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Abstract

Dental personnel are ranked among the highest risk occupations for exposure to SARS-CoV-2 

due to their close proximity to the patient’s mouth and many aerosol generating procedures 

encountered in dental practice. One method to reduce aerosols in dental settings is the use of 

intraoral evacuation systems. Intraoral evacuation systems are placed directly into a patient’s 

mouth and maintain a dry field during procedures by capturing liquid and aerosols. Although 

multiple intraoral dental evacuation systems are commercially available, the efficacy of these 

systems is not well understood. The objectives of this study were to evaluate the efficacy of 

four dental evacuation systems at mitigating aerosol exposures during simulated ultrasonic scaling 

and crown preparation procedures. We conducted real-time respirable (PM4) and thoracic (PM10) 

aerosol sampling during ultrasonic scaling and crown preparation procedures while using four 

commercially available evacuation systems: a high-volume evacuator (HVE) and three alternative 

intraoral systems (A, B, C). Four trials were conducted for each system. Respirable and thoracic 

mass concentrations were measured during procedures at three locations including (1) near the 

breathing zone (BZ) of the dentist, (2) edge of the dental operatory room approximately 0.9 m 

away from the mannequin mouth, and (3) hallway supply cabinet located approximately 1.5 m 

away from the mannequin mouth. Respirable and thoracic mass concentrations measured during 

each procedure were compared with background concentrations measured in each respective 

location. Use of System A or HVE reduced thoracic (System A) and respirable (HVE) mass 

concentrations near the dentist’s BZ to median background concentrations most often during 

the ultrasonic scaling procedure. During the crown preparation, use of System B or HVE 
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reduced thoracic (System B) and respirable (HVE or System B) near the dentist’s BZ to median 

background concentrations most often. Although some differences in efficacy were noted during 

each procedure and aerosol size fraction, the difference in median mass concentrations among 

evacuation systems was minimal, ranging from 0.01 to 1.48 μg/m3 across both procedures and 

aerosol size fractions.
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Introduction

Recent spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus 

that causes coronavirus disease 2019 (COVID-19), has resulted in a global pandemic, with 

some occupations identified as having a greater risk for exposure to SARS-CoV-2 than 

others (Zhang 2021). Healthcare professions have the highest predicted risk for contracting 

diseases such as COVID-19 and dental professions specifically, including dental hygienists, 

oral and maxillofacial surgeons, dental assistants, and general dentists, were ranked as the 

top four individual occupations at highest risk of exposure (Zhang 2021). Dental personnel 

appear to be at increased risk for exposure to SARS-CoV-2 due to the unique nature of 

dentistry including close proximity of the provider to the patient’s mouth combined with 

many routinely performed aerosol-generating procedures (Ather et al. 2020; Cirillo 2020).

Dental personnel routinely perform procedures that produce aerosols. Observed aerosol sizes 

vary widely by procedure type, with aerosols across a large size range (submicron sized 

aerosols (<1 micrometers (μm)) upward to 300 μm droplets) occurring during procedures 

such as ultrasonic scaling and submicronsized aerosols occurring during procedures such as 

grinding or drilling teeth (Sotiriou et al. 2008; Van Landuyt et al. 2014; Liu et al. 2019; 

Mirbod Parisa et al. 2021; Pierre-Bez et al. 2021). Additionally, a wide range of aerosol 

sizes (0.8–500 μm) are generated during speech and breathing with most aerosols falling in 

the submicron size range (Duguid 1946; Loudon and Roberts 1967; Papineni and Rosenthal 

1997; Edwards et al. 2004; Fabian et al. 2008; Morawska et al. 2009; Xie et al. 2009; 

Gupta et al. 2010; Asadi et al. 2019; Stadnytskyi et al. 2020). Previous studies reported 

bimodal size-distributions of SARS-CoV-2 aerosols generated by patients with COVID-19, 

with peaks observed in size ranges from 0.25 to 1 μm and >2.5 μm; sizes with settling times 

of approximately hours to days (Liu et al. 2020). Three recent studies found SARS-CoV-2 

in particles less than 5 μm, with two of the three studies finding SARS-CoV-2 in particles 

less than 1 μm and these respirable sized particles showed evidence of infectivity in cell 

culture (Chia et al. 2020; Liu et al. 2020; Santarpia et al. 2020). Small aerosols generated 

during dental procedures or during speech and breathing are problematic given their long 

settling times and subsequent increased likelihood of inhalation by dental personnel or other 

patients. Further, these small aerosols have the potential to travel and contaminate distant 

sites in a clinic when unmitigated (Holliday et al. 2021).
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Additionally, dental personnel perform tasks that can generate mineral and acrylic dusts 

associated with occupational lung diseases such as pneumoconiosis and pulmonary fibrosis 

