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Abstract

Before the COVID-19 pandemic, the role of asymptomatic influenza virus infections in influenza
transmission was uncertain. However, the importance of asymptomatic infection with SARS-
CoV-2 for onward transmission of COVID-19 has led experts to question whether the role of
asymptomatic influenza virus infections in transmission had been underappreciated. We discuss
the existing evidence on the frequency of asymptomatic influenza virus infections, the extent to
which they contribute to infection transmission, and remaining knowledge gaps. We propose
priority areas for further evaluation, study designs, and case definitions to address existing
knowledge gaps.
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Introduction

Influenza viruses cause respiratory infections that range from asymptomatic to severe

and contribute to morbidity and mortality globally. Effective influenza control relies

on vaccinations and individuals using control measures when they are infectious.!
Infectiousness precedes symptom onset by 1-2 days (presymptomatic infection), and
typically lasts for up to 1 week. The use of pharmaceutical and non-pharmaceutical
interventions for interrupting influenza transmission largely relies on recognising symptoms.
Although the presymptomatic period poses a brief window of infectiousness before illness
detection, asymptomatic influenza virus infections (laboratory-confirmed infections that
never progress to overt clinical signs and symptoms) also pose a threat to onward
transmission. Therefore, the extent and frequency with which asymptomatic influenza
virus infections contribute to onward transmission has important implications for influenza
prevention and control.

Before the COVID-19 pandemic, the role of asymptomatic infections in influenza virus
transmission was not firmly established.2- During the COVID-19 pandemic, the public
health community took several months to recognise the contribution of asymptomatic
SARS-CoV-2 infections to transmission of COVID-19.5-7 The implementation of
widespread testing and strict quarantine procedures for close contacts, including rigorous
symptom monitoring and frequent testing, allowed for detection of SARS-CoV-2
transmission from asymptomatic individuals in ways that had not been logistically feasible
for influenza virus.8-11 Realising the importance of asymptomatic SARS-CoV-2 infection
has reignited discussions about the contribution of asymptomatic infections to influenza
virus transmission and how it might affect the effectiveness of influenza control measures.

In 2009, the WHO Public Health Research Agenda for Influenza acknowledged the poor
understanding of the risk of transmission associated with different clinical presentations of
influenza including asymptomatic and subclinical infections.12 However, a 2017 update of
this agenda downgraded the importance of asymptomatic influenza virus infection research,
citing, “there are no unmet public health needs or knowledge gaps in this recommendation
that are relevant to [limiting the spread of pandemic, zoonotic, and seasonal epidemic
influenza].13” Some experts have stated that the contribution of asymptomatic influenza
virus infections to transmission is probably minimal,2~* whereas others asserted that the role
of asymptomatic infections in propagating transmission was uncertain.3:14-16

We summarise the evidence for influenza transmission from individuals with asymptomatic
infections and identify opportunities for additional research on this topic. We start by
considering how influenza transmission studies are designed and how design decisions
affect the measurement of asymptomatic infections. Then, to understand how asymptomatic
infections contribute to influenza virus transmission, we consider three questions: what
proportion of influenza virus infections are asymptomatic (referred to hereafter as the
asymptomatic fraction); what does viral shedding teach us about the relative infectiousness
of asymptomatic infections compared with symptomatic infections; and what proportion

of overall influenza virus transmission is attributable to asymptomatic index infections
(referred to hereafter as asymptomatic transmission)?

Lancet Infect Dis. Author manuscript; available in PMC 2025 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Montgomery et al.

Page 3

How asymptomatic infections are studied and how study design influences

findings

Studying asymptomatic infections is inherently difficult and costly. People with
asymptomatic infections do not seek testing or care and normally go undetected under
traditional public-health surveillance. Therefore, subclinical infection researchers must
intentionally seek out individuals with such infections. Asymptomatic infections have
been reported in health-care settings,1’~21 outbreak settings,2 and in case reports.23 Most
often, researchers have studied influenza transmission through household studies, in which
index patients are identified and exposed household members are monitored closely for
infection.24

Evidence for the presence of asymptomatic infections began to accrue soon after the
influenza virus was discovered in the early 1930s.2526 Early studies noted inapparent
infections, in which an influenza antibody response was detected but febrile illness was not
recorded.2”-29 During this period, longitudinal studies among military personnel improved
the understanding of influenza virus transmission.30 After World War 2, the director of
these military studies, John Dingle, applied these research methods to civilian populations
and the household study design evolved.30-31 Community household studies done over
several decades were established in Cleveland, OH, USA; Tecumseh, MI, USA; Seattle,
WA, USA:; areas of MD and VA; and the UK.30:32-35 The prospective study of households
provided early preliminary data on asymptomatic infections. However, because studying the
asymptomatic fraction and asymptomatic transmission was never the primary objective of
these studies, their results left some gaps in our understanding of asymptomatic infections.

Whether designing household studies or otherwise, decisions made during study design
affect the detection of asymptomatic infections.36 Three key design aspects include: the
definitions of asymptomatic and symptomatic infection, the quality of symptom assessment,
and the choice of laboratory assay (table).

Case definitions

Consistent case definitions are needed to produce comparable results. As researchers of

the Cleveland household studies observed in 1953, “the differentiation between a state

of “health’ and one of ‘illness’ is difficult, particularly when consideration is given to
minor illnesses.”32 Most influenza surveillance systems use symptomatic case definitions,
(eg, acute respiratory infection, influenza-like illness, or severe acute respiratory infection).
Many research studies do not explicitly define asymptomatic infections. When defined,
asymptomatic infections have often been classified as those with no symptoms (table).
However, occasionally studies define asymptomatic infections as not meeting a symptomatic
case definition, which groups asymptomatic and paucisymptomatic infections (infections
with symptoms that do not meet traditional surveillance case definitions like influenza-
like illness) together.#347 A wide lexicon has evolved to describe symptomatic infections
that fall outside of surveillance case definitions, including paucisymptomatic,14.17:49
oligosymptomatic,2! inapparent,2’-41 subclinical,42343 and non-ill.3% Accurately capturing
asymptomatic and paucisymptomatic infections is important to estimate the true number
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of influenza virus infections, because many laboratory-confirmed influenza infections

do not meet surveillance case definitions, and many individuals who meet these case
definitions might not seek medical care.#%:°0 Furthermore, because asymptomatic and
paucisymptomatic infections occur with different frequency and contribute to influenza
transmission to a different extent, it is important for research studies to measure these types
of infections separately.

