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1  |  INTRODUC TION

COVID-19 caused by SARS-CoV-2 remains a deadly pandemic, 
and new variants such as Delta (B.1.617.2) and especially Omicron 
(B.1.1.529) are highly transmissible.1 As of January 9, 2022, there 
were 299 million cases of COVID-19 worldwide, causing 5.4 million 

deaths with over 2.3 million daily cases still being recorded.2 There 
have been 57.5 million confirmed cases in the United States alone, 
with 826 000 deaths and counting.3,4

Increasing evidence and informed opinion indicate that virus-
laden aerosol particles play an important role in the transmission and 
pathogenesis of SARS-CoV-2 infection.5–7 Viral particles originating 
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Abstract
Individuals with COVID-19 who do not require hospitalization are instructed to 
self-isolate in their residences. Due to high secondary infection rates in household 
members, there is a need to understand airborne transmission of SARS-CoV-2 within 
residences. We report the first naturalistic intervention study suggesting a reduc-
tion of such transmission risk using portable air cleaners (PACs) with HEPA filters. 
Seventeen individuals with newly diagnosed COVID-19 infection completed this 
single-blind, crossover, randomized study. Total and size-fractionated aerosol samples 
were collected simultaneously in the self-isolation room with the PAC (primary) and 
another room (secondary) for two consecutive 24-h periods, one period with HEPA 
filtration and the other with the filter removed (sham). Seven out of sixteen (44%) air 
samples in primary rooms were positive for SARS-CoV-2 RNA during the sham period. 
With the PAC operated at its lowest setting (clean air delivery rate [CADR] = 263 
cfm) to minimize noise, positive aerosol samples decreased to four out of sixteen resi-
dences (25%; p = 0.229). A slight decrease in positive aerosol samples was also ob-
served in the secondary room. As the world confronts both new variants and limited 
vaccination rates, our study supports this practical intervention to reduce the pres-
ence of viral aerosols in a real-world setting.
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from the respiratory tract have a bimodal size distribution,8–10 which 
underlies two primary pathways for airborne transmission. Relatively 
large respiratory droplets (e.g., from ~10 to 100 µm and larger) rap-
idly settle onto surfaces,11 typically within 1–2  m of the source. 
They are amenable to protection by traditional techniques such as 
hand hygiene, social distancing, and face masks. Smaller particles, 
from ~100  nm to a few microns, can remain suspended in the air 
for hours,12–14 move with air currents, and require additional con-
trol measures such as high-efficiency masks and respirators, venti-
lation, or air filtration.15,16 Epidemiological studies have found that 
transmission can occur at distances greater than 2 m away from an 
infectious source.17–21 The potential importance of fine particles in 
COVID-19 transmission is supported by studies finding SARS-CoV-2 
RNA in indoor air samples in healthcare settings22,23 and more re-
cently in residences.24–26

Individuals newly infected with SARS-CoV-2 are directed to 
isolate themselves at home, with necessary care (e.g., food and as-
sistance with hygiene) provided by household members. Yet, unlike 
in healthcare settings, the presence of airborne SARS-CoV-2 RNA 
has not been systematically evaluated in residences. In a recent 
review, Dinoi et al. reported that more than 75% of studies of air-
borne SARS-CoV-2 RNA were conducted in hospitals, while only 
13% were in community-based indoor environments,27 and three 
studies were in homes of infected individuals.28–30 The CDC rec-
ommends maintaining "good air flow" and opening the window in a 
space shared with an infected household member, but this advice 
may be difficult to follow due to limited ventilation, security con-
cerns, and adverse weather conditions. Moreover, isolation from 
others may be difficult to achieve and maintain for 10–14 days (or 
shorter as per the latest Omicron-variant-based CDC guidance31). 
These challenges are likely to have contributed to the high rate of 
secondary infections (e.g., up to 55%) observed among household 
members.32–34

Air filtration using portable air cleaners (PACs) is a practical in-
tervention that could lower airborne viral particle concentrations 
and improve air exchange rates (AER) in homes, thereby reducing in-
fection risk via fine aerosol and even droplets among close contacts 
and caregivers.35–37 High efficiency particulate air (HEPA) filters, 
commonly used in PAC, capture at least 99.97% of particles of the 
maximum penetrating size (i.e., 0.3 µm in diameter).38 Furthermore, 
the effectiveness of PACs to reduce the presence of aerosols, in-
cluding PM2.5, PM10, fungal spores, and black carbon, due to traffic, 
cooking, wildfires, and other sources, has been shown in residential 
settings.39–42 A typical PAC with a clean air delivery rate (CADR) of 
300 cfm operating in a 15 x 15 x 8 ft. room provides clean air equiv-
alent to 10 air changes per hour (ACH).43 ACH in typical US homes 
without PAC is markedly lower, ranging only from 0.5 to 1.5.37,44

While the combination of vaccines and boosters prevents se-
vere cases of COVID-19, uncertainty remains about practical pub-
lic health responses to reduce the risk of in-home infection, such 
as from the highly contagious Omicron variant (B.1.1.529)45 or fu-
ture novel respiratory viruses. Therefore, studies of other means to 

reduce the transmission of viral infections, such as the use of PACs, 
are needed. Prior studies in residences have involved manipulating 
or scripting subject behavior/activities. Here, we report the first nat-
uralistic interventional study using PACs to reduce airborne levels of 
COVID-19 in US residences. This study aimed to:

1.	 Investigate the presence of airborne SARS-CoV-2 RNA in total 
suspended particles and size-fractionated airborne particles in 
the primary room (i.e., the "self-isolation room") used by an 
infected participant and a secondary room in the residence;

2.	 Assess associations between the detection of SARS-CoV-2 
RNA in the air and the viral loads in participants' saliva and their 
symptoms;

3.	 Determine whether residential exposure to airborne SARS-CoV-2 
can be reduced by PACs.

2  |  METHODS AND MATERIAL S

2.1  |  Study design

The study was a randomized crossover trial using air filtration with 
PACs as the intervention. Sampling was conducted in participants' 
residences for two consecutive 24-h periods (Day 1 and Day 2) with 
the PAC operated in "filtration" (HEPA filter installed) or "sham" 
(HEPA filter removed) modes. The participant was blinded to the 
order of treatments, which was randomized. The study took place 
between November 2020 and May 2021, during the time when 
Alpha (B.1.1.7), Iota (B.1.526), Gamma (P.1), and Delta (B.1.617.2) 
SARS-CoV-2 variants were dominant in the US.46–48 The study was 
approved by the Rutgers University Institutional Review Board 
(Pro2020001323), and the participants provided informed consent.