(Carles et al. 1978; De et al. 1986; Choudat 1994; Ergün et al. 2014). Thoracic aerosols 

(50% cut-point (d50) < 10 μm; also referred to as particulate matter (PM) < 10 μm or 

PM10) and respirable aerosols (d50 < 4 μm, or PM4) are exposures of particular concern 

in the development of occupational lung disease because (1) thoracic aerosol (PM10) can 

reach airways beyond the larynx and (2) respirable aerosol (PM4) is capable of reaching 

the unciliated lower airways including the gas-exchange region of the lungs (Cherrie and 

Aitken 1999; Brown et al. 2013). Further, a recent cluster of idiopathic pulmonary fibrosis 

(IPF) observed among dental personnel highlighted how source control is needed to mitigate 

aerosol exposures in dental settings beyond the immediate needs of the current pandemic 

(Nett et al. 2018). A defining feature of IPF is the disease is an interstitial pneumonia 

without a known cause; however, a recent study by Abramson et al. identified occupational 

exposure to respirable dust (PM4) as a risk factor for IPF (Abramson et al. 2020).

Both the increased risk for exposure to SARS-CoV-2, as well as the recent cluster of IPF 

observed among dental personnel, indicate a need to review aerosol exposure mitigation 

strategies within dental settings. The most effective means of mitigating aerosol exposure 

during dental procedures is to capture aerosol at the source (i.e., the patient’s mouth), 

using source controls such as high-volume evacuation (HVE) and other alternative dental 

evacuation systems. Although many dental evacuation systems are currently marketed to 

dental personnel, few have been thoroughly evaluated for efficacy in aerosol exposure 

mitigation. To the authors’ knowledge, only one previous study evaluated HVE and 

alternative intraoral dental evacuation systems’ ability to mitigate total aerosol (e.g., spatter 

consisting of droplets up to 50 μm) and fine particulate matter (PM2.5) exposure in 

dental settings (Comisi et al. 2021). Additionally, previous studies of HVE or other dental 

evacuation systems collected aerosol measurements in only one location in the operatory 

(Nulty et al. 2020; Comisi et al. 2021). Our study described here, evaluated multiple dental 

evacuation systems’ efficacy at mitigating PM10 and PM4 aerosol in the (1) breathing zone 

(BZ) of a dentist, (2) operatory more broadly, and (3) adjacent corridor during simulated 

dental procedures in a dental clinic.

Methods

Simulated dental procedures were performed in a clinic with five chairs in semi-separated 

operatories (Figure 1). Each dental operatory bay was approximately 3.7 m wide by 3.7 m 

deep and separated by floor to ceiling walls laterally on either side of the chair. Supply air 

was provided by three supply air vents located in three of the five operatories (Figure 1). 

Return air was exhausted from the semi-open operatories and adjacent spaces though six 

return air ducts located in the adjacent hallways and was filtered through air filters with a 

Minimum Efficiency Reporting Value (MERV) rating of 8 (MERV 8). All dental procedures 

were performed by a licensed practicing dentist. The clinic was not occupied with patients 

during the days on which experiments were conducted. PM10 and PM4 mass concentrations 

were measured during two dental procedures using a mannequin with simulated saliva flow 

and four dental evacuation systems. The order of experiments was randomized, and each 

procedure was repeated four times for each evacuation system for a total of 32 experiments.
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Mannequin and dental procedures

A mannequin with an anatomically correct mouth (ModuPRO One dentoform Model MP-

R320 Acadental, Inc., Overland Park, KS), movable silicone tongue, and flexible silicone 

mouth lining was attached to a metal skull mannequin head to simulate a patient. The 

mannequin was attached to a dental chair headrest in the usual supine patient position 

with the maxillary arch perpendicular to the floor. Salivary flow was simulated using 

flexible Tygon tubing with four equidistance holes perforated in the tube at locations 

approximating salivary gland locations, similar to the setup described by Holliday et al. 

(2021) and Coulthard et al. (2020). Phosphate buffered saline (PBS pH 7.2, Thermo Fisher 

Scientific, Waltham, MA, USA) was introduced into the mouth of the mannequin using 

4 mm inner diameter tubing connected to a syringe pump (Harvard Apparatus, Holliston, 

MA) operating at 1.5 mL/min, simulating high normal stimulated salivary flow (Holliday et 

al. 2021). Two dental procedures were simulated: ultrasonic scaling and crown preparation. 

Ultrasonic scaling was completed along the left side on the lower-left quadrant of the 

patient’s mouth for 10 min. Crown preparations were completed on tooth number 21. Details 

on the handpieces and settings used by the dentist are in the Supplemental Material.

