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Abstract 20 

The indoor environment is the primary location for the transmission of severe acute respiratory 21 

syndrome coronavirus 2 (SARS-CoV-2), the causative agent of coronavirus disease 2019 (COVID-22 

19), largely driven by respiratory particle accumulation in the air and increased connectivity between 23 

the individuals occupying indoor spaces. In this study, we aimed to track a cohort of subjects as they 24 

occupied a COVID-19 isolation dormitory to better understand the impact of subject and 25 

environmental viral load over time, symptoms, and room ventilation on the detectable viral load 26 

within a single room.  We find that subject samples demonstrate a decrease in overall viral load over 27 

time, symptoms significantly impact environmental viral load, and we provide the first real-world 28 

evidence for decreased aerosol SARS-CoV-2 load with increasing ventilation, both from mechanical 29 

and window sources. These results may guide environmental viral surveillance strategies and be used 30 

to better control the spread of SARS-CoV-2 within built environments and better protect those 31 

caring for individuals with COVID-19. 32 

 33 
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Introduction 39 

The built environment (BE)1,2, or the spaces that we, as humans, have built for ourselves to work in, 40 

inhabit, and enjoy life, play an essential role in mitigating the spread of severe acute respiratory 41 

syndrome coronavirus 2 (SARS-CoV-2), the causative agent of coronavirus disease 2019 (COVID-42 

19)3. SARS-CoV-2 transmission indoors is aided through extended close contact and the 43 

accumulation and persistence of aerosolized SARS-CoV-2, largely driven by poor ventilation4–17. 44 

Significant effort has gone into the identification of SARS-CoV-2 in a multitude of BE’s6,8,18,18,19,19,20,20–32. 45 

However, most efforts to understand the environmental contamination associated with individuals 46 

diagnosed with COVID-19 have been performed at a single time point, missing critical information 47 

about the longitudinal dynamics of that environmental contamination. Additionally, minimal 48 

characterization has been performed to understand how symptoms and BE factors such as 49 

ventilation, measured in air changes per hour (ACH), impact the total environmental and aerosolized 50 

contamination by SARS-CoV-2 within the BE over time. 51 

One common scenario faced by people throughout the world is co-occupation of an indoor space 52 

with a COVID-19 positive individual while they themselves are not known to be positive. Three of 53 

the major outstanding questions in regard to COVID-19 infections and the built environment 54 

include (i) how individuals emit virus into the environment over time, (ii) how different forms of 55 

environmental sampling are able to support biosurveillance initiatives, and (iii) and to what degree 56 

does ventilation mitigate environmental contamination. In order to better understand the 57 

longitudinal dynamics associated with the occupation of the BE when suffering from COVID-19, 58 

the impact of ventilation, and the potential role of different surveillance methods, isolation dorm 59 

rooms housing residence hall students that tested positive for COVID-19 were sampled throughout 60 

the course of the individual’s isolation period, typically allowing for up to 10 days of sample 61 

collection. Here, we provide the first real-world experimental evidence for the suppression of 62 



aerosol viral loads through the use of increased ACH from exhaust air and increased natural 63 

ventilation through the use of windows. Additionally, we demonstrate that symptom type, severity, 64 

and presence are predictive factors for the level of environmental contamination observed and that 65 

environmental contamination decreases as individuals recover. Additionally, we identified variability 66 

in viral shedding over time and provide evidence useful to guide environmental viral surveillance.  67 

Results and Discussion 68 

Study Population 69 

A total of 35 subjects were recruited and consented into the study between January and May 2021. 70 

All subjects tested positive for SARS-CoV-2 RNA through shallow nasal swabs and qRT-PCR. The 71 

study cohort was made up of 17 males and 18 females between the age of 18 and 24 (Table 1). The 72 

majority of individuals in the study cohort identified as White (68.6%) followed by 73 

Hispanic/Latino/Spanish (14.3%). A full breakdown of the self-identifying ethnicity of the study 74 

cohort can be found in Table 1. 75 

Table 1. Demographic data of the study subjects. 76 

Sex at Birth Percent (n) 

