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Abstract 

The coronavirus disease 2019 (COVID-19) pandemic has heightened awareness of aerosol generation 

by human expiratory events and their potential role in viral respiratory disease transmission. Con-

cerns over high Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) viral burden of mu-

cosal surfaces has raised questions about the aerosol generating potential and dangers of many oto-

rhinolaryngologic procedures. However, the risks of aerosol generation and associated viral trans-

mission by droplet or airborne routes for many otorhinolaryngology procedures are largely un-

known. Indoor aerosol and droplet viral respiratory transmission risk is influenced by four factors: 1) 

aerosol or droplet properties, 2) indoor airflow, 3) virus-specific factors, and 4) host-specific factors. 

Here we elaborate on known aerosol versus droplet properties, indoor airflow, and aerosol generat-

ing events to provide context for risks of aerosol infectious transmission. We also provide simple but 

typically effective measures for mitigating the spread and inhalation of viral aerosols in indoor set-

tings. Understanding principles of infectious transmission, aerosol and droplet generation, as well as 

concepts of indoor airflow, will aide in the integration of new data on SARS-CoV-2 transmission and 
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activities that can generate aerosol to best inform on the need for escalation or de-escalation from 

current societal and institutional guidelines for protection during aerosol generating procedures.  

 

Introduction 

Coronavirus disease 2019 (COVID-19) caused by the novel Severe Acute Respiratory Syndrome Coro-

navirus 2 (SARS-CoV-2) is a respiratory disease with an evolving and expanding list of systemic mani-

festations (1-3) and a mortality rate that has yet to be fully clarified but is estimated at 1.4% to 3.2% 

(1, 4). The COVID-19 pandemic has fundamentally shaken the perceptions and approaches to otorhi-

nolaryngology medical practices and procedures. Many otorhinolaryngology procedures involve in-

strumentation of respiratory mucosal surfaces and proximity to a patient’s airway for a period rang-

ing from minutes to hours, and there has been concern that many of these procedure may be aero-

sol generating procedures (AGPs) that increase the risk of contracting COVID-19 due to inhalation of 

airborne droplets or aerosols (5-9). The lack of studies within the otorhinolaryngology field assessing 

aerosol generating potential of procedures involving mucosal surfaces pre-COVID-19 made it chal-

lenging to understand in an evidence-based fashion the potential risks of SARS-CoV-2 transmission 

associated with instrumentation of the upper airway; i.e., whether these procedures may be infec-

tious AGPs. At the early stages of the pandemic, based on the risks of exposure to high viral load mu-

cosal surfaces (10, 11), as well as on the lack of any immunity to SARS-CoV-2 and of any vaccines or 

effective treatments, an array of practice changes to protect healthcare workers and patients were 

recommended and instituted for otorhinolaryngology procedures involving upper airway mucosal 

surfaces (9, 12-17). 

Respiratory disease transmission can occur through contact (touching a contaminated surface fol-

lowed by self-inoculation of the eyes, nose, or mouth), droplet (inhalation in nasal/upper airway or 
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direct inoculation of eyes, nose, or mouth), or aerosol transmission (inhalation into upper or lower 

airway) (8, 18) (Figure 1). In addition, airborne respiratory pathogen transmission is ill defined with 

proposed definitions of short range droplet (< 2 to 3 m) versus long range aerosol transmission (19). 

When considering modes of transmission for SARS-CoV-2, it is important to recognize that airborne 

transmission remains controversial as a significant or common mode of transmission for viral respir-

atory diseases that include influenza, Severe Acute respiratory Syndrome (SARS), and Middle East 

Respiratory Syndrome (MERS) (19-23). SARS-CoV-1 and SARS-CoV-2 both target the surface receptor 

ACE-2 in humans as a means of entry (24, 25), and ACE-2 is expressed on type II pneumocytes in the 

lung (26, 27) and ciliated cells of nasal mucosa (27, 28), suggesting that there is a biologically plausi-

ble mechanism for an airborne route of transmission. Observational studies and models are emerg-

ing suggesting airborne transmission of SARS-CoV-2 can occur (29-31).  

Indoor airborne viral respiratory transmission risk is influenced by four factors: 1) aerosol and drop-

let properties, 2) indoor airflow, 3) virus-specific factors, and 4) host-specific factors. Here we elabo-

rate on known aerosol versus droplet properties, aerosol generating events, and concepts of indoor 

airflow. Combining principles of these elements with those of infectious transmission can inform 

simple but typically effective measures for mitigating the concentration, distribution, and inhalation 

of viral aerosols in indoor settings. 

Characteristics of Indoor Aerosol and Droplet Behavior 

An aerosol is “a suspension of fine solid particles or liquid droplets in air or another gas” (32), and an 

aerosol can be usefully envisioned as a particle that follows the streamlines of the flowing gas (in-

door air in our case) in which it resides. Yet, this definition does not fully encompass the wide range 
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of airborne particle behaviors, which depend on particle size. The dominant method of classifying 

particle behavior is by size based on diameter, typically in micrometer (m).  

