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ABSTRACT
First responders may have high SARS-CoV-2 infection risks due to working with potentially
infected patients in enclosed spaces. The study objective was to estimate infection risks per
transport for first responders and quantify how first responder use of N95 respirators and
patient use of cloth masks can reduce these risks. A model was developed for two
Scenarios: an ambulance transport with a patient actively emitting a virus in small aerosols
that could lead to airborne transmission (Scenario 1) and a subsequent transport with the
same respirator or mask use conditions, an uninfected patient; and remaining airborne
SARS-CoV-2 and contaminated surfaces due to aerosol deposition from the previous trans-
port (Scenario 2). A compartmental Monte Carlo simulation model was used to estimate the
dispersion and deposition of SARS-CoV-2 and subsequent infection risks for first responders,
accounting for variability and uncertainty in input parameters (i.e., transport duration, trans-
fer efficiencies, SARS-CoV-2 emission rates from infected patients, etc.). Infection risk distri-
butions and changes in concentration on hands and surfaces over time were estimated
across sub-Scenarios of first responder respirator use and patient cloth mask use. For
Scenario 1, predicted mean infection risks were reduced by 69%, 48%, and 85% from a
baseline risk (no respirators or face masks used) of 2.9� 10�2 ± 3.4� 10�2 when simulated
first responders wore respirators, the patient wore a cloth mask, and when first responders
and the patient wore respirators or a cloth mask, respectively. For Scenario 2, infection risk
reductions for these same Scenarios were 69%, 50%, and 85%, respectively (baseline risk of
7.2� 10�3 ± 1.0� 10�2). While aerosol transmission routes contributed more to viral dose in
Scenario 1, our simulations demonstrate the ability of face masks worn by patients to add-
itionally reduce surface transmission by reducing viral deposition on surfaces. Based on
these simulations, we recommend the patient wear a face mask and first responders wear
respirators, when possible, and disinfection should prioritize high use equipment.

KEYWORDS
Aerosol transmission;
COVID-19; EMS; respirator

Introduction

The COVID-19 pandemic has highlighted the import-
ance of understanding and mitigating viral transmis-
sion in indoor environments, especially in those that
are high risk because infectious persons are likely to
be present, such as in healthcare facilities and emer-
gency response ambulances. COVID-19 transmission
is likely to occur via multiple routes including large
droplet spray depositing on mucous membranes,
inhalation of aerosols across a range of sizes (Miller
et al. 2020; Port et al. 2020; Tang et al. 2020), and

fomite transmission via contaminated hands and sur-
faces (Port et al. 2020; Xie et al. 2020). While the rela-
tive contributions of these routes have been debated
(The Lancet Respiratory Medicine 2020), the import-
ance of aerosols is increasingly clear based on the bio-
logical and physical plausibility of aerosol
transmission (Jones and Brosseau 2015; Tang et al.
2020), the characteristics of COVID-19 outbreaks
(Miller et al. 2020; Tang et al. 2020), animal studies
(Port et al. 2020), and models estimating exposures
from multiple routes (Jones 2020). Regardless of their
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relative contributions, the aerosol and fomite trans-
mission routes are related: infectious respiratory aero-
sols may deposit or settle on surfaces and can later
become resuspended or transfer to the mucous mem-
branes via hands. The characteristics of a small and
enclosed environment can amplify exposures through
both routes quickly.

Emergency medical services (EMS) ambulances are
small, enclosed environments in which SARS-CoV-2
exposures are likely, owing to the transport of
COVID-19 patients and shortages or imperfect use of
personal protective equipment (PPE) (Murphy et al.
2020). Such exposures can strain EMS services
through increased medical leave for quarantine, isola-
tion, and treatment, and psychosocial stress (Ehrlich
et al. 2021; Murphy et al. 2020; Prezant et al. 2020).
For example, an MS2 tracer study demonstrated that
virus surrogates can spread extensively via hand-to-
surface contacts in EMS ambulances, contaminating
56% (27/48) of surfaces within an EMS ambulance
(Valdez et al. 2015), but the frequency and magnitude
of exposures via aerosol and fomite transmission
routes remain unknown. The objective of this study
was to estimate infection risks for first responders in
ambulances caring for COVID-19 and non-COVID-
19 patients through the aerosol and fomite routes and
explore the benefit of cloth masks worn by patients,
respiratory protection worn by first responders, and
masks or respirators worn both parties.

Methods

Scenarios

The study explores the exposure of first responders to
SARS-CoV-2 through the fomite and aerosol trans-
mission routes during ambulance transports. Droplet
(aerosols >5 lm) transmission was not considered in
the primary analyses because of the high prevalence of
asymptomatic COVID-19 cases among COVID-19
cases, roughly 40–45% (Oran and Topol 2020), the
fact that only about 50% (Salepci et al. 2021) of symp-
tomatic cases experience cough symptoms, and preva-
lence of cloth mask use, which would decrease droplet
emission. While speech does generate aerosols >5lm,
the majority are likely less than 5lm in size (Alsved
et al. 2020). Two exposure Scenarios were considered:
Scenario (1) the first patient in the ambulance has
COVID-19 and emits respirable aerosols (�5 mm)
containing SARS-CoV-2; and Scenario (2) a second
patient in the ambulance following the first patient
does not have COVID-19, but there are aerosols con-
taining SARS-CoV-2 in the air and contamination on

fomites from deposition of aerosols from the previous
(Scenario 1) transport (Table 1). For both Scenarios,
four sub-Scenarios were explored based on respirator
and cloth mask use patterns: (A) neither the first res-
ponders nor the patient is wearing respirators or cloth
mask, respectively; (B) first responders are wearing
respirators, but the patient is not wearing a cloth
mask; (C) the patient is wearing a cloth mask, but the
first responders are not wearing respirators; and (D)
both the first responders and patient are wearing res-
pirators and a cloth mask, respectively (Table 1). This
resulted in eight total Scenarios (two virus source
Scenarios � four respirator Scenarios) (Table 1).

