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The use of high-flow nasal cannula in the treatment of COVID-19 infected patients has proven to be a valuable treatment option to improve oxygenation. Early in the pandemic, there were concerns for the degree of risk of disease transmission to health care workers utilizing these treatments that are considered aerosol generating procedures. This study developed an in vitro model to examine the release of simulated patient-derived bioaerosol with and without high-flow nasal cannula at gas flow rates of 30 and 50 L/min. Aerosol dispersion was evaluated at 30 and 90 cm distances. Reduction of transmission risk was assessed using a surgical facemask on the manikin. Results indicated that the use of a facemask facilitated a 94–95% reduction in exhaled aerosol concentration at 30 cm and 22–60% reduction for 90 cm distance across both gas flow rates. This bench study confirms that this in vitro model can be used as a tool to assess the risk of disease transmission during aerosol generating procedures in a simulated patient and to test factors to mitigate the risk.
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Introduction

With the onset of the COVID-19 pandemic, the options for inhalation drug therapies and vaccines (1) were unknown, leading to the sole reliance on respiratory support interventions for treatment. One such intervention was High-flow nasal cannula (HFNC), which has shown to improve oxygenation and reduce the need for intubation for hypoxemic patients (2). Early in the pandemic oxygen administration via HFNC was identified as one of many aerosol generating procedures (AGPs) suspect in the transmission of SARS-CoV-2 virus to health care workers (HCWs), resulting in institutions abandoning HFNC as a tool for treatment of hypoxia and respiratory distress for suspected COVID-19 patients, in favor of early intubation and mechanical ventilation for many patients who would otherwise have benefited from HFNC (3). This created a high demand for critical care ventilators producing an international shortage (4, 5). Evidence suggests that HFNC can reduce the need for mechanical ventilation by as much as 71% in COVID-19 patients (6). So further evaluation was warranted to identify options to reduce risk associated with this important form of therapy.

Multiple efforts to quantify increased virus transmission of patient generated bioaerosols during HFNC have failed to establish a procedure-associated increase in the level of transmission (7). However, the application of oxygen is associated with increased dispersion of aerosols generated by the patient rather than increased generation (8).

Compared to breathing activities with room air or conventional nasal cannula, HFNC did not generate higher particle concentrations than normal breathing, while cough or deep breathing generated more aerosol particles (9, 10). Placing a surgical mask over a nasal cannula has been advocated, regardless of the gas flow settings, to reduce dispersion of patient generated bioaerosols (11, 12). Having patients wear surgical masks can reduce the risk of transmission to HCWs (13). This has been reported in healthy subjects (14) as well as COVID-19 patients (15). Reduced dispersion has been confirmed in silica, with computational fluid dynamic simulations reporting that wearing a surgical/procedure mask over HFNC may reduce aerosol droplet dispersion (16). Many of the currently published studies utilized human beings (healthy volunteers or patients) to investigate the aerosol particle dispersion and the effects of mitigation strategies, however, implementation of those studies is time consuming and difficult to control breathing patterns and ambient variables, more importantly, it may incur unnecessary infection risk for study investigators. Therefore, building a more representative in vitro model may help resolve this dilemma. Previous studies placed a continuous jet nebulizer at the manikin’s trachea to simulate aerosol particle dispersion or assess transmission risk, however, the continuous production of aerosol is not representative or realistic, as human subjects would not disperse aerosols during inhalation phase. Thus, we developed a model with an aerosol generator that emits aerosol synchronized with expiration placed in the manikin’s trachea, to simulate the production of bioaerosol during natural exhalation. This study aimed to characterize the aerosol dispersion with and without HFNC treatment using this in vitro model, as well as the effects of wearing a surgical mask over HFNC.



Materials and methods


Anatomical model

A previously described airway model of the adult nose–throat region was used as the adult model (17).



High flow nasal therapy circuit and interface

A humidified high flow system (Airvo 2, Fisher & Paykel Healthcare, Auckland, New Zealand) was used with an adult breathing circuit (P/N: 900PT552) and nasal cannula (P/N: OPT 944). The Airvo 2 HFNC system features a humidifier with an integrated flow source. All testing was completed at clinically relevant gas-flow rates (30 and 50 L/min HFNC for simulated adult) (2, 15, 18, 19).