Practical Implications

•	 SARS-CoV-2 RNA was detected in aerosol samples 
collected in residences, further strengthening the 
thesis that the airborne transmission route is key for 
COVID-19 spread and deserves attention.

•	 Interventions in residences such as the use of portable 
air cleaners should be considered to reduce airborne 
viral levels and thus transmission of COVID-19.

•	 Lower viral loads in saliva samples (higher Ct values) 
are associated with a reduced probability of detecting 
SARS-CoV-2 RNA in the air.

•	 The presence of respiratory (e.g., cough, shortness of 
breath, and sore throat) and gastrointestinal symptoms 
may inform the likelihood of airborne transmission and 
direct preventive measures.
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2.2  |  Recruitment

Participants were recruited primarily through Rutgers University 
Employee Health Services (New Jersey, US). Employees who received 
or reported a positive clinical test for SARS-CoV-2 were electronically 
given a study flyer and asked to contact the study team. Subjects were 
also recruited through a partnership with Vault Health (New York City, 
NY), a virtual healthcare platform that provides COVID-19 testing. 
Vault's users testing positive for COVID-19 received an email inform-
ing them about the study and directing them to the study website with 
relevant contact information. Responding volunteers were screened 
by phone, and only adults who had received a positive clinical test 
within the last 7 days were eligible. At the beginning of the first 24-h 
period, participants provided saliva for COVID-19 PCR testing.

2.3  |  Field sampling

2.3.1  |  Air sampling locations

We sampled the air in two rooms (primary and secondary) in each 
residence. Participants (i.e., infected persons) chose the primary room 
as the space where they intended to spend most of their time and 
planned to isolate during the two sampling days. The secondary room 
was any other room of the participants' choice in the home, most often 
a living or dining room. Floor and room plans with dimensions (e.g., 
height, width, length) were created using Magicplan (Sensopia Inc., 
2011–2018; Version 9.1.2; retrieved from http://itunes.apple.com); the 
data were used to determine the room volumes. Since our study was 
naturalistic, the participants were not given any specific instructions 
about isolating or any other behavioral changes. The words "residence" 
and "homes" are used interchangeably throughout the paper.

2.3.2  |  Survey data

All participants completed three interviews with a member of the sam-
pling team: at 0 h, 24 h (Day 1), and 48 h (Day 2) into field sampling. At 
the first interview, the participant provided demographic information, 
the type of residence, HVAC system, symptoms, choice of primary and 
secondary rooms, number of days since COVID-19 diagnosis and onset 
of symptoms, the total number of residents, and if other residents 
recently tested positive for COVID-19 or reported any symptoms 
(Table 1 and Table SI.1). In the two follow-up interviews, the number 
of hours the participant spent in the primary and secondary rooms for 
both sampling periods, door and window-opening behaviors (Table 
SI.2), and symptoms for every 24 h (Table SI.3) were documented.

2.3.3  |  Air samplers

An IMPACT filter sampler (SKC, Inc., Eighty Four, PA) with the 
PM2.5 and PM10 impaction plates removed or a 47  mm open-face 

filter holder (CH Technologies, Inc., Westwood, NJ) with a 2-micron, 
47 mm PTFE filter (SKC, Inc.) was used to collect total suspended 
particles (TSP) in the primary room. A 37  mm open-face cassette 

TA B L E  1 Demographic, residence types, and survey data of the 
study participants

Categories Frequency (n = 17)
Percentage 
(%)

Gender

Female 9 52.9

Male 8 47.1

Race

Asian 4 23.5

Black or African American 3 17.6

White 7 41.2

Prefer not to answer 3 17.6

Hispanic or Latino

Yes 3 17.6

No 14 82.4

Residence

A single-family detached 
house

10 58.8

A townhouse or multi-
family house with 2 or 3 
apartments

5 29.4

An apartment in a building 
with 4 or more 
apartments

1 5.9

Other 1 5.9

HVAC system (Heat ON, Sampling period: November to mid-May)

Forced air 11 64.7

Hot water (radiator/
baseboard)

5 29.4

Electric 1 5.9

Occupancy

Two or more residents 14 82.4

Participant only 3 17.6

Other occupants than the participant who recently tested positive 
or had symptoms of COVID−19

Yes 8 57.1

No 6 42.9

Not applicable 3 na

Number of days since COVID−19 diagnosis (median = 3 days)

Within 3 days 12 70.6

From 4 to 7 days 5 29.4

Number of days since COVID−19 symptoms started 
(median = 5 days)

Within 5 days 9 52.9

From 6 to 14 days 8 47.1

Total 17 100

Abbreviation: na, not applicable.

http://itunes.apple.com
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sampler (SKC, Inc.) with a 1-micron, 37-mm PTFE filter (SKC, Inc.) 
was used to collect TSP in the secondary room. Each sampler was 
operated at 10 Lpm for 24 h using a Leland Legacy pump (SKC, Inc.), 
resulting in an air volume of 14.4 m3. When possible, samplers were 
placed at least 2 m (6 feet) away from headboards, vents, windows, 
and any obstructing furniture. The IMPACT sampler (SKC, Inc.) used 
in the primary room was carefully placed beyond the anticipated 
cough zone and oriented face-up due to its design characteristics. 
The 47 mm open-face filter holder (CH Technologies, Inc.) used in the 
primary room and the 37 mm open-face cassette sampler (SKC, Inc.) 
used in the secondary room were placed face-down to prevent the 
collection of large droplets. With sampling for 2 days in two rooms, 
four filter samples were collected for each residence. For a subset of 
six homes (IDs 12–17), TSP samples using a 47 mm open-face filter 
holder (CH Technologies, Inc.) and size-fractionated aerosol samples 
of >PM10, PM10-2.5, and PM2.5 using the unmodified IMPACT sam-
pler (SKC, Inc.) with 2-micron, 47 mm PTFE filters (SKC, Inc.) were 
collected in the primary room. Sampler characteristics are provided 
in Table SI.4, and the data for size-fractionated aerosol samples are 
described in Section SI.1 and Table SI.5. After sampling, all filters 
were refrigerated before transport to the laboratory. Previous re-
search49 showed no significant change in viral recovery with filter 
storage at 4°C for up to 1 week. Field and laboratory blanks were 
processed periodically during the study, accounting for 10% of the 
total samples.

