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Introduction and motivation
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Introduction and motivation

• Communicable respiratory illnesses have significant 
economic impacts in the U.S.
– 43 common colds per 100 people
– 26 cases of influenza per 100 people
– Healthcare costs, absence from work, lost worker productivity

• Total cost was ~$70 billion in 2000

• Transmission of respiratory pathogens is complex
– Continuing debate about transmission modes for many pathogens

• Inhalation (aerosols), direct contact (droplets or touch), fomites (surfaces)

3

Fisk 2000 Ann Review Energy Environ 25:537-566

https://www.nytimes.com/2020/07/04/health/239-experts-with-one-big-claim-the-coronavirus-is-airborne.html
https://www.nytimes.com/2020/07/07/health/coronavirus-aerosols-who.html
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https://www.nytimes.com/2020/07/04/health/239-experts-with-one-big-claim-the-coronavirus-is-airborne.html
https://www.nytimes.com/2020/07/07/health/coronavirus-aerosols-who.html


Objectives for this lecture

• Explore modes of infectious disease transmission

• Infectious aerosols: particle sizes and emissions
– Including viruses and bacteria within aerosols

• Methods of infection control

• Methods of estimating disease risks

4



MODES OF INFECTIOUS DISEASE 
TRANSMISSION
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Primary modes of disease transmission

1. Direct contact with pathogen sources (i.e. aerosol/droplet deposition)
2. Contact with contaminated object surfaces (“fomites”)
3. Inhalation of airborne infectious aerosols (often longer distances)

6
Lakdawala and Subbarao 2012 Nature Medicine 18:1468-1470
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Aerosols vs. droplets vs. fomites

• Medical and public health communities commonly define:
– Droplets as >5 µm (with transmission occurring only at close-range) 
– Aerosols as <5 µm (with transmission at long-range only)
– Long-range/short-range cut-off distance ~1-2 m

• Reality is more complicated:
– “Droplets” are much bigger than 5 µm
– “Droplets” can travel farther than 1-2 m
– Small particles (“aerosols”) are also present at close-range

7

https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions

Bourouiba 2020 JAMA 323(18):1837-1838

https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions


Aerosols vs. droplets vs. fomites

8
Wei and Li 2016 Am J Infection Control 44:S102-S103



Aerosols vs. droplets vs. fomites

9
Lei et al. 2017 Indoor Air 28:394-403



Diseases spread (in part) by airborne transmission
Disease Organism Clinical manifestations

Adenovirus Adenovirus Rhinitis, pharyngitis, malaise, 
rash, cough

Influenza* Influenza virus Fever, chills, malaise, headache, 
cough

Measles* Rubeola virus Fever, rash, malaise, 
conjunctivitis

Meningococcal disease Neisseria meningitides Fever, headache, vomiting, 
confusing

Mumps* Mumps virus Pain/swollen salivary glands

Pertussis Bordetella pertussis Malaise, cough, coryza, 
“whooping cough”

Parvovirus B19 Parvovirus B19 Rash, anemia, arthritis

Respiratory syncytial virus RSV Often asymptomatic

Rubella Rubella virus Fever, malaise, rash

Tuberculosis* Mycobacterium species Fever, weight loss, fatigue, night 
sweats, pulmonary disease

Varicella Human herpes virus 3 Chicken pox

10
ASHRAE Position Document on Airborne Infectious Diseases (2014) – recently updated (but the table is gone L)



Evidence of airborne transmission

11Sun et al. 2011 PLoS ONE 6:e27140



Evidence of airborne transmission

• 10 years ago: global outbreak of SARS
– In 8 months, 8100 people in 29 countries were infected

• 774 died

• In one high profile spreading event in Hong Kong, 
it became clear that transmission by airborne 
particles was substantial
– One infected man suffering from diarrhea was 

linked to 300 SARS cases in one apartment building
– Investigators concluded that diarrhea from the 

patient flushed into common plumbing system 
between units produced aerosols that traveled 
through piping and into other bathrooms

– From there, both aerosol and subsequent person-
to-person contact transmission likely occurred

12

SARS virus

Normile 2013 Science 339:1269-1273

Severe acute respiratory syndrome (SARS)



• d

13
Normile 2013 Science 339:1269-1273

Another SARS 
transmission 
event



Importance of “super spreaders”

14

144 of Singapore’s 206 SARS cases 
were traced to 5 individuals

Normile 2013 Science 339:1269-1273

What makes a super spreader?
• Social/behavioral?
• Biological?
• Physical?



Expulsion of respiratory droplets/aerosols

• When a person coughs, sneezes, speaks or even breaths:
– Particles of liquid water, proteins, salts, and other matter are expelled

• These are called droplets
• These particles may contain smaller infectious organisms

– Large droplets may rapidly deposit to surfaces and/or decrease in 
size as the surrounding liquid evaporates

• Droplet nuclei remain after evaporation
• Typically 40-50% smaller diameter (dp) than original droplets

– Still contain infectious organisms

15Verreault et al. 2008 Microbiology and Molecular Biology Reviews 72:413-444; Nicas et al. 2005 J Occup Environ Hyg
2:143-154; Chen and Zhao 2010 Indoor Air 20:95-111; Yang and Marr 2011 PLoS ONE 6:e21481
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Rapid evaporation of droplets brought to you by Mythbusters



Droplet evaporation is nearly instantaneous

17
Chen and Zhao 2010 Indoor Air 20:95-111

(And dependent on relative humidity)



