the multi-
variable regression analysis. The CCI index used
for estimating morbidity might be less suitable
for influenza. We suspect there is a higher vul-
nerability due to other medical conditions in the
HCAI group which is not captured by the CCI
scoring system. This is illustrated partly by a me-
dian of eight days of hospital stay from admission
to symptom onset in this group. Recent findings
have also shown increased risk of severe labora-
tory-confirmed influenza for adults with specific

chronic medical conditions 7.

Several unknown factors may be of importance but
not considered in our study. No information regard-
ing influenza vaccination in patients or vaccination
or symptoms for HCW were accessible. Detailed
contact data beyond shared ward were lacking. The
total number of patients exposed to an influenza
case were lacking. No calculation of attack rate or
estimation of protective effect of antiviral prophy-
laxis could be made. No information of adherence
to infection control measures were available. Doc-
umentation regarding exact time of symptom on-
set were sometimes lacking, why we chose time of
sampling to compare the 30-day survival between
the HCAI and non HCAI-group. This also makes
identification of primary cases and detailed analysis

of outbreak progression impossible.
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In summary, although data were collected retrospec-
tively and are incomplete, this study illustrate how
influenza effectively may spread within hospital
wards. Future evaluation by hospital managements
of patient flows and effective measures for influenza

control is needed to protect vulnerable patients.

7.7 RESULTS PAPER IV

7.71 Model construction

Our SD model was based on the involved patients
flows within a hospital, where a non-influenza in-
fected patient population is infected by an influ-
enza infected population. The resulting number
of HCAI-cases further depend on infectivity and
exposure. The model enables quantifications of
scenarios by mathematical expressions and inter-
actions where both actual data and assumptions

can be combined.

7.7.2 Simulations

In order to identify the most effective control
measures for a hospital to reduce the number of
HCALI cases of influenza per season we first con-
centrated on modifiable patient-related factors.
Model scenarios in the first simulation round was

stepwise altered as followed:

(1) Mean number of patients exposed by shared room/
influenza case.

(2) Share of non-HCAI cases receiving antiviral treat-
ment within 48 h of symptom onset.

(3) Share of HCAI influenza cases receiving antiviral
treatment within 48 h of symptom onset.

(4) Share of exposed patients receiving antiviral prop-
hylaxis.

One variable at a time was given a set value and
outcome is presented as the estimated total num-

ber of HCAI cases per season.

In the second simulation round, the two pa-

tient-related variables identified as having the
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most impact were retained and scenarios beyond
hospital control (i.e. non-modifiable) were added

followed by stepwise alteration of:

(1) Vaccine coverage.
(2) Vaccine effectiveness.

(3) Total number of patients seeking care at the ED with
symptoms of possible influenza per season.

Variables altered in simulation round 1-2 are

summarized in Table 1.

7.7.3 Outcome

Antiviral prophylaxis given to patients who were
exposed by sharing room with an influenza case
was identified as the single most effective measure,
followed by a reduction of the mean number of ex-
posed patients. Antiviral treatment of symptomat-
ic non-HCALI, as well as of HCAI cases, had limited

effect on in-hospital transmission.

The impact of antiviral prophylaxis initiated after
exposure found in our model was well demon-
strated by an estimated number of HCAI of less
than 100 in spite of a worst case model scenario
including variables set to 0% vaccine coverage, 0%
vaccine effectiveness, a mean number of 3 exposed
cases/ influenza case or a total inflow of 2000 pa-

tients with influenza symptoms to the ED.

7.7.4 Additional results

We further estimated the risk of contracting influ-
enza during hospital stay and compared this with
those applied for different model scenarios. Based
on the hospital data from 2016-17, following cal-

culations were made.