Male 48.6 (17) 

Female 51.4 (18) 

Ethnicity Percent (n) 

White 68.6 (24) 

Hispanic/Latino/Spanish 14.3 (5) 

Native Hawaiian/Pacific Islander 2.9 (1) 

Black 2.9 (1) 

Multiple 5.7 (2) 

Asian 5.7 (2) 



Viral Shedding and Environmental Contamination Associate with Isolation Day 77 

In an attempt to assess the viral load dynamics over the course of the study cohort’s time in the 78 

isolation dormitory, the mean CT, a proxy for observed total viral load, of each study participant 79 

from each location was tracked throughout the course of the isolation period. CT values of subject 80 

shallow nasal and mouth swabs were found to be significantly (P < 0.05) associated with day since 81 

positive test, with CT values increasing (lower viral load) as time since positive test increases (Figure 82 

1). Additionally, significant increases in CT values were observed as time progressed in environmental 83 

swabs taken from the study subject’s computer, phone, the settling plate closest to the study 84 

participant, and in the active air samples (AerosolSense). Statistically significant increases in the CT 85 

values of participant bathroom floors, bathroom exhaust, and far passive air settling plate were not 86 

observed, although nearly all sample types trended towards increased CT values over time. 87 

Furthermore, environmental samples demonstrated decreasing percent positivity over time (Figure 88 

2). 89 

Increasing nasal and mouth CT values and decreasing rate of positivity of environmental samples as 90 

the isolation period progresses both suggest that decreasing viral load in study participants directly 91 

translates to decreased viral load within the space occupied by individuals positive for COVID-19 92 

Figure 1). While previous investigations have demonstrated the presence of SARS-CoV-2 RNA in 93 

BE’s occupied by COVID-19 positive individuals5,18,23,32–34, this represents the first link between 94 

infection stage, subject viral load over time, and environmental viral load. Additionally, we confirm 95 

the findings of multiple other studies that have demonstrated the persistence of SARS-CoV-2 96 

genetic material in patient-derived samples at the end of a treatment and/or isolation period35,36. The 97 

persistence of environmental SARS-CoV-2 genomic material has been cited as a potential limitation 98 

in multiple sampling campaigns that utilize surface swabs to assess contamination37,38. The strongest 99 

trends in increasing CT values among environmental samples were observed in the phone and 100 



computer swabs, and AerosolSense active air samples. In comparison to samples that did not 101 

demonstrate a significant increase in CT values over time (bathroom exhaust and bathroom floor), 102 

these sampling locations were either cleaned in between sampling (phone and computer) or utilize a 103 

fresh substrate during each collection period (AerosolSense). This comparison suggests that relic 104 

RNA may compose at least a part of the RNA collected in some environmental surveillance 105 

sampling methods and that sampling methods that routinely cleaned or were more resistant to relic 106 

RNA collection (such as active air sampling with a fresh substrate) may provide more utility as a 107 

surveillance tool against SARS-CoV-2 than typical environmental swabbing campaigns. 108 



 109 

Figure 1. Longitudinal Viral Shedding and Environmental Contamination Dynamics. The mean daily cycle 110 
threshold (CT) for each sampling location throughout the course of the participants’ involvement in the study. 111 
Individual points represent the mean daily CT value per individual. The black line represents a linear mixed 112 
model estimated using a restricted maximum likelihood (REML) approach and including the individual 113 
occupying the room as a random effect and the grey area represents the 95% confidence interval for that 114 
model. 115 



 116 

Figure 2. Mean daily percent positivity at each sampling location. The percent positivity rate per entry per 117 
study subject was calculated and the mean positivity rate of all participants per day enrolled in the study was 118 
calculated as the daily percentage rate. The black line represents a linear mixed model estimated using a 119 
restricted maximum likelihood (REML) approach and including the individual occupying the room as a 120 
random effect and the grey area represents the 95% confidence interval for that model. 121 