A medium adult nasal cannula was positioned in the nose of an anatomically correct nose–throat adult model, in accordance with manufacturers’ instructions. The nose–throat model was connected to a breathing simulator (ASL 5000, Ingmar Medical, Pittsburgh, PA, USA) via a hydrophobic filter (HF) (Pall Breathing Circuit Filter BB-50T; Pall Biomedical Products, Port Washington, NY). The breathing simulator generated a hypoxemic adult breath pattern (tidal volume 700 mL, breath rate 25 BPM and inspiratory: expiratory ratio 1:1.5) for each test condition in this study. A novel breath actuated aerosol generator (20, 21) was placed between the filter and the trachea of the head model and set to generate simulated bioaerosol on the peak expiratory flow during the exhalation phase of each breath to simulate a patient exhaling. Normal saline (0.9%, BRAUN, Dublin, Ireland) was nebulized as a simulated bioaerosol.



Experimental test setups

In total, six different test combinations were examined; the aforementioned gas flow rates of 30 and 50 L/min for high flow treatment, and a third set up, as a control, with the simulated patient breathing independently of the high flow system. These three test combinations were then examined with and without a standard surgical facemask worn by the head model (Figure 1).
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FIGURE 1
Illustration of an in vitro model with HFNC interface and surgical facemask with the APS positioned at 30 and 90 cm distance relative to the head model. Note, test combinations were examined with and without a standard surgical facemask on the adult nose-throat model.




Bioaerosol characterization

The Aerodynamic Particle Sizer (APS) (APS, model 3321 TSI Inc., St. Paul, MN, USA) was used to characterize aerosol concentrations. Throughout the experiments, the APSs continuously measured particle number concentrations (PNC) and size distributions (0.5–20 μm) of the airborne concentration in the room. Two APSs, located at a distance of 30 and 90 cm, were positioned directly in front of the head model (Figure 1). The 30 cm distance was chosen as it simulated a caregiver fitting nasal cannula onto a patient’s face receiving the HFNC. The distance of 90 cm was selected as the vicinity of care givers performing less direct care procedure to the patient (15).

The APSs were set to record data at five second intervals for a total of 10 min. An initial two-minute period established a baseline measurement of ambient aerosol in the room prior to activating the aerosol generator. The remaining eight minutes monitored simulated bioaerosol being released on exhalation from the simulated breathing patient. After each test, the room was ventilated, and the aerosol concentration was monitored until it returned to ambient levels (16 ± 4 cm3). In order to focus on the exhaled aerosol, the PNC from two-minute baseline measurements was subtracted from all the time-series data, therefore, all the data present here reflects the exhaled simulated bioaerosol from the simulated patient.



Temperature and airflow characteristics

The room in which the study was conducted had dimensions L = 6.85 m, W = 3.42 m and H = 2.50 m. The air change rate was measured using the tracer gas decay method with CO2 as the tracer, and a GrayWolf probe IQ-610 (GrayWolf Sensing Solutions; Shelton, CT, USA) was used for gas detection. The air change rate was calculated to be approximately 1.15 h–1. Room temperature in the laboratory room were measured using a digital hygro-thermometer-datalogger (Fisherbrand, Thermo Fisher Scientific, Massachusetts, USA) and values recorded were in the ranges 19.4 to 20.9°C. The experiments took place over a two-day period.



Data analysis and statistics

The data analysis for this study was performed using the statistical package IBM SPSS Statistics25 (IBM Corp., Armonk, NY, USA, 2013). Summary and descriptive statistics were performed on the exhaled bioaerosol PNC. All distribution characteristics are summarized by arithmetic mean and standard deviations. Due to the non-parametric nature of the data, the Mann-Whitney test was performed to test for significance between mask and unmasked test scenarios. Differences between runs were considered statistically significant when p < 0.05.




