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A B S T R A C T   

Objectives: To evaluate the mechanical ventilation rates of dental treatment rooms and assess the effectiveness of 
aerosol removal by mechanical ventilation and a portable air cleaner (PAC) with a high-efficiency particulate air 
(HEPA) filter. 
Methods: Volumetric airflow were measured to assess air change rate per hour by ventilation (ACHvent). 
Equivalent ventilation provided by the PAC (ACHpac) was calculated based on its clean air delivery rate. Con
centrations of 0.3, 0.5 and 1.0 μm aerosol particles were measured in 10 dental treatment rooms with various 
ventilation rates at baseline, after 5-min of incense burn, and after 30-min of observation with and without the 
PAC or ventilation system in operation. Velocities of aerosol removal were assessed by concentration decay 
constants for the 0.3 μm particles with ventilation alone (Kn) and with ventilation and PAC (Kn+pac), and by times 
needed to reach 95 % and 100 % removal of accumulated aerosol particles. 
Results: ACHvent varied from 3 to 45. Kn and Kn+pac were correlated with ACHvent (r = 0.90) and combined 
ACHtotal (r = 0.81), respectively. Accumulated aerosol particles could not be removed by ventilation alone within 
30-min in rooms with ACHvent<15. PAC reduced aerosol accumulation and accelerated aerosol removal, and 
accumulated aerosols could be completely removed in 4 to 12-min by ventilation combined with PAC. Effec
tiveness of the PAC was especially prominent in rooms with poor ventilation. Added benefit of PAC in aerosol 
removal was inversely correlated with ACHvent. 
Conclusions: Aerosol accumulation may occur in dental treatment rooms with poor ventilation. Addition of PAC 
with a HEPA filter significantly reduced aerosol accumulation and accelerated aerosol removal. 
Clinical significance: Addition of PAC with a HEPA filter improves aerosol removal in rooms with low ventilation 
rates.   

1. Introduction 

Dentistry is considered a high-risk profession during a transmissible 
infectious disease pandemic due to the close proximity between dental 
care providers (DCPs) and the patient’s respiratory tract openings dur
ing dental exams and treatments. Standard precaution in dental offices, 
mainly developed against contact and droplet transmissions of blood
borne diseases, may not be adequate during an outbreak of infectious 
respiratory diseases [1]. As COVID-19 is likely transmissible through 
direct contacts, droplets and aerosols [2], transmission-based precaution 
for aerosols need to be considered when treating patients confirmed or 
suspected to have the infection. In addition to basic personal protective 

equipment (PPE), N95 masks, protective goggles with side shields and 
full-length face shields are added to the armamentarium of dental pro
fessionals performing aerosol-generating procedures per the American 
Dental Association (ADA) and the Central for Disease Control and Pre
vention (CDC) guidance [3,4]. Such increased level of protections might 
have been effective as few clusters of COVID-19 transmission have been 
reported in dental offices [5,6]. Nonetheless, both the dental pro
fessionals and their patients have been adversely impacted by fear and 
uncertainties associated with a novel infectious respiratory disease that 
can be transmitted by covert patients without any symptoms [7,8]. With 
mounting evidence that SARS CoV-2 is airborne and COVID-19 is likely 
transmissible through aerosols [9–13], dental practices worldwide face 
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challenges to develop adequate aerosol precaution measures beyond the 
familiar PPE, which is especially important for the protection of dental 
patients because they could not wear a mask during the dental exam and 
treatments. 

Engineering controls through mechanical ventilation and air filtration 
are considered a higher level of precaution than PPE and are important 
mechanisms to reduce the risks of airborne disease transmission in an in
door environment such as the dental treatment rooms. The US CDC guid
ance recommends that dental offices consider improving the building 
mechanical ventilation systems and/or adding a portable air cleaner (PAC) 
to minimize potential risks associated with aerosols in dental offices [4]. 
Though limited evidence indicates that PAC is useful in dental settings for 
aerosol controls [14,15], there is no published data that allow an assess
ment of the role of mechanical ventilations in aerosol removal from dental 
offices. The dental facility construction codes in New York state stipulate 
that dental clinics should have a mechanical ventilation rate of at least 6 air 
changes per hour (ACH) [16]. Though both the US CDC and the American 
Society of Heating Air-conditioning and Refrigeration Engineers (ASHARE) 
publishes ventilation guidelines for health care facilities, their guidance on 
ventilation design did not include dental spaces [17–19]. ASHARE rec
ommends that a minimum of 6 ACH for patients rooms, 12 ACH for 
airborne infection isolation room and 15 ACH for procedure rooms such as 
those for trauma surgery or interventional cardiology in outpatient settings 
[17], which is consistent with CDC guidelines for environmental infection 
control in healthcare facilities [19]. 

The US CDC recommended using PAC equipped with high efficiency 
particulate air (HEPA) filters as part of the engineering control measures 
for dental settings during the COVID-19 pandemic [4]. Many studies 
showed that PAC was effective in removing ultrafine aerosol particles from 
indoor environments [20–24]. Addition of PAC generally improved aerosol 
particle removals as compared to ventilation alone [23]. Few studies have 
investigated the effectiveness of PAC on aerosol control in dental offices. 
An earlier study showed that a blower-filter apparatus with a HEPA filter 
could reduce the peak microbial concentrations in dental treatment rooms 
by 72 %–97 % after 20 min of filtering operation [14]. A more recent study 
using engineering simulations by computer fluidic dynamics indicated that 
placing a PAC close to the patient’s head in dental offices may reduce the 
quantity of aerosol particles reaching the breathing zone of the oral health 
care providers [15]. 