Symptom Presence Impacts Viral Shedding and Environmental Contamination 122 

The presence (or lack thereof) of symptoms associated with COVID-19 positive individuals and 123 

associated viral load in patient samples (nasopharyngeal and oral swabs) has been investigated in a 124 



multitude of previous articles and significant differences have not been identified in the viral load 125 

associated with symptomatic versus asymptomatic COVID-19 infections39–47. However, the 126 

relationship between symptomatic infection and environmental contamination has not yet been 127 

investigated. Among the symptoms that were reported by the study population, seven symptoms 128 

(coughing, watering eyes, sore throat, loss of smell, gastroinstestinal (GI) symptoms, congestion, and 129 

brain fog) were found to be significantly associated with altered levels of viral load in the isolation 130 

dormitory rooms (Table 2). Increased self-reported coughing, sore throat, loss of smell, and GI 131 

symptoms were associated with lower environmental CT values (and thus higher viral loads), with GI 132 

symptoms and coughing most strongly correlating with decreased CT values. In comparison, watery 133 

eyes, congestion, and brain fog were associated with increased CT values. Coughing while infected 134 

with COVID-19 has been estimated to produce significantly more viral particles than normal 135 

breathing48. This small cohort study of 35 individuals supports the hypothesis that increased 136 

respiratory expulsion from activities such as coughing would result in increased environmental 137 

contamination with SARS-CoV-249,50. Furthermore, it is known, through wastewater analysis and 138 

sequencing for the surveillance of SARS-CoV-251, that SARS-CoV-2 is readily emitted from and 139 

detected in stool samples in nearly half of COVID-19 positive individuals52. Here we observe 140 

increased viral load associated with increased GI symptoms, further supporting the potential for a 141 

fecal-oral transmission route of SARS-CoV-2 in certain circumstances. Additionally, the other 142 

symptoms associated with increased environmental viral load (sore throat and loss of smell) both 143 

implicate the upper respiratory tract. Active viral replication has been identified in the upper 144 

respiratory tract and suggests that ongoing infection and symptom onset in the upper respiratory 145 

tract may indicate increased levels of viral secretion and environmental contamination in buildings53. 146 

Table 2. Linear correlations between the self-reported symptoms of study participants and measured cycle 147 
threshold values in the environmental samples. The statistical significance of the correlation for each symptom 148 
is noted, and the slope indicates the direction of the relationship whereas negative values indicate increased 149 
environmental viral load. 150 



Symptom Correlation Coefficients 

Symptom Slope Significance Level 

Fever -0.35 Not Significant 

Coughing -0.52 < 0.001 

Sneezing -0.12 Not Significant 

Difficulty Breathing -0.03 Not Significant 

Fatigue 0.13 Not Significant 

Headache -0.16 Not Significant 

Eyes Ache 0.15 Not Significant 

Eyes Watering 1.48 < 0.001 

Sore Throat -0.30 < 0.05 

Distorted Taste 0.06 Not Significant 

Loss of Taste 0.01 Not Significant 

Distorted Smell 0.00 Not Significant 

Loss of Smell -0.13 < 0.01 

Ears Ringing 0.37 Not Significant 

GI Symptoms -0.93 < 0.01 

Congestion 1.00 < 0.001 

Brain Fog 0.31 < 0.01 

We sought to further understand the potential impact that symptoms play in the transmission of 151 

SARS-CoV-2 inside of the BE, and particularly, the impact symptom presence may have on 152 

subsequent environmental contamination. As such, each entry into a study participant’s room was 153 

queried to determine if the participant had self-reported any symptoms during that visit only. 154 