 

Generally, indoor aerosols exist as particles of diameter size of sub-nanometer to several hundred 

micrometers, and they may be most broadly defined as ultrafine (< 0.1 m), fine (0.1 to 2.5 m) or 

coarse (>2.5 m) (33). Though droplets are often discussed in some communities as distinct from 

aerosols, both are airborne particulate matter cast on a continuum of size. The definition of droplet 

is nebulous, and droplets have been variously defined as having diameters of greater than 5m, 

10m, or 100 m. However, this distinction has utility, as droplets should be thought of as particles 

that fall out of the air rapidly while aerosols do not and remain airborne indoors. Thus, characteriza-

tion of the size of the particle is crucial for calculating particle deposition on surfaces, where parti-

cles above ~10 m in size are more likely to fall out of airflow streams and settle or impact onto sur-

faces (Figure 2). Since a droplet is often a large particle consisting mostly of water, with an associat-

ed aerosol-size nucleus (i.e., a droplet nucleus), evaporation kinetics driven by conditions such as 

relative humidity, air temperature, and velocity determine a droplet critical size below which the 

droplet rapidly evaporates to form an aerosol with an appreciable indoor air lifetime and above 

which evaporation kinetics are slow enough that the droplet quickly settles out of the air (34).   

 

Aerosol and droplet descriptions and divisions are based on characteristic behaviors of particles 

from modeling and experimental data, but do not account for the infectious composition of the par-

ticles. Often, descriptions of aerosol regarding infectious disease transmission have followed similar 

paradigms—with divisions based on particle size that can be inhaled into different respiratory re-
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gions (8, 18, 35) (Figure 3). To date, SARS-CoV-2 viral RNA has been detected predominantly in the 

>1 m diameter range, with the majority of viral RNA detected in aerosols >4 m in hospitals with 

large outbreaks of COVID-19 (36). This study in conjunction with particle lung deposition models 

(Hinds (32), Figure 3) suggests that a preponderance of viral-laden infectious particles may deposit in 

the nasal airway.  

Aerosol Emissions from Breathing, Talking, Coughing, Singing and Sneezing 

With regards to aerosol or droplet generating expiratory actions, it is important to consider both the 

quantity and size range of emitted particles, as well as the velocity of the generating or initial carry-

ing event that impact the transport of particles (droplets especially) (37). Breathing, talking, cough-

ing, and sneezing generate aerosols and/or droplets, and aerosol generation with these actions is 

not uniform, with a high degree of variability from individual to individual (38-42). In addition, aero-

sol generation in individuals with viral respiratory infections may be increased as compared to 

healthy individuals (38). With the exception of sneezing, which emits large droplets with central 

tendencies of particles at 10s or 100s m (43), studies report that these events generate more sub-

micrometer than super-micrometer particles, that there is high variability among test subjects, and 

that the order of least producing actions is breathing followed by talking and then coughing (44). 

Moreover, newer work demonstrates that speech generates 100s or 1000s of sub- and super-

micrometer particles per second (45), and that emission rates correlate with the loudness of the 

speech (46).  Singing and sustained vocalization also have increased emission rates (47, 48), and sing-

ing in close proximity in an enclosed space was recently associated with a large documented cluster 

of COVID-19 cases associated with a choir practice highlighting the concern for airborne transmission 

(29). 
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Aerosol Generating Procedures 

The CDC defines ‘aerosol generating procedures’ (AGPs) as procedures with the potential to gener-

ate infectious respiratory particles at higher concentrations than breathing, coughing, sneezing, or 

talking (Table 1) or procedures that creates uncontrolled respiratory secretions (49, 50).  As also 

noted by the CDC, the list of AGPs is both limited in accuracy and completeness. The limited data on 

airborne transmission risks with most commonly performed medical procedures involving mucosal 

surfaces has made it challenging to arrive at a unified consensus defining otolaryngology procedures 

that are AGPs.  The current CDC list of infectious AGPs includes some otolaryngology-associated pro-

cedures including open suctioning of airways, intubation, and bronchoscopy (49). Recent work exam-

ining endonasal procedures and mastoidectomy has demonstrated droplet dispersion with high-

speed endonasal drilling (51) and drilling of the mastoid (52), respectively. Aerosols in the 1 to 10 m 

diameter range were observed following nasal endoscopy, endonasal electrocautery, or high-speed 

endonasal drilling (53). Most procedures listed as AGPs have limited if any data characterizing parti-

cle size-resolved emission rates, resulting characteristics of indoor particle transport, or quantifica-

tion of infectious agents recoverable from emitted aerosol.  