Results

Figures 2–4 highlight the initial two minutes of ambient aerosol measurements followed by the increases in aerosol concentration released by a simulated patient under all six scenarios. Table 1 shows a clear distinction between the scenarios where the patient is wearing/not wearing a facemask. When the patient was wearing the facemask, there was a 94–95% reduction in exhaled aerosol concentration at a distance of 30 cm from the simulated patient, compared to the no-facemask scenario for all three high flow rates (p < 0.0001). At a distance of 90 cm from the simulated patient, this reduction decreased to 22, 60, and 58% for the no nasal cannula (no high flow), 30 and 50 L/min scenarios respectively (p = 0.4084, 0.0201, 0.0053).
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FIGURE 2
Simulated exhaled aerosol with no HFNC, with and without a mask (control). Averaged time-series PNC for the three runs recorded at a distance of 30 and 90 cm from the simulated patient. Each trendline represents the data averaged across 20 s intervals.
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FIGURE 3
30 L/min HFNC with and without mask. Averaged time-series PNC for the three runs recorded at a distance of 30 and 90 cm from the simulated patient. Each trendline represents the data averaged across 20 s intervals.
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FIGURE 4
50 L/min HFNC with and without mask. Averaged time-series PNC for the three runs recorded at a distance of 30 and 90 cm from the simulated patient. Each trendline represents the data averaged across 20 s intervals.



TABLE 1    Ten-minute averaged PNC during each high flow rate; mean and standard deviations over the three events.
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There is an observed increase in aerosol concentrations at the 30 cm distance within the first 20 s of the experimental run. Within 40 s, the peak concentrations are observed, and while there are fluctuations over the following seven minutes, there are no substantial changes; this highlights the ongoing exhalation of aerosol from the patient. Within this distance, the plume released from the patient maintains a stable aerosol concentration over the sampling duration, indicating that accumulation is not occurring within the 30 cm radius but instead the aerosol is dispersing throughout the room. Measured aerosol concentrations at a distance of 90 cm confirm this finding. At this distance, the aerosol concentrations are typically reduced by one order of magnitude, which can be explained by considering the dilution due to increased volume ratio. However, in contrast with the measurements at the 30 cm, the aerosol concentrations at a distance of 90 cm were seen to increase over the 2–10 min period of the experimental run, demonstrating an accumulation in this zone over the sampling duration. The influence of the high flow from the nasal cannula interface is evident at the greater distances from the patient, as seen in 90 cm data, where the highest initial aerosol concentration corresponds to the 50 L/min flow rate, followed by 30 L/min, for the unmasked scenario. There is a slower accumulation of aerosol when there is no nasal cannula interface present, due to the slower velocity as it is not increased by the high flow setup. Comparing the data shown in Table 2 and the 90 cm data, it is worth noting that a greater reduction in the time-weighted average concentration is seen in the masked scenarios; by contrast, however, the 90 cm data highlights comparable aerosol concentrations for five scenarios at the 10-min mark suggesting a possible time-lag in the masked scenarios. It is suggested that the mask may reduce the velocity of the exhaled aerosol, creating a time-lag effect.


TABLE 2    The max PNC of each run; mean and standard deviations over the three events.
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Discussion

The study design allows the opportunity to disentangle the influence of multiple external factors (e.g., varying occupant generation/breathing rates, room conditions, background sources) in real-world situations, which allows this approach to be used as an experimental model to investigate aerosol transmission risk. In this study, the application is demonstrated by using a breath-synchronized aerosol generator to provide a reproducible exhaled generation rate, which offers the ability to solely quantify the reduction provided by a surgical mask under different gas flow rates.

While the absolute PNCs reported in the current work were not generated by a real patient, they are reflective of data reported by Li et al. (15) from a clinical setting with confirmed COVID-19 patients: the unmasked patient data in the 0.5–10 μm size range at 1 foot (∼30 cm) recorded an average of 4,232 #/cm3 compared with averaged concentrations of 2,031–2,456 #/cm3 in the current work. Therefore, the data can be extrapolated to provide valuable insight into the relationship between the different high flow rates and distances traveled by emitted aerosol.

When the simulated patient was wearing a surgical mask during HFNC treatment, a reduction in aerosol concentrations was evident and reaffirms the use of face masks as a mitigation tool. Similar findings were reported from a study using computational fluid dynamics (CFD) (Leonard et al. (16)), which reported an 83.2% reduction in particles at 40 L/min under high-velocity nasal insufflation comparable with the 94–95% reduction observed in the present work. Similarly, the work showed that the majority of the particles that escaped traveled greater than 1 m, which is reflective in the results of the current work.