2.3.4  |  Portable air cleaner

A portable air cleaner (PAC; Medify Air; MA-40) was placed only in 
the primary room at about 1 m (three feet) away from any walls. This 
particular PAC model was chosen due to its use of HEPA filters, the 
ease of changing its filters, portability, and multiple fan speed set-
tings. Its usage was noted at the end of each sampling period by read-
ing a power meter (Baldr Electricity Power Energy Usage Meter). The 
PAC is advertised to achieve a CADR of 330 cfm at the highest fan 
setting (Mode 3). By measuring the exit air velocity of the PAC using 
an anemometer (TSI Inc.), we found a good agreement between the 
advertised CADR and our measurement of 348 cfm for Mode 3 (data 
not shown). However, Mode 1 was chosen to ensure a comfortable 
sound level for the participants. Using the NIOSH sound level meter 
app, we measured sound levels of 59.6 ± 11.0 dB at three feet away 
from the PAC (i.e., ~13.7 dB over background levels). At Mode 1, our 
measured CADR was 263 cfm (data not shown). Since HEPA filters 
have ~100% filtration for 0.3 µm particles, we can estimate the re-
sulting air changes per hour (ACH) as:

Air sampling was also simultaneously performed in the second-
ary room to determine the extended effect of PAC. At the end of 
sampling, the PAC and a replacement HEPA filter were offered to the 
participants free of charge.

2.4  |  Laboratory procedures

2.4.1  |  Elution of SARS-CoV-2 aerosols from 
filter samples

Twenty four-hour PTFE filter samples were analyzed by a commer-
cial laboratory, Infinite BiologiX (IBX), using an FDA-approved pro-
cedure that targeted three genomic regions of SARS-CoV-2. The 
elution protocol of virus-associated particles from a PTFE filter was 
optimized previously using a SARS-CoV-2 surrogate virus, Human 
Coronavirus OC43.49 Briefly, the filter sample was placed in a mi-
crocentrifuge tube with 1 ml sterile RNA-free water (ThermoFisher 
Scientific) and vortexed three times for 10 s each. The eluate was 
then used for RNA extraction and analyses.

2.4.2  |  Detection of SARS-CoV-2 RNA by RT-PCR

Virus RNA was extracted from the filters and saliva samples using the 
Chemagic 360 automated specimen processing system (PerkinElmer) 
with the Chemagic Viral DNA/RNA 300  Kit H96 (PerkinElmer) 
for 300  µl of the eluate, resulting in 50  µl of the extracted RNA 
product. Of this product, 5  µl of RNA sample was analyzed using 
the TaqPath COVID-19 Combo Kit (ThermoFisher Scientific) and 
Applied Biosystems QuantStudio 5 Real-Time PCR System (RT-PCR; 
ThermoFisher Scientific) targeting the nucleocapsid (N) gene, spike 
(S) gene, and open reading frame (ORF) 1ab gene. MS2 phage RNA 
was added as an internal control to monitor the integrity of nucleic 
acid extraction and RT-PCR reaction. The limit of detection (LoD) for 
all three SARS-CoV-2 targets was 200 copies/ml. Negative, positive, 
and no-template controls were included with every RT-PCR run. The 
cutoff value of Ct ≤ 37 for at least two SARS-CoV-2 specific genes 
and MS2 phage was considered positive for clinical saliva samples.50 
Recent studies51–54 of environmental aerosol and surface samples 
used a Ct value of ≤40 for any SARS-CoV-2 specific gene as a crite-
rion for detection. Based on these references, we used Ct ≤ 40 for 
any SARS-CoV-2 specific gene and MS2 phage as a criterion for de-
tecting SARS-CoV-2 RNA in the aerosol samples. The samples were 
analyzed only using RT-PCR, and the viability of the sampled aerosol 
particles was not determined.

To validate the identity of amplified PCR products, pairs of clini-
cal (i.e., saliva) and aerosol samples from 3 randomly selected homes 
were sequenced with the respective amplicon primers at IBX LLC 
using next-generation sequencing by the Illumina platform.

2.5  |  Data management, presentation, and analysis

Study data were collected and managed using REDCap electronic 
data capture tools hosted at Rutgers Robert Wood Johnson Medical 
School.55,56 SPSS v27.0 (IBM) and OriginPro 2019 (OriginLab) were 
used to analyze and illustrate the data, respectively. Colorblind-
friendly palettes with patterns available in OriginPro were chosen 
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for the figures. Average values (±1 SD) are reported in the results 
section. Associations between source strength (i.e., viral load in 
saliva sample on Day 1) and SARS-CoV-2 detection and estimated 
ACH and SARS-CoV-2 detection were analyzed after dichotomizing 
each at the 25th percentile value. The data on time since COVID-19 
diagnosis and symptoms onset were dichotomized by the median 
value. Due to the small sample size, independent nominal and ordinal 
variables were associated by Fisher's exact test with one-sided sig-
nificance and Gamma statistic (G), respectively. Gamma values <0.3, 
0.3–0.6, >0.6 were considered weak, moderate, and strong associa-
tions, respectively (table 14.2 in Healey57). Differences in detection 
between sampled homes (e.g., stratified by room type) were ana-
lyzed by independent samples t-test. Groups with p-values of less 
than 0.05 were considered significantly different. Given that small 
sample sizes minimized the power for statistical testing, large effects 
were also reported.