Indoor Aerosol Movement and Transport 

Aerosol transport in buildings has been well researched and the physics of particle movement in in-

door environments is understood (54-58). In a room setting, particle emission from the mouth or 

nose is influenced by its initial velocity. A sneeze, for example, can generate an extremely high veloc-

ity initially (~50 m/s) but it will quickly dissipate over a short distance (~5 m/s after 0.6 m) (59), while 

talking generates a lower velocity at ~3 m/s (60) with the initial airflow field likely dissipating com-
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pletely within 1-m from the mouth (61). Since the majority of generated particles are <10 m for all 

but sneezing, larger diameter droplets will fall to a surface quickly, but for an aerosol without appre-

ciable settling, the bulk indoor airflow governs its movement as the initial velocity dissipates.  

In the indoor environment, bulk airflow is impacted largely by two forces; one is the movement from 

thermal buoyancy of equipment and occupants, and the other is the forced-air movement of the 

heating, ventilation, and air-conditioning (HVAC) system. For aerosols, these mechanisms greatly 

increase the distance exhaled particles can spread indoors (62, 63). An HVAC system conditions and 

distributes air around a building using various amounts of recirculated and ventilation (fresh out-

door) air, and an aerosol emission can be transported from its point of origin to the entire HVAC 

zone or building due to the recirculation, though the concentration will diminish due to dilution and 

filtration (64). In one documented example from Guangzhou, China, Li et al. (30) observed that in a 

poorly ventilated space, the transmission of SARS-CoV-2 could be traced to localized airflow, high-

lighting the importance of indoor local airflow patterns for COVID-19 transmission.  

 

Aerosol Exposure Risk and Mitigation Strategies 

Transmission of a respiratory viral pathogen requires exposure to and successful inoculation with an 

infectious titer of virus. Opportunistic aerosol transmission due to local airflow between an aerosol 

source and susceptible host is an area of concern and controversy due to challenges in clearly delin-

eating this mode of transmission from droplet transmission. Nevertheless, proximity to an aerosol or 

droplet source increases the risk of exposure and successful viral transmission, particularly as the 

distance between particle source (e.g. airway during an expiratory event) and susceptible host de-
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creases to less than 1-m (65), a typical situation during both the physical exam and any otolaryngol-

ogy procedure. 

 

Guidelines for use of eye protection do not currently delineate between protective goggles or face 

shields; however, we advocate for use of face shields as they provide additional protection beyond 

shielding the eyes. Face shields are effective at preventing early exposure to cough- or sneeze-

generated aerosols by intercepting droplets and high velocity airborne particles before impacting on 

a face mask or respirator (66). Face shield efficacy is reduced as time increases after the expiratory 

event as aerosol particles are able to “slip” around the face shield (66) when particle transport asso-

ciated with bulk airflow takes over. At this point, the role of an effective face mask or respirator be-

comes critical. Of note, current clinical data is not clear cut on the efficacy of N95 masks over surgi-

cal masks in preventing disease transmission (67-69), however, a recent analysis suggests that N95 

masks are likely more effective than surgical masks in reducing coronavirus-associated disease 

transmission (65). 

 

While long-range viral respiratory pathogen aerosol transmission is controversial and has not been 

definitively established as a common mechanism of SARS-CoV-2 transmission to-date, principles as-

sociated with bulk airflow can be used to help minimize risks of aerosol transmission. Reducing in-

fectious aerosols can be achieved by increased the building ventilation (dilution) rate and using 

higher efficiency filtration. Hospital-based clinic rooms require a minimum of 6 air changes per hour 

(ACH) and operating rooms (OR) a minimum of 15 ACH, of which 3 at minimum (in the OR only) are 

air changes with outdoor air (70), whereas per ASHRAE, outpatient care facilities should have about 
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2 ACH. The risk of aerosol transmission is likely highest in clinic settings, particularly office-building-

based practices and older or repurposed buildings with poor ventilation or older HVAC systems with 

no or lower-efficiency filtration.  

  

Indoor air dilution to reduce aerosol exposure is the key strategy that ASHRAE recommends for 

building protection during the pandemic reopening phase (71), advocating for increasing ventilation 

air intake in buildings to 3 ACH, roughly three to five times higher than the minimum ventilation 

standard in offices or similar building types (72). At 3 ACH, the outdoor air dilution is able to remove 

about 95% of the contaminants indoors within 1-hour, assuming the space is well-mixed. HVAC sys-

tems should be operated to increase ventilation (outdoor) air as much as the system constraints al-

low to optimize these dilutional effects. Where possible, opening windows can increase crossflow 

and is also a simple and effective option for enhancing dilution and decreasing concentrations of 

indoor-emitted aerosol.  

 

Additionally, building HVAC systems usually employ intentional particle filtration, which will further 

diminish aerosol concentrations. Properly installed, the most efficient filter typically used (MERV 16) 

can remove > 95% of 0.3 to 10 μm size range of particles (73). Knowledge of the HVAC zones (what 

non-clinic rooms are connected to airflow from clinic rooms) may help inform how best to approach 

and optimize enhanced filtration that can remove aerosols and reduce risks of circulating infectious 

aerosols within an HVAC zone. Strongly increasing ventilation air and filtration may not be possible 

with all systems due to increased system strain or the configuration or age of the HVAC system. Es-

pecially in these, but in our opinion possibly in all situations, there is a role for portable air cleaners 



 

 

 

This article is protected by copyright. All rights reserved. 