The experimental model allows a direct comparison between mask and no mask scenarios, under different high flow rates. The model shows that 30 L/min results in higher concentrations at a distance of 30 cm from a patient. In the masked scenario, the measured PNCs at the 30 cm mark are doubled for the 30 L/min compared with no HFNC (0 L/min). Although when the HFNC operates at 50 L/min, the concentrations are lower than no HFNC. This trend is consistent with the work of Gaeckle et al. (22), where measured PNCs were lower at 50 L/min compared with 30 and 10 L/min. It is possible that the lower gas flow rates provide enough of a driving force to push the aerosol through, or around, the mask, but as the air flow increases, it results in greater impaction on the mask and face. The model demonstrates that there are factors influencing aerosol dispersion which are independent of the patient.

Table 3 outlines the average % reduction in aerosol dispersion using a mitigating measure during HFNC reported in previous in vivo studies (14–16, 23, 24) in comparison to this current study using an experimental in vitro model. In contrast to this current study, there were no significant decreases in PNCs with the use of a facemask to mitigate against aerosol dispersion during HFNC at 50 L/min in an in vivo study by Li et al. (25). The participants of this study were healthy adults in comparison to this current study which utilized a simulated breathing pattern with a higher tidal volume and breath rate to mimic respiratory distress. Similar to a visualization study by Takazono et al. (14), which reported that the use of a surgical mask led to a reduction in particle dispersion by 80–95% during 30 and 60 L/min HFNC when speaking or coughing. However, they did not find significant reduction by wearing a surgical mask during HFNC while rest breathing. This was also in agreement with Hamilton et al. (23), who outlined that during HFNC, the use of a facemask reduced the reported aerosol concentrations during exertional respiratory efforts, i.e., coughing. Wilson et al. (24) findings also demonstrated that the use of a facemask led to a larger reduction in aerosol emissions in activities that required greater exertion. These in vivo studies have shown similar reductions in aerosol dispersion using a mask during distressed breathing/exertional respiratory activities, validating the potential use of this in vitro model to assess aerosol transmission risk during other respiratory support treatments in patients with varying clinical conditions.


TABLE 3    Comparison of average % reduction in aerosol dispersion using a mitigation measure during HFNC.
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The dispersion of aerosol beyond 90 cm has been measured in other studies (26) and reported to be affected by various environmental and localized conditions; relative humidity, ventilation, room dimensions etc. The current model allows the ability to measure the relative contribution of each of these parameters independently and assess their overall influence. Lower concentration measurements at 90 cm are consistent with prior reports and is likely due in part to the dispersion of generated aerosol into the greater volume of air between the 30 and 90 cm boundaries, compared to the ambient background measurements at both distances. At these lower concentrations, at 90 cm the ambient aerosol have a greater influence over the reduction of percentages between the tested conditions.

The results highlight the need for multiple approaches to reduce the potential transmission of SARS-Cov-2. A surgical mask reduces the concentration in the near field, but appropriate ventilation appears to be needed to mitigate longer-range transmission (27).



Conclusion

In conclusion, this experimental model highlights the ability to investigate aerosol transmission and dispersion, during HFNC and characterizing mitigation measures such as the application of a surgical facemask. The addition of a surgical facemask on a COVID-19 patient undergoing HFNC can reduce the quantity of patient-derived bioaerosol released into the surrounding environment. This model would be beneficial for further aerosol dispersion studies utilizing different respiratory support therapies and varying breath patterns which would include incremental validation against real-world data to aid in establishing clinical guidance. An incremental validation approach would ensure that the ability to disentangle the influence of multiple external factors remains a core strength of the current work. This model can be used to establish best practice for the use of this vital first line treatment for COVID-19 patients to prevent an escalation of care to more invasive ventilatory supports whilst mitigating the risk of disease transmission.