3  |  RESULTS

3.1  |  Number of participants

Participants were tested for COVID-19 using a saliva test adminis-
tered at the start of Day 1 (n = 23; Figure 1). Five participants tested 
negative on Day 1 and were excluded from the study. One home 
where equipment malfunctioned during sampling was also excluded 
from further analysis. Overall, seventeen participants completed the 
study. Two subjects were fully vaccinated (vaccines were just being 

deployed at the time of the study). Additionally, all participants had 
reported at least one symptom on Day 1 (discussed in more detail 
below).

3.2  |  Demographics, residence types, survey 
data, and general sampling conditions

The majority of participants lived in single-family detached homes 
(58.8%) and multi-apartment townhouses (29.4%), while only two 
participants lived in apartment buildings (11.8%). Frequency and 
percentages of demographic data, residence types, and survey data 
are presented in Table 1, with detailed information in Tables SI.1 and 
SI.2. Fourteen residences (82.4%) were occupied by two or more 
people, of which 57.1% (8/14 participants) reported other house-
hold members to have recently tested positive or had symptoms of 
COVID-19.

Sampling was performed during the late Fall, Winter, and early 
Spring in New Jersey, USA, with average outdoor temperatures of 
46.3, 36.7, and 56.8, respectively.58 Hence, the heating was gen-
erally ON, with 64.7% of residences having forced air, 29.4% hot 
water radiator/baseboards, and 5.9% electric heating system. 88.2% 
of participants reported having windows always closed throughout 
the two sampling days. On average, participants reported spending 
15.4 h (±5.3) in the primary room and 6.7 h (±4.9) in the secondary 
room. Doors to the primary rooms were kept closed (usually or when 
occupied by the participant) by 64.7% (11/17) and 70.6% (12/17) of 
participants on Days 1 and 2 of sampling, respectively.

F I G U R E  1 Flow diagram indicating 
the number of residents who participated 
in the single-blind crossover randomized 
study; PAC, portable air cleaner
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3.3  |  Saliva samples

Saliva samples from each participant were analyzed for N, ORF1ab, 
and S genes. Ct values are reported in Table  2. For the 17 partici-
pants, the average Ct values (N gene: 24.88  ±  5.71; ORF1ab gene: 
24.61 ± 5.45; and S gene: 24.04 ± 4.07) and minimum Ct values (N 
gene: 16.41; ORF1ab gene: 16.66; and S gene: 16.68) were similar be-
tween the three genes. RT-PCR ceased to detect the S gene primer 
sequence after March 2021 due to a decrease in diagnostic sensitivity 
from variant mutations, leading to false negatives when using commer-
cial kits.59,60 Similar to our study, Bal et al.61 reported the S-gene target 
failure in the three-target RT-PCR assay when using the TaqPath kit.

3.4  |  SARS-CoV-2 RNA in TSP samples—
sham period

The detection of SARS-CoV-2 RNA in non-fractionated aerosol 
samples is shown in Figure 2 and Table 3. Out of the 17 residences, 
aerosol samples for ID 8 in the primary room and IDs 1 and 2 in the 
secondary room were analyzed using alternate analytical protocols 
and thus excluded from this report. 43.8% of the aerosol samples 
(7/16 residences) in the primary room and 46.7% of the aerosol 
samples (7/15 residences) in the secondary room were positive for 
SARS-CoV-2 RNA during the "sham" period. Airborne viral RNA was 
detected in both primary and secondary rooms of five homes (IDs 4, 
5, 9, 11, and 13; 35.7% out of 14 complete sets), out of which three 
(IDs 4, 9, and 13) reported closing their primary room doors during 
the study. Similar proportions of positive aerosol samples were de-
tected in homes with central HVAC (primary room: 50%, 5/10 resi-
dences; secondary room: 44.4%, 4/9 residences) when compared to 
non-central HVAC (primary room: 33.3%, 2/6 residences; second-
ary room: 50%, 3/6 residences). For a subset of six homes, both TSP 
and particle size-fractionated aerosol samples of > PM10, PM10-2.5, 
and PM2.5 were positive for SARS-CoV-2 RNA for only home ID 13 
(Section SI.1 and Table SI.5).

3.5  |  Variables potentially affecting detection of 
airborne viral RNA during the sham period

3.5.1  |  Number of days since COVID-19 diagnosis

Only participants who tested positively for COVID-19 either from 
saliva or nasal swab samples within the last seven days were in-
cluded in the study. They were stratified into two groups by the 
median diagnosis time (50th percentile = 3 days; IQR = 2 days): de-
tection "within three days" or "from four to seven days" to investi-
gate whether the number of days since the positive COVID-19 test 
affects SARS-CoV-2 RNA detection in the air. We found a similar 
proportion of positive aerosol samples between the two groups 
(45.5%, 5/11 residences vs. 40%, 2/5 residences), and the difference 
was not statistically different (p = 0.635).

3.5.2  |  Association between the detection of SARS-
CoV-2 RNA in saliva and aerosol samples

We investigated the association between the source strength and 
the presence of SARS-CoV-2 RNA in the air. Clinical studies have 
shown an inverse correlation between higher SARS-CoV-2 Ct values 
and lower quantitative viral loads, for example, RNA copies/ml.60,62 
We used saliva Ct values to stratify homes into "Low Ct" (<25th per-
centile saliva) and "High Ct" (>25th percentile) saliva source strength 
groups (Figure 3). For aerosol samples collected in the primary room, 
3/4 homes (75%) in the "Low Ct" group and 4/12 homes (33%) in the 
"High Ct" group tested positive for SARS-CoV-2 RNA. The associa-
tion between detecting SARS-CoV-2 RNA in the air and Ct values 
in saliva samples was inverse and strong (G  =  −0.714; p  =  0.070; 
Figure 3A).

For the secondary room, 3 and 12 homes were stratified in the 
"Low Ct" and "High Ct" groups, respectively, with the 25th percen-
tile Ct value in saliva for N gene = 21.56 and ORF1ab gene = 21.36 
(Figure  3B). Similar to the primary room, an inverse yet moderate 
association was observed (G = −0.474; p = 0.219).

The purified PCR products of paired saliva and TSP aerosol 
samples during the "sham" period were analyzed for three homes. 
Interestingly, even though two pairs had insufficient viral loads in 
the aerosol samples to be sequenced, one pair (ID 4) had the same 
COVID-19 lineage for both samples. This lineage, B.1.324, has been 
present in the United States since March 2020.63,64 Though only 
one pair was positively sequenced, detecting the same SARS-CoV-2 
variant in the individual's saliva and environmental aerosol samples 
provides some validation of the relationship between source and air-
borne SARS-CoV-2 RNA.