As a part of the institutional responses to the COVID-19 pandemic, 
we assessed the heating, ventilation and air conditioning (HVAC) sys
tems in a multi-floor building that houses multiple dental treatment 
rooms and open bay clinics in an academic medical center and took 
several improvement measures, including upgrading the air filters to 
those with Minimum Efficiency Reporting Value rating of 13 (MERV 13) 
[25], and increasing the outside air percentage to 60 %. MERV 13 filters 
have a significantly higher particle removal efficiency (59 % for 0.1μm 
and 88 % for 1.0μm) than the MERV 7 filters (2 % for 0.1 μm and 30 % 
for 1.0 μm) that were replaced [26]. This building was originally built in 
the 1970s, though the internal clinical spaces had been successively 
renovated over the past 10 years. The mechanical ventilation rates of the 
dental treatment rooms and the open bay clinics were not known. To 
understand the properties of mechanical ventilation in the clinical 
spaces and assess the potential needs for improvements, we conducted 
experimental studies in collaborations with the engineers at the medical 
center facility to evaluate the mechanical ventilation rates of dental 
clinical spaces, the effectiveness of aerosol particle removal by me
chanical ventilation, and the utility of air filtration by PAC in improving 
aerosol particle removals from dental treatment rooms. 

2. Methods 

2.1. Study settings 

This study was conducted in a free-standing 8-floor dental facility 
originally constructed in 1976. The building contains 52 enclosed dental 

treatment rooms and 3 open bay clinics each containing 12 dental units 
spaced at 7–8 feet apart. A total of 3 air handling units, located on the 
third floor of the building, provide ventilations to the clinical areas on 
the concourse, first and second floors, and to the office, classroom and 
research lab areas on the fourth to seventh floors of the building. The 
present study focused on the enclosed dental treatment rooms on the 3 
clinical floors on the lower levels. The dental urgent care clinic on the 
concourse level was constructed in 2010 and contains 7 enclosed dental 
operatories with ventilations provided by an air handling unit that 
draws 30 % outside air at the default setting. The general dentistry and 
specialty clinics on the first and second floors include 45 enclosed dental 
operatories and the 3 open bay 12-unit clinics with ventilations provided 
by two different air handling units that draws 60 % outside airs at the 
time of the study. All 3 air handling units are equipped with particulate 
filters that have a rating of MERV 13. The room temperatures were at 71 
◦F to 73 ◦F (22 ◦C–23 ◦C) and relative humidity at 34 %–52 % in the 
dental treatment rooms during the experiments. 

2.2. Determination of room airflow and mechanical ventilation rates 

The volumetric airflow rates of the enclosed dental treatment rooms 
and open bay clinics were measured in cubic feet per minute (CFM, or 
ft3/min. For metric unit conversion, 1 CFM = 0.0283 cubic meter per 
minute, or m3/min) at both the air supply inlets and air exhaust returns 
using an air velocity sensor integrated in a flow hood (ADM-850 L Air
data Multimeter with CFM-850 L FlowHood, Shortridge Instruments, 
Inc., Scottsdale, AZ). The Airdata multimeter and the flow hood were 
calibrated by the manufacturer following a program complies with the 
ANSI/NCSL Z540-1, ISO 17025, and MIL-STD 45662A standards 
immediately before the experiments. The volumetric sizes of the dental 
treatment rooms and open bay clinics were calculated in cubic feet (CF, 
or ft3. 1 ft3 = 0.0283 m3) based on the length, width and ceiling height of 
each space. The mechanical ventilation rates of each space in number of 
ACH was calculated as follows [27]:  

ACHs = (total air supply rate in CFM × 60 min)/volume of room in CF, and   

ACHe = (total air exhaust rate in CFM × 60 min)/volume of room in CF.      

The supply and exhaust airflow rates for each room were measured 
three times and the mean values were used as the base for the final 
ventilation rate calculations. The larger value between ACHs and ACHe 
was used as the room’s mechanical ventilation rate (ACHvent) [27]. 

2.3. Aerosol particle generation and quantification 

Aerosol particles were generated by burning three sticks of incenses 
(Precious Lavender, HEM Corp., Mumbai, India) and size-specific 
quantifications for the 0.3, 0.5 and 1.0 μm-diameter aerosol particles 
were done using a Lasair III 310C aerosol particle counter (Particle 
Measuring Systems, Boulder, CO, USA). The aerosol particles produced 
by incense burn are mostly at or below 1.0 μm in diameter and float for 
an extended period of time if not removed by ventilation or filtration 
[22,28]. Before the experiment, we measured the aerosol concentrations 
near the breathing zone of the operators in dental treatment rooms 
during restorative and surgical procedures and found that most of the 
aerosol particles generated by high and low-speed dental drillings were 
below 1.0 μm in diameter (Supplemental Fig. 1, Supplemental Tables 1 
and 2), which is consistent with the reports that aerosol particles from 
drilling activities in dental treatment rooms were mostly smaller than 
0.5 μm in diameter and particles larger than 1 μm were rare [29–31]. A 
small oscillating fan mounted on the walls was turned on at low setting 
during the experiment to render the air well mixed in the dental treat
ment rooms. The quantitative increase in particle concentrations (#/m3) 
from the beginning to the end of 5-minute incense burn was defined as 
the aerosols accumulated in the room from the incense burn (Qe). The 
aerosol generation and accumulation experiments by incense burn were 
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repeated in four rooms with different volumetric sizes with the venti
lation system turned off. 

2.4. Determination of effectiveness of aerosol removal by PAC 

The PAC model used for this study was a Honeywell 50250 (Hon
eywell Inc., Charlotte, NC, USA) with a 360◦ circular HEPA filter pur
chased online in October 2020. As the particle with a diameter of 0.3 μm 
is considered “the most penetrating particle” [32], and the filtration 
efficiency rating of the HEPA filter is based on this particle size, we used 
the decay constants of 0.3 μm particles to assess the effectiveness of the 
PAC used in this study. The effectiveness of aerosol removal by PAC was 
determined in four treatment rooms using aerosol particles generated 
from incense burn [20,24]. The mechanical ventilation system was first 
turned off. After 15 min of baseline measurements, 3 sticks of incenses 
were burned for 5 min and extinguished. The aerosol particle concen
trations were then continuously measured for 30 min to determine the 
particle decay constants (k0) of the 0.3 μm aerosol particles without 
mechanical ventilation. After 30 min of measurements, 3 sticks of in
censes were again burned for 5 min and extinguished. The PAC, placed 
on the left side of the dental chair at about 2 feet away from the footrest 
(Supplemental Fig. 2), was turned on at high setting during the second 
incense burn and the aerosol particle concentrations were continuously 
measured again for 30 min to determine the decay constants (kpac) of the 
0.3 μm aerosol particles with the PAC on. The decay constants with 
(kpac) and without (k0) the PAC on were calculated as described by 
Waring et al. [20] by fitting a linear regression line over time (h) into the 
negative natural log scale of time-varying concentration (Ct) normalized 
by the initial concentration at the time the incense was extinguished 
(C0). 