Quality of symptom assessment

After establishing a consistent asymptomatic case definition, consideration should be given
to quality of symptom assessment, which affects the number of asymptomatic infections
identified in a study. Quality of symptom assessment refers to the timing and frequency

of symptom assessment and the number of symptoms assessed. Regarding timing, cross-
sectional, and retrospective study designs both pose challenges for detecting asymptomatic
infections. Cross-sectional studies that assess symptoms concurrent with influenza testing,
will misclassify some presymptomatic infections as asymptomatic.20 Retrospective studies
might be subject to poor symptom recall. In a retrospective serological study in Scotland,
researchers tested influenza antibody titres before and after an influenza epidemic. At the
end of the epidemic, participants were asked to recall any respiratory symptoms during the
preceding 4 months.18 Using this design, symptoms are probably under-reported compared
with studies assessing symptoms prospectively with a daily log. From a risk analysis
approach, under-reporting might be less concerning if poor recall is equally distributed
between infected and non-infected people (ie, non-differential), but if the aim is to estimate
the frequency of asymptomatic infection symptoms under-reporting can be problematic.
The frequency of symptom assessment (eg, daily or weekly) along with the training and
supervision of field workers, use of required data entry fields, and reminders to participants
to report mild symptoms (eg, rhinorrhoea), can affect the number of asymptomatic infections
identified. A study from South Africa involved twice weekly, trained field staff household
visits to directly observe participants for signs of infection and inspect patients’ symptom
diaries for completion to reduce recall bias and under-reporting.3’ Finally, the number of
asymptomatic infections identified is subject to the number of symptoms assessed, which
ranged from four to 11 symptoms in the studies summarised in the table. In a household
study by Cowling and colleagues in Hong Kong, researchers used three definitions of
clinical influenza, varying the number of symptoms in each definition.38 Secondary attack
ratios increased from 5% to 18% when the number of symptoms in the definition increased
from three to seven.

Laboratory assay

The third aspect of study design that affects detection of asymptomatic infections is the
choice of influenza laboratory assay. Influenza detection assays encompass mainly two
categories—serological (antibody) tests and nucleic acid detection tests (eg, RT-PCR).
Serological assays detect previous influenza virus infection, whereas RT-PCR detects
nucleic acid fragments at a single point in time. Different serological assays can be used,
including haemagglutination inhibition and micro-neutralisation. Findings from different
serological studies are difficult to compare because serological assays are strain-specific
for influenza virus. The use of standardised reagents and protocols are important to ensure
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reproducible results.51:52 Serological studies are used to detect seroconversion between
two timepoints, such as before and after an influenza epidemic and, when combined with
symptom assessment, can be used to detect asymptomatic infections.

To detect acute infections and to make inferences on the direction of transmission between
individuals with asymptomatic or symptomatic infection, nucleic acid detection tests should
be used. Newer detection tools under investigation might help differentiate true infection
from transient environmental contamination,®3 which is particularly relevant for studies of
individuals who show no symptoms.

In studies that use both serological and nucleic acid detection tests, researchers should
apply laboratory testing and case definitions equally to asymptomatic and symptomatic
infections. One design used in several studies involved serology tests for all participants
regardless of their symptoms, but doing RT-PCR only for symptomatic participants.17.19:54
Cases were defined as positive by either serology or RT-PCR. This approach to estimating
the asymptomatic fraction is problematic because symptomatic infections have two
detection methods (serology and RT-PCR), whereas asymptomatic infections have only one
(serology). In a study by Chen and colleagues,> when the influenza definition changed
from positive serology alone to positive by either serology or RT-PCR, the number of
symptomatic infections increased from 276 (51%) of 541, to 337 (56%) 602. Another
consideration for studies relying on nucleic acid detection alone, is that the time window
for detecting asymptomatic infections is shorter than that for symptomatic infections
because of the shorter duration and lower concentration of viral shedding, which can cause
misclassification of symptom status.14:41

Current estimates of the asymptomatic fraction are heterogeneous

Two systematic reviews done in 2014-15 improved our understanding of the asymptomatic
fraction.5® Leung and colleagues®® separated asymptomatic fraction estimates by study type
—first, outbreak investigations that used mainly RT-PCR (19 estimates from 11 studies
with a pooled mean of 16%, 95% CI 13-19) and then, cohort studies that used mainly
serology (19 studies). Estimates from cohort studies were too heterogeneous (ranging from
0-100%) to calculate a pooled mean estimate. In their definition of asymptomatic infection,
Leung and colleagues included infections without any signs or symptoms and symptomatic
infections that did not meet symptomatic criteria as defined by individual studies.
Furuya-Kanamori and colleagues®® reported asymptomatic (total absence of symptoms)
and subclinical (illness not meeting individual studies’ symptomatic definition) results
separately. The authors found 22 estimates of asymptomatic infection from 19 studies and
calculated a pooled asymptomatic percentage of 19% (95% CI 5-36).

Both reviews commented on the marked heterogeneity among the reviewed studies. In
addition to the study design factors, there are inherent differences in influenza type

and subtype, geographical variability, seasonal changes, host age, host immunity and
susceptibility, environmental factors, and exposure dose and route, which could all
contribute to true variability in the proportion of asymptomatic influenza virus infections.
Furuya-Kanamori and colleagues investigated the underlying reasons for the heterogeneity
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in estimates of the proportion of asymptomatic infections using multivariable regression, but
could not explain most of the observed variance. The choice of influenza laboratory assay,
which appeared to explain some of the variability in the Leung and colleagues’ review, did
not explain much of the variance in the multivariable regression model.