Disease transmission and droplet size

18Figure taken directly from Welty 2009 presentation to FIC for IAQ, US EPA

dp > 100 µm dp > 10 µm

dp < 10 µm



Droplet size and settling velocity

19https://www.ashrae.org/file%20library/about/position%20documents/pd_infectiousaerosols_2020.pdf
https://www.cdc.gov/niosh/topics/aerosols/pdfs/Aerosol_101.pdf

https://www.ashrae.org/file%20library/about/position%20documents/pd_infectiousaerosols_2020.pdf
https://www.cdc.gov/niosh/topics/aerosols/pdfs/Aerosol_101.pdf


Particle size is crucial for aerosol transmission

20

Large 
droplets 

Small particle (droplet nuclei) 

Large droplet Droplet nuclei

Verreault et al. 2008 Microbiology and Molecular Biology Reviews 72:413-444; Nicas et al. 2005 J Occup Environ Hyg 2:143-154; 
Chen and Zhao 2010 Indoor Air 20:95-111; Yang and Marr 2011 PLoS ONE 6:e21481; Lakdawala and Subbarao 2012 Nature 
Medicine 18:1468-1470

Rapid evaporation



Droplet nuclei (aerosols) can mix rapidly

21
Chen and Zhao 2010 Indoor Air 20:95-111

dp = 0.1 µm

dp = 10 µm

dp = 100 µm

dp = 200 µm



Evidence of airborne transmission

One of my favorite studies…

22Dick et al. 1987 J Infectious Diseases 156:442-448



23Dick et al. 1987 J Infectious Diseases 156:442-448



24Dick et al. 1987 J Infectious Diseases 156:442-448



RESPIRATORY AEROSOLS/DROPLETS
Size distributions and pathogen presence

25



What particle sizes are emitted by humans?

• Commonly believed that droplet nuclei average 1-3 µm
– Recent studies show that 80-90% of particles expelled during human 

activities are actually smaller than 1-2 µm

• When considering dynamics of infectious aerosols
– It is crucial to consider particle sizes of infectious aerosols
– Particle size governs transport, control (e.g. by filtration), deposition in 

respiratory tract, and resuspension ability

26



Emissions from coughing subjects

27
Papineni and Rosenthal 1997 J Aerosol Medicine 10:105-116

Xie et al, 2009 J R Soc Interface 
6:S703-S714

Nearly all 
particles < 1 µm



More emissions from coughing subjects (n = 54)

• 82% of particles in the 0.7-2.2 µm size range

28
Yang et al., 2007 J Aerosol Med 20:484-494



Coughing subjects with and without influenza

29
Lindsley et al., 2012 J Occup Environ Hygiene 9:443-449

Most emitted particles < 1 µm
• Greater emissions for those infected with influenza



Emissions from breathing subjects

• Typically much smaller number concentrations than during 
coughing

30
Fabian et al., 2008 PLoS ONE 3:e2691

90% of emitted particles were 
smaller than 1 µm



Emissions from breathing, speaking, singing, coughing

31
Johnson et al., 2011 J Aerosol Science

Measuring 0.3-20 µm

Combining 0.3-20 µm with >20 µm



What about infectious organisms within particles?

32
Kowalski et al., 1999 ASHRAE Transactions



What about pathogens within respiratory aerosols?

• Most particles emitted during human activities are smaller 
than 1-2 µm
– But particle volume scales with dp3

– Does the amount of viral or bacterial material contained in droplet 
nuclei scale similarly?

33



Virus detection methods

• Total bacterium or virus quantity
– Number of gene copies (qPCR)
– Intact DNA or RNA (infectious not known)

• Infectious virus
– Number of viruses able to infect cells
– Determined by culture (growth)
– PFU = plaque forming units: the number of viruses capable of forming 

plaques on host cells
– TCID50 = median tissue culture infectious dose: the concentration at 

which half of the cells in a sample are infected after being exposed

34
Adapted from ”Viruses in Air,” presentation by Linsey Marr, Virginia Tech
https://twitter.com/linseymarr/status/1242245486196768773

https://twitter.com/linseymarr/status/1242245486196768773


Influenza RNA in size-resolved aerosol samples

35
Lindsley et al., 2010 PLoS ONE 5:e15100

qPCR reveals influenza 
viral RNA size distribution 
in human coughs:
• 42% < 1 µm
• 23% 1-4 µm
• 35% > 4 µm

Although ~90% of emitted particles (number concentrations) are < 1 µm
• Only ~40% of viral RNA is contained in that fraction



Influenza RNA in size-resolved aerosol samples

36
Yan et al., 2018 PNAS 115(5):1081-1086

Coarse aerosols (> 5 µm) Fine aerosols (< 5 µm)



Influenza RNA in size-resolved aerosol samples

37
Lindsley et al., 2010 Clinical Infectious Diseases 50:693-698

Sampling Location Distribution of viral RNA 
Personal samplers < 1.7 µm 1.7-4.9 µm > 4.9 µm 

32% 16% 52% 
Lower stationary samplers < 1 µm 1-4.1 µm > 4.1 µm 

13% 37% 50% 
Upper stationary samplers < 1 µm 1-4.1 µm > 4.1 µm 

9% 27% 64% 
 

qPCR reveals influenza 
viral RNA size distribution 
in an urgent care clinic:
• ~10-20% < 1 µm
• ~20-40% 1-4 µm
• ~50-60%   > 4 µm