Dental evacuation systems

HVE and three alternative dental evacuation systems were evaluated. The HVE system is 

a suction device commonly used during more extensive dental procedures. Typically, HVE 

systems operate at > 10.6 standard cubic feet of air per minute (SCFM) and are fitted 

with a semi-flexible disposable polyvinylchloride (PVC) tube as the mouthpiece that is 

placed in the mouth as close to the aerosol-generating procedure as possible. Three other 

alternative dental evacuation systems were evaluated and included Systems A (Figure 2a), B 

(Figure 2b), and C (Figure 2c). Additional information on the design and operation of these 

systems can be found in the Supplementary Material. Suction flow rate was measured prior 

to each experiment using a 0–20 SCFM flowmeter (Easy-Read High-Pressure Flowmeter 

for Air, McMaster-Carr, Elmhurst, IL) connected to the vacuum ports, before removing the 

flowmeter and connecting the evacuation system.

Aerosol measurements

Aerosol mass and number concentrations were measured using personal DataRAMs (pDRs) 

(pDR-1500, Thermo Scientific, Franklin, MA) and an Aerodynamic Particle Sizer (APS, 

TSI, Inc., Maplewood, MN), respectively. Two pDRs per sampling location were equipped 

with a red cyclone and operated at 1.19 liters per minute (Lpm) and 2.65 Lpm to obtain 

PM10 (thoracic) and PM4 (respirable) size cut-points and mass concentrations, respectively. 

Mass concentrations were measured with pDRs at three locations including (1) near the BZ 

of the dentist (same height as BZ and within 0.45 m of BZ), (2) edge of the dental operatory 

room approximately 0.9 m away from the mannequin mouth, and (3) supply cabinet located 

approximately 1.5 m away from the mannequin mouth. The pDR recorded measurements 

every 10 sec. The APS was positioned near the dentist’s BZ (within 0.45 m of BZ and 

co-located with the BZ pDRs) to measure number concentration, count median diameters 

(CMDs) and size distribution (0.5–20 μm) of aerosols generated during each procedure. 

All instruments were started and stopped with the start and completion of each procedure. 
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APS measurements were also logged at 10-sec intervals. Background aerosol concentration 

measurements were collected with pDRs and the APS at each respective sampling location 

for 20 minutes each day before any procedures were performed. All instruments were zero 

calibrated at the beginning of each sampling day.

Statistical analyses

All analyses were performed in R (version 1.4.1106, RStudio, PBC) and JMP (version 15, 

SAS Institute Inc., Cary, NC). Because air measurements were not normally distributed, 

median mass concentrations of PM4 or PM10 aerosol concentrations were used for 

comparing background aerosol concentrations with aerosol concentrations measured while 

performing each procedure with each evacuation system in each location. The percentage 

frequency of PM4 or PM10 aerosol measurements reduced to concentrations below median 

background concentrations were calculated for each evacuation system (Table 1). Percentage 

frequency was calculated by dividing the sum of the number of PM4 or PM10 measurements 

below the median background concentration by the sum of the total number of respirable or 

thoracic measurements multiplied by 100%.

Each 10-sec aerosol measurement data point was background corrected by subtracting 

the average background concentration in each respective location on each day of testing, 

prior to running statistical analyses for comparisons between aerosol measurements 

collected while using each respective evacuation system and background concentrations. 

Background measurements were also background corrected using the average background 

concentration to ensure background measurements were normalized when comparing to 

aerosol measurements collected while using each respective evacuation system. Pairwise 

comparisons using Wilcoxon rank sum tests with a Bonferroni correction were conducted 

with pooled observations (across trials) to compare evacuation systems with background 

concentrations and identify when group medians were significantly elevated above 

background concentrations.

Results

Median background concentrations of PM4 and PM10 aerosol at each respective location can 

be seen in Supplementary Table 1. Suction flow rates, measured prior to each procedure, 

ranged from 13.5 to 19.5 SCFM, with average flow rates measured as 17.8, 17.7, 17.7, and 

17.7 SCFM for HVE, system A, system B, and system C, respectively.

CMDs measured in the dentist’s BZ during ultrasonic scaling and the crown preparation 

procedure were 0.64 μm and did not vary significantly by evacuation system or procedure 

(Table 1). Background CMDs ranged from 0.63 to 0.65 μm.