Studies have clearly shown that asymptomatic influenza virus infections exist and might
constitute a sizeable proportion of all infections. Although the exact asymptomatic fraction
remains undefined, variability in study design, influenza virus characteristics, environmental
conditions, and host factors make it unlikely that additional studies or reviews would
produce a more reliable estimate without controlling for these factors, as asymptomatic
SARS-CoV-2 meta-analyses have shown.>’

What we have learned from viral shedding

Unlike the asymptomatic fraction or asymptomatic transmission, viral shedding is simple

to measure. Viral shedding is important because it serves as a stepping stone to understand
whether and how much transmission occurs from individuals with asymptomatic infections.
Viral shedding is usually defined as the detection of influenza nucleic acid in a respiratory
specimen and can be measured as shedding duration (number of days when any viral

RNA is detected) or as viral load (as measured by quantitative RT-PCR or viral culture).>8
Quantitative RT-PCR is not a reliable measure of virus infectivity.>® In ferret models, viral
shedding and transmission have been documented during presymptomatic influenza virus
infection;50 however, drawing conclusions from ferret models is difficult because ferrets and
humans differ in how symptoms are measured and in their exposure history to influenza.61:62

Human challenge studies, in which volunteers are intentionally exposed to influenza virus
and monitored for infection, offer a unique opportunity to study viral shedding during
asymptomatic infections in a controlled setting. In a review of human challenge studies,
involving 522 participants from 38 subgroups, asymptomatic infections were common.53
However, although a third of volunteers across all studies were asymptomatic, very few
studies reported data on viral shedding in asymptomatic infections. In two studies involving
76 participants, volunteers with baseline haemagglutination inhibition titres greater than
1:24, which might suggest previous exposure to influenza, were more likely to have an
asymptomatic infection than volunteers with lower titres. In another two studies, involving
25 participants, the mean viral load was 2-3 log10 times higher in participants with
symptomatic infections than in individuals with asymptomatic infections. Extrapolating
findings from challenge studies to real-world settings is challenging because the highly
controlled participant inclusion criteria and the dose, route, and timing of exposure are not
representative of natural infections. Findings should be confirmed in observational studies.

A review of viral shedding in influenza A(H1N1)pdmO039 infections by Fielding and
colleagues®4 examined clinical severity as a primary outcome. Among 22 studies
reviewed, a single household study measured viral shedding in asymptomatic infections.?!
Asymptomatic infection was not defined explicitly but presumably referred to participants
who reported none of ten symptoms assessed during twice-weekly site visits. In 12
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asymptomatic patients, the number of days of detectable viral RNA by RT-PCR was shorter
than for all participants.

A few studies not reviewed by Fielding and colleagues provide additional evidence that viral
shedding is detectable during asymptomatic influenza virus infections and is probably lower
than in symptomatic infections. Of three small studies (fewer than ten participants), two
found median viral load or peak viral titres to be lower in asymptomatic than symptomatic
patients,*48 whereas the third study found no difference between the groups.*” One of these
small studies found no difference in viral shedding duration between asymptomatic and
symptomatic infections.*8 A larger study examined viral shedding in 25 individuals with
asymptomatic infections identified from several household transmission studies done during
6 years.14 Asymptomatic infections had a significantly shorter duration of viral shedding
and lower viral RNA copies per mL as measured by quantitative RT-PCR for most influenza
virus types and subtypes, although statistical quantities (eg, SD) for the comparison of viral
RNA copies per mL were not reported. In the largest study of 210 asymptomatic index
infections in households, multivariable analyses found that longer shedding duration (more
than 3 days) was associated with having a symptomatic infection.3’

Overall, despite small sample sizes, viral shedding is detectable in asymptomatic infections
and is probably lower in concentration and shorter in duration than in symptomatic
infections. Based on our knowledge of viral shedding, the possibility of influenza
transmission during asymptomatic infections is plausible and might suggest that individuals
with asymptomatic infections transmit infection less frequently than individuals with
symptomatic infections.

Evidence of transmission from asymptomatic individuals

Because of the large investment needed to assess transmission from asymptomatic
individuals, few studies have attempted to investigate this issue. One study in South Africa
by Cohen and colleagues measured asymptomatic transmission directly using a prospective
household study.3” Household members were enrolled and tested for influenza twice per
week, regardless of symptoms, using RT-PCR. The study enrolled 1116 individuals from
287 households and identified 478 index influenza virus infections, including 210 (44%)
of 478 asymptomatic infections. The authors reported that 6% of household members
developed influenza after contact with an individual with asymptomatic infection, in contrast
to 14% infected after contact with a symptomatic individual. In total, about a quarter of

all secondary infections were attributable to transmission from asymptomatic individuals.
Whether the secondary infections acquired from asymptomatic index cases were less
clinically severe than secondary infections acquired from symptomatic index cases was not
reported.

The study in South Africa appears to be unique in investigating asymptomatic transmission
directly. Two small studies reported on outcomes after exposure to individuals with
asymptomatic influenza virus infection.21:43 Neither study was designed to study
asymptomatic influenza transmission as a primary outcome, and both monitored a small
number of asymptomatic infections (12 and 4 infections, respectively). The nature of close
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contact in these studies differed from household exposure. In the study by Pang and
colleagues®3 the most common contact was as an airline passenger, and in the study by
Tamo and colleagues,?! contact occurred in health-care settings. Neither study found any
secondary transmission from asymptomatic index cases but might have been underpowered
for this question.

One approach by researchers in Hong Kong used existing data from previous household
studies to model the relative infectiousness of asymptomatic and symptomatic influenza
virus infections.®® With this approach, the researchers estimated that asymptomatic
infections were 0-57 (95% CI 0-11-1-54) times as transmissible as symptomatic infections,
consistent with the observational study estimates from South Africa. The authors concluded
that additional data would be beneficial to reduce uncertainty in this estimate and better
understand the contribution of asymptomatic infections to influenza virus transmission.

