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TraVerse: A method of natural 
respiratory virus transmission from 
symptomatic children to healthy 
young adults – Marie-jo Medina 

1 Abstract 

A method of natural transmission that ‘traverses’ all identified common cold 
viruses was evaluated in Leicester, UK during 2012 to 2015. The viruses were: 
adenovirus, coronavirus, enterovirus, influenza, metapneumovirus, parainfluenza, 
rhinovirus, and RSV. Mechanisms of transmission assessed included large droplet, 
hand contact, fomite, and aerosol.  

Aim: to augment current understanding of natural respiratory virus transmission 
using the TraVerse method.   

Methods: TraVerse method of 30-minute interactions between symptomatic 
paediatric inpatients and healthy young adults in a fully functioning hospital ward. 
Swab and aerosol samples were tested using qualitative and quantitative PCR. 
Illness severities were evaluated using daily symptom diary cards. 

Results: The overall RT-PCR positivity rates were 93% for children and 22% for 
adults. Rates of natural transmission, depending on the virus, were 4% - 24% by 
large droplet, 18% - 19% by hand contact, 50% - 100% by self-inoculation, and 8% 
- 33% by fomites. Aerosol transmission was not established. Adults did not shed 
flu, coronavirus, metapneumovirus, or parainfluenza; nevertheless, severe illness 
occurred in 26% whose child pairs had mono-infections of these viruses. When ill, 
only 7% of adults stayed home, and only 4% sought medical attention. 
Asymptomatic rhinovirus transmission occurred at a rate of 5%.  

Conclusions: TraVerse was fit-for-purpose in elucidating natural, human-to-
human respiratory virus transmission rates. Aerosol transmission may be the 
primary mechanism in the natural transmission of flu, coronavirus, 
metapneumovirus, and parainfluenza but was not appropriately evaluated 
because of funding constraints. Paediatric mouthing has relevance in nosocomial 
transmission. Healthy adults develop severe illness but do not generally stay 
home, take medications, or seek medical advice.  

Recommendations: Sanitizing of paediatric patients’ hands, use of masks to 
discourage face-touching, flocked swabs to replace nasopharyngeal aspirates in 
respiratory sampling, use of virus molecular subtyping assays, increased efforts to 
include minorities in research, and better collaboration to encourage research 
funding. 
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8 Introduction 

8.1 Aims and Objectives 

The overall aim of this study was to augment the body of knowledge on the 

transmission of the common cold, using the TraVerse method. TraVerse is the first 

method developed to elucidate natural transmission that ‘traverses’ all known 

respiratory viruses associated with the common cold. By this method, 

symptomatic paediatric inpatients act as respiratory virus sources to healthy 

young adult hosts, during 30-minute interactions, in a setting that realistically 

simulates the interchange between patients and medical teams in a functioning 

clinical facility. The objectives were to 1) elucidate the rates of natural respiratory 

virus transmission, 2) establish definitive mechanisms by which viruses are 

spread, 3) recognise the risks of transmission by specific mechanisms in 

healthcare settings, and 4) ascertain the burden of respiratory viral infections in 

healthy young adults.  

8.2 The Common Cold: the forgotten pandemic 

The term ‘common cold’ refers to an acute syndrome of systemic signs and 

respiratory symptoms, such as fever and cough, which result from viral infections 

in humans.1 Documented anecdotal evidence of the illness and its person-to-

person transmissibility goes as far back as the ancient seafaring days, when it was 

observed that mariners at sea were less frequently symptomatic than when on dry 

land, where the potential for social contact was greater.1 Signs and symptoms of a 

cold are generally benign in nature and most often confined to acute upper 

respiratory illness, although occasional lower respiratory infections also 

commonly occur.2 However, it is the cumulative seasonal effects of the syndrome 

that makes it the leading cause of morbidity and mortality worldwide,2,3 which has 

an estimated annual economic burden of 3 billion U.S. dollars in medications for 

symptom relief; 110 million primary care visits; and 20 million days each of school 

and work absences, in the U.S. alone.1     
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It is this burden that precipitated the quest to find a cure, bringing about the 

establishment of the Common Cold Unit (CCU) in Salisbury, England in 1946.4,5 In 

order to find that cure, the unit aimed to definitively delineate the mechanisms by 

which colds are transmitted. Transmission studies at CCU spanned 43 years, with 

the most momentous findings being that, a ‘filterable agent’ causes symptoms; this 

agent is actually not just one pathogen – influenza, but a whole group of as yet 

unidentified microorganisms that can infect the same person at the same time, and 

infections result in relatively similar symptoms that include sneezing, runny nose 

and sore throat.4,6-8 Regrettably, the unit was decommissioned in 1989, without 

having found a cure.4 However, the identification in the 1950s of rhinovirus as the 

causative agent in most common cold infections9 resulted in the development of 

experimental models on transmission of influenza and rhinovirus, concomitant to 

efforts at the CCU; these models demonstrated the possibility that virus 

transmission occurred by several different mechanisms.10-14 Furthermore, 

longitudinal epidemiological studies in the 1970s and 1980s established the 

importance of the family unit in the spread of infection, and the disproportionate 

incidence of disease among younger children within families.11,15,16 

 In the 1980s and 1990s, modern diagnostic methods such as polymerase chain 

reaction (PCR) not only confirmed influenza and rhinovirus as causative 

microorganisms,17 but also enabled the identification of other viral pathogens 

relevant to the common cold, which were not recognised when using cell 

culture.18,19 PCR further enabled the confirmation of the burden of concomitant 

infection with multiple viruses in the paediatric population, as established in 

previous studies.20,21 Most of what is currently known about the common cold and 

its transmission were derived from these historical events. The derived general 

knowledge is discussed below and includes: causative viruses, seasonal peaks, age-

related incidences, clinical manifestations and possible mechanisms of 

transmission. 

The viruses commonly associated with the common cold syndrome and their 

respective proportional rates of global infection are: rhino-enteroviruses (40-

50%), influenza viruses (25-30%), coronaviruses (10-15%), adenoviruses (5-

10%), respiratory syncytial viruses (5%), metapneumoviruses (5%), and 
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parainfluenza viruses (5%).1 Seasonally, these viruses have the ability to cause 

colds in the UK and other temperate climates year-round, although with decreased 

incidence in the summer. In tropical climates, cold infections persist all year, but 

some viruses may have increased incidence in rainy seasons.1 The average annual 

incidence of infections in preschool children is five to seven episodes, although 

10% to 15% will have at least 12 infections per year.1,16 Incidence decreases to 

two to three episodes per year in adults, but tend to be higher in those with 

regular contact with children.15 Onset of clinical manifestations occurs within 

three days after infection,22 and lasts up to one week. Although, in at least 25% of 

those infected, symptom duration is approximately two weeks but can be longer 

when more than one virus is involved and when the person is at medical risk of 

complications.1,21 With the seemingly singular requirement that a virus 

successfully infects the nasal epithelium,1 it is then easily passed on from one 

person to another by any of three possible mechanisms: directly, through large 

droplets emitted during normal talking or through coughs and sneezes and 

indirectly, by inhaling small droplet aerosols or by self-inoculation of the eyes, 

nose and mouth after touching fomites.1,23-27 Despite current knowledge, however, 

finding a cure for common cold symptoms remains elusive; nonetheless, it 

continues to be of prodigious importance, particularly because an estimated 500 

million cold infections occur each year, at an annual cost of US $40 billion in the 

U.S. alone.28 Possible hindrances to progress include: the gaps in knowledge of 

viruses, host and environment, as well as the modest amount of financial resources 

available for the pursuit of this knowledge.2,3,11,29 

Gaps in knowledge of the pathogens of the common cold pose a challenge to 

finding a cure, primarily because of the number of viruses that cause similar 

clinical pathology either individually, or in association with one another.11 For 

example, myalgia is a typical systemic sign in patients with influenza; however, 

those with colds due to other viruses are also known to occasionally complain of 

muscle aches.29 Furthermore, the development of PCR has led to the discovery of 

many other viruses that cause the common cold, but there is always the possibility 

that future diagnostic method developments may reveal more pathogens.29 By a 

similar token, insufficient knowledge of different human host responses to these 
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pathogens is an impediment, particularly where age, socioeconomic status and 

overall health conditions are concerned.2,29 For example, children have more cold 

episodes per year than adults; mothers that work outside the home are less 

susceptible to disease; and those with genetic conditions may be less able to 

mount an immune response.29 Because the immune-challenged and those at 

opposite ends of the age spectrum are most at risk for severe illness, they have 

been the focus of most studies on the common cold. 30,31 Meanwhile, little attention 

is given to studies involving healthy young adults, who are of critical importance to 

global infrastructure.32 Furthermore, diversities in the environment pose 

difficulties in determining the primary mode/s of virus transfer and the conditions 

by which transmission occurs which have a negative effect on the evaluation of 

effective measures for intervention.11,33 For example, influenza transmission in 

guinea pigs are optimal at a temperature of 5°C and a relative humidity between 

20% and 35%, however, any variation in these conditions make transmission of 

virus less likely.2,34 Compounding all these obstacles is the inability to distinguish 

if virus, host and environmental effects in experimental conditions are similar to 

what occurs naturally in infection,2 because published data12,13,23,35 are limited to 

those that are either experimental in nature, or simulations of natural illness that 

are not necessarily realistic. Finally, despite the global health and economic impact 

of acute respiratory infections, and even though cost-effective measures for 

control and prevention are practicable, commitment to investment in research has 

yet failed to materialise. Thus, it is by “the forgotten pandemic” that scientists refer 

to the common cold. 3,36,37 

In 2005, the World Health Organization (WHO) International Health Regulations 

made it an international health law for each country to have a pandemic 

preparedness plan, brought about by the emergence of severe acute respiratory 

syndrome (SARS) in 2003, and the re-emergence, and subsequent spread, of avian 

influenza A(H5N1) in the same year.38 To aid countries in developing pandemic 

plans, the WHO provided published guidelines to be used as a framework.39 The 

focus of the framework is the control and prevention of pandemic avian flu, which 

has naturally renewed interest in flu transmission studies and resulted in the 

earmarking of more than US $6 billion for pandemic response in the U.S. alone.40 
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Meanwhile, funding for respiratory disease remained between 2.5% and 4.5% of 

total government research spending in countries such as the UK.36,40 Recent 

outbreaks of Middle East respiratory syndrome coronavirus (MERS-CoV)41,42 and 

severe and fatal strains of re-emerging human adenovirus (HAdV)43,44 necessitate 

that plans take into consideration the possibility that the next pandemic may be 

caused by a common cold virus other than influenza.39 In order that a successful 

plan may be devised, two things are essential: 1) a better understanding of the 

mechanisms of natural human-to-human transmission of respiratory viruses of 

pandemic potential and 2) the greater availability of funding for research into 

these mechanisms.  

The First essential was addressed in this study, which evaluated the fitness for 

purpose of TraVerse in determining natural human transmission of respiratory 

viruses such as, adenovirus (HAdV), coronavirus (HCoV), enterovirus (EV), 

influenza (Flu), metapneumovirus (hMPV), parainfluenza virus (PIV), respiratory 

syncytial virus (RSV) and rhinovirus (RV). Symptomatic children were used as 

sources, because they are known to shed copious amounts of virus for long 

periods.9,45-48 Healthy young adults were selected as hosts, because although they 

are of critical importance to global infrastructure, they are the ones for whom 

disease severity is not well studied.32,49 A large, functioning hospital was used as 

the controlled setting, because it is the place and the staff who work in it for which 

infection control measures would need to be operational, particularly during a 

pandemic. The mechanisms of transmission evaluated were large droplet, hand-to-

hand, self-inoculation, fomite and aerosol. Since TraVerse is the first realistic 

model of natural human-to-human transmission evaluated, any indication of the 

occurrence of transmission made it fit-for-purpose. 

It was not intended for this study to address the second essential for a successful 

pandemic plan and lobby for more research funding, however, it is nonetheless 

hoped that it would at least open up the possibility.  

This thesis is structured such that a literature review on each of the common cold 

viruses is presented immediately following this introduction, in order of their 

proportional rates of infection as mentioned above (RV, EV, Flu, HCoV, HAdV, RSV, 
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hMPV, PIV). The summary of the literature is followed by a description of the 

research methods used, which included: TraVerse, quantitative and qualitative 

real-time, reverse transcriptase PCR (RT-PCR), and genetic sequencing. Results 

will establish that, as far as the author is aware, this is the first study on the real-

life, natural transmission of respiratory viruses, and also the study with the most 

number of consented participants. The results will also establish that TraVerse is 

fit-for-purpose, in providing observed rates of each of the mechanisms of 

transmission, in particular: large droplet, hand-to-hand, self-inoculation and 

fomite. Comparative epidemiological data on virus infection in children and 

healthy young adults are provided. A discussion of the results in the context of 

other published transmission studies follows, which is succeeded by difficulties 

encountered in the study and, finally, by the conclusions and recommendations of 

the author.   
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8.3 Literature Review 

8.3.1 Picornaviruses 

Picornaviridae is a virus family name derived from the small size (30nm diameter) 

of its members (pico, Spanish for very small). Single-stranded, positive-sense 

nucleic acid makes up its genome (RNA). It is made up of 12 genera in which 

belong pathogens that are of recognised importance in human and animal health, 

including foot-and-mouth disease virus, hepatitis A virus, human enteroviruses, 

and human rhinoviruses.50 

RV and EV are the two most closely related genera in the Picornaviridae family. 

Globally, they are the leading causes of the common cold51 and are the most 

prevalent respiratory pathogens in the first year of life.52,53 In children and adults, 

these viruses have been implicated in the aetiology of otitis media, bronchiolitis 

and pneumonia, as well as exacerbations of cystic fibrosis (CF) and asthma.51,54-59 

RV and EV were quantitative RT-PCR targets in the study and are discussed in 

greater detail below.  

8.3.1.1 Rhinoviruses (RV) 

8.3.1.1.1 General Information 

Rhinoviruses belong to the Enterovirus genus, the largest in the Picornaviridae 

family. Taxonomically, they were traditionally characterised according to antisera 

reactivity, resulting in over 100 different serotypes.60,61 They were further 

classified based on receptor specificities for entry into the host cell during 

infection and on sensitivities to antivirals during virus clearance.60,61 The 

introduction of molecular techniques such as PCR and genetic sequencing resulted 

in the discovery of RV species that previously eluded identification, because they 

do not propagate in cell culture. This brought about the subsequent, and simpler, 

reclassification of RV into types A, B, and C, based on their genetic and pathogenic 

homogeneity.62 The original 102 serotypes were catalogued by the American Type 

Culture Collection and subtyped into RV-A (n=76), RV-B (n=25) and EV (n=1). On 

the other hand, species recently identified through molecular methods are 
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subtyped RV-C (n=49).9,63 There is further evidence to suggest that there may be 

an emerging subtype D.62 Figure 1 is a phylogenetic tree that shows the inferred 

evolutionary relationships of currently identified RV genotypes. 

Genetic recombination among RV types commonly occurs, particularly between 

RV-A and RV-C, resulting in the evolution of quasispecies.63-65 Recombination 

generally occurs due to the misincorporation of RNA during transcription by 

error-prone RNA polymerase, which has an error frequency of at least one 

misincorporation per 104 nucleotides in RV.50 Recombination also occurs as a 

result of frequent infection of hosts by multiple RV types.50,62,66 RV evolves due to 

recombination events throughout the whole genome, rather than just in 

immunogenic regions,62,66 as commonly occurs with other RNA viruses, although 

genetic mutations occur more frequently in the 5’-UTR and along its adjacent 

regions.63-65   

8.3.1.1.2 Epidemiology 

Globally, RV is the prevalent cause of upper respiratory tract infection (URTI) in 

humans throughout the year.9 In the UK and other temperate regions, a seasonal 

pattern in virus isolation is observed in the autumn, winter and spring, with peak 

activity coinciding with school openings in autumn and three weeks after children 

return from break in spring.60 Infections are most pronounced in infants and 

young children,63 however, the entire population is susceptible, causing 

approximately 35-60% of common colds during the entire year and increasing to 

more than 80% during the spring and autumn peaks.60,63  

Respiratory symptoms due to RV infection are generally mild and self-limiting in 

immunocompetent hosts, starting between two hours and two days after infection 

and lasting up to 14 days.9 Peak virus shedding occurs at approximately the same 

time, lasting up to 10 days in the overall population.60 Generalised symptoms 

include rhinorrhoea, nasal congestion, pharyngitis, cough, headache, low-grade 

fevers and malaise.9 Protracted shedding of a single RV subtype in healthy 

individuals is uncommon, but not in the immunosuppressed, who are also more 

severely affected.63,67,68 Virus clearance follows within three weeks, however, re-
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infection with other subtypes can occur, resulting in prolonged illnesses.60,63,69 

When accompanied by acute asthma exacerbations, recovery can take as long as 

six weeks.63 Chronic infection is also possible, particularly in lung transplant 

patients.60 Frequent recurrence of infection causes strains in global economies, 

due to time lost at work and school, and increased numbers of medical 

consultations.9,60 Episodes of infection average from two to five annually in adults, 

and approximately 12 per year in children. It is estimated that one to two years of 

an average person’s life is spent in misery due to a common cold, costing the 

economy approximately US $40 billion annually in the U.S. alone.9,60  

RV is also associated with infections of the lower respiratory tract (LRTI). In 

children and adults with underlying health conditions and immunosuppression, 

RVs are implicated in the aetiology of more serious diseases such as otitis media, 

bronchiolitis, and pneumonia; and exacerbations of asthma, cystic fibrosis and 

chronic obstructive pulmonary disease (COPD).9,60 For those hospitalised with RV 

infection, children less than five years of age present with bronchiolitis and 

pneumonia, and approximately 14% are admitted to paediatric intensive care 

units (PICU).9 Older children and young adults, on the other hand, are generally  
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Figure 1 RV Phylogenetic tree a 

 

 

                                                        
a Shown are circle phylogram relationships for known genotypes of RV-A, RV-B, and RV-C. The tree 
was calculated with neighbor-joining methods from aligned, full-genome RNA sequences and 
rooted with data for human enterovirus species A, B, and C. The outer ring (“1” or “2”) indicates 
anticapsid drug group types, if known. The inner ring shows members of the major (“M”) (ICAM-1) 
and minor (“m”) (LDLR) receptor groups. The RV-C receptor is unknown. Since few RV-C strains 
are fully sequenced, the determination of relationships among these genotypes relies on partial 
VP1 RNA data (bottom left). Bootstrap values (percentages of 2,000 replicates) are indicated at key 
nodes. (Taken from Gern & Palmenberg)63 
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admitted for asthma exacerbations.9 RV-related asthmatic episodes do not 

predispose patients to more frequent and severe URTI or to longer lengths of 

hospital stay than non-asthmatics, however, they are more likely to frequently 

develop severe LRTI.9 Elderly patients for whom RV infection induces COPD 

exacerbations, hospitalisations due to pneumonia and congestive heart failure are 

common.9,60,63 Those in closed settings are particularly vulnerable to serious 

illnesses that could lead to death.9,60,63 In infants, morbidities include otitis media 

and severe acute bronchiolitis due to infection with either RV alone or, as is 

common, along with RSV.9,60   Bronchiolitis at this early age predisposes one to 

recurrent wheezing in the first year of life, which may progress to asthma in the 

early childhood years.9,60 Infants with underlying pulmonary abnormalities and 

children with primary immune deficient disorders may develop life-threatening 

complications requiring PICU admission and mechanical interventions.60 In CF 

patients, symptoms of RV illness can be exacerbated by secondary bacterial 

infections, such as those due to Pseudomonas species, leading to disease 

progression.60 RV-induced CF exacerbations are not associated with decreased 

pulmonary function; however, virus pathology in LRTI in this population may be 

related to species subtype.9 

Severity of disease has been associated with specific RV subtypes and with viral 

load.9,62,70 RV-A and RV-C are indicated in more serious illnesses than RV-B,71 

although severe infections with RV-B generally require mechanical ventilation.71 

RV-C is implicated in approximately 50% of paediatric RV infections, and often 

linked with wheezing episodes and exacerbations of asthma and CF.70,71 RV-C is 

also isolated in clinical specimens such as bronchoalveolar lavage, pericardial 

fluid, blood, urine and stool, suggesting that it may cause systemic debilities.9 

Recent studies indicate that RV-A may give rise to similar clinical manifestations as 

RV-C.63 Disease severity can also be predicted by the amount of infectious virus 

particles present in nasopharyngeal exudates.9,72 Children and adults with a viral 

load of at least 107 copies/mL are usually hospitalised with acute respiratory 

infection (ARI).9,73 In children older than 11 months with LRTI, viral load is 

likewise predictive of illness severity scores.9,74 Meanwhile, lower viral loads 

between 103 and 104 copies/mL have been correlated with symptom 
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development,9,75 but consecutive sampling has not successfully determined when 

illness will resolve.9,72 Caution in correlating viral load to illness severity is needed, 

however, because definitive interpretation is made difficult by differences in 

sample collection and laboratory methods.9 

The wide spectrum of illnesses caused by RV suggests that host and environmental 

factors may be equally relevant in disease presentation.9,63 Host risk factors for 

wheezing following RV infection include maternal atopy, young age, history of 

hypersensitivity reactions, previous wheezing and asthma.63 Environmental 

factors include tobacco smoke, air pollution, and stress.9 Large sets of data from 

longitudinal studies are needed to validate these findings.9,63     

8.3.1.1.3 Infection and Immunity 

Humans are the primary RV hosts. Entry and replication in the host principally 

occurs in the nose and eyes, through either the intercellular adhesion molecule 1 

(ICAM-1) or the low-density lipoprotein receptor (LDL-R).60,63 RV carriage occurs 

at doses considerably less than one tissue culture infective dose (TCID50). Oral 

entry through inhalation is also possible, but doses up to 10,000 more than those 

through the eyes and nose are required to cause disease.60,63 

Host infection primarily occurs in the upper airways.63 Air-liquid interface culture 

methods show that RV thrives in the undifferentiated epithelial monolayer and 

occasionally in the sub-epithelial layer of the airways.76 On the other hand, viral 

replication in differentiated cells occurs only when there is damage to the 

epithelium, suggesting that resistance to RV is a function of barrier protection by 

the epithelial layer.63,76 In the lower airways, RV replicates best in the large- and 

medium-sized airways, where temperatures are between 33˚C and 35˚C.77,78 Cell 

culture methods show that RV replicates as well, if not better, in lower airway 

epithelial cells than in upper epithelial cells, which led to the understanding that 

RV infection is not limited to the upper respiratory tract.63,69,77-79 

Asymptomatic RV infection regularly occurs, particularly in infants, where the 

rates range from 25% to 44%.63,80 The high rates could be explained by both the 

age-related susceptibility to RV, which is generally lower in the first six months 
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after birth but tend to increase considerably throughout infancy and early 

childhood, 60,63 and the fact that mild symptoms may not be easily identified in this 

group.63 Asymptomatic infection is said to have occurred when virus is shed 

during either the prodromal or recovery periods of a respiratory illness.80,81 In 

healthy adults and the elderly, limited studies on asymptomatic RV infection 

suggest a lower prevalence of up to 2%, but may be higher in household settings 

where children reside.9,82-84 There is no evidence of virus carriers with persistent, 

low-level shedding and viral load is not a good indicator of the development of a 

symptomatic or asymptomatic phenotype.84 However, both phenotypes are able to 

elicit an immune response.84,85 

Immune responses to RV are regarded as the underlying causes of the multitude of 

symptoms associated with infection.9,63 It is seldom observed that RV carriage 

results in injury to the respiratory tract or in the increased numbers of infected 

epithelial cells. Tissue oedema and neutrophil and mononuclear cell levels of no 

notable importance typify pathology during peak infection.9,63 On the other hand, 

host innate pro-inflammatory response involving interleukins, kinins, leukotrienes 

and histamines cause vasodilation and oedema, which correlate to disease severity 

and viral load.9,63 Epithelial cells undamaged by allergens and pollutants may 

prevent RV infection but activate a variety of signalling pathways resulting in pro-

inflammatory response, antiviral activity and cell death, which also negatively 

influence disease pathology.9,63 

Cellular immune response involves macrophages, neutrophils and lymphocytes.63 

Macrophages are much like epithelial cells in producing cytokines, chemokines 

and antivirals during RV infection, albeit through a different signalling pathway.86-

88 Synergistic epithelial and macrophage response results in the secretion of types 

I and III interferons (IFN), which are critical in early innate immunity to RV.63,89 

Neutrophils are the most abundant cells in RV nasal secretions.63,90,91 Production 

of neutrophil precursors in the bone marrow is stimulated within 24 to 48 hours 

of infection after which, neutrophils are recruited to the upper- and lower-

respiratory tract.63 Neutrophilic response accompanies pro-inflammatory and 

antiviral activities that correlate with acute cold symptoms.63,90 Lymphocytes (T-

cells) decrease in numbers in the blood and increase in nasal secretions for a short 
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period during an RV-induced cold.63 They are critical in virus clearance, and T-cell 

immune deficiencies can lead to protracted illnesses and severe clinical 

manifestations.63,67 T-cell response can be serotype-directed and an aggressive 

initial antiviral activity is associated with milder symptom development.63 

Humoral immune response, involving the secretion of both neutralizing serum IgG 

and secretory IgA antibodies in the airways, occurs within 7 to 14 days following 

infection.9,63 Antibody titres persist for at least one year after induction, providing 

serotype-specific protection from re-infection and decreased disease severity 

while levels remain elevated.9,63,92,93 There is very little evidence of cross-

neutralizing antibody activity to RV, which makes vaccine development tedious, 

given the 102 identified serotypes with no common antigen.9,94                          

8.3.1.1.4 Transmission 

Current literature on RV transmission is elucidated from household studies and 

research involving artificial virus infection of healthy adult hosts, 13,23,35,84,95,96 such 

as research on families by Peltola, et al.,84 and the aerosol study by Dick, et al.23 

Hence, there is a gap in knowledge of the natural human-to-human transmission of 

RV in symptomatic cases that result in medical consultations and hospitalisations, 

and the infection rate in the healthy young adults involved in the care of these 

patients. Furthermore, previous RV transmission studies occurred before 

molecular laboratory methods for identifying viruses became widely 

available.13,23,35,84,95,96 Examples include Gwaltney, et al.’s experiments with 

environmental surfaces in 1982 35 and Hendley et al.’s research on self-inoculation 

with RV in 1973.96 Therefore, data from these are limited to RV-A and RV-B that 

propagated in cell culture. Inferences from household and experimental studies 

are delineated in the ensuing paragraphs. 

RV transmission is presupposed to be essentially inefficient, because it is highly 

dependent on several personal and social factors such as, young age of source and 

host, source symptom array and high titre shedding, host seronegativity, personal 

hygiene and crowding.13,63 Studies suggest that children transmit disease to other 

children and to adults readily, although adults do not pass on infection to children 
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and other adults as easily.63,84 In school and childcare facilities, transmission is 

largely influenced by social factors and children’s hygiene.60 In households, 

infection of adults by children takes place between five and ten days after the 

index case becomes ill, depending on viral load and duration of shedding by the 

child.60 Healthcare-associated RV transmission has been known to occur in 

paediatric wards and elderly housing facilities and is suggested to be attributable 

to social factors.9 RV epidemics are unusual, unless associated with influenza-like 

illness (ILI), commonly observed in elderly housing.63,97  

Transmission through exposure to large droplets has been observed,63 although, 

the primary mechanism is suggested to be through either fomites or 

aerosols.9,35,60,96,98 Nonetheless, duration of contact is established to be the best 

predictor of RV transmission.13 RV is detected on hands at an estimated rate of 

40%, and in up to 6% of household objects.9 At room temperature, RVs can remain 

active on untouched skin for two hours and on surfaces for several hours, 

however, transfer onto hands, nose, and eyes could occur within just a few 

seconds.60,63,96 Aerosol transmission has been observed to occur at a rate of 

approximately 56% among adults with close contact for prolonged periods.9,23 A 

transmission rate of <10% was observed among adult interactions that lasted 

between 15 minutes and 3 hours;99 the rate was 30% for close personal contact of 

long duration such as common in couples,100 and up to 100% for adults in daily 

contact in crowded environments.101   

8.3.1.1.5 Prevention and Control 

There is no vaccine for RV. Barriers to vaccine production include the large 

number of serotypes with no common antigen, deficient epidemiological data on 

the most actively infecting strains and the lack of appropriate animal models.9,102 

Several attempts were made in developing antivirals but also without much 

success.9,63 Antiviral agents include some that act on the virus by interfering with 

its lifecycle and others that function by mimicking natural host antiviral 

production. RV lifecycle inhibitors include capsid-binders such as Anti-ICAM-1 that 

prevent virus from binding to its cellular receptor. 9,103 However, these are 

impeded by the development of resistance by RV.9,103 Mimic host immune inducers 
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include alpha-2 interferons (IFN-α2) and first-generation antihistamines that 

prevent, shorten the duration, and limit the severity of infection. 104-109 However, 

they can be toxic and cause side effects that include nosebleeds and nasal 

irritation.9,63,104-109      

In the absence of an effective vaccine and antiviral therapy for RV, homeopathic 

medicines in the form of topical zinc and nutritional supplements that include 

vitamin C are used to prevent virus infection and alleviate common cold 

symptoms.63 However, zinc is associated with the development of anosmia63 and 

the medical benefits of vitamin C relative to RV infection is determined to be 

unsubstantiated.9,63 On the other hand, decongestants, topical ipratropium and 

aromatic petroleum jelly rubs may provide relief for individual cold symptoms, 

including nasal stuffiness and rhinorrhoea.63,110,111 The heavy metal zinc is 

likewise associated with relief of cold severity in some and shortened duration of 

illness in adults.112-114 However, caution is warranted in the use of lozenges with 

high zinc content as they may have harmful side effects.115 

For the prevention and control of RV transmission, public health measures to alter 

social behaviour are in place, including distancing, wearing of respiratory masks 

and hand washing.9 Social distancing measures such as cancellations of school and 

large public gatherings have been shown in mathematical models to decrease 

secondary attack rates and epidemic spread of different respiratory viruses by up 

to 90%.9,116,117 However, real-life scenarios are proving much more difficult to 

assess.118,119 Respiratory masks are effective personal protective equipment (PPE) 

against respiratory viruses, particularly in healthcare settings. Although, it is 

questionable whether the choice of one designed to filter up to 95% of very small 

particles (N95 respirator) over a standard surgical mask has added benefits in 

occupational settings.119,120 Finally, hand washing with soap and water or alcohol-

based products are shown to effectively reduce RV transmission by self-

inoculation and fomite contamination. However, these findings are in young 

children, who may be the greatest virus shedders but are also the least able to 

wash their own hands.9,119,121,122 
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8.3.1.2 Enteroviruses (EV) 

The Picornaviridae family shares similar characteristics among its 12 genera, 

hence, the description of rhinoviruses in section 8.3.1.1 also applies to 

enteroviruses.  

8.3.1.2.1 General Information 

The first enteroviruses to be discovered were coxsakievirus and echovirus, around 

the time of the poliomyelitis outbreak in the U.S. in 1947.48 More recently, several 

other strains of enterovirus were identified using PCR and DNA sequencing 

methods, leading to their taxonomic classification into species EV-A, EV-B, EV-C 

and EV-D.48 Sequencing has further accentuated the pronounced genetic 

similarities between EV and RV, resulting in their re-classification into the same 

genus - Enterovirus.48  

8.3.1.2.2 Infection and Immunity 

The primary mode of host entry is via the digestive tract, through oral intake.123 

Virus replication occurs in cells along the digestive tract, concurrent to replication 

along the respiratory tract.123 Some strains of EV are, therefore, also known to 

cause respiratory infections characterised by generally mild upper respiratory 

symptoms during the summer and autumn seasons of the northern hemisphere. 

48,60,123 Severe respiratory infections in children can develop into pneumonia and 

bronchiolitis, while infected infants may not develop any respiratory symptoms at 

all but continue to shed viruses through stool and nasopharyngeal exudates.123 

8.3.1.2.3 Transmission 

Available literature on EV transmission is elucidated from longitudinal household 

studies.95,124 Therefore, this is the first study to explore natural respiratory EV 

transmission in a non-household setting. 

EV transmission occurs primarily by the faecal-oral route.48,125 Respiratory 

transmission occurs mostly in regions with more developed sanitation, through 

similar mechanisms used by RVs.48,125,126  
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Children generally spread disease in the household.48,95,127 Household 

transmission of various species is greatest among non-immune mothers in poorer 

families and with the largest number of children between the ages of 5 years and 9 

years.48,124 Healthcare workers (HCW) may also propagate disease spread in 

neonatal wards, where nosocomial outbreaks are also prevalent.48 There are other 

EV species that are more often detected in bone marrow wards and that may be 

fatal.48,128,129 

8.3.1.2.4 Prevention and Control   

There are currently no available therapies for EV infections.48 Although, there are 

efforts towards vaccine prevention of the often-fatal EV71 strain, which are 

proving effective in animal studies.130-132 Current in vitro and animal model 

studies on antiviral drugs are also showing promise.48  

 

8.3.2 Orthomyxoviruses 

The family Orthomyxoviridae is characterised by viruses whose ribonucleic acid 

(RNA) genomes are negative-sense, single-stranded and segmented.133 Six genera 

belong to the family and include, Influenza A (FluA), Influenza B (FluB), Influenza C 

(Flu C), Thogotovirus, Isavirus and Quaranfilvirus.133 Influenza viruses cause 

disease in vertebrates including birds, humans, pigs and other mammals;134 

Thogotoviruses are transmitted by arthropod vectors to vertebrates and 

invertebrates;135,136 Isavirus infects salmon;137 and the newly included 

Quaranfilvirus primarily infects birds and arthropods, but has also been 

demonstrated to infect humans.138 Influenza viruses are documented to have 

caused diseases for at least 400 years and so are the most studied in 

Orthomyxoviridae.139 They are also target organisms in this study, and therefore, 

subsequent sections discuss the three flu genera. 
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8.3.2.1 Influenza Viruses (Flu) 

8.3.2.1.1  General Information 

Human influenza viruses are responsible for increased morbidities and mortalities 

worldwide, due to their ability to cause annual epidemics and occasional 

pandemics.140 They are a threat to global health in their ability to cross species 

barriers and directly infect animals, particularly avian and porcine species, and 

humans at the same time. By extension, flu viruses are a serious risk to global 

economy in terms of medical consultations, treatment, and loss of productivity due 

to absences at work.140  

Influenza is a vaccine-preventable disease, owing mostly to the large body of 

knowledge about the virus evolutionary processes.140 Flu viruses evolve by 

accumulating mutations overtime, at an estimated rate of 5 x 10-4 to 8 x 10-3 

nucleotide substitutions per site per year (drift strains),141-143 and by the 

reassortment of viral genes between 2 or more influenza species (shift 

organisms).140 A schematic of the creation of a novel influenza A subtype through 

antigenic drift and shift is shown in figure 2 below.144 At the amino acid level, 

strains that primarily infect aquatic avian species evolve slowly, suggesting that 

virus is well adapted to these hosts.140 In terrestrial birds, however, selective 

pressure may lead to amino acid changes that create highly pathogenic and rapidly 

emerging flu strains that cause outbreaks.140  
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Figure 2 Schematic of Influenza A Antigenic Shift and Driftb  

 

Common to FluA, FluB and FluC are an enveloped structure derived from the host, 

surface envelope glycoproteins, and the RNA genome, but each genus can be 

distinguished according to their antigenicities, genome, structure, host species, 

epidemiology and clinical manifestations.139 FluA and FluB are of most clinical 

importance, because they cause severe respiratory syndromes in humans.145 FluA 

viruses are further classified into subtypes, according to the antigenic properties 

of their surface hemagglutinin (HA) and neuraminidase (NA) genes. There are 

currently 17 HA subtypes (H1 to H17) and 10 NA subtypes (N1 to N10).133,143,146 

FluB, on the other hand, remained homogeneous until they diverged into the 

antigenically different Yamagata and Victoria lineages in the 1970s, hence, FluB is 

subtyped as either Victoria or Yamagata.133,145 There are currently no known 

antigenic subtypes for FluC.140  

Structurally, flu viruses are complex.133 There is an envelope lipid bilayer that is 

derived from the host cell as progeny virions are released from the cell nucleus. On 

the surface of this envelope are found the glycoprotein receptors HA and NA and 

the transmembrane proton channel matrix (M2) protein.133,147 Just beneath the 

                                                        
b Taken from MacKay, 2013144 
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envelope is another matrix protein (M1), which binds both the envelope and the 

RNA core.148 The virus core is a complex of ribonucleoproteins (RNP) that include 

the RNA segments, 2 polymerase basic proteins (PB1 and PB2), a polymerase acid 

(PA), a nucleoprotein (NP) and non-structural and nuclear export protein (NS1 

and NS2/ NEP).133,149 A schematic of FluA structure in figure 3 shows its two 

surface glycoproteins, the matrix protein and ion channel, and the eight internal 

genes.144 

 

Figure 3 Influenza A Structure Schematicc  

 

