
Quantitative Risk Assessment for Airborne
Transmission of Disease



COVID-19 Guidance: early 2020

https://twitter.com/WHO/status/1243972193169616898?lang=en



Problems with the Guidance: Evidence of 

Superspreading Events

Lu J, Gu J, Li K, et al. COVID-19 Outbreak Associated with 

Air Conditioning in Restaurant, Guangzhou, China, 2020. Emerg

Infect Dis. 2020;26(7):1628-1631. doi:10.3201/eid2607.200764



A “Quantum of Infection” (Wells, 1955; 

Riley et al., 1978)



Buonanno et al. (2020): The Predictive Estimation 
Approach

ERq – quanta emission rate

Buonanno G, Stabile L, Morawska L. Estimation of airborne viral emission: Quanta emission rate of SARS-CoV-2 for infection risk 

assessment. Environ Int. 2020;141:105794. doi:10.1016/j.envint.2020.105794



Buonanno G et al. Link between SARS-CoV-2 emissions and airborne concentrations: Closing the gap in understanding. J Hazard 

Mater. (2022) 428:128279. doi: 10.1016/j.jhazmat.2022.128279

We have performed an experimental analysis measuring SARS-CoV-2

RNA copies in airborne particles sampled in a control hospital room

occupied by an infected subject whose viral load was also measured.

Validation of the modeling approach

Experiments were performed for two different respiratory activities:

breathing and speaking.

In order to estimate the metrological compatibility, the uncertainty

budget for both the experimental method and the theoretical approach

was calculated.





A direct link between emission and airborne

concentration was demonstrated when the subject was

speaking.

Validation of the modeling approach

Buonanno G et al. Link between SARS-CoV-2 emissions and airborne concentrations: Closing the gap in understanding. J Hazard 

Mater. (2022) 428:128279. doi: 10.1016/j.jhazmat.2022.128279

The uncertainty budget of the theoretical approach

identified the volume particle emission (if the viral

load is measured) as the main contributor to the

uncertainty.
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Probability of infection
“Four step approach”

quanta emission 
rate

exposure to quanta 
concentration 

dose of quanta 
received

dose–response 
model
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of the 
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of infection

Estim ate of 
the 

Individual 
infection risk 

Novel approach for quantitative assessment of the 
individual infection risk of airborne transmission of 

SARS-CoV-2

Ø Determination of the maximum exposure time to
guarantee an acceptable individual infection risk

Ø Identification of “superspreading event”

Application of the approach to prospective and 
retrospective assessments

Buonanno et al., 2020. Quantitative assessment of the risk of airborne transmission of SARS-CoV-2 infection: Prospective and retrospective applications, Environment Int. 145

- 106112

Four steps approach



The government of the central Italy’s Marche region on March 2021 launched a 9 M€ call to fund the installation of MVSs in classrooms to prevent the airborne

transmission of SARS-CoV-2 and limit the adoption of distance learning solutions.

There were a total of 10 441 classrooms with an average occupancy of 20 students per classroom. 10 125 classrooms relied on natural ventilation (i.e.

ventilation due to the leakages of the building and to the manual opening of the windows) while 316 were equipped with MVSs.

The maximum (nominal) air flow rates of the MVSs installed in the different classrooms ranged between 100 to 1000 m3 h-1 (with 25th, 50th, and 75th percentiles

equal to 360 m3 h-1, 600 m3 h-1, and 800 m3 h-1, respectively) resulting in a ventilation rate per person between 1.4 and 14 L s-1 student-1.

In order to stratify the analysis, we have also introduced two sub-cohorts: i) the sub-cohort 1 represents the classrooms with MVSs characterized by a

ventilation rate per person between 1.4 and 10 L s-1 student-1 that meets the standard requirements of indoor air quality, ii) the sub-cohort 2 includes

classrooms with a ventilation rate per person >10 L s-1 student-1 and up to 14 L s-1 student-1 and it could represent a health-based ventilation to protect from

airborne transmission.

Buonanno et al., Increasing ventilation reduces the SARS-CoV-2 airborne transmission in schools: a retrospective cohort study in Italy’s Marche region, The Lancet – Infectious diseases, submitted

Retrospective Cohort Study





The ventilation works…

Buonanno G, Ricolfi L, Morawska L and Stabile L (2022) Increasing ventilation reduces SARS-CoV-2 airborne transmission in schools: A retrospective cohort study in Italy’s Marche 

region. Front. Public Health 10:1087087. doi: 10.3389/fpubh.2022.1087087

Retrospective Cohort Study

Validation of the approach through a retrospective

cohort study. Possibility of extending the use of the

approach, once the scenario has been defined, to any

indoor environment of interest.