Individual entries were sorted into symptomatic and asymptomatic entries and the CT values from 155 

each group were compared. Significantly lower CT values were observed in active air samples 156 

collected during entries where the participant reported symptoms (Figure 3a), representing greater 157 

aerosolized viral particles present during that collection time. Furthermore, significantly lower CT 158 



values were observed in aerosol-based sampling methods (active air samples and passive settling 159 

plates) during symptomatic entries (Figure 3b). Lastly, significantly lower CT values were also 160 

observed in environmental swab samples collected during symptomatic visits compared to 161 

asymptomatic visits (Figure 3c). All together, these results suggest the potential that the presence of 162 

symptoms, even periodically in some individuals, contributes to increased viral shedding and 163 

environmental contamination with SARS-CoV-2. 164 

 165 

Figure 3. Impact of symptom presence on viral shedding and detection. (a) Boxplots of the observed cycle 166 
threshold values for active air samples collected by the AerosolSense sampler from rooms occupied by 167 
asymptomatic (yellow) and symptomatic (purple) individuals. (b) Boxplots of observed cycle threshold values 168 
for aerosol particulate samples collected by the AerosolSense sampler, passive air settling plate, and bathroom 169 
exhaust vents from rooms occupied by asymptomatic (yellow) and symptomatic (purple) individuals. (c) 170 
Boxplots of the observed cycle threshold values for environmental swabs collected from the computer, phone, 171 
and bathroom floor from rooms occupied by asymptomatic (yellow) and symptomatic (purple) individuals. 172 



Additionally, some subjects enrolled in the study demonstrated intermittent negative shallow nasal 173 

and oral swabs. To understand whether these intermittent periods of potentially low viral source 174 

load further translated to decreased levels of aerosolized viral particles, each entry into a study 175 

participant’s room was investigated to determine whether a positive or negative human swab 176 

(shallow nasal and oral swabs separately) was associated with that entry. Significantly lower CT values 177 

were observed in active air samples collected during entries where the participant returned a positive 178 

shallow nasal swab (Figure 4a). This same statistically significant relationship was also observed 179 

when grouping samples based upon the result of their oral swabs (Figure 4b). Some intermittent 180 

detection of SARS-CoV-2 RNA in the later stages of infection have been previously reported54–56. 181 

COVID-19 is unique in that it has been associated with significant numbers of super spreader 182 

events11,57–59. It has been suggested that as low as 2% of COVID-19 positive individuals may account 183 

for up to 20% of confirmed cases57. Here, we find a potential relationship between intermittent 184 

positivity, symptom dynamics, and the detectable viral load of the subject and their environment. 185 

We hypothesize that individuals suffering from COVID-19 may undergo transient periods of viral 186 

shedding that may contribute (among many other factors) to lack of transmission in some exposure 187 

events and super spreader transmission in other exposure events. This potential intermittency of 188 

viral shedding underscores the value of high temporal resolution of environmental viral surveillance. 189 



 190 

Figure 4. Potential intermittency of viral shedding and production. (a) Boxplots of the observed cycle 191 
threshold values for active air samples collected by the AerosolSense sampler from room entries when the 192 
study participant returned a negative shallow nasal swab (yellow) and a positive shallow nasal swab (purple). 193 
(b) Boxplots of the observed cycle threshold values for active air samples collected by the AerosolSense 194 
sampler from room entries when the study participant returned a negative oral swab (yellow) and a positive 195 
oral swab (purple). 196 

Built Environment Factors and Environmental Viral Detectivity 197 

The BE has been demonstrated to be an area of high risk when there is a COVID-19 positive 198 

individual occupying the indoor space60–64. Despite initial guidance that SARS-CoV-2 is transmitted 199 

through droplets and close interactions between individuals65, it has become readily apparent that a 200 

major transmission method is through aerosolized viral particles that remain suspended in the air for 201 

extended periods of time5,6,8–10,14–17. As such, we sought to understand the relationship between a 202 

range of air exchange rates in the isolation rooms studied and detectability of aerosolized SARS-203 



CoV-2. The rate of exhausted air was measured from each isolation dorm room and the air changes 204 

per hour (ACH) were calculated for each room (See Materials and Methods for full details). The 205 

ACH from mechanically exhausted air in the isolation dorm rooms ranged from 0.16 ACH to 0.93 206 

ACH (Figure 5a). Current American Society of Heating, Refrigerating, and Air-Conditioning 207 

