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ABSTRACT The complete picture regarding transmission modes of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is unknown. This review summarises the available evidence on its transmission modes, our preliminary
research findings and implications for infection control policy, and outlines future research directions. Environmental
contamination has been reported in hospital settings occupied by infected patients, and is higher in the first week of
illness. Transmission via environmental surfaces or fomites is likely, but decontamination protocols are effective in
minimising this risk. The extent of airborne transmission is also unclear. While several studies have detected SARS-CoV-2
ribonucleic acid in air samples, none has isolated viable virus in culture. Transmission likely lies on a spectrum between
droplet and airborne transmission, depending on the patient, disease and environmental factors. Singapore’s current
personal protective equipment and isolation protocols are sufficient to manage this risk.
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INTRODUCTION
The COVID-19 epidemic accelerated at an alarming pace since
it was first reported on 31 December 2019, affecting more than
five million patients globally.? Singapore was affected in the
early stages of the epidemic and has reported more than 30,000
confirmed cases at the time of writing.®

While a large proportion of patients infected with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative
virus, remain clinically well,*> a small proportion will develop
severe illness requiring intensive care unit (ICU) admission and
mechanical ventilation. Reported case fatality rates have varied
across countries, likely affected by testing rate, availability of
intensive care and other healthcare resources, and variations in
demographics.©

If the epidemic continues to progress unmitigated, the strain
on healthcare systems will be tremendous. Decreased healthcare
resource availability was reported to be associated with an
increased mortality rate in China, possibly accounting for the
disproportionate case fatality rate in the outbreak epicentre of
Wouhan, Hubei, China (more than 3% in Wuhan as compared
to an average of 0.7% in provinces outside Hubei).” It is, thus,
of paramount importance to make every effort in containing the
outbreak to flatten the epidemic curve and prevent disease burden
from outpacing the expansion of healthcare resource capacity.

Nosocomial transmission of SARS-CoV-2 was also reported in
China, implicated in up to 41% of patients in a single-centre case
series.® Cohort studies of healthcare workers in outbreak settings

have found infection rates of between 1.8% and 18%.'% Previous
large outbreaks of Middle East respiratory syndrome (MERS) and
severe acute respiratory syndrome (SARS) have similarly been
driven by nosocomial spread,''¥ highlighting the importance
of effective hospital infection control policies to mitigate risk.

Infection control and personal protective equipment (PPE)
recommendations are evolving as the outbreak progresses.
Numerous research gaps and unanswered questions remain,
and policymakers are faced with the difficult task of balancing
scientific evidence, resource availabilities, and the attitudes and
well-being of healthcare workers (HCWs) and patients. In this
review, we summarise the available evidence on the modes of
transmission of SARS-CoV-2, including our preliminary research
findings on air and environmental sampling,*'> and implications
on infection control policy. We also outline the future directions
of research (Table I).

FOMITE AND ENVIRONMENTAL
TRANSMISSION

In our pilot study, we demonstrated extensive environmental
contamination of the hospital room and attached bathroom by
a COVID-19 patient with mild upper respiratory tract disease,
with 13 (87%) of 15 room sites and 3 (60%) of five toilet sites
testing positive for SARS-CoV-2 nucleic acid by polymerase chain
reaction (PCR)."¥ Several other studies have since confirmed these
findings of environmental contamination in hospital settings.®'
Our follow-up study evaluating environmental contamination
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Table I. Summary of available evidence, implications and research gaps related to severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) transmission and infection control.

