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Importance of non-pharmaceutical interventions in
lowering the viral inoculum to reduce susceptibility to
infection by SARS-CoV-2 and potentially disease severity

Matthew A Spinelli, David V Glidden, Efstathios D Gennatas, Michel Bielecki, Chris Beyrer, George Rutherford, Henry Chambers, Eric Goosby,

Monica Gandhi

Adherence to non-pharmaceutical interventions to prevent the transmission of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has been highly variable across settings, particularly in the USA. In this Personal View,
we review data supporting the importance of the viral inoculum (the dose of viral particles from an infected source
over time) in increasing the probability of infection in respiratory, gastrointestinal, and sexually transmitted viral
infections in humans. We also review the available evidence linking the relationship of the viral inoculum to disease
severity. Non-pharmaceutical interventions might reduce the susceptibility to SARS-CoV-2 infection by reducing the
viral inoculum when there is exposure to an infectious source. Data from physical sciences research suggest that
masks protect the wearer by filtering virus from external sources, and others by reducing expulsion of virus by the
wearer. Social distancing, handwashing, and improved ventilation also reduce the exposure amount of viral particles
from an infectious source. Maintaining and increasing non-pharmaceutical interventions can help to quell
SARS-CoV-2 as we enter the second year of the pandemic. Finally, we argue that even as safe and effective vaccines are
being rolled out, non-pharmaceutical interventions will continue to play an essential role in suppressing SARS-CoV-2
transmission until equitable and widespread vaccine administration has been completed.

Introduction

Given the heterogeneity in both disease severity and
incidence of COVID-19 worldwide, some experts have
suggested that adherence to non-pharmaceutical inter-
ventions (eg, social distancing and mask-wearing) is an
important and intervenable contributor to these observed
differences.’ Non-pharmaceutical interventions have been
severely underused as part of the COVID-19 response
in the USA, especially with later infection surges of
COVID-19. An average of 49% of Americans reported
wearing facial masks daily during the months of June to
August, 2020, compared with 95% observed adherence in
Hong Kong and 100% reported adherence in Vietnam in
the same period' An emerging hypothesis is that the viral
inoculum, and the interventions that might decrease
it, could not only limit infections but also lead to less
severe COVID-19 disease if these interventions fail to
prevent infection.”* In this Personal View, we review data
supporting the importance of the viral inoculum for
susceptibility to respiratory, gastrointestinal, and sexually
transmitted viral infections, and the available evidence
linking the inoculum to disease severity. We also argue
that, even as safe and effective vaccines are being rolled
out, non-pharmaceutical interventions will continue to
play an essential and ongoing role in suppressing the
transmission of SARS-CoV-2 and any further mutations.

Inoculum, host susceptibility, and outcomes for
human pathogens

The importance of pathogen inoculum (ie, the number of
organisms to which a host is exposed as a function
of the concentration, duration, and viral load of the
source’s infectious material) on the resulting probability
of infection has been well described in humans for several
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viral pathogens, such as influenza viruses,”™ respiratory
syncytial virus,"" adenovirus,* enterovirus,” poliovirus,*
rhinovirus,”" and rotavirus,” and also for several bacteria
and parasites, particularly in the context of food safety.**
An important example of the relationship between source
viral load and infectivity is HIV, for which a study among
HIV serodiscordant couples in Rakai, Uganda showed
that the transmission rate was monotonically related to a
higher viral load set point of the partner with HIV, with
no transmissions observed with a viral load of less
than 1500 copies per mL.* For respiratory viruses, the
relationship between infection and the viral inoculum
has been documented through controlled human
infection studies, which typically involve increasing the
dose of challenge viruses in a stepwise way, by use of
intranasal mucosal atomisation devices until mild or
moderate illness occurs.”* For instance, in an influenza
A virus subtype HIN1 human challenge model, no
infections occurred until participants received 105 or
higher 50% tissue culture infectious dose (TCIDj,), with
a higher proportion of participants showing viral shed-
ding with each ten-fold increase in TCID,,.”* Respiratory
viruses typically follow this pattern of higher inoculum
leading to a higher probability of infection in human
challenge experiments, including influenza viruses,
rhinovirus, and respiratory syncytial virus, " although
there are exceptions, given the complexity of the
pathogen-host interaction.** In addition, the dose
needed to infect 50% of the human population (human
infectious dose, HID,) varies between pathogens and
their subtypes or strains, which has been documented for
influenza viruses, rhinovirus, and others.”