Engineers (ASHRAE) guidelines suggest a minimum of 0.35 ACH for multifamily units, 1.7 ACH 208 

for retail spaces, and 2.8 ACH for classrooms66. ACH from mechanical exhaust in the isolation 209 

rooms was found to be significantly and positively related to observed CT values (P < 0.01), with 210 

increased ACH in the room more likely to produce higher CT values, thus lower viral loads (Figure 211 

5b). However, a significant decrease in the percent positivity of aerosol samples was not observed (P 212 

= 0.43) as ACH increased across study rooms (Figure 5c).. Taken together, these results suggest that, 213 

even across a fairly narrow and low range of ACH, increased ventilation rate decreases the 214 

detectable aerosolized viral load within enclosed spaces. However, the lack of significance in the 215 

decrease in percent positivity suggests that the modest range of ACH values found in this study is 216 

not enough to decrease the abundance of viral particles in the enclosed space to an undetectable 217 

level, thus suggesting higher ACH is required to support safer indoor congregation. Multiple articles 218 

have previously hypothesized that increased ventilation rate would translate to lower airborne viral 219 

loads22,67–70. To our knowledge, this study demonstrates the first real-world experimental evidence of 220 

increased ventilation within the built environment contributing to decreased aerosolized viral load. 221 

One common method for increasing the ventilation that is available in the vast majority of BE’s is 222 

the operation of windows. Windows can dramatically increase the overall ACH within buildings and 223 

other enclosed spaces71. In this case, opening a dorm room window will decrease the pressure on the 224 

mechanical ventilation (the exhaust air fan in the bathroom) and increase the efficiency of air 225 

movement by the exhaust fan72. More importantly, opening a window often increases the absolute 226 

ACH (not just the measured ACH of the mechanical exhaust, in the room through increased air 227 



movement in and out of the open window73. In order to assess the potential impact of window 228 

operations on the aerosolized viral load present within the study participant’s rooms, study 229 

participants were asked the status of their room windows during the course of the previous sampling 230 

period and researchers observed current window operation status at each entry. Samples were split 231 

into two groups consisting of (i) the window was open for more than 50% of the sampling period or 232 

(ii) the window was open for less than 50% of the sampling period. Samples from aerosol collection 233 

methods (AerosolSense and passive settling plates) demonstrated a significant increase in CT values 234 

(correlating with a decrease in viral load) when the window was open for more than 50% of the 235 

sampling period (Figure 5d). These results suggest that the increased ventilation that is provided 236 

from an open window has the ability to reduce the detectable viral load in the room by half (or 237 

more) when windows are open (x‾=34.4) compared to when the windows are closed (x‾=33.2). 238 

Window opening, as suggested by a variety of previous analyses and reviews69,74–78, appears to 239 

provide significant reduction in viral load while being a low-cost and low-labor intervention when 240 

thermal control, security, and outdoor contaminants are not a concern. 241 



 242 

Figure 5. Impact of differential ventilation rates on SARS-CoV-2 RNA identification. (a) Distribution of the 243 
calculated air exchanges per hour (ACH) from mechanical exhaust across all isolation rooms occupied by 244 
study participants. (b) Relationship between the observed cycle threshold (CT) values and the air changes per 245 
hour (ACH) from occupied isolation rooms. The black line indicates fit from a linear model to the raw data 246 
and the grey area represents the 95% confidence interval for that model. Individual points are colored based on 247 
the ACH observed in that sample with darker colors representing lower ACH values and lighter colors 248 
representing higher ACH values. (c) Relationship between the observed percent positivity from each entry into 249 
a subject room and the air changes per hour (ACH) from occupied isolation rooms. The black line indicates fit 250 
from a linear model to the raw data and the grey area represents the 95% confidence interval for that model. 251 
Individual points are colored based on the ACH observed in that sample with darker colors representing lower 252 
ACH values and lighter colors representing higher ACH values. (d) Boxplots of observed cycle threshold (CT) 253 
values of aerosol samples taken during periods when the window was open for more than 50% of the sampling 254 
period (yellow) or closed for more than 50% of the sampling period (purple), as recorded during the entry 255 
surveys answered by participants. 256 