The Honeywell 50250 PAC has a clean air delivery rate (CADR) of 
250 for particles ranging from 0.1 μm to 11 μm, which signifies that the 
PAC delivers 250 CFM clean air [24,33]. The number of equivalent of 
ACH provided by the PAC (ACHpac) are dependent on the CADR and the 
volume of the room [34]:  

ACHpac = CADR of the PAC in CFM × 60 min/volume of the room in CF    

The experiments on aerosol removal with PAC turned on were per
formed in the same rooms described in the preceding section on aerosol 
generation. 

2.5. Effects of mechanical ventilation and PAC on aerosol particle 
removal 

With the building mechanical ventilation system turned on, aerosol 
particle concentrations in 10 selected dental treatment rooms were first 
measured for 15 min at baseline, followed by 5 min during incense 
burning, then continuously for 30 min to observe the removal of the 
particles by mechanical ventilation alone after the incenses were 
extinguished. After 30 min of mechanical ventilation, 3 sticks of in
censes were again burned for 5 min with the PAC turned on at this time 
and continued for an additional 30 min after incense burn to observe the 
effectiveness of aerosol particle removal by the PAC combined with 
mechanical ventilation. The size specific quantification was done for 
particles 0.3, 0.5, 1.0 μm in diameters using the Lasair III 310C aerosol 
particle counter and a Lighthouse 3016 airborne particle counter 
(Lighthouse Worldwide Solutions, Fremont, CA, USA). The decay con
stants for the 0.3 μm aerosol particles were calculated for mechanical 
ventilation alone (kn) and for PAC combined with mechanical ventila
tion (kn+pac) as described above. The experiments were performed in 
dental treatment rooms with varying ventilation rates to determine the 
association between mechanical ventilation rates and effectiveness of 
aerosol particle removal with and without the PAC turned on. Percent
age of 0.3 μm aerosol particles removed was calculated for each room at 
5, 10, 15, 20, 25 and 30 min after the incenses were extinguished, with 

and without the PAC being turned on, to assess the effectiveness of PAC 
in rooms with different mechanical ventilation rates. Calculations of 
aerosol removal percentage were based on the decrease of those 0.3 μm 
aerosol particles accumulated from incense burn only (Qe, or the 
numbers of particles per cubic meter added to the baseline level after 5 
min of incense burn). 

When both the mechanical ventilation system and the PAC are 
turned on, total ACH for the room (ACHtotal) is calculated as the sum of 
ACHvent and ACHpac. 

2.6. Noise level in dental operatories 

Sound levels in the selected dental treatment rooms were recorded 
continuously at 0.5-second interval during the experiments using the 
Decibel X Pro (SkyPaw Co., Hanoi, Vietnam) sound meter application 
[35] to assess the noise level added by the PAC. The average A-weighted 
sound levels (dBA) were compared between the periods with and 
without the PAC in operation. The sound meter was placed by the 
headrest of the dental chair and was approximately 6 feet away from the 
PAC near the footrest of the dental chair. 

2.7. Statistical analysis 

To understand the effects of mechanical ventilation and air filtration 
on the speed of aerosol particle removal from the dental treatment 
rooms, a simple regression model was used to assess the correlation 
coefficients (Pearson’s r) of particle decay constants and those of speeds 
of aerosol removals between different experimental conditions using 
StatView (SAS Institute Inc., Cary, NC, USA). Aerosol particle removal 
rates of the PAC were analyzed in dental treatment rooms with varying 
mechanical ventilation rates to explore potential interactions between 
ventilation rates and aerosol particle removal efficiency of the PAC. 
Average sound levels were compared between periods with and without 
the PAC turned on to investigate the additional noises introduced by the 
PAC. Quantitative comparisons between two experimental conditions 
(with and without the PAC) were done with paired-t tests. All statistical 
tests were two-tailed at the significance level of 0.05. 

3. Results 

The volumes and mechanical ventilation rates of dental treatment 
rooms and open bay clinics are provided in Supplemental Table 3. The 
52 treatment rooms are on average 878 CF (24.9 m3) in volume (range 
396–1646 CF, or 11.2 to 46.6 m3). ACHvent varied from 3 to 45 with a 
mean of 14 (±10). Thirteen of the treatment rooms have approximately 
equal supply and exhaust airflow rates with the differentials between 
ACHs and ACHe not greater than one. Twenty-seven rooms have greater 
supply than exhaust air flow rates with positive differentials between 
ACHs and ACHe at two or greater; and 12 rooms have greater exhaust 
than supply airflow rates with negative differentials between ACHs and 
ACHe at two or greater. Most of the treatment rooms (92 %) have 
ACHvent at or greater than 6, and 60 % of the rooms had ACHvent at or 
greater than 10. The rooms with poor ventilation (ACHvent<6) are 
invariably located at the far ends of corridors where the supply ducts 
end. Two of the rooms had unfunctional air exhaust vents and had an 
exhaust airflow rate of zero. 

