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Relative contributions of transmission routes for COVID-19 among
healthcare personnel providing patient care

Rachael M. Jonesa,b

aDepartment of Family and Preventive Medicine, School of Medicine, University of Utah, Salt Lake City, Utah; bRocky Mountain Center
for Occupational and Environmental Health, University of Utah, Salt Lake City, Utah

ABSTRACT
The routes of COVID-19 transmission to healthcare personnel from infected patients is the
subject of debate, but is critical to the selection of personal protective equipment. The
objective of this paper was to explore the contributions of three transmission routes—con-
tact, droplet, and inhalation—to the risk of occupationally acquired COVID-19 infection
among healthcare personnel (HCP). The method was quantitative microbial risk assessment,
and an exposure model, where possible model parameters were based on data specific to
the SARS-CoV-2 virus when available. The key finding was that droplet and inhalation trans-
mission routes predominate over the contact route, contributing 35%, 57%, and 8.2% of the
probability of infection, on average, without use of personal protective equipment. On aver-
age, 80% of inhalation exposure occurs when HCP are near patients. The relative contribu-
tion of droplet and inhalation depends upon the emission of SARS-CoV-2 in respirable
particles (<10mm) through exhaled breath, and inhalation becomes predominant, on aver-
age, when emission exceeds five gene copies per min. The predicted concentration of
SARS-CoV-2 in the air of the patient room is low (< 1 gene copy per m3 on average), and
likely below the limit of quantification for many air sampling methods. The findings demon-
strate the value of respiratory protection for HCP, and that field sampling may not be sensi-
tive enough to verify the contribution of SARS-CoV-2 inhalation to the risk of occupationally
acquired COVID-19 infection among healthcare personnel. The emission and infectivity of
SARS-CoV-2 in respiratory droplets of different sizes is a critical knowledge gap for under-
standing and controlling COVID-19 transmission.
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Introduction

The routes of COVID-19 transmission, and their rela-
tive contributions, remain uncertain, but this know-
ledge is critically important because the transmission
routes determine the strategies necessary to protect
healthcare workers from occupationally acquired
infection. A number of public health organizations
have posited that COVID-19 transmission is predom-
inantly through the droplet route (WHO, 2020),
which can be interrupted by a barrier device, such as
a surgical mask (Siegel et al., 2007). There is increas-
ing support for the transmission of COVID-19
through the inhalation of viral aerosols (Morawska
and Cao 2020; Setti et al. 2020), which would be con-
sistent with evidence from the SARS-CoV outbreak in
the early 2000s (Jones and Brosseau 2015). The

inhalation of viral aerosols, whether the susceptible
person is in close proximity to the source or at more
distant locations, can only be effectively interrupted
by a respiratory protection device, such as an N95 fil-
tering facepiece respirator.

The objective of this paper is to explore the contri-
butions of three transmission routes—contact, droplet,
and inhalation—to the risk of COVID-19 infection
among healthcare personnel (HCP) providing care to
infectious patients, and the influence of uncertainty
about the emission of SARS-CoV-2 on the relative
contributions of each transmission route. The object-
ive was achieved by adaptation of an exposure model
previously applied to characterize the risk of occupa-
tionally acquired influenza to SARS-CoV-2 (Jones and
Xia 2018).
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Methods

Transmission routes

Three transmission routes were considered: (1) con-
tact transmission of virus to the facial mucous mem-
branes; (2) droplet transmission through the
projection of virus-containing respiratory droplets to
the facial mucous membranes and inhalation of
inspirable particles; and (3) inhalation of respirable
virus-containing droplets (<10 mm) when in proximity
to patients and at more remote locations.

Dose-response function

Absent a dose-response function for SARS-CoV-2, the
exponential dose-response function fitted by
Watanabe et al. (2010) to pooled data about SARS-
CoV infectivity in mice when administered by intra-
nasal instillation was used: PðinfectionÞ ¼ 1� e�ð410dÞ,
where d is the expected dose (PFU). This model gives
a median infectious dose of 280 PFU.