Issue Pilot SARS-CoV-2 Studies in other Interpretation Implications for Research gaps
study findings viruses of findings for infection control
or settings SARS-CoV-2
Environmental - Definitive environmental  Environmental Strongly - Supports strict - Patient and disease
contamination  contamination by contamination of supports adherence to factors associated
symptomatic patients, but viable viruses in MERS environmental environmental with environmental
onward transmission not  and SARS and fomite hygiene shedding are unknown
established transmission - Healthcare - Presence of
— SARS-CoV-2 can remain facilities and environmental

viable on plastic and
steel surfaces for up to
72 hours

shared public
spaces should
be regularly
decontaminated

contamination by
asymptomatic patients

- Demonstration of
viable viruses in the
environment using virus
culture

Stool - Stool shedding is - Toilet flushing Environmental —Need forregular - Frequency, extent and
shedding common in SARS-CoV-2, is associated faecal decontamination duration of viable virus
independent of diarrhoea with bioaerosol contamination is protocols shed in stool is not
- Surfaces and air samples generation with a possible route for toilets in known
in toilets used by subsequent of transmission healthcare - Understand the
COVID-19 patients can be airborne viruses, facilities and sensitivity of
contaminated by viruses e.g. norovirus public spaces SARS-CoV-2 viral
- Previously - Importance material concentration
implicated of regular in early detection
as a mode of maintenance of and/or prevalence of
transmission in sewage systems COVID-19 infections
large SARS outbreak - Personal hygiene
after bathroom
use should be
enforced
Airborne - SARS-CoV-2 can remain Airborne Airborne - Continued Modelling and
vs. droplet stable for up to 3 hours transmission has transmission management of epidemiologic studies of
transmission in artificially generated been demonstrated is a possibility, COVID-19 patients outbreaks to determine

aerosols

- Preliminary air sampling
studies have shown viral
nucleic acid in the airin
clinical settings, although
definitive airborne
transmission remains to

in previous SARS and
MERS outbreaks

although we are
unable to draw
conclusions
regarding

the extent of
contribution
from the limited

in airborne
isolation rooms
Continued use of
NO95 respirators
in patient
management

the role and extent of
airborne transmission

be proven evidence
Adequacy of - Limited contamination of ~ Shoe cover use has - Extent of - Continued N95 Patient and disease
recommended  PPE during routine care of been associated airborne vs. use until more factors that affect risk
PPE COVID-19 patients with higher risk of droplet use is data emerges airborne transmission, to

- One instance of
contamination of shoe
surface

self-contamination

unclear, hence
uncertain if
N95 use is
universally
required

- Risk of
transmission
from
contaminated
shoes is low

Current PPE
recommendations
are sufficient

MERS: Middle East respiratory syndrome; PPE: personal protective equipment; SARS: severe acute respiratory syndrome

in 30 rooms (27 general wards and three ICUs) confirmed that

environmental contamination was common (17/30, 57%), and
occurred in rooms of both symptomatic, pauci-symptomatic and
asymptomatic patients.” Patients in the first week of illness had

allow risk stratification for
limited PPE resources

significantly more environmental contamination, which declined
after Day 8 of the disease. This finding is consistent with previous
data showing that viral shedding from the respiratory tract is higher
in the first week of illness.202"
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These studies strongly suggest that the environment can
serve as a medium of transmission of SARS-CoV-2, through
touch contamination and subsequent self-inoculation of mucous
membranes by a non-infected individual coming into contact
with a contaminated environmental surface or fomite. Previous
studies on MERS and SARS have shown that these viruses
extensively contaminate the environment, and have successfully
isolated viruses in environmental samples on viral culture, 2%
clearly demonstrating the potential of this mode of transmission.
Importantly, while a laboratory study has shown that SARS-CoV-2
can remain viable on plastic and stainless steel surfaces for up to
72 hours (median 16 hours and 13 hours, respectively),?” no study
has isolated viable virus from the environment in a natural clinical
setting. Attempts to isolate viable SARS-CoV-2 virions in viral culture
from the environment are ongoing, and if successful, will prove
to be the smoking gun in favour of some extent of environmental
transmission. However, the odds are stacked against successful
virus isolation from environmental samples. Unlike laboratory
settings, ambient environmental conditions vary and can lead to
virus structural changes primarily via desiccation and ultimately,
loss of viability. Additionally, the low viral loads typically seen in
these samples would reduce chances of virion attachment to cell
culture, which is required to establish an infection.