The study represents a Halley's comet because we

have had simultaneous (i) waves of infections (Delta

and Omicron); (ii) different levels of ventilation in

school classrooms; and (iii) monitoring of infections.



AIRBORNE INFECTION RISK ASSESSMENT TOOLS



Occupancy Considerations in Buildings

Fire Code

(Emergency 

Egress)

Building Code 

Ventilation 

(Acceptable 

Air Quality)

Social 

Distancing

Functional 

Requirements 
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(Activities & 

Durations)

Airborne 

Transmission?



Airborne Infection Risk Calculator 
Framework

#1) AIRC Stationary Exposure Conditions (SEC) – a constant emission source and exposure 
model that considers the full range of possible quanta emission rates for a selected 
respiratory activity and their respective probabilities of occurrence.  The risk equations 
are completely solved for three (3) different user-defined exposure times without a time 
limit.

#2) AIRC Transitional Exposure Conditions (TEC) – Transitional exposure scenarios of both 
infectious and susceptible persons coming and going can be modeled for a total exposure 
period of up to 8 hours.

Helps users answer the questions:

#1) What is the potential infection risk associated with varying lengths of stay in the 

space?

#2) What number of occupants helps maintain an event reproduction number (Revent) less 

than one to prevent the exposure from further contributing to disease spread in the 

population? 



Example Scenario (SEC)

• Fitness Class
• Room size: 50 m2 x 2.4 m = 120 m3

• Fan recirculation only (~0.5 air changes per hour)

• No mask use

• Instructor is infected

• High intensity, 1-hour class (e.g. spinning, Zumba)

• Typical class size ~ 15 students

• Instructor is only one speaking – no coughing/sneezing



AIRC Tool (SEC)



AIRC Tool (SEC)

Secondary Transmission 

Probability = 61%  

Superspreading Event 

Probability = 30% 



Example Scenario (TEC)

• Bus Ride
• Room size: 29 m2 x 2.4 m = 70 m3

• 3.0 air changes per hour (including 
equivalent filtration)

• No mask use

• 1 passenger is infected

• Infected passenger traveling in a group and 
talking some

• Trip length is 2.5 hours



AIRC Tool (TEC)

A rider getting on the bus 

after the infectious 

individual has left



AIRC Tool (TEC)



Buonanno G., Morawska L., Stabile L. 2020. Quantitative assessment of the risk of airborne transmission of SARS-CoV-2 infection: Prospective and retrospective applications.

Environment International, 145, 106112

An index case patient traveled from the Chinese epidemic

epicenter, Wuhan, on 23 January 2020 and ate lunch in a

restaurant in Guangzhou, China. On the following days, nine

other people were diagnosed with SARS-CoV-2 infection

This case was recorded on 10 March, in Mount Vernon (Skagit

County, Washington State, USA). An attack rate of 53.3%

(based on 33 confirmed cases) could represent a conservative

estimate, since another 20 probable cases were mentioned by

(Hamner et al., 2020).

The proposed approach was used for

retrospective assessment of documented

outbreaks in a restaurant in Guangzhou (China)

and at a choir rehearsal in Mount Vernon (US)

Validation through retrospective cases





The required quanta values to obtain the documented probability of infection fall perfectly within the

possible values of the emission profiles under consideration (i.e. speaking and singing/speaking loudly in

light activity).

Such emission values present the highest probability of occurrence.

Such outbreaks are not caused by the rare presence of a superspreader, but can be likely explained by the

co-existence of conditions, including emission and exposure parameters, leading to a highly probable

event, which can be defined as a “superspreading event”

Validation through retrospective cases

Buonanno G., Morawska L., Stabile L. 2020. Quantitative assessment of the risk of airborne transmission of SARS-CoV-2 infection: Prospective and retrospective applications.

Environment International, 145, 106112



Validation through epidemiological study

Buonanno et al., Increasing ventilation reduces the SARS-CoV-2 airborne transmission in schools: a retrospective cohort study in Italy’s Marche region, The Lancet – Infectious 

diseases, submitted

The agreement between the results obtained from the retrospective cohort study and values calculated through the

predictive represents a validation of the approach through a retrospective cohort study.