Exposure model

As in previous work with influenza (Nicas and Sun
2006; Nicas and Jones 2009; Jones and Xia 2018), the
contact and inhalation routes were modeled using a
compartmental model of virus transport and fate,
implemented using a Markov chain. The compart-
ments are shown in Figure 1, where arrows indicate
the direction of virus transfer between compartments.
To represent the proximal airborne route, the patient
room was divided into near-field and far-field zones.
When HCP are near patients (in the near-field zone)
they may inhale virus and contact surfaces in the
near-field area. While when HCP are at more remote
locations from the patient (in the far-field zone) they
may contact surfaces in the far-field area and inhale

virus. Inhaled doses in the near-field and far-field
zones were tabulated separately. Virus that enters the
compartments representing the respiratory tract or
facial mucous membranes contributed the dose
received by the HCP. The HCP were considered to be
near patients for 75% of the exposure period. A con-
ical dispersion model was used to estimate the num-
ber of viruses in projected particles that reach the
facial mucous membranes (Nicas and Sun 2006).
Healthcare workers were considered to have probabil-
ity of 0.05 to intercept a cough.

Respiratory droplet emission during a cough was
based on the droplet size distribution measured by
Chao et al. (2009) and extrapolated to the expiratory
volume reported by Duguid (1946). Respiratory drop-
lets emitted in a cough that were greater than 100mm
in diameter had a probability of impacting on the face
in proportion to the surface area of the facial mucous
membranes (15.2 cm2) the base of the cone (0.38m2),
as in previous work (Nicas and Sun 2006).
Respiratory droplets emitted in a cough that were less
than 100 m in diameter had a probability of being
inspired in proportion to the volume of a single
breath (0.0005m3) and the volume of the cone
(0.079m3). The number of respiratory droplets emit-
ted in each size bin in a cough was modeled as
Poisson random variable, with mean value equal to
that shown in Table 1.

In addition, the virus was considered to be con-
tinuously emitted in respirable droplets exhaled
breath, with emission rates of 10–1,000 virus per
30min (Leung et al. 2020). The range is lower than
reported by Leung et al. (2020), but some participants
may have coughed in that study. Emission was con-
sidered to occur in all iterations of the simulation
given the focus in this study is on occupational expo-
sures, although patients with viral respiratory infec-
tions appear to not always emit virus (Leung et al.

Figure 1. Compartments and pathways for virus transport in the exposure model.
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2020). Additional simulations were performed with
fixed virus emission in respirable droplets, at rate of
1, 10, 50, 100, 250, and 500 viruses per min.

All other parameters are shown in Table 2, and the
reader is referred to previous work for their justifica-
tion (Jones and Xia 2018) unless otherwise specified
herein. Variables that have been updated were done
so owing to the availability of data specific to SARS-
CoV-2, SARS-CoV, or patient care activities for
patients with viral respiratory infections.

The virus concentration in respiratory droplets was
based on virus concentration measured in an early
morning saliva sample from the posterior oropharynx
among 23 sequential patients in two hospitals in
Hong Kong, of which ten had severe COVID-19 and
13 had mild disease (To et al. 2020). The viral load
was represented as uniform distribution with range
equal to the interquartile range reported initially for
patients with mild disease, which included the inter-
quartile range reported for patients with severe dis-
ease. The virus concentration was modeled as (1)
uniform across all particle sizes and equal to the virus
concentration in saliva, and (2) lower in non-respir-
able particles, equal to 50% the virus concentration
in saliva.

The rate of SARS-CoV-2 inactivation in air and on
surfaces were based on the half-life of the virus in
aerosol and on plastic surfaces (van Doremalen et al.
2020). Plastic was used to represent the surfaces in a
hospital room because it is more common in that set-
ting than the other surfaces tested, and SARS-CoV-2
had a longer half-life on plastic than on cardboard,
copper, and steel. A first-order rate constant, j, was
calculated from the reported half-life t1=2, as j ¼
lnð2Þ=t1=2: The reported 2.5% and 97.5% credible

interval value were equated with the range of a tri-
angular distribution, and the reported median with
the mode.