Influenza RNA in size-resolved aerosol samples

38
Yang et al., 2011 J R Soc Interface 8:1176-1184

1.0-2.5 µm

>2.5 µm

~evenly distributed

~evenly distributed <0.25 and >2.5 µm

~increasing with dp

mixed

mixed



Influenza virus viability in aerosols

39
Brown et al., 2015 J Hospital Infection 91:278-281



Influenza RNA vs. influenza viability in aerosols

40
Yan et al., 2018 PNAS 115(5):1081-1086



Influenza virus viability on surfaces

41
Greatorex et al., 2011 PLoS ONE 6(11): e27932



NOVEL CORONAVIRUS (SARS-COV-2)
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SARS-CoV-2 and COVID-19

• Coronavirus disease (COVID-19) is an infectious disease 
caused by a newly discovered coronavirus (SARS-CoV-2) 
– The problem is no one has immunity to a novel virus (yet)

• Most people infected with the COVID-19 virus will 
experience mild to moderate respiratory illness and recover 
without requiring special treatment
– Older people, and those with underlying medical problems like 

cardiovascular disease, diabetes, chronic respiratory disease, and 
cancer are more likely to develop serious illness

• There are no vaccines or treatments for COVID-19 (yet)
– There are many ongoing clinical trials evaluating potential treatments

43https://www.who.int/health-topics/coronavirus

https://www.who.int/health-topics/coronavirus


How is SARS-CoV-2 spread?

• WHO, March 2020:

“The virus spreads primarily through droplets of saliva or 
discharge from the nose when an infected person coughs or 
sneezes.”

44

https://www.who.int/health-topics/coronavirus

https://www.who.int/health-topics/coronavirus


How is SARS-CoV-2 spread?

• WHO, July 2020:

45https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions

https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions


How is SARS-CoV-2 spread?

• What changed?

46

https://www.nytimes.com/2020/07/04/health/239-experts-with-one-big-claim-the-coronavirus-is-airborne.html
https://www.nytimes.com/2020/07/07/health/coronavirus-aerosols-who.html

https://academic.oup.com/cid/article/doi/10.1093/cid/ciaa939/5867798

https://www.nytimes.com/2020/07/04/health/239-experts-with-one-big-claim-the-coronavirus-is-airborne.html
https://www.nytimes.com/2020/07/07/health/coronavirus-aerosols-who.html
https://academic.oup.com/cid/article/doi/10.1093/cid/ciaa939/5867798


How is SARS-CoV-2 spread?

• This novel coronavirus is ~120 nm in diameter
– Influenza viruses are ~80-120 nm in diameter

47
https://www.biorxiv.org/content/10.1101/2020.03.02.972927v1

https://www.biorxiv.org/content/10.1101/2020.03.02.972927v1


SARS-CoV-2 detection in Singapore hospital AIIRs

• AAIRs = airborne infection isolation rooms
– Negative pressure, high air exchange rates

48https://www.nature.com/articles/s41467-020-16670-2
Chia et al., 2020 Nature Communication 11:2800

https://www.nature.com/articles/s41467-020-16670-2


SARS-CoV-2 detection in Singapore hospital AIIRs

• AAIRs = airborne infection isolation rooms
– Negative pressure, high air exchange rates

49https://www.nature.com/articles/s41467-020-16670-2
Chia et al., 2020 Nature Communication 11:2800

https://www.nature.com/articles/s41467-020-16670-2


SARS-CoV-2 detection in Singapore patient rooms

50https://jamanetwork.com/journals/jama/fullarticle/2762692
Ong et al., 2020 JAMA 323(16):1610-1612

https://jamanetwork.com/journals/jama/fullarticle/2762692


SARS-CoV-2 detection in Singapore patient rooms

51https://jamanetwork.com/journals/jama/fullarticle/2762692
Ong et al., 2020 JAMA 323(16):1610-1612

https://jamanetwork.com/journals/jama/fullarticle/2762692


SARS-CoV-2 detection in Wuhan hospitals

52
https://www.nature.com/articles/s41586-020-2271-3
Liu et al., 2020 Nature 582:557-560

https://www.nature.com/articles/s41586-020-2271-3


SARS-CoV-2 detection in Wuhan hospitals

53
https://www.nature.com/articles/s41586-020-2271-3
Liu et al., 2020 Nature 582:557-560

https://www.nature.com/articles/s41586-020-2271-3


SARS-CoV-2 detection in healthcare HVAC units

54
https://www.medrxiv.org/content/10.1101/2020.06.26.20141085v1
Horve et al., 20xx pre-print

https://www.medrxiv.org/content/10.1101/2020.06.26.20141085v1


SARS-CoV-2 detection in a Nebraska hospital

55
https://www.medrxiv.org/content/10.1101/2020.03.23.20039446v3
Santarpia et al., 20xx pre-print

https://www.medrxiv.org/content/10.1101/2020.03.23.20039446v3


SARS-CoV-2 detection in a Nebraska hospital

56
https://www.medrxiv.org/content/10.1101/2020.03.23.20039446v3
Santarpia et al., 20xx pre-print

https://www.medrxiv.org/content/10.1101/2020.03.23.20039446v3


SARS-CoV-2 detection in a Nebraska hospital

57
https://www.medrxiv.org/content/10.1101/2020.03.23.20039446v3
Santarpia et al., 20xx pre-print

https://www.medrxiv.org/content/10.1101/2020.03.23.20039446v3


SARS-CoV-2 survival in aerosols and on surfaces

58
van Doremalen et al., 2020 NEJM

(>3 hrs) (>4 hrs) (>24 hrs) (>48 hrs) (>48 hrs)