8.3.2.2 Epidemiology 

Epidemiologically, human flu viruses are also complex.140 Their distribution 

patterns vary in different climates and geographical regions, they evolve through 

antigenic shift and drift to elude host immune systems, and they also cause a wide 

range of diseases that contribute to increased worldwide morbidities and 

mortalities every year.140   

                                                        

c Taken from Mackay, 2013144 
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Globally, flu infections are identified throughout the year. However, there are 

distinct epidemic patterns between temperate and tropical regions.150 Influenza 

epidemics generally occur seasonally during winter in temperate regions where 

they may last from December to May and peak between January and April in the 

northern hemisphere,151-154 while in the southern hemisphere, the season lasts 

from May to September.155,156 In tropical and subtropical regions, on the other 

hand, influenza activity is most noticeable during the rainy seasons.157-159 

Epidemics also tend to occur irregularly, albeit at less noticeable rates than in 

temperate areas, due to the yearlong flu prevalence in these places.150,159-161  

Prior to the 2009 pandemic, the epidemic strains that co-circulated every season 

were FluA(H3N2), FluA(H1N1) and FluB. Since 2009, however, epidemic H1N1 has 

been replaced by the pandemic strain A(H1N1)pdm09 in seasonal circulation 

patterns.140 Studies on flu global distributions suggest that seasonal H3N2 and 

H1N1 may have originated from the tropical regions of Southeast Asia and spread 

towards areas of temperate climate.150,152,162-165 The tropics generally experience 

yearlong circulation of multiple flu strains,166 while temperate regions such as 

North America and Europe find that the three seasonal strains circulate during the 

earlier part of an epidemic season, but the dominant variant is the one sustained 

throughout the height of the epidemic.167 

8.3.2.2.1  Antigenic Drift and Shift 

Antigenic drift is the gradual accumulation of point mutations in FluA and FluB HA 

or NA genes.168 FluA drift strains are often a result of positive selection of 

mutations in the immunogenic (HA1) portion of the HA gene that, although they 

spontaneously arise, they nonetheless circumvent the lasting immunity that 

results from infection.169 In humans, HA or NA drift mutations occur less than 1% 

per year, however, this rate is enough to bring about outbreaks for the duration of 

up to 5 epidemic seasons, until it is replaced by a new variant.140 In contrast, 

antigenic shift is a major change in the HA or NA gene that results in a variant that 

is antigenically different from the circulating strain.140 These mutations tend to 

cause pandemics because they typically result in the creation of a new subtype, to 

which everyone is immunologically naive.140 There were 4 pandemic shifts in the 
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20th century, all of which were sudden occurrences at unpredictable intervals: The 

H1N1 Spanish flu of 1918 was followed by the Asian H2N2 in 1957, which was 

then followed by the Hong Kong H3N2 in 1968, and then by the Russian H1N1 in 

1977.170 The first pandemic of the 21st century occurred in 2009, with another 

H1N1 strain (pdm09). This was an exception in that it replaced a strain of the 

same subtype that has been circulating since 1977, which contradicts the shift 

strain definition.140 Recent studies suggest that this may either be because 

A(H1N1)pdm09 derived from the reassortment of genes from swine, avian and 

human strains, rather than the more common event between human and avian 

genes,171-174 or because A/1977(H1N1) was not an evolved species, but rather the 

result of either a laboratory accident or a vaccine trial or development that has 

gone awry.175 It is now acknowledged, therefore, that flu pandemics may occur not 

just through antigenic shifts that result in a different subtype, but also by any 

means where antigenicity differs sufficiently to be able to evade the immune 

response of most human hosts.140     

8.3.2.2.2  Morbidity and Mortality in Humans 

The annual global incidence of flu is approximated to be 20% to 30% in children 

and 5% to 10% in adults.166 Attack rates are highest in school-aged children and 

their symptoms are also generally more severe than in healthy young adults.176-178 

School-aged children are also more likely to spread the disease, thus, increased 

school absences in winter are used as indicators for the beginning of the flu 

epidemic season.140,179 An estimated 3 to 5million of very young, very old and 

chronically ill people are at high-risk for severe illnesses that require 

hospitalisation and up to 500,000 of these cases result in death.166,180-183 Disease 

severities differ for each epidemic season and are generally dependent on host age 

at infection, pre-existing immunity to the circulating strains and virus strain 

virulence.176,184-186 Elderly people with cardiopulmonary disease (CPD) are most 

at-risk of pneumonia,187 while pregnant women and individuals with malignancies 

and metabolic diseases are at-risk of increased infections.188-190 In industrialised 

nations, such as the U.S., the highest rates of flu hospitalisations are in children 

younger than 2 years old, while approximately 90% of deaths are observed in 

those aged ≥65 years. 179,191-194 Deaths due to flu epidemics have increased in the 
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past decades and is currently estimated to be between 20,000 and 40,000 

annually, primarily due to an ageing society and the increased numbers of 

immunocompromised individuals.191,194  

Flu pandemic events follow the epidemic curve in that shift strain emergence in a 

community is followed by an acute peak in infection and then by increased rates in 

mortalities.140 Exceptions to this are the pandemics of 1918 and 1957, which had 

second peaks that caused more severe disease than the first.195-197 The Spanish flu 

pandemic of 1918 was the most fatal, resulting in 20 to 50 million deaths 

worldwide.198 In comparison, U.S. mortality rates in subsequent pandemics were: 

70,000 in 1957, 33,800 in 1968 and 12,470 in 2009.140,182 Note that, although 

excess deaths during pandemics are greater than in epidemics, the combined 

deaths in inter-pandemic years still far exceed those sustained during 

pandemics.140,182 Age-related excess mortalities during pandemics differ from 

epidemics in that, healthy older children and young adults are also severely 

affected, for reasons that have not yet been determined, but that further 

compounds the unpredictability of the virus.140,183,199 In 1918, mortalities were 

typically high in the elderly; however, deaths in healthy young adults were 

noticeably higher.140 Likewise, in 1968, approximately 50% of deaths were in 

groups younger than 65 years old.182 Finally, in 2009, hospitalisations and 

mortalities were disproportionately highest in children and young adults.199,200 

 The global economic burden related to consultation fees, hospitalisations, 

diagnostic testing and clinical treatment were estimated in 1986 to be upwards of 

1 billion U.S. dollars annually, while indirect costs related to loss of income due to 

absenteeism, decreased productivity and loss of life was approximately 2 to 4 

billion U.S. dollars for each pandemic season.201 Twenty years later, these 

estimates have increased to upwards of $10 billion for direct costs and $16 billion 

for indirect expenditure annually.202 In low- to middle-income nations, it is 

presumed that most deaths due to influenza occur in children.166 However, the 

exact nature of epidemic flu burden in these countries is not known, hence, it is 

acknowledged that flu contributions to global morbidity, mortality and economic 

burdens are underappreciated and this shortcoming must, therefore, be 

addressed.166,203      
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8.3.2.3 Infection and Immunity 

Waterfowl are considered to be the natural reservoirs for FluA viruses. All 

characterised HA and NA subtypes are sustained in these species, without causing 

disease in the population.143,204-208 However, FluA viruses are also capable of 

infecting humans and other wild and domestic animals, in which they cause 

disease. 209-213 Human FluA pandemics are generally associated with H1 and H3 

subtypes. However, avian H5, H7 and H9 are of particular concern, because they 

have also directly infected humans although they have not, thus far, sustained the 

capacity for human-to-human transmission.209-217 In comparison, FluB primarily 

infects humans, but has occasionally been isolated in certain species of seals.218,219 

FluC, on the other hand, infects humans as well as porcine and canine species.220-

222   

The seasonally circulating strains FluA(H3N2), FluA(H1N1) and FluB cause similar 

symptoms, although severe disease and death are more common with H3N2 

infections.223-226 A closely related drift strain can cause reinfection with the same 

subtype, although, clinical illness is generally less severe than during primary 

infection.223,224,226,227 Signs of FluA infection in humans can range from 

asymptomatic carriage, to fatality due to complications resulting in pneumonia.140 

The typical clinical manifestation in uncomplicated cases is tracheobronchitis, 

accompanied by partial involvement of the lower respiratory tract.140 Disease 

often begins abruptly after an incubation period of one to five days,228 and is 

characterised by systemic signs that include fever that peaks between 38˚C and 

40˚C within 24 hours, frank chills with shaking, arthralgia and myalgia that may 

involve the extremities or the back, headache, malaise and anorexia.139,140 Systemic 

symptoms often last as long as the fever persists; generally within 72 hours, but no 

longer than 8 days.139,140 Respiratory symptoms that include dry cough, severe 

pain in the back of the throat, sneezing and coryza are also observed at the onset of 

disease, but are outweighed by the dominant systemic signs that distinguish flu 

infections from other viral respiratory diseases.139 Symptoms could last as long as 

two weeks and may be accompanied by lethargy.140  
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Severe flu disease resulting in complications and death are at highest risk for 

children <2 years old, the elderly, pregnant women and people with chronic 

conditions, metabolic diseases or weakened immune systems.166 Complications 

may be pulmonary or extrapulmonary in nature. Those that involve the lungs 

include primary influenza viral pneumonia, secondary bacterial pneumonia, croup 

in children and acute exacerbations of chronic bronchitis, asthma or CF.229-234 Non-

pulmonary health difficulties include viremia, inflammation and degeneration of 

lower leg muscles,235,236 Reye’s syndrome in FluB infections in children aged up to 

8 years that reside in rural areas, and in children treated with aspirin to reduce 

fevers,237,238 and complications involving the CNS, including Guillain-Barre’ 

syndrome, transverse myelitis and encephalitis.239-241 In pregnant women, the risk 

of developing fatal influenza disease is highest between the second and third 

trimesters,190 however, risk of congenital defects in the foetus has not been 

consistently established.242-245  

FluB infections primarily occur in older children and adolescents.246,247 They cause 

similar clinical manifestations in humans as that of FluA. However, they very 

rarely cause epidemics and the total burden in the paediatric population is 

estimated to be only one-third that of FluA.248 Severe disease is also likely, 

although at rates that are approximately fourfold less than that in FluA 

infections.246,249-251 On the other hand, FluC is only known to cause sporadic URTI, 

which rarely develop into serious LRTI.252,253 Most children infected with FluC are 

aged younger than 6 years254 and an estimated 96% of young adults have FluC 

antibodies.253   

A substantial amount of what is known about host immune response to flu 

infection is based on mouse models.140 Although, this is currently being augmented 

by the use of mathematical models, to establish a more complete description of 

host immune pathways following either natural infection or flu vaccination.255-261 

It is reasoned that the short period between infection and onset of symptoms in 

mice implies the importance of either innate immunity or a similar intrinsic 

system of recognising flu particles.140 Innate immune responses to flu include 

pathogen recognition that induces the upregulation of toll-like receptor 3 (TLR3) 

in airway epithelial cells262-265 and TLR7 in plamacytoid dendritic cells (pDCs).264-
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268 TLR3 and TLR7 stimulate the expression of type 1 IFN and pro-inflammatory 

cytokines and chemokines, through the activation of transcription factors, 

following RNA recognition. TLR3 recognises double-stranded RNAs and engages 

the adaptor molecule TRIF to activate transcription factors IRF3, NFκB and 

activator protein 1.262,269,270 On the other hand, TLR7 recognises single-stranded 

RNAs and activates IRF7 and NFκB with the help of the adaptor protein 

MyD88.266,271 TLR7 is abundantly expressed in pDCs and is, therefore, most often 

associated with hyper-secretion of IFN-α following flu infections,266,271 while TLR3 

is believed to be most responsible for the induction of pro-inflammatory NFκB and 

the subsequent immunopathology in some flu cases.263,272  

Type 1 IFNs have autocrine and paracrine functions that are activated upon 

binding to the ubiquitous IFN-α/β receptors (IFNAR).273 Studies suggest that 

IFNAR deficiencies predispose increased susceptibilities to flu infections,273,274 but 

may also increase survival rates from flu complications that lead to secondary 

bacterial infections.275 IFNAR activation upregulates the JAK-STAT pathway, which 

induces the expression of IFN-stimulated genes, by forming a transcription factor 

complex.276,277 IFN-stimulated genes include those that encode TLRs, PKR, OAS, 

RnaseL, ISG15, Mx, Viperin and IFITM antiviral proteins.140  

A recent study in mice found that type III lambda interferon (IFN-λ) also has a role 

in innate immunity to flu viruses.278,279 IFN-λ is similar in function to IFN-α, 

activating similar signalling pathways. It is suggested to be superior to IFN-α in 

that, it promotes antiviral activity in epithelial cells without inducing a pro-

inflammatory response that could then lead to cell damage or cell death. It is 

further suggested that IFN-λ is the first line of antivirals against flu, and that only 

when it fails to block disease progression that type 1 IFN-α is activated.278,279 

Therefore, IFN-λ has implications for the therapeutic prevention and control of flu 

infections.278     

Host adaptive immunity to flu infections involves both antibody and T cell-

mediated responses to eliminate virus particles.280 Animal studies suggest that 

disease is a consequence of the absence of both B and antigen-specific T effector 

cells,280-282 while the presence of either cell may be able to control infection, but 
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not necessarily clear the virus.283-287 Adaptive immunity to flu is strain-specific and 

may be long-lasting. 288 However, there is evidence of cross-reactive immunity 

among different flu subtypes that infect humans, such as the presence of a broad-

spectrum neutralizing HA epitope in H1 and H2 subtypes,282,289-291 and the 

resistance of adults to infection following immunisation with live, attenuated 

pandemic trial vaccines, to which they are otherwise immunologically naïve.292,293 

The substantial selective pressure exerted by an immune population accelerates 

antigenic drift in B cell epitopes; the same may be true with T-cells, although their 

epitopes seem to be more highly conserved.294  

Serum antibodies provide robust correlates of protection from flu infections and 

are critical to prevention and recovery from disease.295-298 Antibodies to the HA, 

NA, NP and M proteins are produced following flu infection. The most critical to 

antigen neutralisation is that directed towards HA,297,299-301 while antibodies to 

both HA and NA are fundamental in resistance to infections and in limiting disease 

severity.295,296,302,303 HA antibodies function by interfering with virus receptor 

binding or fusion,289,291,304,305 while NA antibodies provide antiviral protection by 

impeding the release and spread of progeny viruses.306-310 The most often detected 

antibodies specific to HA in local nasal secretions, during primary infections, are 

IgA and IgM, but IgG is also present in low titres in systemic secretions.311 IgA 

response is of both local and serum types. Following primary natural flu infection, 

local IgA levels remain for three to five months and there is local memory to flu 

antigens.303 On the other hand, during reinfection, local IgA response is 

accompanied by serum IgA secretion, both of which are of equal strength.303 The 

vertical transfer of maternal antibodies to infants whose mothers were vaccinated 

against flu during pregnancy best illustrates the importance of antibodies in host 

immunity to flu infections.312-314 

 T-cell responses regulated through both class I and class II major 

histocompatibility complex to flu infection are not well understood in humans and, 

therefore, most data derive from mouse model studies.315 Class I (CD8+) cytotoxic 

t-lymphocytes (CTLs) are detectable within six to fourteen days of either natural 

flu infection or live attenuated vaccination and persist until 21 days after 

infection.316 They provide both strain-specific and cross-reactive protection to 
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FluA viruses of any subtype, but not to FluB viruses.315,317-320 CTLs are associated 

with virus clearance from the respiratory tract following experimental inoculation 

with wild-type flu viruses, but not with decreased susceptibility to disease.315 In 

comparison, class II (CD4+) T-helper cells function by enhancing both B- and T-cell 

responses.321-324 T-helper cells to the M or NP proteins augment antibody 

responses to HA antigens,324 while also enabling the proliferation of CTLs.321-323 

They are also capable of virus cell lysis, through either the release of perforin or 

the antibody-complement complex.325-328 Lymphoproliferation is another manner 

by which cell-mediated responses to flu infection may be ascertained, with 

lymphocyte blastogenesis evident from days three to six after infection and a 

return to baseline levels noticeable by day 28.329          

8.3.2.4 Transmission  

Human influenza viruses are not known to cause chronic or latent infections. 

Therefore, it is presupposed that they are sustained in the population by direct 

person-to-person transmission during acute infections.140 It is suggested that 

aerosols may be the primary mechanism of virus transfer among individuals.330-333 

Self-inoculation with hands contaminated by fomites is also believed to be a 

potential source of flu spread in humans, particularly at temperatures ≥30˚C, when 

flu is inactivated in aerosols but not in fomites.166,334,335 However, recent studies 

suggest that fomite spread is of little consequence, compared to bioaerosol 

transmission.330,331   

Aside from person-to-person, avian-to-human transmission of flu viruses is also 

possible. The influenza A(H5N1) outbreak in Hong Kong in 1997 was the first time 

it was realised that avian flu viruses can be successfully transmitted to humans 

directly and, more importantly, that they have the potential to cause the next 

pandemic.210-212,217,336,337 H5N1 re-emerged in Hong Kong in 2003, from where it 

continues its spread in poultry and humans worldwide. As of 25th July 2017, the 

total number of confirmed human H5N1 infections was 859, 53% of whom have 

died.338 Other cases of avian-to-human flu transmissions include: in 2003, 

outbreaks of H7N7 in the Netherlands,339,340 H9N2 in Hong Kong,341,342 and H7N2 

in New York;343,344 in 2004, H7N3 in Canada 345,346 and H10N7 in Egypt;347 in 2006, 
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H7N3 and H7N2 in the UK;344,348 in 2008 and 2009, H9N2 drift strains in Hong 

Kong;342 in 2013, H7N9 in China;349,350 and in May 2016, H5N6 in China.351 For the 

most part, these have caused few deaths and mild respiratory or conjunctival 

diseases in humans, compared to H5N1 infections.140 The recent increase in 

detection of avian-to-human transmissions since 2003 may be due to more 

vigilance in surveillance systems, particularly in veterinary practices, more 

transparency and streamlined reporting methods, and increased close contact of 

humans with avian species.140 However, none have so far caused a pandemic, 

primarily because they have yet to evolve a mechanism of sustained transmission 

among humans.352  

Although flu easily spreads in the community, its primary mechanism of 

transmission in humans is not yet well understood due in large part to the lack of 

human models in natural transmission research.12,353 Most studies in natural flu 

transmission use ferrets as animal models,354,355 however, the associated costs and 

difficulties in their acquisition have led to the use of guinea pigs in more recent 

investigations, involving the contributions of aerosols, temperature and humidity 

in transmission.356,357 There is also increasing research involving human challenge 

studies,12,358 however, they are still in the inception stage and are mostly based on 

experimental infection of humans with varying doses of multifarious flu strains, 

and may therefore not be accurate models of what transpires in nature.   

8.3.2.5 Prevention and Control 

Vaccination is the best available method to prevent disease and severe clinical 

outcomes from flu virus infections.166,359,360 It is strongly indicated for individuals 

at high-risk of serious flu complications, including pregnant women, children aged 

6 months to 5 years, adults ≥65 years, chronically ill people, and healthcare 

workers.166 Inactivated and live, attenuated seasonal vaccines have been in use for 

more than 60 years.166 In healthy young adults, they are generally safe, well 

tolerated and reasonably immunogenic, provided the strain included in the 

vaccine is similar to the currently circulating drift strain.166,361 In the elderly, a 

high-dose vaccine is used to prevent disease and reduce incidences of 

complications and deaths.362-367 Until 2013, seasonal influenza vaccines came in 
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trivalent formulations, containing two FluA virus components (H1 and H3) and 

one FluB (either Yamagata or Victoria).166,368 Since then, however, quadrivalent 

vaccines containing both FluB subtypes have been introduced.369,370 FluC is 

traditionally not included in the annual vaccine, because infections occur less 

frequently than FluA and FluB.166 There is currently a race to develop the first 

universal flu vaccine, to eliminate the guesswork that is sometimes necessary in 

determining the components of every seasonal flu vaccine for each of the northern 

and southern hemispheres.371,372  

Antiviral treatments are available to individuals for whom flu disease cannot be 

prevented. There are currently four licensed antivirals: two M2 ion channel 

inhibitors (adamantanes) that are used against FluA - amantadine and 

rimantadine, and two neuraminidase protein inhibitors (NAI) that are effective 

against FluA and FluB - oseltamivir and zanamivir.373,374 It was established in 2005 

that almost 90% of circulating seasonal strains are resistant to adamantanes, 

however, susceptibility to NAIs remains high.373 Furthermore, NAIs have been 

shown to not inhibit humoral antibody production and seroconversion, hence, 

protecting against reinfection.375,376 Therefore, although adamantanes are no 

longer suitable for flu prophylaxis in humans, NAIs remain highly recommended 

for seasonal use and are stockpiled by affluent countries for future pandemics.374  

Oseltamivir is administered as oral capsules in individuals aged ≥1 year old, while 

zanamivir is inhaled and licensed for use by people aged ≥7 years.374 Oseltamivir 

improves survival rates in humans infected with H5N1 and377-380 prevents severe 

disease and deaths among contacts of those infected with H7N7.339,340,381,382 It is 

thus that, during the 2009 pandemic, oseltamivir was the antiviral that received 

emergency approval in the U.S. and Europe for use in infected children <1 year of 

age.140 Other NAIs were also approved for emergency use in 2009, including IV 

peramivir and laninamivir, however, they remain unlicensed for use, except in 

Japan and Korea.383  

Since very little is known about flu transmission, behavioural methods of 

controlling spread are directed towards aerosols and fomites and include social 

distancing, isolation, and handwashing.139,166 Rapid diagnosis is also considered to 
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be beneficial, particularly because antivirals have the most beneficial effects when 

administered as soon as 48 hours after symptom onset.139 

 

8.3.3 Coronaviruses (HCoV) 

8.3.3.1 General Information 

Coronaviruses belong to Coronavirinae, one of two subfamilies in Coronaviridae. 

Within this subfamily are the alpha, beta and gamma genera, which are 

differentiated according to their phylogenetic grouping. 384 Hosts of the alpha and 

beta genera are mostly mammals, including bats, cats, dogs, rats, horses, pigs, cows 

and humans. In contrast, gamma coronavirus hosts are primarily birds, with the 

exception of one strain that infects Beluga whales.384 Coronaviruses were first 

identified in the 1930s as causative agents of transmissible respiratory and 

gastrointestinal infections,385-387 as well as severe hepatic and neurologic 

diseases,388,389 in animals. However, it was not until the 1960s that the importance 

of coronaviruses in humans (HCoV) was appreciated in common cold infections, 

upon identification of HCoV-229E and HCoV-OC43.385,390,391 Subsequent decades 

witnessed the study of coronaviruses only as they related to the pathogenesis of 

contagious diseases in household pets and farm animals, until the emergence of 

SARS in China’s Guangdong Province in November 2002.384,392  

The SARS outbreak was caused by a novel coronavirus, comprehensive study of 

which profoundly broadened our understanding of coronaviruses in general.393-395 

In 2005, molecular surveillance methods identified two further strains that are 

highly infective in humans, HCoV-NL63 and HCoV-HKU1.396-398 In 2012, the novel 

MERS-CoV emerged in Saudi Arabia.399 It continues to spread around the globe, 

causing severe acute respiratory illnesses and death in many susceptible 

humans.400-403 

Structurally, HCoVs are generally round in shape but their sizes may vary. The 

most remarkable family feature, for which they are named, is a fringe of club-

shaped spikes that are spaced wide apart on their surface, making it appear as 

though they have a surrounding solar corona (latin, for crown).384,392 They have a 
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bi-layered envelope containing the spike (S), membrane (M) and envelope (E) 

surface proteins and a RNP core that contains the nucleocapsid (N), which 

surrounds a helical positive-stranded RNA genome. A hemagglutinin-esterase 

protein (HE) is found on the surface of HCoV-HKU1, which functions in attachment 

to host cells and rapid transport through extracellular membranes.384,392 A 

schematic of SARS-CoV that indicates the locations of its RNA and the S, M, E, and N 

proteins are shown in figure 4 below.  

8.3.3.2 Epidemiology 

Four out of the six known HCoVs are endemic in the human population.404,405 

Those in the Alphacoronavirus genus (group 1) include HCoV-229E and HCoV-

NL63, while HCoV-OC43 and HCoV-HKU1 belong to the Betacoronavirus genus 

(group 2).404,405 All four strains have a worldwide prevalence that has been traced 

as far back as the 11th century although, remarkably, NL63 and HKU1 were only 

identified less than a decade ago. Therefore, most epidemiological data on endemic 

HCoVs are derived from studies on OC43 and 229E. 404,405  

 

 

Figure 4 SARS-CoV Schematic d 
 

                                                        
d Taken from Drazen, 2003406 
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HCoV-OC43 and 229E are responsible for between 1% and 34% of all URTI in all 

age groups annually.407 These rates vary appreciably due to differences in annual 

incidence, seasonality, age at infection and method of pathogen detection.407 

Incidence rates are highest every two to four years, during winter and spring in 

temperate regions, among younger children, and with PCR diagnostic methods.408-

411 Neonates and the elderly are at increased risk of severe LRTI, particularly those 

with underlying COPD and diseases that require ICU admissions.412-414 In 

comparison, NL63 and HKU1 are implicated in approximately 10% of generally 

mild URTI infections. However, NL63 is also a common pathogen in childhood 

croup and HKU1 can cause severe pneumonia in the elderly.398,415,416 HKU1 is not 

well studied due to difficulties in strain isolation in vitro,398 although it seems to 

have the same seasonality as OC43 and 229E. In contrast, NL63 tends to be active 

during the summer and autumn in sub-tropical regions.417,418 

The other two HCoVs, SARS-CoV and MERS-CoV, are zoonotic strains belonging to 

the Betacoronavirus genus that cause epidemics in humans.419,420 SARS-CoV did 

not circulate in the human population extensively prior to the outbreaks during 

2002 to 2003,419,420 and was primarily seroprevalent in asymptomatic workers in 

wild animal wet markets in China.421 However, in the weeks following the initial 

outbreak, it rapidly infected almost 8000 people in 29 countries within five 

continents, killing approximately 10%.395 On the other hand, MERS-CoV was first 

reported in a 60-year-old male from the Kingdom of Saudi Arabia (KSA) in 

September 2012.422 Retrospective analysis suggests, however, that the index case 

was actually one of 11 infected during a hospital outbreak in Jordan, in April 

2012.422,423 As of 21st Sept. 2017, 2081 confirmed cases of MERS-CoV were 

reported from 27 countries, 35% of which resulted in death.403 Most at-risk of 

infection and death are males aged ≥60 years, while only approximately 1% of 

children <14 years become infected.422 More than 85% of the cases are in Saudi 

Arabia, and those cases reported from countries outside the Arabian Peninsula 

may have been exported from the region. To date, the outbreak in the Republic of 

Korea from June to October 2015 remains the largest export of MERS-CoV 

infections from the Middle East.424,425 
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8.3.3.3 Infection and Immunity 

Clinical patterns of HCoV disease differ according to whether infection is due to 

endemic or epidemic strains.384 Primary infections with endemic OC43, 229E, 

NL63 and HKU1 occur early in childhood, while reinfections with the same 

serotype occur in the immediate months following primary infection and recur 

throughout life.407,409,426,427 Serum antibodies are detectable in approximately 50% 

of children and 80% of adults,409,428 but cross-protective antibodies to infection 

with other HCoV strains are not evident.392 Endemic HCoVs primarily cause upper 

respiratory symptoms in children and adults, such as rhinorrhoea, pharyngitis and 

cough, often accompanied by systemic signs that include fever, headache, malaise 

and chills.429,430 Infection in neonates may manifest as gastroenteritis.431-433 The 

incubation period is generally two days and disease peaks within three to four 

days of infection, but symptoms may last up to 18 days.429,430,434 Clinical 

manifestations are consistent with damage to ciliated epithelial cells, and 

excessive chemokine and cytokine production, within the nasal cavity.435 

Approximately 30% of URTI are asymptomatic.429,430  

Infections with endemic HCoVs may also cause LRTI, which result in 

hospitalisations in approximately 8% of children and 5% of adults.417,426,427,436-438 

Wheezing and asthma exacerbations may also be associated with any of the 

endemic strains,397,407,426,439 however, croup in children < 3 years has, so far, only 

been linked with NL63 infection.440 Note that, due to the number of asymptomatic 

infections, similarities in disease presentation with other respiratory viruses, and 

little data on the more recently discovered NL63 and HKU1, direct correlations 

between HCoV infections and acute respiratory diseases must be made with 

caution until more definitive data become available.441,442 

By contrast, infections with epidemic SARS-CoV and MERS-CoV have generally 

resulted in severe LRTI that required ICU admissions and mechanical ventilation 

in older populations with underlying co-morbidities.395,403,423,443 In the SARS 

outbreak, disease severity was directly proportional to age at infection and 

underlying health conditions, with approximately 50% of cases over the age of 60 

years and mortalities not evident in those aged <24 years, but common in those 
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otherwise ill.443-446 Incubation periods ranged from two to fourteen days and 

symptom onset was four to seven days later.384  

Characteristic of SARS infection were systemic symptoms that included fever, 

myalgia and malaise, followed by non-productive cough and shortness of breath 

(SOB) in most, or viral pneumonia in others.395,443-446 Failure to recover from initial 

symptoms often resulted in disease progression to acute respiratory distress 

syndrome (ARDS), followed by death within weeks or months after the onset of 

illness.447,448 Meanwhile, those able to resolve initial symptoms fully recovered, 

but their lung functions either remained impaired or took several months to 

return to baseline levels.449,450 Furthermore, there were higher than expected 

numbers of SARS survivors who developed neurologic or psychiatric impediments, 

particularly in those who had a more severe respiratory disease and higher degree 

of steroid therapy, suggesting the occurrence of CNS infiltration by SARS-CoV.451-

454 Asymptomatic and mild infections only occurred in <1%, based on studies 

involving HCWs, who were the most at risk of infection in the healthy young adult 

population.455-457 Note that the clinical manifestations of SARS were not 

pathognomonic and most data were extrapolated from those with either a familial 

or nosocomial cluster history of SARS infection. However, some pathologies were 

more common to SARS cases than to those infected with other respiratory 

pathogens.443-446   

Symptoms associated with MERS-CoV may be either mild or severe.403,458 It was 

initially suggested that asymptomatic infection also occurs however, upon closer 

investigation, it was determined that >75% of these cases were misreported.459 

Typical infections include a prodromal period of fever and gastroenteritis that, 

when almost resolved, is followed by a more severe respiratory syndrome with 

cough and SOB.422,460,461 Pneumonia often follows, but not all those infected 

develop the condition.403 Disease may progress to severe ARDS, requiring ICU 

hospitalisation and mechanical ventilation.403 Death occurs in 36%, often in older 

people, but particularly in those immunocompromised or with co-morbidities such 

as cancer, chronic CPD and diabetes.403 The incubation period ranges from two to 

sixteen days,462-464 and time-to-death following severe disease are between five 
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and 27 days.41,462 Since MERS-CoV infection is very much still evolving at present, 

data on infection patterns may be likely to change.  

Host immune response following HCoV infection often begins with the production 

of type I IFN. PDCs are the foremost sources of IFN-α and IFN-β that are induced 

by HCoV, however, macrophages may also be activated to express type I IFN.465-468 

Expression of IFN by pDCs are regulated through TLR-7- and IRF-7-dependent 

signalling pathways, which were first elucidated in mice lacking receptors for IFN-

α/β.466,469 Although the relevance of IFN in host immune response to HCoV 

infections is well established, it remains unclear which specific protein activated 

by IFN is most essential to immunity.469 It is suggested that ribonuclease L 

(RNaseL) may be that protein, based on its critical role in the immunity of other 

host species to their respective infecting neurotropic CoV strains. However, more 

data are needed to establish the importance of RNaseL in non-neurotropic CoV 

infections in humans.470 

Subsequent to type I IFN production, T-cells and macrophages are transported to 

the sites of infection to eliminate HCoV, through pro-inflammatory host responses 

that include the activation of cytokines, chemokines and their respective 

receptors.435 In infections of the CNS, neutrophils or their associated CXCL1 and 

CXCL2 chemoattractants are essential in infiltrating the blood-brain barrier, 

without which, the pathology of disease will be more severe.471 Crucial to virus 

inactivation and clearance are T-cell responses of both CD4 and CD8,472,473 whose 

epitopes are located on the S, M and N proteins.474-477 Neutralizing anti-HCoV 

antibodies prevent virus reactivation and have been associated with symptom 

resolution during the SARS-CoV outbreak.465,478 However, cross-protection among 

different virus strains is not evident.392 Once HCoV has been neutralised, anti-

inflammatory mechanisms such as Foxp3 expression of regulatory CD4 T-cells and 

IL-10 stimulation by CD4 and CD8 cells, may be activated to prevent a pathogenic 

immune response in the host.479-481         

8.3.3.4 Transmission 

Increased incidence in early childhood and outbreak patterns suggests that HCoVs 

are extremely transmissible. This may be through the faecal-oral route, or the 
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infection of the nasal epithelium by three mechanisms: direct large droplet 

contact, indirect aerosol inhalation, or self-inoculation following contact with 

contaminated surfaces.407,409,426,427,435 However, in contrast to the epidemic SARS- 

and MERS-CoV, very little is known about the mechanisms of endemic HCoV 

transmission. Hence, the remainder of this section focuses on the transmission of 

epidemic HCoVs. 

The global spread of SARS-CoV was very much due to human-to-human 

transmission.443 Household and hospital settings experienced the most infections, 

generally because virus transfer transpired only after illness had started and was 

most efficient when a person was ill enough to be highly contagious and to be 

admitted to hospital.395,482 The overall basic reproduction number (R0) of SARS 

was approximately 2-4, even though most of those infected did not transmit 

infection.482-484 ‘Super-spreading’ events, where R0 was disproportionately higher 

than normal, occurred on a few occasions, primarily due to a combination of 

environmental factors and either host elevated virus titre or efficient droplet 

aerosolisation.482,484  

Large droplet contact is believed to be the primary method of SARS transmission, 

although aerosols from mechanical ventilation devices may have also promoted 

airborne virus transfer.485-487 Furthermore, aerosolised faecal matter from sewage 

is believed to have caused the largest super-spreading event that took place in an 

apartment block in Hong Kong.488 It was presumed that fomite transmission may 

also have occurred, however, this was based only on the finding that SARS had a 

longer survival period on surfaces than HCoV-229E.489,490  

In contrast to SARS, MERS-CoV inter-species transmission to humans is being 

attributed to a strain that naturally infects adult dromedary camels only found in 

the KSA, the Arabian Peninsula and parts of Africa, from where camels in the KSA 

may have been imported.403,422,423,491 Although direct camel-to-human 

transmission occasionally occurs, the exact role of camels and the precise 

mechanism(s) of transmission have yet to be elucidated.403 Supportive evidence 

for camel-to-human transmission due to contact with droplet nuclei is the 

detection of high titre MERS-CoV RNA in the upper respiratory tract and lungs of 
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infected camels and in air samples collected from their barns.492,493 However, these 

do not account for cases that have had no direct contact with either infected camel 

or another human case.494   

Similar to SARS-CoV, most human infections with MERS-CoV are attributed to 

person-to-person transmission, although MERS-CoV is not as easily transmissible 

and virus spread is unsustainable (R0=1).42,403,495-498 Close contact is presumed to 

be the primary mode of transmission, as evidenced by cases in households and 

among hospital inpatients and HCWs.458,463,499,500 Also similar to SARS, MERS-CoV 

transmission rates are greatest in HCWs, at approximately 20%, particularly 

during times when strict adherence to infection control policies is disregarded.491 

At the same time, an approximate decrease of only 7% in airborne viability at 

room temperature and low relative humidity, compared to 95% decrease in FluA, 

establishes the possibility of aerosol transmission.422 However, since the MERS-

CoV outbreak remains an evolving situation, future findings may be contradictory, 

not least because of challenges experienced in determining contacts, diagnostic 

testing in communities, and defining what constitutes a case.422,501 With the 

amount of active research on MERS-CoV at present, differences in severity of 

disease and outcome of infection between camel-to-human and human-to-human 

transmissions may, perhaps, soon be established.501  

8.3.3.5 Prevention and Control  

The only available vaccines for HCoV are those specific for SARS-CoV.502,503 The 

formulations include inactivated whole virus, live virus vectors that express either 

a single or a recombinant protein, and DNA vaccines.502,503 Production of these 

types of vaccines is proving problematic, because many cannot surpass the short-

lived immune responses induced in natural infections, thereby leaving patients at 

risk of reinfection and illness.504 Moreover, these vaccines may not provide 

comparable defences against all antigenic variants, and genetic recombination of 

vaccine strains with wild types may have deleterious implications in currently 

circulating HCoVs.505,506 Finally, antibody-dependent enhancement of disease 

(ADE) may occur during natural infections, following immunisations with vaccines 
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that express the S glycoprotein.507 Strategies are in development to overcome the 

challenges with SARS-CoV vaccines, whether real or presumed.508-511 

There are also no antiviral therapies for HCoV infections. At the height of the SARS-

CoV outbreak, supportive therapies were used to help manage the situation.384 

These include treatments with ribavirin, which was used to inactivate the virus, 

and high dosage corticosteroids, which were used to attenuate immune 

pathogenicities.512 As the outbreak progressed, IFN-α, a SARS convalescent plasma 

immunoglobulin and two licensed protease inhibitors commonly used to manage 

infections with human immunodeficiency virus (HIV), were prescribed in varying 

degrees, in the belief that they might inhibit further SARS-CoV propagation.513-518 

However, these desperate measures were not found to be protective in patients.512 

Due to the absence of effective vaccines and antivirals to HCoVs, strict adherence 

to behavioural strategies are in place.384 These include vigorous public health 

surveillance systems of sharing relevant information for rapid identification of 

cases and contacts, and isolation and infection control methods that minimize 

human-to-human and super-spreader transmission events.455-457 To prevent cases 

of laboratory-acquired HCoV infection and subsequent community transmissions, 

visibility in numbers of episodes, timely identification of cases and contacts, and 

careful attention to good clinical laboratory practices are 

recommended.403,491,519,520 However, without knowing the precise mechanisms of 

infection and transmission, it cannot be determined how effective these strategies 

are. 

 

8.3.4 Adenoviruses (HAdV) 

8.3.4.1 General Information 

Adenoviridae is a family of viruses that have only been identified in vertebrates. 

Within these, its host range is diverse, infecting all populations from fish to 

mammals.521,522 Its members are divided into four genera: Mastadenovirus, 

Aviadenovirus, Atadenovirus and Siadenovirus. Human adenoviruses belong to the 

first genus, where there are seven species and approximately 60 types.521-523 HAdV 
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species A through G are distinguishable by serology, hemagglutination, CPE and 

DNA sequence, as well as by their oncogenic properties in rodents.521,522,524 HAdVs 

are capable of causing a spectrum of diseases, and each species can be identified 

further according to the pathology of disease they cause in humans.521,522 Table 1 

below lists the HAdV species and types associated with particular clinical 

syndromes and the commonly affected populations. 