11 

 

with high clean air delivery rates (CADR) to reduce aerosol concentrations in a room, such as a 

standalone HEPA filter with a high flow rate (74-76). The CADR is the effective flow rate of particle-

free air supplied by the device. The impact a portable air cleaner will have in a room can be deter-

mined by dividing the CADR by the room volume. For example, a unit with a CADR of 200 ft3/min will 

effectively add 12 ACH in terms of particle removal for a room that is ~1,000 ft3 (e.g. for room of 12 

ft × 10 ft × 8.3 ft; CADR = 200 ft3/min × 60 min/h = 12000 ft3/h; impact = CADR / volume = 12000 

ft3/h / 1000 ft3 = 12 h-1 is equivalent to 12 ACH).  

 

The risk of long-range aerosol transmission in an operating room setting meeting current federal 

guidelines for ACH is likely minimized due to aerosol exhaust, dilution, and filtration. In this type of 

setting, the key transport mechanism for potential aerosol transmission relies on duration of expo-

sure to local airflow within an operating room between the emitter and a given target. Since aero-

sols move with bulk air, specific airflow design strategies can be used to control or mitigate exposure 

to pathogens indoors. Awareness of the location of the air handling vents and the general direction 

of airflow may be helpful in orienting patient positioning to maximize airborne particle movement 

away from the healthcare provider. However, given the complexity of assessing and modeling air-

flows, impacts of such changes to risks of infectious airborne transmission would likely need to be 

assessed on a case-by-case basis. 
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Conclusions 

The risk of long-range airborne transmission of SARS-CoV-2 remains controversial; however, the na-

ture of an otolaryngology practice makes it plausible that the proximity to a patient’s airway during 

elements of the physical exam and some otorhinolaryngologic procedures carries a risk of opportun-

istic aerosol transmission due to short-term viral exposure at a high concentration or cumulative vi-

ral exposure over time. Awareness of local airflow patterns within a clinical space can help orient 

patient positioning to enhance aerosol movement away from the provider. The grim reality is that 

the true measure of protection will be tracking COVID-19 among healthcare workers at high risk for 

droplet and aerosol exposure which will be challenging to separate from ongoing community spread. 

By combining enhanced HVAC or portable air cleaner filtration with increased ventilation, clinic 

spaces can be prepared to better protect occupants from possible aerosol transmission. These ac-

tions will narrow the key transport mechanism for potential aerosol transmission to rely on local air 

movement between the emitter and a given target, which is a mechanism that can be mitigated with 

the use of face shields and respirators. This approach can improve overall clinical safety and allow 

clinics to remain operational as regional surges in cases occur. As we learn more about COVID-19 

transmission, understanding principles of infectious transmission, airborne particle and droplet gen-

eration, as well as concepts of indoor airflow, will help us make informed and rational decisions on 

the need for escalation or de-escalation from our current societal and institutional guidelines for 

AGPs. 

 

 

 



 

 

 

This article is protected by copyright. All rights reserved. 

13 

 

References 

1. Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, et al. Clinical Characteristics of Coronavirus 

Disease 2019 in China. N Engl J Med. 2020;382(18):1708-20. 

2. Helms J, Kremer S, Merdji H, Clere-Jehl R, Schenck M, Kummerlen C, et al. Neurologic 

Features in Severe SARS-CoV-2 Infection. N Engl J Med. 2020. 

3. Oxley TJ, Mocco J, Majidi S, Kellner CP, Shoirah H, Singh IP, et al. Large-Vessel Stroke as a 

Presenting Feature of Covid-19 in the Young. N Engl J Med. 2020;382(20):e60. 

4. CDC. Geographic Differences in COVID-19 Cases, Deaths, and Incidence — United States, 

February 12–April 7, 2020. 2020 [69:465–471:[Available from: 

https://www.cdc.gov/mmwr/volumes/69/wr/mm6915e4.htm?s_cid=mm6915e4_w. 

5. Chowell G, Abdirizak F, Lee S, Lee J, Jung E, Nishiura H, et al. Transmission characteristics of 

MERS and SARS in the healthcare setting: a comparative study. BMC Med. 2015;13:210. 

6. Christian MD, Loutfy M, McDonald LC, Martinez KF, Ofner M, Wong T, et al. Possible SARS 

coronavirus transmission during cardiopulmonary resuscitation. Emerg Infect Dis. 2004;10(2):287-93. 

7. Fowler RA, Guest CB, Lapinsky SE, Sibbald WJ, Louie M, Tang P, et al. Transmission of severe 

acute respiratory syndrome during intubation and mechanical ventilation. Am J Respir Crit Care 

Med. 2004;169(11):1198-202. 