Study limitations

Our testing was conducted using only one breathing pattern which was selected to characterize an adult with moderate respiratory insufficiency. This pattern of distressed breathing may not be representative of the possible range of different breathing patterns.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

JM, AO’S, and MJ conducted testing, data analysis, and manuscript draft. MB conducted data analysis. JL and JF provided guidance on experimental design and manuscript final review. RM designed experiments, conducted testing, manuscript draft, and final review.



Funding

Access to equipment was provided by Aerogen Limited.



Conflict of interest

AO’S, MJ, and RM are employees of Aerogen Limited. JF is an employee of Aerogen Pharma Inc.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Eedara BB, Alabsi W, Encinas-Basurto D, Polt R, Ledford JG, Mansour HM. Inhalation delivery for the treatment and prevention of COVID-19 infection. Pharmaceutics. (2021) 13:1077. doi: 10.3390/pharmaceutics13071077

2. Frat JP, Coudroy R, Marjanovic N, Thille AW. High-flow nasal oxygen therapy and noninvasive ventilation in the management of acute hypoxemic respiratory failure. Ann Transl Med. (2017) 5:297. doi: 10.21037/atm.2017.06.52

3. Li J, Ehrmann S. High-flow aerosol-dispersing versus aerosol-generating procedures. Am J Respir Crit Care Med. (2020) 208:1069–71. doi: 10.1164/rccm.202008-3317ED

4. Ranney ML, Griffeth V, Jha AK. Critical supply shortages — The need for ventilators and personal protective equipment during the COVID-19 pandemic. New Engl J Med. (2020) 382:e41. doi: 10.1056/NEJMp2006141

5. Beitler JR, Mittel AM, Kallet R, Kacmarek R, Hess D, Branson R, et al. Ventilator sharing during an acute shortage caused by the COVID-19 pandemic. Am J Respir Crit Care Med. (2020) 202:600–4. doi: 10.1164/rccm.202005-1586LE

6. Chavarria AP, Lezama ES, Navarro MG, Vazquez RRV, Bello HH, Gascon JL, et al. High-flow nasal cannula therapy for hypoxemic respiratory failure in patients with COVID-19. Ther Adv Infect Dis. (2021) 8:20499361211042960. doi: 10.21203/rs.3.rs-466888/v1

7. Leung CCH, Joynt GM, Gomersall CD, Wong WT, Lee A, Ling L, et al. Comparison of high-flow nasal cannula versus oxygen face mask for environmental bacterial contamination in critically ill pneumonia patients: a randomized controlled crossover trial. J Hosp Infect. (2019) 101:84–7. doi: 10.1016/j.jhin.2018.10.007

8. Avari H, Hiebert RJ, Ryzynski AA, Levy A, Nardi J, Kanji-Jaffer H, et al. Quantitative assessment of viral dispersion associated with respiratory support devices in a simulated critical care environment. Am J Respir Crit Care Med. (2021) 203:1112–8. doi: 10.1164/rccm.202008-3070OC

9. Wilson NM, Norton A, Young FP, Collins DW. Airborne transmission of severe acute respiratory syndrome Coronavirus-2 to healthcare workers: a narrative review. Anaesthesia. (2020) 75:1086–95. doi: 10.1111/anae.15093

10. Westafer LM, Soares WE, Salvador D, Medarametla V, Schoenfeld EM. No evidence of increasing COVID-19 in health care workers after implementation of high flow nasal cannula: a safety evaluation. Am J Emerg Med. (2021) 39:158–61. doi: 10.1016/j.ajem.2020.09.086

11. Kaur R, Weiss TT, Perez A, Fink JB, Chen R, Luo F, et al. Practical strategies to reduce nosocomial transmission to healthcare professionals providing respiratory care to patients with COVID-19. Crit Care. (2020) 24:1–13. doi: 10.1186/s13054-020-03231-8

12. Li J, Fink JB, Ehrmann S. High-flow nasal cannula for COVID-19 patients: risk of bio-aerosol dispersion. Eur Respir J. (2020) 55:2000892. doi: 10.1183/13993003.00892-2020

13. Milton DK, Fabian MP, Cowling BJ, Grantham ML, McDevitt JJ. Influenza virus aerosols in human exhaled breath: particle size, culturability, and effect of surgical masks. PLoS Pathog. (2013) 9:e1003205. doi: 10.1371/journal.ppat.1003205

14. Takazono T, Yamamoto K, Okamoto R, Tashiro M, Morimoto S, Hosogaya N, et al. Effects of Surgical Masks on Droplet and Aerosol Dispersion Under Various Oxygen Delivery Modalities. (2022). Available online at: https://www.semanticscholar.org/paper/Effects-of-surgical-masks-on-droplet-and-aerosol-Takazono-Yamamoto/87e7cb790c0bab560a61a1e6caf07464acdfc486 (accessed May 23, 2022).