Two different groups working on establishing the aetiology of acute respiratory 

diseases first identified adenoviruses in humans in 1953. Hilleman and Werner’s 

(1954) group reported the recovery of an unidentified virus from throat samples 

of a U.S. Army recruit in Fort Wood, Missouri, who had atypical pneumonia during 

a respiratory epidemic between 1952 and 1953.521,524,525 At around the same time, 

Rowe and colleagues (1953), in their attempts to identify tissue culture cell lines 

using tonsils and adenoidal tissue removed in routine paediatric surgeries, 

observed a transmissible pathogen that spontaneously degraded tissue culture 

cells.522,524,526 Subsequent immunological comparability tests were performed, 

which led to the conclusion that the pathogens were similar and were thus named 

after the tissue from which they were first recovered.524,527 Since their discovery, it 

has been established that, similar to the newly identified hMPV, HAdVs are also not 

emergent viruses. They can be traced as far back as World War II, during an acute 

respiratory disease outbreak in another U.S. Army facility in Fort Bragg, North 

Carolina.524  

Table 1 Clinical Syndromes Associated with HAdV Infectionse  

  

 

                                                        
e Taken from Gray, 2013528 
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Animal studies established the association of HAdVs with oncogenesis in rodents, 

which was when their wide-ranging applicability in research began to be 

appreciated.521 In cell culture, HAdVs propagate well and set in motion observable 

simultaneous reactions that aid in the understanding of virus life cycle and 

replication.521 In molecular research, their genomes can be manipulated without 

much difficulty, so that the roles of mutations in disease pathology are better 

understood. 521,529,530 In gene therapy, HAdV contributions are most recognised, 

due to their ability to splice messenger RNA, which makes them excellent virus 

vectors for treating disorders by genetic manipulation.521,529,530 

Structurally, HAdVs are non-enveloped and icosahedral in shape. A capsid shell 

surrounds the virus core, which contains a linear, double-stranded DNA.521,524 

There are three major capsid proteins, which include the hexon, fiber and penton 

base. These proteins confer viral surface antigenicity and are therefore, targets for 

host neutralising antibodies.521,522,524 

8.3.4.2 Epidemiology    

Worldwide, HAdV infections can be endemic, sporadic or epidemic. The nature of 

the infection is largely dependent on the strain of the virus and the age of the 

host.522,524,531,532 There is also a distinct difference between the epidemiology of 

HAdV infections among military personnel and civilian populations.524,533 

However, this may just be because most available data came from longitudinal 

non-military surveillance systems. These include the New York and Seattle Watch 

studies by Fox et al. (1969, 1977) during 1961 to 1969522,531,532 and the 

Manchester, England surveillance by Cooper et al. (2000) from 1982 to 1996.522,534 

On the other hand, military studies were based on outbreaks in incoming recruits 

that occurred during seasons when vaccines were not available.525,535 

Global HAdV infections are associated with approximately 8% of viral diseases 

that are of clinical importance.522 Disease generally occurs in 3% of the civilian 

population, but could be as high as 5% in children and 10% if associated pyrexia 

alone is measured.531,532 The serotypes most often associated with disease belong 

to species HAdV-B, C and F.522 In infants, HAdV-C and F are more prominent, while 

HAdV-B and E are more common in adult infections.522,534 Approximately 75% of 
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symptomatic HAdV infections result in concomitant antibody production and there 

are distinct serum antibodies in children and adults. Serum antibodies to HAdV-C 

in children are high and present in 40% to 60% of infections, while antibodies to 

types in HAdV-B and E in adults are low.531 

The epidemic nature of HAdVs was mostly studied during the outbreak of acute 

respiratory disease (ARD) in U.S. military personnel during World War II.533,536,537 

In the autumn and winter, incoming recruits were infected with types of either 

HAdV-B or HAdV-E. Since senior staff and other students were not infected, it was 

presupposed that social factors, such as fatigue and over-crowding, may be 

associated with epidemic HAdV.522,533,536-540 Current findings suggest that 

approximately 80% of incoming recruits become ill from HAdV infections.522 

Symptomatic shedding lasts for only a short duration of up to four days, 

nevertheless, 20% to 40% end up in hospital with severe disease.541 Outbreaks of 

HAdVs have also been recently observed in civilian hospitals, where they have the 

tendency to be fatal, highly infectious and have new tissue tropisms.523,542,543 

Genome analyses suggest that these strains are either re-emerging viruses that 

have developed virulence, or recombinant strains that are extremely 

pathogenic.542,543  

HAdV infections also affect the eyes and cause pharyngoconjunctival fevers (PCF) 

and epidemics of keratoconjunctivitis (EKC). Strains in species HAdV-B and C are 

most often associated with PCF, but several other strains in HAdV-E are also 

implicated in eye infections.524 Strains in HAdV-B and E are primarily identified in 

swimming pool-associated eye infections.544 Geographically, serotype 4 (HAdV-E) 

is prevalent in Asian eye infections, but not eye diseases in western countries.524 

On the other hand, EKC in developed countries are most often associated with 

three strains in HAdV-D, and are generally due to nosocomial outbreaks,524,545 

while in poorer countries, these same strains are more likely to be endemic.524 

In enteric HAdV infections, infant gastroenteritis is more likely to be caused by 

strains belonging to HAdV-F.524 These strains tend to be endemic worldwide and 

are spread through the faecal-oral route. All other HAdV species, with the 
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exception of HAdV-E, are also capable of causing acute gastrointestinal 

infections.524,546,547 

8.3.4.3 Infection and Immunity 

In humans, HAdV infections generally occur in childhood. Most infections tend to 

be either subclinical or mild and self-limiting; however, both still induce strain-

specific immune responses.522,524 Serotypes have distinct cellular affinities and 

clinical pathologies, while genotypes are mostly associated with virulence and 

disease severities.524,542,548-550 HAdVs most frequently infect the respiratory and 

gastrointestinal tracts, as well as the eyes. Less often, they infect the urinary tract 

and organs such as the liver, pancreas and heart, and occasionally, even the 

CNS.522,524,551 This chapter focuses only on respiratory infections.    

In children, HAdV respiratory infections are generally endemic. Approximately 

10% of URTI in children <5 years old are associated with virus, usually from 

species HAdV-B and C.2,522,552 Symptoms are generally coryzal and include nasal 

congestion, runny nose, sneezing, pharyngitis and post-nasal drip. Systemic signs 

also often develop and may include headache, fever, chills, muscle aches and 

malaise.522 On occasion, exudative tonsillitis can occur, which may be inaccurately 

diagnosed as Streptococcus A infection. Conjunctivitis may also sometimes develop 

with respiratory disease, and the illness is then referred to as PCF.522 HAdVs also 

cause approximately 10% of LRTI in children hospitalised for pneumonia.552 Most 

children recover, but mortality can be higher than 16% during epidemics, 

particularly in neonates.43 Further, lung damage may develop, predisposing one to 

long-term susceptibilities to respiratory infections, which may not be observed 

until years after primary infection.2,43,552 Severe cases of LRTI are most often 

associated with Ad7 of species HAdV-B, however, four other strains from HAdV-B, 

C and D are also implicated in morbidity and mortality in children worldwide.43,552-

556 Virus clearance through the respiratory tract can take between one and twelve 

weeks, however, excretion through stools could take months, and may be the 

reason for its endemic nature in this population.45,524 

In adults, mild acute respiratory infections are mostly associated with strains 

belonging to HAdV-E and to AdV-B1, sub-species of HAdV-B. In contrast, AdV-B2 is 
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more often linked to epidemics, mortalities and severe morbidities, which may 

include urinary tract infections and opportunistic diseases in the 

immunocompromised.557 Presenting symptoms generally include fever and cough 

that result in hospitalisation, supplemental oxygen therapy and ICU admittance in 

more than 50%, and death in approximately 20%.44,548,557-561 

In new military recruits, syndromes of adenovirus-associated ARD (AARD) are 

similar to those in children with mild respiratory HAdV infection, mostly due to 

HAdV-E.562 HAdV-B infections occur less often, but can be deleterious in epidemic 

situations.562 Strains belonging to sub-species HAdV-B1 and HAdV-B2 that cause 

increased morbidities and mortalities in adult civilians have similar pathologies in 

military personnel, particularly the newly emerged Ad14 strain.557,562,563 

HAdVs are also associated with approximately 23% of patients with pertussis-like 

syndromes.564 In fatal cases of whooping cough, strain Ad5 is often the pathogen 

identified.564-568 However, when HAdVs are identified in whooping cough 

syndromes, Bordetella pertussis, the causative agent of pertussis, is also usually 

present.566 Therefore, it remains to be determined which is the cause and the 

effect.569 

Host innate immunity to HAdV includes structural and chemical antiviral 

responses to infection. Surface sialic acids bind virus species that have receptors 

for this structural compound, thereby inhibiting infection.570,571 Meanwhile, 

chemical antivirals that directly neutralise HAdV include defensins that block the 

release of progeny viruses, particularly α-defensin HNP1, which is found in 

leukocytes and natural killer cells.572-574 Hosts also produce IFNs that function in 

apoptosis of infected cells.524  

Cellular immune responses induce virus elimination by alveolar macrophages in 

the lungs and by Kupfer cells in the liver, through the secretion of pro-

inflammatory cytokines that include TNFs, IL-6, IL-8 and IL-12.575,576 In children, 

particularly stem cell transplant (SCT) patients, there is an associative cytokine 

storm of IL-6, IL-8 and TNFs, regardless of whether HAdV infections are localised 

or invasive.577 The T-cells CD4 and CD8 are also critical in virus clearance, both of 

which are associated with recognition of conserved antigen motifs across several 
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serotypes.578,579 Almost all adults have CD4+ and CD8+ T-cells specific for HAdVs, 

which are cross-reactive among serotype hexon protein epitopes.522 CD4+ cells 

also provide prolonged host immune responses to HAdV.580 In immunosuppressed 

adult SCT patients, a combined CD4+ and CD8+ T-cell response against the HAdV 

capsid hexon is critical to the resolution of viremia.581 Furthermore, CTLs prevent 

graft-versus-host-disease when infusions of donor lymphocytes are used as HAdV 

prophylaxis in SCT recipients.578,579,581-583  

Humoral responses to primary infections include both species- and type-specific 

antibodies to HAdV. Although species-specific serum antibodies do not overcome 

virus infectivity, type-specific antibodies can neutralise epitopes of the capsid 

penton, fibre and hexon proteins.531 Neutralisation provides protection against 

symptom development and reinfection with the same serotype, which was the 

basis for vaccine production aimed at military personnel.531 However, although 

antibodies are protective, hosts remain virus carriers during infection. Therefore, 

following a successful humoral response, carriers continue to sporadically shed 

virus for months, particularly in stools.531   

8.3.4.4 Transmission     

HAdVs are believed to be transmitted both directly, through contact with 

individuals shedding virus or through the faecal-oral route and indirectly, by 

inhalation of aerosols, self-inoculation after contact with fomites, or ingestion of 

contaminated water.524 Children are infected primarily through the faecal-oral 

route, based on household studies where at least one member had gastrointestinal 

HAdV.584 However, given that HAdVs survive longer in the intestines than in the 

respiratory tract,522,531 and stool shedding occurs sporadically up to a period in 

excess of 900 days,45 it is highly likely that most household infections would be 

through the faecal-oral route.584 In contrast, a study on incarcerated adult males 

by Couch, et al. (1966) suggests that HAdV respiratory disease is brought about by 

inhaled aerosolised particles and not by infection through the mouth, nose or 

intestines.585 

Fomite transmission is thought to be particularly efficient, due to findings that 

HAdVs survive for long periods at room temperature, on account of its resistance 
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to mechanical disruption and chemical agents.522 Strains that cause EKC, for 

example, can be recovered from nonporous surfaces for as long as 35 days, despite 

exposure to hot water or disinfectants.586,587 However, fomite transmission was 

ascertained through in vitro experiments using either desiccated viruses or virus 

suspensions of increased titres 586,587 that may not be representative of what 

occurs in nature. Finally, although outbreaks of conjunctivitis have been correlated 

with exposure to HAdV in inadequately chlorinated swimming pool water, the 

virus has only ever been isolated from patient conjunctiva and not yet from the 

water in the swimming pools where infections are believed to have originated.522   

8.3.4.5 Prevention and Control 

A vaccine to prevent military AARD in military recruits was developed in the 

1960s. A combined effort between the U.S. Department of Defense and National 

Institutes of Health led to the production of enteric-coated, oral vaccine tablets 

using live Ad4 and Ad7 strains.361,588 These vaccines were designed to bypass the 

respiratory tract so that they replicate only in the intestines once the coating has 

dissolved. 589 They were successful in controlling HAdV infections in the military 

for more than 25 years, but were orphaned in 1996, when manufacturing ceased 

due to economic reasons. This interruption in immunisation resulted in the 

immediate return to pre-vaccine levels of HAdV epidemics in the military.361,535,590 

In March 2011, oral vaccine tablets against Ad4 and Ad7 were again licensed for 

use in military personnel aged between 17 and 50 years, with a reported vaccine 

efficacy of approximately 99%.588 These vaccines are not licensed for use in 

children or civilian populations due to concerns regarding incomplete virus 

attenuation, which may result in symptomatic transmission to susceptible 

contacts.540,591,592         

There are no licensed antivirals for HAdV infections. However, clinical trials on 

cidofovir, ganciclovir, and ribavirin are showing promise in transplant patients,593-

595 for whom early treatment provides the best outcome for antiviral therapies.596 

Current active research in alternative therapies that include the use of donor 

lymphocyte infusions and intravenous (IV) immunoglobulins are also reporting 
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encouraging results, however more data are needed for licensure to be 

granted.597,598  

In the understanding that the capsular structure of HAdVs enable them to survive 

for long periods in the environment,599,600 the use of germicidals are currently 

being investigated for the disinfection of ophthalmic equipment and 

environmental surfaces, with varying degrees of success.587 Also, long-wavelength 

ultraviolet light (UV) and treatment with chlorine derivatives or ozone are used in 

the inactivation of enteric HAdVs in surface and groundwater supplies.601-604 A 

combination of UV and other virus inactivation systems are also in development 

for use in blood and blood products.605-608 However, perhaps successful 

interventions remain elusive, because of the lack of understanding of the natural 

transmission of HAdVs. 

 

8.3.5 Paramyxoviruses 

Paramyxoviridae is another virus family that is of exceptional importance to 

medical virology, in having for its members several of the most prevalent disease 

pathogens known in humans and animals.609 Pathogens include the measles virus, 

which is the most contagious known;609 RSV, PIV, hMPV, and mumps virus, which 

are the most commonly identified;609 Newcastle disease virus, a blight in the 

poultry industry;609 and the recently identified Nipah and Hendra viruses, that so 

far only cause fatal infections.609 There are two branches to the family, the 

subfamilies Paramyxovirinae, which has seven genera and Pneumovirinae, with 

two genera.609 Taxonomic classification is determined according to capsid 

morphology, antigenic cross-reactivity, neuraminidase function, and genetic 

processes.609 Of specific importance to this study are RSV and hMPV of the 

Pneumovirinae subfamily and PIV of the Paramyxovirinae subfamily, which are 

reviewed more closely in subsequent sections. 
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8.3.5.1 Respiratory Syncytial Virus (RSV)  

8.3.5.1.1 General Information  

Human RSV was first identified in 1955, when a laboratory chimpanzee developed 

respiratory symptoms similar to that of human with a cold.610-612 Its name was 

derived from giant multinucleated cells (syncytia) that were formed when the 

virus was isolated in cell culture.612 RSV was later established as the foremost 

cause of LRTI in infants and children worldwide.611 Its clinical impact in severe 

respiratory disease in the elderly and immunocompromised was recognised soon 

after, thereby making it a prime candidate for broad age-range vaccine 

development.361,613-615 Thus, RSV was traditionally considered to be a virus that 

caused severe infections at opposite ends of the age spectrum.32 More recently, 

however, it has been suggested that RSV infection in healthy young adults may not 

be as inconsequential as initially understood, and that it may be second only to 

influenza in severe clinical manifestations of respiratory disease.616  

The RSV genome consists of a single-stranded, negative-sense, enveloped RNA 

with 10 genes that code for 11 proteins.612 The virus is made up of a nucleocapsid 

core of replicase proteins (N, P and L) and a non-segmented viral RNA that is 

enveloped in a lipid bilayer containing three surface transmembrane glycoproteins 

(G, F and SH).611,612 These glycoproteins are involved in virus entry into and 

infection of host cells, making them primary targets for host antibody 

neutralisation.611,612 Inside the lipid bilayer is also found the matrix protein, which 

may be involved in the assembly and packaging of virion components at the 

plasma membrane, prior to progeny virus budding.611 Figure 5 below is a 

schematic of RSV identifying the lipid bilayer, non-segmented RNA and the 

replicase, transmembrane and M proteins. 
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Figure 5 Schematic of RSV Virionf 
  

 

RSV has one serotype with two antigenic subgroups, RSVA (64 strains) and RSVB 

(6 strains). The subgroups differ from each other the most in their G surface 

protein, with only a 53% similarity in amino acid sequences.617 Table 2 below 

shows the per cent amino acid sequence similarities between structural and 

functional proteins of RSVA and RSVB, and among other paramyxoviruses. RSVA is 

more prevalent globally. However, both subgroups tend to circulate at the same 

time during epidemics and dominance of either subgroup shifts every 1 to 2 

years.611,612,618,619 Research into appropriate, immunogenic and safe vaccine 

candidates continue to be impeded by virus lability and inability to grow in cell 

culture.611   

                                                        
f Taken from Collins and Karron, 2013611 
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Table 2 Amino Acid % Similarities Between RSVA and RSVB and Among Other Paramyxovirusesg 

 
 

8.3.5.1.2 Epidemiology   

RSV epidemics occur annually. In temperate regions, yearlong persistence has 

been documented, but outbreaks more often occur for a period of four to five 

months between winter and early spring.611,620 Globally, RSV epidemics are more 

common in moderate humidity and at temperatures either between 2˚C and 6˚C, or 

between 24˚C and 30˚C.621 Annual outbreaks are suggested to be localised, rather 

than regionally or nationally widespread, and are characterised by independent 

introduction and spread of each virus strain.361,612 This is particularly noticeable in 

nosocomial outbreaks, wherein multiple strains circulating in the community are 

introduced into patient wards on several occasions.361  

Serology provides the most sensitivity in the diagnosis of RSV infection.361 In 

comparison to this method, virus culture and antigen detection methods identify 

50%, while molecular-based assays, such as PCR, can identify up to 75%.361 Hence, 

the epidemiological data provided below are likely to be underestimated, due to 

limitations in sensitivities of the diverse detection methods used in studies. 

8.3.5.1.2.1 Infants and Children 

Worldwide, RSV infection in children < 5 years of age results in an upsurge in 

hospitalisations and deaths due to bronchiolitis and pneumonia each year.361 

                                                        
g Taken from Collins and Karron, 2013611 
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Infection leading to LRTI is estimated to be 34 million annually, which makes up 

22% of all cases of LRTI in this population. Hospitalisation occurs in 

approximately 4 million and death in hundreds of thousands.611,622,623 Increased 

medical consultations for RSV-related illnesses not leading to hospitalisations are 

also typical in children aged two to five years, with estimates ranging from 2.1 

million to 4.2 million annually.611,624,625 Symptomatic reinfection occurs at least 

twice more between the ages of two and three years, although, symptoms tend to 

be less severe.611,626,627 

RSV infection is most common in infants than in older children. Approximately 

70% of infants acquire the virus before their first birthday, and nearly all of them 

would have had the disease by the age of two years.611,626-628 Primary infection 

results in the development of acute respiratory symptoms, with 25% to 40% 

progressing to LRTI.611,626 Hospitalisations due to LRTI is most pronounced in 

those aged between six weeks and six months.611,624  

RSV hospitalisations occur in 50% to 70% of otherwise healthy, full-term birth 

children.629 However, day care attendance, paediatric hospitalisation during an 

RSV epidemic, and household residence of other children < 5 years of age increase 

paediatric exposure to RSV, putting them at high risk of infection and severe 

disease.630,631 Other risk factors in paediatric RSV are primary infection, young age, 

premature birth < 28 weeks’ gestation, inadequate maternal antibody titres, and 

underlying congenital and immune disorders.611,630-634 Asthma or atopy, tobacco 

smoke, male gender and low socioeconomic status are also associated with 

predisposition to RSV disease.611     

8.3.5.1.2.2 Elderly and Other High-Risk Populations 

RSV is generally associated with morbidity and mortality in the elderly.614 In 

developed countries, RSV-associated mortality is more pronounced in the elderly, 

at 78%.635 This is more than likely due to underlying pneumonia, congestive heart 

failure (CHF), or exacerbations of asthma and COPD.614 Healthy elderly also have 

severe symptoms associated with infection, although they are less likely to be 

hospitalised. They do, however, seek more medical consultations than any other 

age group with RSV.361  
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In high-risk adults and children with cancer, congenital CPD and immune 

disorders, RSV infection is of notable importance.611,612,636 Adult leukaemia or 

haematopoietic stem cell transplant (HSCT) patients are 80% to 100% at risk of 

death due to RSV, depending on the category and degree of immune 

suppression.611,636-638 Lung transplant patients are predisposed to severe LRTI, 

chronic transplant rejection, or bronchiolitis obliterans.639,640 Finally, children with 

CF are most often hospitalised and have decreased lung function.30  

8.3.5.1.2.3 Healthy Young Adults 

There remain considerable gaps in knowledge of RSV infection in healthy young 

adults, mostly because cases are left undiagnosed.32,612 Current literature suggests 

that RSV reinfection occurs at rates between 5% and 10% annually in healthy 

adults and is generally associated with mild URTI and cold symptoms.612,614,641 

Frequent reinfection is more characteristic of those with increased exposure to the 

virus, such as healthcare workers and residents in households with sick 

children.611,612,642 Hospitalisations and deaths due to severe disease are rare, 

although illnesses may nonetheless be consequential in terms of absences from 

work.612,643  

8.3.5.1.3 Infection and Immunity  

RSV is understood to be a primarily nosocomial infection, whose clinical burden is 

most recognised in paediatric wards.633,644,645 It is suggested that clinical 

manifestations of nosocomial RSV may be different from community-acquired 

infections, particularly in infants.633 RSV is implicated in sudden infant death 

syndrome, but a direct relationship has yet to be established.611,646 Fever generally 

accompanies URTI, which later develops into LRTI in approximately 25% to 40% 

of those aged between six weeks and nine months.611,626 Bronchiolitis and 

pneumonia are the most common LRTI manifestations, although, croup is also 

possible.611 In infants for whom RSV infection resulted in LRTI, asthma is 

predominantly observed during childhood. However, it remains to be established 

whether RSV predisposes infants to asthma later in life, or if asthma increases the 

likelihood of severe RSV infection in infancy.361 In neonates, infections are 

generally either asymptomatic, or present as mild URTI. Bronchiolitis may develop 
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in severe cases and apnoea is common in premature births.611,647,648 Severe disease 

is rare however, and is most often characterised by systemic signs rather than 

respiratory symptoms, including temperature fluctuations, listlessness and 

irritability.611,649 In children, symptoms may be mild URTI that include 

rhinorrhoea, cough and sneeze, but could also present as wheezing episodes 

similar to asthma exacerbations361 that rapidly progress to bronchiolitis or 

pneumonia, particularly in those with underlying risk factors.611,650 In the elderly, 

RSV infection often results in ICU admittance, due to LRTI.611 This is particularly 

the case for those in closed settings, with underlying CPD, or immune-

challenged.611,614 The elderly are also more likely to experience nasal congestion 

and wheezing when infected with RSV, than with any other respiratory virus.361 In 

healthy young adults, RSV infection is suggested to be generally symptomatic, and 

symptoms are often mild and self-limiting. 32,651 Morbidity may be underestimated 

in this population, however, because common cold symptoms generally do not 

result in medical consultations, and because there are no over-the-counter 

therapies specific for the treatment of symptoms, from which the cost of RSV can 

be extrapolated.32,651 Adults with increased exposure to children, such as medical 

personnel, day care staff and household members, are most at risk for RSV 

infection and symptom development.611 

Infection, severity of disease and age at primary infection is suggested to be 

subtype-dependent.617 In hospitalised infants, RSVA is understood to have a more 

serious pathology, and result in higher severity indices, than RSVB.615,617 On the 

other hand, RSVB is often correlated with infection of those with underlying 

medical conditions.615 RSVA is observed to be more common in children < 1 year 

of age, while RSVB often infect older children.617,652 Epidemiological correlation 

with RSV subtype, however, remains debatable.617  

Host immune responses to RSV infections differ as much as their symptom 

presentations.361 Immunity includes induction of neutralising antibodies and cell-

mediated virus clearance.611 Non-maternal serum IgG and secretory IgA protect 

against reinfection, while cellular immunity is important in symptom resolution.611 

Antibody responses to primary infection is delineated as a cross-reactivity with 

RSV F protein, which is highly conserved across strains. On the other hand, 



 70 

response to RSV G protein is decidedly targeted towards specific strains, due to 

differences in this protein among strains.612  

In infants, IgA reduces shedding titres and duration by inhibiting virus 

replication.653,654 IgA response in primary infections is short-lived, but subsequent 

reinfection induces more sustained antigen neutralisation.653 Infants acquire 

maternal IgG at birth.655 Figure 6 below shows that high maternal IgG titres are 

predominant in full-term births; this correlates with primary infection at an older 

age and milder disease presentation, both of which are protective.611,655 Note that 

IgG titres at birth still depends on maternal antibody titres to RSV.611 The figure 

also shows that protective immunity by maternal IgG is short-lived; it declines 

between days 21 and 26 after birth, and is no longer detectable by age eight 

months.611 In hospitalised infants, both IgA and IgG are detectable 10 days after 

symptom onset, and lasts for as long as four weeks.656  

 

 

Figure 6 Maternal Serum IgG titres and Duration of Protection in Infantsh 
 

                                                        
h Taken from Collins and Karron, 2013611 
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Compared to infants < 6 months of age, older individuals have more vigorous and 

lengthier IgA and IgG response.611 In healthy young adults, RSV infection induces 

an eight-fold rise in IgG titres that then decline within a year after infection.657 In 

the elderly, the humoral response is more robust than in young adults, suggesting 

that this age group’s increased predisposition to severe RSV infection may not be 

due to immune senescence, or the age-associated inability to produce 

antibodies.611 RSV infection induces partial, but not long-term, antibody activity 

against RSV F and G proteins. Therefore, reinfection in all populations is frequent, 

resulting in both symptomatic and asymptomatic illnesses.612,658 Reinfection in 

adults is likely due to decreasing titres of both IgG and IgA.642,659-661 In the elderly, 

serum antibody titres are likewise inversely correlated to hospitalisation.611,661,662  

Cell-mediated immunity to RSV is best demonstrated in animal models.612 In mice, 

infection induces a Th-1 type CD4 response, producing Th-1 cytokines IFN-ƴ, and 

IL-2, along with CD8 CTLs. The response changes to a Th-2 type CD4, producing IL-

4, IL-5 and IL-6 without CTL activation, in infections with inactivated whole virus 

or virus particles.612 Cellular immunity in humans is not as well studied.612 CTL 

response to RSV has not been correlated with protection from infection or 

recovery from symptoms and the link between cellular induction of cytokines and 

immunopathogenesis in adults remains to be established.612,663,664 In infants and 

children with primary and secondary RSV infection, a vigorous CTL response in 

peripheral blood is reported.611,665,666 Severe disease induces both CD4+ and CD8+ 

T cells response, with the preponderance of CD4.667,668 In respiratory fluids of 

infants with severe disease and in lung tissue of fatal RSV cases, however, no 

notable increases in T-cells have been reported.611,669,670 CD4 Th-1 IL-4 and Th2 

IFN-ƴ may be correlated to primary RSV infection and reinfection.611 Serious 

illnesses characterised by airway plugging due to mucus hypersecretion, wheezing 

and chronic pulmonary susceptibilities are associated with Th2 bias, much like in 

asthma.611 Unlike asthma where prior sensitisation to an allergen is required, 

however, Th2 activation in RSV is more pronounced in primary infections than in 

subsequent reinfections.611 Hence, IFN-ƴ response in healthy young adults and the 

elderly is lower than that in children.361 Comparisons of CD4 and CD8 responses in 

healthy young adults and the elderly apparently have not been studied.612    



 72 

Immune responses to RSV infection are implicated in severe disease, such as 

infantile bronchiolitis, where the most serious stage of the disease coincides with 

peak host inflammatory immune response. This may be due to unbalanced T-cell 

priming or to ADE.361  

8.3.5.1.4 Transmission 

RSV is extremely contagious.611 It is pervasive and spreads at speed.26 

Transmission is understood to occur from person-to-person through large 

droplets produced during coughing and sneezing, and by autoinoculation of the 

eyes and nose, following contact with contaminated surfaces.26,645 On the other 

hand, aerosol transmission has not been qualified as an efficient mode of pathogen 

transfer, due to RSV being rapidly inactivated in an aerosolised particle.612,617,671 

However, data are limited to observations during nosocomial outbreaks, and 

where simulations of natural infections involve inoculation of volunteers with 

different doses of wild-type virus, which may misrepresent real-life 

situations.617,671 RSV is also not thought to be able to survive for long periods in the 

environment because of its labile structure.26 However, given its communicability, 

it must persist at least long enough for transmission to occur.26,617 Extracorporeal 

RSV survival is suggested to be as long as 12 hours.672 It has been demonstrated to 

remain active on nonporous surfaces for approximately six hours, on surgical 

gloves for as long as two hours, on paper materials for 45 minutes, and on 

undisturbed skin for 20 minutes.98,617 However, fomite transmission data are 

limited to those obtained by experimental contamination of surfaces with virus 

stocks or secretions containing titres presumed to be comparable to natural 

infection, rather than actual observations of fomite transmission events.98,617  

RSV is the predominant cause of nosocomial transmission of respiratory 

infections.658 Risk factors for acquired nosocomial infection (NI) include young 

age, underlying medical conditions, and length of hospital stay during increased 

RSV admissions.644,645 Transmission rates in neonatal intensive care units and 

paediatric wards can be as high as 45%, even with the implementation of infection 

control strategies.633,658 Rates in elderly long-term care facilities are similar, at 

approximately 40%.617 NI results in longer hospital stays than community 
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infection and predisposes patients to more serious disease.633 ICU admissions are 

as high as 50% in children with nosocomial RSV, compared to 9% of those with 

community-acquired virus, supportive care is indicated for 2% to 10% of 

healthcare-associated infections, and mortality is pronounced in nosocomial RSV, 

whereas it is negligible in the community.672 

Hospital staffs are a recognised source of NI.644,672 Healthcare workers are 

susceptible to both nosocomial- and community-acquired RSV. However, they are 

rarely identified as disease vectors, because their symptoms tend to be mild, 

presenting as colds or ILI, such that they are still able to come in to work. 644 

Studies during nosocomial outbreaks have demonstrated that approximately 60% 

of staff are infected when RSV is circulating in the community, and as much as 27% 

could then infect patients, other staff and people in the community.633,644 

Asymptomatic infection has also been observed in 15% to 20% of HCW, which is 

often accompanied by high titre shedding.644 Data on NI are again limited to few 

studies on healthy young adults in medical care, often during outbreak situations. 

Medical trainees and newly appointed personnel in paediatric wards are at the 

most at-risk of symptomatic NI, but are also the least likely to appreciate the 

implications of their illness,644 which is one of the reasons why few data are 

available in this population.           

8.3.5.1.5 Prevention and Control 

There are no licensed vaccines against RSV. Clinical trials in the 1960s 

catastrophically resulted in enhanced disease in some and death in others. 

Subsequent vaccines were safer, but remained unsuccessful in producing sufficient 

correlates of protection.611 However, a 2015 WHO committee established a critical 

need for RSV vaccines and confirmed that there are several pipelines in 

progress.673,674 Considerable activity is currently underway in clinical 

development of vaccines, primarily intended for infants and young children, for 

whom the burden of RSV disease is greatest. However, there are suggestions that 

this be extended to other age groups, for which primary care and emergency 

attendances have the highest impact, structurally and economically.624,625 



 74 

Two predominant candidate RSV vaccines include one containing a purified F 

protein subunit (PFP-2) and another with cold-adapted, temperature-sensitive, 

live-attenuated RSV.612 The latter has undergone Phase I and Phase II trials in 

infants and young children. Although determined safe and non-pathogenic, it 

nonetheless remains inconsistently immunogenic.612,675-677 In adults, PFP-2 and 

cold-adapted formulations are tested either in combination or sequentially. Again, 

although safe and well tolerated by healthy young and older adults, 

immunogenicity is weak.612,678 Other drugs in production that elicit robust 

immune responses, however, also enhance disease pathology. This may be due to 

highly active or irregular T-cell priming or to a magnified inflammatory response 

due to ADE.361 

In the absence of a viable vaccine, other methods of prevention and control of RSV 

infection are in place. These include antivirals, symptom and supportive 

interventions and behavioural strategies.611,612 The aerosolised antiviral ribavirin 

is the only recognised chemotherapeutic for RSV.612 Its mechanism of activity is 

not completely understood and its use is hindered by contradicting clinical trial 

outcomes, difficulties associated with aerosol delivery, development of anaemia in 

some, and unintended side-effects on those exposed to the aerosol during 

administration, such as HCWs.611,679-681 In infants and those at risk of protracted 

disease, IV monoclonal antibodies (MAb) are administered for prophylaxis against 

RSV infection. Current studies suggest MAbs reduce shedding, however, clinical 

outcome has yet to be determined.611,657,682-684 Hospitalised infants require 

substantial supportive care. These may include positioning them in a way that 

helps breathing easier, using automated mucus removal systems, oxygen therapy, 

or, in severe cases, mechanical ventilation.611 Antivirals may be used during 

epidemics for prophylaxis of those with CPD or immunosuppression, who are at 

high-risk of LRTI, however, they are not indicated for healthy adults with 

URTI.612,636,638,685,686  

Management of annual nosocomial RSV outbreaks are attempted with various 

infection control mechanisms. These are generally behavioural strategies that 

include patient and HCW cohorting, rapid screening for RSV infection, isolation 

methods, visitor restrictions, hand washing, and PPE.617,633,645,672 These methods 
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are implemented either individually or in combination, but not one single or 

amalgamation of infection control has been determined to be more effective than 

another. Although, a combination of rapid diagnostics, proper hand washing and 

patient cohorting has been shown to have better epidemic management 

outcomes.633   

 

8.3.5.2 Human Metapneumovirus (hMPV) 

HMPV belongs to the same Paramyxoviridae subfamily as RSV - Pneumovirinae. 

There is a 50% genome sequence homology between hMPV and RSV, and an 80% 

similarity among hMPV subgroups.611 Structurally, hMPV is shorter than RSV by 

almost 2kb.611,687 Much of the preceding information on RSV also applies to hMPV, 

including the structure in figure 6. This section, therefore, only highlights areas of 

importance that are specific to hMPV. 

HMPV was first identified in 2001, in paediatric inpatients presenting with 

symptoms similar to patients with RSV, but that had negative RSV test 

results.2,29,361,611,688 Although it is a fairly recently discovered pathogen, 

seroepidemiology indicates its circulation in humans at least 50 years ago, 

indicating that it is not a newly emergent virus.2,29,611,688 Delay in its identification 

is attributed to its sluggish growth and CPE in cell culture, the need for trypsin in 

the activation of the F protein, and diagnostic laboratory use of cell lines that do 

not support hMPV replication.2,611 Despite its discovery 15 years ago, however, 

hMPV yet remains to be included in routine respiratory virus surveillance systems. 

Therefore, much of what is currently known is derived from limited research on 

the pathogen2 and, until hMPV data become more widely available through either 

its inclusion in routine diagnostic testing or its being a more active subject of 

research, currently available information has to be interpreted with caution.  

HMPV is similar to RSV as a clinically relevant pathogen in respiratory disease in 

paediatrics and the elderly worldwide. However, primary infection occurs slightly 

later in the first year of life than RSV and severe disease is uncommon. Therefore, 

its clinical impact is not considered to be as fundamental as that of RSV.611 Also 

much like RSV, hMPV has one serotype with two subgroups, hMPVA and hMPVB. 
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There is considerable cross-reactivity and cross-protection between 

subgroups.611,689 However, there is no evidence to suggest an association between 

subgroup and disease pathology.611,689  

Primary hMPV infection resulting in hospitalisation is highest at around six 

months of age, with almost all children being infected by the age of five years.2,688 

Reinfection is common, with recurrence in infants resulting in either URTI or 

LRTI.19,611 Yearly reinfection is understood to occur at 1% to 9% in young adults, 

and range from asymptomatic carriage to severe respiratory infection.690,691 In the 

elderly, risk for severe hMPV infection is demonstrated to be highest in those with 

underlying chronic health conditions.611,690,692  

    

8.3.5.3 Human Parainfluenza Viruses (PIV) 

8.3.5.3.1 General Information 

PIV are also members of the Paramyxoviridae family that infect and cause 

respiratory disease in humans.611 They belong to the subfamily Paramyxovirinae, 

which is how they differ from both RSV and hMPV.611 The name parainfluenza 

derived from their influenza-like pattern of disease, lipid envelope structure, 

ability to agglutinate blood in culture, and neuraminidase enzyme activity.693,694 

There are four HPIV serotypes, all identified between 1956 and 1960, when cell 

culture and haemadsorption methods were used to isolate pathogens associated 

with respiratory tract infection in children.694 They are: PIV1, PIV2, PIV3 and PIV4. 