8. Tellier R, Li Y, Cowling BJ, Tang JW. Recognition of aerosol transmission of infectious agents: 

a commentary. BMC Infect Dis. 2019;19(1):101. 

9. Vukkadala N, Qian ZJ, Holsinger FC, Patel ZM, Rosenthal E. COVID-19 and the 

otolaryngologist - preliminary evidence-based review. Laryngoscope. 2020. 

10. Zou L, Ruan F, Huang M, Liang L, Huang H, Hong Z, et al. SARS-CoV-2 Viral Load in Upper 

Respiratory Specimens of Infected Patients. N Engl J Med. 2020;382(12):1177-9. 

11. Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Muller MA, et al. Virological 

assessment of hospitalized patients with COVID-2019. Nature. 2020. 

12. Panuganti BA, Pang J, Califano J, Chan JYK. Procedural precautions and personal protective 

equipment during head and neck instrumentation in the COVID-19 era. Head Neck. 2020. 

13. Kowalski LP, Sanabria A, Ridge JA, Ng WT, de Bree R, Rinaldo A, et al. COVID-19 pandemic: 

Effects and evidence-based recommendations for otolaryngology and head and neck surgery 

practice. Head Neck. 2020. 

https://www.cdc.gov/mmwr/volumes/69/wr/mm6915e4.htm?s_cid=mm6915e4_w


 

 

 

This article is protected by copyright. All rights reserved. 

14 

 

14. Givi B, Schiff BA, Chinn SB, Clayburgh D, Iyer NG, Jalisi S, et al. Safety Recommendations for 

Evaluation and Surgery of the Head and Neck During the COVID-19 Pandemic. JAMA Otolaryngol 

Head Neck Surg. 2020. 

15. Castelnuovo P, Turri-Zanoni M, Karligkiotis A, Battaglia P, Pozzi F, Locatelli DobotISBSB, et al. 

Skull base surgery during the Covid-19 pandemic: The Italian skull base society recommendations. Int 

Forum Allergy Rhinol. 2020. 

16. Howard BE. High-Risk Aerosol-Generating Procedures in COVID-19: Respiratory Protective 

Equipment Considerations. Otolaryngol Head Neck Surg. 2020:194599820927335. 

17. McGrath BA, Brenner MJ, Warrillow SJ, Pandian V, Arora A, Cameron TS, et al. Tracheostomy 

in the COVID-19 era: global and multidisciplinary guidance. Lancet Respir Med. 2020. 

18. Cole EC, Cook CE. Characterization of infectious aerosols in health care facilities: an aid to 

effective engineering controls and preventive strategies. Am J Infect Control. 1998;26(4):453-64. 

19. Tellier R. Aerosol transmission of influenza A virus: a review of new studies. J R Soc Interface. 

2009;6 Suppl 6:S783-90. 

20. Brankston G, Gitterman L, Hirji Z, Lemieux C, Gardam M. Transmission of influenza A in 

human beings. Lancet Infect Dis. 2007;7(4):257-65. 

21. Cowling BJ, Ip DK, Fang VJ, Suntarattiwong P, Olsen SJ, Levy J, et al. Aerosol transmission is 

an important mode of influenza A virus spread. Nat Commun. 2013;4:1935. 

22. Killingley B, Nguyen-Van-Tam J. Routes of influenza transmission. Influenza Other Respir 

Viruses. 2013;7 Suppl 2:42-51. 

23. Seto WH. Airborne transmission and precautions: facts and myths. J Hosp Infect. 

2015;89(4):225-8. 

24. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, et al. SARS-CoV-2 

Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. 

Cell. 2020;181(2):271-80 e8. 

25. Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Berne MA, et al. Angiotensin-converting 

enzyme 2 is a functional receptor for the SARS coronavirus. Nature. 2003;426(6965):450-4. 

26. Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G, van Goor H. Tissue distribution of ACE2 

protein, the functional receptor for SARS coronavirus. A first step in understanding SARS 

pathogenesis. J Pathol. 2004;203(2):631-7. 

27. Hou YJ, Okuda K, Edwards CE, Martinez DR, Asakura T, Dinnon KH, 3rd, et al. SARS-CoV-2 

Reverse Genetics Reveals a Variable Infection Gradient in the Respiratory Tract. Cell. 2020. 



 

 

 

This article is protected by copyright. All rights reserved. 

15 

 

28. Sungnak W, Huang N, Becavin C, Berg M, Queen R, Litvinukova M, et al. SARS-CoV-2 entry 

factors are highly expressed in nasal epithelial cells together with innate immune genes. Nat Med. 

2020;26(5):681-7. 

29. Hamner L DP, Capron I, et al. High SARS-CoV-2 Attack Rate Following Exposure at a Choir 

Practice — Skagit County, Washington, March 2020 2020 [606-10]. 