Household cohort studies with the same recruitment design used by Cohen and colleagues
have been done by other researchers,39:41.48.66 jncluding the early studies done in Cleveland
and Tecumseh.32:67 The household study design used by Cohen and colleagues, however,
differed from previous household studies in that the index case was identified through
routine screening of household members regardless of their symptoms. Although this
modification substantially increases the number of tests done and thus the study costs,
identifying symptomatic and asymptomatic index cases allows for the study of influenza
virus transmission from asymptomatic individuals. Although the increased costs are
important to consider, future studies using a similar design could be feasible. Modelling
studies, which depend on (scarce) input data, offer a less resource-intensive option for
further study.

Public health implications

The implementation of timely and effective interventions against influenza virus
transmission is essential to reducing the morbidity and mortality of seasonal and

pandemic influenza. Effective influenza control depends on identifying individuals who
are infectious and using protective measures to prevent further transmission. Detecting
influenza and preventing transmission from symptomatic individuals is considerably

more straightforward than for individuals who are asymptomatic, presymptomatic, or
paucisymptomatic. Influenza detection strategies include monitoring surveillance systems
for increases in influenza-like illness and increasing testing for symptomatic individuals.
These detection methods are accompanied by transmission prevention strategies, including
non-pharmaceutical (isolation, masking, and handwashing) and pharmaceutical interventions
that are predominantly applied to patients with symptomatic infections.8

If a sizeable proportion of influenza transmission is attributable to asymptomatic,
presymptomatic, and paucisymptomatic infections, then additional detection and prevention
measures that are independent of symptom development (eg, vaccination) become even
more important. Other strategies to prevent transmission from individuals with no or

mild symptoms, include staying home when exposed to influenza, increased testing of
asymptomatic individuals, school closures, or masking recommendations for people with
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no symptoms. When these and other strategies were implemented for COVID-19, influenza
virus circulation declined substantially;5% however, these measures can be disruptive and

are typically reserved for pandemics posing substantial threat.! Although asymptomatic,
presymptomatic, and paucisymptomatic infections have similar disease control implications,
these three types of infections should be distinguished in research studies because they differ
in frequency and the extent to which they contribute to disease transmission. Having reliable
data on the proportion of transmission resulting from asymptomatic infections is useful in
selecting the most appropriate influenza control measures.

Mathematical models can be a powerful tool to identify effective influenza transmission
mitigation strategies. Incorporating asymptomatic infection and transmission parameters into
mathematical models generally requires defining two important values: the proportion of
infections that are asymptomatic and the relative infectiousness of asymptomatic compared
with symptomatic individuals. Assumptions for these values vary widely among modelling
studies, from at least 20-60% and 36—-100%, respectively.”%-"4 Typically, the chosen values
are assumed invariant across age and other factors (such as vaccination status), but there

are exceptions.”37> The variation in assumptions of asymptomatic infection and relative
transmission is unsurprising, given the uncertainty and underlying heterogeneity in estimates
from epidemiological studies. However, sensitivity analyses can be done to investigate
whether different assumptions affect model outputs.’6:77 Such analyses are crucial for any
study that models the effect of mitigation measures targeting symptomatic infection, as
underestimating the occurrence or intensity of asymptomatic transmission will overestimate
the effectiveness of these interventions.”8:7

To properly assess the effect of asymptomatic influenza virus transmission and develop
accurate disease models, additional supporting evidence is needed. Estimates of the
asymptomatic fraction come largely from post-hoc analyses, which results in underpowered
estimates and creates challenges in pooling results because of the heterogeneity in study
design. Estimates of asymptomatic transmission are even fewer. In case additional studies

on asymptomatic transmission are done, they should be designed intentionally so that
findings can be compared and combined across studies. Some considerations for study
design, drawn from COVID-19 and influenza studies, are presented in the panel.55-57

Key considerations include incorporating asymptomatic transmission as a primary objective
(rather than as a post-hoc analysis), utilising consistent case definitions and approaches

to symptom assessment, and ensuring adequate sample size. Although some study design
aspects require substantial resources, modelling studies offer a lower-cost option that takes
advantage of existing data to inform our understanding of asymptomatic transmission.6%:78
However, care must be taken to ensure parameter identifiability when fitting multi-parameter
models to data. Multiplex assays that detect multiple pathogens (eg, influenza viruses,
SARS-CoV-2, and respiratory syncytial virus) do not reduce study costs, but can increase the
yield of information gained and make the effort of study staff and participants worthwhile.
A standardised approach across studies can help to answer remaining questions about

the probability of asymptomatic transmission under different host, environment, and viral
conditions.
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Conclusions

The COVID-19 pandemic has prompted us to reconsider the role of asymptomatic

infections in influenza transmission. Although estimates of the asymptomatic fraction are
heterogeneous, there is general agreement that asymptomatic influenza virus infections
occur, cause detectable viral shedding, and result in onward transmission (as shown

in at least one study).3” The question of the proportion of transmission attributable to

asymptomatic infections remains largely unanswered and is possibly variable. Studies in

the last few years show that study designs that allow investigation of this proportion

are feasible but could require substantial effort. Future studies intentionally designed to
measure asymptomatic transmission could help to inform influenza modelling and design
increasingly effective influenza control strategies. Exploration of old datasets, as done by
Tsang and colleagues,5® is a less costly method. Inclusion of asymptomatic transmission in
the global influenza research agenda should be revisited.

References

1. WHO. Non-pharmaceutical public health measures for mitigating the risk and
impact of epidemic and pandemic influenza. 2019. https://apps.who.int/iris/bitstream/handle/
10665/329438/9789241516839-eng.pdf (accessed April 6, 2023).