3.1. Aerosol particle generation and characterization 

Aerosol particles 0.3, 0.5 and 1.0 μm in diameters increased to a 
great extent (on average 7.0 × 107, 3.1 × 107 and 1.6 × 106/m3, 
respectively) after 5 min of incense burn and their concentrations stayed 
high throughout the 30 min observation period after the incenses were 
extinguished (Fig. 1, Table 1). This was especially true for the 0.3 μm 
aerosol particles, which decreased only 6.5 % on average in concen
tration after 30 min, compared to a 59.5 % decrease for the 0.5 μm and a 
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61.0 % decrease for the 1.0 μm particles (Table 1). 
The concentration decay constants K0 for the 0.3 μm aerosol particles 

ranged from -0.62 to 1.09 (Mean 0.11, SD 0.78) when no active venti
lation or air filtration was present. The slight changes in concentrations 
over the 30-minute measurement time were likely due to deposition of 
the particles on interior surfaces of the room and air leakage around the 
room doors (Fig. 1, Table 3). 

3.2. Effectiveness of aerosol particle removal by the PAC 

As shown in Fig. 2 and Table 2, the concentrations for the 0.3, 0.5 
and 1.0 μm particles showed rapid decrease after the incenses were 
extinguished with the ventilation system remained off but the PAC was 
turned on at high setting. The concentration decay constants kpac for the 
0.3 μm particles ranged from 14.7–23.2 (Mean 18.7, SD 3.7) with the 
PAC on (Table 3). Average concentrations for the 0.3 μm aerosol particle 

(9.6 × 105/m3) was 10-fold lower than the baseline concentration (1.0 ×
107/m3) after 30 min of observation, indicating that the PAC removed 
not only the aerosol particles from incense burn but also some particles 
already existed in the room at baseline (Fig. 2, Table 2). Times needed to 
reach 95 % removal of aerosol particles accumulated from incense burn 
were 8 (±2) minutes which were associated with the room sizes and 
peak particle concentrations (r = 0.99, p < 0.05) (Table 3). Larger rooms 
with higher concentrations of particles needed longer time to achieve 
100 % removal by the PAC. 

3.3. Aerosol particle removal through mechanical ventilation and PAC 

We selected 10 treatment rooms located in different areas of the 
building and having a wide range of ventilation rates to assess the 
effectiveness of the mechanical ventilation and PAC (Table 4). Equiva
lent air change rates by the PAC, the ACHpac, ranged from 12 to 22 
(Mean 17.5, SD 3.2) depending on the volumetric size of the rooms 
(Table 5). Accumulations of 0.3 μm aerosol particles after 5-min incense 
burn were significantly higher with ventilation alone (Mean 1.4 × 108/ 
m3, SD 1.2 × 108) than with ventilation and PAC (Mean 6.9 × 107/m3, 
SD 5.3 × 107) (t = 3.21, p = 0.01, Table 5). Addition of the PAC reduced 
the aerosol accumulation by an average of 46.9 % (SD 20.8 %). As shown 
in Figs. 3, concentration decay curves for the 0.3, 0.5 and 1.0 μm aerosol 
particles were significantly affected by the values of ACHvent and the 
PAC during the 30-minute measurement periods after the incenses were 
extinguished with the mechanical ventilation alone or with both the 
mechanical ventilation and the PAC turned on. Aerosol concentrations 
decreased faster in rooms with higher ACHvent, and the addition of the 
PAC further accelerated the decrease in all the rooms, especially in those 
with low ACHvent (Fig. 3). 

For the 0.3 μm aerosol particles, the concentration decay constants 
Kn ranged from 1.4–29.9 (Mean 10.7, SD 7.7) with the mechanical 

Fig. 1. Size-specific aerosol particle concentrations in logarithmic scale at base line, after 5 min of incense burn and after 30 min of observation in four dental 
treatment rooms with various volumetric sizes in cubic feet (ft3) or cubic meters (m3) with ventilation turned off. Incense burn started at the 5th minutes and stopped 
at the 10th minutes. Particle concentrations were measured at 1-minute interval for the 30 min period from the 10th and 40th minutes to observe the natural particle 
concentration decays without the effect of ventilation or air filtration. 

Table 1 
Aerosol particle concentrations (#/m3, Mean ± SD) before and after 5 min of 
incense burn and after 30 min of observation with room ventilation off.   

0.3 μm 0.5 μm 1.0 μm Total 

Baseline 9.6 × 105 ±

4.8 × 105 
7.9 × 104 ±

3.7 × 104 
1.8 × 104 ±

1.7 × 104 
1.1 × 106 ±

5.0 × 105 

After incense burn 7.0 × 107 ±

8.0 × 106 
3.1 × 107 ±

2.0 × 107 
1.6 × 106 ±

1.4 × 106 
1.0 × 108 ±

1.6 × 107 

Aerosol 
accumulated 
(Qe) 

6.9 × 107 ±

8.4 × 106 
3.1 × 107 ±

2.0 × 107 
1.6 × 106 ±

1.3 × 106 
1.0 × 108 ±

1.6 × 107 

After 30 min 6.4 × 107 ±

1.5 × 107 
1.4 × 107 ±

1.1 × 107 
6.1 × 105 ±

5.2 × 105 
7.8 × 107 ±

2.6 × 107 

% Aerosol 
removed 

6.5 ± 30 59.5 ± 11.2 61 ± 13 25.7 ± 15.2  

Fig. 2. Effectiveness of aerosol particle removal by the portable air cleaner in four dental treatment rooms with various volumetric sizes in cubic feet (ft3) or cubic 
meters (m3) with ventilation turned off. Baseline particle concentrations were measured for 5 min. Incense burns started at the 5th min and stopped at the 10th 
minutes with the portable air cleaner turned on. 
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ventilation on (Table 5). Kn was significantly associated with ACHvent (r 
= 0.91, p < 0.01), signifying that the speed of aerosol removal increased 
with higher ventilation rate. Aerosol particle concentration decreased by 
96.4 % (±6.4 %) on average after 30 min of observation, but reached the 
baseline level (or achieved nearly 100 % removal of the aerosol particles 
accumulated from incense burn) only in the 4 treatment rooms with high 

ventilation rate (ACHvent>15) by mechanical ventilation alone. At least 
97 % of aerosol particles were removed in the treatment rooms with 
ACHvent ≥6 after 30 min of ventilation (Supplemental Table 4). 