The influenza season was assumed to last for 12
weeks. The total number of patients admitted
during this season was estimated to be 3588 (on

average 4 600/month ED appointments with an



Table 1. Basic model variables and altered variables in simulation round 1 + 2

Basic model variables

Influenza cases (n)

Mean number exposed in shared rooms (n)

Vaccine coverage (%)

Vaccine effectiveness (%)

Share of exposed treated with prophylaxis <48 h (%)
Prophylactic effectivity (%)

Diagnostic accuracy at ER (%)

Share of non-HCAI influenza treated on admission (%)
Share of HCAI influenza treated <48h (%)

Variables modified in simulation round 1

Mean number exposed in shared rooms (n)

Share of non-HCAI treated on admission (%)

Share of HCAI treated <48 h (%)

Share of exposed receiving prophylaxis (%)
Variables modified in simulation round 2

Mean number exposed in shared rooms (n)

Share of exposed receiving prophylaxis (%)

Mean vaccine coverage (%)

Mean vaccine effectiveness (%)

Total influenza inflow to ER (n)

admittance rate of 26%). The number of non-HCAI
cases were found to be 321, which leaves a total of
3588-321 = 3267 patients at risk of acquiring influ-
enza during hospital stay. The number of HCAI
cases were found to be 114, which leaves an esti-
mated risk for patients not infected on admittance

to develop influenza during hospital stay of 3.5%.

If all other variables were unchanged, by increas-
ing the share of prophylaxis from 0-100%, the risk

for contracting influenza decreased as followed:

435
22
49
40
56
80
56
53

62

1-2-3
0-25-50-75-100
0-25-50-75-100

0-25-50-75-100

1-2-3
0-25-50-75-100
0-25-50-75-100
0-25-50-75-100

500-1000-1500-2000

Mean number of exposed cases one: 2.8-0.5% two:
7.2-1.1% and three: 13.2-1.7%. Future scenarios
selected for risk calculations were: Mean number
(1-3) of exposed patients in shared rooms in rela-
tion to share of exposed patients receiving antivi-

ral prophylaxis (0-100%).

In Table 2, the absolute and relative risk reduc-
tions are displayed in addition to relative risk and
number of patients needed to treat to prevent one
HCAI case.
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Table 2. Risk reduction for HCAI influenza shown for mean number of exposed cases (1-3) in relation to effect
of increasing the share of exposed receiving prophylaxis (0-100%)

Mean exposed (n) HCAI (n) Prophylaxis = HCAI (n) Prophylaxis ARR RRR RR NNT
0% 100%
1 92 17 002 0.81 019 45
2 235 33 0.06 0.85 015 18
3 432 54 010 0.86 014 10

ARR: Absolute risk reduction, RRR: relative risk reduction, RR: relative risk and NNT: Number needed to treat

7.8 DISCUSSION PAPER IV

In Paper IV, we present a system dynamic model
for illustrating healthcare-associated influenza at a
typical hospital. We further use the model to make
predictions of future scenarios and estimate the ef-

fect of preventive interventions.

Modelling in general, and perhaps SD modelling
in particular, may be perceived as abstract to users
not familiar with the technique. It is important to
bear in mind that all simulated data are approx-
imations, based on assumptions with different
levels of uncertainty. Standard statistical methods,
in which evidence is based on significance, do not
apply for system dynamics. Instead, the advantage
is a possibility to supply approximations for inter-

preting reality.

Although all models use simplifying assumptions,
a model needs to depict the real-world as close as
possible in order to be valuable for users. In our
model, this is enabled by adding local hospital data,
national surveillance data, and by the possibility to
include any new scenario and modify any variable
when new data becomes available. This will allow

the model to continually improve.

The finding of antiviral prophylaxis as an effective
measure to reduce the number of HCAI cases in

our model is in line with previous reports [#> 141,

58

However, the assumed association between infec-
tivity and nasopharyngeal viral load might lead
to an overestimation of transmission occurring

around the time of symptom onset ['47),

Hospitalization in double-occupancy rooms vs
single-occupancy rooms has been associated with
a higher risk of hospital-acquired influenza in a

148l The low impact of

prospective cohort study !
antiviral treatment of already symptomatic pa-
tients to prevent transmission which was detected
by our model is also supported by other reports
(145] Tt is also important to bear in mind that the
aim of our model is to specifically illustrate nos-
ocomial transmission of influenza on a hospital
level. Risks and benefits of antiviral treatment or
other control measures may be present for the in-

dividual patient, even of little relative importance

for decreasing onward transmission.

Another concern is the “testing one variable at a
time” - strategy. A more likely envision of future
scenarios is that several control strategies for in-
fluenza are introduced simultaneously, especially
in epidemic/pandemic situations. To more ade-
quately predict future possible scenarios, multiple

variable testing is needed.