Contact rates and duration of exposure were based
on Phan et al. (2019), who observed care to patients
under droplet and contact precautions owing to viral
respiratory infection in an acute care hospital. Surface
contact rates were represented as triangular distribu-
tions based on values reported for all fomites in the
near-patient and far-patient zones, with the median
reported value equated with the mode. The number of
self-contacts was represented by a negative binomial
distribution fitted to the number of times HCP were
observed by Phan et al. (2019) to touch their masks.
The duration of a patient visit by HCP was repre-
sented by a triangular distribution, where the reported
median value was equated with the mode.

Adjustment factors were used to account for the
fact that the dose-response function units of PFU and
involved intranasal administration. These included: (1)
the gene copy number of SARS-CoV-2 in saliva was
divided by a number uniformly distributed between
500 and 1,000 to account for the RNA to PFU ratio;
and (2) the fraction of virus that deposit on the facial
mucous membranes that reach sites within the body
where SARS-CoV-2 can initiate infection was repre-
sented by a uniform distribution over the range
of 0.001–0.01.

Personal protective equipment

Three scenarios of PPE use were considered: (1) no
PPE, (2) barrier precautions, and (3) inhalation pro-
tection and barrier precautions. Barrier precautions
included eye protection that permitted only 4% of
virus to by-pass the goggles or face shield to reach the
eye (Lindsley et al. 2014), and surgical mask that per-
mitted only 5% of virus to by-pass the mask to reach
the facial mucous membranes during contact and
droplet exposures. The 5% value for surgical masks
was based on the bacterial filtration efficiency per-
formance requirement (ASTM F2100-11), but per-
formance may be higher. Inhalation protection was
considered to offer barrier protection, and prevent the
inhalation of respirable particles: A range of perform-
ance (penetration of 5%, 10%, 25%, and 50% of res-
pirable particles) was considered to reflect the use of
N95 surgical filtering facepiece respirators and surgical
masks (Bollinger 2004; Oberg and Brosseau 2008).
Gloves and hand hygiene were not specifically consid-
ered because it was assumed that all HCP providing
care to COVID-19 patients would wear gloves while

Table 1. Respiratory droplet size distribution and emission
(Chao et al. 2009).

Size Range
(um)

Cough

Mean Particle
No. per Cough

Emission
Location

Droplet Exposure
RouteA

2–4 76
Near-Field Air

Inspired

4–8 1041
8–16 386
16–24 127

Near-Field Surfaces

24–32 47
32–40 45
40–50 38
75–100 38
100–125 27

Spray

125–150 32
150–200 30
200–250 83
250–500 47
500–1000 40
1000–2000 27
AWhen a healthcare worker intercepts a cough.
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in the patient room, and perform effective hand
hygiene after doffing upon leaving the room. Potential
exposure from doffing of PPE was not considered.

Simulation

The model was implemented using Monte Carlo
simulation using B¼ 10,000 iterations for each scen-
ario. Convergence was verified obtaining nearly iden-
tical results given B¼ 20,000 for the baseline scenario.
The model output was the overall risk of infection,
and percent contribution of each exposure route to
the overall risk. Sensitivity analyses included calcula-
tion of Spearman’s correlation between the model
parameters and the overall risk of infection, and
between model parameters and percent contribution
from each exposure route.

Results

The baseline scenario (no PPE) with uniform distribu-
tion of virus concentration across all particle sizes pre-
dicted the mean (25th and 75th percentiles) probability
of infection to be 0.38 (0.18, 0.53) during a single
patient care activity. The probability of infection was
most strongly associated with the number of coughs