PM10 and PM4 aerosol mass concentrations near the dentist’s BZ during ultrasonic scaling

No significant elevations of PM10 or PM4 aerosol mass concentrations above background 

concentrations were observed near the dentist’s BZ for any of the evacuation systems 

tested during the ultrasonic scaling procedure (Figure 3). System A reduced PM10 aerosol 

concentrations near the dentist’s BZ to median background concentrations most often during 

the ultrasonic scaling procedure (53.5% of scaling procedure; Table 2). HVE and System 
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B reduced PM4 aerosol concentrations to background concentrations most often during the 

ultrasonic scaling procedure (HVE = 70.0%; System B = 60.5%; Table 2). Differences 

between median PM10 and PM4 mass concentrations between systems were small with 

differences in median mass concentrations ranging from 0.45–1.48 micrograms per cubic 

meter of air (μg/m3) for PM10 and 0.24–0.85 μg/m3 for PM4 aerosol.

PM10 and PM4 aerosol mass concentrations in the dentist’s BZ during crown preparation

Significant elevation of PM10 mass concentrations above background concentrations 

were observed near the dentist’s BZ when using System C (p < 0.0001) during the 

crown preparation procedure (Figure 3). HVE, System A, and System B reduced PM10 

aerosol concentrations to median background concentrations most often during the crown 

preparation procedure (HVE = 14.2%; System A = 16.5%; System B = 23.6%; Table 2). 

Differences in PM10 median mass concentrations among evacuation systems were small and 

ranged from 0.26–1.13 μg/m3.

Significant elevation of PM4 mass concentrations above background concentrations were 

observed near the dentist’s BZ when using System A (p = 0.006) or System C (p < 

0.0001) during the crown preparation procedure (Figure 3). HVE and System B reduced 

PM4 aerosol concentrations to median background concentrations most often during the 

crown preparation procedure (HVE = 43.7%; System B = 47.2%; Table 2). Differences in 

PM4 median mass concentrations among evacuation systems were small and ranged from 

0.01–0.39 μg/m3.

PM10 and PM4 aerosol mass concentrations at the edge of dental operatory during 
ultrasonic scaling

Significant elevation of PM10 mass concentrations above background concentrations were 

observed at the edge of the dental operatory when using System C (p = 0.0002) during the 

ultrasonic scaling procedure (Figure 4). System A and System B reduced PM10 aerosol 

concentrations to median background concentrations most often during the ultrasonic 

scaling procedure (System A = 56.2%; System B = 48.1%; Table 2). Differences in median 

PM10 mass concentrations were small and ranged from 0.05–0.35 μg/m3.

No significant elevations of PM4 mass concentrations above background concentrations 

were observed at the edge of the dental operatory for any of the evacuation systems tested 

during the ultrasonic scaling procedure (Figure 4). All systems tested reduced PM4 aerosol 

concentrations to median background concentrations for more than 50% of the ultrasonic 

scaling procedure, with System B reducing concentrations most often (System B = 83.5%; 

Table 2). Differences in median PM4 mass concentrations were small and ranged from 0.21–

1.19 μg/m3.

PM10 and PM4 aerosol mass concentrations at the edge of dental operatory during crown 
preparation

Significant elevation of PM10 mass concentrations above background concentrations were 

observed at the edge of the dental operatory when using System A (p = 0.001) or System C 

(p = 0.0001) during the crown preparation procedure (Figure 4). HVE and System B reduced 
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PM10 aerosol concentrations to median background concentrations most often during the 

crown preparation procedure (HVE = 39.2%; System B = 45.3%; Table 2). Differences in 

median PM10 aerosol mass concentrations were small and ranged from 0.03–0.35 μg/m3.

No significant elevations of PM4 mass concentrations above background concentrations 

were observed at the edge of the dental operatory for any of the evacuation systems tested 

during the crown preparation procedure (Figure 4). All systems similarly reduced PM4 

(range: 54.1–75.9%) aerosol concentrations to median background concentrations at the 

edge of the operatory during the crown preparation, though some differences were noted 

(Table 2, Figure 4). Differences in median PM4 aerosol mass concentrations were small and 

ranged from 0.02–0.45 μg/m3.

PM10 and PM4 aerosol mass concentrations in the hallway outside of open operatory room 
during ultrasonic scaling

Significant elevation of PM10 mass concentration above background concentrations were 

observed in the hallway outside the operatory when using any of the four systems during 

the ultrasonic scaling procedure (p < 0.0001) (Figure 5). HVE and System A reduced 

PM10 mass concentrations in the hallway outside the operatory to median background 

concentrations most often during the ultrasonic scaling procedure (HVE = 33.5%; System A 

= 26.2%; Table 2). Differences in PM10 median mass concentrations among the evacuation 

systems were small and ranged from 0.12–0.82 μg/m3.