In summary, hospitals must prepare for future sce-

narios and make well-developed guesses despite



lack of available evidence-based data. For this, SD
modelling may assist decision-makers when plan-
ning preventive measures in the dynamic field of

infectious diseases transmission.

7.9 PREVENTION AND CONTROL OF

INFLUENZA VIRUS TRANSMISSION

The chain of infection forms the basis of under-
standing transmission dynamics. It is described
by CDC as ‘an agent leaves its reservoir or host
through a portal of exit, is conveyed by some mode
of transmission, and enters through a portal of en-
try to infect a susceptible host'*), This illustrates
the difficulties in presenting high grade evidence
regarding transmission, as all the variables above

need to be taken into consideration.

Figure 17: Dynamics of influenza A infection.

Viral properties for agents included in this thesis
(HRV and influenza) have been discussed in pre-
vious sections. Remaining variables in the chain
of infection for influenza are discussed separately

below.

7.9.1 Reservoirs/Hosts

The main reservoir for influenza virus is the re-
spiratory tract. Viral load in NPS peaks in median
two days after symptom onset in experimentally

[150

infected volunteers "' and is followed by a rapid
decline over five days '*!l. A schematic diagram of
the viral dynamics of natural InfA infection is pre-
sented in Figure 17. Prolonged shedding has fre-
quently been described in immunocompromised

individuals (152153,
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Individuals infected by influenza are not equal-
ly infectious. In Paper I1-11l the median Ct value
was 23 and 25 respectively, which suggest a high
viral load among the hospital patient populations
included in our studies. Clinically mild and even
asymptomatic influenza infections may occur. A
recent systematic review reported a pooled mean
at 16% of the confirmed infections identified in
a prospective community-based studies as being

154 Tt remains however unclear to

asymptomatic
what extent these cases account for further trans-

mission [155-157],

In Paper II-1I, no cases were asymptomatic as they
met the criteria for ILI/ARI and were tested at the
discretion of the on treating physician. It is possi-
ble that asymptomatic or unrecognized symptom-
atic patients or HCWs might have contributed to

transmission. Interviewing the fifteen HCWs who

Table 3: Influenza case definitions used in surveillance.

reported sick leave in Paper II (whereof 5/15 at
the peak day of the epidemic curve) perhaps may
have added useful information regarding a com-
mon source, although self-reporting of symptoms
should be interpreted with care. Among HCWs
working with influenza patients, attack rates have
been described to range between 11-59% 58], It is

not unusual that HCWs continues to work when

ill [159, 160]

Definitions of which symptoms are required for
influenza case definitions may vary greatly 16!,
see Table 3. It has been suggested that only 50% to
79% of adults with confirmed influenza meet the
ILI criteria %%, If fever is required, the number of
‘asymptomatic influenza infections’ may be high,
especially among the elderly "%, A lack of fever
has been reported among more than 50% of cases

of HCW's with confirmed influenza !¢,

N Sudden
Definition Type onset
ECDC ILI Yes
WHO ILI No
CDC ILI Yes
GROG ARI Yes

General symptoms

At least one among: fever,
feverishness, headache,
malaise, myalgia

Fever > 38 °C with onset within
the last 10 days

Fever>100° F (37.8°C)b
Absence of a known cause
other than influenza

At least one among:
fever>38°C, headache,
weakness, myalgia, chills

Respiratory symptoms

At least one among: cough,
sore throata, shortness of
breath

Cough

At least one among: cough,
sore throata

At least one among: cough,
coryza, bronchitis, pharyngitis,
shortness of breath,
expectoration

ARI: Acute respiratory illness; CDC: Centers for Disease Control and Prevention; ECDC: European Centre for Disease Prevention and
Control; GROG: Groupes Régionaux d’Observation de la Grippe; ILI: influenza-like illness; WHO: World Health Organization. a The sore
throat symptom is not collected in the GROG network. For the purpose of this work, the variable was replaced by pharyngitis diagnosis. b
Fever is defined in the GROG network as a temperature fever 2100.4°F (38.0 °C). For the purpose of this work, fever 2100° F (37.8 °C) was

replaced by fever 2100.4°F (38.0 °C).