It was assumed that patients did not introduce con-
tamination directly to fomites via hand-to-surface
contacts, and it was assumed first responders were not
contaminated at the start of the simulation. Since rec-
ommended PPE for first responders includes gloves,
this assumption was deemed reasonable. For Scenario
2, due to uncertainty regarding time in between trans-
ports, initial virus concentrations on surfaces and in
air were based on the virus concentrations at the end
of Scenario 1, given the same respirator and/or cloth
mask scenario. For example, for Scenario 2B (first res-
ponders with respirators and patient without a mask),
the initial conditions were determined from the final
virus concentrations in Scenario 1B.

Sensitivity analyses
While it was assumed patients wore cloth masks, source
control effectiveness likely varied widely owing to differ-
ent mask materials and fit. To evaluate how infection
risk reductions for first responders would be affected by
a wide range of source control efficacies for patient
masks, the relationship between mask source control
effectiveness and infection risk for first responders with-
out masks or respirators was quantified. Specifically,
Scenario 1C was modified to include a wide range of
mask effectiveness (10–90%) for the patient. A linear
relationship was fit to log10 infection risks for first res-
ponders vs. mask effectiveness for the patient.

While droplet spray transmission is not modeled, a
second sensitivity analysis was performed to explore
the influence of droplet spray on fomite-mediated
infection risks in Scenario 2 simulations. This was
motivated owing to concern that by excluding virus
contamination that could arise from droplet emission
in Scenario 1, fomite-mediated exposures may be
underestimated. The initial surface contamination was
varied to explore how much was necessary for the con-
tact transmission route and the aerosol inhalation route
to yield the same dose and subsequent infection risk.

348 A. M. WILSON ET AL.



The fraction of emitted droplets that would need to
deposit to yield infection risks for scenarios where the
patient was not wearing a face mask (Scenarios 2A and
2B but without airborne virus carry over from Scenario
1) being as large as for Scenario 1A was explored.

To evaluate whether this level of surface contamin-
ation was feasible, the amount of virus that would be
emitted through patient coughs large droplets (�100lm)
likely to deposit rapidly onto nearby surfaces over a
20-min transport in an ambulance was tabulated.
Description of this calculation can be found in
Supplemental Materials. The surfaces included in the
model were considered nearby, however, it is acknowl-
edged that other surfaces could be near patients in ambu-
lances as well that are not accounted for in this model.

Discrete Markov chain model

A discrete Markov chain modeling approach was uti-
lized to model exposures and subsequent risks of

infection (Jones 2020; Weir et al. 2016). States in
which SARS-CoV-2 was tracked included frequently
touched fomite surfaces expected in ambulances,
including headphones, portable radio, jumpbag han-
dle, touchscreen, glucometer, and computer keyboard;
the respiratory tracts of two first responders; mucosal
membranes of two first responders; the respiratory
tract of the patient; room air; exhaust; and inactiva-
tion of the virus in air, on gloved hands, and on sur-
faces (Figure 1). First-order rates of transition from
one state to another were estimated, and a Monte
Carlo approach was used to account for variability
and uncertainty in these rates. The number of itera-
tions and the timestep used per scenario were deter-
mined by comparing mean and median infection risks
and patterns of temporal changes in virus loads in
selected compartments estimated for 10,000 vs. 1,000
iterations and 0.01- vs. 0.001-min timesteps. It was
determined that 1,000 iterations and 0.001-min time-
steps resulted in consistent patterns of concentration

Figure 1. Identifying states and transitions between state types.
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changes and similar mean and median infection risks
while balancing computational costs. Therefore, 1,000
iterations per scenario with 0.001-min timesteps were
conducted. Spearman correlation coefficients were cal-
culated to quantify monotonic relationships between
model parameters (inputs) and the modeled log10
infection risk (output), focusing on comparisons
between Scenarios 1 and 2 and when both first res-
ponders wore respirators and patients wore
face masks.

Emission of virus into air
The amount of virus emitted by the patient into air
was assumed to be continuous during Scenario 1.
Virus emission varies widely among people, with
stage of infection and with respiratory activity (Cevik
et al. 2021; Johnson et al. 2011). The emission rate of
virus in respirable particles (�5 mm) was represented
by a triangular distribution over the range of 100 to
105 virus per 30min (Table 2) informed by graphic-
ally presented seasonal coronavirus emission among
human subjects without the use of masks (Leung
et al. 2020). Particles transferred to the respiratory
tracts of first responders via inhalation resulted
in doses.