Such validations confirm the possibility of extending the use of the approach, once the scenario has been defined, to

any indoor environment of interest in addition to school classrooms and providing predictive estimates of the

effectiveness of the ventilation for different exposure scenarios and variants of concern.

Parameter Period of investigation
Classrooms without 

MVS

Classrooms with 

MVS

Incidence cases

Sept. 13th - Dec. 23rd, 2021 1272 18

Jan. 7th - 31st, 2022 1818 13

Entire period 3090 31

Incidence proportion 

(per 1 000 students)

Sept. 13th - Dec. 23rd, 2021 6.3 2.8

Jan. 7th - 31st, 2022 9.0 2.1

Entire period 15.3 4.9

Incidence proportion 

ratio

Sept. 13th - Dec. 23rd, 2021 0.45

Jan. 7th - 31st, 2022 0.23

Entire period 0.32



Other tools developed during COVID-19 
Pandemic



Example Scenario

• Classroom
• Room size: = 150 m3

• 0.5, 3, 6, 9, 12 air changes per hour (including equivalent 
filtration)

• No mask use

• Teacher is infected, speaking and loudly speaking

• 25 students

• Exposure time is 1 hour

• SARS-CoV-2 (ancestral strain)



Quanta or viral load 
approach?

Two parallel worlds

meeting for the first time!

https://iris.who.int/handle/10665/376346

https://partnersplatform.who.int/aria



Future Research 
Directions

ASHRAE Standard 241 identifies areas of 

need:

• A risk calculator to develop 

prescriptive equivalent clean airflow 

requirements that will support 

development of custom targets

More generally – outside of “pandemic 

mode,” who will use these tools and for 

what specific purposes?



Gaps in Knowledge

• How to estimate quanta emission rates in the absence of documented
transmission events;

• How to combine close proximity infection risk with longer-range transmission
in risk assessment models;

• Comparisons of the completely-mixed model with more complex numerical
modeling approaches (CFD); and

• Statistical modeling of multiple infected subjects and estimated probabilities
of discrete numbers of secondary transmissions.



Study 7 is a review paper, The physics of respiratory particle generation, fate in the air, and inhalation, that contributes to the 

broader objective of putting historical work in the current context of the surge of interest and scientific productivity on this topic



The Airborne Contagiousness of Respiratory Viruses

1. Assess the strength of the 

predictive estimation approach 

through literature ERq review

2. Compare the contagiousness 

of respiratory pathogens 

through the airborne route

3. Assess ventilation and 

occupancy requirements to 

minimize airborne transmission

Mikszewski A, Stabile L, Buonanno G, Morawska L. The airborne contagiousness of respiratory viruses: A 

comparative analysis and implications for mitigation. Geoscience Frontiers. 2022;13(6):101285. 

doi:10.1016/j.gsf.2021.101285



Significance & Implications of the Findings

2. The respiratory pathogens evaluated can 

generally be grouped as follows:

• Less contagious pathogens: Rhinovirus, SARS-

CoV-1, MERS, coxsackievirus, TB (on treatment) 

and seasonal influenza.

• More contagious pathogens: untreated active 

TB, SARS-CoV-2, adenovirus, and measles 

virus.

• The more contagious pathogens are 

characterized by upper quartile ERq values 

above 10 quanta per hour for standing & 

speaking.

3. Using the same emission rate for multiple infected persons in a shared indoor environment underestimates the 

cumulative emission by not accounting for the statistical effect of sampling a highly-variable (overdispersed) distribution 

multiple times.

1. Quanta emission rate (ERq) estimates are in good 

agreement with the range back calculated from experimental 

studies and superspreading events:



The Vaccination Threshold for SARS-CoV-2 Depends on the Indoor 
Setting and Room Ventilation

4. Estimate the vaccination threshold 

for SARS-CoV-2 considering airborne 

transmission

High Risk Setting #1: Prison Cell Block

Kwan, A., Sklar, R., Cameron, D.B., Schell, R.C., Bertozzi, S.M., McCoy, S.I., Williams, B. and Sears, D.A. (2022), 

"Respiratory pandemic preparedness learnings from the June 2020 COVID-19 outbreak at San Quentin California State 

Prison", International Journal of Prisoner Health, Vol. ahead-of-print No. ahead-of-print.

https://doi.org/10.1108/IJPH-12-2021-0116

Mikszewski A, Stabile L, Buonanno G, Morawska L. The vaccination threshold for SARS-CoV-2 depends on the indoor setting and room ventilation. 