Performance of influenza case definitions for influenza community surveillance: based on the French influenza surveillance network GROG,
2009-2014.Casalegno et al. Euro Surveill. 2017;22(14): pii=30504. https://doi.org/10.2807/1660-7917.ES.2017.22:14.30504 Received: 20 Nov
2015; Accepted: 14 Dec 2016 Creative Commons Attribution 4.0 International License.
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7.9.2 Portal of exit, mode of transmission and
portal of entry

The respiratory tract is the portal of exit and entry.
Although much debated, it is generally believed
that influenza transmission occurs mostly at a
close range (by contact or droplets) and to a less-
er extent by aerosols at greater distances %%, It is
important to distinguish influenza from pathogens
which are predominantly airborne (e.g. measles,

tuberculosis and varicella).

The potential for aerosol transmission for influen-
za should be regarded as much more dependent on
various host, viral and environmental factors !*.
In Paper II, 7/20 cases supported in-ward trans-
mission despite lack of evidence of close contact.
Likewise, for Paper III, in two cases from two
different wards a close relationship was found.
Unrecognized links or aerosol transmission over
longer distances might explain these cases. Future
studies including WGS of larger samples from
hospital populations have the potential to unravel

chains of cryptogenic transmission.

Several studies have shown a wide variation in the
viral load expelled by patients. When influenza
shedding was evaluated in 61 patients, the highest
emitters shed up to 32 times more virus compared
to the others ', A study of 47 students found 81%
cases positive for influenza RNA in cough aerosols
with 65% of the particles at size <4 p meter (thus
possible to inhale). Moreover, particles expelled by
coughing in influenza patients ranged from as low
as 900 to 308 600/cough 7). There are vast dis-
crepancies on the number particles reported to be
expelled during certain activities (e.g. by coughing,
sneezing or talking). The differences in numbers
are illustrated by 36 per 100 spoken words com-
pared with 40 000 particles per sneeze according

] le8

to Fernstrom et al !*), Symptom severity scoring

might be helpful in estimating infectivity in future
prospective investigations but was not possible to

convey in our studies.

The potential for aerosol transmission may be under-
estimated, especially as it is reported to be more ef-
ficient %, Another consideration reported in animal
studies is that different strains may vary in their ca-
pacity for aerosol transmission %, While influenza
also may be transmitted by indirect contact, it is im-
possible to determine the level of importance for each
mode of transmission when working in close contact
with patients. Studies of experimental infections (i.e.
when healthy volunteers are infected with defined

doses) may differ compared with normal exposure.

Evidence exist for barrier precautions and hand hy-
giene but remains poorly quantified " '7!), Respira-
tors have not been shown superior compared with
masks in preventing laboratory-confirmed influen-

za in a randomized control trial !'7?

|, Experimental
studies of mask efficacy supporting increased fil-
tering capacity of influenza virus for respirators
compared with masks in volunteers "7*) may not

translate into effectiveness in preventing infection.

Moreover, the existence of a policy does not equal
adherence. Compliance with hand hygiene guide-
lines has been reported to be as low as 31-66%

174175 Observation by trained observers remains

the gold standard for measuring compliance 7%,

although new techniques are in the pipeline 77,
In our studies, adherence to control measures sug-
gested for influenza patients was unfortunately

not possible to evaluate.

7.9.3 Host susceptibility
Pre-existing immunity for influenza differs great-
ly among populations, and are influenced by fac-

tors such as age, sex, and innate immunity. It is
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generally believed that multiple immune responses
decline by age and thereby reduces the efficacy of

1781 Apart from

influenza vaccination in the elderly !
differences in preexisting immunity, antiviral pro-
phylaxis may offer protection, although a review by
Cochrane found a ‘modest effect’ on prevention of

145

symptomatic influenza in individuals "#!. Support
for prophylactic use have been reported in terms
of reduced rates of household transmission and
shortening of outbreak durations in long-term care

[179

facilities (7", Large, community-based studies on

prophylactic use have yet to be performed.

In order to protect patients, vaccination of HCWs
likely offers some indirect protection for risk groups
although high-level evidence is lacking. Vaccina-
tion policies should be combined with work toward
reducing presenteeism ""®., In Paper I, all HCW's
reported sick during the outbreak were non-vacci-
nated but unfortunately no data regarding staff vac-

cination were available for Paper III.