Significant elevation of PM4 mass concentrations above background concentrations were 

observed in the hallway outside the operatory when using System B (p = 0.049) or System 

C (p < 0.0001) during the ultrasonic scaling procedure (Figure 5). System B, System A, 

and HVE reduced PM4 mass concentrations to median background concentrations most 

often (System B = 50.4%; System A = 45.9%; HVE = 43.8%; Table 2). Differences in 

PM4 median mass concentrations among evacuation systems were small and ranged from 

0.02–0.27 μg/m3.

PM10 and PM4 aerosol mass concentrations in the hallway outside of open operatory room 
during crown preparation

Significant elevation of PM10 mass concentration above background concentrations were 

observed in the hallway outside the operatory when using any of the four systems during 

the crown preparation procedure (p < 0.0001) (Figure 5). HVE reduced PM10 mass 

concentrations to median background concentrations most often (HVE = 21.2%; Table 2). 

Differences between systems were small and ranged from 0.11–0.23 μg/m3.

Significant elevation of PM4 mass concentration above background concentrations were 

observed in the hallway outside the operatory when using HVE (p = 0.0004), System A (P 

< 0.0001), and System C (p < 0.0001) during the crown preparation procedure (Figure 5). 

System B reduced PM4 mass concentrations below median background concentrations most 

often (System B = 40.8%; Table 2). Differences in PM4 median mass concentrations were 

small and ranged from 0.10–0.27 μg/m3.
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Discussion

The ongoing COVID-19 pandemic combined with dental professions identified as among 

the highest risk occupations for COVID-19 highlights a need to mitigate risks associated 

with SARS-CoV-2 transmission in dental clinics (Zhang 2021). To minimize risk for 

exposure to SARS-CoV-2, guidance documents published by the Centers for Disease 

Control and Prevention (CDC 2020) and other national associations (ASHRAE 2021) 

advised dental professions to implement engineering, administrative, and personal protective 

equipment (PPE) controls such as considering postponing elective procedures and non-

urgent outpatient visits, optimizing ventilation systems, implementing screening protocols 

for signs and symptoms of COVID-19 among patients and providers, performing targeted 

SARS-CoV-2 testing of asymptomatic patients, implementing environmental cleaning and 

disinfection procedures after each patient, and implementing universal masking and use of 

PPE. However, some of these controls might not sufficiently mitigate risk, as evidenced by 

recent studies that observed SARS-CoV-2 in the saliva of asymptomatic persons indicating 

that even the most detailed screening procedures for patients could miss potentially 

infectious patients (Huang et al. 2021). Further, testing all asymptomatic patients is likely 

not feasible for most dental practices. Source controls such as the dental evacuation systems 

evaluated in this study are advantageous because they can capture potentially harmful 

aerosols directly at the mouth of the patient before the aerosol can enter ambient air and 

subsequently be inhaled by nearby dental personnel, patients, or others, immediately or 

hours later.

Source control methods are dependent on the proximity of the capture device to the source, 

efficiency of the evacuation inlet, and air flow rates of the system. However, the efficiency 

of evacuation systems can vary widely by design and manufacturer, and the effectiveness 

of these systems has not been extensively evaluated in previous studies. Our results expand 

upon the findings of previous studies by evaluating concentrations of respirable (PM4) 

aerosols, an aerosol size of concern for both COVID-19 and occupational lung diseases, 

yet previously not evaluated, during commonly encountered dental procedures. Respirable 

(PM4) aerosol is of particular concern due to increased (1) ability to remain suspended in 

the air for hours to days, (2) likelihood of escaping past personal protective equipment like 

face shields, and (3) ability to reach and deposit in the unciliated lower airways including 

the gas-exchange region of the lungs (Cherrie and Aitken 1999; Hinds 2012; Brown et al. 

2013; Konda et al. 2020; Ou et al. 2020; Pei et al. 2020; Ou et al. 2021). We observed 

median particle sizes in the submicron range for all procedures and evacuation systems 

which is consistent with previous studies of aerosols generated during crown preparations 

or ultrasonic scaling (Sotiriou et al. 2008; Balanta-Melo et al. 2020; Ehtezazi et al. 2021). 

Our study and previous studies’ observations of submicron aerosol generated during routine 

dental procedures with high-speed handpieces or ultrasonic scalers further emphasizes the 

need for effective aerosol source controls to minimize dental personnel’s risks for exposure 

to potentially harmful dental aerosols hours or days later.