2. Eccles R Asymptomatic spread of flu is not proved. BMJ 2005; 331: 1145.

3. Patrozou E, Mermel LA. Does influenza transmission occur from asymptomatic infection or prior to
symptom onset? Public Health Rep 2009; 124: 193-96. [PubMed: 19320359]

4. Lau LL, Cowling BJ, Fang VJ, et al. Viral shedding and clinical illness in naturally acquired
influenza virus infections. J Infect Dis 2010; 201: 1509-16. [PubMed: 20377412]

5. Furukawa NW, Brooks JT, Sobel J. Evidence supporting transmission of severe acute respiratory
syndrome coronavirus 2 while presymptomatic or asymptomatic. Emerg Infect Dis 2020; 26:
€201595. [PubMed: 32364890]

6. Byambasuren O, Cardona M, Bell K, Clark J, McLaws ML, Glasziou P. Estimating the extent
of asymptomatic COVID-19 and its potential for community transmission: systematic review and
meta-analysis. J Assoc Med Microbiol Infect Dis Can 2020; 5: 223-34. [PubMed: 36340059]

7. Yanes-Lane M, Winters N, Fregonese F, et al. Proportion of asymptomatic infection among
COVID-19 positive persons and their transmission potential: a systematic review and meta-analysis.
PL0S One 2020; 15: e0241536. [PubMed: 33141862]

8. Sayampanathan AA, Heng CS, Pin PH, Pang J, Leong TY, Lee VJ. Infectivity of asymptomatic
versus symptomatic COVID-19. Lancet 2021; 397: 93-94. [PubMed: 33347812]

9.Bai Y, Yao L, Wei T, et al. Presumed asymptomatic carrier transmission of COVID-19. JAMA 2020;
323: 1406-07. [PubMed: 32083643]

10. Chen Y, Wang AH, Yi B, et al. Epidemiological characteristics of infection in COVID-19 close
contacts in Ningbo city. Zhonghua Liu Xing Bing Xue Za Zhi 2020; 41: 667-71 in Chinese.
[PubMed: 32447904]

11. Hu Z, Song C, Xu C, et al. Clinical characteristics of 24 asymptomatic infections with COVID-19
screened among close contacts in Nanjing, China. Sci China Life Sci 2020; 63: 706—-11. [PubMed:
32146694]

12. WHO. Stream 2 background document-limiting the spread of pandemic, zoonotic,
and seasonal epidemic influenza. 2010. https://cdn.who.int/media/docs/default-source/influenza/
research-agenda-streams/research-agenda-influenza-stream-2-limiting-spread.pdf (accessed Nov
29, 2023).

13. WHO. WHO public health research agenda for influenza: 2017 update. 2017. https://apps.who.int/
iris/bitstream/handle/10665/259892/WHO-WHE-IHM-GIP-2017.5-eng.pdf (accessed Nov 29,
2023).

Lancet Infect Dis. Author manuscript; available in PMC 2025 June 01.


https://apps.who.int/iris/bitstream/handle/10665/329438/9789241516839-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/329438/9789241516839-eng.pdf
https://cdn.who.int/media/docs/default-source/influenza/research-agenda-streams/research-agenda-influenza-stream-2-limiting-spread.pdf
https://cdn.who.int/media/docs/default-source/influenza/research-agenda-streams/research-agenda-influenza-stream-2-limiting-spread.pdf
https://apps.who.int/iris/bitstream/handle/10665/259892/WHO-WHE-IHM-GIP-2017.5-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/259892/WHO-WHE-IHM-GIP-2017.5-eng.pdf

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Montgomery et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
217.

28.

29.

30.

31.

32.

33.

34.

Page 11

Ip DKM, Lau LLH, Leung NHL, et al. Viral shedding and transmission potential of asymptomatic
and paucisymptomatic influenza virus infections in the community. Clin Infect Dis 2017; 64:
736-42. [PubMed: 28011603]

Killingley B, Nguyen-Van-Tam J. Routes of influenza transmission. Influenza Other Respir Viruses
2013; 7 (suppl 2): 42-51.

Glatman-Freedman A, Portelli I, Jacobs SK, et al. Attack rates assessment of the 2009 pandemic
H1N1 influenza A in children and their contacts: a systematic review and meta-analysis. PLoS
One 2012; 7: €50228. [PubMed: 23284603]

Bénet T, Amour S, Valette M, et al. Incidence of asymptomatic and symptomatic influenza among
health-care workers: a multicentre prospective cohort study. Clin Infect Dis 2021; 72: e311-18.
[PubMed: 32750120]

Elder AG, O’Donnell B, McCruden EA, Symington IS, Carman WF. Incidence and recall of
influenza in a cohort of Glasgow health-care workers during the 1993-4 epidemic: results of serum
testing and questionnaire. BMJ 1996; 313: 1241-42. [PubMed: 8939114]

Loeb M, Dafoe N, Mahony J, et al. Surgical mask vsN95 respirator for preventing influenza
among health-care workers: a randomised trial. JAMA 2009; 302: 1865-71. [PubMed: 19797474]
Melchior TB, Perosa AH, Camargo CN, Granato C, Bellei N. Influenza virus prevalence in
asymptomatic and symptomatic subjects during pandemic and post-pandemic periods. Am J Infect
Control 2015; 43: 460-64. [PubMed: 25792101]

Tamo R, Turk T, Boni J, et al. Secondary attack rates from asymptomatic and symptomatic
influenza virus shedders in hospitals: results from the TransFLUas influenza transmission study.
Infect Control Hosp Epidemiol 2022; 43: 312-18. [PubMed: 33952361]

Sagrera X, Ginovart G, Raspall F, et al. Outbreaks of influenza A virus infection in neonatal
intensive care units. Pediatr Infect Dis J 2002; 21: 196-200. [PubMed: 12005081]

Yang J, Yang F, Huang F, Wang J, Jin Q. Subclinical infection with the novel Influenza A (H1IN1)
virus. Clin Infect Dis 2009; 49: 1622-23. [PubMed: 19857173]

Tsang TK, Lau LLH, Cauchemez S, Cowling BJ. Household transmission of influenza virus.
Trends Microbiol 2016; 24: 123-33. [PubMed: 26612500]

Smith W, Andrewes CH, Laidlaw PP. A virus obtained from influenza patients. Lancet 1933; 222:
66-68.

Shope RE. The aetiology of swine influenza. Science 1931; 73: 214-15. [PubMed: 17729823]
The Commission on Acute Respiratory Diseases. STUDIES of the 1943 epidemic of influenza A;
the relative frequency of recognised and inapparent infections, the relation between antibody titter
and susceptibility, and the change in the antibody status of a selected population. Am J Hyg 1948;
48: 324-31. [PubMed: 18893234]

Burnet FM, Lush D. The serological response to influenza virus infection during an epidemic, with
particular reference to subclinical infection. Med J Aust 1940; 1: 397-401.