The odd-numbered serotypes belong to the genus Respirovirus, while the even-

numbered ones belong to the Rubulavirus genus.611 PIV4 is further subtyped into 

PIV4a and PIV4b, based on antigenic differences in haemagglutination inhibition 

tests and on susceptibilities to MAbs.694,695     

PIV1, PIV2 and PIV3 were first detected in infants and children presenting with 

LRTI, and were directly associated with laryngotracheobronchitis (croup) in 

children.694 As a group, PIVs 1 to 3 are considered to be second only to RSV in 

severe virus-induced respiratory tract illness in infants and children.694 PIV4, on 

the other hand, was first identified in children and young adults with milder URTI. 



 77 

Compared to the other three serotypes, PIV4 causes respiratory diseases only 

infrequently and with less severe pathologies.694 However, recent serological 

indications suggest that these findings could just be due to difficulties in isolating 

PIV4 in culture, rather than its comparatively diminished ability to cause 

disease.694,696-698  

8.3.5.3.2 Epidemiology 

PIVs are globally ubiquitous viruses that cause acute respiratory infections in 

people of any age. However, disease presentation and age at primary infection 

generally varies with each serotype.694 Hospitalisation rates due to PIV in children 

are approximately 38% for PIV1, 12% for PIV2 and 50% for PIV3.694,699 As a group, 

PIVs 1 to 3 cause acute respiratory diseases in infants and children that range from 

mild URTI and pharyngitis to serious LRTI.694 URTI complications, which include 

otitis media, are implicated in 30% to 50% of PIV infections in children.700,701 

Infection occurs most often between the ages of three and twelve months, with 

approximately 60% of children being infected with PIV3 by the time they are two 

years old.694,701,702 PIV1 and PIV2 cause disease much later than PIV3 in early 

childhood, however, most children would have been infected with all three 

serotypes by the age of five years.694,703-705 Croup is also most often associated 

with PIV1 and PIV2 infections between the ages of one and two years, and children 

remain susceptible to this LRTI until the age of six years.694,700,706 Approximately 

65% of croup cases are due to PIV1 infection alone.707 On the other hand, severe 

disease due to PIV3 infections result in pneumonia and bronchiolitis in the first six 

months of life, but rarely occur this early with PIV1 and PIV2.694,706,708,709 In 

comparison, PIV4 is less symptomatic and causes a broad spectrum of illness in 

both children and adults.694,696-698 Its incidence in paediatric populations is similar 

to that of PIV2, at approximately 10% annually.694,698,701,710  

PIV is primarily an infection in young children. However, adults may also be 

susceptible to disease, which is generally characterised by mild URTI and common 

cold symptoms.434,701 Adults hospitalised with LRTI are usually those infected with 

PIV1 and PIV3, but not PIV2; the greatest severity is due to PIV3.701,711 LRTI in 

adults may be due to community-acquired pneumonia resulting from PIV 



 78 

infections.711 Complications associated with LRTI include wheezing and 

pulmonary murmurs caused by PIV1,711 while PIV3 is associated with adult croup 

and in 27% of adult hospitalisations for lobar pneumonia.701,712 Figure 7 below 

illustrates the proportions and age distributions of each HPIV serotype, from 

laboratory data collected by Laurichesse et al. (1999) in England and Wales from 

1975 to 1997.701,702 

 

Figure 7 Age Distribution of PIV Reported in England and Wales, 1975-1997i 
 

Annual epidemics in temperate regions, including England and Wales, may account 

for the higher incidence of PIV3 infections in the overall population than PIV1 and 

PIV2, which have biennial patterns of outbreaks. However, recent evidence 

suggests that PIV2 may also now have annual epidemic patterns, and that PIV1 

may have peak incidence at low levels around February each year.694,701,702,711 Also 

in temperate regions, PIV1 outbreaks are associated with increased consultations 

for croup, for a period of 13 to 15 weeks between September and December, in 

odd-numbered years.701,707,713-715 Its biennial pattern of epidemic is most 

pronounced in children <5 years old, while recent annual peaks are mostly seen in 

older children.701,711 PIV2 may co-circulate with PIV1, although it is most active for 

a period of up to 18 weeks between October and December.701,713 PIV3 infections 

                                                        
i Taken from Laurichesse et al., 1999702 
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persist for longer periods than PIV1 and PIV2, generally occurring between April 

and June each year. However, in the years where PIV1 outbreaks do not occur, 

PIV3 becomes more prevalent, resulting in a protracted activity in spring, followed 

by an additional epidemic in autumn.701,713 PIV4 epidemic patterns are not as well 

delineated.701,713 Approximately 75% of PIV4 isolates identified are subtype B, 

however, serological tests show a higher rate of antibody development to subtype 

A, at almost 95%.701 

PIV reinfection commonly occurs in older children and adults. Reinfection may be 

promoted by virus ability to survive for long periods in the human population 

without undergoing appreciable antigenic changes, which is a fundamental feature 

of PIVs.694 Disease following reinfection is generally characterised by URTI, except 

in rare occasions, when LRTI may result in hospital admissions.694,711 Death in 

healthy individuals due to PIV are also understood to be rare, although it has not 

been studied well.694 

8.3.5.3.3 Infection and Immunity  

Primary infection with PIV generally results in symptom development. These 

include coryza, sore throat, cough and hoarseness, often accompanied by 

temperatures >37.8˚C that last for up to three days.704,705 Severe symptoms 

associated with LRTI in children may result in respiratory distress that is generally 

only associated with PIV in adults.716Croup is the signature clinical syndrome of 

PIV LRTI infections in children.701  

In patients with primary or acquired immune deficiencies, PIV infection may 

spread to organs and tissues. This results in severe and prolonged diseases that 

increase rates of morbidity and mortality in this population.694,701,717 PIV3 is the 

most frequently identified serotype in immune-challenged populations.718 On rare 

occasions, PIV3 can also infect the CNS, resulting in meningitis, and syndromes of 

Guillan-Barre and Reye’s disease in children and adults.719-723 Febrile convulsions 

may also arise in immunosuppressed children, usually due to infection with 

PIV4b.701       

PIV infections induce effective, robust local and systemic host immune 

responses.694 Antibodies specific to PIV surface glycoproteins are the most capable 
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of neutralising these viruses.724 In infants, the titres of passively acquired maternal 

IgG are generally inversely proportional to the likelihood of PIV3 infection in the 

first four months of life.703 Serum neutralising antibodies may also be protective 

for some infants and children during PIV outbreaks in closed settings.703 In adults, 

secretory IgA response to PIV1 and PIV2 are associated with protection from 

disease and URTI.725,726 Serum antibody levels generally have long durations of 

persistence,694 while IgA and cellular CD8+ CTL immunity are short-lived, 

accounting for the frequency of reinfection throughout life.694 CTL response is 

cross-reactive among all serotypes, however.694 Reinfection may be further 

promoted by PIV interference in host IFN activation pathways.694,727 Persistence in 

healthy individuals is rare, although it may be different in the 

immunocompromised.694 

It is suggested that a robust host immune response to PIV infection may be the 

cause of a severe pathology. In particular, PIV-specific IgE antibody production is 

induced earlier and at higher concentrations in infants and children with croup, 

than in those presenting with URTI. Consequently, children with croup shed more 

histamine through the nasopharynx than those with milder symptoms.694,728 

Similarly, vigorous IgE and cell-mediated immune responses are customarily 

observed in infants with PIV bronchiolitis.728 However, it remains to be 

determined whether host IgE and cellular immunity responses in LRTI-associated 

PIV infections in children are indeed unusually aggressive, or merely proportional 

to greater virus pathogenicity.694          

8.3.5.3.4 Transmission   

PIV transmission has been studied most in children and is understood to occur 

primarily through direct person-to-person contact or by large droplet infection of 

the nose and throat.694,701 The incubation period range from two to eight days, 

after which, LRTI may develop 701,714,729 PIVs have not been demonstrated to 

survive long in the environment. However, it is observed that infection spreads 

rapidly within families and in semi-closed settings and healthcare facilities.694 

Infection in families with children occurs at a high frequency.703 Preschool children 

are the common sources of household transmission, which occurs at approximate 
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rates of 59% for those between two and five years old.694 Nosocomial transmission 

is of particular concern in paediatric wards and for immunocompromised 

patients.694,718,730,731 Outbreaks are generally due to sporadic transmission of 

multiple PIVs either in hospital or in the community, and HCWs are often critical to 

the spread.694,701,730 Incubation periods in hospitals are shorter than in the 

community, with shedding occurring two to four days after infection.708 Shedding 

of PIV3 generally lasts for a period of up to 10 days during primary infection but 

shorter in reinfections.708 Prolonged shedding of up to four weeks may also occur 

in infants and young children, and in adults with underlying chronic respiratory 

conditions.46,732 However, it is not known how long it takes for the virus to 

spread.708 PIV3 is the most efficiently transmitted serotype from person-to-person, 

particularly in semi-closed daycares.694 Individuals that have had prior PIV3 

infections may not become ill but may nonetheless be contagious.694,708  

8.3.5.3.5 Prevention and Control 

There are no licensed PIV vaccines for humans. Initial candidate vaccines were not 

satisfactorily immunogenic and failed to provide correlates of protection against 

disease.694,701 Infants <6 months of age are at highest risk of PIV3 infections, but 

are also the least likely to benefit from live, attenuated vaccines, because of either 

immunologic immaturity or suppressed humoral immunity due to the presence of 

maternal serum IgG.733,734 The use of killed PIV virus is not an active area in 

vaccine development.694  

Similarly, development of therapeutic strategies for the prevention and control of 

PIV infections is limited, because the clinical burden of the virus is primarily in 

very young children with croup.701,714 Hence, treatment is focused instead on 

supportive care and symptom relief using corticosteroids and epinephrine.694,701  

Although PIV is considered a disease of the young, the preceding information 

suggests that they may also be relevant in adult respiratory disease. Therefore, 

more epidemiological data are needed in PIV infections in adults.  
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8.4 Addressing Knowledge Gaps using TraVerse 

The literature review above illustrates that, although there is vast knowledge on 

viruses associated with the common cold, there remain gaps in our general 

understanding. In particular, there are disparities in associating virus with 

primary mechanisms of human-to-human transmission, and in establishing the 

epidemiology of the common cold in healthy young adults. In aiming to address 

these disparities, this study used the TraVerse method in combination with state-

of-the art molecular diagnostic methods, the results of which are discussed in later 

chapters. Aside from providing the first working model in ascertaining the 

mechanisms of natural respiratory transmission of acute infections, and 

contributing data on disease burden in young adults, it was anticipated that this 

study would augment knowledge specific to individual viruses. These include 1) 

disease severities in Flu, PIV, RSV and RV infections, relative to subtype and viral 

load, 2) rates of transmission when prolonged and continuous human contact is 

not involved in RV, 3) data on acute infections with EV and RSV, to supplement 

household studies and nosocomial findings, respectively, 4) supportive data for 

either aerosol or fomite transmission of flu 5) information on endemic and 

asymptomatic infections with HCoV, 6) basis to encourage hMPV inclusion in 

outine surveillance, and 7) the incidence of asymptomatic infection with RSV.     
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9 Materials and Methods 

9.1 Setting  

The Children’s Hospital based at the Leicester Royal Infirmary (LRI) is the only 

inpatient paediatric clinic in Leicestershire, UK. It provides care to a population of 

approximately 24,000 children aged from birth to four years, and 45,000 aged 

from five to fifteen years.735,736 The LRI offers Accident and Emergency (A&E) 

services, with the Children’s Emergency Department (ED) separate from the adult 

facility.737 Following primary care or ED assessment, children are admitted for 

specialised consultation at the Children’s Assessment Unit (CAU). Subsequently, 

they are either transferred to the acute paediatric wards, or discharged, with rapid 

access to outpatient clinics for up to 48 hours.  

The CAU has two ‘see and treat’ rooms where patients not assigned beds or cots 

are assessed, and each of the wards has a ‘treatment’ room for clinical procedures. 

These rooms were the controlled settings where the child-healthy volunteer 

interactions of this study were closely observed.  

9.2 Volunteers 

9.2.1 Children 
 

Children acted as potential infectious sources for respiratory virus transmission, 

and hence are known as ‘source’ hereafter. Sources were patients aged from birth 

to six years, who presented to either the ED or CAU between November 2012 and 

May 2015, and who satisfied study-specific inclusion/ exclusion criteria 

(Appendices A1 and A2). Briefly, children were recruited if they were born after 32 

weeks’ gestation, presented within 216 hours (9 days) of onset of fever (≥37.8˚C), 

respiratory tract infection, or gastrointestinal conditions, and had no cardiac or 

metabolic abnormalities. 
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9.2.2 Healthy Young Adults – Hosts 
 

Healthy young adult volunteers acted as virus hosts and are known as ‘host’ 

hereafter. Hosts were non-asthmatic University of Leicester (UoL) medical 

students aged 18 to 35 years that met study-specific inclusion and exclusion 

criteria (Appendices A3 and A4). Included in these criteria were the absence of 

respiratory symptoms for up to 14 days prior to interaction (day 0), and oral 

temperature <37.4C on day 0. Pregnant females were excluded from 

participation.  

Hosts were screened for participation during study information sessions provided 

by the researcher and other members of the study team, generally at the start of 

school terms in September and January each year. At these sessions, hosts were 

informed of the nature of the study and provided detailed, standard information 

sheets. At the end of each session, written consent was taken from those that 

satisfied study criteria, using standard consent forms. Consenting was done 

according to the tenets of the Declaration of Helsinki738 and Good Clinical Practice 

in Research (GCP),739 for which the researcher received training and certification. 

Consented hosts provided contact details and fortnightly schedules of availability 

via email, so that only those at hand were called upon once a source has been 

recruited. Schedules were managed using Anytime® Organizer Deluxe 15 software 

(Individual Software Inc., USA). Figure 8 shows the workflow for screening and 

recruiting hosts.  

9.2.3 Healthy Young Adults – References 
 

In the final year of the study, nose and throat swabs were taken from adults who 

have not participated within a 28-day period, for reference purposes. Data from 

these references were used to ascertain whether any viruses were circulating in 

the community at the time of sampling that may result in hosts testing positive 

during the follow-up period. If reference hosts test positive for viruses that were 

circulating at high levels in the community (based on public health data), then it 

would bring up the possibility that virus-positive hosts who interacted with 
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sources during that time could have acquired the virus from the community and 

not from source. The number of reference subjects that participated equated to 

approximately 10% of the number of interactions. 

9.3 TraVerse Method –Design and Conduct 

9.3.1 Day 0 - Immediately Prior to Interaction 

9.3.1.1 Source Recruitment  

Once a child had been admitted into ED or CAU and assessed by senior medical 

personnel to fit the study profile for a potential virus source, the researcher 

approached primary guardians to consent to the child’s participation in the study. 

Detailed study information sheets were provided and guardians were given at 

least one hour to make an informed decision in providing consent. Guardian 

consent was taken under the same conditions as in hosts, using standardised 

forms. Consent was taken within 234 hours of onset of illness, so that interaction 

with healthy adult volunteers was completed within 240 hours (10 days).  

Following consent, demographic information and clinical history were collected 

from patients’ notes onto standard case report forms (CRFs). 

9.3.1.2 Host Clinical Assessments 
 

Hosts available at the time guardian consent was obtained were contacted by text 

message and asked to arrive in clinic within 30 minutes. Because hosts were paid 

to participate, the researcher established fairness by contacting them in the order 

in which they submitted their schedules of availability. Hosts were given 30 

minutes to respond, after which, the next person on the list was contacted.  

Upon arrival at clinic, hosts were re-consented into the study, to re-affirm that the 

risks involved were clearly understood and accepted, and to ensure that inclusion/ 

exclusion criteria for day 0 were met (Appendices A3 and A4); specifically, that 

respiratory symptoms were absent for 14 consecutive days. 
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Upon consent, host oral temperature was taken by the researcher, using a medical-

grade, digital thermometer (DigHealth, China; catalogue no. YGH-055). Women 

were asked to take a pregnancy test using a rapid, mid-urine stream kit that 

provided results in three minutes (Alere, USA; catalogue no. UPK009A). Clinical 

information on respiratory symptoms, oral temperature and pregnancy tests were 

recorded on standard CRFs and in standard diary cards (Table 3). These were the 

baseline (day 0) clinical conditions of the host.  

Interaction with source proceeded only once it was determined that the host had 

an oral temperature <37.4C and negative respiratory symptoms and pregnancy 

test. The researcher continued by collecting baseline blood samples and nose and 

throat swabs (see section 9.4 on collection of blood and swabs), before escorting 

the host to the controlled setting where interaction was to occur.  

9.3.1.3 Preparation of Controlled Setting 
 

Upon arrival at the interaction room, the host proceeded to hand washing with 

soap and water at the room sink, while the researcher brought in age-appropriate 

toys and promptly swabbed a selection. The host was informed of which toys were 

swabbed, to ensure that both source and host handled them at least once during 

the interaction. The researcher also introduced a portable bioaerosol sampler 

containing an air filter into the room (see section 9.4 on collection of toy and 

aerosol samples), which stayed in the ‘off’ position until interaction commenced. 

 

9.3.2 Day 0 – During Interaction  

Accompanied by a guardian, the source was brought into the controlled setting to 

interact with the host for a maximum of 30 minutes. The entire event was 

supervised and facilitated by the researcher, while donned in PPE that constituted 

of apron, face mask and gloves. Source clinical samples that consisted of nose, 

throat and hand swabs were collected at this time. The bioaerosol sampler was 

switched to the ‘on’ position. 
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During the 30-minute interaction, both host and source were kept within three 

feet of and facing each other at all times, while they carried out three 10-minute 

cycles of playing with age-appropriate toys for four minutes, clinical assessment 

simulation for five minutes, and host rubbing of own face for one minute (Figure 

9). On occasions that the source did not participate well, the interaction was 

limited to five minutes – four minutes for playing and one minute for host face 

rubbing.  

9.3.3 Day 0 - Immediately After Interaction 

At the end of interaction, the source was sent back to the patient bed; this marked 

the end of source participation. The bioaerosol sampler was switched off, and the 

filter inside was transferred into virus transport medium (VTM). Clinical samples 

were then taken from the host, consisting of hand, face and clothing swabs. Toys 

that were swabbed prior to interaction were again swabbed. All clinical and 

environmental samples were then delivered to the laboratory for immediate 

processing. 

The host was handed the diary card on which the researcher recorded baseline 

clinical conditions prior to interaction.  The host was also provided with a medical-

grade digital, oral thermometer and given instructions on accurate temperature 

recording. 

 

9.3.4 Days 1 to 10 Follow-up 
 

Host follow-up required three-times-daily completion of the diary card with 

symptom and temperature logs at 0900, 1500, and 2100 (all ±two hours), 

beginning at the first opportunity after the interaction on day 0, through to the 

subsequent 10 days.   

The diary card included a list of 21 signs and symptoms (Table 3) generally 

associated with ILI.740 Hosts were required to score each of the 21 listed as ‘0’, ‘1’, 

‘2’, ‘3’, or ‘4’, respectively for none, mild with no limitations to normal activity, 
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moderate and some limitation to normal activity, severe without needing medical 

attention, and incapacitating and needing medical consultation. If symptoms were 

present, hosts were instructed to indicate which of three actions were taken, if 

any: stayed home, sought medical care, or self-medicated with antipyretics or 

analgesics, including the dose and duration of use. Hosts were further instructed to 

contact the attending research clinician, should they spike temperatures ≥37.8˚C, 

so that they may be referred to a GP for antiviral administration.  

Follow-up also required that the host returned to the research clinic for a 

maximum of four follow-up nose and throat swab sampling, whether symptomatic 

or not. Follow-up swabs were taken once on day 1, days 3 to 5, days 6 to 7 and 

days 8 to 10. 

Hosts were eligible to participate up to three times. However, a 12-week period of 

symptom recovery and virus clearance was imposed after every interaction, unless 

prior interaction resulted in negative PCR tests or symptom development; then 

only a 28-day period of rest was imposed. Each interaction with source was 

counted separately. 

 

9.4 Clinical and Laboratory Methods 

9.4.1 De-Identification of Samples 
 

For the purposes of blinding the researcher to sample origin and de-identifying 

sources and hosts, all samples were assigned consecutive numbers and labelled 

with the volunteers’ initials, the interaction number and the date of collection. 

9.4.2 Equipment Sterilization 
 

To ensure that carry-over of viruses from previous interactions did not occur, 

devices were sterilised after each use and stored until next needed. Toys were 

disinfected by soaking in 1% broad spectrum biocidal (Virkon, USA; catalogue no. 

CL/454), in accordance with the UHL/ NHS ‘Infection Prevention and Control 
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Guidelines for Selecting, Maintaining and Cleaning Toys’ (INsite Document 

Number 37741). Toys were then towel-dried prior to storage. In compliance with 

the manufacturer’s guidelines for device care and storage, bioaerosol samplers 

were wiped with single-use 70% isopropyl alcohol disinfection wipes 

(Clinisupplies, England; catalogue no. NW/NWSWAB500/B) and then air-dried 

prior to storage in a case provided by the manufacturer.   

9.4.3 Blood Collection 
 

The researcher received training and certification to perform phlebotomy. Venous 

bloods (up to 9 mL) were collected in an S-monovette polypropylene clotting 

activator tube (Sarstedt Germany; catalogue no. 02.1063) with an S-monovette 21 

G x 1 ½ needle (Sarstedt, Germany; catalogue no. 85.1162). Upon collection, blood 

tubes were centrifuged at 3000 rpm for five minutes. Sera were then collected 

from clotted blood; equal aliquots were transferred into three labelled, 1.8 mL-

volume, sterile, cryogenic vials (Thermo Fisher Scientific, England; catalogue no. 

11311665), and then stored at -20˚C for future serological analysis. 

9.4.4 Nose and Throat Sample Collection 
 

A flexible Hydraflock® swab (MWE, England; product no. MW819125) was 

inserted first into one nostril and then the other and placed in a tube containing 1 

mL of VTM (MWE, England; product no. MW951S). A foam swab that was provided 

with the VTM was then used to abrade the tonsils and pharynx and then placed in 

the same tube as the nose swab. Both swab tips were broken off at the perforation 

line before the tube was capped and labelled, for immediate transport to the 

laboratory. Upon arrival, VTM tubes were agitated with a vortex mixer for one 

minute before they were opened. Swabs were then aseptically squeezed against 

the side of the tube before being discarded in biological waste bins. Equal aliquots 

of VTM were transferred into two labelled, 1.8 mL-volume, sterile, cryogenic vials, 

before storage at -80˚C for batch PCR analysis. 
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9.4.5 Toy Sample Collection 
 

Reusable, age-appropriate toys were procured following the advice of LRI play 

specialists, and stored in separate age-labelled containers for easy sorting. Toys 

were CE-marked and compliant with EU ‘Safety Standard EU EN71’ and ‘Toy Safety 

Directive 2009/48/EC.’ Using a foam swab that was provided with VTM, the entire 

surface of toys was swabbed immediately before and soon after interaction. Pre- 

and post-interaction swabs were then placed in separate labelled VTM tubes and 

immediately transported to the laboratory for batch PCR analysis.  

9.4.6 Bioaerosol Collection 
 

A 25mm, portable button aerosol sampler (SKC, USA; catalogue no. 225-360) was 

used in combination with a 25mm-gelatin filter (SKC, USA; catalogue no. 225-

9551), for the collection of inhalable viruses at a maximum flow rate of 4L/min., in 

accordance with ACGIH/ ISO criteria.741 The filter was aseptically inserted into the 

sampler immediately prior to each interaction. The assembled device was then 

introduced into the setting where the interaction occurred; it was set to the ‘on’ 

position when both source and host were present, and turned off soon after 

interaction. The filter was then aseptically removed from the sampler, transferred 

into a labelled VTM tube and immediately transported to the laboratory for batch 

PCR analysis.  

 

9.4.7 Real-time RT-PCR 

9.4.7.1 Nucleic Acid Extraction 
 

RNA and DNA from swab samples were extracted and purified using the 

automated QiaSymphony SP (Qiagen, Germany) nucleic acid extractor, with a DSP/ 

Virus Pathogen Mini kit (Qiagen, Germany; catalogue no. 937036). The kit 

contained all buffer reagents in pre-filled cartridges and consumables for up to 96 

samples. QiaSymphony uses a magnetic bead technology to isolate and purify 
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nucleic acid from clinical samples. Up to 24 samples can be processed each time; 

the procedure was completed in approximately 1-¼ hours.  

Prior to automated extraction, off-board lysis was performed to inactivate viruses 

and lyse human cells; a 200µL sample in VTM was pre-treated with an equal 

volume of buffer ATL (Qiagen, Germany; catalogue no. 939011) for 10 minutes. 

Lysed samples were then transferred onto the extractor, which was pre-

programmed to automatically set into motion the process of ‘bind, wash and 

elute.’742 The extractor was also pre-programmed to spike samples with 2µL of 1 

nM MS2 bacteriophage carrier RNA (Roche Applied Science; catalogue no. 

10165948001) as an internal control; this was an indicator of effective nucleic acid 

extraction and any RT-PCR inhibition. The extracted and purified virus RNA and 

DNA (eluate) from each sample was then released into 60µL of elution buffer for 

subsequent RT-PCR amplification. 

9.4.7.2 Qualitative and Quantitative Real-time RT-PCR 

9.4.7.2.1 Assays and Panels 
 

Real-time, qualitative and quantitative RT-PCR were performed using assay panels 

developed at the Clinical Microbiology Department of the Health Protection 

Agency (HPA) - Addenbrooke’s Hospital, Cambridge, UK and the at the HPA-

Colindale as previously described.743,744 There were five multiplex, subtyping assay 

panels used in this study. Panel 1 was for subtyping of Flu H1, H3, and B and for 

the detection of MS2 internal control; Panel 2 subtyped RSVA and RSVB; Panel 3 

was for EV and RV; Panel 4 identified HCoV group 1 (NL63 and 229E), group 2 

(OC43 and HKU1), and SARS; and Panel 5 subtyped PIVs 1,2,3 and 4. Simplex PCR 

assays were used to identify HAdV, hMPV and FluA(pandemic H1). 

Quantitative RT-PCR was used to determine viral load in copies / mL for EV, FluA 

(pandemic H1), FluA(H3), FluB, RSVA, RSVB, and RV. Amplirun whole genome 

plasmids for each of these viruses were purchased directly from the manufacturer 

(Vircell, Spain; catalogue nos. MBC082, MBC029, MBC030, MBC041, MBC083, 

MBC091 and MBC019, respectively). Each 50µL volume was serially diluted with 

PCR-grade water provided with the plasmids, to contain log10 viral loads between 
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500 copies / mL and 5,000,000 copies/ mL. Dilutions were used to generate a 

standard curve for absolute quantitation. A 1:2 dilution of the standards 

containing 50,000 virus copies /mL was used as external positive controls for the 

assays. 

Qualitative RT-PCR was used to detect the presence of HAdV, HCoV (including 

SARS), hMPV, and PIV. The SARS positive control was provided by HPA-

Cambridge, while positive controls for the other assays were stock samples used in 

external quality assurance proficiency test panels by the Clinical Virology 

Department of the LRI, which were provided to the researcher free-of-charge. An 

additional qualitative RT-PCR for the detection of human RNAseP gene previously 

described,745 was used to verify that nose and throat swab samples were properly 

collected and that samples that tested negative were true negatives, and not 

resulting from poor sampling.  

9.4.7.2.2 PCR Master Mixes 
 

Primers and probes for each assay were pre-mixed to streamline laboratory 

procedures and to ensure the uniformity of master mixes in each run. Primer-

probe mixes were made up for 500 reactions at a time, which were then separated 

into aliquots for 10 and 20 reactions, prior to freezing at -20C. Aliquots were used 

to ensure that freeze-thaw of mixes only occurred once. All mixes were made up 

using PCR-grade water (Severn Biotech Ltd., England; catalogue no. 20-9000-01) 

and all aliquots were stored in 2 mL-volume RNAse and DNAse-free cryogenic 

vials (Nalgene, USA; catalogue no. 5011-0020).  

The sequences, concentrations and volumes of primers and probes for each assay 

are listed in tables 4 to 12. Primer-probe mixes were used in making up PCR 

master mixes with the SuperScript III (SS-III) One-Step RT-PCR System 

(Invitrogen, USA; catalogue no. 1257-4026). PCR master mix recipes are shown in 

table 13.   
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9.4.7.2.3 PCR Set-up and Analysis 
 

One PCR amplification reaction contained a 25L-volume of master mix (20L) 

and extracted nucleic acid (5L), in a 0.1 mL strip tube with cap (Qiagen, Germany; 

catalogue no. 981103). Amplification was carried out in a 72-well rotor (Qiagen, 

Germany; catalogue no. 9018903) on a Rotor-Gene 3000 thermal cycler (Qiagen, 

Germany), with Rotor-Gene Q software (version 6) for data analysis. 

Thermocycling conditions were the same for all assays and consisted of 30 min at 

50°C for reverse transcription, 2 min at 95°C for strand denaturation and SS-III 

enzyme activation, and 45 cycles of 15 s at 95°C (not acquiring) and 1 min at 60°C 

(acquiring on all channels). Each run included 24 samples, one positive control, 

one no-template control and one negative control; quantitative runs also included 

at least 4 standards. 

A positive RT-PCR determination was defined as the detection of cycle threshold 

(Ct) value ≤45, with all positive and negative controls yielding expected values. 

Viral load concentrations greater than the highest standard dilution were reported 

as >5 million copies/ mL. Concentrations lower than the lowest detectable 

standard were reported as <5,000 copies/ mL for all viruses except FluA(H3), 

which was reported as <500 copies/mL.  

 

9.4.8 DNA Sequencing and Analysis 
 

To establish if transmission occurred where hosts were determined to have shed 

the same virus as their sources during the follow-up period, but also prior to 

interaction on day 0, source and host nose-throat samples were subcontracted for 

commercial sequencing (Eurofins Genomics, England) so that virus genotype may 

be determined. Primers used in RT-PCR amplification were the same ones used in 

sequencing. A nucleotide Basic Local Alignment Search Tool (BLAST) in GenBank 

was then used to ascertain the proportional similarity between sequences of host 

genotype and that of the corresponding source.    
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Phylogenetic analyses of sequenced samples were attempted using the neighbour-

joining method within MEGA 7746,747 and Lasergene softwares (DNAStar, USA), to 

construct dendrograms that elucidate the clustering of source and host virus types, 

relative to reference virus strains in GenBank. 

 

9.5 Outcome and Measure Definitions 

9.5.1 ILI Determination 
 

Host daily symptom scores were determined according to previous studies.13,24 In 

summary, symptom scores for each of three daily readings were combined and the 

average taken, to get daily mean scores. Daily mean scores <6 were associated 

with the absence of ILI, a score of 6 was mild ILI, scores between 7 and 11 were 

moderate, and scores ≥12 were severe. Influenza-like illness was further 

confirmed by symptom durations of ≥3 days during follow-up.  

9.5.2 Transmission Determination 
 

Source-to-host virus transmission was considered to have transpired when at least 

one of the following occurred: 1) virus shed by the host on follow-up days one to 

ten was the same as that identified from source nose, throat or hand swabs, 2) host 

hands or face tested positive for the same virus as the source, 3) genetic analysis of 

source and host virus confirmed similar sequence identities (≥90% identical), or 

4) the host developed ILI with a minimum symptom score of 6, and that lasted at 

least 3 days during follow-up.  

In terms of mechanisms of virus transfer, transmission by large droplet occurred 

when source virus shedding resulted in host disease (shedding or ILI). If large 

droplet transmission was accompanied by a positive post-interaction aerosol test, 

then aerosol transmission transpired; if source and host hands were positive for 

the same virus, then hand-to-hand transmission transpired; if host hands and face 

had the same virus, then self-inoculation happened; and if toys or host clothing 

had the same virus as the source, then fomite transmission occurred. 
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For samples that were sequenced, transmission was determined to have occurred 

when two criteria were met: 1) the virus strain that was shed by the host during 

follow-up was not the same as that shed prior to interaction on day 0, and 2) the 

host strain genotype during follow-up was determined by BLAST analysis to be 

≥90% similar to the genotype of virus shed by the corresponding source. 

9.6 Measurement of Temperature and Relative Humidity  

Daily temperature and relative humidity measurements were taken at the 

controlled settings at CAU, using calibrated digital thermometer-hygrometers 

(FunIn, China; catalogue no. ATH 802). Readings were taken once daily before 

recruitment of sources commenced, and each time during the interactions. 

 

9.7 Data Analysis 

Clinical and laboratory data were inscribed in standard CRFs and then entered into 

a Microsoft® Access (version 2010) database for statistical analyses. Descriptive 

statistics was used to derive the means ± standard deviation (SD) for normally 

distributed variables and the medians and interquartile range (IQR) for non-

normal distributions. Comparative statistics was performed using chi-square 

analysis, Student’s t-test for normal distributions, and the Mann-Whitney U-test 

for non-normal parameters. Epidemiological data were calculated using open 

source statistical software (www.openepi.com).748 

Alpha level of 0.05 was used for all two-tailed statistical tests, with p values >0.05 

considered not statistically significant, and p values <0.001 considered extremely 

statistically significant. 

9.8 Ethics and Audits 

This study received favourable approval from the Derby National Research Ethics 

Service, Derbyshire, UK (REC reference number 12/EM/0341). It was evaluated by 

an industry-recognised external auditor (Truemall Hall Associates, UK), and was 
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found to have been very well executed and to have met standards in Ethics and 

Good Clinical Practice in Research. 

10 Results 

10.1 Recruitment and Follow-up 

10.1.1 Paediatric Sources 

Between November 2012 and May 2015, a total of 154 paediatric inpatients were 

recruited as virus sources. Of these, 43 (28%) were unable to interact with healthy 

young adults. Rapid patient discharge to free up hospital bed space was the 

foremost reason for missed interactions. Figure 10 is a flowchart of paediatric 

source recruitment that specifies the circumstances that resulted in missed 

interactions and the number of occasions that each event prevented sources from 

interacting with hosts. 

The onset of paediatric illness at presentation ranged from a few hours to four 

days and consent into the study occurred between one and twenty-four hours 

after admission. CAU was the location where 98% (109/111) of sources were 

consented and where interaction subsequently occurred. 

10.1.2 Healthy Young Adult Hosts 

A total of 191 healthy young adults were screened as virus hosts. All but three 

(98%) satisfied study-specific criteria and provided consent. Hosts made a total of 

552 visits to the research clinic on day 0 and during follow-up. The maximum 

number of four follow-up swabs was collected from 98% (109/111). All hosts 

returned completed diary cards and none was lost to follow-up. Figure 11 is a 

flowchart illustrating the number of adults that were screened and consented into 

the study. 
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10.2 Demographics 

10.2.1 Paediatric Sources 

Sources that participated had a male-to-female ratio of three to two, were aged 

from birth to 6 years, primarily of Caucasian race, and mostly unvaccinated for 

influenza. Table 14 characterises source demographics by age, gender, ethnicity 

and flu vaccine status. 

10.2.2 Healthy Young Adult Hosts 

Hosts that were consented into the study were equally distributed by gender, aged 

from 18 to 34 years, primarily Caucasian, and largely unvaccinated for influenza. 

Host demographics characterised by age, gender, ethnicity and flu vaccine status 

are also presented in table 14.  

 

10.3 Interaction 

10.3.1 Number of Interactions 

There were 111 interactions that occurred between paediatric sources and adult 

hosts. Interactions commenced as soon as twenty min. and up to three hrs. 

following source guardian consent, with a median start time of one hr. (IQR 0.8 – 

1.4). Hourly distributions of interactions that occurred following parental consent 

are shown in figure 12.   

10.3.2 Duration of Interactions 

Source-host interactions lasted from five min. to thirty min., with a median length 

of 25 min. (IQR 20 – 30). Forty-five (41%) interactions lasted the full 30 min. 

Figure 13 shows the duration of interactions in five-minute intervals, and the 

proportion of the 111 interactions that occurred during each interval.  

10.3.3 Healthy Young Adult Hosts That Interacted 

Of the 188 consented adults, 80 interacted with 111 sources. Of these, 24 (30%) 

participated more than once. The remaining consented adults were not able to act 
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as hosts, primarily because their academic schedules precluded participation. The 

distribution of consented adults that participated in the interactions is included in 

the flowchart in figure 11. 

 

10.4 Samples Collected 

A total of 834 nose-throat, hand, face, clothing, toy, and aerosol swabs were 

collected before and after the 111 source-host interactions. An additional 11 nose-

throat swabs were collected from adult references during the last year of study, 

and 111 host sera were stored for future analysis. Table15 enumerates all samples 

collected from paediatric sources, adult hosts, adult references, fomites and the 

environment on day 0 and during follow-up days. 

 

10.5 Laboratory Results 

10.5.1 RT-PCR 

A total of 845 swab samples were processed for batch RT-PCR analysis. All 

samples were determined to be satisfactory in that, all tested positive for the 

presence of the MS2 internal control and provided unequivocal RT-PCR results. 

Furthermore, human RNAseP gene was detected in all nose-throat samples from 

sources and hosts. RT-PCR results for all swab samples collected are described 

below. 

10.5.1.1 Paediatric Sources 

Overall, 103 out of 111(93%) sources shed virus through their nose and throat. Of 

these, 57 (55%, 95% CI: ± 0.10) shed one virus, 36 (35%, 95% CI: ±0.09) shed two 

viruses, and 10 (9.7%, 95% CI: ±0.05) shed three viruses. RV, EV and RSVB were 

the three most commonly detected viruses, with respective detection rates of 65% 

(95% CI: ±0.09), 25% (95% CI: ±0.08) and 20% (95% CI: ±0.08). A complete list of 

viruses and their respective rates of detection in paediatric source nose-throat 

samples are provided in table 16. 
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Meanwhile, 34 out of 74 (46%) source hand swabs tested positive. Twenty-two 

(65%, 95% CI: ±0.09) had one virus, eleven (32%, 95% CI: ±0.09) had two viruses, 

and one (3%, 95% CI: ±0.03) had three viruses. RV, RSVB and HAdV were the most 

often identified viruses on source hands, with respective detection rates of 47% 

(95% CI: ±0.10), 32% (95% CI: ±0.10, and 21% (95% CI: ±0.08). A complete list of 

viruses and the proportions detected in source hand samples are also provided in 

table 16. The median age of sources with virus on their hands was 18 months (IQR 

14-25). 