COVID-19 outbreak in a restaurant (Guangzhou)

59
https://wwwnc.cdc.gov/eid/article/26/7/20-0764_article
Lu et al., 2020 Emerging Infectious Diseases 26(7):1628-1631

https://wwwnc.cdc.gov/eid/article/26/7/20-0764_article


COVID-19 outbreak in a restaurant (Guangzhou)

60
https://www.medrxiv.org/content/10.1101/2020.04.16.20067728v1
Li et al., 20xx pre-print

https://www.medrxiv.org/content/10.1101/2020.04.16.20067728v1


COVID-19 outbreak in a choir practice (Skagit Cty, WA)

61
https://wwwnc.cdc.gov/eid/article/26/7/20-0764_article
Hamner et al., 2020 CDC Morbidity and Mortality Weekly Report 69(19):606-610

https://wwwnc.cdc.gov/eid/article/26/7/20-0764_article


INFECTION CONTROL STRATEGIES
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Airborne infection control

63

Surface disinfection 
and hand hygiene

Procedural controls and 
isolation

Treatment, prophylaxis, 
and vaccination

Engineering controls 
and air disinfection



Engineering controls and disinfection

• Control of airborne infectious disease transmission
– Studies suggest building characteristics such as outdoor air 

ventilation rates and lower occupant density can reduce respiratory 
illnesses 15-76% 

• Aerosol engineering controls include: 
– Facemasks
– Isolation rooms (dedicated HVAC) / flow control
– Particle filtration (HVAC or stand-alone)
– Ultraviolet germicidal irradiation (UVGI)
– Humidity control

– These only work for diseases that are primarily spread via airborne 
routes (not through surface contamination)

64

Langmuir et al. 1948 Am J Hyg; Brundage et al. 1988 JAMA; 
Drink a et al. 1996 Am Geriatr Soc; Fisk 2000; Li et al. 2007 Indoor Air

ASHRAE Position Document on Airborne Infectious Diseases (2014)



Hierarchy of controls for SARS-CoV-2

65
https://www.nature.com/articles/s41370-020-0225-3

Ventilation, air cleaning
Deziel et al., 2020 J Expos Sci Environ Epidem 30:591-593

https://www.nature.com/articles/s41370-020-0225-3


66

https://www.mhlw.go.jp/content/10900000/000615287.pdf

https://www.mhlw.go.jp/content/10900000/000615287.pdf


67
Prather et al., 2020 Science 368(6498):1422-1424



Masks can reduce airborne transmission

68
Shakya et al., 2017 J Exp Sci Environ Epidem 27:352-357



Masks can reduce airborne transmission

69

https://www.nejm.org/doi/full/10.1056/nejmc2007800

https://www.nejm.org/doi/full/10.1056/nejmc2007800


Masks can reduce airborne transmission

70
Leung et al., 2020 Nature Medicine 26:676-680



Masks can reduce airborne transmission

71Hendrix et al., 2020 CDC MMWR July 14, 2020
https://www.cdc.gov/mmwr/volumes/69/wr/mm6928e2.htm

https://www.cdc.gov/mmwr/volumes/69/wr/mm6928e2.htm


ESTIMATING RISKS OF INFECTIOUS 
DISEASES
And quantifying modes of transmission

72

Featuring Guest Speaker:
Dr. Parham Azimi, Ph.D.
Postdoctoral Researcher
Harvard T.H. Chan School of Public Health
pazimi@hsph.harvard.edu

mailto:pazimi@hsph.harvard.edu


Methods of estimating infectious disease risks

Wells-Riley model

Markov chain combined with 
dose-response models

73

Pinfection =
cases

susceptiles
=1− e

−
Iqpt
Qoa

Pinfection = the probability of infection
cases = the number of infection cases
susceptibles = number of susceptible individuals
I = number of infector individuals
p = pulmonary ventilation rate of a person (m3/hour)
q = quanta generation rate (1/hr)
t = exposure time (hr)
Qoa = room ventilation rate with clean air (m3/hour)



Wells-Riley model

• µ = average number of “quanta” breathed by a susceptible person, 
assuming probability of infection fits a Poisson distribution

• “quantum” = number of infectious droplet nuclei necessary to initiate 
infection based on the assumption that infection requires at least one 
organism
– Function of type of infectious agent (more on that later)

• If µ = 1 quanta breathed, risk of infection = 1 – e-1 = 1 – 1/e = ~63%

74

Pinfection =
cases

susceptiles
=1− e−µ

µ = pbtN

pb = breathing rate (m3 /hr)
t = total time of exposure (hr)
N = average quantum "concentration"



Wells-Riley model

• Simplest mass balance on “quanta”, assuming:
– Well-mixed space
– AER is much greater than loss of agent viability, loss by filtration, loss by deposition

75

Q = ventilation rate
(m3/hr)

Nout = outdoor 
quantum 

concentration
(quanta/m3)

Nout = 0

q = quanta generation rate 
(quanta/hr)

Q

V = volume (m3) N = quantum 
concentration
(quanta/m3)

I = number of infected
individuals

V dN
dt

= Iq− NQ → N at steady state =
Iq
Q



Wells-Riley model

• Average # of quanta breathed:

• Average quanta concentration:

• Poisson risk model:

76

µ = pbtN

pb = breathing rate (m3 /hr)
t = total time of exposure (hr)
N = average quantum "concentration"

N at steady state =
Iq
Q

Pinfection =
cases

susceptiles
=1− e−µ

Pinfection =
cases

susceptiles
=1− e

−
Iqpt
Qoa

Pinfection = the probability of infection
cases = the number of infection cases
susceptibles = number of susceptible individuals
I = number of infector individuals
p = pulmonary ventilation rate of a person (m3/hour)
q = quanta generation rate (1/hr)
t = exposure time (hr)
Qoa = room ventilation rate with clean air (m3/hour)



Concept of quanta generation

• The unit quantum of 
infection is not an actual 
physical unit

• It is a hypothetical 
infectious dose
– Back calculated from 

epidemiological studies

• Accounts for emissions, 
transport, inhalation, 
infectivity, and susceptibility 
all in one term

77

1

10

100

1000

10000

Q
ua

nt
a 

ge
ne

ra
tio

n 
ra

te
, q

 (#
 p

er
 h

ou
r)

Rhinovirus TB Influenza Measles

Riley et al., 1978 Am J Epidemiology 107:421-432 (and many others for quanta estimates)



How do quanta generation and ventilation rates affect risk?

• Example 500 m2 (5,300 ft2) building with 1 infector
– Containing adults with 0.48 m3/hr breathing rate

• Depends strongly on value of q
78
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Example of quanta generation rate back-calculation

• Passenger plane grounded for 4.5 hours
– One known infector and 29 other uninfected passengers

• 25 (86%) contracted influenza within 2 days
– Rudnick and Milton made assumptions of breathing rates and air 

exchange rates to yield q of 15-128 per hour

79
Buxton Bridges et al. 2003 Clinical Infectious Diseases 37:1094-1101; Rudnick and Milton, 2003 Indoor Air 13:237-245

Pinfection =
cases

susceptiles
=1− e

−
Iqpt
Qoa



Back-calculated quanta rates from one case study could 
be different

80

Looking at Riley et al. (1978) study after a 
measles outbreak in an elementary school in 
upstate New York:

• 868 students
• 28 cases in the first generation of the outbreak
• Estimated the index case produce 93 

quanta/min (5580 quanta/hr)
Riley et al. 1978 American journal of epidemiology, 107(5): 421-432.

Then other studies used the same outbreak to 
back-calculate quanta generation rate of measles 
for the models that they developed:

• Chen et al. (2006): 125 quanta/hr
• Rudnick and Milton (2003): 570 quanta/hr
• Azimi et al. (2020): 1925 quanta/hr

Chen et al. 2006 Indoor Air, 16: 469–481; Rudnick and Milton. 2003 Indoor Air, 13: 237–245; 
Azimi et al. 2020 BMC Infectious Diseases, 20:497-519



WELLS-RILEY: MEASLES CASE STUDY

81



Nationwide transmission risk of measles in US schools 

• U.S. was certified measles-free in 2000

• In 2019 number of measles cases broke the record of the nationwide 
annual number of cases since 1992

• We used a combination of:
– Newly developed multi-zone transient Wells-Riley approach
– Nationwide representative School Building Archetype (SBA) model
– Monte-Carlo simulation

𝑃!"#$%&!'" =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐼𝑛𝑓𝑒𝑐𝑡𝑒𝑑 𝐶𝑎𝑠𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑢𝑠𝑐𝑒𝑝𝑡𝑖𝑏𝑙𝑒 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠
= 1 − 𝑒()

82



�̅� =
1

𝑁&'&*+
×�̅�×=

!

>
,

&̅!
𝑁! 𝜏 . 𝐶./*"&*,! 𝜏 𝑑𝜏

• 𝑁!"!#$: Total number of students in the schools during the infection period

• �̅�: Average breathing rate of one student (m3 / hour)

• ̅𝑡%: Average time that students spend in space i (hour)

• 𝑁% 𝜏 : Number of students in space i as a function of time

• 𝐶&'#(!#,% 𝜏 : Concentration of quanta in space i, 𝜏 hours after the index 
case enters the space (quanta / m3)

83

Nationwide transmission risk of measles in US schools 



Summary of variables used in the model 
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Parameter Primary School 
Best-Estimate [Range]

Secondary School 
Best-Estimate [Range]

No. of educational institutions in US 2015-2016 88,665 26,986
No. of Index case/s 1 1
Quanta generation rate (quanta / hour) 1925 [1185 - 3345] 2765 [1430 - 5140]
No. of enrolled students before outbreak 513 [175 - 825] 854 [245-1394]
Infection period in school (day) 3 [2 - 4] 3 [2-4]
Portion of unvaccinated students 9% [8% - 10%] 9% [8% - 10%]
Portion of students with ≥ 2-dose vaccination 91% [90% - 92%] 91% [90% - 92%]
No. of students in infector’s classroom 21 [18 -26] 23 [18-30]
Occupancy density of classroom (m2/person) 4 [3-5] 4 [3-5]
Occupancy density of common area (m2/person) 1.39 [1.04-1.74] 1.39 [1.04-1.74]

Average time spent in school (mins) 400 [375-425] 400 [375-425]
Average time spent in common area (mins) 20 [15-30] 30 [20-45]
Heating and cooling periods in US schools (day) H: 200 & C: 90 H: 200 & C: 90