The influence of the inoculum on disease severity is
more challenging to study in humans, given that some
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viruses only cause mild clinical manifestations in
immunocompetent human hosts. Viruses that cause
severe disease symptoms are too dangerous to study
experimentally in humans, and disease severity is more
challenging to measure than is infection itself. However,
in one controlled experiment with respiratory syncytial
virus, five of the seven human participants who were
successfully infected with undiluted, higher dose
virus inoculum (105 plaque-forming units) administered
intranasally, and had an infection confirmed by viral
culture, developed symptomatic respiratory syncytial virus
disease, whereas none of the 16 participants infected with
the diluted, lower dose virus inoculum (1027 plaque-
forming units) developed symptomatic disease.” In a
human challenge experiment with influenza A virus
subtype H3N2, 16 (55%) of 29 volunteers inoculated
intranasally with 106 or higher TCID,, showed viral
shedding, but those inoculated with the highest dose self-
reported the highest symptom severity score.’ Other
previous experiments that studied the relationship
between inoculum and symptom severity did not stratify
results by confirmed infections, making the data more
difficult to interpret.*”*

The association between dose and disease severity for
some viruses is more easily shown in animal models. The
relationship between inoculum and mortality in BALB/c
mice has been shown for a mouse adapted-H5NT1 strain of
influenza A virus, although 100% mortality occurred at
relatively low doses. For coronaviruses, there are few
human data for dose and response, although there is some
evidence of a dose-response relationship from mouse
models of severe acute respiratory syndrome coronavirus
(SARS-CoV), which is structurally similar to SARS-CoV-2,%
as well as from murine hepatitis virus, which has been
studied as a model of human coronavirus.” Intranasally
administered, higher dose inocula of SARS-CoV in a
BALB/c mouse model showed a dose-dependent asso-
ciation with higher mortality, weight loss, and higher viral
titres in the respiratory tract” In an murine hepatitis
virus-1 mouse model, escalating doses of virus were
associated with increasing mortality rates (p=0-01) in
20 mice with positive viral cultures.” Findings in animal
models might not, however, translate the complexity of
pathogen-host interactions in humans.

Viral inoculum, host susceptibility, and
outcomes for SARS-CoV-2

Given the severity of illness associated with SARS-CoV-2
infection, human challenge studies are controversial.”
However, in an animal model of SARS-CoV-2 infection,
Syrian hamsters were successfully infected with
two different doses of SARS-CoV-2, intranasally and
intraocularly, and the higher dose was associated with
greater weight loss and more severe lung abnormalities
on chest imaging.”” In another experiment, when a
surgical mask partition was placed between the cages of
infected and uninfected Syrian hamsters, only six (25%) of

24 hamsters protected by the surgical mask partition were
infected, compared with ten (67%) of the 15 control
animals without mask partitions (p=0-018).”* Several
mouse model studies of SARS-CoV-2 examined dose-
response effects on disease severity,** although the
relationship between dose and mortality was difficult to
interpret due to the absence of confirmed infection at
lower doses in one of these,* and there was difficulty in
distinguishing between increased incubation period and
increased severity in another.”® However, in one mouse
model of infection with an adapted SARS-CoV-2, a ten-fold
increase in inoculation dose resulted in a 60% mortality,
compared with a 20% mortality among BALB/c mice, all
with pulmonary infections confirmed via viral culture
(p=0-09).%

Some epidemiological data™*¥ suggestive of the viral
inoculum effect with SARS-CoV-2 are also worthy of
notice. A natural experiment of sorts occurred in the
Swiss Alps between March 25, 2020, and April 14, 2020,
in two spatially separated homogenous cohorts of
soldiers of similar age (median age 21) and without
substantial comorbidities.* After a COVID-19 outbreak
occurred in one of the cohorts, physical distancing and
surgical mask-wearing was implemented in both cohorts.
An outbreak of COVID-19 in the previously unaffected
cohort occurred after the implementation of this policy,
with 13 (15%) of 88 asymptomatic soldiers later confirmed
to have COVID-19 through mass testing (66 [43%]
of 154 were not tested) and none of the 154 recruits
developing symptoms. In the cohort impacted before
mask-wearing and social distancing were implemented,
102 (47%) of the 215 soldiers who tested positive were
symptomatic (132 [37%)] of 354 were not tested).*