Kalter SS. Inapparent infections with influenza viruses. Proc Soc Exp Biol Med 1951; 76: 570-71.
[PubMed: 14844277]

Philip RN, Bell JA, Davis DJ, et al. Epidemiologic studies on influenza in familial and general
population groups, 1951-1956. Il. Characteristics of occurrence. Am J Hyg 1961; 73: 123-37.
[PubMed: 13735254]

Jordan WS. John Holmes Dingle: 1908-73. 1992. https://nap.nationalacademies.org/read/2037/
chapter/9#137 (accessed Nov 29, 2023).

Dingle JH, Badger GF, Feller AE, Hodges RG, Jordan WS Jr, Rammelkamp CH Jr. A study of
illness in a group of Cleveland families. I. Plan of study and certain general observations. Am J
Hyg 1953; 58: 16-30. [PubMed: 13065268]

Hall CE, Cooney MK, Fox JP. The Seattle virus watch. IV. Comparative epidemiologic
observations of infections with influenza A and B viruses, 1965-69, in families with young
children. Am J Epidemiol 1973; 98: 365-80. [PubMed: 4746025]

Monto AS, Kioumehr F. The tecumseh study of respiratory illness. IX. Occurence of influenza in
the community, 1966-71. Am J Epidemiol 1975; 102: 553-63. [PubMed: 1202957]

Lancet Infect Dis. Author manuscript; available in PMC 2025 June 01.


https://nap.nationalacademies.org/read/2037/chapter/9#137
https://nap.nationalacademies.org/read/2037/chapter/9#137

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Montgomery et al.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

Page 12

Mann PG, Pereira MS, Smith JW, Hart RJ, Williams WO, Dunhill B. A five-year study of
influenza in families. Joint Public Health Laboratory Service and Royal College of General
Practitioners working group. J Hyg 1981; 87: 191-200. [PubMed: 7288174]

Gordon A, Reingold A. The burden of influenza: a complex problem. Curr Epidemiol Rep 2018; 5:
1-9. [PubMed: 29503792]

Cohen C, Kleynhans J, Moyes J, et al. Asymptomatic transmission and high community burden

of seasonal influenza in an urban and a rural community in South Africa, 2017-18 (PHIRST): a
population cohort study. Lancet Glob Health 2021; 9: e863-74. [PubMed: 34019838]

Cowling BJ, Fung RO, Cheng CK, et al. Preliminary findings of a randomized trial of non-
pharmaceutical interventions to prevent influenza transmission in households. PLoS One 2008; 3:
€2101. [PubMed: 18461182]

Hayward AC, Fragaszy EB, Bermingham A, et al. Comparative community burden and severity of
seasonal and pandemic influenza: results of the Flu Watch cohort study. Lancet Respir Med 2014;
2: 445-54. [PubMed: 24717637]

Jackson ML, France AM, Hancock K, et al. Serologically confirmed household transmission of
2009 pandemic influenza A (H1N1) virus during the first pandemic wave—New York City, April—
May 2009. Clin Infect Dis 2011; 53: 455-62. [PubMed: 21844028]

Loeb M, Singh PK, Fox J, et al. Longitudinal study of influenza molecular viral shedding in
Hutterite communities. J Infect Dis 2012; 206: 1078-84. [PubMed: 22837493]

Maier HE, Lopez R, Sanchez N, et al. Obesity increases the duration of influenza A virus shedding
in adults. J Infect Dis 2018; 218: 1378-82. [PubMed: 30085119]

Pang X, Yang P, Li S, et al. Pandemic (HLN1) 2009 among quarantined close contacts, Beijing,
People’s Republic of China. Emerg Infect Dis 2011; 17: 1824-30. [PubMed: 22000351]
Papenburg J, Baz M, Hamelin M-E, et al. Household transmission of the 2009 pandemic A/

H1N1 influenza virus: elevated laboratory-confirmed secondary attack rates and evidence of
asymptomatic infections. Clin Infect Dis 2010; 51: 1033-41. [PubMed: 20887206]

Simmerman JM, Suntarattiwong P, Levy J, et al. Findings from a household randomized controlled
trial of hand washing and face masks to reduce influenza transmission in Bangkok, Thailand.
Influenza Other Respir Viruses 2011; 5: 256-67. [PubMed: 21651736]

Suess T, Buchholz U, Dupke S, et al. Shedding and transmission of novel influenza virus A/
H1N1 infection in households—Germany, 2009. Am J Epidemiol 2010; 171: 1157-64. [PubMed:
20439308]

Suess T, Remschmidt C, Schink SB, et al. Comparison of shedding characteristics of seasonal
influenza virus (sub)types and influenza A(H1IN1)pdm09; Germany, 2007-11. PLoS One 2012; 7:
€51653. [PubMed: 23240050]

Thai PQ, Mai Q, Welkers MR, et al. Pandemic HIN1 virus transmission and shedding dynamics in
index case households of a prospective Vietnamese cohort. J Infect 2014; 68: 581-90. [PubMed:
24491598]

Thomas RE. Is influenza-like illness a useful concept and an appropriate test of influenza vaccine
effectiveness? Vaccine 2014; 32: 2143-49. [PubMed: 24582634]

Thompson MG, Levine MZ, Bino S, et al. Underdetection of laboratory-confirmed influenza-
associated hospital admissions among infants: a multicentre, prospective study. Lancet Child
Adolesc Health 2019; 3: 781-94. [PubMed: 31492594]

Katz JM, Hancock K, Xu X. Serologic assays for influenza surveillance, diagnosis, and vaccine
evaluation. Expert Rev Anti Infect Ther 2011; 9: 669-83. [PubMed: 21692672]

Bibby DC, Savanovic M, Zhang J, et al. Interlaboratory reproducibility of standardised
hemagglutination inhibition assays. MSphere 2022; 7: e0095321. [PubMed: 35196123]