HVAC system type 10% - 63% 11% - 54%
HVAC recirculation rate in classrooms (per hour) 6.4 [3.3–8.5] 6.4 [3.3–8.5]

Outdoor air ventilation in classrooms (L/s-person) 6.7 [4.0 – 9.5] 6.7 [4.0 – 9.5]

Outdoor air ventilation in common area (L/s-person) 4.9 [4.7 – 5.1] 4.9 [4.7 – 5.1]

HVAC runtime for applicable systems 1 1
Air filter removal efficiency (%) 72% [44% - 86%] 72% [44% - 86%]
Infiltration rate (1/hour) 0.31 [0.12 – 0.49] 0.31 [0.12 – 0.49]
Deposition rate of measles bio-aerosols (1/hour) 1.7 [1.0 – 2.7] 1.7 [1.0 – 2.7]

Inhalation rate (m3/day) 12.96 [11.34- 14.53] 15.53 [13.93- 17.45]



Back-calculated quanta and best estimates of 
transmission rate
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Comparing estimates of transmission risk with existing 
epidemiological studies
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Impacts of HVAC system and school type on measles 
transmission
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Relative effectiveness of advanced control strategies on 
measles transmission risk
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Methods of estimating infectious disease risks

Wells-Riley model

Markov chain combined with 
dose-response models
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Pinfection =
cases

susceptiles
=1− e

−
Iqpt
Qoa

Pinfection = the probability of infection
cases = the number of infection cases
susceptibles = number of susceptible individuals
I = number of infector individuals
p = pulmonary ventilation rate of a person (m3/hour)
q = quanta generation rate (1/hr)
t = exposure time (hr)
Qoa = room ventilation rate with clean air (m3/hour)



Application:
- Estimating the transmission risk more precisely: Bioaerosol

characteristics (e.g. deposition, resuspension, inactivation, and size 
distribution ), Building HVAC characteristics (e.g. outdoor air ventilation, 
filtration, and purification rates), human activity

- Evaluating dominant transmission routes: Could be used for unknown 
diseases such as COVID-19

Markov Chain

Estimate
intake dose

Dose Response

Calculate
probability of 

infection

Monte Carlo

Provide 
statistical 

distribution

Mechanistic Transmission Model

Jones, R. & Adida E. (2011), Risk Analysis; Jones, R. (2009), Risk Analysis.
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Markov chain method

§ Consider a hypothetical 
environment

§ Define as many states as 
you like

In the next time step Δt, 

ü Ni pathogens are injected to state i

ü A pathogen remains in state i with probability of Pii

ü A pathogen moves to another state j, with probability of Pij

The λij are first-order (exponential) transition rate constants from state i

to state j with the inverse unit of time. 
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Markov chain method
For example the transition rates from indoor air 
to outdoor is  air exchange rate
to surfaces is deposition rate
to removed by HVAC system is filtration rate

The overall rate at which a pathogen can leave state i is the sum of 
the rate constants for removal from that state, denoted λi

Then…

MM =
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Markov chain method

If we have K injections during the exposure in time periods of T

In each injection NK pathogens enter to the environment

The presence probability of microorganisms in each state after 
exposure time can be estimated as E(DK)

Lets assume pathogens are not injected to the environment for a time 
period of T, then the presence probability of pathogens in each state can 
be calculated as MM(n)

In which 
n = T/Δt

𝐸 𝐷% = (𝐸 𝐷%*+ + 𝑁%)×𝑀𝑀(()
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Dose Response Model
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INFLUENZA AND COVID-19 
CASE STUDIES
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Defining a typical indoor environment (office) as the case 
study

96

Ø In the existing Markov chain models some parameters have not  been considered yet 
including the impacts of:

• various control strategies (i.e. filtration, OA ventilation, RH control, and UV 
irradiation)

• size distribution of influenza viruses in droplets and droplet nuclei
• deposition and resuspension
• human activities

• The flow rate of AHUs were assumed varied in 
different zones from 1188 to 1620 m3/hour

• The assumed OA ventilation was 20%-35% higher 
than required OA ventilation rates based on 
ASHRAE 62.1-2010

• An exhaust fan provides a ventilation rate of 180 
m3/hour for the bathroom

• Susceptible and infector individuals stay in the 
office for 8 consecutive hours during a workday, 
from 8:00 AM to 4:00 PM
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Defining the Markov chain model states and transmission 
pathways

1) Attic,
2) PerimeterWest air
3) PerimeterNorth air
4) PerimeterEast air
5) Core air
6) Restroom air
7) PerimeterSouth air
8) Ambient
9) Close Surfaces
10) Attic Surfaces
11) PerimeterWest Surfaces
12) PerimeterNorth Surfaces
13) PerimeterEast Surfaces
14) Core Surfaces
15) Restroom Surfaces
16) PerimeterSouth Surfaces
17) Finger Skin
18) Upper Respiratory Tracts
19) Lower Respiratory Tracts
20) HVAC Removal (i.e., filtration or UV 

sterilization)
21) Inactivation
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Key inputs for modeling influenza transmission 
(emission rate of viral IAV copies)

Ø Emission rate of airborne influenza viruses from infected individuals
• For breath: normally distributed with mean (±SD) of 7.4 (±7.3) per minute 
• For cough: normally distributed with a mean (±SD) of 19.3 (52.5) #/cough
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Key inputs for modeling influenza transmission 
(size distribution of IAV copies)
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Key inputs for modeling influenza transmission 
(deposition and resuspension factor)