3.5.3  |  Association between symptoms reported 
by the participants and detection of SARS-CoV-2 RNA 
in aerosol samples

A detailed summary of symptoms for the three periods (i.e., at enroll-
ment and during each treatment period) is presented in Table SI.3. 
The highlighted cells represent the sampling period with no filter in 
the PAC (i.e., "sham" period). Overall, the symptoms for each partici-
pant were comparable during both sampling periods. For example, 
out of the 17 participants, a similar number of participants reported 
coughing during the "sham" (n =  10) and "filtration" (n =  11) peri-
ods (p = 0.500). The associations between individual symptoms and 
detection of SARS-CoV-2 RNA in aerosol samples were evaluated 
for the primary room (the main isolation room), and the results are 
shown in Figure SI.1 and Section SI.2.

In addition to individual symptoms, we also grouped related 
symptoms and analyzed their association with the detection of 
SARS-CoV-2 RNA in aerosol samples (Figure  4). If participants re-
ported at least one respiratory symptom (e.g., cough, sore throat, 
shortness of breath), 50% (6/12 homes) had positive aerosol sam-
ples for SARS-CoV-2 RNA compared to 25% (1/4 homes) where no 
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respiratory symptoms were reported (p = 0.392; Figure 4A). When 
participants reported at least one symptom of fever, cough, or sore 
throat, there was also a positive but non-significant association with 
SARS-CoV-2 RNA in aerosol samples (54.5% (6/11 homes) vs. 20% 
(1/5 homes); p = 0.231; Figure 4B).

3.6  |  SARS-CoV-2 RNA in total aerosol samples—
comparison between sham and filtration periods

SARS-CoV-2 Ct values for the positive aerosol samples in both 
rooms and sampling periods are shown in Figure 2. The Ct values 
ranged from 28.46 to 38.5 during the "sham" period (Figure 2A,C), 
whereas the values were slightly higher (i.e., less virus) during the 
"filtration" period (30.68–39.75; Figure 2B,D). In the primary room 
(with the PAC), 43.8% of the samples (7/16 residences) were positive 
for SARS-CoV-2 RNA during the "sham" period, whereas only 25% of 
the samples (4/16 residences) tested positive during the "filtration" 
period (Table 3; p = 0.229). All rooms positive during filtration were 
also positive during sham.

In the secondary room (without the PAC), a higher proportion of 
positive aerosol samples for SARS-CoV-2 RNA was detected during 
both periods compared to the primary room: 46.7% (7/15 residences) 

during the "sham" period and 40% (6/15 residences) during the "fil-
tration" period (p = 0.500). Similar to the primary room, all six sec-
ondary rooms that were positive during the "filtration" period were 
also positive during the "sham" period.

3.7  |  Factors affecting the effectiveness of PACs

The effectiveness of PACs to remove airborne particles containing 
viruses is mainly dependent on room volumes, air mixing patterns, 
and clean air delivery rate (CADR).65

Since rooms differed in their types and volumes, we analyzed the 
detection of airborne viral RNA as a function of those variables for 
both primary and secondary rooms:

3.7.1  |  Primary room

Bedrooms (n = 9) and living rooms (n = 7) had average volumes of 
1615 ft3 (±395 ft3) and 2163 ft3 (±915 ft3), respectively. For the 
"sham" period, there was a comparable percentage of aerosol sam-
ples positive for SARS-CoV-2 RNA in bedrooms (44.4%; 4/9 homes) 
and living rooms (42.9%; 3/7 homes), despite the higher room vol-
umes of the latter (p = 0.671). Participants in homes with positive 
aerosol samples for SARS-CoV-2 RNA also reported spending a simi-
lar number of hours in these two types of primary rooms (bedroom: 
17.4 ± 7.4 h; living room: 15.3 ± 1.5 h; t-test p = 0.313). During the 
"filtration" period, two of the four bedrooms with positive aerosol 
samples in the "sham" period had negative aerosol samples (50% 
decrease; p = 0.310), even though these two participants reported 
spending close to 24 h in the bedrooms. Similarly, one of the three 
living rooms, where viral RNA was detected in the air during the 
"sham" period, tested negative during the "filtration" period (33.3% 
decrease; p  =  0.500), even though the participant occupied it for 
14 h. These reductions of SARS-CoV-2 aerosols in the primary room 
during the "filtration" period, with the participant present, might be 
explained by the presence and operation of the PAC in the room.66,67

3.7.2  |  Secondary room

Air samples were collected in bedrooms (n = 5) with an average vol-
ume of 1211 ft3 (±251) and other rooms such as living rooms, din-
ing areas, gyms, and dens (n = 10) with an average volume of 2854 
ft3 (±1207). For the "sham" period, participants, whose secondary 
rooms had aerosol samples positive for SARS-CoV-2 RNA, spent 
on average 7.8 ± 1.0 h in bedrooms and 6.7 ± 6.4 h in other larger 
spaces (t-test p = 0.399). A considerably higher percentage of aero-
sol samples were positive in bedrooms (80%; 4/5 homes) than in the 
other rooms (30%; 3/10 homes; p = 0.100). Lower aerosol sample 
positivity for SARS-CoV-2 RNA in spaces like dens and living rooms 
could be due to the dilution of SARS-CoV-2 aerosols in large-volume 

TA B L E  2 Ct values of MS2 phage and SARS-CoV-2 in saliva 
samples collected from the participants at the start of sampling

ID

Internal 
control Saliva samples—SARS-CoV−2

MS2 Phage N gene ORF1ab gene S genea

1 26.01 24.26 23.65 23.56

2 28.88 16.91 16.66 16.68

3 26.60 24.97 24.68 24.96

4 25.74 23.86 22.19 23.97

5 25.66 33.66 30.93 -

6 27.40 25.50 26.34 26.83

7 25.80 27.47 27.65 27.38

8 31.39 26.35 27.93 27.37

9 25.36 17.67 17.27 16.98

10 24.61 28.09 27.55 27.69

11 26.63 25.05 24.95 25.00

12 34.60 16.41 16.94 -

13 27.53 16.95 16.90 -

14 26.51 21.56 21.36 -

15 28.71 28.11 28.68 -

16 26.29 35.97 34.98 -

17 27.28 30.33 29.69 -

aThe RT-PCR ceased to detect the laboratory's targeted S gene primer 
sequence after March 2021 due to a decrease in diagnostic sensitivity 
caused by variant mutations when using commercial kits.
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spaces.43 For the "filtration" period, one of the four bedrooms with 
positive aerosol samples in the "sham" period tested negative (25% 
decrease; p = 0.500); this particular participant spent 8 h in the bed-
room. However, the effect of PAC was not observed for the other 
rooms (no reduction in the number of positive aerosol samples; 
n = 3; p = 0.686).