Yang G, Hodges EN, Winter J, et al. Development of an RNA strand-specific hybridisation assay
to differentiate replicating versus non-replicating influenza A viruses. J Clin Microbiol 2020; 58:
€00252-20. [PubMed: 32245834]

Chen L, Levine MZ, Zhou S, et al. Mild and asymptomatic influenza B virus infection among
unvaccinated pregnant persons: implication for effectiveness of non-pharmaceutical intervention
and vaccination to prevent influenza. Vaccine 2023; 41: 694—701. [PubMed: 36526503]

Lancet Infect Dis. Author manuscript; available in PMC 2025 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Montgomery et al.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Page 13

Leung NH, Xu C, Ip DK, Cowling BJ. The fraction of influenza virus infections that are
asymptomatic: a systematic review and meta-analysis. Epidemiology 2015; 26: 862—72. [PubMed:
26133025]

Furuya-Kanamori L, Cox M, Milinovich GJ, Magalhaes RJ, Mackay IM, Yakob L. Heterogeneous
and dynamic prevalence of asymptomatic influenza virus infections. Emerg Infect Dis 2016; 22:
1052-56. [PubMed: 27191967]

Buitrago-Garcia D, Ipekci AM, Heron L, et al. Occurrence and transmission potential of
asymptomatic and presymptomatic SARS-CoV-2 infections: update of a living systematic review
and meta-analysis. PLoS Med 2022; 19: €1003987. [PubMed: 35617363]

Schuurmans M, Mueller N. Prolonged viral shedding of influenza virus: which definition? J Med
Microbiol Diagn 2014; 3: 1-2.

Nakaya Y, Fukuda T, Ashiba H, Yasuura M, Fujimaki M. Quick assessment of influenza a virus
infectivity with a long-range reverse-transcription quantitative polymerase chain reaction assay.
BMC Infect Dis 2020; 20: 585. [PubMed: 32762666]

Roberts KL, Shelton H, Stilwell P, Barclay WS. Transmission of a 2009 H1N1 pandemic influenza
virus occurs before fever is detected, in the ferret model. PLoS One 2012; 7: €43303. [PubMed:
22952661]

Belser JA, Barclay W, Barr |, et al. Ferrets as models for influenza virus transmission studies and
pandemic risk assessments. Emerg Infect Dis 2018; 24: 965-71. [PubMed: 29774862]

Belser JA, Eckert AM, Huynh T, et al. A guide for the use of the ferret model for influenza virus

infection. Am J Pathol 2020; 190: 11-24. [PubMed: 31654637]

Carrat F, Vergu E, Ferguson NM, et al. Timelines of infection and disease in human influenza: a

review of volunteer challenge studies. Am J Epidemiol 2008; 167: 775-85. [PubMed: 18230677]

Fielding JE, Kelly HA, Mercer GN, Glass K. Systematic review of influenza A(HIN1)pdmO9 virus
shedding: duration is affected by severity, but not age. Influenza Other Respir Viruses 2014; 8:
142-50. [PubMed: 24299099]

Tsang TK, Wang C, Fang VJ, et al. Reconstructing household transmission dynamics to estimate
the infectiousness of asymptomatic influenza virus infections. Proc Natl Acad Sci USA 2023; 120:
€2304750120.

Hoy G, Kuan G, Ldpez R, et al. The spectrum of influenza in children. Clin Infect Dis 2023; 76:
€1012-20. [PubMed: 36069178]

Monto AS, Napier JA, Metzner HL. The Tecumseh study of respiratory illness. I. Plan of study
and observations on syndromes of acute respiratory disease. Am J Epidemiol 1971; 94: 269-79.
[PubMed: 5093655]

Hayden FG, Asher J, Cowling BJ, et al. Reducing influenza virus transmission: the potential value
of antiviral treatment. Clin Infect Dis 2022; 74: 532-40. [PubMed: 34245250]

Davis WW, Mott JA, Olsen SJ. The role of non-pharmaceutical interventions on influenza
circulation during the COVID-19 pandemic in nine tropical Asian countries. Influenza Other
Respir Viruses 2022; 16: 568-76. [PubMed: 34997697]

Du Z, Fox SJ, Ingle T, Pignone MP, Meyers LA. Projecting the combined health-care burden

of seasonal influenza and COVID-19 in the 2020-21 season. MDM Policy Pract 2022; 7:
23814683221084631.

Basta NE, Chao DL, Halloran ME, Matrajt L, Longini IM Jr. Strategies for pandemic and seasonal
influenza vaccination of schoolchildren in the United States. Am J Epidemiol 2009; 170: 679-86.
[PubMed: 19679750]

Weidemann F, Remschmidt C, Buda S, Buchholz U, Ultsch B, Wichmann O. Is the impact of
childhood influenza vaccination less than expected: a transmission modelling study. BMC Infect
Dis 2017; 17: 258. [PubMed: 28399801]

Morris SE, Grohskopf LA, Ferdinands JM, Reed C, Biggerstaff M. Evaluating potential impacts of
a preferential vaccine recommendation for adults 65 years of age and older on us influenza burden.
Epidemiology 2023; 34: 345-52. [PubMed: 36807266]

Longini IM Jr, Halloran ME, Nizam A, Yang Y. Containing pandemic influenza with antiviral
agents. Am J Epidemiol 2004; 159: 623-33. [PubMed: 15033640]

Lancet Infect Dis. Author manuscript; available in PMC 2025 June 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Montgomery et al.

75.

76.

77.

78.

79.

80.

81.

82.

Page 14

Ferguson NM, Mallett S, Jackson H, Roberts N, Ward P. A population-dynamic model for
evaluating the potential spread of drug-resistant influenza virus infections during community-
based use of antivirals. J Antimicrob Chemother 2003; 51: 977-90. [PubMed: 12654752]

Emery JC, Russell TW, Liu Y, et al. The contribution of asymptomatic SARS-CoV-2 infections to
transmission on the Diamond Princess cruise ship. eLife 2020; 9: e58699. [PubMed: 32831176]

Webb GF, Hsieh Y-H, Wu J, Blaser MJ. Pre-symptomatic influenza transmission, surveillance, and
school closings: implications for novel influenza A (H1N1). Math Model Nat Phenom 2010; 5:
191-205.