(q ¼ 0.62, p< 0.001), the duration of exposure (q ¼
0.57, p< 0.001), the virus concentration in saliva (q ¼
0.32, p< 0.001) and the frequency of contact between
the hand and face (q ¼ 0.21, p< 0.001); other param-
eters had weak correlations (jqj < 0.20). The mean
(25th and 75th percentile) percent contribution of con-
tact, droplet and inhalation transmission routes to
overall infection risk was 8.2% (0.0, 0.37%), 35% (12,
55%), and 57% (33, 82%), respectively (Figure 2).
Exposure in the near-patient zone contributed 80% of
the inhaled dose, on average (range 76–89%). The
contribution of contact transmission to the probability
of infection was strongly positively associated with the
rate of hand to face contacts (q ¼ 0.96, p< 0.001).
The contribution of spray transmission to the prob-
ability of infection was strongly positively associated
with the number of coughs (q ¼ 0.58, p< 0.001), and
with the virus concentration in saliva (q ¼ 0.29,
p< 0.001). The contribution of inhalation transmis-
sion to the probability of infection was positively asso-
ciated with the rate of virus emission in exhaled
breath (q ¼ 0.36, p< 0.001). Further sensitivity analy-
ses are shown in the online Supplemental Material.

When the virus concentration was considered to
vary between respirable and non-respirable cough
droplets, the mean (25th and 75th percentiles)

Table 2. Model parameters.
Parameter Distribution or Function Reference

Dose-response function PðinfectionÞ ¼ 1� e�ð410dÞ
where d is the dose in PFU

Watanabe et al. (2010)

SARS-CoV-2 inactivation
rate on Surfaces

Triangular (min ¼ 0.036, mode ¼ 0.044,
max ¼ 0.053), h�1

van Doremalen et al. (2020)

SARS-CoV-2 inactivation
rate in Air

Triangular (min ¼ 0.096, mode ¼ 0.253,
max ¼ 0.420), h�1

van Doremalen et al. (2020)

Virus inactivation on skin Normal (mean ¼ 71.9,
standard deviation ¼ 23.5), h�1

Contact rate with surfaces
in near-field

Triangular (min ¼ 0, mode ¼ 1.38,
max ¼ 240), h�1

Phan et al. (2019)

Contract rate with surfaces
in far-field

Triangular (min ¼ 0, mode ¼ 23.1,
max ¼ 600), h�1

Phan et al. (2019)

Number of contacts with mask/face Negative Binomial (size ¼ 0.44, mu ¼ 0.52) Phan et al. (2019)
Virus transfer efficiency upon contact Wiebull (shape ¼ 0.94, scale ¼ 0.23) Julian et al. (2010)
Duration of visit Triangular (min ¼ 1, mode ¼ 13, max ¼ 17), min Phan et al. (2019)
SARS-CoV-2 concentration in saliva Uniform (min ¼ 3.91, max ¼ 7.56),

log10 gene copies/mL
To et al. (2020)

SARS-CoV-2 emission rate in
exhaled breath

Uniform (min ¼ 10, max ¼ 1000),
gene copies per 30min

Leung et al. (2020)

Breathing Rate 0.02 m3/min or 0.0005 m3 per breath Hinds (1999)
Cough rate Non-parametric, Median ¼ 19.6

Central 90% Range 3.77– 84.1
Kuhn et al. (1982);

Sunger et al. (2013)
Room volume Uniform (min ¼ 20, max ¼ 50), m3

with 3 m height
Boswell and Fox (2006)

Air exchange rate Uniform (m ¼ 6, max ¼ 12), h�1 American Society for Heating and
Refrigerating and Air Conditioning
Engineers (ASHRAE) (2003)

Terminal settling velocity 2.85� 10�4 m/s Hinds (1999)
Random air speed between zones 3.7 m/min Baldwin and Maynard (1998)
Area of surfaces in each zone 104 cm2 Assumed
Area of fingertips 10 cm2 Assumed
Area of facial mucous membranes 10 cm2 for nose and mouth,

5.2 cm2 for eyes
Schriever et al. (2013);

Snyder et al. (1975)
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probability of infection was 0.36 (0.17, 0.50) during a
single patient care activity in the baseline scenario (no
PPE). The mean (25th and 75th percentiles) percent
contribution of contact, droplet and inhalation trans-
mission routes to probability of infection was 6.9%
(0.00, 0.19%), 32% (6.9, 52%), and 61% (36, 90%),
respectively. These results are quite similar to those
from simulations with a uniform virus concentration
in all cough droplets. As a result, no further results
for the unequal distribution of virus concentration
among cough droplets are presented.