30. Li Y, Qian H, Hang J, Chen X, Hong L, Liang P, et al. Evidence for probable aerosol 

transmission of SARS-CoV-2 in a poorly ventilated restaurant. medRxiv. 2020:2020.04.16.20067728. 

31. Zhang R, Li Y, Zhang AL, Wang Y, Molina MJ. Identifying airborne transmission as the 

dominant route for the spread of COVID-19. Proceedings of the National Academy of Sciences. 

2020:202009637. 

32. Hinds WC. Aerosol Technology: Properties, Behavior, and Measurement of Airborne 

Particles: John Wiley & Sons; 1999. 

33. Nazaroff WW. Indoor particle dynamics. Indoor Air. 2004;14 Suppl 7:175-83. 

34. Xie X, Li Y, Chwang AT, Ho PL, Seto WH. How far droplets can move in indoor environments--

revisiting the Wells evaporation-falling curve. Indoor Air. 2007;17(3):211-25. 

35. Jones RM, Brosseau LM. Aerosol transmission of infectious disease. J Occup Environ Med. 

2015;57(5):501-8. 

36. Chia PY, Coleman KK, Tan YK, Ong SWX, Gum M, Lau SK, et al. Detection of air and surface 

contamination by SARS-CoV-2 in hospital rooms of infected patients. Nature Communications. 

2020;11(1):2800. 

37. Kleinstreuer C, and Zhang, Z. "Airflow and particle transport in the human respiratory 

system.". Annual Review of Fluid Mechanics. 2010;42:301-34. 

38. Fabian P, Brain J, Houseman EA, Gern J, Milton DK. Origin of exhaled breath particles from 

healthy and human rhinovirus-infected subjects. J Aerosol Med Pulm Drug Deliv. 2011;24(3):137-47. 

39. Edwards DA, Man JC, Brand P, Katstra JP, Sommerer K, Stone HA, et al. Inhaling to mitigate 

exhaled bioaerosols. Proc Natl Acad Sci U S A. 2004;101(50):17383-8. 

40. Yang S, Lee GW, Chen CM, Wu CC, Yu KP. The size and concentration of droplets generated 

by coughing in human subjects. J Aerosol Med. 2007;20(4):484-94. 

41. Holmgren H, Ljungström, E., Almstrand, A. C., Bake, B., & Olin, A. C. . Size distribution of 

exhaled particles in the range from 0.01 to 2.0 μm. Journal of Aerosol Science. 2010;41(5):439-46. 



 

 

 

This article is protected by copyright. All rights reserved. 

16 

 

42. Wurie F, Le Polain de Waroux O, Brande M, Dehaan W, Holdgate K, Mannan R, et al. 

Characteristics of exhaled particle production in healthy volunteers: possible implications for 

infectious disease transmission. F1000Res. 2013;2:14. 

43. Han ZY, Weng WG, Huang QY. Characterizations of particle size distribution of the droplets 

exhaled by sneeze. J R Soc Interface. 2013;10(88):20130560. 

44. Papineni RS, Rosenthal FS. The size distribution of droplets in the exhaled breath of healthy 

human subjects. J Aerosol Med. 1997;10(2):105-16. 

45. Stadnytskyi V, Bax CE, Bax A, Anfinrud P. The airborne lifetime of small speech droplets and 

their potential importance in SARS-CoV-2 transmission. Proc Natl Acad Sci U S A. 2020. 

46. Asadi S, Wexler AS, Cappa CD, Barreda S, Bouvier NM, Ristenpart WD. Aerosol emission and 

superemission during human speech increase with voice loudness. Sci Rep. 2019;9(1):2348. 

47. Johnson GR, Morawska, L., Ristovski, Z. D., Hargreaves, M., Mengersen, K., Chao, C. Y. H., ... 

& Corbett, S. Modality of human expired aerosol size distributions. Journal of Aerosol Science, 

42(12), 839-851. Journal of Aerosol Science. 2011;42(12):839-51. 

48. Loudon RG, Roberts RM. Singing and the dissemination of tuberculosis. Am Rev Respir Dis. 

1968;98(2):297-300. 

49. CDC. Which procedures are considered aerosol generating procedures in healthcare 

settings? 2020 [cited 2020 May 18]. Available from: https://www.cdc.gov/coronavirus/2019-

ncov/hcp/infection-control-faq.html. 

50. Tran K, Cimon K, Severn M, Pessoa-Silva CL, Conly J. Aerosol generating procedures and risk 

of transmission of acute respiratory infections to healthcare workers: a systematic review. PLoS One. 

2012;7(4):e35797. 

51. Workman AD, Welling DB, Carter BS, Curry WT, Holbrook EH, Gray ST, et al. Endonasal 

instrumentation and aerosolization risk in the era of COVID-19: simulation, literature review, and 

proposed mitigation strategies. Int Forum Allergy Rhinol. 2020. 