Six hand-positive sources were not shedding virus through the nose and throat at 

the time of sample collection. Of these, three had HAdV, two had RV, and one had 

RSVB.  

10.5.1.2 Healthy Young Adult Hosts 

Twenty-four of the 111 hosts (22%) tested negative prior to interaction on day 0, 

and then shed virus through the nose and throat during the follow-up period. 

Twenty-one (88%; 95% CI: ±0.07) shed one virus, and three (13%; 95% CI: ±0.07) 

shed two viruses. The viruses shed by hosts during the follow-up period and the 

corresponding rates of shedding are listed in table 16. 

Five out of 19 (26%) host hand swabs were positive for one virus following 

interaction with sources. Four out of 19 (21%) host faces also tested positive post-

interaction. Three (75%; 95% CI: ±0.09) had one virus and one (25%; 95% CI: 

±0.09) had two viruses. Viruses identified from host hands and face, along with 

their rates of detection, are also listed in table 16.  

10.5.1.3 Healthy Young Adult References 

Three out of 11 (27%) reference adults were determined to have had mono-

infections of EV, FluB and RV at presentation to the research clinic. There were no 

reported outbreaks of any of the respective viruses in the community at the time 

reference samples were collected. Therefore, any hosts that tested positive for the 

same virus as their source pair was more likely to have acquired the virus from the 

source than from the community.  
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10.5.1.4 Fomites and Bioaerosols 

All swabs collected from 19 toys prior to the first cycle of play tested negative. 

Subsequently, three toys (16%) tested positive soon after interaction; two (67%; 

95%CI: ±0.09) were positive for one virus, and one (33%; 95% CI: ±0.09) had two 

viruses. One host clothing (5%) tested positive for RV post-interaction. Table 16 

lists the viruses identified from fomites, and the associated rates of detection.  

Bioaerosol samples were collected in the final two interactions during the study 

period. No viruses were detected during interaction on both occasions.  

10.5.2 Sequencing 

Eighteen adult hosts were determined to be shedding virus through the nose and 

throat on day 0, prior to interaction with paediatric sources. Seventeen shed RV 

and one shed FluA(H3). The host already infected with FluA(H3) did not continue 

to shed virus during the follow-up period and their source pair tested negative, 

hence, flu sequencing was not performed. On the other hand, 12 of the 17 (71%) 

hosts with prior RV infection continued to shed the virus throughout the follow-up 

period, and their source pairs also shed RV at interaction. RV samples from these 

12 source-host pairings were, therefore, sequenced. Furthermore, all other RV-

positive samples from sources and hosts were sequenced to determine RV types 

circulating in Leicester during the study period. Primers used in sequencing 

targeted the 5’-UTR of the RV genome. Sequence BLAST and phylogenetic analyses 

for sources and hosts are described below. 

10.5.2.1 Paediatric Sources 

A total of 77 paediatric source samples were sequenced; 61 nose-throat swabs and 

16 hand swabs. Source RV type identification using BLAST analysis determined 

that RV-C infection was most common with sources, with 62% shedding virus 

through the nose and throat, and 56% having the virus on their hands. RV-C 

infections in sources were generally associated with co-infection with other RV 

types. Meanwhile, mono-infections were more often observed with RV-A (63%) 

than with either RV-C (15%) or RV-B (0%). Table 17 shows the number of source 

host, and fomite RV swab samples that were sequenced, the RV types identified 
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from the samples, the type-associated rates of infection, and the type-associated 

mono- and multiple infections.  

Initial phylogenetic analyses of sequenced source samples were unsuccessful in 

constructing dendrograms that elucidated the clustering of source and host virus 

types, relative to reference virus strains in GenBank. Sequence data were no longer 

available for re-analysis. 

10.5.2.2 Healthy Young Adult Hosts 

A total of 73 samples from nose-throat, hand, and face swabs of 26 adult hosts 

were sequenced. In contrast to paediatric sources, RV type identification using 

BLAST analysis determined that RV-B infection was most common with hosts, with 

63% shedding the virus through their nose and throats. However, RV-B was not 

identified on host hands and face, and 60% (41/68) of infections with the type 

were determined to be associated with multiple rather than mono-infections of 

RV. Table 17 lists the RV types identified from host nose-throat, hand, and face 

swabs, the associated rates of infection, and the numbers of mono- and multiple 

detections. 

Initial phylogenetic analyses of sequenced host samples were unsuccessful in 

constructing dendrograms that elucidated the clustering of source and host virus 

types, relative to reference virus strains in GenBank. Sequence data were no longer 

available for re-analysis. 

10.5.3 Viral Loads 

Source virus copies/ mL from nose-throat swabs ranged between <103 and >106, 

depending on the virus. Viral load on source hands were lower, ranging from <103 

to 105. Median viral loads for each of the viruses that were identified from source 

nose-throat and hand swabs, and for which quantitated RT-PCR were performed, 

are listed in table 18.  

Host virus copies/ mL from nose-throat swabs ranged between <102 and 106, 

depending on the virus. Viral load on host hands were lower and did not exceed 

103 copies / mL. On host face, viral load ranged between <103 and 105, while virus 
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on clothing was detected at <103 copies / mL. Median viral loads for the viruses 

that were identified from host nose-throat, hand, and face swabs are also listed in 

table 18.  References that tested positive for EV and RV shed <5.0 x 103 copies/ mL 

of each virus, while the reference with FluB shed 1.2 x 106 virus copies/mL of the 

virus.  

Viruses on toys were detected at <103 copies / mL, which is also shown in table 18.    

  

10.6 Virus Transmission Events 

10.6.1 Large Droplet Transmission 

Large droplet transmission of viruses that were shed by paediatric sources 

through their nose and throat and that resulted in their host pairs shedding the 

same virus through the nose and throat during follow-up days were observed with 

EV, RSVB and RV. The transmission of each of these viruses is described below. 

10.6.1.1 Enterovirus (EV) 

In total, 26 paediatric sources shed EV through the nose and throat, while 6 adult 

hosts shed the virus during the follow-up period. However, only one host had a 

source pair that shed the virus. The rate of EV large droplet transmission is shown 

in table 19. 

The incubation period for host EV shedding ranged from one to seven days. 

Shedding was observed only once during the follow-up period. The median EV 

incubation period and shedding duration are listed in table 20. 

10.6.1.2 Respiratory Syncytial Virus (RSVB) 

RSV shedding through the nose and throat was observed in 27 paediatric sources. 

Source shedding comprised of six (22%) RSVA, twenty (74%) RSVB and one (4%) 

dual RSVA and RSVB.  

Meanwhile, four adult hosts shed virus through the nose and throat during the 

follow-up period. Host shedding included one (25%) RSVA and three (75%) RSVB. 
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One of the hosts that shed RSVB had a source pair that was also determined to be 

shedding the virus during interaction. RSVB transmission rate is shown in table 19.  

The incubation period for host shedding of RSVB was between two and six days. 

Shedding was observed on more than one occassion, and lasted until the end of the 

follow-up period. Table 20 lists the median incubation period and shedding 

duration for RSVB.  

10.6.1.3 Rhinovirus (RV) 

In total, 67 paediatric sources shed RV through the nose and throat, while 14 adult 

hosts shed RV during the follow-up period. Of the 14 hosts, 12 had source pairs 

that also shed the virus. Therefore, the RV large droplet transmission rate was 

18% (12/67), when including only hosts that did not shed the virus prior to 

interaction on day 0. 

In addition, four of the hosts that tested positive for RV on day 0 were determined 

by sequence analysis to have shed virus during the follow-up period that were of 

different type from what they shed on day 0, and that were ≥90% similar to the RV 

type shed by their source pairs. This suggests that transmission occurred and 

resulted in co-infection of hosts with virus from their source pairs. RV-A was the 

type most often transmitted, at a rate of 50%. The summary of RV large droplet 

transmission rates, in general and according to type, is shown in table 19.  

The incubation period for host RV shedding ranged from one to seven days. 

Shedding was observed on more than one occasion and lasted until the end of the 

follow-up period. The median RV incubation period and shedding duration are 

listed in table 20. 

10.6.2 Hand-to-Hand Transmission 

Hand-to-hand transmission of viruses that were identified on the hands of 

paediatric sources prior to interaction on day 0, and that resulted in detection of 

the same virus on the hands of their adult host pairs soon after interaction, were 

observed with RSVB and RV. The transmission of each of these viruses is described 

below. 
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10.6.2.1 Respiratory Syncytial Virus (RSVB) 

RSV was identified from the hands of 13 paediatric sources. Two (15%) sources 

had RSVA, ten (77%) had RSVB, and one (7.7%) had both RSVA and RSVB.  

Two hosts had RSVB on their hands and had source pairs that also had RSVB on 

their hands. RSVB hand-to-hand transmission rate is listed in table 19. 

Transmission occurred within 20 minutes of source-host interaction.  

10.6.2.2 Rhinovirus (RV) 

RV was identified from the hands of 16 paediatric sources and three adult hosts.  

Two out of three (67%) hosts tested negative for RV prior to interaction on day 0, 

and had source pairs that had RV on their hands. The third host shed RV on day 0. 

However, it was determined through sequence analysis that the virus shed by this 

host prior to interaction was of a different type from what was identified on their 

hands soon after interaction. Further, RV type on the third host’s hands was ≥90% 

similar to the virus type identified on the hands of their source pair. This suggests 

that transmission has occurred. The rates of RV hand-to-hand transmission, in 

general and by type, are shown in table 19. RV hand transmission occurred within 

15 minutes of interaction. 

10.6.3 Self-Inoculation Following Hand Transmission 

Following transmission of RSVB and RV from the hands of paediatric sources to 

the hands of their adult host pairs, the subsequent transfer of the same viruses 

from host hands to their own face was observed to have occurred in the study.  

For RSVB, one of two hosts inoculated their face with virus, hence, a self-

inoculation rate of 50%. 

For RV, however, the results were a little more complicated. Two hosts had RV on 

their face. The first host transferred virus onto their own face with RV from their 

hands. The second host did not have virus on the hands. However, their source 

pair did. Sequence analysis of RV from the second host’s face and their source 

pair’s hands determined that they were ≥90% similar to each other. Further, 
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although this host was later determined to have been shedding RV on day 0, prior 

to interaction, the virus type shed was nonetheless different from the virus type 

identified on the face. These suggest that self-inoculation of host face with virus 

from source hands has occurred. It is likely, therefore, that all RV on the second 

host’s hands were transferred onto their face. 

In addition, EV was also identified on the face, but not on the hands, of the second 

host. The source pair had EV on their hands, and the host tested negative for the 

virus on day 0, prior to interaction. Therefore, EV could only have come from the 

source. It is likely that all EV on the second host’s hands were also transferred onto 

their own face. The rates of host self-inoculation with RV and EV are summarised 

in table 19. 

10.6.4 Fomite Transfer 

The transfer of viruses that were identified from the hands of paediatric sources 

prior to interaction on day 0 and that resulted in detection of the same virus on 

toys and hosts’ clothes, were observed with EV, HAdV, and RV. Virus transfer for 

each of these viruses is described below. 

10.6.4.1 Enterovirus (EV) 

All 19 toys were negative for EV prior to source-host interaction. One toy tested 

positive for the virus soon after playing commenced. The toy was played with by a 

source that was shedding EV and that also had the virus on their hands. The rate of 

EV fomite transfer is specified in table 19. 

10.6.4.2 Human Adenovirus (HAdV) 

All 19 toys were negative for HAdV prior to source-host interactions. One toy 

tested positive for the virus soon after playing commenced. The toy was played 

with by a source that was shedding HAdV and that also had the virus on their 

hands. The rate of HAdV fomite transfer is specified in table 19. HAdV transfer 

onto toys occurred within 20 minutes of interaction.  
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10.6.4.3 Rhinovirus (RV) 

All 19 toys were negative for RV prior to source-host interactions. One toy tested 

positive for the virus soon after playing commenced. The toy was played with by a 

source that was shedding RV and that also had the virus on their hands. The rate of 

RV fomite transfer is specified in table 19. 

One host clothing tested positive for RV, however, their source pair was RV-

negative. This host was later determined to have been one of those shedding RV 

prior to source interaction on day 0. Therefore, it was presumed that 

contamination of host clothing occurred outside the interaction period.   

 

10.7 Clinical Results 

10.7.1 Paediatric Sources 

Table 21 lists the proportion of paediatric sources presenting with any of the 15 

systemic signs and respiratory symptoms included in the study criteria. The most 

common clinical manifestations in sources, as reported by their guardians, were 

cough (98%), difficulty-in-breathing (95%), and tachypnoea (87%). The median 

period from symptom onset to hospital admission was one day (IQR 1-2). The 

median interval from symptom onset to host interaction was also one day (IQR 1-

2).  

There were specific signs and symptoms experienced by sources that were 

determined to be of discrete statistical significance to the viruses with which they 

were infected. These signs and symptoms, the correlating viruses, and the 

associated p values, are listed in table 22. 

10.7.2 Healthy Adult Hosts 

All 111 adult hosts submitted completed diary cards. A total of 84 (76%) reported 

experiencing at least one of 21 signs and symptoms specified in the diary cards. Of 

these 84, 12 (14%) indicated clinical illness manifesting soon after interaction on 
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day 0. The proportion of signs and symptoms reported by hosts, and the actions 

taken to alleviate them, are shown on the host diary card in table 3.  

The distribution of reported maximum symptom severity scores was as follows:  

63 (75%; 95% CI: ±0.09) scored 1 (mild with no limitations to normal activity), 17 

(20%; 95% CI: ±0.08)) scored 2 (moderate and some limitation to normal activity), 

and two each (2%; 95% CI: ±0.03) scored 3 (severe without needing medical 

attention) and 4 (incapacitating and needing medical consultation).  

Influenza-like illness, defined in the study as mean daily symptom severity scores 

≥6 that had durations ≥3 days, were reported by 22 (26%) hosts. This was 

extremely statistically significant (p<0.001). Figure 14 illustrates the incidence of 

ILI, the distribution of ILI severity indices, and the corresponding number of hosts 

in each index that sustained clinical illness for at least three days. Listed in table 23 

are the specific respiratory symptoms and systemic signs that correlated with host 

ILI, the proportion of hosts with ILI that reported the signs and symptoms with 

severity scores ≥6, the proportion of hosts with ILI that reported the signs and 

symptoms with duration ≥3 days, and the associated p values. 

Similar to the sources, there were specific signs and symptoms experienced by the 

hosts that were determined to be of statistical significance to RV or RSV that they 

either shed or had on their hands and face. The signs and symptoms, the 

proportion of RV- or RSV-postiive hosts that reported the symtpoms, and the 

associated p values, are listed in table 24. 

10.7.3 Healthy Adult References 

Seven (64%) out of the 11 adult references were symptomatic on the day of their 

visit to the research clinic. Of these, 57% (4/7) had symptom scores ≥6, with two 

reporting a maximum severity score of 2, the highest reported in this group. Two 

of the seven (29%) symptomatic references attempted to alleviate symptoms; one 

took oral analgesics, and the other sought primary care advice. Table 25 lists the 

signs and symptoms reported by the seven symptomatic references at 

presentation to research clinic, and the proportion that reported each parameter 

on the list. 
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10.8 Virus Transmission Based on Clinical Manifestations  

There were adult hosts that developed ILI during the follow-up period, despite 

testing negative for all the target respiratory viruses, either by shedding, or by the 

presence of virus on their hands or face. Transmission was determined to have 

occurred when these hosts’ source pairs tested positive for one virus, either by 

shedding or by having virus on their hands. Clinical manifestations were reported 

by RT-PCR-negative hosts whose source pairs had mono-infections of FluA(H3), 

HAdV, HCoV, hMPV, PIV1, PIV3,RSVA, RSVB, and RV. These viruses and their 

associated rates of symptomatic transmission, without shedding, are shown in 

table 19.   

 

10.9 Virus Transmission Without Clinical Manifestations 

Asymptomatic virus transmission by large droplet was observed in RV infections 

in this study. Three hosts that did not report any signs and symptoms in their 

diary cards during the follow-up period were, nevertheless, determined to have 

shed the same virus type as that shed by their source pairs. The rate of 

asymptomatic RV transmission is included in table 19. 

 

10.10  Risk Factors Associated with Transmission 

Other than virus capacity for transmission between symptomatic paediatric 

sources and healthy adult hosts, the different mechanisms of transfer involved, 

and the viral loads necessary for transmission to occur, risk factors associated 

with sources, hosts, and the environment were also measured in this study, to 

determine each of their contributions to the efficiency with which virus are passed 

on from human to human.  

With paediatric sources, evaluated were the risks of transferring viruses on their 

own hands when shedding, and passing on viruses to their host pairs when 

shedding and having virus on their hands, viral loads that were greater than the 

median viral load measured for all children, and signs and symptoms of infection. 
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With adult hosts, evaluated was their risk of passing on infection to others. Finally, 

with environmental samples, evaluated were the risks of virus transmission 

associated with changes in temperature and relative humidity. The results on 

source, host, and environmental risk factors for transmission that were of 

significance, are described below. 

10.10.1 Paediatric Sources 

10.10.1.1 Source Shedding 

The risk associated with symptomatic sources shedding virus through the nose 

and throat was determined to be of statistical significance with RV infections 

(p=0.037). The odds of source shedding virus when infected with RV were 97.1% 

(95% CI: 89.4 – 100), and the odds ratio (OR) was 5.5 (95% CI: 1.1 – 41). However, 

the risk of sources transmitting shed RV to hosts and that resulted in hosts 

shedding the virus as well, was not statistically significant (p>0.05).  

10.10.1.2  Source Hand Contamination 

In general, the risk of sources contaminating their hands with virus they were 

shedding was determined not statistically significant (p>0.05). However, when 

probing each virus individually, it was ascertained that sources shedding EV, PIV1, 

RSVA, RSVB, and RV were statistically more likely to contaminate their hands than 

when shedding other viruses. The calculated risks (R), risk ratios (RR), and 

statistical significance values for each of these viruses are listed in table 26.  

Furthermore, when RSVB was detected on source hands, the risk to hosts of having 

virus on their hands and face was statistically significant. The risk of hosts 

developing respiratory symptoms and systemic signs was also statistically 

significant when sources had RSVB was on their hands. The calculated risks of 

RSVB on source hands, relative to virus on host hands and face, and host clinical 

manifestations, are listed in table 27.  

10.10.1.3  Source Symptomatic Infection 

When correlating source clinical manifestations with host symptom development, 

it was ascertained that interaction with symptomatic sources did not necessarily 



 110 

result in host developing symptoms during follow-up (p>0.05). However, when 

probing each source symptom separately, it was determined that the risk of hosts 

developing ILI was statistically significant (p=0.024), when their source pairs 

presented with diarrhoea. The corresponding risk of this occurring was 54% (95% 

CI: 29 – 77), with an RR of 2.5 (95% CI: 1.3 – 5.0). 

 

10.10.2  Healthy Young Adult Hosts 

10.10.2.1 Host Pre-existing Immunity 

In this study, baseline acute venous blood samples were collected to determine the 

pre-existing antibody profile of the host, using sera. However, serological analyses 

were not performed, due to the unavailability of testing methods during the study 

period. Therefore, sera will remain stored in laboratory freezers until such time as 

appropriate tests are developed for analyses.  

10.10.2.2  Host Shedding 

In probing the likelihood of symptomatic hosts shedding virus that they could then 

pass on to others, it was determined that when hosts had ILI, their odds of 

shedding virus, in general was 59% (95% CI: 39 – 77), with an OR of 3 (95% CI: 1 -

8). This was statistically significant (p=0.024). 

Furthermore, the likelihood of hosts shedding virus in general, with symptom 

duration ≥3 days, was also statistically significant (p=0.012), with a 40% (95% CI: 

29 – 53) odds of this occurring and an OR of 0.3 (95% CI: 0.1 – 0.8). 

Meanwhile, when probing individual viruses, it was determined that the odds of 

RSVB-positive hosts developing illness were statistically significant (p=0.011), at 

95.5% (95% CI: 76.5 – 100), with an OR of 8.56 (95% CI: 1.46 – 188). However, 

RSVB infection was not correlated (p>0.05) to host either reporting symptom 

severity scores 6 or symptom durations 3 days. 
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10.10.3 Environmental Factors 

In this study, environmental factors measured included temperature and RH in the 

interaction rooms. These results are shown in table 28. However, since individual 

readings remained generally uniform during the course of the study, no further 

analyses were performed relative to temperature and RH.  
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11 Discussion 

11.1 The TraVerse Method and The Forgotten Pandemic 

The common cold is the forgotten pandemic.3,36,37 It has been a documented 

burden on the health and economic wellbeing of global populations for 

generations, yet its cure and measures for its control and prevention have yet to 

become successful.37 Success remains elusive, partly because there persists a gap 

in knowledge of its transmission, particularly with regard to the contributions of 

causative viruses, the human source and host, and the environment, to the spread 

of disease. Landmark studies and PCR 10,13,16,23,35,95,124,411,749 provided current 

transmission models, however, supporting data are deficient in three ways: 1) 

humans have not been used in natural transmission studies, 2) studies on healthy 

young adults are limited, and 3) there is a lack of authenticity in study settings 

used. A human model is critical to natural transmission studies because evidence 

indicates that respiratory infections in experimental conditions may differ from 

what occurs in actuality.750-752 Studies involving healthy young adults are 

necessary because recent findings show that severe infection in this population is 

more common than originally thought.31,49,612,616,651,753 When they are severely 

affected, there is an increased risk to global health, infrastructure, and economy, 

because it is this demographic that is in the workforce, sustaining social standards. 

Finally, study settings need to be as near to real-life situations as possible, so that 

appropriate methods of infection control and prevention are effectively 

implemented. This study attempted to address these deficiencies by using the 

TraVerse method of natural, human-to-human transmission.  

With the TraVerse method, symptomatic paediatric patients, who are known to 

shed respiratory viruses at high levels, acted as the sources of viruses that they 

then passed on to healthy young adults acting as virus hosts. The human-to-human 

transmission of viruses from source to host transpired during 30-minute 

simulations of interactions that commonly occur between the patient and their 

medical teams during clinical consultations, in a fully functioning setting. 

Paediatric sources and adult hosts remained within three feet of each other during 

interactions, to simulate direct, large droplet transmission. Hand contact between 
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source and host during clinical examinations, followed by hosts touching their own 

face, mimicked indirect virus transfer by hand contamination and self-inoculation. 

Exchanging toys during playing, and contact during clinical examinations 

simulated virus transfer by fomite. Finally, collecting air samples with a portable 

bioaerosol sampler, during the entire length of interactions, assessed small droplet 

aerosol transmission. Functioning hospital wards were the controlled settings 

where interactions occurred because these places and their staff are the front 

lines, particularly in pandemic situations.  

The emergence of SARS and the re-emergence and spread of avian influenza 

A(H5N1) provided the impetus for WHO to mandate the creation of pandemic 

preparedness plans by every country.754 In light of the history of avian and swine 

influenza pandemics occurring several times each century, with four pandemics in 

the past century and one already at the beginning of this century,140,170 pandemic 

preparedness plans have understandably been focused on the next flu pandemic 

occurring. However, the rapid spread and virulent infections observed with SARS 

and MERS-CoV,42,419,444,495 and the recent deaths associated with emerging strains 

of HAdV,523,542,543 demonstrate that other respiratory viruses implicated in 

common cold infections are just as likely as flu to cause the next pandemic, but 

these viruses have been overlooked. This research addressed the oversight by 

evaluating all known respiratory viruses identified during the three-year study 

period, using the more sensitive PCR method of diagnosis.  

It is also predictable that there is a renewed, avid interest in research on virus 

mechanisms of transmission to make sure that current pandemic plans are 

practical. However, although developed countries apportion billions of dollars 

towards pandemic preparedness and response, only a very small percentage of 

government budgets go towards respiratory disease research.3,36 In the UK, this is 

further compounded by the reduction in financial allocation by private interest 

groups, such as the Medical Research Council, Wellcome Trust, National Institutes 

of Health Research and Cancer Research UK, from where two-thirds of respiratory 

research bursaries come.36  
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The common cold was not the forgotten pandemic on this occasion however, 

because this study on the fitness for purpose of the TraVerse method had a 

financial sponsor who understood that respiratory disease transmission research 

is important. A larger budget would have accomplished more; however, this 

research has the largest number of participants in transmission studies, and it 

successfully demonstrated that the first real-life based method of transmission is 

fit-for-purpose, which suggests that the small budget was, nevertheless, put to 

good use.  

 

11.2 RT-PCR Diagnosis of Viral Infections 

Pivotal to the study of the common cold are the methods of identifying pathogens 

associated with infection.755 These methods include virus culture in living cells, 

detection of virus antigen using host antibodies, and confirmation of host infection 

with serology. However, the sensitivity and rapidity of diagnoses with these 

methods are inadequate in clinical settings.755,756 For example, in children with 

LRTI, overall sensitivity in virus detection does not exceed 40%,755 and diagnoses 

are often confirmed long after patient discharge or death.  

Respiratory illness is the primary reason for seeking clinical consultations by all 

age groups.756 During peak seasons, respiratory illness causes severe disease and 

increased mortality.756 Disease diagnosis is difficult because several viruses cause 

common cold symptoms, clinical manifestations of disease are relatively similar 

for all viruses, and infection with more than one virus generally occurs, 

particularly in children.756 Cell culture is the gold standard for identifying 

respiratory viruses. This method is sensitive and specific in differentiating viruses, 

however, it can only identify Flu and RSV with high sensitivity, it cannot 

differentiate viruses on the subtype level, and it restricts the types of samples used 

and the conditions of sample handling because live virus is needed.552,755,757  

In the 1990s, newly developed molecular diagnostic methods enabled virus 

identification based on their genetic material.552,755,756,758 PCR is a molecular 

amplification method that exponentially generates multiple copies of virus genetic 
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material, through a cycle of heating and cooling. Specific primers, designed to bind 

to conserved regions of a gene, start or ‘prime’ the process, and thermo-stable 

enzymes keep the cycle going. PCR transformed respiratory diagnostics into 

something of more clinical value, by increasing the sensitivity in virus 

identification and the speed in disease diagnosis.755 Benefits of PCR include, 

promoting a better understanding of viruses associated with LRTI, managing 

nosocomial infections with viruses identified in high-risk wards, enabling the 

stewardship of antibiotics when bacterial infection is not detected,552 guiding 

therapies based on virus genotype and on whether mono- or multiple viruses are 

present,755,756,758,759 and establishing asymptomatic infection.755  

On the other hand, challenges associated with PCR include, the clinical utility of 

result interpretation,552,755,758 the impact of rapid identification on clinician 

behaviour,552 and the nature of the samples used for diagnostics.552,755,757 

Identifying viruses during asymptomatic illness and multiple infections makes it 

difficult to assign causality to clinical manifestations, raises the issue of false-

positive tests, and challenges clinician ability to interpret results.552,755,758 To 

address these concerns, Jartti (2013) argues that infection correlates with PCR 

positivity because the method provides results in an expected way; it is more 

sensitive in detecting symptomatic than asymptomatic infection and in identifying 

asymptomatic infection in patients with underlying chronic illnesses than in the 

healthy.755 Furthermore, since PCR is considerably more sensitive than other 

diagnostic methods, then the numbers of positive samples should also increase.755 

Meanwhile, Pavia (2011) suggests that clinicians interpret PCR results in the 

context of virus epidemiology, the likelihood of infection, and patients’ symptoms 

and overall health profile.552 Pavia further suggests that clinician action after 

diagnosis and result interpretation is just as important in patient management and 

increases the likelihood of a positive outcome.552 Actions may include the use of 

antivirals, avoidance of antibiotic prescribing, and implementation of infection 

control practices.552,758  

Finally, there is concern that upper airway samples used in PCR do not accurately 

represent what naturally occurs in the lower airways. In particular, that positivity 

in upper airway samples may prove not an active LRTI, but rather a resolving 
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URTI.552,755 Jartti et al. (2013) brought attention to studies that identified viruses 

from bronchoalveolar lavages and lung biopsies, which suggest that infiltration of 

distant bronchioles has occurred, thereby, demonstrating that virus detection 

rates in both upper and lower airways were similar.755 However, although this 

argument supports the use of upper respiratory samples to diagnose lower 

respiratory disease, there are further concerns about the nature of the samples 

themselves. 

The likelihood of obtaining a correct diagnosis, by any diagnostic method used, is 

dependent on clinical sample quality.760-762 A good quality sample is one collected 

and transported properly to the laboratory; these are the pillars of a rapid and 

accurate respiratory disease diagnosis.760 Nasopharyngeal aspirates (NPAs) and 

nasopharyngeal washes (NPWs) are the best quality specimens because they are 

able to capture many ciliated epithelial cells during the procedure, hence, their 

standard use in clinical diagnosis760-762 However, collecting these samples is time-

consuming, requires specialised equipment and technically trained operators, 

generates aerosols, and inflicts pain on the patient.760,761 It is, thus, suggested that 

the best alternative to NPAs and NPWs would be one that balances obtaining a 

good result with available resources, staff abilities, the risk of infection, and 

patient tolerability.761 One such alternative is the flocked swab designed 

specifically for the collection of respiratory samples.  

The flocked swab differs from the standard nasal swab, in that it has perpendicular 

flocked fibres that enable the soft brushing of clinical samples from the patient’s 

nose, and the easy release into standard laboratory VTM.760 Several studies have 

compared flocked swabs in capturing virus particles and in the rates of detection 

with PCR, against NPAs and NPWs. Chan et al. (2008) determined sensitivities of 

100% for Flu and 92.3% for RSV in paediatric patients.761 In terms of viral loads, 

NPAs were found to have higher titres. This was statistically significant with RSV 

infections, where there was a nine-fold difference observed. Nonetheless, flocked 

swabs were better than NPA because they created lesser aerosols, were better 

tolerated by children, and preferred by the parents.761 Abu-Diab et al. (2008) 

established similar findings, with flocked swab sensitivity rates of 100% for Flu 

and PIVs 1, 2 and 3, 98.4% for RSV and 88.9% for HAdV. 760 Their findings on 
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epithelial cell capture were likewise similar to Chan et al. However, they observed 

that, although NPAs collected more cells than flocked swabs, swabs were just as 

capable of collecting and releasing cells that were detectable by diagnostic 

methods.760 Moreover, approximately 98% of nurses recommended flocked swabs 

because they were less traumatic for patients and required less time and staff 

training. Nurses also observed a higher rate of children crying during NPA 

collection, than during flocked swab sampling.760  

A correct diagnosis is also enhanced by the PCR method used. The genetic material 

of most respiratory viruses is RNA, hence, it is first transcribed into 

complementary DNA (cDNA), through a process called reverse transcription (RT). 

RT is either performed separately or in the same tube as the PCR reaction, which is 

known as the reverse-transcription PCR (RT-PCR) method.755 In cases where a 

rapid result has implications for antiviral use, such as in flu, obtaining a diagnosis 

in real-time might be helpful. For these, a real-time RT-PCR method is useful.755 On 

the other hand, in cases where patient recovery needs close monitoring, 

quantitative RT-PCR measures the viral loads for sequential samples.755 Finally, for 

patients that would benefit from testing for infection with multiple viruses rapidly 

and, hence, would need to be tested for at the same time, a multiplex RT-PCR 

would suit.755 Most diagnostic laboratories routinely screen for multiple viruses at 

the same time, which is why multiplex RT-PCR is more often used in these 

facilities.755  

In this study, flocked swabs were used to collect samples and quantitative and 

qualitative, multiplex, real time RT-PCR was used for virus identification. The PCR 

method is more cost-effective and timesaving than doing several single target 

reactions, uses less sample, provides a mechanism of assay control in using 

positive samples as internal controls, and enabled gene sequencing of RV.755 The 

challenges with this method, however, include, the complicated technical design 

that is necessary, the absolute optimisation required, and the highly sophisticated 

instrument that is essential.755 The PCR methods used in this study have the added 

benefit of measuring viral loads either in relative or exact values, which can then 

be used to extrapolate disease progression and impact of therapy. However, it 

requires dilutions of standards of known concentrations and, if the lowest 
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standard dilution is higher than the instrument detection limit, then this decreases 

the assay sensitivity.755 RT-PCR results suggest that assay sensitivity in this study 

was not very much affected. Overall rates of shedding were 93% in paediatric 

sources and 22% in healthy young adult hosts. Assay sensitivity in samples from 

source was comparable to those reported in previous paragraphs when using 

flocked swabs. On the other hand, there are no known published rates in naturally 

infected healthy adults at the time of writing. Therefore, RT-PCR assay sensitivity 

in adults was a novel finding with the TraVerse method.  

 

11.3 Fitness of the TraVerse Method 

The first recorded study on the mechanisms of virus transmission using human 

subjects was that of Russian scientists in 1936.14 Five volunteers were artificially 

inoculated with aerosolized flu virus isolated from patients in Leningrad, during 

the highly fatal flu epidemic of that year. This study determined that the flu virus 

could cause symptoms of the disease and effectuate an immune response.14 This 

was followed, unsuccessfully, by Sir Christopher Andrewes’ use of human 

volunteers at the CCU in the 1940s.763 During this time, the many pathogens of the 

common cold have not yet been identified, thereby impeding efforts to cause 

disease in volunteers.750 Things changed for the better upon the discovery of 

rhinoviruses in 1956, which accounts for many of the models of transmission 

devised in the study of RV.750  

The first RV model was that of Gwaltney, et al. (1980),11 which elucidated that RV 

is not transferred by aerosol, as shown by the failed infection of hosts separated 

from sources by double wire partition. Subsequent to this was D’Alessio et al.’s 

studies involving volunteers housed together, kissing couples, and married 

partners.10,100 Although their results showed that kissing is not a high-risk activity 

for passing on respiratory infections, it was not possible to draw any other 

verifiable conclusions from them, due to poor experimental design and the 

possibility that many other routes of transmission may have occurred at any one 

time.750 Hendley et al. (1973) determined RV transmission by host hand contact 
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with source hands, contaminated objects, and environmental surfaces in their 

experiments involving 15-second finger contact between sources and hosts.96 The 

more recognized Antarctic hut model or miniature field trial (MFT) by Meschievitz 

et al. (1984) followed,13 which emulated Holmes et al.’s (1976) RV experiments on 

volunteers living in isolated huts in the North Pole.101 This model involved 

secluding sources and hosts in a small room for 5 hours and up to several days, 

where they interacted with each other by playing games using board, video, or 

cards. A more recent adaptation of these trials was also used in volunteer studies 

by Killingley (2011, 2012), which focused on Flu transmission.12,358 These models 

using the seclusion of volunteers altogether established the linear relationship 

between the rates of virus transfer by aerosol, hand contact, and fomite and the 

amount of time of exposure by a susceptible host to an infected source.13,750  

Data generated from the different models of transmission provided much 

knowledge, however, the artificial inoculation of volunteers limits their application 

because it is not an accurate illustration of what occurs in natural infection. For 

example, models for large droplet transmission used laboratory grown virus types 

at highly concentrated titres when, in nature, there could be several types or even 

different infecting viruses present at the same time, in varying concentrations, and 

that may slightly differ from wild type.750 Meanwhile, hand transmission models 

relied on intentional handling of experimentally infected objects and surfaces 

immediately after contamination, when it is more likely that several steps and 

circumstances would lead one to handle an object at the exact times when the 

virus is more highly transmissible. 750 Finally, MFTs consecutively exposed hosts 

only to severely ill sources continuously for several days, while this is highly 

unlikely in natural circumstances.750  

To overcome the shortcomings of inoculation studies, Gwaltney et al. (1978) 

endeavoured to more definitively infer the causality of virus transmission by 

applying predictive performance. The rationale was that interventions against 

transmission that are appropriate to the virus and its mechanisms of transfer 

result in diminished rates of infection in the susceptible population.750,764 These 

studies proceeded from 1979-1982, when 50 different households in Virginia, U.S. 

implemented interventions for hand transmission, with successful results.750 
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Infections in these studies were considered natural, rather than artificial, because 

colds were not contrived by artificial inoculation with virus.  

TraVerse differs from these models of transmission in that, it included all viruses 

relevant to the common cold that is identifiable by molecular methods, and it 

mimicked situations and circumstances in functioning secondary and tertiary 

paediatric facilities in the UK. Specifically, TraVerse mimicked toy playing with 

hospital play specialists, clinical examinations with medical staff, and face-

touching with unwashed hands. Its contributions include the elucidation of the 

rates and mechanisms of natural common cold virus transmission, recognition of 

the risks of transmission by specific mechanisms in healthcare settings, and 

awareness of the consequences of viral infections in healthy young adults, all of 

which, are relevant in the prevention and control of pandemics. TraVerse was fit-

for-purpose, providing virus transmission occurs by identifying the same virus or 

virus type from both the sources and their host pairs within the follow-up period, 

or that the hosts develop ILI for at least three days. The results of this study 

illustrate that natural, human-to-human virus transmission occurred with the 

TraVerse method. Observed in the study were the large droplet transmission and 

self-inoculation with EV, RSVB, and RV, hand transmission with RSVB and RV, and 

fomite transfer of EV, HAdV, and RV. Meanwhile, ILI without virus shedding was 

observed in hosts whose source pairs shed HCoV1, FluA(H3), RSVA, RSVB, and RV. 

These results, therefore, suggest that TraVerse was fit-for-purpose.   