The ACH (h−1) values for primary rooms were calculated using 
the measured room volumes and our PAC's CADR at Mode 1 using 
Equation 1, and the results are shown in Table 3. ACHs ranged from 
4.4 to 15.4 h−1 with an average of 9.6 h−1 (±3.1). For comparison, 
an ACH of 5–6  h−1 is recommended for classrooms and student 
health facilities,68 and levels above 6 are frequently recommended 
for patient-care areas, examination rooms, and food preparation 
centers.69 Further details on ACH are included in Figure SI.2 and 
Section SI.3.

4  |  DISCUSSION

This project is the first blinded crossover randomized study to in-
vestigate whether air cleaners effectively reduce SARS-CoV-2 trans-
mission in homes under real-world conditions, that is, without any 
behavior changes in residents. Our initial findings show that the rate 
of positive aerosol samples in homes of infected patients was re-
duced when comparing "filtration" to "sham" periods in the primary 
isolation room (4/16 residences vs. 7/16 residences, p = 0.229) and in 
a secondary room (6/15 residences vs. 7/15 residences, p = 0.500). 
Two homes (IDs 10 and 12) were fully vaccinated; however, none of 
their aerosol samples were positive for SARS-CoV-2 RNA. The po-
tential contribution of SARS-CoV-2 aerosols from other occupants 
cannot be definitively determined since saliva samples were not col-
lected from them. Given the multiple important variables that we 

F I G U R E  2 Ct values of SARS-CoV-2 genes detected in aerosol samples of seventeen residences: (A) primary room during the sham period 
with no HEPA filter in the PAC; (B) primary room during the filtration period with HEPA filter in the PAC; (C) secondary room during the 
sham period with no HEPA filter in the PAC; (D) secondary room during the filtration period with HEPA filter in the PAC. Black, orange, and 
blue bars represent the Ct values for N, ORF1ab, and S genes, respectively. NA (not applicable) refers to samples excluded due to technical 
malfunction; PAC, portable air cleaner
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did not seek to control in this naturalistic study, as well as the small 
sample size, we had limited statistical power to detect differences 
between "filtration" and "sham" periods. We verified that SARS-
CoV-2 RNA in aerosols is detectable in a substantial proportion of 
homes with infected residents, consistent with concerns that aero-
sol transmission may be important in secondary infection in homes. 
As predicted, room volume appeared to be an important variable in 
analyzing the effectiveness of the PAC. Virus-negative TSP samples 
were more frequent in self-isolation rooms with higher ACH.

Scientific and public interest in using PACs with HEPA fil-
ters in residences has reemerged over the last decade to reduce 
combustion-derived40 and indoor-generated air pollutants (e.g., from 

smoking, cooking, and cleaning)70–72 as a means to decrease car-
diorespiratory diseases,73,74 and asthma in adults and children.75,76 
During the COVID-19 pandemic, PACs have been widely advertised 
and used to reduce exposure to viral aerosols, albeit without exten-
sive data to support these claims.30,67 Since PACs are effective in 
removing airborne PM, by extension, they should be effective in re-
moving viral aerosols and PM-associated viral particles, thereby min-
imizing the risk of airborne virus transmission in a cost-effective way. 
They could at least partially address COVD-19 disparities in disad-
vantaged communities, where personal space is at a premium, a "sick 
room" might not be an option, window use is often constrained due 
to security concerns or poor outdoor air quality, and central HVAC 

F I G U R E  3 Association between SARS-CoV-2 RNA detection in saliva and aerosol (e.g., TSP) samples collected during the sham period 
(without HEPA filter in the portable air cleaner (PAC)). The clinical samples were stratified into two groups at the 25th percentile Ct values 
of N and ORF1ab genes: "Low Ct" which indicated higher viral load and "High Ct" which indicated lower viral load. (A) Aerosol samples 
collected in the primary room of 16 residences (saliva N gene 25th percentile Ct value 18.64; Saliva ORF1ab gene 25th percentile Ct value 
18.29); (B) Aerosol samples collected in the secondary room of 15 residences (saliva N gene 25th percentile Ct value: 21.56; saliva ORF1ab 
gene 25th percentile Ct value: 21.36)
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F I G U R E  4 Association between SARS-CoV-2 RNA in aerosol (e.g., TSP) samples collected in the primary room during the sham period 
(without HEPA filter placed in the portable air cleaner (PAC)) and symptoms reported by the self-isolating resident with COVID-19. (A) Any 
one of the respiratory symptoms (e.g., cough/sore throat/shortness of breath) and (B) Any one of the following symptoms: fever or cough or 
sore throat. p-values from Fisher's exact test are reported to associate the independent categorical variables
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with filtration is frequently absent. However, the effectiveness of fil-
tration for reduction of exposure to aerosols associated with SARS-
CoV-2 RNA, or actual transmission of COVID-19 infection, has not 
been evaluated in rigorous controlled trials.