BMC Infect Dis. 2021;21(1):1193. Published 2021 Nov 26. doi:10.1186/s12879-021-06884-0

High Risk Setting #2: Restaurant

Chang, S., Pierson, E., Koh, P.W. et al. Mobility network models of COVID-19 explain inequities and inform reopening. 

Nature 589, 82–87 (2021). https://doi.org/10.1038/s41586-020-2923-3

https://www.emerald.com/insight/search?q=Ada Kwan
https://www.emerald.com/insight/search?q=Rachel Sklar
https://www.emerald.com/insight/search?q=Rachel Sklar
https://www.emerald.com/insight/search?q=Drew B. Cameron
https://www.emerald.com/insight/search?q=Robert C. Schell
https://www.emerald.com/insight/search?q=Stefano M. Bertozzi
https://www.emerald.com/insight/search?q=Stefano M. Bertozzi
https://www.emerald.com/insight/search?q=Sandra I. McCoy
https://www.emerald.com/insight/search?q=Brie Williams
https://www.emerald.com/insight/search?q=David A. Sears
https://www.emerald.com/insight/publication/issn/1744-9200
https://doi.org/10.1108/IJPH-12-2021-0116


The Vaccination Threshold for 

SARS-CoV-2 Depends on the Indoor 

Setting and Room Ventilation

Theoretical “Herd Immunity” Threshold = 1 – 1/R0

Event-specific threshold number of susceptibles = 1/R



The Vaccination Threshold for 

SARS-CoV-2 Depends on the Indoor 

Setting and Room Ventilation

• For wild-type SARS-CoV-2, required vaccination rates are 

much higher for a naturally ventilated restaurant (85%) 

than for a mechanically ventilated classroom (40%);

• An average of 10 m2 per susceptible occupant of an indoor 

space is more appropriate to reduce wild-type SARS-CoV-2 

secondary transmission risk, versus social distancing 

guidelines of 1-2 m separation distance.



Perspectives Three Years Later

• Study 2 was undertaken prior to the emergence of 
the Delta and subsequent SARS-CoV-2 variants;

• A time-variable spectrum of susceptibility to 
SARS-CoV-2 was established, persisting to present 
day;

• The “vaccination threshold” is better 
conceptualized as a “susceptibility threshold”;

• The relationship between the risk of secondary 
transmission, the area concentration of 
susceptibles in a room, and the room ventilation 
effectiveness remains relevant.



Significance & Implications of the 

Findings

• A high, comfort-based ventilation rate can provide a 

substantial downstream epidemiological benefit relative to 

a poorly ventilated baseline condition;
• Greatest effect for overdispersed pathogens, where most 

transmission is caused by a minority of infected persons, 

and increasing ventilation increases the extinction 

probability of an outbreak.



Increased Close Proximity Airborne Transmission of 

the SARS-CoV-2 Delta Variant; Assessment of SARS-

CoV-2 Airborne Transmission Risk in Public Buses

5. Quantify community spread through 

close proximity airborne transmission

Mikszewski A, Stabile L, Buonanno G, Morawska L. Increased close proximity airborne transmission of the SARS-CoV-2 Delta 

variant. Sci Total Environ. 2022;816:151499. doi:10.1016/j.scitotenv.2021.151499



Increased Close Proximity Airborne Transmission 

of the SARS-CoV-2 Delta Variant; Assessment of 

SARS-CoV-2 Airborne Transmission Risk in Public 

Buses

6. Develop a risk assessment 

methodology to consider both close 

proximity and room-scale airborne 

transmission in same setting

Bertone M, Mikszewski A, Stabile L, et al. Assessment of SARS-CoV-2 airborne infection transmission risk in public 

buses. Geoscience Frontiers. 2022;13(6):101398. doi:10.1016/j.gsf.2022.101398



Significance & Implications of the 

Findings

1. For the Delta variant, for full 

occupancy of an urban bus, FFP2 masks are 

required universally if the infected 

person is speaking.

2. For a breathing infected subject, the 

close proximity risk is negligible with 

limited risk at the room scale

1. Short-range (or close proximity) 

airborne transmission is likely the 

dominant mode for SARS-CoV-2.

2. Close proximity airborne 

transmission does not account for all 

secondary transmission, indicating a 

role for longer-range (room-scale) 

transmission through shared indoor 

air;

3. Transmission of the Delta variant 

appears to be more homogeneous, with 

a higher overdispersion parameter.