Regrettably, transmission that resulted in hosts shedding Flu, HCoV, hMPV, and 

HPIV was not observed. This could be because the university holidays and exam 

periods coincided with peak respiratory season, sources were either in the 

prodromal or recovery phases of infection, hosts shed at levels not detectable by 

RT-PCR, hosts shed at levels lower than the quantitative standard value of 103 

virus particles/mL, or aerosol transmission occurred, which was inadequately 

evaluated in the study.     
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11.4 Virus Transmission Rates and Mechanisms  

11.4.1 Rhinoviruses (RV) 

11.4.1.1  Large Droplet Transmission 

In this study, the overall rate of natural large droplet RV transmission was 24%, 

with 16 hosts shedding the same RV type as their source pairs. RV-A was the type 

most often transmitted, either by itself (12%) or with RV-C (9%). Meanwhile, RV-B 

transmission did not occur. Three other studies between 1970 and 1984 

established the role of large droplet transmission in RV infections using different 

methods, and with varying rates of success. In 1970, Douglas et al. used the 

traditional method of directly inoculating the nasal passages of volunteers with RV 

drops.765 By this method, the infection rate was 50%, with as little as 0.1 TCID50 of 

the inoculum. However, they used a virus strain of unspecified type; hence, 

virulence did not correlate with the reported TCID50. In 1976, D’Alessio and 

colleagues used childless married couples as volunteers; one acted as RV source 

and the other as host. 100 They determined transmission rates of 33% and 41% 

depending on the virus type used. However, host infection occurred only on four 

conditions, the inoculum had high virus titre (≥1000 TCID50), the source had the 

virus on their nose and hands and was moderately symptomatic by the study 

criteria, and the couple spent ≥122 hours in their home together. Moreover, since 

other modes of virus transfer could also have occurred in their study, it was 

difficult to infer the exact route of transmission.750 D’Alessio’s team also exposed 

hosts to infected sources through kissing.10 The throat washes of hosts contained 

RV; however, transmission occurred in only one of thirteen events (8%). They 

inferred this as confirmation that oral inoculation is an inefficient mode of RV 

transmission, and that kissing is a relatively safe activity.10 They proposed further 

that natural large droplet transmission is difficult to simulate during short-term 

exposure, possibly because high titres are necessary for virus transfer to occur.10 

By contrast, the TraVerse study established that RV large droplet transmission 

does occur in natural infections, within a mean exposure time of 23 minutes, and 

at source median virus shedding titre of 104 particles per millilitre.  
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11.4.1.2  Hand-to-Hand Transmission 

The TraVerse method also established an overall natural hand-to-hand RV 

transmission rate of 19%. Similar to RV large droplet transmission, RV-A was most 

often transmitted (13%). Meanwhile, RV-C only transmitted when co-infecting 

with RV-A (6.3%). Experimental models of transmission determined varying rates 

of RV hand transmission, depending on virus type, the titres used, and the duration 

of exposure of hosts to the infected sources. Pancic et al. (1980) estimated a mean 

hand-to-hand transmission rate of 6.7% when infecting source hands with 0.05 mL 

of mucus containing up to 50,000 plaque-forming units of RV of unknown 

subtype.766 Reed (1975) established a transmission rate of 17% when hosts 

rubbed dried RV inoculum on source fingers or hands for 15 seconds; this rate 

doubled with damp inoculum.767 Despite these rates of transmission, Reed (1975) 

concluded that infection of the host by hand-to-hand transmission is unlikely 

unless the host is in close contact with a source that is actively shedding virus, 

such as an acutely ill child.767 Meanwhile, Gwaltney et al. (1978) determined a rate 

of 71% during 10-second hand contact of the host with source hands inoculated 

with nasal secretions. 24 The range of these rates of transmission illustrates the 

difficulty in correlating data from experimental infection studies with natural 

infections, because the virus concentrations used are estimates of what occurs 

naturally, and not real-life observations. Furthermore, the speed with which host 

infection occurred with TraVerse cannot be compared with the 10-second findings 

of Gwaltney et al. (1978), and the 15-second experiments of Reed (1975) because 

hosts in this study were swabbed at the end of the interaction, and not at specific 

time points. Therefore, it is suggested here that RV hand-to-hand transmission 

occurs within 15 min. to 25 min. of hand contact between the virus source and 

host.  

The TraVerse method used copy numbers to illustrate virus concentrations, which 

do not correlate with plaque forming units and TCID50 values768 Nevertheless, this 

study established that hand transmission occurred with a median viral load of 103 

RV particles / mL, which was one to two logs less than in large droplet 

transmission. This suggests that RV transmission by hand is more efficient than by 

large droplet, conceivably because of the direct infection of the eyes and nose with 
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the hands. This is supported by Gwaltney and Hendley (1978) in their study on RV 

fomite and aerosol, which established that the primary mechanism of RV transfer 

is more likely by fomite than by air, particularly when hands containing the virus 

comes in contact with the eyes and nose.764 This study also determined that there 

was a 21% risk of sources shedding RV and infecting their own hands and that 

they were five times more likely to do so than if they were not shedding the virus. 

This, therefore, provides a possible explanation for the efficient hand-to-hand 

transfer of RV.  

11.4.1.3  Transmission by Self-Inoculation 

Two-thirds (67%) of the hosts in this study on whose hands RV transferred also 

inoculated their faces with the virus. RV-A was the type most often transmitted by 

self-inoculation (50%), while RV-C only transmitted when co-infecting with RV-A 

(50%).  Adults touch their faces often, enough to pose the risk of infecting 

themselves and then passing on diseases to others.96,769 To discourage medical 

students from this habit and encourage hand hygiene, Kwok et al. (2015) 

conducted a behavioural science study on face touching by fifth-year medical 

students.769 Within a one-hour period, 90% of students touched their face; 44% of 

which touched their mouth, nose, and eyes.769 Hendley, et al. (1973) established 

that, when touching one’s nose and eyes with RV-infected hands, 36% of 

volunteers became ill, 96 while Reed (1975) determined that a moderate infectious 

dose of virus (88 TCID50) is all that is necessary for a self-inoculation rate of 20% 

to occur if the finger is still damp with the virus.767 Therefore, the rate of natural 

infection by self-inoculation in this study was higher than rates published from 

studies on experimental infection with RV.  

11.4.1.4  Fomite Transmission 

Using the TraVerse method, RV transfer from sources to toys only occurred with 

co-infections of RV-A and RV-C, at a rate of 7.7%. This rate is lower than that 

reported by Reed (1975) on the indirect contact transmission of RV,767 wherein 

only 14% of objects contained the virus even though they were touched not too 

long beforehand by experimentally infected sources. Reed (1975) further 

determined that rubbing promoted RV transfer, but that virus infectivity 
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diminished by 40% to 99% after surface drying occurred. Therefore, they 

concluded that RV transmission was unlikely to occur through contact with 

surfaces touched by infected sources, particularly once the surface dries.767  

This study further determined that RV fomite transfer occurred even at viral loads 

<103 copies / mL but, that subsequent handling of contaminated fomites by the 

host did not promote infection with the virus. This was supported by Reed’s 

(1975) conclusion that RV transmission was unlikely to occur through contact 

with contaminated surfaces unless virus titres are high.767 Meanwhile, Hendley et 

al. (1973) suggested that, in naturally occurring colds, rubbing of surfaces 

contaminated with RV promoted infection with the virus, at a rate of 36%, because 

rubbing increases the amount of virus transferred on the hosts’ hands.96 Finally, 

Winther et al. (2011) demonstrated that 22% of fomites deposited on surfaces one 

hour before contact were transferred on host hands, however, the rate dropped 

dramatically to 3% after 24 hours, and then to zero not long after. They concluded 

that RV transfers from objects and surfaces to the hands; however, infection 

decreases 24 hours after the virus is deposited on fomites.770  

By contrast, Jennings and Dick (1987) argued that, although fomite transmission is 

possible in experimental RV inoculation, it is not a common occurrence in natural 

infections.771 In their MFT model of transmission, infection of hosts did not occur 

despite exaggerated amounts of natural cold secretions on fomites handled by 

volunteers for 12 hours. Instead, they proposed that the primary mode of RV 

transmission is via aerosol, which demonstrated a 50% rate of infection in their 

MFTs.771 However, exposure to aerosols for at least 200 hrs. and viral loads ≥1000 

TCID50 were necessary for infection to occur. They concluded that fomite studies 

by other groups did not establish RV transmission because either aerosol exposure 

was not long enough or virus titres were too low. 771  

This study was not able to establish RV aerosol transmission due to the delayed 

implementation of bioaerosol sampling. Although had sampling started sooner, 

perhaps the findings would remain the same, since the interactions lasted less 

than 200 hrs. and the virus titre on toys were too low. It is possible that an 

increased viral load by either source shedding of higher titres or host rubbing of 
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fomites could have resulted in transmission from the toys to the hosts. In real-life 

settings, however, runny nose and spittle are generally thought of as a nuisance 

and as unhygienic; hence, are often wiped off with tissue or one’s sleeve (or arm, in 

children). Furthermore, perhaps the only reasons one has for rubbing surfaces are 

to clean them or for good luck. Realistically, therefore, aerosol transmission of RV 

may just be observed in families or in settings where virus sources and hosts are in 

very close physical contact for long periods, while RV transmission from fomites to 

hosts may just be due to bad luck.   

11.4.1.5  Clinical Manifestations 

Advances in molecular diagnostics have resulted in standard laboratory 

respiratory testing that includes RV and, by extension, in the timely clinical 

identification of RV infections. However, clinical data availability, relative to an RV 

diagnosis has not kept pace with the rapid identification of RV strains, thereby 

impeding attempts at correlating RV type to clinical manifestations.71 The use of 

the TraVerse method determined that symptomatic children were more likely to 

have systemic signs than respiratory symptoms when infected with RV. 

Furthermore, that the systemic signs that significantly correlated to RV infection in 

this group were febrile illness and diarrhoea (table 22). The negligible upper 

respiratory involvement is supported by the finding that, although children 

develop a cough and SOB during RV infection, other viruses are just as likely to 

cause these symptoms. Therefore, respiratory symptoms alone are not 

appropriate predictors of RV infection in children.71  

Studies suggest that RV is generally found in the nasopharynx, close to the throat, 

where it is cleared by mucociliary mechanisms. Ironically, the virus avoids 

clearance and ends up on the inside of the nose through blowing one’s nose.9,772 

Moreover, unlike Flu and RSV, RV is not generally associated with epithelial cell 

damage in the upper respiratory tract; hence, even if the virus migrates to the 

nose, any cytopathology would not be distinguishable.9,91,773 Nevertheless, RV 

infection promotes secondary bacterial infection and innate immune response, by 

interfering with the barrier function of epithelial cells.9,774 In this study, the mean 

age of children was 26 months (table 14); therefore, it is not likely that they would 
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have known how and when to blow their nose. Therefore, it is suggested here that 

the absence of an association between RV infection and upper respiratory 

symptoms in children in this study was due to the virus remaining in their throat. 

However, the viruses that escaped clearance by the mucociliary escalator may 

have activated the innate inflammatory response, which manifested as systemic 

signs.  

In contrast to sources, both respiratory symptoms and systemic signs were 

indicative of RV infection in adult hosts in this study (table 24). More importantly, 

lower respiratory tract involvement is notable, which presented as productive 

coughs. Furthermore, fatigue was common in the host population, which is a 

possible explanation for work absences during infection. Symptoms of RV infection 

in healthy young adults are not well understood, and literature is contradictory. 

Studies involving artificial virus inoculation confirm that LRTI results from RV 

infection.9,775 However, they also suggest that infection by one type immediately 

prevents reinfection with the same type and co-infection with another RV type for 

two to sixteen weeks.93,752,776 By contrast, Rosenbaum et al.’s (1971) study on 

natural RV infection in adults in the military demonstrated consecutive infection 

within two days.752,777 RV-B was the type most often identified in hosts in this 

study, which manifested mostly as a co-infection with other RV types than as a 

mono-infection (table 17). Further, co-infection of hosts with a virus type acquired 

from their source pairs resulted in symptoms within one day of infection and 

shedding of the virus after 5 days. Therefore, these suggest that clinical findings on 

RV infection in adult hosts, using the TraVerse method, agree more with the 

results obtained by Rosenbaum et al. (1971) than with other studies.   

The period from RV infection to clinical manifestation in this study was between 

three hrs. and five days, while symptoms lasted from one day through to the 

duration of the follow-up period. Gwaltney (2002) suggested incubation periods 

from 10 to 16 hours, peak infection at 2 to 3 days post-infection, and a typical 

duration of one week, but is longer in 25% of cases.778 Meanwhile, Lessler (2009) 

determined that most experimental studies reported incubation periods between 

two to four days; however, these were during peak symptom development and 

may, therefore, be biased. He instead estimated that 95% of cases developed 
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symptoms between four to five days post-infection.751 The benefits of using the 

TraVerse method were that the exact days of infection were known, and symptom 

diary cards provided the specific dates and times of clinical onset and duration. 

Therefore, considering the reported mean values in context, this study suggests 

that, in natural RV infection of healthy young adults, most will develop symptoms 

within two days after infection, and recover within five days.  

Finally, Peltola et al.’s (2008) studies involving households with children, which 

determined that 16% of adults had asymptomatic carriage support this study’s 

finding that 15% of healthy young adult hosts with RV infection was 

asymptomatic. By contrast, Camargo et al.’s study involving healthcare workers 

only ascertained an asymptomatic infection of 3.6% in adults,779 while Johnston 

and colleague’s (1993) research on immunocompetent adults established a 4% 

rate.780 They attribute the higher rates of asymptomatic carriage seen in adults to 

nosocomial, and not community-acquired, infection. However, the opposite was 

true in this study as, although the asymptomatic rate was 15% for all RV-positive 

hosts, the rate dropped to 5% when including only those whose source pairs had 

RV infection (table 19); presumably, because most asymptomatic host RV infection 

in this study was associated with host shedding on day 0, before interaction with 

sources, which suggests a community-acquired infection.   

11.4.1.6  Novel Findings on RV Transmission Using the Traverse Method  

In this study, there was a distinct predominance of RV-B infections in healthy 

young adults, the rate being 63%. This is a novel finding, as far as the researcher is 

aware. By contrast, the rate of RV-B infection in paediatric sources was only 6.6%, 

which was a dramatic drop from RV-C at 62% and RV-A at 31%. Furthermore, 

although RV-C was the predominant infection in sources, it was not as easily 

transmissible to healthy adults (13%) as RV-A (50%), unless dual infections with 

RV-A occurred (38%).  

Several studies have demonstrated that RV-C infections are relevant in wheezing 

and severe infections requiring hospitalisation in paediatric populations.781-783 A 

study by Cox et al. (2013) was the first to realise the contributions of each RV type 



 128 

to paediatric ED consultations and hospitalisations.784 Their findings indicated 

that, although there was an equal likelihood of ED consultations in children 

infected with RV-A and RV-C, hospitalisations were twice more likely in those with 

RV-C. By contrast, children with RV-B were three times more likely than those 

with either RV-A or RV-C to require ED consultations. There were not enough 

hospitalisations due to RV-B to establish its relevance in admissions.784 

Meanwhile, research by Rahamat-Langendoen et al. (2013) suggests that, although 

RV-B was the least identified infection in hospitalised children, it was nevertheless 

implicated in 40% of nosocomial infections and in diseases that required extra 

oxygen therapy in this population.71 Therefore, hospitals are conducive to RV-B 

transmission, particularly in instances of asymptomatic carriage or subclinical 

infection. However, severe infections occur only in those hospitalised due to 

underlying conditions.71  

The findings that RV-B is not commonly associated with hospitalisations in 

paediatrics agree with this study’s. Meanwhile, nosocomial RV-B transmission was 

not observed, possibly because the numbers were not large enough or, more than 

likely, because the hosts were healthy young adults and not children. Moreover, 

none of the adults with RV-B were ill enough to need medical consultation, 

hospitalisation, or oxygen therapy. Therefore, it is suggested here that healthy 

young adults are more susceptible to RV-B than either RV-A or RV-C, but the 

associated illnesses are relatively mild so as not to require consultation, 

hospitalisation or supportive oxygen therapy. Furthermore, RV-B is not easily 

transmissible between symptomatic paediatric sources and healthy young adult 

hosts; this could be because there were not enough hospitalised sources infected 

with RV-B in this study. 

11.4.1.7  Summary of RV Findings 

To summarise the findings on RV transmission using the TraVerse method, RV 

large droplet transmission occurred within 23 minutes of close interaction of 

healthy adults with symptomatic children infected with RV. This finding was in 

contrast to studies that used the artificial inoculation of adults, which suggested 

that infection with large droplet is not an efficient mechanism for RV transmission.  
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Hand-to-hand transmission of RV also occurred in this study; it required less virus 

titre for transfer to occur and was thus, the more efficient mechanism for RV 

transmission. The reasons provided for this efficiency were because the adult 

hosts directly inoculated their nose and eyes with the virus, and the paediatric 

sources were five times more likely to contaminate their hands when they were 

shedding RV through the nose and throat.  

Fomite transmission occurred at a rate lower than that reported from studies that 

used artificial inoculation, more than likely because the toys were not touched for 

long periods by the sources.  

Clinically, systemic signs were more common than respiratory symptoms in 

children with RV infection. This is likely because the mucociliary clearance of the 

virus activated an immune response, which manifested as systemic signs in the 

children. In the adults, cough and fatigue were the signs and symptoms that 

significantly associated with RV infection, which can result in missed days at work. 

A small proportion of adults had asymptomatic RV infection, likely due to a 

community-acquired illness. 

Finally, a novel finding using TraVerse was that RV-B is more common in adults 

than in children, but is associated with mild illness. RV-A is more transmissible 

than either RV-B or RV-C, and RV-C is most often transmitted in co-infection with 

RV-A.    

 

11.4.2 Enterovirus (EV)     

11.4.2.1  Large Droplet Transmission 

In 2008, the International Committee on Taxonomy of Viruses removed the genus 

Rhinovirus from the list of classifications to include RV species in the Enterovirus 

genus.785,786 This was necessary because RV and EV are not genetically or 

structurally distinct, and RV-B and EVs are more genetically related to each other 

than each is to RV-A.786 Thus, EV in this study refers to the species that primarily 
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colonise the gastrointestinal tract, but that also have respiratory and CNS tissue 

tropisms.786  

Using TraVerse, a 4% rate of EV large droplet transmission occurred; however, 

statistical analyses suggest that symptomatic paediatric sources passing on EV 

infection to healthy adult hosts by the large droplet route may just have occurred 

by chance in this study.  

11.4.2.2  Transmission by Self-Inoculation and by Fomite 

Meanwhile, self-inoculation of the virus occurred on one occasion, which equated 

to a rate of 100% and fomite transmission occurred at a rate of 20% (table 19). 

This correlates with the statistically significant finding in this study that the 

sources were 40 times more likely to have EV on their hands when they are 

shedding the virus (table 26). Supporting this is the observation that EV enters the 

host through the faecal-oral route; the virus then replicates in the gut where they 

are resistant to body temperature and gastric acid.786 EV on the hands of sources 

suggest that at some point during the interaction, they must have placed their 

hands in their mouth, which is typical behaviour in this age group.  

Mouthing is the childhood behaviour of infants and toddlers placing objects, 

fingers, toes, or food in their mouth as they go through the developmental process. 

It is a means of exploring their surroundings and alleviating the irritations 

associated with teething, although it also poses the risk of ingesting contaminants 

present in the environment.787 There is no evidence that frequency of mouthing 

associates with a child’s gender. However, there is a known correlation between 

frequency of the practice and age at mouthing;787 children aged up to 24 months 

mouth the most often, at 73 episodes within an hour.787 The preference for what to 

place in their mouth again depends on the age. Those aged 3 – 6 months prefer 

fingers, followed by toys. At 6 – 12 months, the order of preference goes from toys, 

followed by other objects, and then fingers. At 12 – 18 months, non-toys and then 

fingers. Finally, at 18 – 60 months, it is all fingers.787,788 In this study, the mean age 

of EV-positive children was 33 months, and the median age was 26 months; 

thereby, placing them in the finger-mouthing group. Moreover, the one source that 
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contaminated toys with EV was 16 months old; the age when toys are not mouthed 

but the hands are. These data suggest that fingers that came from the child’s 

mouth contaminated the toys, and not the child’s mouth itself.  

The findings of this study, therefore, suggest that the primary mechanism of EV 

transfer from symptomatic paediatric sources to healthy young adults is by the 

hand-to-hand route, particularly if source hand mouthing is directly involved.  

Aerosol transmission did not occur with TraVerse, although there are no studies 

suggesting that respiratory EVs spread through small droplet aerosols. 

11.4.2.3  Clinical Manifestations 

The diverse phenotypes and tropisms observed in EVs are due to the great extent 

of genetic variability in the species.786 Symptoms of EV infection in children can 

range from mild colds to the more severe acute flaccid paralysis characteristic of 

polio EV.786 Primary viremia occurs after oral ingestion, which enables the virus to 

infect multiple tissues during the circulation of blood; often, this is where infection 

terminates. However, there are cases where the virus can be found in the CNS, 

causing neurological disturbances.786,789,790 In adults, symptoms of EV infection 

commonly manifest as conjunctivitis.48,127  

In this study, there were no signs or symptoms of EV infection that were 

particularly significant in the adult host population, and there was no evidence of 

risk of symptom development on exposure to symptomatic sources with the virus. 

In the paediatric sources, however, the one systemic sign that was of particular 

significance was febrile convulsion, with 19% (5/26) of sources presenting with 

the neurological phenotype. Francis et al. (2016) elucidated that febrile seizure 

was common in children aged from 6 months to 5 years and generally coincided 

with annual peak respiratory seasons.791 In their observational study of febrile 

convulsions in children presenting to the ED in an Australian tertiary hospital, they 

further determined that, in 71% of cases, infection with at least one virus resulted 

in episodes of the condition. EV was identified in 20% of their cases, although no 

particular strain was predominant.791  
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Ninety per cent of EV infections are asymptomatic.786,792 However, the viruses are 

nevertheless formidable in causing at least 20 syndromes of clinical importance 

that include encephalitis and meningitis, myocarditis and pericarditis, hepatitis, 

arthritis, and pancreatitis.786,792 In this study, 29% of hosts had asymptomatic EV 

infection. However, their source pairs tested negative for the virus, which could be 

because they were prodromal or recovering from the infection, or because host EV 

infection in this study occurred in the community and not during the interaction.  

11.4.2.4  Summary of EV Findings 

To summarise the findings on EV transmission using the TraVerse method, EV 

large droplet transmission occurred but was statistically due to chance. On the 

other hand, transmission by self-inoculation was the most efficient mechanism of 

EV virus transfer followed by fomite contamination, because children were 40 

times more likely to have the virus on their hands. The childhood behaviour of 

mouthing hands, toys, and objects was associated with the high titre of EV on the 

children’s hands, which correlated with the mechanisms of virus transmission. 

Clinically, febrile convulsions were statistically significant to paediatric EV 

infections, which correlates with the CNS tropism of the virus. On the other hand, a 

proportion of adults had asymptomatic infection; however, it is not clear whether 

this was because their source pairs were prodromal or recovering from an illness, 

or because of community-acquired infection. 

 

11.4.3 Influenza Viruses (Flu) 

There was no evidence of flu transmission via large droplet, hand contact, or 

fomite contamination, using TraVerse. This was of particular disappointment to 

the researcher, who expected many contributions to flu pandemic preparedness 

because, up until the TraVerse study, the clinic in infectious diseases was primarily 

an influenza research facility. There is much controversy on the primary 

mechanism of influenza transmission and the researcher hoped to lay it to rest, at 

some level. In theory, Flu transmission occurs by any of three mechanisms, either 
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individually or with each other and involves, bioaerosols, large droplets, and 

fomites.27,793 The controversy arises from the supposition that Flu is primarily 

spread by large droplet, even though there is no tangible evidence for its 

support.27,353,793 Meanwhile, incidences of aerosol transmission have been 

reported since the 1930s although very little importance attached to these 

findings.27,793 The controversy exists because Flu transmission studies have only 

so far focused on the effects of interventions and not on the mechanisms of 

transmission and because there is inadequate research on the natural human-to-

human transmission of disease.353 Killingley et al. (2012) addressed the first 

underlying issue in their investigations using the human influenza challenge 

model12 derived from Meschievitz et al.’s MFT model of RV transmission.13 The 

TraVerse method addressed the second issue for the first time, which made the 

lack of tangible results even more regrettable. The controversy continues to the 

present. For example, although recent findings underscore aerosol involvement in 

Flu transmission,331 including evidence of super-spreading aerosolised Flu during 

the 2009 pandemic,794 the use of N-95 respirators are still not compulsory in 

pandemic preparedness plans; Australia is the only country to recommend the use 

of N95 masks in its preparedness plan, but then only for healthcare workers.27  

Since TraVerse is the first study to investigate the natural transmission of Flu, it is 

conceivable that negative transmission findings by large droplet, hand contact, and 

fomite contamination are valid. However, two things make it difficult to prove, 1) 

the small numbers of flu-positive sources and hosts, and 2) the lack of bioaerosol 

data. The small numbers of flu infection in this study are due to the scaled down 

recruitment during the peak respiratory seasons. Research ethics and the 

University of Leicester, College of Medicine stipulated the non-involvement of 

medical students in the study two weeks before the exams. Although exams 

usually occurred after a winter break of at least 4 weeks, students generally took 

this opportunity to see family and to study. Recruitment could have continued 

until the last two weeks of winter break; however, it was the experience in this 

study that, for the most part, students who did not celebrate the holidays or did 

not go home to see family were also not too keen to become infected, even several 

weeks before the exams. Recruitment during the holidays would have probably 
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been counter-productive anyway; the hosts would more than likely have been 

symptomatic, these being the peak of respiratory infections; hence, they would 

have satisfied the exclusion criteria. Moreover, Flu activity in Leicester during the 

first two years of the study was mild to moderate, infecting mostly young adults 

and the elderly.795,796 It was, nonetheless, fortuitous that recruitment scaled down 

during the winter as this provided rates of natural transmission during the inter-

epidemic seasons, which removed the bias of increased diagnostic positivity 

during peak infections.  

The lack of aerosol data also hampered elucidating the primary mechanisms of Flu 

transmission in this study. Since published data promoted that human-to-human 

transmission of Flu is primarily by large droplets, the original TraVerse protocol 

did not include bioaerosol sampling. However, recent MERS-CoV reports of 

possible aerosol transmission prompted the TraVerse team to look closely into 

studies involving the aerosol transmission of Flu. When the team decided to start 

collecting aerosol samples, the funds to purchase the equipment did not 

materialise until the study was only two interactions away from completion.  

11.4.3.1  Clinical Manifestations 

Four symptomatic sources shed FluA(H3) in the study; two had mono-infections of 

the virus. The systemic signs and respiratory symptoms common to both were 

fever, cough, DIB, hoarseness, nasal discharge, and sneeze, none of which were of 

statistical significance to Flu infection in the study. Meanwhile, there was one host 

who developed clinical illness without shedding a virus, after interacting with one 

of the paediatric sources infected with FluA(H3). Host respiratory symptoms 

included a dry cough that started on day 1 and lasted until day 5, and sneezing and 

a runny nose that started on day 4 post-infection and lasted until day 5. A 

headache was the systemic sign reported by the host from days 2 to 5 post-

interaction. Similar to sources, there were also no clinical manifestations that were 

of statistical significance to FluA(H3) infections in adults.  

Studies suggest that correlating flu burden in hospitalised individuals is difficult 

because symptoms associated with Flu infection are similar to those experienced 
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when infected with other viruses, all of which peak in winter.797 Hence, ‘influenza-

like illness’ is used during empirical diagnosis. However, a meta-analysis of flu 

volunteer challenge studies involving young adults by Carrat et al. (2008) 

determined that systemic signs that peaked sooner and resolved earlier than 

respiratory symptoms significantly indicate a flu infection.798 This, therefore, 

suggests that even though the host did not shed FluA(H3), their signs, symptoms, 

and timing of illness indicate that they were, nonetheless, infected with the virus. 

Furthermore, that FluA(H3) transmitted from their symptomatic source pair, who 

shed the virus. 

11.4.3.2  Summary of Flu Findings 

To summarise the findings on Flu transmission using the TraVerse method, Flu 

transmission by large droplet, hand-to-hand contact, self-inoculation, and fomite 

did not occur, much to the regret of the researcher. This negative finding could be 

because source-host interactions were scaled down during winter, or because the 

primary mechanism for Flu transmission is by aerosol. Aerosol transmission was 

not properly evaluated with TraVerse because the original study protocol did not 

take this mechanism into consideration and, when a new protocol was drafted to 

include bioaerosol collection, the funds were lacking. Nevertheless, the absence of 

transmission strongly supports the aerosol transmission of the virus, and the 

scaled-down winter schedule removed the bias associated with peak infection 

rates. 

However, there were hosts that had clinical signs of infection after interacting with 

sources that had mono-infections of FluA(H3). The signs, symptoms, and timing of 

host infection suggest that transmission of the virus occurred, even though 

shedding did not. 

 

11.4.4 Human Coronaviruses (HCoV) 

Little is known about the endemic strains of HCoV that include NL63, 229E, OC43, 

and HKU1 despite almost 30 years of research.427 Regrettably, this study cannot 
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add anything novel to the literature, although it confirms what is already 

published. A total of 5% of symptomatic sources in TraVerse were infected with 

HCoV (table 16); four group 1 (NL63, 229E) infections occurred in the winter of 

2013 and one group 2 (OC43, HKU1) occurred in winter 2015. The mean age of the 

sources at the time of infection was 16 months; their symptoms were generally 

mild although wheezing was particularly significant. Studies supporting these data 

suggest that HCoVs primarily infect children less than 2 years old.407,426,427 Isaacs 

et al. (1983) determined an infection rate of 30% in children aged <6 years, using 

ELISA.407 Talbot and colleagues ascertained an infection rate of 5% in those aged 

<2 years, and 4.2% in those 6 - 23 months old, using PCR.426,427 Finally, Kaye et al. 

(1975) determined an HCoV-229E infection rate of 4% in those aged 5 to 19 years, 

using indirect hemagglutination tests for HCoV antibodies.409 Furthermore, they 

determined a cyclical nature of infection, with 229E and OC43 alternating 

infections during the years.409 Talbot et al. (2009) confirmed this sporadic 

detection of endemic strains of the virus after observing HCoV infections in 

children for 20 years.427  

Some studies demonstrated that endemic HCoVs are extremely transmissible by 

the faecal-oral route, or by any of the other three mechanisms investigated with 

TraVerse.407,409,427,435 Other studies suggest that children < 2 years of age are 

primarily infected with the endemic HCoV, while older adults or young adults with 

co-morbidities are more likely to become infected with SARS-CoV and MERS-

CoV.403,407,426,427,443-446,458,799,800 

11.4.4.1  Clinical Manifestations 

Wheezing was the respiratory symptom discretely associated with paediatric 

HCoV infection in this study that was significant (table 22), with 40% of sources 

that reported episodes. This is just slightly higher than the 30% proportion that 

Isaacs et al. (1983)407 determined for these viruses.  

Two adult hosts that were PCR-negative, and that interacted with paediatric 

sources with mono-infections of HCoV1, did not shed the virus but reported signs 

and symptoms. None of the signs and symptoms reported was statistically 
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significant to HCoV1 infection in adults, in this study. Of particular interest was 

that one of these two hosts had ILI (≥6 symptom score) that lasted at least 3 days. 

Data on the source-host pair revealed that the host reported clinical illness on day 

1 post-interaction, while the source had the highest viral load among all the 

sources that shed HCoV, with a PCR cycle threshold (Ct) was 25. By contrast, the 

host that did not have ILI developed symptoms on day 4 and the source pair had a 

lower viral load, with a Ct value of 35. 

In using Ct values to measure viral load and then correlating viral load to hospital 

length of stay (LOS), Clark et al. (2016) ascertained that viral load correlates 

directly with clinical outcomes and LOS, regardless of virus type, patient age, 

health status, and duration of illness prior to hospitalisation.801 Moreover, when 

associating the incubation period of SARS-CoV with disease severity, Virlogeux et 

al. (2015) ascertained that a shorter incubation period determined more severe 

disease pathology.802 They suggested that a higher virus load indicates the speed 

of viral replication that results in severe disease, either because the host cannot 

mount an immune response fast enough or because the response is too 

aggressive.802 Therefore, a severe outcome occurred in 50% of symptomatic hosts 

with presumed HCoV infection in this study. This host did not stay home, take 

antipyretic, or seek medical advice during the follow-up period, suggesting that 

HCoV infections in healthy adults are underestimated because they are left 

undiagnosed.  

Although studies suggest that asymptomatic infection is common in HCoV 

infections, there was no evidence of it in this study. However, Dare et al. (2007) 

and Koetz et al. (2006) recommend caution when correlating HCoV infection with 

acute respiratory symptoms due to the lack of comparative data.441,442 

11.4.4.2  Summary of HCoV Findings 

To summarise the findings on HCoV transmission using the TraVerse method, 

similar to Flu, HCoV transmission by large droplet, hand-to-hand contact, self-

inoculation, and fomite did not occur in this study. This negative finding may be 

because infections with epidemic strains of HCoV, such as MERS-CoV, are more 
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likely in adults, while infections with the endemic strains identified in this study 

occur more often in the children. However, although this study did not add 

anything to the little body of knowledge on HCoV transmission, it had nonetheless 

confirmed general findings published from other studies. 

Clinically, wheeze significantly associated with HCoV1 infection in children in this 

study. Meanwhile, there were hosts that had clinical signs of infection after 

interacting with sources that had mono-infections of HCoV1, which suggests that 

transmission of the virus occurred, even though shedding did not. There were no 

signs and symptoms of significance to host infection with the virus; although, a 

severe disease of long duration occurred. Despite disease severity, the hosts did 

not stay home, take an antipyretic, or seek medical advice, which has implications 

for the transmission of the virus by this population. 

 

11.4.5 Human Adenoviruses (HAdV) 

11.4.5.1  Fomite Transmission 

There was no evidence of either large droplet or hand-to-hand transmission of 

HAdVs in this study. However, fomite transfer was apparent, at a rate of 33% 

(table 19). HAdV infects the gastrointestinal tract of humans and is, therefore, 

transmitted through the faecal-oral route, similar to EVs.524 However, most studies 

on HAdV transmission were conducted in ophthalmology clinics because of its 

importance in infectious conjunctivitis.803-806 Detection of HAdVs on 

ophthalmologic equipment, therefore, established fomites as the primary route of 

spread in these settings.805,807 Some argue, however, that improperly disinfected 

hands of healthcare workers transfer the virus to fomites.804,807,808 586,805  

In this study, the unwashed hands of paediatric sources better correlated to virus 

transfer on toys than mouthing; the fomite transmission rate decreased to 14% 

when only investigating mouthing and then to 7% when considering both 

mouthing and hand contact. Furthermore, the paediatric source that contaminated 

the toys was 29 months old. Based on the mouthing preferences of children, the 
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child more than likely mouthed the fingers first and then transferred the virus to 

the toys from their hands. Therefore, it is suggested here that the primary 

mechanism of natural HAdV transmission is by fomite, the virus transfers to 

fomites through unwashed hands, and transmission occurs within 20 minutes of 

contact with hands. 

11.4.5.2  Clinical Manifestations 

In this study, HAdV infection in 14 paediatric sources significantly associated with 

fever (table 22). However, 86% (12/14) of the sources had co-infections with RV 

(57%), EV (21%), and FluA(H3), HCoV, hMPV, PF3, RSVA, and RSVB (each at 7%). 

Furthermore, 75% (9/12) of those with co-infections were aged <24 months. 

These findings are not novel, but comparable to other studies in children infected 

with HAdV. For example, Putto and Meurman’s (1986) research into paediatric 

respiratory diseases associated with fever established that 68% of those with 

fever (≥39˚C) shed HAdV.809 Lee et al. (2016) studied the clinical impact of mixed 

infections in Korean children admitted to hospital with HAdV, using PCR.759 In 

their study, patients with double and triple infections presented with fever that 

had a median duration of 5 days. When they compared groups with HAdV mono-

infection and co-infection, they elucidated that there were no significant 

differences between the two groups in terms of fever duration and rates of 

hospitalisation. Moreover, they observed that a higher proportion (71%) of 

children aged <24 months had co-infections and were more likely to have 

underlying conditions. The viruses often associated with HAdV co-infection in 

their study were, RV (42%), RSV (19%), HCoV (17%), FluB (3%), and hMPV 

(3%).759  

The adult hosts paired with the two paediatric sources who had mono-infections 

of HAdV did not shed the virus but, nonetheless, developed respiratory symptoms, 

suggesting transmission of infection occurred (table 19). However, none of the 

hosts had a fever, ILI, or symptom duration ≥3 days. Therefore, although clinical 

infection of healthy young adults occurred after exposure to symptomatic sources 

infected with HAdV, severe infection was not observed in this study.  
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11.4.5.3  Summary of HAdV Findings 

To summarise the findings on HAdV transmission using the TraVerse method, 

HAdV transmission by large droplet, hand-to-hand contact, and self-inoculation, 

did not occur in this study. However, fomite transmission occurred in one-third of 

interactions where paediatric sources had HAdV infections. Fomite transfer 

occurred within 20 minutes of infected children touching toys.  

Most studies on HAdV were done in ophthalmology clinics because the virus 

causes infectious conjunctivitis in these settings. Therefore, most of these studies 

attributed the spread of the virus with fomites. This study contributed to 

knowledge on HAdV transmission with its finding that the primary mechanism of 

HAdV transmission in a natural, non-ophthalmologic setting is also by fomite. 

However, caution is needed in interpreting this finding because the aerosol 

transmission of viruses was not evaluated in this study. 

Although HAdV is an enteric virus like EV, mouthing was not involved as much as 

hand contact in the transfer of virus on toys, likely because the children infected 

with the virus in this study were at an age where mouthing of fingers is more 

common than placing toys in their mouth. This finding further agrees with the 

theory that the unwashed hands of staff in ophthalmologic clinics transfer HAdV 

onto equipment and surfaces.  