A recent study by Nulty et al. evaluated the effectiveness of HVE at reducing PM2.5 and 

PM10 during five different restorative procedures, including ultrasonic scaling and tooth 

drilling, and observed that PM2.5 and PM10 were reduced to background levels when HVE 
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was used during dental procedures (Nulty et al. 2020) which is consistent with the findings 

we report here. Similarly, Ou et al. observed the use of HVE significantly reduced emission 

of large aerosols ranging in size from 30 μm to 150 μm during ultrasonic scaling, although 

efficiency decreased with increasing aerosol size (Ou et al. 2021). We observed the most 

consistent reductions of PM10 mass concentrations near the BZ of the dentist when HVE or 

System A during an ultrasonic procedure. Similarly, HVE, System B, or System A resulted 

in the most consistent reductions of PM4 mass concentrations near the BZ of the dentist 

during the ultrasonic scaling procedure.

Another study by Comisi et al. evaluated the effectiveness of different aerosol exposure 

mitigation systems, including three of the four systems tested in our study here (HVE, 

System A, and System C), at reducing PM2.5 and spatter during a simulated crown 

preparation (Comisi et al. 2021). We note that some of our results and methods differed 

from those reported by Comisi et al. First, we also evaluated System B and observed it to 

have the most consistent PM4 and PM10 aerosol reductions near the BZ of the dentist during 

a crown preparation among all systems tested in our study. Among systems evaluated in 

both studies, Comisi et al. reported System A reduced PM2.5 to background concentrations 

near the BZ of a dentist during a simulated crown preparation. In our study here, System 

A reduced PM10, but not PM4, to background concentrations. Additionally, Comisi et al. 

observed HVE or System C did not reduce PM2.5 to background levels (Comisi et al. 2021). 

In contrast, we observed that HVE reduced PM10 and PM4 concentrations near the BZ of 

the dentist during a crown preparation to background concentrations. Although both our 

study and the study by Comisi et al. evaluated aerosol generation during a simulated crown 

procedure, some differences were noted in methodology which could contribute to differing 

results. First, we did not measure the same aerosol size fractions; Comisi et al. measured 

PM2.5 whereas we measured PM4 and PM10 aerosol. Also, the sampling duration differed 

between studies; Comisi et al. collected aerosol measurements during 2 minutes of a crown 

preparation, whereas we collected aerosol measurements for the entire duration of the crown 

preparation. Additionally, Comisi et al. performed a crown preparation on tooth number 30, 

whereas we performed a crown preparation on tooth number 21. Last, Comisi et al. do not 

report the suction flow rate of the evacuation systems tested, and differences in operational 

flow rates could potentially contribute to differences between their results and our results 

reported here.

System C resulted in a larger range of mass concentrations observed during either procedure 

and was associated with less consistent reduction of PM10 and PM4 aerosol, similar to 

findings reported by Comisi et al. (2021). In general, System C reduced PM10 and PM4 mass 

concentrations to background concentrations least often during either procedure and resulted 

in significantly elevated PM10 and PM4 mass concentrations near the BZ of the dentist 

during the crown preparation. Unlike the other alternative intraoral evacuation systems 

tested, System C is designed to be placed in the patient’s mouth between the teeth and 

cheek. Its smaller surface area and placement off to the side, as opposed to across the 

mouth like Systems A and B, could have contributed to its inability to effectively reduce 

both aerosol size fractions to background concentrations near the BZ of the dentist during 

the crown preparation, and its overall least consistent reductions in PM10 and PM4 aerosol 

among all systems evaluated. We note that although differences were noted when comparing 
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all four systems evaluated in our study here, the difference in median mass concentrations 

among evacuation systems was minimal, ranging from 0.01–1.48 μg/m3.

To the best of our knowledge, no previous study has measured PM4 and PM10 aerosol 

concentrations in multiple locations both in and outside of a dental operatory during 

dental procedures when utilizing dental evacuation systems. Overall, we observed lower 

concentrations of both aerosol sizes in the region behind the head of the mannequin at 

the edge of the operatory as compared to the dentist’s BZ. The scaling and crown prep 

tools typically projected aerosols laterally or forward from the patient’s mouth, potentially 

creating a region of lower concentrations directly behind the patient and at the edge of 

the dental operatory where sampling equipment was located. We also observed higher 

concentrations of both aerosol sizes in the hallway outside the operatory room. Although 

the clinic was closed to patients on the days of our experiments, staff assisting with 

the aerosol sampling (n = 3) used the hallway just outside the operatory to move from 

one side of the operatory to the other when starting, stopping, or monitoring the aerosol 

sampling equipment during procedures. Increased foot traffic in the hallway outside the 

operatory from staff assisting with aerosol sampling could have contributed to increased 

aerosol concentrations as well. Additionally, we noted that there were no supply air vents 

in the operatory used for the procedures (Figure 1). The closest air vents were two 

return air (exhaust) vents located in the hallway outside the semi-open operatory, located 