52. Chen JX, Workman AD, Chari DA, Jung DH, Kozin E, Lee DJ, et al. Demonstration and 

mitigation of aerosol and particle dispersion during mastoidectomy relevant to the COVID-19 era. 

Otol Neurotol. 2020. 

53. Workman AD, Jafari A, Welling DB, Varvares MA, Gray ST, Holbrook EH, et al. Airborne 

Aerosol Generation During Endonasal Procedures in the Era of COVID-19: Risks and 

Recommendations. Otolaryngol Head Neck Surg. 2020:194599820931805. 

54. Wallace L. Indoor particles: a review. J Air Waste Manag Assoc. 1996;46(2):98-126. 

https://www.cdc.gov/coronavirus/2019-ncov/hcp/infection-control-faq.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/infection-control-faq.html


 

 

 

This article is protected by copyright. All rights reserved. 

17 

 

55. Loomans M. The measurement and simulation of indoor air flow. University of Eindhoven. 

1998. 

56. Tham KW. Indoor air quality and its effects on humans—A review of challenges and 

developments in the last 30 years. Energy and Buildings. 2016;130:637-50. 

57. Nazaroff WW. , Indoor Particle Dynamics. Indoor Air. 2004:175-83. 

58. S. Fu PHB, C. Mathis. Particle Tracking Velocimetry for indoor airflow field: A review. Building 

and Environment. 2015;87:34-44. 

59. Tang JW, Nicolle AD, Klettner CA, Pantelic J, Wang L, Suhaimi AB, et al. Airflow dynamics of 

human jets: sneezing and breathing - potential sources of infectious aerosols. PLoS One. 

2013;8(4):e59970. 

60. Chao CYH, Wan MP, Morawska L, Johnson GR, Ristovski ZD, Hargreaves M, et al. 

Characterization of expiration air jets and droplet size distributions immediately at the mouth 

opening. J Aerosol Sci. 2009;40(2):122-33. 

61. Gupta JK, Lin CH, Chen Q. Characterizing exhaled airflow from breathing and talking. Indoor 

Air. 2010;20(1):31-9. 

62. W. Lu ATH, N.M. Adams, S.B. Riffat. CFD modeling and measurement of aerosol particle 

distributions in ventilated multizone rooms. ASHRAE Transactions. 1999;105:116. 

63. Mui KW, Wong LT, Wu CL, Lai AC. Numerical modeling of exhaled droplet nuclei dispersion 

and mixing in indoor environments. J Hazard Mater. 2009;167(1-3):736-44. 

64. Z. Zhang QC. Experimental measurements and numerical simulations of particle transport 

and distribution in ventilated rooms,. Atmospheric Environment. 2006;40:3396-408. 

65. Chu DK, Akl EA, Duda S, Solo K, Yaacoub S, Schunemann HJ, et al. Physical distancing, face 

masks, and eye protection to prevent person-to-person transmission of SARS-CoV-2 and COVID-19: a 

systematic review and meta-analysis. Lancet. 2020. 

66. Lindsley WG, Noti JD, Blachere FM, Szalajda JV, Beezhold DH. Efficacy of face shields against 

cough aerosol droplets from a cough simulator. J Occup Environ Hyg. 2014;11(8):509-18. 

67. Radonovich LJ, Jr., Simberkoff MS, Bessesen MT, Brown AC, Cummings DAT, Gaydos CA, et 

al. N95 Respirators vs Medical Masks for Preventing Influenza Among Health Care Personnel: A 

Randomized Clinical Trial. JAMA. 2019;322(9):824-33. 

68. Smith JD, MacDougall CC, Johnstone J, Copes RA, Schwartz B, Garber GE. Effectiveness of 

N95 respirators versus surgical masks in protecting health care workers from acute respiratory 

infection: a systematic review and meta-analysis. CMAJ. 2016;188(8):567-74. 



 

 

 

This article is protected by copyright. All rights reserved. 

18 

 

69. Loeb M, Dafoe N, Mahony J, John M, Sarabia A, Glavin V, et al. Surgical mask vs N95 

respirator for preventing influenza among health care workers: a randomized trial. JAMA. 

2009;302(17):1865-71. 

70. Centers for Disease Control and Prevention NCfEaZIDN, Division of Healthcare Quality 

Promotion (DHQP). Environmental Infection Control Guidelines: Appendix B. Air 2019 [Available 

from: https://www.cdc.gov/infectioncontrol/guidelines/environmental/appendix/air.html. 

71. ASHRAE. ASHRAE Position Document on Infectious Aerosols 2020 [Available from: 

https://www.ashrae.org/technical-resources/resources. 

72. ASHRAE S. Ventilation for Acceptable Indoor Air Quality.  "Standard 621-2019". Atlanta, 

Georgia 30329: American National Standards Institute; 2019. 

73. Sublett JL, Seltzer J, Burkhead R, Williams PB, Wedner HJ, Phipatanakul W, et al. Air filters 

and air cleaners: rostrum by the American Academy of Allergy, Asthma & Immunology Indoor 

Allergen Committee. J Allergy Clin Immunol. 2010;125(1):32-8. 