7.9.4 Risk assessment

The risks for patients may be direct or indirect and
depending on situation, setting, and population.
Findings from studies conducted in long-term
care facilities may not apply for acute-care with
substantially higher patient throughput and short-
er length-of-stay. Nursing homes likely have more
stable patient and staff populations. Mortality rate
for influenza in acute-care facilities and geriatric
hospitals has been reported to be 16%, whereas in
more vulnerable populations units it can be 33-
60% 181183 Antiviral treatment is generally con-
sidered as safe, and since there are limited treat-
ment options they remain widely recommended.
In Paper III, the share of InfA patients treated
with antivirals were 53% and 62% (non-HCAI and
HCAI cases) which is much lower compared with

a recent report from Australia (184,
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Risk assessment including indirect consequences for
patients and HCWs not directly involved in influ-
enza transmission also need to be considered by the
hospital management, if resources need to be allocat-

ed from other areas in order to control outbreaks.

7.9.5 Outbreak analysis
Hospital influenza outbreaks are likely substan-

1581 and are not well defined.

tially underreported !
Commonly at least two symptomatic patients
within a 48-72 h period with a minimum of one
laboratory confirmed case is used 2. HCW's may
facilitate transmission to patients and co-workers
11851 Early recognition is important for outbreak
control and due to the broad clinical presentation
1651 symptoms of ‘suspected influenza’ need to be
clearly defined. The index case should not be con-
[134

fused with primary case "*. The time of symp-
tom on-set may be the only clue to estimate the
point of time when the infection was acquired. Al-
though often considered as common knowledge,
statements of incubation time are often imprecise,

unsourced and based on limited evidence 7).

The quality of research regarding hospital epidemi-
ology often have major methodological weakness-
es 14186 Details regarding participants, settings,
interventions, timing and potential confounders
may be missing. Detailed contact tracing generally
works well for stemming outbreaks of low-preva-
lence diseases, but effectiveness is limited for large
outbreaks ¥7), In 2007, the ORION statement was
published, with “Guidance for transparent report-
ing of outbreak reports and intervention studies
of nosocomial infection” '*). Although more than
ten years has passed, a large proportion of nosoco-
mial outbreak reports do not provide basic infor-
mation of the event. Reliable evidence-based data
combined with experience may improve learning

from previous outbreak experiences, but this goal



can only be achieved if critical data are reported

[189]

Since the ORION statement was published, a rapid
progress in sequencing technology has occurred
which allow for earlier detection, uncovering of
linked infections "*! and more precise investiga-
tion of outbreaks ['°"1°?), For influenza, WGS offer
superior resolution for molecular epidemiology

193] In a re-

compared to single segment analysis !
cent report from U.K, WGS data confirmed noso-
comial transmission for approximately 16% of cas-
es Y Equally to the impact of DNA-techniques
on criminology, outbreak investigations need to
include and integrate laboratory data with epide-

miologic data to obtain full value !> 1,

7.9.6 Concluding remarks

Epidemiological understanding of influenza trans-
mission in healthcare settings remains incomplete
(141 Modelling studies may facilitate the under-
standing of complex processes and have the ad-
vantage of being cost-effective and ethically fea-

sible. Although the risks for healthcare-associated

influenza infections cannot be eliminated, there is
still a duty to control transmission at an acceptable
level. Emphasizing on HCW immunization, or any

other single measure, is not enough on its own.

Surveillance must be adjusted to the needs of the
facility and performed in a methodical and ef-
ficient manner. Laboratory testing may during
some circumstances be performed by other im-
plications than benefits for the individual patient
1661 \With increasing demand for public reporting,
the importance of standardized definitions and ap-
proaches for surveillance and outbreak detections

cannot be overemphasized.

In situations where there is a lack of natural immu-
nity, vaccination and therapy, no other measure
than social distancing and supportive treatment
remain. This is currently clearly illustrated by the
mitigation measures we are forced to use for the
Covid-19 pandemic. For hospital transmission of
influenza, we are still lucky to have a broader set
of control measures, elegantly summarized in

the article by Vanhems et al [+,
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8 CONCLUSIONS

Locally circulating HRV strains represent several types and seem to reflect
that these infections are highly globalized. The existence of simultaneous or
successive epidemics with different HRV types, in combination with the abil-
ity of each type to remain in the local population over extended periods of

time, may contribute to explain the high rate of HRV infections.