Transition of virus between surfaces and hands
The rate of transfer of SARS-CoV-2 from surfaces to
hands, ksurface, hands (/min) was calculated as:

ksurface, hand ¼ 1

SAsurface

� SH � TEsurface, hand � Ahand � Hsurface � fsurface (1)

where SAsurface is the fomite surface area (cm2), Ahand

is the surface area of the hand (cm2), SH is the frac-
tion of Ahand involved in the contact (uni-
tless), TEsurface, hands is the surface-to-hand transfer
efficiency (unitless), Hsurface is the frequency of contact
with surfaces (#/min), and fsurface is the fraction of sur-
face contacts that occur with this surface. The rate of
transfer of SARS-CoV-2 from hands to surfaces
(khands, surface) was calculated as:

khands, surface ¼ 1
2
� SH � TEhands, surface �Hsurface � fsurface

(2)

where TEhands, surface is the hand-to-surface transfer effi-
ciency (unitless), and other variables are as previously
defined. Note that hand-to-surface transfer does not
involve an area adjustment because the surface area of
the state is equal to the surface area of both hands.

Transfer efficiency has not yet been measured for
SARS-CoV-2 or other coronaviruses, to our know-
ledge. Therefore, MS2 transfer efficiencies measured

with ungloved fingertips for nonporous surfaces under
low relative humidity conditions were used (Lopez
et al. 2013). Transfer efficiency was assumed to be
reciprocal (Julian et al. 2010), TEhands, surface ¼
TEsurface, hands: Gloves have been shown to lower trans-
fer efficiency for multiple organisms (Greene et al.
2015; King et al. 2020), although gloved hands could
become more contaminated if the gloves do not fit
properly by increasing available surface area for con-
tacts than what would be available for ungloved hands
(King et al. 2020). Since it was assumed that first res-
ponders were wearing gloves, we reduced TEhands, surface

and TEsurface, hands by 61% (King et al. 2020), and trans-
fer efficiencies were represented by a Uniform distri-
bution over the range of 0.0061–0.248 (Table 2).

For hand-to-surface contacts, the fraction of the
hand used in the contact, SH , was informed by frac-
tions of a hand used for a single fingertip contact up
to a full front palm with fingers configuration
(AuYeung et al. 2008). The minimum fraction meas-
ured for adults’ right hands for partial front palm
without fingers, which was slightly smaller than the
minimum for front partial fingers, was divided by 5
to estimate the fraction of surface area used for a sin-
gle fingertip touch or a contact with a portion of the
palm (0.006). This value along with the maximum
fraction of the hand used for a full front palm with
fingers configuration was used to inform the min-
imum and maximum values of a Uniform distribution
(Table 2) (AuYeung et al. 2008).

The frequency of hand-to-surface contacts,
Hsurface, was informed by observed rates of hand-to-
surface contacts made by healthcare workers during
actual care of patients (King et al. 2021) (Table 2).
These contacts were then apportioned among the six
surface states (Figure 1) based on relative contamin-
ation levels observed in a viral tracer study, where
contamination was driven by hand-to-surface con-
tacts (Valdez et al. 2015) (Table 2). This approach
was motivated by the finding of Adams et al. that the
frequency of hand-to-surface contacts was linearly
associated with microbial contamination (Adams
et al. 2017). More details are found in the
Supplemental Materials. Fomite surface areas were
also informed by Valdez et al. (2015) and are shown
in Table 2.

Transition of virus from hands to facial muco-
sal membranes
The rate of transfer during hand-to-mucosal mem-
brane contacts, khands,mucosal membrane (/min), was calcu-
lated as:
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Table 2. Distributions and point values for model parameters and their sources.
Description Variable Distribution/point value Source

Hand-to-surface transfer efficiency
(fraction)

TEhands, surface Uniform
(min ¼ 0.0061, max ¼ 0.248)

(King et al. 2020; Lopez
et al. 2013)

Surface-to-hand transfer efficiency
(fraction)

TEsurface, hands

Hand-to-facial mucosal membrane transfer efficiency TEhands, face Normal
(mean ¼ 0.3390, sd ¼ 0.1318)
Range 0–1

(Rusin et al. 2002)

Frequency of hand-to-surface contacts for both hands Hsurface Normal
(mean ¼ 10.3, sd ¼ 3.4),
contact/min
Range 5–16

(King et al. 2021)

Probability of hand-to-
fomite specific contact
given contact with
nonporous surface

Glucometer fsurface 0.03 (Valdez et al. 2015), This study
Headphones 0.44
Jumpbag handle 0.14
MDT keyboard 0.32
MDT touchscreen 0.05
Portable radio 0.04

Fomite surface areas Glucometer SAsurface 7.8 cm2 (Valdez et al. 2015)
Headphones 148.44 cm2

Jumpbag handle 141.95cm2

MDT keyboard 305.64 cm2

MDT touchscreenA 65.52 cm2

Portable radio 50.84 cm2

Frequency of hand-to-face contacts with respirators Hfaceresp Triangular
(min ¼ 2.3, mode ¼ 5.4, max
¼ 17.8), contacts/hr

(Lucas et al. 2020)

Frequency of hand-to-face contacts without respirators Hnose Triangular
(min ¼ 12.8, mode ¼ 20, max
¼ 22.9), contacts/hr

Fraction of total hand
surface area used
for contact

Hand-to-surface contact SH Uniform
(min ¼ 0.006, max ¼ 0.24)

(AuYeung et al. 2008)