15. Li J, Fink JB, Elshafei AA, Stewart LM, Barbian HJ, Mirza SH, et al. Placing a mask on COVID-19 patients during high-flow nasal cannula therapy reduces aerosol particle dispersion. ERJ Open Res. (2021) 7:00519–2020. doi: 10.1183/23120541.00519-2020

16. Leonard S, Atwood CW, Walsh BK, DeBellis RJ, Dungan GC, Strasser W, et al. Preliminary findings on control of dispersion of aerosols and droplets during high-velocity nasal insufflation therapy using a simple surgical mask: implications for the high-flow nasal cannula. Chest. (2020) 158:1046–9. doi: 10.1016/j.chest.2020.03.043

17. Gallagher L, Joyce M, Murphy B, Eain MMG, Macloughlin R. The impact of head model choice on the in vitro evaluation of aerosol drug delivery. Pharmaceutics. (2021) 14:24. doi: 10.3390/pharmaceutics14010024

18. Dugernier J, Hesse M, Jumetz T, Bialais E, Roeseler J, Depoortere V, et al. Aerosol delivery with two nebulizers through high-flow nasal cannula: a randomized cross-over single-photon emission computed tomography-computed tomography study. J Aerosol Med Pulm Drug Deliv. (2017) 30:349–58. doi: 10.1089/jamp.2017.1366

19. Drake MG. High-flow nasal cannula oxygen in adults: an evidence-based assessment. Ann Am Thorac Soc. (2018) 15:145–55. doi: 10.1513/AnnalsATS.201707-548FR

20. Joyce M, McGrath JA, Eain MMG, O’sullivan A, Byrne M, Macloughlin R. Nebuliser type influences both patient-derived bioaerosol emissions and ventilation parameters during mechanical ventilation. Pharmaceutics. (2021) 13:1–8. doi: 10.3390/pharmaceutics13020199

21. Eain MMG, Joyce M, MacLoughlin R. An in vitro visual study of fugitive aerosols released during aerosol therapy to an invasively ventilated simulated patient. Drug Deliv. (2021) 28:1496–500. doi: 10.1080/10717544.2021.1951893

22. Gaeckle NT, Lee J, Park Y, Kreykes G, Evans MD, Hogan CJ. Aerosol generation from the respiratory tract with various modes of oxygen delivery. Am J Respir Crit Care Med. (2020) 202:1115–24. doi: 10.1164/rccm.202006-2309OC

23. Hamilton F, Gregson F, Arnold D, Sheikh S, Ward K, Brown J, et al. Aerosol emission from the respiratory tract: an analysis of relative risks from oxygen delivery systems. medRxiv [Preprint]. (2021). doi: 10.1101/2021.01.29.21250552

24. Wilson NM, Marks GB, Eckhardt A, Clarke AM, Young FP, Garden FL, et al. The effect of respiratory activity, non-invasive respiratory support and facemasks on aerosol generation and its relevance to COVID-19. Anaesthesia. (2021) 76:1465–74. doi: 10.1111/anae.15475

25. Li J, Alolaiwat AA, Harnois LJ, Fink JB, Dhand R. Mitigating fugitive aerosols during aerosol delivery via high-flow nasal cannula devices. Respir Care. (2022) 67:404–14. doi: 10.4187/respcare.09589

26. Cortellessa G, Stabile L, Arpino F, Faleiros DE, van den Bos W, Morawska L, et al. Close proximity risk assessment for SARS-CoV-2 infection. Sci Tot Environ. (2021) 794:148749. doi: 10.1016/j.scitotenv.2021.148749

27. Environmental Modelling Group,. Role of Ventilation in Controlling SARS-CoV-2 Transmission SAGE-EMG. Thousand Oaks, CA: Sage (2020).