The impact of these findings on infection control and public
health policy is significant. First, strict adherence to environmental
hygiene protocols should be ensured in all healthcare settings
to minimise the risk of environment-mediated transmission.
Reassuringly, all post-cleaning samples in the pilot study were
negative, suggesting that the current decontamination protocols
are sufficient." Second, regular cleaning and decontamination
should be carried out in shared public places to minimise the
risk of environmental transmission.

Further research should elucidate in greater detail the
patient and disease factors affecting the extent of environmental
contamination. If more data confirms that the degree of
environmental contamination decreases beyond the first week
of illness, this can allow prioritisation of limited resources (e.g.
isolation rooms) for patients early in the disease course and inform
de-isolation or cohorting policies.

STOOL SHEDDING AND FAECAL
TRANSMISSION
Stool shedding of SARS-CoV-2 by COVID-19 patients has been
reported. While infrequent, isolation of the virus in cell culture
from stool samples has been reported, indicating the viability of
viruses shed from the gastrointestinal tract.?*” 4 (50%) out of
eight patients in a case series from Singapore were found to have
positive stool samples for SARS-CoV-2 by PCR,“% which did not
correlate with the presence of diarrhoea or other gastrointestinal
symptoms. Furthermore, COVID-19 patients have been reported
to shed virus in stools even a few days after all respiratory
symptoms have disappeared. 82

In our pilot environmental study, samples from the toilet
bowl, sink and door handle were positive for SARS-CoV-2,
as tested by PCR."® The follow-up environmental study also
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found contamination of the toilet bowl in 5 (18.5%) out of 27
rooms." Toilet contamination can be explained by two possible
mechanisms: (a) respiratory droplets contaminating the toilet
environment while in use by the patient or (b) environmental
faecal contamination. In the pilot study, SARS-CoV-2 PCR was
also found in two of the patient’s clinical stool samples, possibly
supporting the hypothesis of environmental faecal contamination.

Flushing of toilets has been shown to generate bioaerosols
containing faecal micro-organisms,®® and other viruses such as
norovirus have been detected in hospital air samples, presumably
through bioaerosol spread.®” Viral stool shedding has been
demonstrated in SARS,®? and was implicated in at least one
large outbreak in a private apartment building in Hong Kong,
hypothesised to be mediated through contamination of the
sewage system and spread via faeces-contaminated droplets.®33¥
A preliminary study from China found positive air samples by
PCR in a mobile toilet used by a COVID-19 patient, suggesting
that similar aerosolisation of virus shed in stool can also occur
with SARS-CoV-2.%%

Horizontal transmission can occur should an uninfected
individual touch contaminated toilet surfaces and self-inoculate
his/her mucous membranes, or even via the respiratory route
should there be faecal bioaerosolisation. However, the frequency,
extent and duration of shedding of viable virus in stool is still
unclear. Environmental faecal contamination as a route of
transmission, while plausible, remains hypothetical, and we are
unable to quantify this risk with the currently available evidence.

These findings raise the possibility of viable SARS-CoV-2
shed in stool contaminating the toilet environment, although
respiratory droplet contamination remains a possible alternate
hypothesis. Further studies should expand the sample size and
recruit patients with a broad range of symptoms, examining
the extent of contamination of patient rooms and toilets and its
correlation with respiratory symptoms to tease out the difference
between these two mechanisms of toilet contamination.

AIRBORNE (AEROSOL) AND DROPLET
TRANSMISSION

Airborne transmissibility of SARS-CoV-2, which has recently
been debated, could have significant ramifications for patient
disposition, allocation of healthcare infrastructure, PPE use and
public health policy. Unfortunately, it is not straightforward, and
based on the currently available evidence, the extent of airborne
transmission of SARS-CoV-2 is unknown.