Hand-to-facial mucosal
membrane contact

SF Uniform
(min ¼ 0.006, max ¼ 0.012)

(AuYeung et al. 2008)

Total hand surface area Ahand Uniform
(min ¼ 445, max ¼ 535), cm2

(Beamer et al. 2015; U.S.
Environmental Protection
Agency 2011)

Inactivation rates Fomites k3, 16, k4, 16, k5, 16, k6, 16,
k7, 16, k8, 16

Uniform
(min ¼ 0.085, max ¼ 0.151),
hr-1

(King et al. 2020; van Doremalen
et al. 2020)

Air k1, 16 Triangular
(min ¼ 0.096, mode ¼ 0.253,
max ¼ 0.420), hr-1

(Jones 2020; van Doremalen
et al. 2020)

First responders’
hands (gloved)

k12, 16,
k13, 16

Uniform
(min ¼ 0.77, max ¼ 4.61), hr-1

(King et al. 2020; Sizun
et al. 2000)

Air exchange rate AER Uniform
(min ¼ 12, max ¼ 32)
air changes hr-1

(Lindsley et al. 2019; Seitz
et al. 1996)

Volume of ambulance Vroom air 9.9m3 This study
Inhalation rate I Normal

(mean ¼ 2.6� 10-2, sd ¼
6.0� 10-3), m3/min
Left-truncated at 1.4� 10-2

(U.S. Environmental Protection
Agency 2011)

Respirator effectiveness for first responders Mresponder Penetration
Beta
(a¼ 3, b¼ 8)B

1-Penetration¼ Respirator
effectiveness

(Coffey et al. 2004; Nicas 1994)

Cloth mask effectiveness for patient Msource control Beta
(a¼ 20.9, b¼ 20.2)B

(Lindsley et al. 2021)

Gravitational settling k1, 3, k1, 4, k1, 5, k1, 6, k1, 7, k1, 8 Triangular
(min ¼ 21.60, mode ¼ 28.80,
max ¼ 36), day-1

(Stilianakis and Drossinos 2010)

Emission rate A Triangular
(min ¼ 100, mode ¼ 100, max
¼ 105), viral particles/30min

(Leung et al. 2020)

Fraction of genome copies representative of
infectious virus

– Uniform
(min ¼ 0.001, max ¼ 0.01)

Assumed

Duration of transport – Triangular
(min ¼ 5, mode¼ 12.5
max ¼ 20), min

Assumed

AAssuming the MDT touchscreen has the same surface area as the EPCR touchscreen reported by Valdez et al. (2015)
BWhen relating these to parameters described by Nicas (1994), a ¼ k, b ¼ n� k þ 1:
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khands,mucosal membrane ¼ 1
2
� SF � TEhands, face �Hface (3)

where SF is the fraction of the total hand surface area
used for hand-to-face contacts (unitless), TEhands, face is
the hand-to-face transfer efficiency (unitless), and
Hface is the frequency of hand-to-face con-
tacts (#/min).

The distribution for SF was informed based on an
assumption that a single fingertip or a small portion
of the palm with a similar surface area as a fingertip
would be used in the contact (Table 2), and more
details are available in the Supplemental Materials.
Contact frequencies with the face when respirators
were not worn were informed by face contact rates
reported in healthcare contexts for masked and
unmasked individuals, respectively, where less fre-
quent hand-to-face contact was associated with mask
usage (Lucas et al. 2020), consistent with another
study (Chen et al. 2020). Hand-to-face transfer effi-
ciencies were informed by Rusin et al. (2002), where a
normal distribution was used, truncated to the range
of 0–1 (Table 2). Since the standard deviation was not
reported in the original work, the data for the study
were revisited to quantify the standard deviation in
viral hand-to-mouth transfer efficiency.

Transition of virus from air to respiratory tracts
The rate at which virus in room air moves into the
respiratory tract owing to inhalation, kroom air,

respiratory tract, (/min) was calculated as:

kroom air, respiratory tract ¼ I
Vroomair

(4)

where Vroom air (m
3) is the volume of air in the ambu-

lance and I is the inhalation rate (m3/min). When

respirators or face masks were worn, the rate at which
virus in room air is inhaled is reduced by the comple-
ment of the respirator or mask effectiveness, M (unit-
less),

kroom air, respiratory tract ¼ 1
Vroom air

� I � 1�Mð Þ (5)

The volume of the ambulance air was estimated by
using measurements of the patient module (space in
the back of the ambulance) and accounting for a side
table, chair on the left side of the patient module,
bench on the right side of the patient module, and
chair in the center of the module. Notes on these
dimensions and on the distribution for inhalation
rates (Table 2) are in Supplemental Materials. N95 fil-
tering facepiece respirator (FFR) effectiveness was
modeled by using a beta distribution to describe pene-
tration (Nicas 1994) (Table 2). N95 FFR effectiveness
is the compliment of penetration, and the beta distri-
bution was fit to reproduced measured performances
of a variety of N95s (Coffey et al. 2004): The mean
penetration and effectiveness are 27.3% and 72.7%,
respectively. Cloth mask effectiveness was modeled by
using a beta distribution, with mean 50.9%, and used
to represent both outward protection (source control)
and inward effectiveness (Lindsley et al. 2021).