Another study that enrolled participants with PCR-
confirmed SARS-CoV-2 infection and their close contacts
during the spring 2020 outbreak of SARS-CoV-2 in
Catalonia, Spain did a post-hoc analysis of transmission
dynamics in a cluster randomised trial of post-exposure
prophylaxis with hydroxychloroquine.”® An outbreak field
team visited cases and contacts in homes or nursing
homes from March 17, 2020 to April 28, 2020, and
measured SARS-CoV-2 viral loads from nasopharyngeal
swabs at day 1 and 14. This study found a dose-response
relationship between viral load of the index case and
the probability of symptomatic disease among contacts,
including when adjusting for symptom status of
the index case. The viral load of the index case was
proportionally related to transmissibility and inversely
related to duration of the incubation period the infected
contact went through, with higher index viral loads in the
cases associated with shorter incubation periods among
contacts.”® The authors suggest that the viral load of
cases is an important driver of transmission. Finally,
epidemiological data show a higher basic reproduction
number (R,) of SARS-CoV-2 compared with Middle East
respiratory syndrome coronavirus or severe acute
respiratory syndrome virus® (although the relationship
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of R, with HID,, is unknown®), and the period of
asymptomatic transmission with SARS-CoV-2 probably
also plays an important role.

Non-pharmaceutical interventions to reduce
viral inoculum

Masks

Surgical masks worn by infected individuals reduce
transmission by blocking the release of virions into the air,
as has been shown for coronaviruses or influenza viruses.”
Evidence regarding the ability of cloth face coverings to
reduce also the size of the inward viral inoculum was
already available for other respiratory viruses,”* and has
been accumulating for droplets and aerosols that simulate
SARS-CoV-2.7# Increasing evidence from physical
sciences research on how cloth masks might protect the
wearer (filtration for personal protection), as well as the
long-standing evidence on how masks protect others
(so-called source control) led to a change in guidance from
the US Centers for Disease Control and Prevention, whose
original public health recommendation for the public to
wear face coverings, from April 3, 2020, provided the
reason that masks protect others.” However, a scientific
brief by the same agency, updated on November 20, 2020,
revised the guidance to indicate that masks protect both
the user and others, which might also help to increase
mask-wearing compliance in the USA.*

Rather than criticising the efficacy of cloth masks,
investments should be made for the production of
high-quality surgical or other types of face coverings
to increase their availability outside of health-care
settings.” Standardisation of recommendations for
surgical masks (which use electrostatic-based filtration)
and, if not available, high-quality cloth masks (at least
two-ply and high-thread count),” will reduce confusion.”
Availability and uniform provision of consistently pro-
duced and effective facial coverings could also reduce
some mask-wearing hesitancy because a greater perceived
efficacy might increase compliance in populations with
less adherence to mask-wearing.*

In a study in Denmark in April 3, 2020 to June 2, 2020,
individuals were randomly assigned to a group where
surgical masks were recommended and provided, versus
a standard-of-care group. The trial pointed towards a
potential association between mask-wearing and reduced
SARS-CoV-2 transmission during a low-incidence period,
with the point estimate suggesting only a modest
benefit.” However, several design limitations of the
trial probably hindered its ability to show the benefits
of mask-wearing for the prevention of COVID-19—
underpowering; randomisation at the individual, rather
than community, level; flawed outcome measures; and
self-reported adherence to mask-wearing in a setting
where mask-wearing was not the community norm®**
—which suggests that the accumulating epidemiological
and physical sciences evidence for the efficacy of masks
might be more compelling than this study showed.®* A
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modelling study done in the USA has found a correlation
between universal mask-wearing and a reduced need for
lockdowns and associated economic losses.®

Distancing and ventilation

SARS-CoV-2 has generally been shown to have higher
RNA concentrations, or a higher viral inoculum, at closer
distances to an infected source or closer to COVID-19
patient care areas, as well as downstream (versus
upstream) of the air flow from an infected source,
although these higher concentrations might not correlate
to confirmed culturable virus.** An air sampling study
within a US hospital in the rooms of patients with
COVID-19 patients showed higher RNA concentrations
with personal air samplers compared with bedroom or
hallway air samplers.* In another study, in a hospital in
Wuhan, China, two (18%) of 11 air samples collected near
patients with a COVID-19 infection in the general ward
had detectable RNA, compared with none of five samples
collected 2-5 m away from patients (sampler positioned
upstream of the room’s airflow). In the intensive care
unit of the same hospital, samples were collected
downstream of the room’s airflow. Overall, eight (44%) of
18 samples collected 2-5 m away from the patient were
positive, while only one (13%) of eight samples collected
4.0 m were positive. Other studies reporting RNA in air
samples from COVID-19 care areas did not, unfortunately,
measure the distance between sample location and
patient.”*