The particle concentration decay constants kn+pac for the 0.3 μm 
particles ranged from 16.1–41.5 (Mean 25.8, SD 7.7) when both venti
lation and PAC were turned on. Kn+pac was significantly associated with 
ACHtotal (r = 0.81, p < 0.01), indicating that the speed of aerosol 
removal increased in general with addition of PAC and the higher 
combined ventilation rates. There were statistically significant differ
ences between kn and kn+pac (t=-12.12, p < 0.01) (Table 5). Aerosol 
particle concentration decreased by 99.8 % on average (SD 0.7 %) 
within 10 min. Times need to reach 95 % removal of aerosol particles 

ranged from 3− 9 min and nearly 100 % removal from 4− 12 min when 
both the mechanical ventilation and the PAC were turned on. Notably, 
the two rooms with poor ventilation (ACHvent 3 or 4) reached nearly 100 
% removal of accumulated aerosols from incense burn before the 10th 
minute, at a similar time with the 4 rooms with the highest ventilation 
rates (ACHvent 15–32) and faster than the 4 rooms with higher ventila

tion rates (ACHvent 6–13) (Table 5). 
Aerosol particle removal effectiveness with ventilation alone or with 

both ventilation and the PAC, at 5, 10, 15, 20, 25 and 30 min, are 
illustrated in Fig. 4. With the PAC turned on, aerosol particle removal 
showed the greatest increase from those with mechanical ventilation 
alone in rooms with poor ventilation. The effectiveness of the PAC was 
especially remarkable in the room with ACHvent 4, where it reached 100 
% removal of the accumulated aerosols by the 5th minute while no 
aerosol particles were removed by ventilation alone at the same time 
point. This room was located at the far end of the ventilation duct system 
and had only limited air supply (ACHs = 4) and a defective air exhaust 
return that has no air flow (ACHe = 0) (Supplemental Table 1). 

Table 2 
Aerosol particle concentrations (#/m3, Mean ± SD) before and after 5 min of incense burn and after 30 min of observation with ventilation off but portable air cleaner 
on.   

0.3 μm 0.5 μm 1.0 μm Total 

Baseline 1.0 × 107 ± 6.4 × 106 8.8 × 105 ± 5.9 × 105 1.3 × 105 ± 6.6 × 104 1.1 × 107 ± 7.0 × 106 

After incense burn 6.3 × 107 ± 1.3 × 107 1.7 × 107 ± 1.2 × 107 4.6 × 105 ± 2.2 × 105 8.0 × 107 ± 2.4 × 107 

Aerosol accumulated (Qe) 5.2 × 107 ± 1.3 × 107 1.6 × 107 ± 1.1 × 107 3.2 × 105 ±2.5 × 105 6.9 × 107 ± 2.2 × 107 

After 30 min 9.6 × 105 ± 4.8 × 105 7.9 × 104 ± 3.6 × 104 1.9 × 104 ± 1.7 × 104 1.0 × 106 ± 5.0 × 105 

% Aerosol removed* 119.0 ± 13.2 108.3 ± 9.2 150.5 ± 34.7 116 ± 11  

* Aerosol concentrations were lower than the baseline after 30-min, indicating that the portable air cleaner removed all the aerosol particles accumulated from 
incense burn and some particles already existed in the room at baseline. 

Table 4 
Dental treatment rooms selected for aerosol removal study.  

RM # Volume ACHs ACHe ACHvent Temp RH Floor  
ft3 (m3)    oF (oC) (%)  

002 815 (23.1) 11 9 11 71.0 (21.7) 51.9 0 
003 787 (22.3) 10 13 13 71.4 (21.9) 50.9 0 
008 1221 (34.6) 6 5 6 72.7 (22.6) 48.5 2 
012 1015 (28.7) 8 3 8 73.1 (22.8) 47.4 2 
019 686 (19.4) 8 32 32 72.5 (22.5) 47.3 1 
021 861 (24.4) 3 3 3 71.6 (22.0) 49.0 1 
022 833 (23.6) 4 0 4 73.1 (22.8) 47.0 1 
031 962 (27.2) 19 15 19 71.3 (21.8) 36.8 2 
032 667 (18.9) 26 16 26 73.0 (22.8) 33.9 2 
033 970 (27.5) 13 15 15 72.0 (22.2) 35.7 2 
Mean 882 (25.0) 11 11 14 72.2 (22.3) 44.8 – 
SD 166 (4.7) 7 9 10 0.8 (0.4) 6.7 – 

ACHs –air change per hour by air supply; ACHs –air change per hour by air exhaust; ACHvent –air change per hour by ventilation. RH – relative humidity. 

Table 3 
Decay constants for 0.3 μm particles and time needed to remove 95 % and 100 % aerosol particles accumulated from incense burn without room ventilation and with 
the portable air cleaner off and on.  

RM # 
Qe (#/m3) 

ACHpac Ko Kpac 

Time to 95 % removal Time to 100 % removal 

pac off pac on pac off pac on pac off pac on 

022 7.8 × 107 6.3 × 107 18 0.4 20.2 >30 8 >30 9 
031 7.3 × 107 6.0 × 107 16 1.1 16.8 >30 9 >30 11 
032 6.6 × 107 3.4 × 107 22 − 0.4 23.2 >30 5 >30 5 
033 5.9 × 107 5.4 × 107 15 − 0.6 14.7 >30 9 >30 9 
Mean 6.9 × 107 5.2 × 107 17.5 0.1 18.7 – 8 – 9 
SD 8.3 × 106 1.3 × 107 3.2 0.8 3.7 – 2 – 3 

Qe– number of 0.3 μm particles per cubic meter (#/m3) accumulated from 5 min of incense burn with portable air cleaner (pac) off or on. ACHpac – equivalent air 
change per hour provided by the portable air cleaner. Ko – decay constants with portable air cleaner off. Kpac – decay constants with portable air cleaner on. 
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Table 5 
Decay constants for 0.3um particles and time needed to remove 95 % and 100 % aerosol particles accumulated from incense burns (Qe) with ventilation alone and with 
ventilation and portable air cleaner.  