Whether a virus can spread via the airborne route is largely
determined by the decay rate of the virus in an aerosolised
state and the ability of an infected individual to efficiently
shed the virus in respiratory droplets or other bodily fluids. It is
understood that large respiratory droplets tend to settle by force
of gravity within a 1-2-m radius from the source. By contrast,
smaller droplets are carried more efficiently through the air and
droplets < 5 um are respirable.®*” Diseases can be classified as
obligate (e.g. tuberculosis), preferential (e.g. varicella, measles)
or opportunistic (e.g. influenza, SARS) airborne diseases.®® This
classification depends on whether the primary means of spread
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Table Il. Summary of key studies testing air samples for severe acute respiratory syndrome coronavirus 2.

Study, year Positive samples Concentration of Particle Distance of samplers  Virus culture attempted
for viral RNA RNA (copies/m®)  sizes <5 um from patient for positive PCR

Ong et al, 2020 No - - NA

Cheng et al, 20209 No - - NA

Liu et al, 20206 Yes 1-42 Yes Not stated No

Santarpia et al, Yes 980-8,690 Not fractionated Variable, > 6 ft (1.82m)  Yes, negative

20204V

Guo et al, 202017 Yes 520-3,800 Not fractionated Variable,upto4m No

Chia et al, 2020 Yes 1,840-3,380 Yes 0.7m No

PCR: polymerase chain reaction; RNA: ribonucleic acid

is airborne or if airborne transmission only arises in specific
situations (e.g. during aerosol-generating procedures).®”

The need to consider the human infectious dose (if known),
as well as the dose-response relationship of the virus, adds to
the difficulty in characterising the airborne transmissibility of a
virus. Molecular identification of viral nucleic acids in aerosols
is usually the first line of scientific evidence of potential airborne
transmission of a virus. Still, it does not mean that the contained
virus can generate a clinical infection.®® Furthermore, airborne
transmission is strongly influenced by environmental factors
such as airflow, ventilation, temperature and humidity, which
can affect droplet desiccation and movement as well as virus

stability. 0
Several studies have attempted to detect SARS-CoV-2 in
air samples (Table II). In two recent air sampling pilot studies,

SARS-CoV-2 nucleic acid was not detected in the air in a
COVID-19 patient room or from an exhaled breath sample
from an infected patient."*'® However, four subsequent studies
detected SARS-CoV-2 contamination in air samples collected in
healthcare settings. In addition to the positive aerosol samples
collected near the patient toilet in the study by Liu et al,®
low concentrations of aerosolised virus were detected in both
patient and staff areas, including the designated room for PPE
removal. Quantification of droplet size showed a bimodal size
distribution of 0.25-1.0 um and > 2.5 pm, which is suggestive
of potential airborne transmission. However, whether these
low concentrations of aerosolised virus (1-42 copies/m® of air)
are clinically significant or can result in onward transmission is
unclear.

Another study by Santarpia et al found that 8 (66.7%)
out of 12 air samples collected from patient rooms and hallways
were positive for SARS-CoV-2, with viral concentrations of
0.98-8.69 copies/L of air (or 980-8,690 copies/m®; mean
concentration 2,860 copies/m?).“" Fractionation of droplet size
was not performed, and the distance between the air samplers
and the source patient varied, although at least two of the positive
air samples were from samplers more than 6 ft (1.83 m) from
the patient.

Guo et al have also detected SARS-CoV-2 ribonucleic
acid (RNA) in air samples (14/40 samples from the ICU and
2/16 samples from the general ward), including from a sampling
site up to 4 m from the patient."” Concentrations were 0.52-3.8

copies/L (520-3,800 copies/m?), and droplet size fractionation
was not performed.