Clinically, fever was statistically associated with a HAdV infection in children in 

this study. A large proportion of these children with a fever were also infected with 

other viruses and were aged <24 months, similar to other studies. Two hosts 

reported clinical signs of infection after interacting with sources that had mono-

infections of HAdV; however, fever was not present, and the infection in adults 

caused mild respiratory symptoms.  
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11.4.6 Respiratory Syncytial Viruses (RSV) 

11.4.6.1  Large Droplet Transmission 

Nosocomial RSV infections place a substantial burden on paediatric healthcare 

settings during epidemic seasons and often result in ward restrictions to interrupt 

the cycle of transmission.633,672 There are several protocols implemented for the 

prevention and control of RSV transmission, each with varying levels of 

success,633,645,658,672 presumably because the mechanisms of virus transfer are not 

suitably delineated. Studies suggest that large droplets and self-inoculation with 

hands that had contact with fomite are the primary mechanisms of RSV 

transmission.26,645 There is also some evidence that aerosol transmission 

occurs.810,811 However, the contributions of each mechanism to the transfer of the 

virus are not clearly defined. Therefore, the rates of RSV transmission established 

using TraVerse are novel findings. 

In this study, large droplet transmission of RSVB occurred at a rate of 5% (table 

19). Healthy young adults do not generally shed large amounts of viruses during 

infection; hence, it is likely that host shedding occurred at levels too low to for PCR 

detection, which accounts for the low transmission rate. Furthermore, there were 

three hosts that shed RSVA and RSVB, but whose source pairs did not shed either 

virus. At the time of sample collection, RSV in the host population was either 

circulating at very low levels or not at all.795,796 Therefore, it is conceivable that 

these infections were, in fact, from their source pairs that shed at titres too low for 

PCR detection, such as when they are on their way to recovery. RSVA large droplet 

transmission was not observed in this study. 

11.4.6.2  Hand-to-Hand Transmission 

RSVA was detected on the hands of 43% (3/7) of the sources that shed the virus in 

this study (table 16). Furthermore, there was an extremely statistically significant 

risk that 43% of sources shedding RSVA would contaminate their hands with the 

virus, which is 58 times more likely to occur than if the sources were not shedding 

RSVA (table 26). However, none of their host pairs had the virus on their hands or 
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face, suggesting that RSVA is not easily transmissible by the hand-to-hand or the 

self-inoculation routes, in this population.  

By comparison, RSVB was detected on the hands of 48% (10/21) of the sources 

that shed the virus (table 16). The risk of the sources shedding RSVB and 

contaminating their hands with the virus was extremely statistically significant at 

45%, which is 24 times more likely to occur than if the source did not shed the 

virus (table 26). Therefore, it is less likely for RSVB hand transfer to occur in 

paediatric sources than it is for RSVA. Regardless, 18% (2/11) of sources 

transmitted RSVB to their host pairs; 50% of these hosts subsequently inoculated 

their own face (table 19). Furthermore, the hand-to-hand transmission of RSVB 

was 23 times more likely to occur than if the source pairs did not have the virus on 

their hands (table 27). Meanwhile, self-inoculation by hosts that had RSVB on their 

hands was 73 times more likely to occur than if they did not have the virus on their 

hands (table 27). Therefore, these findings suggest that the primary mechanism 

for RSVB transmission is by the hand transfer of the virus and not by droplet 

infection. 

Interestingly, 77% (10/13) of sources that had either RSVA or RSVB on their 

hands were at the age where mouthing is indicated. Although, this could just be 

because RSV infection is most common at the ages when mouthing also occurs. 

11.4.6.3  Fomite Transmission 

Fomite transmission of RSV was not observed in this study. This is contrary to 

studies suggesting that RSV infection occurs from self-inoculation after touching 

objects and surfaces contaminated with large droplets.26,32,612,644,645 These studies 

presented findings that include, RSV survival in the environment for 6 hours, on 

rubber gloves for 1.5 hours, and on cloth materials for 45 minutes.617 However, 

because these studies elucidated the effectiveness of intervention methods, it is 

conceivable that they overlooked the importance of the hands of paediatric 

sources and adult hosts in the transmission of the virus. For example, in Hall et al.’s 

(1981) research on the various routes of RSV infection, adult volunteers were 

inoculated with different titres of virus in the nose, eyes, and mouth.812 This 
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suggests that there was already a presumption that infection can only occur by any 

of these three routes. Furthermore, the role of children in the infection adults 

through these routes was not considered. Studies also determined that RSV 

survival on human skin does not exceed 20 minutes;617 yet importance was placed 

on this finding only inasmuch as how hand washing and surface decontamination 

could prevent hand infection, and not that hand-to-hand transfer is a possible 

mechanism of transmission, let alone that it is the primary mode of RSV 

transmission.  

The aerosol transmission of RSV was not established using TraVerse. However, 

there is evidence to suggest that this mechanism of transmission is possible. This 

was demonstrated in Kulkarni et al.’s (2016) research on infants with 

bronchiolitis, where large numbers of infectious, aerosolised RSV particles were 

detected. They concluded that the aerosolised particles remained suspended in the 

air long enough for nosocomial infection to occur.811 Grayson et al. (2017) 

collected aerosol samples in paediatric outpatient clinics during peak RSV 

infections and established that RSVs were present in aerosols in these settings. 

However, they were not as convinced as Kulkarni that transmission by this route is 

particularly efficient.810  

Effective infection control methods benefit greatly from knowledge of possible 

sources of contamination. Several combinations of barriers to infections through 

large droplets, fomites, and aerosols are implemented during annual RSV 

epidemics, with varying degrees of success. It is suggested that the best method 

combines staff hand washing with cohorting while using gloves and gowns likely 

enhance transmission.633 It was established in this study that hand-to-hand 

transmission occurred as soon as 10 minutes of close interaction between source 

and host, suggesting that RSV is a highly opportunistic pathogen, considering the 

virus only survives on human skin for 20 minutes. Therefore, this begs the 

question of whether hand washing is necessary if the virus was going to 

spontaneously die off anyway. It is more prudent that interventions involve 

preventing self-inoculation after hand transfer, such as with masks and facial 

wipes.  
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The cohorting of patients could be beneficial in the aerosol transmission of RSV. 

However, studies suggest that the practice is not relevant. Specifically, Thorburn et 

al. (2004) observed that the spread of RSV stopped despite eschewing isolation 

units in favour of treating paediatric inpatients in open wards.813 Meanwhile, 

Grayson et al. (2017) asserted that aerosols are inefficient methods of spreading 

RSV infection.810 Moreover, cohorting during peak RSV epidemics is impractical 

and logistically challenging.  

The use of gloves and gowns were implemented when it was determined that 

direct contact with secretions was relevant in RSV transmission.812 However, 

reports mentioned in earlier paragraphs, suggesting that RSV survives longer on 

gloves and cloth materials than fingers,617 may have implications for further virus 

spread. Fomite transmission was not established in this study, despite the high 

titres of virus on hands. Therefore, it is suggested here that, although gloves and 

gowns are not necessary for RSV infection control, neither do their use pose a risk, 

because infection through these fomites is unlikely.    

11.4.6.4  Nosocomial Infections with RSVA and RSVB 

Notable in this study were the viral loads observed for both RSVA and RSVB, in 

both sources and hosts, which were the highest in all the viruses evaluated using 

TraVerse (table 18). Studies suggest that RSV transmission is particularly relevant 

in nosocomial infections because children shed the virus at high titres for 

prolonged periods.644 However, this was not observed in this study because, 

although source viral loads were high, they did not statistically show correlation 

with either RSVA or RSVB transmission to the adult host. Moreover, data on source 

duration of shedding were not captured in this study.  

In adult hosts, RSVA infection had a short incubation period of 24 hours, and 

duration of shedding was seven days. Meanwhile, RSVB had a longer incubation 

period between two and six days, with a median shedding duration of two days 

(table 20). These findings in the hosts are supported by a study by Hall et al. 

(2001), which reported a mean RSVB shedding duration of 3.9 days.651 Meanwhile, 

a systematic review by Lessler et al. (2009) estimated an incubation range of 3-7 
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days,751 which also supports the RSVB findings in this study. However, Lessler et 

al.’s (2009) values were a composite of all RSVs in all age groups. Using TraVerse, 

concrete differences were observed in RSVA and RSVB transmission rates and 

risks for infection in both children and adults; hence, it was suggested here that 

composite reporting is not the best way to present RSV findings. Instead, RSV 

results should be interpreted according to the virus type.  

Nosocomial RSV infection is most relevant in paediatrics wards, where 45% of 

younger children that have had longer hospital stays are infected.633,658 Given that, 

in this study, RSVA was more likely than RSVB to be found on the hands of children 

that are shedding the virus, RSVA had shorter incubation periods and longer 

shedding durations than RSVB, and RSVA was not transmitted to adults hosts, then 

perhaps RSVA is relevant in the nosocomial infection of children by other children 

that are infected with the virus. Meanwhile, the nosocomial infection of healthcare 

workers may be due to the infection of adults by children with the RSVB on their 

hands. These findings should be interpreted with caution, however, because child-

to-child transmission was not evaluated in this study. It is further suggested here, 

therefore, that RSV transmission should be distinguished between children and 

adults and that studies relating to the natural transmission of RSV from one child 

to another be further pursued. 

11.4.6.5  Clinical Manifestations 

Using Traverse, this study determined that RSVA infection in paediatric sources 

statistically correlated to their developing systemic signs, but not respiratory 

symptoms (table 22). On the other hand, RSVB infections were not significantly 

associated with respiratory symptoms or systemic signs, suggesting that RSVA 

infections may be more severe than RSVB in children. These findings further 

indicate that RSVA and RSVB have different disease pathology; hence, reporting 

findings according to subtype would provide a more accurate representation of 

each.  

Studies on paediatric RSV note the importance of LRTI in this population, 

particularly bronchiolitis and viral pneumonia.658 However, there are no data 
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collected on either of these conditions in the study. Furthermore, only 4 out of 27 

RSV-positive sources had a working diagnosis of bronchiolitis on admission. This 

is likely because 21 out of 27 had RSVB, which had a milder disease presentation 

in sources in this study. This is supported by Virlogeux et al.’s (2015) premise, 

mentioned in an earlier chapter, that short incubation periods and high viral titres 

correlated with severe disease.802 

By contrast, RSVB had a more severe disease presentation in healthy young adults 

in this study, with both respiratory symptoms and systemic signs significantly 

correlating with subtype (table 24). Severe RSV disease in healthy, working adults 

is not very much appreciated, mostly because their symptoms are thought to be 

generally mild and self-limiting; their risk for severe disease is, therefore, 

negligible.32 This misconception is reinforced by the fact that young adults do not 

tend to seek medical attention, and so are not diagnosed. Moreover, because there 

are no over-the-counter medications specific for RSV symptoms, disease cannot be 

correlated with adult health-related spending.32 However, research involving 

nosocomial RSV suggests that disease is severe enough in healthy young adults 

working with children, to account for the number of missed days at work.32,645,814 

In prospectively studying nosocomial infection, Hall et al. (1978)49 observed 

healthcare workers for two months. They determined that, although most adult 

RSV illness was confined to the upper respiratory tract, still an average of six 

working days were missed by 80% of individuals.49 In another study, Hall et al. 

(2001) determined that 84% of previously healthy working adults developed 

symptoms due to RSV infection. Although most of these infected adults worked at 

hospital or medical university, contact with paediatric patients did not occur in 

more than 50%. Meanwhile, asymptomatic infection was rare and observed only in 

adults who have worked in paediatric wards for many years.651 This particular 

study supports a few of the findings in TraVerse including, the statistically 

significant risk of hosts developing clinical illness after RSVB transmission by 

sources (table 27), the lack of direct correlation of host RSVB infection with source 

shedding and viral load, and the absence of asymptomatic infection in hosts.   
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11.4.6.6  Summary of RSV Findings 

To summarise the findings on RV transmission using the TraVerse method, RSV 

large droplet transmission occurred at a low rate of 5%, likely because the sources 

were prodromal or recovering from illness, or the hosts were shedding at low 

levels not detected by PCR. 

Meanwhile, hand-to-hand transmission of RSV was the primary mechanism of 

transmission, although only RSVB transmitted, and not RSVA. The transmission of 

RSVB to adults was 23 times more likely to occur if the children had the virus on 

their hands than if they did not. Half of the hosts to whose hands RSVB transferred 

touched their faces, which had implications for clinical illness in this study.   

Virus shedding of RSVA and RSVB was the highest observed in this study, with 

both children and adults shedding the viruses at titres up to two logs more than 

Flu. There were distinct differences in the incubation periods and shedding 

durations between RSVA and RSVB; therefore, a PCR assay that subtypes viruses in 

recommended for RSVA diagnosis. 

Fomite transmission did not occur in this study, which contradicts studies that 

suggest RSV transmission occurs by the hand-to-fomite-to-hand route. Instead, 

this study established that RSV transmission is primarily by the hand-to-hand-to-

face route, which has implications for nosocomial infection. 

Nosocomial infections are highly relevant in RSV infections and are highest in 

children than in adult healthcare workers. NI is suggested to correlate to high 

virus titres and long durations of shedding, both of which were observed with 

RSVA but not RSVB. Since RSVA was not transmitted to adults, it was theorised 

that RSVA is only transmitted from a child to another child and not from a child to 

an adult. However, because child-to-child transmission was not evaluated using 

TraVerse, more research needs to be done. 

Clinically, RSVA infection in children was associated with severe systemic signs, 

while RSVB infections correlated with a temperature≥37.8°C. Bronchiolitis and 

pneumonia commonly occur in RSV infections in this population but were not 
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observed in this study, likely because most of the paediatric infections were with 

RSVB. By contrast, RSVB resulted in severe disease in adults in this study, which 

was characterised by systemic signs that included myalgia. Meanwhile, RSV as a 

group caused upper respiratory symptoms such as sore throats, and systemic 

signs that included malaise. Therefore, the suggestion that RSV disease in adults is 

generally mild and self-limiting is a misconception, likely because this population 

does not seek medical attention and so are not diagnosed. Because the adults are 

not diagnosed, the sales of over-the-counter medications cannot easily be 

associated with the burden of RSVB in this population. 

 

11.4.7 Human Metapneumovirus (hMPV) 

Human metapneumovirus is one of the common cold viruses recently identified 

using PCR. Although it was only discovered in 2001, molecular evolutionary 

studies determined that hMPV has infected humans for at least 50 years.2,29,611,688 

However, even 16 years since its discovery, little is known about the virus, 

presumably, because it is not included in many standard laboratory diagnostic 

screenings.2,19 Therefore, this is the first study to elucidate the human-to-human 

transmission of hMPV and to do so in natural infection. However, data from this 

study should be interpreted with caution. 

In this study, seven paediatric sources shed hMPV; three had mono-infections, and 

four were infected with other viruses. However, hMPV transmission did not occur 

by any of the mechanisms evaluated. Other studies established that hMPV behaves 

much like RSV;815 however, although RSV droplet and hand contact transmission 

were observed using TraVerse, neither was evident with hMPV.  

Notable were the high virus titres that the paediatric sources shed. The least 

amount of virus shed had a Ct value of 29, which was the Ct of the severe case of 

adult HCoV infection in this study. Meanwhile, the highest amount of virus shed; 

hence, the most severe symptoms in sources with hMPV, had a Ct of 13. Therefore, 

hMPV infection in the paediatric population, in this study, resulted in severe 

clinical illness. 
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In healthy young adult hosts, hMPV infection did not occur. However, two adults 

whose source pairs had mono-infections of hMPV reported symptoms. Given that 

the sources shed hMPV at high titres and that the virus was not circulating in the 

host population, suggest that hMPV transmission occurred, and at a considerable 

rate (table 19). The mechanism by which host infection transpired was not 

established using TraVerse. Although given that small droplet aerosol was the only 

mechanism not properly investigated, it is feasible that aerosol transmission was 

the primary mode of hMPV transfer, in this study.  

11.4.7.1  Clinical Manifestations 

Human metapneumovirus belongs to the same family of viruses as RSV. Hence, 

most studies find that the virus causes similar symptoms as RSV bronchiolitis with 

the exception that hMPV is also associated with URTI, LRTI, and diarrhoea 

accompanied by fever.688,736,816-820 A broad hMPV prevalence range of 3.3 to 19 is 

reported, depending on whether hospitalised children with underlying disease 

were included or not.821 It is established that hMPV is second only to RSV in 

incidences of acute bronchiolitis in paediatric inpatients. Furthermore, the virus 

can cause infections on its own such that, with a co-infection, the risk for 

mechanical ventilation increases.821  

In this study, a prevalence of 7% was observed in paediatric hMPV infections, 

similar to RSVA, and is well within the range reported in other studies. Single 

infections were observed in 43% (3/7), while co-infections occurred with EV, 

HAdV, HCoV, and RV. Fever was observed in 3 (43%) of the sources; one (14%) of 

whom also had diarrhoea. A novel finding in this study was that six (86%) of the 

sources with hMPV infections were females aged between 4 months and 39 

months; this finding was significant (p=0.016), and the odds of it occurring were 

10 times greater than if the children were male. Therefore, compared to recent 

studies on children hospitalised with hMPV, 815,822 TraVerse findings are 

concordant, except for the preponderance of the disease in female children. 

However, more data are needed to establish the clinical significance of gender in 

paediatric hMPV infections.  
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Studies on hMPV in healthy young adults are more limited than those involving 

children. Nevertheless, it is suggested that the burden of hMPV infection in adults 

is substantial. Widmer et al. (2014) determined a hospitalisation rate of 2.6% with 

a proportion of ED admissions that was six times higher.823 These rates increased 

with age, as observed in recent cases in the elderly that had a fatality rate of 

50%.690  

Although the mechanism of hMPV transmission was not established in this study, 

two out of three adults that interacted with sources that had mono-infections of 

the virus, developed illness nonetheless. There were no signs or symptoms that 

statistically correlated with adult infection, although both hosts reported a dry 

cough and nasal congestion. Both hosts also had illness duration ≥3 days, which 

are supported by findings that illness in young adults can last up to ten days.691 

Therefore, although hMPV transmission was only presumed in this study because 

adult PCR test results were negative, the number of healthy hosts that became ill 

for several days after interacting with sources infected with hMPV, was 

nonetheless substantial (67%). These findings are concordant with the limited 

studies in this population, which provide further evidence that hMPV causes 

severe disease in healthy adults that have implications for the number of days lost 

at work.  

11.4.7.2  Summary of hMPV Findings 

To summarise the findings on hMPV transmission using the TraVerse method, 

transmission by large droplet, hand-to-hand contact, self-inoculation, and fomite 

did not occur with hMPV in this study. Despite a prevalence of infection in children 

that equalled that of RSVA, this negative finding in the study could be because 

aerosol is the primary mechanism of transmission of the virus. 

Clinically, hMPV infections in children in this study is characterised by mono-

infections in 43%, and a fever that is often accompanied by diarrhoea, which is 

similar to findings in other studies. However, a novel finding in this study was that 

females were statistically more susceptible to hMPV, at a rate of 86%, and that 

they are ten times more likely to be infected with the virus than are males.  
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In adults, 67% became ill without shedding a virus, after interacting with source 

pairs that had mono-infections of hMPV. Disease in adults was mild, and no 

particular signs or symptoms were of significance, which contradicts other studies. 

However, the long duration of adult clinical illness from hMPV infections is 

congruent with other studies. Therefore, there is still very little known about 

hMPV infections even though it was discovered 16 years ago and has infected 

humans for 50 years. This study, using TraVerse, adds a little more to the body of 

knowledge; however, including hMPV in standard laboratory diagnosis is the best 

way to know more about the virus.  

 

11.4.8 Parainfluenza Viruses (PIV) 

Using TraVerse, natural PIV transmission by large droplet, hand contact, and 

fomite was not observed. This finding is contradictory to other studies that suggest 

PIV transmission occurs through large droplet, contact with unwashed hands, or 

aerosols 694,701,805 because infections with this virus cause community epidemics 

and nosocomial infections.805  

However, despite not having elucidated PIV transmission rates, this study 

established that clinical manifestations of infection in children differ according to 

the virus type, another indication that a PCR method that identifies virus infection 

by subtype is clinically relevant. Furthermore, this study determined that hosts 

who did not shed PIV nonetheless became ill after interacting with their source 

pairs who had mono-infections of the virus, at rates of 100% for PIV1 and 75% for 

PIV3 (table 19). Therefore, there is clinical evidence that PIV1 and PIV3 

transmission occurred using the TraVerse method and, because aerosol 

transmission was not properly evaluated in this study, it is conceivable that this 

was the mechanism by which virus transmission occurred. 

11.4.8.1  Clinical Manifestations 

Parainfluenza viruses are relevant in epidemic infections because they tend to 

spread quickly in the community, diseases result in considerable hospital 
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admissions, and nosocomial infections in neonates, the chronically ill and bone 

marrow transplant (BMT) patients are critical and result in the closure of wards 

for a protracted period.805,824 PIV3 is particularly hazardous in BMT units, where 

they cause mortality in 50% of infections.808,825 Because it is difficult to confidently 

identify the mechanisms of transmission in these settings, current infection 

control practices have not proven to be appropriate or consistently effective.808,825 

Infection control is particularly problematic because patients tend to shed PIV for 

long periods; sometimes for up to 4 months.718,808  PIV epidemics generally occur 

between May and September in temperate climates, a long period that suggests the 

occurrence of multiple introductions into the community and the wards. Full-scale 

infection control practices are strictly imposed in the wards where nosocomial 

infections are most critical;808 these include using gowns, single-use gloves, patient 

and carer cohorting, and proper hand washing. More importantly, symptomatic 

staffs are strongly advised to stay home from work; superiors are particularly 

vigilant about even minor sniffles that could later prove harmful to the 

patients.808,826 

In this study, 9% of paediatric infections were due to PIV3, which were prevalent 

during spring. This prevalence was higher than that seen with other members of 

paramyxoviridae, RSVA and hMPV, which both measured 7%. By contrast, PIV1 

was identified in 2% of the paediatric sources, the second lowest prevalence 

measured in this study, after HCoV2. PIV2 and PIV4 were not shed by the sources, 

which is supported by studies suggesting that PIV2 circulates in irregular 

patterns694,701,702,711 and that PIV4 is rare but, when present, causes significantly 

severe clinical conditions.701,713  

Clinical manifestations were more severe in PIV3 infections in paediatric sources 

in this study and included tachypnoea, lung crackles, and wheeze. Fever was a very 

strong indicator of infection with both PIV1 and PIV3 (table 22). Chughtai et al. 

(2017) promoted the consideration of co-infections when clinically assessing 

children that present with fever, because fever is a likely indicator of co-infections, 

and co-infections result in more severe clinical manifestations.827 However, the 

difference in symptom severities between PIV1 and PIV3 cannot be correlated 

with co-infections in this study, with each type having co-infection rates of 50%.  
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Chughtai et al. (2017) determined a rate of 8.3% for fever in adults with PIV 

infections and a correlation of co-infection with adult fever. They also determined 

fever to be appreciatively higher among healthcare workers in their study.827 None 

of the adult hosts that interacted with the sources infected with PIV reported a 

fever; therefore, results in this study cannot be compared to Chunghai et al.’s 

(2017). A fever is an inflammatory response. Therefore, if taking Virlogeux et al.’s 

(2015) premise that high viral loads are associated with severe disease because 

the host immune response is either too weak or too aggressive, then the reason 

why hosts in this study did not develop a fever or shed viruses despite clinical 

signs of disease could be because they had a robust immune system that had the 

appropriate response to infections. A serological analysis is needed to challenge 

this premise. 

Despite the absence of a fever, however, the host whose source pair had a mono-

infection of PIV1 reported systemic signs, including fatigue, malaise, and myalgia. 

None of these signs were statistically significant to PIV1 infection in adults, 

although they have implications for missed days at work. On the other hand, hosts 

whose source pairs had mono-infections of PIV3 reported only upper respiratory 

symptoms, none of which were statistically significant to PIV3 infection in adults. 

Therefore, although the exact mechanisms of PIV1 and PIV3 transmission were not 

established using TraVerse, clinical infection in adults after interacting with 

children infected with the viruses nevertheless suggests that disease transmission 

occurred.  

Since aerosol transmission was not properly evaluated, it is suggested here that it 

could be the primary mechanism for PIV transmission. Furthermore, even though 

none of the signs and symptoms reported by the hosts correlated with PIV type, 

the results suggest that clinical manifestations differ according to the virus type in 

both children. Finally, it was established that PIV subtypes differ in clinical 

manifestations in children and young adults, which may have implications in the 

clinical management of the disease. Therefore, a PCR method that identifies PIV 

infection by subtype is clinically relevant. 
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11.4.8.2  Summary of PIV Findings 

To summarise the findings on PIV transmission using the TraVerse method, 

transmission by large droplet, hand-to-hand contact, self-inoculation, and fomite 

did not occur with hMPV in this study. Despite a prevalence of PIV3 infection in 

children that was higher than other paramyxoviruses, this negative finding in the 

study could be because aerosol is the primary mechanism of transmission of the 

virus.  

Clinically, PIV1 and PIV3 infections in this study cause severe disease in children 

that resulted in LRTI. Fever is significant to severe infections in children with 

either PIV1 or PIV3, which other studies suggest is due to co-infections with other 

viruses. However, the correlation between paediatric fever and co-infections 

cannot be assessed in this study because there were equal rates of mono-

infections and co-infections in children with PIV.   

In adults, 75% became ill without shedding a virus, after interacting with source 

pairs that had mono-infections of PIV3; the rate increased to 100 when the source 

pairs had PIV1 infections. However, fever and severe disease were consistently 

absent in the adults in this study. The reason provided here was that adults had a 

robust immune system that was able to mount a response to infections that was 

neither too weak nor too strong, which resulted in mild, self-limiting symptoms of 

short duration. 

 

11.5 Difficulties Encountered 

11.5.1 Source Recruitment 

This project had the most number of research participants of all transmission 

studies that are known. There were 154 paediatric patients recruited and 191 

healthy young adult subjects on reserve. These numbers give one the impression 

that the pool of participants was large, or that obtaining consent was a relatively 

easy exercise, given the nature of the project – young medical students playing 

with sick children, in the hospital. It was relatively straightforward recruiting 
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potential hosts who came to the clinic in droves and banged on research doors, 

begging to be consented into the study. The researcher assumed that it was their 

genuine interest in the advancement of medicine and research that brought about 

this positive response and that the monetary incentive was just incidental to their 

interest. Hence, recruiting the hosts did not pose that much of a difficulty although, 

they caused complications in other aspects of the study that is discussed in the 

next section.  

The recruiting experience was not the same with the paediatric sources, and this 

was where the most struggles were experienced in this study. There were times 

when the researcher would go for days without obtaining parental consent, which 

was demoralizing. On slow days, not being able to recruit patients was tough to 

bear because not many patients were eligible to participate, and desperation set in. 

On days when the ward beds were at full capacity, there were too many from 

whom to choose, but the need of the medical team to rapidly assess and discharge 

patients took precedence over any research being done; on these occasions, the 

researcher got in the way of medicine in practice. And then there were the ‘sweet 

spot days,’ when the wards had neither too little nor too many eligible patients 

from which a researcher can choose. Those were the days when a negative 

parental response was most challenging to withstand because it meant one was 

doing a very bad job of obtaining consent.  

Lebet et al. (2013) provided nurses’ insights on best practices in asking for 

parental permission in clinical trials involving children,828 while Sammons et al. 

(2007) established the motivations of British parents in enrolling their children to 

participate in ethically approved clinical research.829 They determined that 

parents were more likely to provide consent if, they were not feeling pressured 

into it, they perceive that the study is important in gaining medical knowledge for 

the future, the child benefits are clear while the risks are low, and the study does 

not interfere with normal clinical procedures. By contrast, parents who refused 

consent cited reasons such as, rushing through the information and consent 

process, the perception that their child’s care will be compromised or delayed, 

anxiety regarding the child’s illness, chronic illness in any of their children, a 

higher level of education, and the consent form clause on who eventually gets 
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access to the records.828,829 However, it is the researcher’s opinion that the 

procedures followed in obtaining consent in this study were technically on-point. 

The information sheets and consent forms were ethically approved and easy to 

read and understand, the researcher had knowledge of all aspects of the study, 

received training in consenting parents and young adults and got better with 

experience, and had a good rapport with the junior doctors and consultants 

working in ED and in the wards.  

Lebet et al. (2013) further impressed upon the need for teaming up with the 

clinical staff, particularly the nurses. They established that nurses are trusted 

more than anyone in the clinical team such that, their viewpoint held enough sway 

for either a positive or negative consent outcome.828 Furthermore, involving 

nursing staff who personally care for the potential recruits is invaluable to the 

researcher because, they know the patients and the family dynamics involved, can 

advise on the best times to approach a parent to discuss the study, and can provide 

credibility to the research team, which the parents then take on board when 

deciding to agree to the study.828  

In hindsight, the pivotal point in recruiting paediatric participants into this study 

could have been when the researcher established rapport with the ward sister and 

her deputy. There was no monumental event, just a series of little events that 

somehow eventually made the researcher part of the ward team, rather than the 

invading outsider. For example, at times when the ward was incredibly busy that 

treatment rooms used for the interactions in this study were not available, the 

researcher helped facilitate patient movement by supporting the nursing staff in 

such things as: handing out baby formula to the parents to keep track of their 

child’s food intake, or providing clean diapers and weighing wet ones to record 

urine output; both of which needed to be fulfilled before the patient can be 

discharged. The moment a child tugged on the researcher’s clothes to hand over 

her little brother’s urine and stool sample because her mother said so was, indeed, 

a memorable day. More importantly, when evaluating bedside testing for 

respiratory viruses was being evaluated for immediate implementation, the 

researcher volunteered to train the nursing and support staff in performing the 

test and created a form for reporting critical information that can be analysed by 
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the team assessing the tests. In return, the researcher was not treated as unkindly 

when using treatment rooms for interactions, even on extremely busy days. The 

researcher also received proper advice on who was eligible to take part, who in ED 

were making their way up to the wards, how many were expected to come in at 

nights, on the weekends, and during holidays, and what times were best to recruit. 

Eventually, the researcher was offered toasted bread for breakfast and tea at any 

time of day, like any other staff. Therefore, on this occasion, the researcher 

integrated into the wards for the mutual benefit of research and medicine. 

Integrating was unintentional but, it became a necessity since almost all day was 

spent in the wards anyway; hence, it may not be for everyone. However, the give-

and-take nature of the interaction between researcher and ward staff is essential 

and should not be taken lightly.     

11.5.2 Host Logistics 

This research was always going to be a logistical nightmare because, not only do 

paediatric sources need to meet inclusion and exclusion criteria, healthy young 

adult hosts must as well, and then they both have to be available at the same time 

for the interaction to occur. Aside from that, recruiting hosts must only be done 

until two weeks before an exam, host follow-up visits must be timed so that they 

do not impede recruitment of the next source-host paired interaction, and these 

visits must be made outside lecture hours so that the hosts are not late for classes. 

Therefore, a high level of organization was necessary for the project to go as 

smoothly as a well-oiled machine. However, no matter how organized one is, there 

will always be a spoke in the wheel.  

The most difficulty encountered with the hosts was the dynamism of their 

schedules such that, even though the researcher was aware of their availabilities 

two weeks beforehand, sudden changes never failed to surface. Changes were 

usually due to additional lectures that they elect to attend, or anxiety over exams 

that were several months away. These schedule changes tended to coincide with 

the times when sources willing and eligible to interact with hosts were abundant. 

These changes impeded the study because they prevented or delayed commencing 

the source-host interactions, which was a particular nuisance because they wasted 
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the two to three hours it normally took to consent a child into the study. Most 

interactions cannot be delayed because the children were already discharged by 

the time the host finally turned up at the clinic. After a while, the researcher 

noticed that hosts in the same year of studies had relatively similar days and times 

of availabilities. Since participating in the study had a reasonably substantial 

financial incentive for hosts, the researcher operated on a system of contacting 

hosts according to the order in which they submitted their fortnightly schedules. 

However, when it was evident that a schedule change has occurred, then every 

available host in the year/s affected by the change were bypassed, in favour of 

those in other years. This had negative implications for recruitment in that it 

decreased the pool of adults on the day’s list. However, it also prevented wasting 

the time of the researcher, the medical staff, and the parents, and the 

disappointment of the source in not being able to play. 

Another nuisance relates to the follow-up visits being scheduled according to the 

hosts’ free time. Although this was very well tolerated and accepted by the 

researcher as necessary, there were instances when it inconvenienced the 

researcher. Such occasions included arranging follow-up swabs after visits to the 

gym at 6AM, after weekend family visits at 11PM, and during weekends and 

holidays; this being the norm and not an irregularity. These occasions cannot be 

helped and may just be best considered the occupational hazards of prospective 

clinical research.  

Not long after the first year of study, TraVerse became established as the fun study 

that pays UoL students to participate. This made it so that, when the hosts were 

not able to interact with a source, they let their friends know, who then contacted 

the research team directly to volunteer. This was generally allowed, as long as 

there was no one else in the queue of hosts to be contacted, and the alternate hosts 

were already on the reserve list. Since the interactions were time-critical to the 

sources getting discharged, hosts were asked to arrive at the clinic for consent, 

swabbing and blood collection within 30 minutes of communications with the 

researcher. This was considered reasonable since the university was only a 10 to 

15-minute walk downhill to the hospital clinic. However, because hosts did not 

want to lose their place in the queue for interactions that day, they would send a 
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message that they were on their way to the clinic, but not turn up until after at 

least an hour has passed. More often than not, the hosts were able interact with 

sources, but this placed time pressure on everyone involved, including the parents 

and the sources. Furthermore, these interactions tended to be of short duration; 

either the sources were tired because they had to wait, or their parents were eager 

to leave because their other children were waiting at school or at home. Therefore, 

a time limit was set up to reduce these incidences as much as possible; the hosts 

were advised that failure to turn up at the clinic within the allotted 30 minutes 

forfeited their participation and passed on the opportunity to the next host in the 

queue.  

Finally, although there were no shortages of host volunteers in the study, with 

equal proportions of males and females, there was, nonetheless, a disparity in the 

ethnicity of the participants. In the years of study, there were approximately 1200 

young adults matriculating at the UoL Medical School annually (data provided by 

UoL); the ethnic proportions were, 54% White, 24% Asian, and 22% others. 

However, the hosts that participated in the interactions were 70% White. Studies 

suggest that involving minorities (including women) in research is a difficulty in 

many studies.830-832 Minorities are important in research, to make sure that 

findings apply to the general population, to promote healthcare equality, and to 

uphold ethical research standards.830-832 It is suggested that minorities do not 

participate in research for personal, historical, and practical reasons; that is, a 

personal distrust of studies, a history of studies-gone-awry that involved 

minorities, and the difficulties in getting to research centres.830,832 Suggestions for 

overcoming these barriers include monetary incentives, flexibility in participation, 

different mechanisms of contact, including social media and use of other 

languages, and emphasizing the benefits of participation.831,832 The researcher 

believes that these suggestions were utilized in TraVerse, except that English was 

the only language used, as required by the study research ethics committee. 

However, if the reason for minority students’ non-participation in the study was 

because of ingrained research distrust, it is doubtful that there was much else to be 

done to encourage participation. It is, however, hoped that TraVerse was a positive 
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experience for the volunteers, so that it may encourage research participation in 

the future.  

11.5.3 Funding 

The difficulty in procuring a bioaerosol sampler was already alluded to in previous 

sections, and its consequence was apparent in the absence of usable data on 

aerosol transmission in this study. The other difficulty encountered, due to lack of 

funds, was in the whole genome sequencing (WGS) of RV samples: there was a 

limited number of laboratories that were capable of the WGS of RV directly from 

clinical samples, which was the reason for the high price. WGS was considered 

necessary because RV evolves rapidly through homologous and heterologous 

genetic recombination,62,70,785 a finding that was established in this study as well as 

others; hence, WGS is the best available mechanism to identify RV type accurately 

and correlate it with pathognomy.62,70,785  

Finding the appropriate laboratory with which collaboration was possible took 

three years. The cost was cheaper with this laboratory than with the others’ but 

still relatively expensive. However, they could do two things that the other 

laboratories cannot: use clinical samples without the need for prior laboratory 

processing by the researcher, and analyse data within a fortnight, rather than 

several months. In order to be able to pay for this collaborative service, the 

researcher offered to reduce the employment contract by half such that, the final 

year of the researcher’s contract would then only last for six months. However, the 

WGS laboratory made a last minute stipulation, which was to have the names of 

their team listed as top authors in any publications that arise from their work, and 

they made this non-negotiable. This was not only unacceptable to the researcher 

but also unfair to the others who contributed to the TraVerse study. In the end, 

therefore, WGS was not done and the researcher was out of a job sooner than 

expected; all these would not have been an issue had there been grant funds 

available. Snell et al. (2017) suggested that the reasons why funding in respiratory 

research is hard to come by in the UK are, substandard collaborative efforts, 

unhelpfulness in advocating colleagues’ grant proposals, and dissonance in 

promoting respiratory research agenda.36 Clearly, this has to change.  
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It is important to note that, although a few difficulties were encountered in 

carrying out the TraVerse study, they were nevertheless considered mere 

nuisances that cannot be helped. Immense support was provided by the 

supervisory team, the review panel, the paediatrics team, and the research and 

administrative staff. All these made the TraVerse study an altogether positive 

research experience, of which one may be proud.  

 

11.6 Conclusions and Recommendations 

The TraVerse method of natural transmission was evaluated in this study, in 

relation to viruses relevant to the common cold including, RV, EV, Flu, HCoV, 

HAdV, RSV, hMPV and PIV. It was found to be fit-for-purpose in ascertaining 

respiratory disease spread that may have implications in future pandemics by 

large droplet, hand contact, self-inoculation, and fomites. Regrettably, the 

contributions of aerosol transmission were not appropriately evaluated, due to 

financial restrictions. Thus, it is recommended that TraVerse be further evaluated, 

to include aerosol measurement and to ascertain the reproducibility of the results 

established in this study.  