Size resolved 
deposition loss rate Size resolved 

resuspension factor

Size resolved filtration 
removal efficiency

Deposition rate (1/hr) Resuspension factor MERV5 MERV8 MERV10 MERV14 HEPA
Best fit curve 0.69 1.395 × 10-4 18.3% 53.7% 59.9% 85.7% 99.8%

Uppermost curve 0.06 1.415 × 10-6 1.3% 21.7% 26.1% 65.4% 99.6%
Lowermost curve 1.62 1.958 × 10-4 44.5% 83.7% 88.1% 98.8% 100.0%

Ø Bulk deposition rate, resuspension factor and filtration efficiency of influenza
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Key inputs for modeling influenza transmission 
(inactivation rate of IAVs)

Inactivation rate of IAV in indoor air

Ø Air temperature of 20 ºC and 
indoor air RH scenarios of 
20%, 40%, and 60%

Ø Inactivation rate of IAV on 
surfaces (log-normally distributed 
with a geometric mean of 0.6 and 
GSD of 3.1 per hour) and human 
skin (normally distributed with an 
arithmetic mean of 71.9 and SD of 
23.4 per hour)

Jones, R. M., Risk Analysis (2011)
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Key inputs for modeling influenza transmission
(HVAC UV sterilization and transfer efficiency between surfaces)

HVAC UV sterilization

Transfer efficiency rate estimation

1𝐹!"#$,&' = ex p( − 𝛿&'×𝐷!"#$

Ø Fractional survival of IAV 
passing through UV air cleaning 
as a function of RH and UV-C 
dose 

McDevitt, J. J., Applied and Environmental Microbiology (2012)

Ø Transfer efficiency of IAV for hand-to-surface (log-normally distributed with a geometric 
mean of 0.079 and GSD of 1.4) and finger skin to the face (log-normally distributed with a 
geometric mean of 0.046 and GSD of 1.4 )

Jones, R. M., Risk Analysis (2011)
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Key inputs for modeling influenza transmission
(human activities)

• Breathing frequency and breathing flow rate (assumed to be 15 breaths/min 
and 8 L/min, respectively)

• Coughing frequency (log-normal distributed with median of 38 coughs/hr and 
GSD: 1.5)

• Probability of touching office surfaces (log-normally distributed with median of 
1.5 touches/min and GSD of 0.34) and face (have a Weibull distribution  with λ 
of 1.28 and k of 1.95)

• Close distance contact time (uniformly distributed between 2% and 36%)

• Stepping frequency (75 step/min)

• Shoe flooring contact area (192 cm2) and finger skin contact area (10 cm2)

• proportion of walking time of employees (uniformly distributed between 10% 
and 30%)
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Key inputs for modeling influenza transmission 
(probability of infection)

Ø The most common method of estimating α value is calculating it as a function of 
HID50

𝐻𝐼𝐷() = l n( 2) ÷ 𝛼

Ø We used different probabilities of infection by a single influenza virus dose for 
upper and lower respiratory tracts (𝛼!&* , 𝛼+&*)

Ø We assumed the HID50 of influenza is uniformly distributed between 0.6 and 3 
TCID50 for lower respiratory tracts and between 30 and 320 TCID50 for upper 
respiratory tracts

Ø The ratio between TCID50 and PFUs of IAV was estimated to be 0.7 PFU/TCID50

Ø Conservatively we assumed 50 IAVs are necessary to yield one PFU



Estimated IAV transmission risk
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Ø Total probability of getting infected was calculated using a non-threshold dose-response 
model  

𝑃,-",./0123.4/ = 1 − exp − 𝛼!&*×𝑁,-",!&* + 𝛼+&*×𝑁,-",+&*

𝑁!"#,%&' = Number of viable influenza viruses in upper respiratory tracts (-)

𝑁!"#,(&' = Number of viable influenza viruses in lower respiratory tracts (-)

Ø Typical outcomes from the modeling procedure

Ø We ran a Monte Carlo simulation with 10,000 repetitions to predict the statistical 
distribution of probability of infection using MATLAB

• HEPA
• RH = 60% 
• No direct 

contact

• MERV 5
• RH = 20% 
• Continuous 

direct 
contact



Impacts of location and IAV size distribution on 
transmission risk
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Ø Impact of susceptible individual 
primary location

• the infector spends at least 55% 
of their time in the PerimeterWest
zone 

• The susceptible individual spends 
most of their time in various 
locations

Ø Impact of IAV size distribution 
scenarios on a) range of 
infection transmission risk in 
the office when AHUs have 
MERV 8 filters, b) median IAV 
infection risk for various HVAC 
filtration scenarios



Impacts of various control strategies
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Ø a) impact of indoor air RH
scenarios (RH of 20%, 40%, and 
60%) and HVAC filtration on the 
median of infection risk; b) Impact 
of indoor air RH, UV sterilization, 
on median infection transmission 
risk of IAV

Ø Impact of outdoor air (OA) 
ventilation scenarios on absolute 
IAV transmission risk

• Low: 0.5x of default OA ventilation 
from the NIST model

• Medium: 1x of default OA ventilation 
from the NIST model

• High: 2x of default OA ventilation 
from the NIST model



Sensitivity analysis
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Ø Sensitivity of the complex model to the input parameters
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Ø Last, the median IAV transmission risk (and 1st and 3rd quartiles) in the office was 
estimated ~8% (5% and 13%) using a simpler single-zone model assuming the whole 
indoor air office is well mixed and employees distributed uniformly 