For first responders, doses due to inhalation were
equal to the total amount of virus that transitioned
from room air to the respiratory tract over the simula-
tion period. While the fraction and location of inhaled
particles that deposit in the lungs depend upon par-
ticle size, this was neglected as we did not distinguish
particle sizes below 5 lm. The assumption that all par-
ticles deposit in the lungs, and contribute to dose,
provides a conservative risk estimate.

Figure 2. Distributions of estimated infection risks for first responders. Scenario 1 included an infectious COVID-19 case emitting
aerosol into an EMS ambulance that had no initial virus contamination. Scenario 2 started with fomite and air contamination and
involved no aerosol emission. (Lines are the 25th, 50th, and 75th quantiles.)
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Transition of virus from air to exhaust
The air within the ambulance was assumed to be fully
well mixed and governed by the fresh air exchange
rate (AER). The rate of virus loss from the ambulance
air owing to the air exchange rate, kroom air, exhaust(/
min), was equal to:

kroom air, exhaust ¼ AER (6)

where AER is the rate of fresh air exchange (/min).

Transition of virus from air, hands, or fomites to
inactivation
The virus inactivation rate in air was randomly
sampled from a triangular distribution (Table 2) that
was previously utilized in a SARS-CoV-2 risk assess-
ment (Jones 2020) and based on laboratory studies of
SARS-CoV-2 inactivation in air (van Doremalen et al.
2020). For inactivation on hands, it was assumed that
first responder hands were gloved. We used an
approach described by King et al. (2020), where a uni-
form distribution was used for T99 values, or the time
it takes to see a 2 log10 reduction (King et al. 2020)
(Table 2). An inactivation constant was estimated,
where k ¼ �log(1/102)/T99. For inactivation on surfa-
ces, an approach described by King et al. (2020) was
used, where a range of times representative of half-
lives were used to estimate k.

Transition of airborne virus to surfaces
Given the focus on respirable aerosols, the gravita-
tional settling rate was represented as a triangular dis-
tribution with mode of 28.80 day�1, the theoretical
setting rate of a particle with aerodynamic diameter of
4 mm (Stilianakis and Drossinos 2010). Owing to the
variability in the size of respiratory aerosols and influ-
ence of humidity, and deviation of the actual settling
rate from the theoretical rate, we considered that the

Figure 3. Dose of SARS-CoV-2 to the facial mucosal membranes and respiratory tract of a first responder over time for Scenario 1.
(The lines depict the mean and shaded area the 95% confidence interval of simulation results, where there were 1,000 iterations
per Scenario. Number of viruses is less than one due to these being the average number of viral particles estimated to be inhaled
into the respiratory tract or transferred to the facial mucosal membranes over the simulated time duration.)

Table 3. Spearman correlation coefficients for Scenarios 1 and
2 when the simulated patient wore a mask and first responders
wore respirators.

Scenario 1 Scenario 2

Hand-to-surface transfer efficiency 0.020 0.045
Surface-to-hand transfer efficiency 0.041 0.070
Hand-to-mouth transfer efficiency 0.046 0.097
Surface contact frequency 0.014 �0.00061
Face contact frequency �0.075 �0.0043
Fraction of hand used in surface contacts �0.0077 0.027
Fraction of hand used in face contacts �0.040 �0.0071
Total hand surface area 0.0018 0.0024
Viral inactivation rate on surfaces �0.028 �0.025
Viral inactivation rate in air 0.013 0.032
Fraction of RNA that relates to infectious virus 0.35 0.34
Viral inactivation rate on hands 0.037 0.028
Inhalation rate 0.17 0.15
Mask effectiveness for the patient as source control �0.11 �0.14
Respirator effectiveness for first responders �0.37 �0.30
Air exchange rate �0.14 �0.27
Beta (dose-response curve parameter) �0.33 �0.32
Alpha (dose-response curve parameter �0.22 �0.21
Emission rate 0.77 A

AEmission rates were set to zero for Scenario 2.
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settling rate could vary 25% relative to the mode
(Table 2).

Model simulation
Rates describing transitions from state i to state j were
first summed to calculate a total rate of transition
away from state i. The probability that a virus in state
i remains in state i after one time step, Dt, is denoted
Pi,i, and is calculated as:

Pi, i ¼ e�kTiDt (7)

where kTi equals the sum of all first-order loss rates
affecting state i. The probability that a virus in state i
moves to state j in one time step, Pi,j, calculated:

Pi, j ¼ 1� Pi, ið Þ ki, j
kTi

� �
(8)

The values Pi,i and Pi,j for i, j ¼ {1, 2, … .16} states
are tabulated, and arranged into a one-step transition
probability matrix P. The model is then simulated by
iterative multiplication of P for the number of time
steps in the Scenario duration. Given Scenario dur-
ation T (min), then n¼T/Dt time steps. More detail
on the mathematical operations in the Markov model
are provided elsewhere (Nicas and Sun 2006). The
model was simulated over the duration of a patient
transport, represented by a triangular distribution
over the range of 5 to 20min with mode 12.5min
(Table 2). The model time step was Dt ¼ 0.001min.