RM # 
Qe (#/m3) 

ACHvent ACHpac ACHtotal Kn Kn+pac 

Time to 95 % removal Time to 100 % removal 

vent vent/pac vent vent/pac vent vent/pac 

002 3.5 × 108 1.5 × 108 11 18 29 10.7` 29.4 17 6 >30 9 
003 7.6 × 107 5.1 × 107 13 19 32 9.5 27.2 22 7 >30 9 
008 2.7 × 107 1.1 × 107 6 12 18 7.3 19.3 25 7 >30 8 
012 7.4 × 107 6.1 × 107 8 15 23 6.7 16.1 24 9 >30 12 
019 4.9 × 107 2.4 × 107 32 22 54 29.9 41.5 7 5 10 8 
021 3.0 × 108 1.6 × 108 3 17 20 5.0 23.0 >30 5 >30 6 
022 6.9 × 107 4.8 × 107 4 18 22 1.4 20.5 >30 5 >30 5 
031 7.3 × 107 5.6 × 107 19 16 35 13.1 32.8 15 7 25 10 
032 6.1 × 107 1.3 × 107 26 22 48 13.9 29.0 11 3 19 4 
033 6.7 × 107 1.8 × 107 15 15 30 9.0 19.5 17 4 29 4 
Mean 1.4 × 108 6.9 × 107 14 17 31 10.7 25.8 – 6 – 8 
SD 1.2 × 108 5.3 × 107 10 3 12 7.7 7.7 – 2 – 3 

Qe– number of 0.3 μm particles per cubic meter (#/m3) accumulated from 5 min of incense burn with ventilation only (vent) and with both ventilation and portable air 
cleaner (pac) on. ACHvent –air change per hour by ventilation. ACHpac – equivalent air change per hour by the portable air cleaner. Kn – decay constants with ventilation 
only. Kn+pac – decay constants with portable air cleaner and ventilation. 

Fig. 3. Effectiveness of aerosol particle removal by ventilation alone and by ventilation plus the portable air cleaner in dental treatment rooms with various me
chanical ventilation rates measured by air change per hour (ACH). Baseline particle concentrations were measured for 15 min. Incense burns started at the 15th 
minutes and stopped at the 20th minutes with ventilation alone. After 30 min of observation of particle concentration decays, the portable air cleaner was turned on 
and the second incense burns started at the 50th minutes and stopped at the 55 min. Aerosol particle concentration decays, with the effects of both ventilation and air 
filtration, were observed for 30 min from the 55th and 85th minutes. 

Fig. 4. Removal efficiency for the 0.3 μm aerosol particles with ventilation alone and with both ventilation and the portable air cleaner at 5, 10, 15, 20, 25 and 30 
min after aerosol generations in dental treatment rooms with various mechanical ventilation rates measured by air change per hour (ACH). Only the rooms with high 
ventilation (ACH > 15) achieved 100 % aerosol removal by ventilation alone. The effectiveness of the portable air cleaner is especially high in rooms with poor 
ventilation (ACH 3 or 4). 
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3.4. Interactions between ACHvent and ACHpac 

There were clear interactions between the ventilation system and the 
PAC. Though adding a PAC improved the effectiveness of aerosol 
removal in all the rooms, the effectiveness of ACHtotal, which represents 
the combined effects from ACHvent and ACHpac, is not a simple additive 
of the two components. The correlation coefficients were very high 
between ACHvent and times needed to reach 95 % (r=− 0.97, p < 0.01) 
and 100 % (r=− 0.90, p < 0.01) aerosol particle removals with venti
lation alone (Fig. 5A and B). Higher ACHvent invariably resulted in faster 
aerosol particle removal when the PAC was not turned on. However, the 
correlation was not as clear between ACHtotal and times needed to reach 
95 % (r=− 0.56, p > 0.05) and 100 % (r=− 0.29, p > 0.05) aerosol re
movals with both ventilation and PAC turned on (Fig. 5 C, D). The two 
rooms with the lowest ACHvent had the most significant increase in the 
effectiveness of aerosol removal with both ventilation and PAC on, 
surpassing all but one room with much higher ACHvent and ACHtotal 
(Table 5). The time differentials between ACHtotal and ACHvent in 
reaching 95 % or 100 % aerosol removals, which represent the magni
tudes of added benefit by adding a PAC, were inversely correlated with 
ACHvent (Fig. 6, r=− 0.91 for 95 %, and r=− 0.83 for 100 %, p < 0.01). 
The higher the ACHvent, the lower the benefit gained from the PAC in the 
effectiveness of aerosol removal. 

3.5. Effect of PAC on noise levels in dental treatment rooms 

Noise levels measured by the headrest of dental chairs was on 
average 56 dB (SD 8) at baseline and 70 dB (SD 9) when the PAC were 
turned on at high setting, an increase of 14 dB (SD 2) (t=-19.82, p <
0.01). Baseline noise levels varied between the locations of the dental 
treatment rooms (Supplemental Table 5). 

4. Discussion 

The findings of the present study indicate that mechanical ventila
tion and PAC are both important determinants of aerosol removal from 
dental treatment rooms. Rooms with poor mechanical ventilation 
facilitate aerosol particle accumulations in comparison to rooms with 
high mechanical ventilation. PAC with a HEPA filter was very effective 
in reducing aerosol accumulation and accelerating aerosol removal, and 
its effectiveness was especially prominent in dental treatment rooms 
with poor mechanical ventilation (ACHvent<6). The benefit gained from 
PAC in aerosol removal diminished with increased mechanical ventila
tion in the rooms. 