Our second air sampling study in Singapore detected two
positive air samples from patients early in the course of illness
(Day 5) with high viral loads (clinical cycle threshold values
of 18.45 and 20.11) and viral concentrations of 1,840 and
3,380 RNA copies/m® of air, consistent with the findings in the
aforementioned studies."® Importantly, size fractionation was
performed using National Institute for Occupational Safety and
Health (NIOSH) air samplers, identifying SARS-CoV-2 in aerosols
1-4 um in diameter, which are capable of transmission beyond
short distances.

Importantly, none of these studies demonstrated virus
viability by isolating virions from air samples in virus culture.
An in vitro experiment has shown that SARS-CoV-2 can remain
viable in artificially generated aerosols for up to three hours,*
but whether this can be demonstrated in a real-world clinical
setting is unknown. Identification of viable viruses in air samples
from real-world environments would provide more convincing
evidence for an airborne transmission hypothesis.

Future directions of research should include modelling and
epidemiologic studies of real-life outbreaks, for example, by
demonstrating evidence of transmission between individuals
in which no other discernible route of transmission can be
identified. The current estimates of the reproductive number
(R,) of SARS-CoV-2, ranging from 1.0 to 2.5, seem to
suggest a largely close-range droplet transmission (with potential
opportunistic airborne transmission, e.g. during aerosol-
generating procedures), as primarily airborne pathogens tend to
give rise to a much higher R . Anecdotal evidence of healthcare
workers exposed to confirmed cases without developing infection
despite inadequate protection against airborne transmission also
suggests that the degree of airborne transmission may not be
extensive.“” Routine use of surgical masks in the community
has also prevented transmission from symptomatic COVID-19-
infected hair stylists to a large number of customers.*” On the
other hand, several super-spreading events have been reported,
wherein the high attack rate may suggest the role of aerosolisation
and airborne transmission.“®4”

Recent mathematical modelling indicates that short-range
airborne transmission may be the dominant route of respiratory
virus transmission among close contacts,“® which is contrary
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to the historical understanding of how respiratory viruses are
primarily transmitted. Nevertheless, epidemiologic evidence
should supplement mechanistic studies to serve as additional
confirmation of airborne transmission in natural settings,*” as
previously demonstrated with SARS and measles.>%"

ADEQUACY OF PERSONAL PROTECTIVE
EQUIPMENT

In Singapore, the PPE for healthcare workers includes gloves,
disposable gown, respiratory protection (at least as protective as
a fit-tested NIOSH-certified disposable N95 filtering facepiece
respirator) and eye protection (e.g. goggles or disposable face
shield) for all healthcare workers in contact with patients with
known or suspected COVID-19, if resources permit, similar to the
recommendation of the United States Centers for Disease Control
and Prevention.®? By contrast, the World Health Organization
(WHO) recommends droplet and contact precautions with a
surgical mask, eye or face protection, disposable gown and gloves
for regular patient contact.®® The WHO continues to recommend
airborne precautions for settings in which aerosol-generating
procedures are performed, according to risk assessment.

As discussed, the dichotomy of airborne versus droplet
transmission is an inaccurate distinction, and SARS-CoV-2 seems
to fall within a spectrum of potential for airborne transmission.
Likewise, the choice between a surgical mask and an aerosol-
filtering respirator (e.g. N95 mask) is not merely dependent on
the matter of airborne versus droplet transmission, but has to take
into account patient factors (the necessity for aerosol-generating
procedures), user factors (fit-testing, comfort, training and
familiarity) and resource factors (availability of N95 respirators).

Given the current paucity of data on SARS-CoV-2 and its
transmission routes, no conclusions can be drawn as to whether
N95 respirators or surgical masks are superior in the protection of
healthcare personnel. Nonetheless, we err on the side of caution
and advise N95 respirator use for all contact with known or
suspected COVID-19 patients. For aerosol-generating procedures
(e.g. intubation or bronchoscopy), powered air-purifying
respirators may be used (if HCWs are trained and familiar with
its use), taking into account the high proportion of nosocomial
transmission to HCWs associated with these procedures during
SARS.®*5 However, these recommendations are contingent on
the continued availability of PPE resources, which were both
scarce and expensive during SARS.“*>” Should the epidemic
progress unabated, with resultant pressure on PPE stockpiles,
respirator use may have to be allocated based on situational risk.
Further studies are urgently needed to determine whether surgical
masks are sufficient and to identify patient, environmental and
viral factors that necessitate up-triaging of PPE recommendations.