Infection risks

Infection risk (Pinfection) was estimated using an exact
beta-Poisson dose-response curve fit to pooled SARS-
CoV-1 and human coronavirus 229E (HCoV229E)

dose-response data (Bradburne et al. 1967; DeDiego
et al. 2008; Watanabe et al. 2010):

Pinfection ¼ 1�1F1ða, aþ b, � dÞ (9)

where a and b are used in pairs (bootstrapped pairs
available in the code associated with this work), d is
cumulative dose from the aerosol and fomite routes
estimated from the Markov model, and 1F1, is the
Kummer confluent hypergeometric function (Xie et al.
2017). This dose-response curve has been used in
other risk assessments for COVID-19 (King et al.
2020; Wilson et al. 2020). Dose-response for SARS-
CoV-2 has not yet been measured.

Results

Modeled infection risks to first responders were great-
est when a COVID-19 patient was present and not
wearing a face mask along with first responders not
wearing respirators (Scenario 1A, Figure 2): the aver-
age infection risk was 2.9� 10�2 (SD ¼ 3.4� 10�2).
For Scenario 2A, when there was no COVID-19
patient present, but residual infective SARS-CoV-2
was present in air and on surfaces, the average infec-
tion risk was smaller, 7.2� 10�3 (SD ¼ 1.0� 10�2).
When both the patient wore a face mask and first res-
ponders wore respirators, average infection risks for
Scenarios 1D and 2D were reduced to 4.5� 10�3 (SD
¼ 7.4� 10�3) and 1.1� 10�3 (SD ¼ 1.9� 10�3),
respectively.

For Scenario 1A, when SARS-CoV-2 was being
emitted into the air and neither the patient was wear-
ing a face mask nor first responders wearing respira-
tors, the inhalation route was estimated to contribute
to 98% of SARS-CoV-2 dose, while the fomite route

Figure 4. Total amount of virus on all surfaces at the end of Scenarios 1A–D and beginning of Scenario 2A–D simulations.
(Number of viruses can be less than one due to these being the average number of viral particles estimated to be on surfaces
over the simulated time duration. Lines are the 25th, 50th, and 75th quantiles.)
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only contributed 2% (for 12.5min of exposure); these
percentages were fairly consistent over the duration of
simulations with fomites contributing a slightly
greater percentage to dose as the duration of the
transport increased. When first responders wore respi-
rators (Scenario 1B), the inhalation route and fomite
routes contributed to 97% and 3% of dose, respect-
ively. These percentages were the same for Scenario
1D, when both the patient wore face masks and first
responders wore respirators. Increases in dose due to
inhalation versus fomite-mediated exposures (hand-
to-face contacts) for Scenarios 1A–D can be seen in
Figure 3. For Scenario 1, when SARS-CoV-2 was
being emitted into the air, average infection risks were
reduced by 69%, 48%, and 85% when simulated first
responders wore respirators (Scenario 1B), the patient
wore a face mask (Scenario 1C), and when the first
responders wore respirators and the patient wore a
face mask (Scenario 1D), relative to infection risks
when no one wore a respirator or face mask
(Scenario 1A).

For Scenario 2, in which residual airborne SARS-
CoV-2 and SARS-CoV-2 was present on surfaces,
infection risk was influenced by face mask use by
patients and respiratory use by first responders in the
previous transport (Scenario 1), because the use of
face masks worn by the patient in the prior transport
influenced the initial level of airborne and surface
concentrations. After 12.5min in Scenario 2, in scen-
arios where respirators were not used by first res-
ponders (Scenarios 2A and 2C) the inhalation route
was estimated to contribute 88% of dose while the
fomite route contributed 12%. When respirators were
used by first responders, the inhalation route contrib-
uted 81–82% to dose while the fomite route contrib-
uted 18–19% (Scenarios 1B and 1D). In Scenario 2,
respirator use not only reduced inhalation exposure
but also was assumed to decrease the rate of hand-to-
face contacts. Considering both effects, Scenario 2
infection risk was reduced by 69% when first respond-
ers wore respirators (Scenarios 1B and 2B), by 50%
when the patient wore a face mask (Scenarios 1C and
2C), and 85% when first responders wore respirators
and the patient wore a face mask (Scenarios 1D and
2D), relative to no face mask or respirator use
(Scenario 2A).

For Scenario 1, emissions had the strongest mono-
tonic relationship with log10 infection risk (q¼0.77).
First responder respirator effectiveness had one of the
strongest monotonic relationships with log10 infection
risk in Scenario as well (Scenario 1: q ¼ �0.37),
where greater respirator effectiveness was related to

lower log10 infection risk (Table 3). For Scenario 2,
the association between patient mask effectiveness and
infection risk depended upon the amount of virus
present on the surfaces at the start of the exposure
Scenario (Figure 4). When only the patient wore a
face mask and the first responders did not wear respi-
rators in Scenario 1C, a Spearman correlation coeffi-
cient of �0.12 was observed. However, when neither
the first responders nor patient wore respirators
(Scenarios 1A and 2A) or when neither the first res-
ponders wore respirators nor the patient wore a face
mask (Scenarios 1B and 2B), the relationships between
respirator effectiveness and log10 infection risk for
Scenario 2 were weaker (Scenario 2A: q ¼ �0.0023,
Scenario 2B: q ¼ �0.02). This supports the hypoth-
esis that patient mask use and its impact on aerosol
deposition in Scenario 1 likely drove the negative rela-
tionship with infection risks estimated for Scenario 2.