With barrier precautions, the mean (25th and 75th

percentiles) probability of infection was 0.32 (0.15,
0.45) during a single patient care activity, which equa-
tes to a 6% reduction in the probability of infection
with the use of barrier precautions relative to no PPE.
The mean percent contribution of contact, droplet,
and inhalation transmission routes to probability of
infection was 2.8%, 30%, and 68%, respectively. This
reflects an increased contribution from inhalation
relative to the baseline scenario of no PPE.

The impact of filtration of respirable virus on the
probability of infection in shown in Figure 3, when
worn in conjunction with barrier precautions. Face
coverings like surgical masks may reduce inhalation
exposure to 25% to 50% of exposure without inhal-
ation protection (Oberg and Brosseau 2008). A reduc-
tion to 50% or 25% gives a mean probability of
infection equal to 0.23 or 0.18, on average. Face cov-
erings like an N95 filtering facepiece respirator may
reduce inhalation exposure to 5% to 10% of exposure

without inhalation protection (Bollinger 2004). A
reduction to 10% or 5% gives a mean probability of
infection equal to 0.14 or 1.2� 10�2, on average.

The initial conditions in the exposure model equa-
ted virus in the air and on surfaces near the patient
with steady-state values. The mean (25th and 75th

percentiles) virus concentration in the air in the near-
patient zone was predicted to be 1.1� 10�3 gene cop-
ies per m3 (6.0� 10�4, 1.7� 10�3 gene copies per
m3). The mean (25th and 75th percentiles) virus con-
centration on surfaces near the patient was predicted
to be 4.1 gene copies per cm2 (0.04, 2.8 gene copies
per cm2).

The relative contribution of the inhalation trans-
mission route was found to be highly dependent upon
the emission rate of virus in exhaled breath in respir-
able droplets, and become predominant, on average,
when > 5 virus gene copies per minute are emitted
(Figure 4). In comparison, the virus emission rate in
respirable particles from coughs during an exposure
period in this model was 1.33 gene copies per min,
on average.

Discussion

The model results for the baseline scenario demon-
strate that the inhalation and spray transmission
routes contribute substantially to infection risk among
HCP providing care to COVID-19 patients (Figure 2).
The relatively low contribution from the contact

Figure 2. Contribution of contact, droplet, and inhalation
transmission routes to SARS-CoV-2 infection risk among health-
care personnel during a patient care activity without use of
personal protective equipment.

Figure 3. Probability of infection among healthcare personnel
wearing barrier precautions and face coverings of varied pro-
tection against respirable droplets. N95 filtering facepiece res-
pirators would allow 5–10% penetration, surgical masks
25–50% penetration, and no covering 100% penetration.
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transmission route contrasts with previous studies of
influenza (Nicas and Jones 2009), but is consistent
with statements from the Centers for Disease Control
and Prevention that contact is not thought to be the
main way the virus spreads (CDC, 2020). Given the
high variability among the simulations, (Figure 3)
however, all three routes should be considered to pose
a risk to HCP caring for COVID-19 patients.

The relative contribution of spray and inhalation
transmission was highly dependent upon the ongoing
emission of virus in respirable droplets owing to
breathing or talking (Figure 4). The emission rates of
SARS-CoV-2 from breathing, talking, and coughing
remains highly uncertain, and experimental evidence
suggests that not all patients with viral respiratory
infections are likely to emit virus while breathing at
all times (Leung et al. 2020). This should be a priority
for research. However, the virus emission rate in
exhaled breath at which inhalation becomes the pre-
dominant route (five gene copies per min, Figure 4)
and the concentrations of virus in air in the near-
patient environment (1.1� 10�3 gene copies per m3

on average) are near or below the limit of quantifica-
tion for many air sampling methods. These results are
consistent with the low frequency of detection of
SARS-CoV-2 RNA in the air in healthcare settings
(Chia et al. 2020; Liu et al. 2020).