In our preliminary study, PPE samples taken from the
gown, gloves, visor mask and N95 mask were negative for
SARS-CoV-2 by PCR." However, one swab from the front surface
of shoes of a HCW was positive after contact with a known
COVID-19 patient, raising uncertainty about the necessity of
shoe covers. Implementing a policy of routine shoe cover use
requires a balance between the risk of infection transmission
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without shoe covers and the risks of shoe cover use. We assess
the risk of infectious transmission from contaminated shoes to be
negligible, especially since the risk of contamination of shoes in
itself is insignificant. To our knowledge, no case of transmission
of respiratory viruses mediated by contaminated shoes has been
reported. Conversely, the routine use of shoe covers comes
with its attendant issues — the safe doffing of shoe covers is a
complicated process requiring additional infrastructure in the
doffing area (e.g. chair, step stool or handgrips), which offers
further avenues for contamination.®® A previous study auditing
the rate of self-contamination by HCWs during donning and
doffing of PPE found that removal of shoe covers was a vulnerable
step in the doffing process, with a 65.5% (19/29 incidents) rate
of self-contamination.®”

A follow-up study sampling HCWSs’ PPE after contact with
COVID-19 patients, which tested 90 samples (N95 mask, goggles
and shoe front) from 30 HCWs (doctors, nurses and cleaners),
did not detect any PPE contamination by SARS-CoV-2, providing
reassurance that the possibility of PPE contamination is low
during regular contact with patients.®® Weighing the risks and
benefits, we do not recommend the use of shoe covers given the
low assessed risk of contaminated shoes and the increased risk
of self-contamination during the doffing process.

In view of the expected global shortages of PPE supplies, if the
pandemic continues, research has been conducted to evaluate
the feasibility and efficacy of disinfection of surgical masks and
N95 respirators for reuse. Studies have evaluated the use of dry
heat, steam microwave, ethanol and hydrogen peroxide vapour
for decontamination of masks;®'-** however, varying results have
been reported with regard to mask integrity post sterilisation.
Furthermore, all these studies tested the adequacy of sterilisation
with in vitro inoculation of PPE, and these methods have yet to be
tested in real clinical settings. Until larger studies evaluating the
implementation of such decontamination protocols are carried
out, we cannot recommend their routine use while PPE supplies
are still available.

CONCLUSION

The COVID-19 pandemic poses a significant threat to human
health, healthcare systems, the economy and the society.
Unmitigated progression will likely overwhelm workforce and
resource capacity at considerable cost to mortality. Containment
of the outbreak should be a foremost priority for all public health
authorities, and strict infection control recommendations are
paramount to achieving this goal.

Although we do not comprehensively understand the
transmission routes of SARS-CoV-2, emerging evidence suggests
that transmission can occur via multiple routes. COVID-19 patients
can shed viable viruses from both the respiratory and gastrointestinal
tracts, resulting in secondary infection either directly via droplet and
opportunistic aerosol generation or indirectly via contamination
of the environment or fomites.

Current isolation, PPE and decontamination protocols
are likely to be sufficient for the management of confirmed
or suspected COVID-19 patients, but the progression of the
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outbreak and resultant resource constraints may necessitate
a redrawing and rationalisation of these protocols. Further

studies to clarify the extent and relative importance of each of
these transmission routes, as well as the patient, disease and
environmental factors that affect each medium, are urgently

needed to allow policymakers to risk-stratify and tailor infection

control recommendations.
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