With mechanical ventilation alone, we found that the speeds of 
aerosol removal from the dental treatment rooms were highly correlated 
with mechanical ventilation rates. For example, a room with 6 ACHvent 
required 25 min to remove 95 % of the 0.3 μm aerosol particles while the 
one with 32 ACHvent needed only 7 min. Only those rooms with ACHvent 

Fig. 5. Correlations between ventilation alone (ACHvent) or ventilation plus portable air cleaner (ACHtotal) and times needed to 95 % or 100 % removals of the 0.3 μm 
aerosol particles. Higher ACHvent is highly correlated with shorter times needed to reach 95 % or 100 % aerosol removal (A, B), but such correlations are weak for 
ACHtotal (C,D). 

Fig. 6. Correlations between room ventilation rates (ACHvent) and the relative effectiveness of portable air cleaner measured by time differentials between ACHtotal 
and ACHvent in reaching 95 % or 100 % aerosol removals. The higher the ACHvent, the lower the benefit gained from the addition of a portable air cleaner in the 
overall effectiveness of aerosol removal. 
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greater than 15 could completely remove the aerosols by mechanical 
ventilation alone within the 30 min observation period in this study. 
With the addition of a PAC and combined ventilation and air filtration, 
the speeds of aerosol removal increased in general but were not as highly 
correlated with the combined ventilation rates (ACHtotal) as compared to 
those with mechanical ventilation alone. In the two rooms with poor 
ventilation (ACHvent<6), addition of the PAC accelerated the aerosol 
particle removal to a much greater extent compared to rooms with 
higher mechanical ventilation rates. These findings are in agreement 
with a previous study that demonstrated that combined high air change 
rates from ventilation and air filtration did not always translate into 
higher aerosol particle removal efficiency, likely due to the disruption of 
exhaust air return by the high air flow rate [23]. The relative position of 
the PAC to the locations of the aerosol sources and air supply and 
exhaust vents might also play a role in their combined effectiveness [23, 
36]. Though the PAC was placed in the same location close to the 
footrest of the dental chair in each of the room studied, the supply and 
exhaust air vents in the rooms are mounted in variable locations on the 
ceilings or the side walls without a rational or predictable pattern, which 
in turn renders air flow directions and patterns inconsistent from room 
to room. Though airflow patterns and directions are considered impor
tant determinants of aerosol control and removal in treatment rooms 
[37], and CDC guidance for dental settings during COVID-19 pandemic 
also points to the importance of air flow directions [4], it appears that 
these factors had not been taken into consideration during the design, 
construction and recent renovations of the dental treatment rooms in the 
current facility. Considering the existing evidence that microbial-laden 
droplets and aerosols are likely present in the air spaces in the breath
ing zone of the DCPs after aerosol generating procedures [15,38,39], 
future engineering designs for dental treatment rooms may need to 
consider air flow directions and patterns in addition to air low rate to 
improve the effectiveness of aerosol removal. 

Air filtration using a PAC has been shown to be an effective strategy 
for aerosol particle removal and improving indoor air qualities [22,24, 
34,40]. The most important feature of a PAC is its filtration efficiency 
indicated by CADR. The PAC used in this study is equipped with a HEPA 
filter and has a CADR of 250 for smoke, dust and pollen [41]. Using this 
CADR rate, we calculated that the additional equivalent air change rate 
provided by the PAC, the ACHpac, ranged from 12 to 22 for the 10 dental 
treatments rooms depending on their volumetric size. We found that the 
PAC could reduce aerosol accumulation as well as accelerate aerosol 
particle removal. Addition of a PAC reduced aerosol accumulation by 
nearly 50 % as compared to ventilation alone. With the ventilation 
turned off, the effectiveness of the PAC in removing aerosol particles was 
mostly associated with volumetric size of the rooms and the concen
trations of aerosol particles in the rooms. Larger rooms with more 
aerosol particles will take longer time for the PAC to completely clean 
the air. Our findings suggest that the ACHpac is comparatively more 
effective in removing aerosols from dental treatment rooms than ACH
vent as measured by the times needed to remove 100 % of the accumu
lated aerosols. In four rooms with mechanical ventilation turned off, 
PAC removed the aerosols from 5− 11 min. In contrast, it took 10− 30 
min for the aerosols to be removed by ventilation alone in the four rooms 
with the highest airflow rates (ACHvent 15–32). Aerosols particle could 
not be completely removed within the 30 min observation period by 
ventilation alone if ACHvent is below 15. Considering that the PAC is all 
the more effective in rooms with low ventilations rates, we think that it 
is prudent to consider adding a PAC with a HEPA filter into a dental 
treatment room if the mechanical ventilation rate is low or unknown. 
The PAC used in this study retailed for about $229 and appeared very 
effective in aerosol removal in dental settings. Though the magnitude of 
added benefit from the PAC diminished in rooms with very high venti
lation rates, it nonetheless further increased the rates of aerosol particle 
removals in these rooms as compared to ventilation alone. 

Dental droplets or aerosols, energized by aerodynamic forces from 
high speed rotations or ultrasonic vibrations of dental instruments, may 