Johansson MA, Quandelacy TM, Kada S, et al. SARS-CoV-2 transmission from people without
COVID-19 symptoms. JAMA Netw Open 2021; 4: e2035057. [PubMed: 33410879]

Fraser C, Riley S, Anderson RM, Ferguson NM. Factors that make an infectious disease outbreak
controllable. Proc Natl Acad Sci USA 2004; 101: 6146-51. [PubMed: 15071187]

Klick B, Leung GM, Cowling BJ. Optimal design of studies of influenza transmission in
households. I: case-ascertained studies. Epidemiol Infect 2012; 140: 106-14. [PubMed: 21418717]
Klick B, Nishiura H, Leung GM, Cowling BJ. Optimal design of studies of influenza transmission
in households. 11: comparison between cohort and case-ascertained studies. Epidemiol Infect 2014;
142: 744-52. [PubMed: 23830470]

Wang J, Jiang L, Xu Y, et al. Epidemiology of influenza virus reinfection in Guangxi, China: a
retrospective analysis of a nine-year influenza surveillance data: characteristics of influenza virus
reinfection. Int J Infect Dis 2022; 120: 135-41. [PubMed: 35477049]

Lancet Infect Dis. Author manuscript; available in PMC 2025 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Montgomery et al.

Page 15

Panel: Considerations in the design of studies measuring influenza virus
transmission from asymptomatic individuals

Population

. Select participants who are representative of the population of interest
in terms of demography, geographical location, socioeconomical situation,
and clinical condition. Some studies (eg, by Jackson and colleagues), use
probability sampling methods to improve representativeness of the sampled
population.*!

Primary objective

. Ensure that measurement of transmission from asymptomatic individuals
(not just detection of asymptomatic infections) is the primary objective
when designing the study. Studies done in different contexts (geographies,
populations, underlying immunity, and influenza types and subtypes) would
be useful to improve understanding of asymptomatic transmission.

Study design

. Plan to collect symptom data prospectively. When possible, avoid
retrospective designs, which are subject to recall bias, and cross-sectional
designs, which cannot distinguish asymptomatic from presymptomatic
infections.

. For household studies, consider whether a case-ascertained study or a cohort
study design is more appropriate. In case-ascertained studies, households
are enrolled after the index patient is identified (eg, from a primary
health clinic).80 In household cohort studies, households are selected at the
beginning of the study and tested regularly to identify index patients.’® In
either design, index patients must be identified regardless of symptoms if
transmission from asymptomatic index patients is to be studied. Household
cohort studies, including the study reported by Cohen and colleagues,3” might
be a more suitable design to identify asymptomatic index patients than a
case-ascertained design.

. Consider the substantial burden of prospective data collection on participants
and simplify data and specimen collection to minimise participant dropout.
Seek input from community members and leaders on acceptable study
procedures.

. Explore whether existing datasets include sufficient information to model the
probability of asymptomatic transmission°

Case definitions

. Use a standard definition of asymptomatic influenza virus infection, such as
a laboratory-confirmed infection with complete absence of symptoms during
the entire incubation period (usually 1-4 days but in rare cases up to 7 days
from exposure).8!
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. Distinguish asymptomatic cases from paucisymptomatic cases, which differ
in their frequency and relative transmissibility compared with symptomatic
cases (eg, cases meeting influenza-like illness case definition).

. Consider using influenza virus subtyping or defining a time interval, such as 2
weeks37 or 35 days,82 between positive tests to define repeat infections

Sample size

. Account for assumptions about the expected proportion of the population to
be infected, the expected proportion of index cases that will be asymptomatic,
the expected proportion of asymptomatic infections that will lead to
transmission, the expected proportion of close contacts lost to follow-up,
within-household correlation, and any design effect related to the sampling
design. See examples of sample size calculations from studies published by
Simmerman and colleagues*>and Benet and colleagues.t’

Symptom assessment

. Include a comprehensive list of possible symptoms and record symptoms
prospectively and frequently to minimise recall bias. Influenza symptoms can
include fever, feeling feverish, or chills; cough; sore throat; runny or stuffy
nose; muscle or body aches; headaches; fatigue (tiredness); vomiting; or
diarrhoea (see US Centers for Disease Control and Prevention Flu Symptoms
& Diagnosis).

. Schedule data collection trainings and provide close supervision for
participants and field staff.

Testing algorithm

. Ensure that testing to identify index cases and secondary cases is done
equally on participants regardless of symptoms, to ensure that symptomatic
and asymptomatic cases have an equal probability of detection.

. For secondary cases, test individuals with close contact with infected index
cases frequently. Most studies have tested exposed individuals every few days
or twice weekly (table). Klick and colleagues reviewed the optimal timing for
testing exposed individuals to identified secondary infections.80

Specimen collection

. Identify the specimen collection method (eg, nasopharyngeal swab, nasal
swab, nasal wash, throat swab, or a combination) and materials (eg, swab type
and viral transport medium).

. Review recommended materials and procedures for different types of
collection methods (see Influenza Specimen Collection).

. Standardise specimen collection procedures across studies and seasons if
multiple studies are planned.
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. For larger studies, consider first validating the optimal specimen collection
method as done by Suess and colleagues.*6

Laboratory assay

. Select assays that detect current infection (RT-PCR or viral culture), rather
than assays that identify previous exposure (serology), when assessing the
direction of transmission (from an index case to a secondary case) in
observational studies. Serological assays alone are insufficient to determine
the timing or direction of transmission between cases in observational studies.
Serological data can contribute to modelling studies to understand influenza
transmission dynamics.%°

. Use assays with high specificity to minimise detection of false positive
influenza infections, particularly in asymptomatic patients where the
prevalence of influenza virus infection is lower than in symptomatic patients.

Analysis

. Ensure that appropriate data are collected and reported to allow for stratified
or multivariable analyses, including age, race, ethnicity, influenza type and
subtype, vaccination status, underlying medical conditions, and household
characteristics
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