In the sensitivity analysis to investigate the influ-
ence of patient mask effectiveness on infection risk of
first responders, increased mask effectiveness
decreased infection risk, where the linear fit line had a
slope of 1 and an R2 of 1.00 (Figure S3). The y-inter-
cept of �0.944 indicates that patient mask effective-
ness is generally slightly higher than the anticipated
risk reduction for first responders in this model
(Figure S3).

In the sensitivity analysis to evaluate the amount of
surface contamination necessary to make the doses
through the fomite and aerosol routes equivalent, the
virus load on surfaces (#viral particles/surface) needed
to be 19.07–1502, on average (Figure S4). This virus
surface load could be obtained by a deposition of
2.07–163% of total droplets greater than 100 lm gen-
erated by patient coughs over a 20-min transport,
assuming 1% of genome copies relates to infective
virus. It should be noted that the fraction of genome
copies that represents infective virus was an influential
parameter on estimated infection risks (Scenario 1: q
¼ 0.35, Scenario 2: q ¼ 0.34) (Table 3).

Discussion

Consistent with other work, this study demonstrated
that the aerosol route is likely a primary driver of
COVID-19 risk in enclosed spaces (Jones 2020; Miller
et al. 2020), and face masks can reduce viral emissions
from the patient and N95 FFRs can reduce exposure
among first responders. Face covering use reduced
mean infection risks (by 48–85% on average) in
Scenario 1, with the greatest risk reduction benefits
occurring when the patient and first responders were
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wearing cloth masks and respirators, respectively
(Scenario 1D). The value of source and receptor con-
trols through face coverings has been demonstrated in
other studies (Brooks et al. 2021).

When N95 FFRs were worn by first responders in
the simulated Scenarios 1B, the aerosol transmission
route contributed to 97% of the total dose, as opposed
to a slightly larger contribution of the aerosol transmis-
sion route (98%) when first responders did not wear
respirators and more virus was therefore inhaled.
When Scenario 1C was expanded to include a wider
range of mask efficacies for the patient, mask effective-
ness had a linear relationship with infection risk reduc-
tion among responders (Figure S3), meaning that less
effective face coverings on patients has less benefit for
first responders. The filtration effectiveness of mask
materials has been shown to vary widely by material
type (Pan et al. 2021). Given a mask effectiveness, it is
possible to estimate the risk reduction expected in the
Scenarios modeled in this study using Figure S3.

This study has demonstrated that while the aerosol
transmission route may contribute more to dose than
the fomite route, the aerosol and fomite transmission
routes are related. Interventions aimed at reducing the
emission of aerosol virus may also provide benefits
for reducing fomite-mediated exposures by decreasing
viral deposition on surfaces, as shown by the
decreased surface contamination at the end of
Scenario 1C when the patient wore a mask (Figure 4)
and the 50% reduction in infection risk in Scenario
2C. Interventions like respirators also prevent facial
mucous membrane contact, interrupting the fomite
transmission route.

When the patient wore a face mask (Scenario 1C),
as opposed to the first responders wearing respirators
and the patient without a face mask (Scenario 1B) the
infection risk reductions were less (48% vs. 69%,
respectively), due to lower effectiveness of the cloth
mask compared to respirators (Table 2). The risk
reductions were similar in Scenario 2, where patient
use of a mask during Scenario 1C reduced infection
risks by 50% in Scenario 2C, and first responder res-
pirator use in Scenarios 1B and 2B reduced infection
risks by 69%. The reduction in airborne SARS-CoV-2
and viral deposition on surfaces as a result of patient
mask use explains a portion of the infection risk
reduction in Scenario 2. In the scenarios in this study,
first responders were assumed to not have COVID-19.
However, respirator use by first responders could offer
source control benefits for reducing risks to unin-
fected patients and other first responders, if a first
responder was infected.

When respirators were used by the first responders
and a mask was used by a COVID-19 patient
(Scenario 1D), infection risks for care of COVID-19
patients were low (mean ¼ 4.5� 10�3, SD ¼
7.4� 10�3) relative to Scenario 1A (mean ¼
2.9� 10�2, SD ¼ 3.4� 10�2) where the first respond-
ers were not wearing respirators and the COVID-19
patient was not wearing a face mask. Murphy et al.
reported 0.4% (3/700) EMS staff testing positive for
COVID-19 after an encounter with a COVID-19
patient (Murphy et al. 2020). However, there was no
documentation of occupational exposures for these
three positive cases (Murphy et al. 2020). Higher
COVID-19 risks have been observed among first res-
ponders in other studies, where Prezant et al.
reported 13% of EMS responders (573/4408) being on
medical leave due to being a confirmed COVID-19
case (Prezant et al. 2020). Sami et al. found that
22.5% of first responders tested positive for antibod-
ies specific to SARS-CoV-2, where 38.3% of medical
emergency technicians (EMTs) tested positive (Sami
et al. 2021). In comparison to EMTs, paramedics had
lower seroprevalence, possibly due to required add-
itional training requirements relative to EMTs (Sami
et al. 2021). It is unknown whether these individuals
were infected due to an occupational or community
exposure, and Sami et al. reported exposure to
COVID-19 household members as being associated
with higher odds of seropositivity (Sami et al. 2021).
Adjusted odds ratios for PPE use, including N95
FFRs, were insignificant, with the exception of gloves
that was associated with greater odds of seropositiv-
ity, potentially indicating the importance of proper
PPE use and safe donning and doffing practices
(Sami et al. 2021). While the estimated risks in this
modeling study were lower than some of these
reported rates, risks from this study are for individual
transports with a patient. Repeated transports and
interactions with infected patients would lead to
increased risks. Additionally, the ambulance transport
is only one component of potential exposures for first
responders, where they may also be exposed in the
patient’s home or in a public space where first con-
tact is made.