be spattered into air spaces in dental treatment rooms and cause con
taminations of the indoor environment [38,39]. The distinction between 
droplets and aerosols has traditionally been described by a matter of 
physical size - those greater than 5 μm in diameters are droplets that fall 
rapidly to the ground and travel less than 2 m; and those smaller than 5 
μm are droplet nuclei or aerosols that suspend in the air for an extended 
period time and may travel greater than 2 m in distance [42,43]. Though 
such distinction by size alone lacks scientific rationale as many droplets 
greater than 5 μm in diameters may also remain airborne for minutes or 
longer [44,45], it is generally agreed that the smaller the aerosol par
ticles in sizes, the longer times it takes for them to fall into the ground, 
and therefore the higher the risk for them to be inhaled by individuals 
within the environment. In dentistry, it is those aerosol particles that 
reach the breathing zone of the oral health providers post true health 
risks as they may be inhaled by dentists or their staffs during the 
treatments if effective PPE was not properly used. Though low and 
high-volume vacuum evacuations are effective measures of droplet and 
aerosol controls and may reduce microbial and particulate contamina
tions by more than 90 % [35,46–49], some aerosols may inevitably 
escape into the air spaces surrounding the DCPs and their patient. Mi
crobial contamination and aerosol simulation studies have demon
strated that it is possible for a small fraction of the aerosols to reach the 
breathing zone of the DCPs [15]. Our pilot testing in dental treatment 
rooms also showed that aerosol particles, especially those under 1 μm in 
diameters, increase transiently near the breathing zones of dentists and 
dental assistants at approximately 18 in. away from the patient’s head 
following aerosol-generating procedures with high and low speed 
handpieces. Though the health consequences of these fine aerosol par
ticles in dental settings remain to be elucidated, the US CDC has advised 
that dental professionals limit aerosol-generating procedures and take 
measures to improve ventilation and air filtration during the COVID-19 
pandemic [4]. As aerosol particles in this size range may be suspended in 
the air for an extended period of time, ventilation and air filtration are 
the most and practical and effective ways to remove them from the in
door environment [23,50,51]. 

Though numerous studies have assessed the effectiveness of intra- 
and extra-oral vacuum evacuation devices on spatter and droplet con
trols by measuring microbial contaminations or particle depositions in 
dental treatment rooms [52,53], information is lacking on the effec
tiveness of mechanical ventilation and air filtration on aerosol particle 
removal in dental settings. The present study represents the first step 
towards the understanding of potential roles of engineering control 
through dilution ventilation and air filtration in reducing or eliminating 
aerosols in dental treatment rooms. We found that dental treatment 
rooms in the same facility and on the same air handling system had 
vastly different mechanical ventilation rates, with those having very low 
ventilation rates generally located in the distal ends of the air supply 
duct system. Some rooms with very high ventilation rates are dedicated 
as rooms for nitrous oxide sedation and have additional exhaust air 
returns. Rooms with poor ventilation may increase aerosol particle ac
cumulations and increase the risks of airborne pathogen transmission 
[54,55]. The findings of the present study support the addition of PAC 
with a HEPA filter in these rooms to facilitate aerosol removals. 

A previous study using computer fluidic dynamics modeling indi
cated that the location of the PAC relative to the patient and the DCPs 
was an important factor in the effectiveness of the PAC for aerosol 
removal [15]. A PAC placed behind the dentist would have increased the 
amount of aerosols reaching the breathing zone of the dentist due to an 
unfavorable airflow direction with the PAC turned on. The ideal location 
for the PAC is close to the patient’s head but away from the care pro
viders. Considering that dentist and dental assistant occupy the areas on 
both sides of the patient and there are usually cabinets and equipment at 
the 12 o’clock position right behind the patient’s head, we chose to place 
the PAC at the far end of the dental chair at about 2 feet away from the 
footrest. Due to limited spaces in most of the dental rooms studied, we 
were not able to test if PAC placement in a different location would have 
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affected its effectiveness in aerosol removal. Furthermore, the locations 
of air supply and exhaust vents are different in each of the room studied, 
which rendered it impossible to take into account of airflow directions 
and patterns by adjusting the relative location of the PAC in the current 
study setting. Future studies should consider these factors as they may 
also affect airborne pathogen removal in health care facilities [56,57]. 

Many dental equipment generate sounds and significantly increase 
the noise levels in the working environment for DCPs [58,59], which 
may contribute to hearing loss in dental professionals [60,61]. The 
high-volume evacuation commonly used during dental procedures 
raised the noise level to 77 dB [35,59]. Additional extra-oral and/or 
intra-oral suction devices elevated the noise levels to an average of 
80–90 dB [35]. The PAC used in this study increased the noise level by 
an average of 14 dB. This level of increase may be significant if the 
background noise level is already high. The US Occupational Safety and 
Health Administration (OSHA) requires employers to implement a 
hearing conservation program when noise exposure is at or above 85 dB 
on average for an 8 -h period [62]. Therefore, it is important to assess the 
noise levels when considering additional equipment for aerosol control 
in dental offices. 

Though the findings of the present study support the utility of PAC 
with a HEPA filter in aerosol removal from dental treatment rooms, its 
effects on risk of infectious disease transmission remain to be elucidated. 
Large scale prospective studies are eventually needed to assess the 
health impacts of improved ventilation rate and air filtration. It is also 
important to point out that HEPA filters are ineffective in removing 
gaseous contaminants such as carbon monoxide, carbon dioxide, nitrous 
oxide and volatile organic compounds [63]. Adequate ventilation with 
outside air remains to be important for improving air quality in dental 
treatment rooms. In addition, HEPA filters may require prudent main
tenance and timely replacement when indicated [64]. 

The experiments on aerosol removal were limited to the single rooms 
with closed doors in the present study. The findings discussed above may 
therefore not be applicable to dental treatment spaces without doors or 
open bay clinics with multiple dental chairs as found in many dental 
school clinics. The effects of ventilation and air filtration on aerosol 
removals in open spaces or connected rooms deserve further investiga
tion as a larger number of DCPs and patients is usually involved in this 
type of settings. To this end, collaborations among DCPs, aerosol sci
entists, building engineers and environmental and occupational health 
experts are essential. In the era of frequent, novel infectious disease 
pandemics, such multidisciplinary efforts are especially important for 
minimizing the risks to DCPS and their patients through effective engi
neering controls of dental droplets and aerosols. 

5. Conclusions 

Mechanical ventilation rates varied greatly among dental treatment 
rooms in a dental clinic. Aerosol accumulation occurred in rooms with 
poor ventilation. Addition of PAC with a HEPA filter significantly 
reduced aerosol accumulation and accelerated aerosol removal, espe
cially in rooms with very low ventilation rates. PAC increased the noise 
levels in dental treatment rooms when on high setting. 
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