Ventilation to reduce exposure to viral particles has
been well described for respiratory viruses. Encouraging
human interactions to happen primarily in outdoor
spaces and providing engineering and structural
changes to increase ventilation in indoor spaces are
important non-pharmaceutical interventions.®” Hand-
washing could decrease the viral inoculum by reducing
the number of viral particles on the hands, which has
been shown to be an efficient transmission route, for
instance, of rhinovirus (although not identified as a
transmission route of SARS-CoV-2)." Finally, it is
important to note that the efficacy of non-pharmaceutical
interventions will increase when multiple strategies are
combined, with no single strategy likely to confer an
efficacy 0f 100% in preventing SARS-CoV-2 transmission.
Moreover, one strategy can help compensate for another.
We propose the concept of the non-pharmaceutical
interventions triangle (appendix), in which an individual
intervention (masks, distancing, or ventilation) can be
reduced as another intensifies (with host susceptibility
to SARS-CoV-2 a central figure in the non-pharmaceutical
interventions triangle).

There are several possible study designs that could
add additional evidence to the relationship between
mask-wearing and susceptibility to SARS-CoV-2. Natural
experiments, such as the Swiss military study,* or case-
contact studies, such as the one done in Catalonia,” can
be examined in other settings. Econometric methods

See Online for appendix
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such as differences-in-differences analyses could be used
to study COVID-19 incidence, hospitalisations, and
mortality before and after institution of mask-wearing
mandates across the world (importantly, controlling for
case and testing rates), although adherence to these
mandates will also need to be taken into account. Human
challenge studies could be attempted with seasonal
coronaviruses that do not provoke severe disease. Non-
pharmaceutical interventions, such as mask-wearing or
physical distancing, could be incorporated into seasonal
coronavirus or influenza virus human challenge studies
to study their efficacy more rigorously. Furthermore,
individuals with SARS-CoV-2 infection could be enrolled
into viral culture studies concomitantly with mask-
wearing, physical distancing, or both, which could help to
quantify the degree of expulsion of viable virus with
different non-pharmaceutical interventions.

Non-pharmaceutical interventions and vaccine
effectiveness

The effectiveness of a SARS-CoV-2 vaccine could
potentially be affected by the population-level burden of
COVID-19 disease. The influence of the population-level
disease burden on vaccine effectiveness has been well
described.” Indirect vaccine efficacy (population vaccine
efficacy) occurs when a vaccine prevents disease in those
who are not vaccinated via sufficient population (herd)
immunity. Continuation of non-pharmaceutical inter-
ventions will be particularly important for susceptible
groups who do not mount a strong immune response to
a coronavirus vaccine, and for those who decline a
vaccine.” Uncontrolled spread of SARS-CoV-2 in much
of the USA could limit the initial efficacy of a SARS-CoV-2
vaccine.

The recent news of the high efficacy of the Moderna™ and
Pfizer/BioNTech” mRNA vaccines for SARS-CoV-2, as
well as of the AstraZeneca™, Novavax”, Johnson and
Johnson™, and Sputnik V” vaccines, are hopeful and
exciting. However, the endpoints for the trials of all of these
vaccines were preventing symptomatic COVID-19 disease
(in which each of the mRNA vaccines showed more than
94% efficacy versus a placebo). Because asymptomatic
infection could not be ruled out in patients receiving
the vaccine, continued adherence to non-pharmaceutical
interventions (even by the vaccinated) will need to be
maintained until the pandemic is controlled and
widespread vaccination is achieved. During this period,
lower priority groups, such as the young, healthy, and
people not working in essential services might have delays
in being offered vaccines. Non-pharmaceutical inter-
ventions will, therefore, remain essential for the near
future. While building the infrastructure to stockpile and
administer a vaccine at a mass scale, investments should
simultaneously be made in the scientific study, production,
and promotion of non-pharmaceutical interventions, such
as standardised masks, to prevent continued transmission
of SARS-CoV-2.

Conclusion

We reviewed the influence of the viral inoculum on
disease susceptibility for several human pathogens and
the preliminary data available for SARS-CoV-2. We make a
plea for continued or enhanced adherence to non-
pharmaceutical interventions in combatting SARS-CoV-2
transmission as we await equitable distribution of a safe
and effective vaccine. Non-pharmaceutical interventions,
including social distancing, mask-wearing, and improved
ventilation, especially if associated with higher compliance
in settings with unmitigated SARS-CoV-2 transmission,
might make an important and positive difference in
disease severity and transmissibility worldwide as we
approach the second year of the COVID-19 pandemic.
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