Ø We compared the results of  the simpler single-zone model with a modified transient Wells-
Riley model to back calculate quanta generation rate

C = the total loss/disinfection rate (e.g., λventilation+ kfiltration+ kdeposition+ kinactivation, 1/hr)

Gammaitoni, L., and Maria C. N., Emerging infectious diseases (1997)

Ø Median (1st and 3rd quartiles) results from the single-zone model yields a quanta 
generation rate of ~155 (90 and 267) per hour, ranging from ~163 (95 and 284) to ~149 
(88 and 252) per hour when the rates were back calculated from the low and high risk 
scenarios, respectively

Comparison of the complex transmission model results with 
simpler single-zone models

Ø The results were directly in line with the existing data on the quanta generation rate of 
influenza viruses gathered from epidemiology studies from the literature, which have 
varied from ~15 to ~500 per hour



Evaluating COVID-19 Transmission Routes 

Spanish Flu (1918 - 19)

COVID-19 (2019-Present)



COVID-19 Outbreak in Diamond Princess Cruise Ship
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TASS Russia News

Diamond Princess Cruise Ship, Japan  (2020)



Diamond Princess Cruise Ship Outbreak
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Daily cumulative number of infected cases aboard the Diamond Princess 
Cruise Ship between January 20, 2020 and February 29, 2020



Generating a Markov Chain Model to Estimate the Intake 
Dose of SARS-CoV-2
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Generating a Markov Chain Model to Estimate the Intake 
Dose of SARS-CoV-2
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Combining Markov Chain with an Epidemic Model

A modified version of the Reed-Frost epidemic model was used:
(i) Infection is spread from infected individuals to others by four main 

transmission pathways (long-range inhalation, short-range inhalation, 
direct deposition within close-range, and fomite), 

(ii) a portion of susceptible individuals in the group will develop the 
infection and will be infectious to others (the portion of ‘susceptibles’
who will develop the infection is estimated by the transmission risk 
model),  restaurant crawling 

(iii) Probability of coming into adequate contact with any other specified 
individual in the group within one time interval depends on the 
interaction behavior of the individual and is estimated using the Markov 
chain method, 

(iv) Susceptible individuals in the cruise ship were isolated from others 
outside the cruise ship, and 

(v) These conditions remain constant during one whole day of the 
outbreak.
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Selecting acceptable model iterations

Model 
Inputs

Epidemiological Factors Mechanistic Transmission Factors

Effective 
incubatio
n period

Effective sub-
clinical 

infectious 
period

Effective 
reproduction 
number for 
the index 

case

Symptomatic 
vs 

asymptomati
c emissions

Ratio of 
aerosol vs. 

droplet 
emissions

Minimum 
close 

interaction 
time in 
cabins

Quarantine 
infection 
control 

efficiency

URT/LRT 
infectious 

doses

No. 
Scenarios 10 5 6 2 3 2 2 3

Range 6 – 15 
(days)

1 – 5
(days) 1 – 6 0.544

1.035

0.3:1

2.4:1, 1:1 

8 or 12
hours per 

day*

Moderate

High*

1:1
10:1

100:1*

Best 
Estimate 
(Mean ± SD)

11.9 ± 1.3 4.2 ± 1.1 0.78 ± 0.23 A/D = 
1.3 ± 0.9 11.9 ± 4.0 3.9 ± 0.9 47.1 ± 46.9 Moderate 
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Summary of the ranges of 8 unknown or uncertain critical model input 
parameters that defined each model iteration

The model approach resulted in a total of 21,600 model iterations



Results: Reported vs Modeled Cases
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Reported (actual) and modeled (predicted) cumulative COVID-19 cases aboard 
the Diamond Princess Cruise Ship from January 20 – February 24, 2020. 

Modeled cases are from 132 model scenarios that met acceptable criteria (R2

>0.95 for cumulative daily cases and R2 > 0 for daily cases).



Results: Transmission Modes and Viral Sources 
Contributions

118

0%

20%

40%

60%

80%

100%

Es
tim

at
ed

 In
fe

ct
io

n 
C

on
tri

bu
tio

n

Short-range
(Droplets + Aerosols)

Long-range
(Aerosols)

Fomite

Transmission Mode

0%

20%

40%

60%

80%

100%

Es
tim

at
ed

 In
fe

ct
io

n 
C

on
tri

bu
tio

n

Droplets
 

Aerosols

Viral Source

Estimates of the contributions of transmission modes and viral sources to 
infected cases aboard the Diamond Princess Cruise Ship over the entirety 

of the simulation period



Results: Proportions of Cases and Reproduction 
Number
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Mean (SD) estimates of (a) the proportion of cases and (b) the effective 
reproduction number before and after passenger quarantine



Results: Impacts of Isolation on Transmission Modes
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Estimates of the contribution of multiple transmission modes to infected 
cases aboard the Diamond Princess Cruise Ship over the entirety of the 

simulation period as well as before and after quarantine measures
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Results: Impacts of Isolation on Virial Source
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Estimates of the contribution of droplets and aerosols to infected cases 
aboard the Diamond Princess Cruise Ship over the entirety of the 
simulation period as well as before and after quarantine measures
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