approximately 2.9m and 5m from the mannequin head (Figure 1). Although the direction 

of air currents was not directly assessed in our study, the presence of exhaust vents in the 

hallway outside the semi-open operatory likely created negative pressure in the hallway 

outside the semi-open operatory when the high-volume suction was not in use between 

procedures. Aerosols generated during the procedure and not captured by the evacuation 

system could have been pulled toward the exhaust vents in the hallway outside the open 

operatory and could have contributed to an accumulation of PM4 and PM10 aerosol in 

the hallway outside the operatory. These findings further emphasize the importance of (1) 

source control to capture and remove small aerosol before it can accumulate within a clinic 

and (2) optimized ventilation systems designed to move air from clean-to-less-clean areas 

such that air is moved from hallways to the rear of operatories, thereby minimizing both 

exposures of personnel in the operatory and the potential for accumulation of aerosol outside 

of operatories.

Intraoral dental evacuation systems are advantageous because they are placed directly in 

the patient’s mouth and do not require positioning of an external device or alterations 

to dental instruments that might impede the dentist’s ability to perform the procedure. 

One disadvantage of HVE, either when used solely or in conjunction with an additional 

evacuation system, is that HVE often requires the use of one of the dental personnel’s hands 

or an additional dental assistant devoted to holding the HVE in place during four-handed 

procedures. Further, when used in conjunction with an additional evacuation system, the 

additional suction line can cause the suction flow rate to vary if the same vacuum pump is 

utilized, as is often the case in individual operatories or open bay operatories. An advantage 

of the intraoral evacuation systems evaluated in our study here is that they can be placed 

directly into a patient’s mouth and allow the dental personnel to freely use both hands while 

performing dental procedures, thus minimizing the number of personnel potentially exposed.
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The vacuum flow rate will directly affect evacuation systems’ efficiency and can vary due 

to several factors such as increased resistance due to build-up of residues within the vacuum 

system or increased pressure drops from simultaneous use of other vacuum systems in 

adjacent dental operatories that rely on the same vacuum pump. In Europe, a minimum of 

10.6 SCFM for intraoral suction devices has been used for decades to ensure the optimal 

performance of suction devices (Koch 2020). We measured flow rates well above 10.6 

SCFM, and these flow rates were relatively consistent among procedures. However, no 

other dental operatories were in use at the time of our study. Simultaneous use of multiple 

suction systems that utilize the same vacuum pump could contribute to variability in flow 

rates observed in clinic settings. Thus, field studies evaluating evacuation systems in clinics 

should measure and report the vacuum flow rates. Clinics that use HVE or alternative dental 

evacuation systems such as those described here should routinely test the flow rate of their 

vacuum system lines in each dental operatory to ensure optimal performance.

There are several limitations of this study. First, we conducted simulated dental procedures 

with a mannequin and simulated dental procedures do not account for real-world variability 

in mouth and tongue anatomy and size, which could affect the efficiency of the systems 

tested. Similarly, because we collected measurements during simulated dental procedures, 

we were not able to identify aerosols that were patient-derived (e.g., saliva, blood, 

mucins, or plaque) vs. procedure-based (e.g., water from the handpiece). Additionally, 

we only simulated two commonly encountered dental procedures and four commercially 

available intraoral evacuation systems. We are currently planning additional studies of 

the effectiveness of additional dental evacuation systems at mitigating PM4 and PM10 

aerosol during clinical practice with patients during multiple types of routine procedures to 

expand upon the results presented here. We note that designing a study to directly quantify 

SARS-CoV-2 infection risk for dental personnel is difficult because the infectious dose 

of SARS-CoV-2 needed to transmit infection has not been established (CDC 2021). The 

infectious dose for a respiratory virus can depend on multiple factors such as viral load 

of the patient; amount of virus shedding; aerosol size, number, and mass concentration; 

temperature; humidity; and immune status of the exposed individual (Leung 2021; Samet et 

al. 2021). Despite this knowledge gap, studies can be designed to assess theoretical exposure 

risk by assessing patient-derived bioaerosols present during dental procedures. In our future 

work, we aim to evaluate patient-derived bioaerosols and procedure-based aerosols to assess 

the effectiveness of dental evacuation systems at mitigating risk for exposure to potentially 

infectious patient-derived aerosol during clinical practice.