OPS/images/fmed-09-1002659-g004.jpg
Particle Number Concentration (# cm'3)

3000+

2000+

1000-

30cm

Without Mask

s With Mask

e —————

5 10
Time (minutes)

Particle Number Concentration (# cm™)

3000+

2000~
300

200+

100+

5
Time (minutes)

90 cm

Without Mask
With Mask

10





OPS/images/fmed-09-1002659-g002.jpg
Particle Number Concentration (# cm'3)

3000+

2000+

1000-

30 cm

| Without Mask
I With Mask

5 10
Time (minutes)

Particle Number Concentration (# cm'3)

3000+

2000+

90 cm

I Without Mask
T With Mask

1000 -+
300
200-
TS ‘
0
0 5 10

Time (minutes)





OPS/images/fmed-09-1002659-g003.jpg
Particle Number Concentration (# cm‘3)

3000-

2000+

1000+

5
Time (minutes)

30 cm

G without Mask

With Mask

10

Particle Number Concentration (# cm'3)

3000-

2000-
300-

200+

100+

5
Time (minutes)

90 cm

| Without Mask
I

With Mask

10





OPS/images/fmed-09-1002659-g001.jpg
Adult nose - throat model
Nasal cannula

covered by facemask

30cm
I:—H 90 cm _

Facemask

44 08 »
M M B MU O O T
[CUCRCL P PULLBS PSR N e
s A GRS GGG L L I
e PR n
~ 4 .
o

Breathing simulator Location Aerodynamic particle sizer (APS)

— \ N I, 5,
\ | - of aerosol Uy,
\ = generator Ay
= in circuit

= HENT unit
‘ B el






OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/nav.xhtml




Contents





		Cover



		In vitro model for investigating aerosol dispersion in a simulated COVID-19 patient during high-flow nasal cannula treatment



		Introduction



		Materials and methods



		Anatomical model



		High flow nasal therapy circuit and interface



		Experimental test setups



		Bioaerosol characterization



		Temperature and airflow characteristics



		Data analysis and statistics







		Results



		Discussion



		Conclusion



		Study limitations



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fmed-09-1002659-t001.jpg
Test

With a mask
Without mask

With a mask
Without a mask

Distance

30 cm
30 cm

90 cm
90 cm

No high flow
(#cm™3)

83+ 24
1612 + 40

38+ 11
49+ 11

30 LPM
(# cm™3)

96 + 12
1953 4338

35+ 6
88 +25

50 LPM
(# cm™3)

51+14
877 £+ 88

27 +4
64+ 19





OPS/images/fmed-09-1002659-t002.jpg
Test

With a mask
Without mask

With a mask
Without a mask

Distance

30 cm
30 cm

90 cm
90 cm

No high flow
(# cm™3)

449 £ 221
2857 £ 165

105 + 21
133+ 14

30 LPM
(#cm™3)

295+ 16
3466 £ 524

115+ 13
464 + 126

50 LPM
(# cm™3)

151 +47
1440 + 49
90 + 11
232 4109





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Medicine

In vitro model for investigating
aerosol dispersion in a
simulated COVID-19 patient
during high-flow nasal
cannula treatment







OPS/images/fmed-09-1002659-t003.jpg
Publication

Current study

Takazono et al. (14)
Milton et al. (13)

Gaeckle et al. (22)

Hamilton et al. (23)
Lietal. (15)

Detection method

Particle sizer

Particle sizer

Particle visualization system

Particle sizer

Particle sizer

CFD

Population

Simulated distressed adult model x 1

COVID-19 adult patientx9
Healthy adult volunteer x5

Healthy adult volunteer x 25

Healthy adult volunteerx 10
Simulated adult modelx 2

Mitigation measure

Surgical mask

Surgical mask

Surgical mask

Surgical mask

Surgical mask

Surgical mask

HFNC (LPM)

30
50

50

30
60

30
60

60
40

% Reduction

94-95

60
80-95

80-86

70-80
83










OPS/images/logo.jpg
¥ frontiers | Frontiers in Medicine