Influenza B virus may spread efficiently within an acute-care hospital, and ad-
vanced molecular methods may facilitate assessment of the source and extent

of an outbreak.

In-ward transmission of Influenza A occurs frequently, and healthcare-asso-
ciated influenza may have a severe outcome. Whole-genome sequencing can

be used for outbreak investigations and evaluation of preventive measures.

System dynamic modelling may be a valuable tool to illustrate in-hospital
transmission of influenza. According to our model, antiviral prophylaxis to
exposed patients seem to be the most effective way to control in-hospital

transmission.

65



Martina Sansone




9 FUTURE PERSPECTIVES

Although this thesis added some knowledge in the
field of epidemiology and transmission for HRV
and influenza, there is a wide range of unanswered
questions along with great possibilities for future
research. I will finish by sharing some of my pre-

dictions for the future below.

Viruses will continue to challenge humans. Some
viral infections will be defeated, but new ones will
arise. Climate change, travelling patterns (illus-
trated in Figure 19) and urbanization create new
environments which may pave the way for previ-
ously unknown and new diseases. This manifested
today, when SARS-CoV-2 rapidly and dramati-
cally has changed the lives for millions of people.
We can directly observe how a respiratory virus
efficiently may spread in absence of pre-existing

immunity, vaccine or treatment options.

While the world has a high interest in viruses,
intersectional cooperation within virology, med-
icine, public health, epidemiology, computer sci-
ence and operation’s research are needed and will
hopefully join forces to synthesize information

and increase public knowledge.

Based on experiences from SARS-CoV-2, we
might in the future need to pay more attention on
the share of unrecognized/undiagnosed cases in a
society and include them in assumptions regarding
transmission. Just because things not yet are dis-

covered, they still may exist.

Previously known merely as a large group of dis-
eases with similar clinical presentation (ARI/RTI
or ILI), PCR increased our understanding of viral
infectious diseases. With the advances in molecu-
lar epidemiology, new insights will arise and WGS
is next in line to revolutionize outbreak analysis

and public health surveillance.

The HCALI definition needs to be completed with
criteria for a hospital-acquired infection, prefera-
bly defined as possible, probable or proven. Hope-
fully legal and insurance controversies won't affect

the much-desired need for a standardization.

WGS will add significant value for infection pre-
vention and control and public health in order to
confirm or uncover transmission links. Labora-
tory and epidemiologic data have previously of-
ten been stored separately, but this data need to
be integrated in order to gain full value and direct

measures to where it has most impact.

Point-of-care PCR testing for respiratory viruses
are already increasingly being used at emergency
departments. Easy access combined with short-
ened answering times will enable control mea-
sures upon admission, co-horting of patients and

early treatment initiation.

New possibilities to self-sampling and at home di-
agnostics will evolve. Though access to laboratory
diagnostics can be easily arranged, increased de-

mand of interpreting the results will arise.
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A universal vaccine replacing the annual season-
al influenza vaccine will hopefully be developed.
By targeting influenza’s highly conserved protein
regions, it may be possible to induce cross-protec-
tive immunity.

In the work against antimicrobial resistance, viral
infections will be included. By diagnosing viral
RTIs and reducing HCAIs caused by respiratory

viruses, less antibiotics will be prescribed.

How shall we efficiently plan and use our healthcare

resources in the future? There is a need to create
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a dialogue with healthcare providers and resource
management on which methods to choose in con-
trolling transmissible infections. Sweden has the
lowest number of hospital beds within the EU 7]
and Kungilv hospital, described in this thesis, has
the highest occupancy rate in the region. Over-
crowded hospital wards, lack of staff and multiple
transfer of patients within the hospital may increase
the number of exposed patients when an outbreak
occurs. In order to save both resources and lives in
the future, it is time to change the focus from writ-

ing policies to real-world outcomes.



Figure 19: World
airline route-map
before the Covid-19
pandemic.

Reprint with permission
from: https://commons.
wikimedia.org/wiki/
File:World-airline-route-
map-2009.png

Jpatokal / CC BY-SA
(https://creativecommons.
org/licenses/by-sa/3.0)
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