TraVerse results include, large droplet transmission rates of 24% for RV, 5% for 

RSVB and 4% for EV, hand-to-hand transmission rates of 19% for RV and 18% for 

RSVB, self-inoculation rates of 100% for EV, 67% for RV, and 50% for RSVB, and 

fomite transmission rates of 33% for HAdV, 20% for EV, and 8% for RV. It was 

suggested here that hand and fomite transmission rates, particularly those of EV 

and HAdV, may be promoted by childhood mouthing behavior; hence, it is 

recommended that hand disinfection of paediatric patients be considered in 

devising intervention practices, rather than just the hands of hospital staff and 

visitors.  

Transmission rates that resulted in host virus shedding were not elucidated for 

Flu, HAdV, HCoV, hMPV, PIV, and RSVA by any mechanism evaluated using the 

TraVerse method. Nevertheless, clinical illness was observed in healthy adults at 

rates of 100% for HAdV, HCoV1, and PIV1, 75% for PIV3, 67% for hMPV, 50% for 
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FluA(H3), and  29% for RSVA; thereby, suggesting that although shedding was not 

observed, presumptive transmission of disease nonetheless occurred. The reasons 

given in this study for the non-detection of viruses were, host shedding at very low 

levels that are not detectable by PCR, host shedding at levels detectable by PCR, 

but lower than the lowest quantitation standard value of 103 virus particles/ mL, 

and probable aerosol transmission.  

This study further established that, contrary to general assumptions, healthy 

young adults are susceptible to severe disease manifestations that result in high 

symptom scores and long durations of illness. These were particularly noticeable 

in FluA (H3), HAdV, hMPV and PIV1 infections. It was also ascertained that, even 

though healthy young adults shed viruses and experienced severe illness, they 

were still not inclined to stay home, take an antipyretic, or seek a medical 

consultation. One possible reason put forward was that healthy adults have robust 

immune systems that respond appropriately to infection, so they are able to 

tolerate their symptoms better than children, whose immune systems respond 

either weakly or aggressively to a disease and leads to hospitalisations. However, 

studies that include serology tests would be better placed to comment on these. 

Therefore, it is strongly recommended here that hospital infection control policies 

involving the forced absence of symptomatic staff should be continued, 

particularly in high-risk wards, in case the staff are shedding transmissible viruses 

at very low levels. Asymptomatic infections were also observed in 5% of healthy 

adult hosts infected with RV. Since asymptomatic shedding promotes the silent 

nosocomial transmission of viruses, the rapid swab testing of staff is further 

recommended here as part of standard hospital infection control programmes. 

The findings of note in this study were that: 1) RV-B causes mild infections, and is 

considerably more predominant in healthy young adults than paediatric patients, 

2) RV-C is primarily a paediatric infection, although RV-A is the type most often 

transmitted, 3) in children, febrile convulsion is significantly associated with EV, 

and fever with HAdV and PIV3 infections, 4) RSVB transmission is primarily due to 

direct hand-to-hand-to-face contact, rather than through the more commonly 

suggested hand-to-fomite-to face contact, 5) hMPV is implicated in severe 

infections in healthy young adults, however, more data are needed to verify this 
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finding. It is, therefore, suggested that hMPV be included in routine diagnostic 

testing for respiratory infections, 6) RSV and PIV subtypes had varying infection 

rates, transmission mechanisms, and clinical manifestations, which provide 

further support for the need for a diagnostic assay that is able to subtype viruses, 

and 7) RSVA was more likely to be found on the hands of sources that are shedding 

the virus, had a shorter incubation period and longer durations of shedding, and 

was not transmitted to adult hosts. Taken altogether, this suggested the possibility 

of RSVA hand transmission from children to children and RSVB hand transmission 

from children to adults, which have implications for nosocomial RSV infections. 

It was with great disappointment that the researcher was not able to ascertain Flu 

shedding rates that could be of benefit to current pandemic preparedness plans; 

however, it is suggested that the absence of transmission in this study may 

nonetheless provide support to the increasing supposition that Flu is primarily 

transmitted through aerosols.   

In order to increase the chances of an accurate diagnosis of infection, flocked 

swabs were used in the sample collection and the most highly sophisticated RT-

PCR method available, at the time of the study, was employed in diagnostics. It is 

recommended here that flocked swabs replace NPAs as standard in paediatric 

respiratory sample collection because NPAs inflict unnecessary pain on patients 

and add very little value to an accurate diagnosis. It is also recommended that, 

where finances are of no object, the use of quantitative, multiplex, real-time RT-

PCR assays be the standard in diagnostic laboratories, for optimized results that 

can have a direct impact on patient management.  

Finally, there were difficulties encountered by the researcher in this study that 

was brought to the reader’s attention, so that they may be avoided in future 

research. They included difficulties in paediatric patient recruitment, logistics, the 

participation of healthy young adult minorities in research, and funding. When 

cogitating about these challenges, the researcher concluded that, with some 

amount of flexibility and commitment to the research, the challenges were 

tolerable and, in hindsight, amounted to nothing more than nuisances. However, 

with a great deal of support from supervisors, progress review panel members, 
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clinical staff and administrative and research services, the difficulties became 

relatively surmountable. For these, the researcher gives enormous thanks. 
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12 Tables 

Table 3 Host Diary Card 

Diary Card Parameters 
No. Hosts reported  
(%)j 

 
Absenteeism 
(Work/ University) 
 

 

6 (7.1) 

Antipyretic Use 12 (14) 

GP Consultation 3 (3.6) 

Oral Temp. ≥37.8˚C 4 (4.8) 

Chest Pain 3 (3.6) 

Chills 6 (7.1) 

Cough, Dry 25 (30) 

Cough, Productive 10 (12) 

Decrease Appetite 11 (13) 

Difficulty Breathing 3 (3.6) 

Eye Pain 10 (12) 

Facial Pain 6 (7.1) 

Fatigue 26 (31) 

Fever 8 (9.5) 

Headache 31 (37) 

Hoarseness 19 (23) 

Malaise 17 (20) 

Myalgia 15 (18) 

Nasal Congestion 53 (63) 

Runny Nose 47 (56) 

Sneezing 30 (36) 

Shortness of Breath 4 (4.8) 

Sore Throat 39 (46) 

Thick Nasal Discharge 18 (21) 

Wheeze 2 (2.4) 

 

                                                        
j Symptomatic hosts (n=84) 
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Table 4 PCR Panel 1k  

Primer/ 
Probe 

Sequence 
Working 
Conc. 
pmol/µL 

Stock 
Vol. 
 (µL) 

Final 
Vol. 
(µL) 

Vol. 
H2O 
(µL) 

Unit 
Vol. 
(µL) 

AMF 5’-GAG TCT TCT AAC 

MGA GGT CGA AAC GTA-

3’ 

20 50 250 200 0.5 

AMR 5’-GGG CAC GGT GAG CGT 

RAA-3’ 
20 100 500 400 1.0 

AH3F 5’-CCT TTT TGT TGA ACG 

CAG CAA-3’ 
50 250 500 250 1.0 

AH3R 5’- CGG ATG AGG CAA 

CTA GTG ACC TA-3’ 
50 250 500 250 1.0 

BNPF 5’-GCA GCT CTG ATG TCC 

ATC AAG CT-3’ 
20 16 80 64 0.16 

BNPR 5’-CAG CTT GCT TGC TTA 

RAG CAA TAG GTC T-3’ 
20 16 80 64 0.16 

MS2F 5’-TGG CAC TAC CCC TCT 

CCG TAT TCA CG-3’ 
20 10 50 40 0.1 

MS2R 5’-GTA CGG GCG ACC CCA 

CGA TGA-C-3’ 
20 10 50 40 0.1 

AM Probe 5’-JOE-TCC TGT CAC CTC 

TGA C-MGBNFQ-3’ 
10 20 200 180 0.4 

AH3 Probe 5-FAM-CCT ACA GCA ACT 

GTT ACC-MGBNFQ-3 
20 10 50 40 0.1 

BNP Probe 5’-CY5-CCA GAT CTG GTC 

ATT GGR GCC CAR AAC 

TG-BHQ3-3’ 

3.3 3.3 100 96.7 0.2 

MS2 Probe 5’-ROX-CAC ATC GAT 

AGA TCA AGG TGC CTA 

CAA-GC-BHQ2-3’ 

10 10 100 90 0.2 

Total Vol. 

(µL) 

 
  2460 1714.7 4.92 

                                                        
k FluA(H1), FluA(H3), FluB and MS2 internal control Primer-Probe Mix (500 reactions) 

 



 167 

Table 5 Panel 2 – RSVA and RSVB Primer-Probe Mix (500 reactions) 

Primer
/ Probe 

Sequence 
Working 
Conc. 
pmol/µL 

Stock 
Vol. 
 (µL) 

Final 
Vol. 
(µL) 

Vol. 
H2O  
(µL) 

Unit 
Vol. 
(µL) 

RSVF 5’-GGG WGG WGA AGC WGG 

ATT CTA CC-3’ 
20 50 250 200 0.5 

RSVR 5’-ACC TCT RTA CTC TCC CAT 

TAT GCC TAG-3’ 
20 50 250 200 0.5 

RSVA 

Probe 

5’-FAM-TAT TAG GCA ATG 

CTG CTG-MBGNFQ-3’ 
10 10 100 90 0.2 

RSVB 

Probe 

5’-VIC-TCC TAG GCA ATG CAG 

CAG-MGBNFQ-3’ 
10 10 100 90 0.2 

Total 

Vol. 

(µL) 

 

  700 580 1.4 

 

Table 6 Panel 3 – RV and EV Primer-Probe Mix (500 reactions) 

Primer
/ Probe 

Sequence 
Working 
Conc. 
pmol/µL 

Stock 
Vol. 
 (µL) 

Final 
Vol. 
(µL) 

Vol. 
H2O  
(µL) 

Unit 
Vol. 
(µL) 

Ent/ 

RhinoF 

5’-CGG CCC CTG AAT GYG GCT 

AA-3’ 
20 50 250 200 0.5 

Ent/ 

RhinoR 

5’-GAA ACA CGG ACA CCC 

AAA GTA-3’ 
20 50 250 200 0.5 

Rhino 

Probe 

5’-JOE-TCY GGG AYG GGA CCR 

ACT A-MGB-3’ 
10 15 150 135 0.3 

Entero 

Probe 

5’-6FAM-TCT GYR GCG GAA 

CCG ACT-MGB-3’ 
10 15 150 135 0.3 

Total 

Vol. 

(µL) 

 

  800 670 1.6 
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Table 7 Panel 4 – HCoV Primer-Probe Mix (500 reactions) 

Primer
/ Probe 

Sequence 
Working 
Conc. 
pmol/µL 

Stock 
Vol. 
 (µL) 

Final 
Vol. 
(µL) 

Vol. 
H2O  
(µL) 

Unit 
Vol. 
(µL) 

CorF 
5’- ATG GGT TGG GAY TAT CCI 

AAR TGT GA -3’ 
10 25 250 225 0.5 

CorR1 
5’- GCA GTA GTT GCA TCA 

CCA CTR CTA GT -3’ 
10 25 250 225 0.5 

CorR2 
5’- GCT GTA CTA GCR TCA 

CCA GAA GT -3’ 
10 25 250 225 0.5 

CorR3 
5’- GCT GTA GTT GCR (A TCA 

CCA GAA GT)-3’ 
10 25 250 225 0.5 

CorR4 
5’- AGC AGT TGT AGC ATC 

ACC GGA TGA T-3’ 
10 25 250 225 0.5 

GP1 

Probe 

5’- FAM-TTR GGY TCT AAG 

CAT GTY A-MGB-3’ 
2 2 100 98 0.2 

GP2 

Probe 

5’- JOE-CTT GCG AAT GAA 

TGY GC –MGB-3’ 
2 2 100 98 0.2 

SARS 

Probe 

5’- Cy5-CAG GTT AGC TAA 

CGA GTG TGC GCA AGT A-

BHQ3-3’ 

2 2 100 98 0.2 

Total 

Vol. 

(µL) 

 

  1800 1644 3.1 
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Table 8 PIVs 1 to 4 Primer-Probe Mix (500 reactions) 

Primer
/ Probe 

Sequence 
Working 
Conc. 
pmol/µL 

Stock 
Vol. 
 (µL) 

Final 
Vol. 
(µL) 

Vol. 
H2O  
(µL) 

Unit 
Vol. 
(µL) 

NP1F 5’-GCY CCT TTY ATA TGT ATA 

CTC AGA GAC CCA-3’ 
10 25 250 225 0.5 

NP1R 5’-TGT TCT TCC AGT TAC ATA 

YTG TTG CAT AGC -3’ 
10 25 250 225 0.5 

NP2F 5’-AAG TGY ATG ACT GCT CCT 

GAT CAR CC -3’ 
5 6.25 125 118.75 0.25 

NP2R 5’-TTG CCA ATR TCT CCC ACC 

ATR GCA TA -3’ 
5 6.25 125 118.75 0.25 

NP3F 5’-GCT CCT TTY ATC TGT ATC 

CTC AGA GAT CC -3’ 
10 25 250 225 0.5 

NP3R 5’-TGA TCT TCC CGT CAC ATA 

CTG TTG CAT G -3’ 
10 25 250 225 0.5 

NP4F 5’-AAA TGY ATG ACA GCT 

TAT GAT CAA CCC A -3’ 
5 6.25 125 118.75 0.25 

NP4R 5’-TTT GCA ATR TCT CCC ACC 

ATR GCA TA -3’ 
5 6.25 125 118.75 0.25 

NP1 

Probe 

5’-FAM-ATA RTT TCC AGG 

GGC AAA-MGB -3’ 
3 4.5 150 145.5 0.3 

NP2 

Probe 

5’-Cy5-TCA GAA TGC CAT CCG 

CAA GTC AAT GG–BHQ3 -3’ 
1 0.5 50 49.5 0.1 

NP3 

Probe 

5’- JOE-ATA GTT GCC TGG 

TGC GAA-MGB-3’ 
3 4.5 150 145.5 0.3 

NP4 

Probe 

5’-ROX-CAG CTG ATA ARG 

TAG GTG CTT ATA CTA ACA 

G-BHQ2-3’ 

1 0.5 50 49.5 0.1 

Total 

Vol. 

(µL) 

 

  1900 1765 3.8 
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Table 9 HAdV Primer-Probe Mix (500 reactions) 

Primer/ 
Probe 

Sequence 
Working 
Conc. 
pmol/µL 

Stock 
Vol. 
 (µL) 

Final 
Vol. 
(µL) 

Vol. 
H2O  
(µL) 

Unit 
Vol. 
(µL) 

AdenoF 5’-GCC CCA RTG GKC NTA 

CAT GCA CAT C-3’ 
20 50 250 200 0.5 

AdenoR 5’-GCC ACX GTG GGR TTY 

CTR AAC TT–3’ 
20 50 250 200 0.5 

Adeno 

Probe 

5’-Cy5- TGC ACC AGA CCC 

GGR CTC AGR TAC TCC GA–

BHQ3-3’ 

10 10 100 90 0.2 

Total Vol. 

(µL) 

 
  600 490 1.2 

 

Table 10 hMPV Primer-Probe Mix (500 reactions) 

Primer
/ Probe 

Sequence 
Working 
Conc. 
pmol/µL 

Stock 
Vol. 
 (µL) 

Final 
Vol. 
(µL) 

Vol. 
H2O  
(µL) 

Unit 
Vol. 
(µL) 

hMPVF 5’-CAT CAG GTA AYA TCC CAC 

AAA AYC AG–3’ 
10 25 250 225 0.5 

hMPVR 5’-GTG AAT ATT AAR GCA 

CCT ACA CAT AAT AAR A–3’ 
10 25 250 225 0.5 

hMPV 

Probe 

5’-CY5–CCY TCA GCA CCA 

GAC ACA CC–BHQ3 -3’ 
3 4.5 150 145.5 0.3 

Total 

Vol. 

(µL) 

 

  650 595.5 1.3 

 

Table 11 FluA(pandemic H1) Primer-Probe Mix (500 reactions) 

Primer
/ Probe 

Sequence 
Working 
Conc. 
pmol/µL 

Stock 
Vol. 
 (µL) 

Final 
Vol. 
(µL) 

Vol. 
H2O  
(µL) 

Unit 
Vol. 
(µL) 

H1SwF 
5’-TTA CCA GAT TTT GGC GAT 

CTA YT-3’ 
30 75 250 175 0.5 

H1SwR 
5’-CCA GGG AGA CTA SCA RTA 

CCA-3’ 
30 75 250 175 0.5 
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H1Sw 

Probe 

5-6FAM-ACW GTC GCC AGT 

TC-MGBFQ-3’ 
5 31.25 625 593.75 1.25 

Total 

Vol. 

(µL) 

   1125 943.75 2.25 

 

Table 12 RNAseP Primer-Probe Mix (500 reactions) 

Primer/ 
Probe 

Sequence 
Working 
Conc. 
pmol/µL 

Stock 
Vol. 
 (µL) 

Final 
Vol. 
(µL) 

Vol. 
H2O  
(µL) 

Unit 
Vol. 
(µL) 

RNP-F 5’- AGA TTT GGA CCT GCG 

AGC G-3’ 
30 37.5 125 87.5 0.25 

RNP-R 5’- GAG CGG CTG TCT CCA 

CAA GT-3’ 
30 37.5 125 87.5 0.25 

RNP 

Probe 

5’-FAM-TTC TGA CCT GAA 

GGC TCT GCG CG-3’ 
10 12.5 125 112.5 0.25 

Total 

Vol. (µL) 
   375 287.5 0.75 

 

Table 13 PCR Master Mix Recipes  

 PCR-Grade 
Water (L) 

2x Reaction 
Buffer (L) 

MgSO4 
(50mM) (L) 

Primer-
Probe Mix 
(L) 

SS-III RT-PCR 
Enzyme (L) 

Panel 1 1.78 12.5 0 4.92 0.8 

Panel 2 3.8 12.5 1.5 1.4 0.8 

Panel 3 4.1 12.5 1.0 1.6 0.8 

Panel 4 2.1 12.5 1.5 3.1 0.8 

Panel 5 1.4 12.5 1.5 3.8 0.8 

HAdV 4 12.5 1.5 1.2 0.8 

hMPV 4.4 12.5 1.0 1.3 0.8 

Pandemic H1 4.45 12.5 0 2.25 0.8 

RNAse P 5.95 12.5 0 0.75 0.8 
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Table 14 Source and Host Demographics 

 Sources Hosts 
Mean Age (±SD) 26 mos. (18) 22 yrs. (3) 

Median Age (IQR) 22 mos. (13-35) 22 yrs. (20-23) 

Males (%) 67 (60) 50 (45) 

Females (%) 44 (40) 61 (55) 

Recent Flu Vaccine (%) 9 (8) 2 (2) 

White/ Caucasian (%) 71 (64) 75 (68) 

Asian (%) 23 (21) 23 (21) 

Afro-Caribbean (%) 9 (8) 2 (2) 

Oriental (%) 0 4 (4) 

Other Ethnicity (%) 8 (7)  7 (6) 

 

Table 15 Swab, Blood, and Environmental Samples Collected on Day 0 and Follow-up Days 1-10 

 Nose-
Throat 

 
Hand 

Venous 
Blood 

 
Face 

 
Clothing 

 
Toys 

Bio 
Aerosol 

Total 

Child 

Source 

111 74      185 

Adult Host 552 19 111 19    701 

Adult 

Reference 

11       11 

Fomite     19 38l  57 

Environ.       2 2 

Total 674 93 111 19 19 38 2 956 

 

 

 

 

                                                        
l Pre-interaction (n=19) and Post-interaction (n=19) 
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Table 16 Virus Distributions in Source, Host, and Fomite.   

 Child Source  
[Count (%)]m 

Adult Host  
[Count (%)] 

Fomites 
[Count (%)] 

Nose-
throatn 

 
Handso 

Nose-
throatp 

 
Handsq 

 
Facer 

 
Toyss 

 
Clothingt 

RV 67 (65) 16 (47) 14 (67) 3 (60) 2 (50) 1 (33) 1 (100) 

EV 26 (25) 6 (18) 6 (29)  1 (25) 1 (33)  

RSVB 21 (20) 11 (32) 3 (13) 2 (40) 1 (25)   

HAdV 11 (11) 7 (21)    1 (33)  

PIV3 9 (9) 1 (3)      

RSVA 7 (7) 3 (9) 1 (4.2)     

hMPV 7 (7) 1 (3)      

FluA(H3) 4 (4)    1 (25)   

HCoV1u 4 (4)       

PIV1 2 (2) 1 (3)      

HCoV2v 1 (1)       

PIV4      1 (33)  

 

 

 

 

 

 

 

                                                        
m % = Count / number of positives (n) x 100 (swabs may be positive for >1 virus) 
n n=103 positive source nose-throat swabs out of 111 swabbed 
o n=34 positive source hand swabs out of 74 swabbed 
p n=21 positive host nose-throat swabs out of 111 swabbed 
q n=5 positive host hand swabs out of 19 swabbed 
r n=4 positivie host face swabs out of 19 swabbed 
s n=3 positive post-interaction toys out of 19 swabbed 
t n=1 positive host clothing out of 19 swabbed 
u Strains NL63 and 229E 
v Strains OC43 and HKU1 
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Table 17 Mono and Multiple Detections of RV Types Identified From Source, Host, and Toy Swabsw 

Nose-Throat Swabs 
RV Type 

Paediatric Source RV 
(n=61) 

Adult Host RV  
(n=68) 

Mono Multiple 
Total 
(%) Mono Multiple 

Total 
(%) 

RV-A 12 7 19 (31) 16  16 (24) 

RV-B  4 4 (6.6) 2 41 43 (63) 

RV-C 5 33 38 (62) 5 4 9 (13) 

Hand Swabs 
RV Type 

Paediatric Source RV 
(n=16) 

Adult Host RV 
(n=3) 

RV-A 5 2 7 (44) 2 1 3 (100) 

RV-C  9 9 (56)    

Toys and Face 
RV Type 

Toys Post-Interaction 
(n=1) 

Adult Host Face RV 
(n=2) 

RV-A    1  1 (50) 

RV-C  1 1 (100)  1 1 (50) 

 

Table 18 Median Viral Loads (copies/ mL) for Source, Host, and Fomite 

 Source (IQR) Host (IQR) Fomites  
Nose-
throat 

 
Hands 

Nose-
throat 

 
Hands 

 
Face 

 
Toys 

 
Clothing 

EV 5.0x103  
(103-
104) 
 

5.0x103  
(103-
103) 

5.0x103  
(103-
103) 

 <5.0x103 <5.0x103  

FluA(H3) 6.8x105  
(105-
106) 
 

   6.8x102   

RSVA 4.4x106  
(105-
106) 
 

2.0x104  
(104-
104) 

2.0x104  
(104-
105) 

    

RSVB 5.0x106  
(105-
106) 
 

3.6x104  
(104-
104) 

5.7x103  
(103-
104) 

5.0x103 

(103-
104) 

1.3x105    

RV 9.2x104  
(103-
105) 
 

5.0x103  
(103-
103) 

2.3x104  
(103-
105) 

5.0x103  
(103-
103) 

<5.0x103 

(103-103) 
<5.0x103 <5.0x103 

 

                                                        
w n = number of RV samples sequenced 
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Table 19 TraVerse Natural Respiratory Virus Transmission Rates 

 

Large 
Drpltx Handy 

Self-
Inoculationz Fomiteaa Asymptomaticbb 

Clinical 
Manifestationscc 

 
EV 

 
3.9% 
(1/26) 
  

 
100% 
(1/1) 

20% 
(1/5) 
  

 

FluA 
(H3) 

     

50%  
(1/2) 
 

HAdV 

   

33% 
(1/3) 
  

100% 
(2/2) 

HCoV1 

     

100%  
(2/2) 
 

hMPV  

 

 

  

67% 
(2/3) 
 

PIV1  

 

 

  

100%  
(1/1) 
 

PIV3 

     

75% 
(3/4) 
 

RSVA 

     

29%  
(2/7) 
 

RSVB 4.8% 
(1/21) 

18% 
(2/11) 

50%  
(1/2) 

  

4.6% 
(1/22) 
 

RV 
(All) 

24% 
(16/67) 

19% 
(3/16) 

67%  
(2/3) 

7.7%  
(1/13) 

4.5%  
(3/67) 

29% 
(8/28) 
 

   RV-A 12% 
(8/67) 

13% 
(2/16) 

50%  
(1/2) 

 

33% 
(1/3) 
 

38% 
(3/8) 

   RV-C 3.0% 
(2/67) 
      

   RV-
A+C 

9.0% 
(6/67) 

6.3% 
(1/16) 

50%  
(1/2) 

7.7% 
(1/13) 

67% 
(2/3) 

50% 
(4/8) 

                                                        
x Large droplet % transmission = no. of host that shed virus / no. of source that shed virus 
y Hand-to-hand % transmission = no. of host with virus on hands / no. of source with virus on hand 
z % Self-inoculation = no. of host with virus on hands / no. of host with virus on face 
aa Fomite % transmission = no. of toys with virus / no. of source hands with virus 
bb Asymptomatic % transmission = no. of asymptomatic host that shed virus / no. of source that 
shed virus  
cc % Clinical manifestations = no. of virus-negative host with ILI / no. of source with mono-infection 
of virus 
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Table 20 Virus Incubation Periods and Durations of Shedding and Symptom Development  

 
 
Virus 

Shedding (Days) Symptom Development 
(Days) 

Incubation 
Median (IQR) 

Duration 
Median (IQR) 

Incubation 
Median (IQR) 

Duration 
Median (IQR) 

EV 3 (1 - 6)  1 (0 - 1) 8 (4 - 8) 

RSVB 3 (3 - 5) 2 (3 - 5) 2 (1 - 4) 5 (4 - 6) 

RV 5 (3 - 6) 4 (2 - 7) 1 (1 - 3) 4 (2 - 8) 

 

Table 21 Paediatric Symptoms at ED/ CAU Presentation 

 
Presenting Symptom 

No. Cases 
(%) 

Cough 109 (98) 

Difficulty-in-breathing 105 (95) 

Tachypnoea 97 (87) 

Nasal discharge 94 (85) 

Wheeze 94 (85) 

Sneezing 80 (72) 

Fevers/ sweats 65 (59) 

Hoarseness 64 (58) 

Chest recession 60 (54) 

Tympanic temperature ≥37.8 27 (24) 

Vomiting 27 (24) 

Lung crackles 24 (22) 

Diarrhoea 17 (15) 

Febrile convulsions 8 (7) 

Headaches 7 (6) 
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Table 22 Signs and Symptoms of Statistical Significance to Source Virus Infections (p values)dd 

Signs and 
Symptoms 

 
RV 

 
EV 

 
HCoV 

 
RSVA 

RSVA 
& 
RSVB 

 
PIV3 

PIV1 
& 
PIV3 

 
HAdV 

Diarrhoea 0.018    0.044    

Febrile convulsion  0.019       

Fever       0.035 0.028 

Temp ≥37.8°C 0.003    0.045 0.043 0.015  

Wheeze   0.029      

Overall Signs <0.001   0.024     

 

Table 23 Signs and Symptoms of Statistical Significance to Hosts with ILIee 

Respiratory Symptoms & 
Systemic Signs 

≥6 mean symptom score 
% (p value)ff 

≥3 days 
% (p value)gg 

Chills 23 (0.004)  11 (>0.05) 

Cough, All 50 (<0.001) 27 (0.002) 

Cough, Non-productive 64 (<0.001) 39 (0.009) 

Cough, Productive 36 (<0.001) 16 (>0.05) 

Decreased appetite 41 (<0.001) 18 (>0.05) 

Difficulty Breathing 14 (0.016) 5.3 (>0.05) 

Facial pain 23 (0.004) 11 (>0.05) 

Fatigue 64 (<0.001) 39 (0.028) 

Fever 27 (0.004) 12 (>0.05) 

Headache 55 (>0.05) 46 (0.017) 

Hoarseness 59 (<0.001) 32 (0.003) 

Malaise 68 (<0.001) 30 (<0.001) 

Myalgia 50 (<0.001) 25 (0.017) 

Nasal Congestion 91 (0.001) 81 (<0.001) 

Rhinorrhoea 77 (0.02) 68 (0.001) 

                                                        
dd Signs and Symptoms are those that discretely associate with the respective viruses 
ee ILI = mean symptom severity score ≥6 and symptom duration ≥3 days 
ff  % = no. hosts with ILI with specific symptom / no. all hosts with specific symptom and mean 
severity score ≥6 
gg % = no. hosts with ILI with specific symptom / no. all hosts with specific symptom and symptom 
duration ≥3 days  
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Shortness of Breath 18 (0.004) 7.0 (>0.05) 

Sneeze 59 (0.011) 46 (0.006) 

Sore throat 95 (<0.001) 60 (<0.001) 

Thick Nasal Discharge 36 (>0.05) 30 (0.005) 

Overall Signs 38 (<0.001) 21 (<0.001) 

Overall Symptoms 51 (<0.001) 35 (<0.001) 

 

Table 24 Signs and Symptoms of Statistical Significance to Host Virus Infectionshh  

Signs and 
Symptoms 

 
RV 
% (p value)ii 

 
RSVB 
% (p value)jj 

 
RSVA & RSVB 
% (p value)kk 

Cough, dry   33 (0.025) 

Cough, productive 60 (0.045)   

Fatigue 46 (0.046)   

Hoarseness  16 (0.037) 21 (0.008) 

Malaise   18 (0.049) 

Myalgia  20 (0.018) 20 (0.034) 

Sore throat   13 (0.021) 

Overall 
Respiratory 
 

38 (0.001) 8.4 (0.002) 11 (<0.001) 

Overall Systemic 4.1 (0.023) 10 (0.005) 12 (0.001) 

 

 

 

 

 

 

                                                        
hh Symptomatic RV-positive host (n=33); Symptomatic RSVB-positive host (n=5); Symptomatic 
RSVA & RSVB-positive host (n=6) 
ii % = no. RV-positive hosts with specific symptom /no. all hosts with specific symptom 
jj  % = no. RSVB-positive hosts with specific symptom / no. all hosts with specific symptom 
kk  % = no. RSVA & RSVB-positive hosts with specific symptom / no. all hosts with specific symptom 
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Table 25 Signs and Symptoms Reported by Seven Symptomatic Reference Adults  

 
Presenting Symptom 

No. Cases 
(%)ll 

Rhinorrhoea 7 (100) 

Nasal Congestion  5 (71) 

Sneeze 4 (57) 

Malaise 3 (43) 

Fatigue 3 (43) 

Sore eyes 2 (29) 

Headache  2 (29) 

Non-productive cough 2 (29) 

Sore throat 2 (29) 

Thick nasal discharge 2 (29) 

Hoarseness 1 (14) 

Myalgia 1 (14) 

Productive cough 1 (14) 

 

Table 26 Statistically Significant Risks of Sources Transferring a Specific Virus from Their Nose 
and Throat to Their Hands  

 EV PIV1 RSVA RSVB RV 
Risk %  
(95% CI) 

23  
(11 – 42) 

50 
(9.5 – 91) 

43 
(16 – 75) 

45 
(27 -65) 

21 
(13 – 32) 
 

Risk Ratio  
(95% CI) 

39.5  
(2.29 – 683) 

72.5 
(3.30 – 1590) 

57.9  
(3.21 – 1040) 

23.6  
(3.22 – 174) 

4.6  
(1.1 – 19) 
 

p Value <0.001 0.040 0.001 <0.001 0.015 
 

 

 

 

 

                                                        
ll % = no. references with specific symptom / seven (total symptomatic references) 
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Table 27 Risks to Hosts of Contact with Sources That Have RSVB on Their Hands 

 
RSVB 

Host Hand 
Contamination 

Host Face 
Contamination 

Host 
Symptoms 

Host 
Systemic 
Signs 

Risk % 
(95% CI) 

18 
(4.0 – 49) 

50 
(9.5 – 91) 

8.3 
(4.4 – 15) 

7.3  
(3.5 – 14) 
 

Risk Ratio  
(95% CI) 

23.1 
(1.11 – 479) 

72.5 
(3.30- 1590) 

5.2 
(2.3 – 12) 

9.2 
(3.1 – 28) 
 

p Value 0.037 0.040 <0.001 <0.001 
 

Table 28 Temperatures and Relative Humidity Readings Taken Daily and During Interactions 

 No. Readings Median (IQR) 

Temperature (°C)   

          Daily Reading 401 22 (21 – 23) 

          During Interaction 58 22 (22 – 23) 

 

Relative Humidity (%)   

           Daily Reading 401 22 (21 – 23) 

          During Interaction 58 23 (20 – 24) 
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13 Figures 

 

Figure 8 Workflow for healthy young adult volunteers 
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Figure 9 TraVerse method of natural respiratory virus transmission (3 x 10-min. cycles) 

 

 

Figure 10 Flowchart of Paediatric Recruitment 
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Figure 11 Flowchart of Healthy Young Adult Recruitment 

 

 

Figure 12 Time from Source Consent to Source-Host Interaction 
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Figure 13 Duration of Source-Host Interactions 

 

 

Figure 14 Incidence, Severity, and Duration of Influenza-like-illness in Healthy Adult Hostsmm 

  

                                                        
mm Mean symptom score indices (None: score <6. Mild: score=6. Moderate: score=7 to 11. Severe: 
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14 Appendix 

A1. Paediatric Inclusion Criteria 

Inclusion criteria 

a. Age 0 to <6 years 

b. Parent or legal guardian are fluent and literate in English 

c. Parent or legal guardian willing to provide informed written consent 

d. Present to GP or to the LRI ED/ CAU with at least 2 of any respiratory 

symptoms or signs (see below), with onset within 216 hours (9 days) of 

recruitment into the study 

 

Defined clinical signs or symptoms 

Respiratory  

Nasal discharge (clear or mucopurulent) 

Sneezing 

Hoarseness 

Cough 

Difficulty in breathing (DIB) 

Rapid breathing 

Chest recession (from case notes) 

Crackles on examination (from case notes) 

Wheeze (from case notes) 

 

Systemic  

Headache 

Febrile convulsions 
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Fevers/sweats 

Tympanic temperature ≥37.8oC (from case notes) 

Diarrhoea 

Vomiting 

A2. Paediatric Exclusion Criteria  

Exclusion Criteria 

a. Written informed consent unavailable from a parent or legal guardian 

b. Unable to obtain nose & throat swabs for analysis 

c. Unable to obtain hand swabs for analysis 

d. Pre-existing conditions (unrepaired structural cardiac abnormalities, known 

inborn errors of metabolism, born before 32 weeks gestation) 

e. Severe illness as determined by the Clinical staff in the ED/CAU/Paediatric 

wards 

f. Duration of illness ≥234 hours at the time of exposure to a healthy adult 

volunteer so that the exposure can be completed within 240 (10 days) hours of 

onset of illness 
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A3. Healthy Young Adult Inclusion Criteria 

Inclusion Criteria - Hosts 

a. Fluent and literate in English 

b. Willing to give informed written consent 

c. 18 to <35 years of age 

d. Will avoid direct contact with immune-suppressed patients for the duration of 

any symptomatic respiratory illness following exposure to a potentially 

infected child 

e. Can be contacted by mobile phone, e-mail or text message 

 

Inclusion Criteria – References  

a. Fluent and literate in English 

b. Willing to give informed written consent 

c. 18 to <35 years of age 

d. Can be contacted by mobile phone, e-mail or text message. 

 

A4. Healthy Young Adult Exclusion Criteria 

Exclusion Criteria (At Screening) 

a. Unable to provide written informed consent 

b. Immune function disorder  

 i. Hypogammaglobulinaemia 

ii. Receipt of oral immunosuppressive drugs or other drugs listed in 

 section 8 of the British National Formulary (BNF) or chloroquine, gold or 

 penicillamine or other drugs listed in section 10.1.3 of the BNF to 

 suppress a chronic disease process, or have received in the last 6 months 

 radiotherapy or chemotherapy (Note: long-term, inhaled steroids for 

 asthma management is acceptable) 

 iii. Receipt of immunostimulants or interferon 

 iv. Receipt of an immunoglobulin preparation, blood products, and/or 

 plasma derivatives within 3 months of the study 
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 v. Anyone at high risk of developing immunocompromising condition 

 vi. Received radiotherapy or chemotherapy during the 6 months 

 preceding the study 

c. Underlying chronic medical condition known to increase risk of respiratory   

virus related complications [lung disease (including asthma), chronic 

cardiovascular disease, diabetes mellitus, chronic neurological disorder) 

d. Inability or contraindication to collection of nose & throat swabs 

e. Pregnancy or breast-feeding 

 

Additional Exclusion Criteria (Immediately Before Interaction)  

a. Symptomatic respiratory tract illness during the preceding 14 days 

b. Symptomatic respiratory tract illness on day 0, before exposure to a 

symptomatic child 

c. Oral temperature ≥37.4°C 

d. Unable to provide nose & throat swabs for respiratory virus PCR on at least four 

(preferably five) occasions – on day 0 (immediately preceding the exposure); and 

post-exposure on day 1; at least once between days 3, 4 and 5; once on either days 

6 or 7; and at least once between days 8, 9 and 10 

e. Unable to provide a blood sample 

f. The exposure with a potentially infected child cannot be completed within 240 

hours of onset of illness in the child 

g. Cannot be contacted by mobile phone, e-mail or text message 

 

Exclusion Criteria – References 

a. Unable to provide informed written consent 

b. Inability or contraindication to collection of nose & throat swabs 

c. Pregnancy or breast-feeding 

d. Have been involved in an interaction with potential infected child in the study in 

≤28 days  
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