Maintaining silence can be 

considered an effective 

intervention at reducing airborne 

transmission on public transit, or 

in other environments where 

possible.



Risk of SARS-CoV-2 in a Car Cabin 

Assessed Through 3D CFD Simulations

7. Compare risk estimates based on the 

well-mixed room approach to those made 

using CFD modeling

Arpino F, Grossi G, Cortellessa G, et al. Risk of SARS-CoV-2 in a car cabin assessed through 3D CFD simulations. Indoor 

Air. 2022;32(3):e13012. doi:10.1111/ina.13012.



Significance & Implications of the 

Findings

1. In a small, confined space such 

as a passenger car, CFD approaches 

are needed for most accurate 

estimation

2. The well-mixed (zero-dimensional) 

approach resulted in the highest 

predicted number of secondary 

transmissions of all scenarios 

modeled, indicating that the mean

risk was overestimated compared to 

the more accurate CFD estimates.

Use of zero-dimensional approaches 

therefore may represent an upper 

bound.

3. A novel Bernoulli-trial based approach 

was developed to calculate discrete 

numbers of secondary cases for each 

modeled scenario and simulation.

This enables more accurate quantification 

of the probability of specific numbers of 

secondary cases, which may be more useful 

than the mean Revent estimate (further 

exploration is needed on this).



Ventilation procedures to minimize the 

airborne transmission of viruses in 

classrooms

Stabile L, Pacitto A, Mikszewski A, Morawska L, Buonanno G. Ventilation procedures to minimize the airborne transmission 

of viruses in classrooms. Build Environ. 2021;202:108042. doi:10.1016/j.buildenv.2021.108042.

1. Required air exchange rates for 

infection control cannot be 

prescribed as fixed numbers.

2. Airing schedules can be adjusted 

in near real-time based on 

monitoring of CO2 concentrations, 

with the goal of maintaining less 

than one secondary transmission on 

the average for the scenario in 

question (i.e., an Revent below 1).

3. Adopting a CO2 concentration 

threshold as a direct proxy for 

virus transmission can be 

misrepresentative and yield 

inaccurate risk estimates.

8. Document and compare how airborne transmission 

risk assessment tools were used during the COVID-19 

pandemic



Study 8: Case studies using a simple airborne 

infection risk calculator to minimize COVID-

19 infection risk

Linge, K.L., Chen, J., Mikszewski, A. et al. Case studies using a simple airborne infection risk calculator to minimize 

COVID-19 infection risk: a review of common approaches and challenges. Manuscript submitted for publication and under 

review (2023).

Study 8 documented case studies from Australia and New Zealand 

using the Airborne Infection Risk Calculator (AIRC), 

describing how the AIRC was used to assess COVID-19 risk in 

different indoor settings and how users customized the tool 

for their own purposes.

8. Document and compare how airborne 

transmission risk assessment tools were used 

during the COVID-19 pandemic

Room-specific

Generalized

Companion 

calculator



Study Limitations
1. Very limited data on viral 

load, dose-response 

relationship, and 

concentrations of viable 

viruses in exhaled particles 

versus in sputum/mucus/saliva

2. Studies do not 

stochastically consider 

variation in particle 

emissions between individuals, 

which may be extreme

3. Completely mixed room 

neglects higher risk within 

the respiratory jet – further 

work needed on combined 

approaches (as in Study 4)

4. Particle deposition and 

inactivation rates in ambient 

air should be adjusted for more 

detailed site-specific analysis 

including effects of relative 

humidity and CO2 concentration.

5. More sophisticated 

epidemiological modeling 

frameworks are needed 

considering:

• multiple day infectious 

periods;

• variable social contact 

networks,

• variable separation distances 

during close contact,

• cumulative exposure effects.



Scientific Novelty of the Work

• Derived original estimates of quanta emission rates for 
numerous respiratory pathogens;

• Implemented stochastic treatment of the cumulative 
emission rate from multiple infected persons in the same 
room;

• Demonstrated the consistency between the predictive 
estimation approach and the often-significant individual 
variation in infectiousness;

• Combined close proximity and room-scale airborne 
transmission risk assessment methods;

• Compared risk assessment results between zero-dimensional 
(completely-mixed room) and three-dimensional (CFD) 
models; and

• Developed a novel Bernoulli-trial based approach to 
estimate discrete numbers of secondary cases resulting 
from modeling scenarios.