We chose to focus on PM4 and PM10 aerosol because (1) their small size and ability to 

remain suspended for hours to days is a potential hazard to dental personnel and patients 

if not adequately controlled, (2) aerosols in this size range (a) have been documented to 

contain SARS-CoV-2 virus capable of infecting cells in culture and (b) are more likely to 

escape past PPE such as face shields, (3) both size fractions can potentially contribute to 

occupational lung disease, and (4) no previous studies evaluated PM4 and PM10 aerosol 

generated during dental procedures while using source controls such as dental evacuation 

systems. However, larger aerosols in the inhalable size range can also contribute to potential 

respiratory virus infection risk. Additional studies are needed to evaluate the efficiency of 

source controls for inhalable aerosol exposure mitigation during dental procedures.
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Further, because our study did not include aims to characterize airflow patterns in the dental 

clinic or conduct hazard mapping, we did not collect air measurements of all supply air 

and return ducts to model air currents in the facility. Therefore, although we observed 

elevations in PM4 and PM10 aerosol in the hallway outside the operatory, we were not able 

to identify potential dead zones or areas where PM4 and PM10 aerosol might accumulate due 

to decreased air flow. In future work, we plan to evaluate the effect of airflow patterns on 

spatial distributions of aerosols throughout a clinic during and after dental procedures with 

and without intraoral evacuation systems. Such studies would increase an understanding of 

airflow effects on the spatial distribution of aerosols, especially PM4 and PM10 aerosols that 

can remain suspended for hours or days.

The source controls evaluated in our study can be utilized alongside other engineering 

controls recommended by ASHRAE and CDC, such as utilizing well-ventilated individual 

operatories when possible and working with a ventilation professional to optimize air 

movement in a clean-to-less-clean flow direction, including placing supply-air vents that 

deliver clean air into corridors with return-air vents that remove contaminated air from 

the rear of dental operatories (ASHRAE 2021). Source controls like the dental evacuation 

systems evaluated here are of even greater importance for dental facilities with open 

floor plans which could have difficulty retrofitting their open floor design to have (1) 

semi-individual operatories by adding physical barriers and (2) ventilation designed with a 

clean-to-less-clean flow direction from corridors to patient operatories.

Conclusions

Source controls such as the dental evacuation systems evaluated in our study can 

help minimize dental personnel’s exposure to harmful aerosols generated during dental 

procedures, including infectious bioaerosols, and other hazardous aerosols such as metals or 

silica. Source controls capture aerosol at the mouth of the patient and minimize its wider 

distribution within the dental operatory or dental clinic where it could be potentially inhaled 

by other personnel or bystanders. Our results contribute to the limited understanding of the 

effectiveness of dental evacuation systems at mitigating PM4 and PM10 aerosol exposure and 

can help dental personnel make informed decisions as to which engineering controls might 

best suit the needs of their practice or clinic. Additional studies are warranted to evaluate the 

effectiveness of these systems at mitigating patient-derived bioaerosols in clinical practice 

during multiple types of routine procedures. Future studies are also needed to evaluate the 

effect of airflow patterns on distributions of aerosols throughout a clinic during and after 

dental procedures with and without intraoral evacuation systems to understand their effect on 

the distribution of aerosols.
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Figure 1. 
Clinic operatory layout with air sampling and ventilation locations.
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Figure 2. 
Mannequin setup with System A (panel A), System B (panel B), and System C (panel C) 

systems.
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Figure 3. 
Box-whisker plots of background corrected mass concentrations in the dentist’s breathing 

zone during the scaling (top) and crown preparation (bottom) procedures. Significant 

increase above background concentrations is indicated by * (p = <0.05).
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Figure 4. 
Box-whisker plots of background corrected mass concentrations at the edge the of operatory 

during the scaling (top) and crown preparation (bottom) procedures. Significant increase 

above background concentrations is indicated by * (p = <0.05).
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Figure 5. 
Box-whisker plots of background corrected mass concentrations in the hallway outside the 

operatory during the scaling (top) and crown preparation (bottom) procedures. Significant 

increase above background concentrations is indicated by * (p = <0.05).

Blackley et al. Page 20

J Occup Environ Hyg. Author manuscript; available in PMC 2022 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Blackley et al. Page 21

Table 1.

Count median diameter (CMD), geometric mean (GM), and geometric standard deviation (GSD) of aerosols 

measured near the dentist’s breathing zone during scaling and crown preparation procedures with HVE, 

System A, System B, and System C.

Procedure

Dental
evacuation

system CMD (μm) GM (μm) GSD

Background, Day 1 None 0.65 0.69 1.30

Background, Day 2 None 0.63 0.67 1.28

Scaling HVE 0.64 0.68 1.27

System A 0.64 0.68 1.28

System B 0.64 0.69 1.28

System C 0.64 0.69 1.26

Crown Preparation HVE 0.64 0.69 1.29

System A 0.64 0.69 1.32

System B 0.64 0.69 1.30

System C 0.64 0.69 1.34
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