In this analysis, the cough droplet size and number
distribution used was measured by Chao et al. (2009),
which differs from previous analyses that used the dis-
tribution measured by Loudon and Brown (1967).
Chao et al. (2009) measured the statistical distribution

of droplet size using an imaging technique, and
adjusted the droplet number to align with expelled
volume measured by Duguid (1946). Relative to the
Loudon and Brown (1967) distribution, the distribu-
tion reported by Chao et al. (2009) had more respira-
tory droplets (average counts of 2084 vs. 467),
particularly more respirable droplets. This difference
is not surprising owing to the limitations of the
Loudon and Brown (1967) methodology for measure-
ment of respirable droplets and is consistent with the
increased contribution of inhalation transmission
found in this study compared to previous work (Nicas
and Jones 2009).

While it is well established that respiratory viruses
may be present in respiratory droplets of different
sizes (Phan et al., 2020; Leung et al. 2020), these stud-
ies have large focused on droplets in respirable range,
and it remains unclear what the distribution of virus
is across the full range of respiratory droplet sizes. It
is plausible that respiratory droplets generated in loca-
tions of the respiratory tract where SARS-CoV-2 is
replicating may have more virus than droplets gener-
ated elsewhere. In this study, lower virus concentra-
tions in larger respiratory droplets was found to have
limited impact on the probability of infection and on
the relative contribution of the spray transmission
route compared to a uniform virus concentration
among all respiratory droplets. The small effect may
be the results of the cough droplet size distribution,
and a greater impact could be seen in other contexts.
Clarity with respect to the contribution of inhalation
exposure to occupationally-acquired COVID-19 would
be enhanced by research to describe the emission of
SARS-CoV-2 among respiratory droplets of different
sizes, and how this varies among activities like cough-
ing, talking, and breathing.

There has been long standing debate about whether
maintaining a distance of 3 or 6 feet from a source is
sufficient to prevent exposures (Setti et al. 2020). In
this study, 80% (range 76–89%) of inhaled virus was
inhaled while the HCP was in the near-patient zone
in the baseline scenario, and this was consistent across
all scenarios. In general, it is expected that exposures
are higher near a point-source of the contaminant,
such as an infected patient. However, this study sug-
gests that meaningful inhalation exposures occur at
locations in the patient room away from the patient,
such that respiratory protection should be worn any-
time an HCP enters the patient room.

The risk of COVID-19 infection predicted by the
model should be interpreted with caution, though
within result comparisons remain informative. A

Figure 4. Impact of virus emission in respirable droplets (e.g.,
exhaled breath) on the mean relative contribution of inhalation
and droplet transmission.
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similar model, when applied to determine the risk and
burden of pulmonary tuberculosis infection among
HCP in the United States, was consistent with epide-
miologic data (Jones 2017), but similar data are not
yet available to evaluate predictions for COVID-19.
The dose-response function used was for SARS-CoV
(Watanabe et al. 2010), which is likely relevant to
SARS-CoV-2, but the route of administration was via
intranasal installation. The intranasal instillation route
is not directly comparable to the contact, droplet, or
inhalation transmission routes; and extrapolation from
mice to humans adds further uncertainty. In this ana-
lysis, the infectivity of SARS-CoV-2 was treated as
equivalent at all locations in the respiratory tract, but
viruses may be more or less likely to initiate infection
in different locations in the respiratory tract (Nicas
and Jones 2009), such as in regions where the recep-
tors are more or less dense.

Conclusions

This analysis has demonstrated that inhalation expos-
ure is likely to contribute meaningfully to the risk of
COVID-19 among HCP providing care to infectious
patients, motivating the use of respirators to prevent
occupationally acquired infection. Clarification of the
emission and infectivity of SARS-CoV-2 at different
sites in the respiratory tract is necessary to improve
our understanding of the contribution of contact,
droplet, and inhalation routes of COVID-19
transmission.
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