By reducing exposure to generic fine particles (PM2.5) that have 
been associated with worse COVID-19 outcomes in epidemiological 
studies, the use of PACs may have benefits beyond a direct reduction 
in SARS-CoV-2 aerosol concentrations. A cross-sectional study of US 
national databases investigated the relationship between long-term 
average exposure of PM2.5 and COVID-19 and reported an 8% in-
crease in COVID-19 mortality per 1 µg m−3 increase of PM2.5 (95% CI: 
2%–15%).77 Setti et al.78 also detected SARS-CoV-2 RNA in outdoor 
PM samples in areas with high PM and COVID-19 outbreaks. While 
the reasons for interactive effects between PM and SARS-CoV-2 are 
unknown (perhaps an effect of facilitated virus delivery to the deep 
lung or interaction with established adverse effects of PM, that is, 
inflammation, oxidative stress, increased coagulation), PACs may be 
especially beneficial in areas with higher levels of PM2.5 given the 
interplay of COVID-19 and air pollution.79

A recent scripted study by Rodriguez et al.30 sampled 1 m3 of 
air volume in residences and reported an 80% reduction in SARS-
CoV-2 RNA detection using PACs. In comparison, our study sam-
pled 14.4 m3 of air volume and did not restrict sampling based on 
background indoor PM levels or manipulate participants’ behavior. 
Notably, our PAC was operated at the lowest setting (Mode 1; esti-
mated ACH = 9.6 ± 3.2 h−1) to maintain a low noise level. The esti-
mated ACH would have increased to an average of 12.7 h−1 (±4.1) if 
Mode 3 (highest) was used instead. At the chosen Mode 1 setting, 
the acceptability of PAC use was 100%. The participants stressed 
that the low noise level was a major deciding factor to adopting the 
PAC, and most intended to continue using it even after the study 
ended.

We collected 14.4 m3 of air volume over 24 h using PTFE filters, 
which offer the advantage of long-term sampling without the need 
to replace evaporated sampling liquid in impingers or worry about 
damage to brittle gelatin filters. As such, this study is one of the few 
projects that detected SARS-CoV-2 RNA in residences using PTFE 
filters with Ct values ranging from 28.46 to 39.75. Ang et al.80 re-
ported similar SARS-CoV-2 Ct values for aerosol samples collected 
in hospital quarantine wards.

A variety of other air sampling methods, techniques, and air sam-
ple volumes have been successfully employed to detect airborne 
SARS-CoV-2 viral RNA in aerosols. Among the frequently utilized 
samplers are NIOSH BC 251 bioaerosol samplers with centrifuge 
tubes and filters operated at 3.5  Lpm,22,81,82 Viable Virus Aerosol 
Sampler (VIVAS) with water vapor condensation to grow the viral 
particles and operated at 6.5–8 Lpm,81,83,84 and impactors used at 
5 Lpm with gelatin filters5 and at 10 Lpm with PTFE filters.24 High 
flowrate samplers include Sartorius Airport MD8 air sampler oper-
ated at 50 Lpm with gelatin filters,6,30 liquid impinger BIO-Capturer-6 
operated at 80 Lpm,85 and SASS Wetted Wall Cyclone Sampler oper-
ated at 150–300 Lpm.51,80 Another recent study reported negative 
air samples for SARS-CoV-2 in two residential rooms when sampled 

with a similar PTFE filter but found positive samples with VIVAS and 
NIOSH samplers.81 Differences in elution protocols between studies 
could have contributed to different results.

Other studies conducted in residential settings with air samples 
positive for SARS-CoV-2  had a similar Ct range with at least one 
identical RT-PCR target gene as our study. For seven residences with 
infected people, Rodriguez et al. reported positive air samples for all 
seven samples collected using gelatin filters (MD8 Airport Portable 
Air Collector, Sartorius) at 50  Lpm for 20  min (1  m3 of air). Their 
Ct values ranged from 30.3 to 38.6 for N, S, and RdPR primers.30 
Similarly, among eight residences, Robie et al.29 reported positive 
air samples for 19.0% of 42 NIOSH Samplers (3.5 Lpm for 2 h, or 
0.42 m3) and 20.0% of 25 BioSamplers (SKC, Inc.; 12.5 Lpm for 2 h, 
or 1.5 m3) with Ct values ranging from 31.8 to 39.9 for N and S prim-
ers. Döhla et al. reported positive fomite and wastewater samples; 
however, all 15 of their air samples collected using cyclone samplers 
(Coriolis μ Air Sampler, Bertin Technologies) at 300 Lpm for 10 min 
(3 m3) and analyzed by E and RdRP primers, were negative.

We also report SARS-CoV-2 RNA in different PM fractions col-
lected in one residence's primary (self-isolation) room, indicating the 
presence of SARS-CoV-2 RNA in small and large aerosol particles. 
Chia et al. and Shankar et al. reported detection only in particles with 
aerodynamic diameter 1–4 µm and >4 µm using the NIOSH sampler 
and hypothesized that low extraction efficiency from PTFE filter for 
particles <1 µm resulted in no detection.22,81 On the contrary, similar 
to our study, Santarpia et al. and Liu et al. reported detection of viral 
RNA in all aerosol size fractions using the NIOSH BC 251 sampler 
(gelatin filter for <1 µm and centrifuge tubes for 1–4 µm and >4.1 µm 
stages).82 Also using gelatin filters, Liu et al.5 reported SARS-CoV-2 
RNA in particles larger and smaller than PM2.5.

In addition to the type of samplers, due to the lack of standard-
ized and uniform protocols for airborne virus sampling and analysis, 
Ct thresholds for positive samples vary considerably among studies. 
For environmental air and swab samples, several studies stated Ct 
values 38–41 for any SARS-CoV-2  specific gene as the detection 
threshold.6,22,30,51,52,54,80,86,87 In comparison, our clinical samples 
analyzed by IBX LLC had a more stringent requirement: at least two 
SARS-CoV-2 specific genes and MS2 phage to be detected with Ct 
<37.50 With this more conservative clinical requirement, 37.5% of 
our samples (6/16 residences) in the primary room and 33.3% (5/15 
residences) in the secondary room would still be positive for SARS-
CoV-2 RNA during the "sham" period. Moreover, some studies do 
not report a threshold detection value as long as amplification is ob-
served in at least one assay.22,60 The existing differences in sample 
types, assays, and analysis platforms stress the need to develop a 
universal sampling and analysis framework when investigating viral 
aerosols.