74. Zhao B, An N, Chen C. Using air purifier as a supplementary protective measure in dental 

clinics during the COVID-19 pandemic. Infect Control Hosp Epidemiol. 2020:1-4. 

75. Shaughnessy RJ, Sextro RG. What is an effective portable air cleaning device? A review. J 

Occup Environ Hyg. 2006;3(4):169-81; quiz D45. 

76. Waring M.S. SJA, & Corsi R.L. Ultrafine particle removal and generatin by portable air 

cleaners. Atmospheric Environment. 2008;42(20):5003-14. 

77. Tsuda A, Henry FS, Butler JP. Particle transport and deposition: basic physics of particle 

kinetics. Compr Physiol. 2013;3(4):1437-71. 

78. Lai AC, & Nazaroff, W. W. Modeling indoor particle deposition from turbulent flow onto 

smooth surfaces. Journal of Aerosol Science. 2000;31(4):463-76. 

79. Darquenne C. Aerosol deposition in health and disease. J Aerosol Med Pulm Drug Deliv. 

2012;25(3):140-7. 

80. Roy CJ, Milton DK. Airborne transmission of communicable infection--the elusive pathway. N 

Engl J Med. 2004;350(17):1710-2. 

 

 

 

https://www.cdc.gov/infectioncontrol/guidelines/environmental/appendix/air.html
https://www.ashrae.org/technical-resources/resources


 

 

 

This article is protected by copyright. All rights reserved. 

19 

 

Figure Legends 

Figure 1. Three possible mechanisms of respiratory pathogen transmission. Transmission can occur 

through self-inoculation following contact with droplets that settle on surfaces, direct deposi-

tion/inspiration of infectious droplets in the mouth or nose and deposition on the eyes, as well as 

through airborne transmission with inhalation of aerosols. Short range (< 2 to 3 m) aerosol transmis-

sion can be difficult to separate from droplet transmission and long-range transmission for viral res-

piratory pathogens including influenza and coronaviruses remains controversial. 

 

Figure 2. Suspension time of aerosols and droplets in indoor environments. (A) The relative size of 

aerosol and droplet particles are shown compared to a single coronavirus. (B) As particle size de-

creases, airborne suspension time increases—particles above 5 to 10 m have suspension times on 

the order of seconds are considered droplets, while particles below this diameter remain airborne 

much longer and are considered aerosol. For context, the time for a particle to fall 1-meter (m) due 
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to gravity can be calculated using its terminal settling velocity (77); and a 100, 10, 1, and 0.1 m par-

ticle will settle a distance of 1-m in 3.3 s, 5.6 min, 9.3 h, and 39 days, respectively. Particle settling is 

important when the suspension time is less than the indoor air residence time, which is how long air 

resides indoors before being exhausted and replaced by fresh ventilation air. The suspension time is 

defined as amount of time for a particle of a given size to settle 1-m with no air flow, and it is depict-

ed by the black line. The influence of the number of air changes per hour (ACH) is depicted in the 

graph—particles with suspension times > 0.1 hours will be less likely to deposit on surfaces and will 

be cleared from a room with ≥ 10 ACH, and those with suspension times > 1 hour will behave similar-

ly when ≥ 1 ACH. Though ultrafine and smaller fine aerosol never appreciably settle due to gravity on 

surfaces indoors, they do deposit effectually on indoor surfaces by the Brownian diffusion mecha-

nism (78). Note the graph represents suspension times and indoor air times for well-mixed environ-

ments, and does not include impacts of local airflow, source proximity, or evaporation. 
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Figure 3. International Commission on Radiological Protection (ICRP) lung deposition model, predict-

ed with fitted equations from Hinds (32). Total (black, solid line) and regional deposition in upper 

(nasal) airway (NUA) (gray dotted line), tracheobronchial (TB) (gray hashed line), and alveolar (AL) 

(gray solid line) regions for light exercise with nasal breathing. A greater percentage of particles less 

than ~ 1 to 2.5 m deposit in the tracheobronchial and alveoli regions (79, 80), while larger particles 

deposit in the upper airway. Respirable aerosols are defined as particles under 10 m in diameter 

and inhalable aerosols as less than 2.5 m (8).  
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Table 1: CDC list of aerosol generating procedures. List of AGPs is based on a meta-analysis by Tran 

et al. of healthcare worker infection from the 2003 SARS outbreak, assessing data from retrospective 

case series involving procedures generally thought to be aerosol generating. Intubation was noted as 

the highest risk procedure (48).  

CDC list of Aerosol Generating Procedures 

bronchoscopy  

cardiopulmonary resuscitation 

extubation 

high flow oxygen 

intubation 

manual ventilation  

nebulizer delivery  

non-invasive ventilation 

open suctioning of airways 

sputum induction 

 

 