Because this model framework assumes that air is
well mixed, the higher concentration of aerosols that
may be expected within the immediate exhaled breath
plume (Vuorinen et al. 2020) are not accounted for;
the results here are likely to be an underestimate for
face-to-face exposure within 1m of the patient for the
cases where the infectious patient is not wearing a
face mask (Scenarios 1A and 1B). A potential
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intervention for reducing risks of aerosol transmission
in between patients may include leaving the ambu-
lance doors open to increase fresh air in the patient
care module. Extensions of the model developed here
could be used to explore a variety of airflow condi-
tions and durations of open ambulance doors to
evaluate the efficacy of this intervention for reducing
aerosol exposures in between patient transports.

It is assumed in this work that contacts to the
mouth, eyes, and nose contribute to the cumulative
dose via indirect contact transmission. While there is
evidence supporting the potential for SARS-CoV-2 to
be transmitted via hand-to-mouth contact (Xie et al.
2020), there is uncertainty as to whether contacts with
the mouth, eyes, or nose contribute equally to infection
risk and what fraction of transferred virus may reach
an infection initiation site. Therefore, risks from these
contacts in this model are likely overestimates. More
data are needed describing mechanisms of infection
initiation from hand-to-mucosal membrane contacts to
improve estimates of dose via the indirect contact
route. Additionally, the inactivation of airborne virus
or virus on surfaces during time between Scenarios 1
and 2 was not accounted for due to uncertainty in the
duration between calls. A conservative approach was
therefore taken, assuming that there was no virus loss
between transports, which may result in overestimates
of airborne and fomite risks in Scenario 2. The effect
of inactivation between transports or behaviors regard-
ing common disinfection or ventilation practices
between transports could be used in future model
advancements to address this uncertainty.

When PPE is in short supply, other practices to
reduce COVID-19 transmission risks include prioritiz-
ing the use of PPE for high-risk calls. For example, in
King County, Washington, USA, PPE practices before
February 28, 2020 were determined by “high-risk
criteria” that included febrile respiratory illness paired
with either travel from an area with a high number of
COVID-19 cases or a known encounter with a
COVID-19 confirmed case (Murphy et al. 2020).
These high-risk criteria were further refined after
February 28th when calls from long term care facilities
(LTCFs) were determined to be high risk and would
require “mask (surgical or N95), eye protection, gown
and gloves” (MEGG) (Murphy et al. 2020). Such rec-
ommendations have been informed by previously
developed guidance and lessons learned from medical
transport, including aeromedical evacuation (Nicol
et al. 2019), during other highly infectious disease out-
breaks, such as for Ebola (Centers for Disease Control
and Prevention 2015). Modeling studies can facilitate

evaluation of these guidelines by providing quantita-
tive and scenario-based insights, highlighting areas of
uncertainty and the impact of potential interventions,
such as components of MEGG in reducing risk. This
could further define criteria for balancing limited PPE
supplies and potential risks due to encounters with
COVID-19 patients.

Another limitation of this work is uncertainty in
viral emission rates. With regard to viral emission
rates, we have based our model on measured data for
seasonal coronaviruses (Leung et al. 2020) in the
absence of adequate data for SARS-CoV-2. Studies
have shown that viral loads vary significantly between
people with COVID-19 (Cevik et al. 2021) and model-
ing studies suggest this could result in a range of viral
emissions spanning several orders of magnitude
(Buonanno et al. 2020; Miller et al. 2020). The viral
emission rate will affect the absolute risks of infection
predicted and could result in an under or over-esti-
mate of risk. However, in comparing relative effects,
the viral emission rate is of less importance as the
same assumption is applied across all the modeled
scenarios. This is true for other limitations of the
model, such as uncertainty in time between transports
and subsequent inactivation, environmental conditions
and impacts on inactivation, mechanisms of infection
via hand-to-facial mucosal membrane contacts, etc.
While these limitations reduce confidence in the inter-
pretation of estimated absolute risks because these
limitations are consistent across Scenarios, the risk
reduction comparisons between interventions remain
valuable for informing intervention implementation.

Conclusions

Mask use for the patient and respirator use for first res-
ponders are effective means to reduce first responder
SARS-CoV-2 infection risks. While mask use is most
effective in terms of risk reduction when a patient is
actively emitting airborne SARS-CoV-2, its use by
patients, may also reduce viral deposition on surfaces,
reducing fomite transmission risks for future transports.
More Scenario-specific hand-to-face contact frequency
data are needed to improve the developed model.

Recommendations

Based on these simulations, it is recommended that
both the patient and first responders wear masks and
respirators, respectively. The results of this simulation
show that there is a slight advantage when first res-
ponders use N95 FFR versus cloth mask use by
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patients, due to differences in device effectiveness, but
there is additional benefit to responders from the use
of masks by patients. While risks from surface con-
tamination are small in this study, effective disinfec-
tion of surfaces, particularly high-use equipment will
result in a further reduction in COVID-19 risk
for responders.
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