To the best of our knowledge, this is the first study to sequence 
a clinical saliva sample from a participant and then detect the same 
SARS-CoV-2 lineage in the aerosol sample collected in the self-
isolation room of that participant. Other studies have sequenced 
environmental aerosol83,84 and surface88,89 samples but have not 
linked their results to clinical samples from the source patient. The 
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only exception we found was a study by Kotwa et al.90 that reported 
similar SARS-CoV-2 genomes between nasopharyngeal and environ-
mental surface samples collected in rooms of patients hospitalized 
with COVID-19. The same lineage in the clinical and aerosol sample 
pair further strengthens the thesis that aerosols play a key role in 
SARS-CoV-2 transmission.

Our findings on Ct values could imply a probability of detecting 
SARS-CoV-2 RNA in the air. For participants with a Ct value >22 
in their saliva samples, we observed a strong negative association 
(G  =  −0.714) with detection of SARS-CoV-2 RNA in aerosol sam-
ples (p = 0.070). This association of negative aerosol samples and 
lower viral loads in saliva has not been previously reported. A retro-
spective cross-sectional study by Bullard et al.91 reported negative 
SARS-CoV-2 cultures for clinical swab samples with a Ct interquar-
tile range of 22–33. Tom and Mina92 proposed a Ct cutoff of >34 
in clinical samples to likely not cause transmission. These Ct values 
were similar to the saliva Ct values of the "high Ct" group for our 
study (Ct > 22). Other studies have also attempted to relate the de-
tection of SARS-CoV-2 in environmental samples with the shedding 
of the virus. Similar to our study, Cheng et al. positively associated 
clinical samples containing viral loads above 1000 copies/ml with 
surface contamination in patients' surroundings in airborne infection 
isolation rooms.93 Thus, this growing body of evidence suggests that 
Ct values as a surrogate for viral load could be useful as a screening 
tool for detecting airborne SARS-CoV-2.

Associations between common symptoms of COVID-19 and 
viral RNA in aerosol samples can help inform our understanding of 
transmission within residences. Studies have extensively reported 
COVID-19 symptoms to provide prognostic information94–97 but 
have not connected them to SARS-CoV-2 RNA in aerosol samples. 
Respiratory droplets and aerosols can be generated during cough-
ing, sneezing, talking, singing, and exercising.10,11 All 17 participants 
who completed our study were symptomatic with one or more 
common COVID-19  symptoms. We saw a positive, although not 
statistically significant, association between respiratory and gastro-
intestinal symptoms reported by the participants and detection of 
SARS-CoV-2 RNA in aerosol samples in the primary room.

We acknowledge that our study has methodological limita-
tions. Firstly, due to the limited sample size associated with wan-
ing infection rates in spring 2021 and the expected large variation 
from factors affecting actual and detected SARS-CoV-2 aerosols 
in homes, our study lacked statistical power to assess reductions 
in airborne SARS-CoV-2 detection that may have clinical and 
public health significance. We identified several sources of vari-
ability due to real-world conditions, including stage of infection, 
possible virus source contributions from other infected residents, 
and resident behavior (opening windows and doors, time spent 
in each room, etc.). In addition, while the HEPA filter facilitates 
the removal of indoor PM in the "filtration" period, the increased 
air movement caused by the air cleaner during the "sham" period 
might also reduce indoor PM, especially its ultrafine fraction due 
to increased particle diffusion. Our study also lacked a washout 
period. These limitations could conceivably have caused random 

misclassification of exposure, thus reducing the apparent effec-
tiveness between the "filtration" and "sham" periods. Nonetheless, 
the study demonstrated the presence of SARS-CoV-2 RNA in the 
air at infected persons' homes and explored the use of air clean-
ers to reduce SARS-CoV-2 exposure. Additional studies in such 
non-occupational environments could further confirm our find-
ings. Secondly, the movement of SARS-CoV-2 aerosols from the 
primary room to secondary rooms, although suggested, could 
not be unequivocally established since infected participants, and 
possibly other infected residents, had unrestricted access to sec-
ondary rooms. However, our unscripted study facilitates under-
standing the realistic behavior of household members during the 
self-isolation period, including cases where other household mem-
bers may have also been COVID-19 positive. Thirdly, due to limited 
funding, saliva samples were collected on the first day only, and 
the number of virus copies in our samples was not determined. 
Viral loads of participants were assumed to be similar between the 
two sampling days. Saliva samples from other household members 
were not collected; hence, we can only speculate on the contribu-
tion of SARS-CoV-2 aerosols from other symptomatic and asymp-
tomatic household members. Lastly, RT-PCR has high specificity 
but cannot determine the infectivity of the sampled aerosol parti-
cles. However, culturing requires specialized samplers, transporta-
tion, and laboratory safety requirements that exceeded the scope 
and resources of our study.

Despite these limitations, our study demonstrates the presence 
of SARS-CoV-2 RNA in the air of COVID-19 patients' residences, 
including in secondary rooms. It also shows that the presence of 
airborne viral RNA might be reduced by using PACs. Despite the 
study's limited sample size, its findings can begin to inform public 
health measures to minimize COVID-19 transmission in residences 
and support the need for robust trials of PACs.

5  |  CONCLUSIONS

This is the first blinded randomized intervention study using 
PACs to suggest the reduction of risk of airborne transmission of 
COVID-19 in residences without any experimental manipulation 
of residents' behavior or activity. Our findings reflect a real-world 
scenario where the acceptability and the usage of a candidate in-
tervention were high among the participants. It provides a basis 
for additional studies designed to investigate the control of viral 
aerosols in residences, including in multiple rooms. SARS-CoV-2 
RNA was detected in aerosols in residences using long-term filter 
sampling, and there were some associations between this detec-
tion and commonly reported COVID-19  symptoms and salivary 
viral load. We also found some evidence of reduction in SARS-
CoV-2 aerosol exposure using PACs. The same virus lineage in 
the clinical and aerosol sample pair supports the now widely held 
belief that aerosols play a key role in SARS-CoV-2 transmission 
and further stresses the need for infected persons to isolate. 
The use of air cleaners to reduce SARS-CoV-2 exposure should 
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be considered for future guidance on how to care for COVID-19 
patients in residential and community-based indoor environments, 
especially in situations of limited space and resources.
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