There are multiple limitations to note in our investigation. Our study population, made up of 257 

students living in the university residence halls, is inherently not a representative sample of the broad 258 

spectrum of individuals that may contract COVID-19. Particularly, our study population is 259 

composed of individuals between the ages of 18 and 24. The age of the individual suffering from 260 



COVID-19 has been associated with altered levels of detectable SARS-CoV-2 RNA79 and viral 261 

shedding dynamics may differ from that seen in our investigation. Furthermore, our symptom and 262 

window position results are largely based upon the results of self-reported survey data. This survey 263 

data may suffer from inconsistencies and misclassification bias, particularly data pertaining to 264 

symptom presence and severity80–83. Lastly, there is a lack of data demonstrating a presence or absence 265 

of SARS-CoV-2 viability throughout the course of the study participants’ time in the isolation 266 

rooms. SARS-CoV-2 RNA has been demonstrated to remain within patient and environmental 267 

samples, even when SARS-CoV-2 viability and infectiousness has ceased84–87. 268 

 269 

Overall, we present a detailed longitudinal analysis of oral, nasal, and environmental viral loads 270 

associated with individuals in a quarantine environment. We find that subject samples demonstrate a 271 

decrease, but not a ceasing, in overall viral load as their quarantine period progresses. Based upon 272 

the self-reported symptoms of study participants, we find that coughing and GI symptoms most 273 

strongly correlate with increased environmental contamination, likely through an increase in virus 274 

shedding during coughing and bowel activity and movements. Additionally, we demonstrate 275 

significant differences in environmental contamination between symptomatic and asymptomatic 276 

individuals, as well as between periods of intermittent positive and negative human samples. Lastly, 277 

we provide the first real-world experiential evidence for decreased aerosol viral load with increasing 278 

mechanical ventilation levels and demonstrate significantly reduced detectable SARS-CoV-2 in study 279 

rooms with open windows compared with those with closed windows. These results are directly 280 

applicable to those occupying common spaces with an individual known to be positive for COVID-281 

19. We demonstrate that even asymptomatic infection with SARS-CoV-2 can yield high levels of 282 

environmental contamination. However, we also identified that increasing the total ACH within the 283 

space occupied by the COVID-19 positive individual can aid in the reduction of the overall viral 284 



load present in that environment. Furthermore, we add to the mounting evidence that SARS-CoV-2 285 

is emitted by COVID-19 positive individuals which then disperse into the surrounding space as 286 

potentially infectious aerosols which can be monitored through environmental surveillance 287 

programs to support awareness and safety.  We observe that indoor bioaerosols can be consistently 288 

measured with a high-flow bioaerosol sampler and demonstrate utility in biosurveillance and to 289 

assess mitigation effectiveness. Ideally, individuals would physically distance themselves from and 290 

avoid shared air spaces with a COVID-19 positive individual, ensure the positive individual wears a 291 

mask to reduce the quantity of emitted virus, and wear a mask themselves indoors. Ideally, building 292 

operators would monitor indoor air for pathogenic bioaerosols and make preparations to increase 293 

ventilation when pathogenic bioaerosols are present. 294 

 295 

Materials and Methods 296 

Institutional Approval and Data Availability 297 

All protocols regarding to the handling of biological materials were reviewed and approved by 298 

Advarra Institutional Biosafety Committee (IBC) (Protocol #PROTO202000132). Advarra IBC is 299 

an authorized external IBC for the University of Oregon and is registered with the National Institute 300 

of Health (NIH). All protocols relating to human subjects involved in the study were reviewed and 301 

approved by the University of Oregon Institutional Review Board (IRB) (Protocol #12292020). 302 

Subject Recruitment 303 

University of Oregon COVID-19 protocols require individuals living in the residence halls to move 304 

out of their current residence and occupy an isolation dormitory room during the course of their 305 

isolation period (14 days). Individuals positive for COVID-19 were identified through the University 306 

of Oregon Monitoring and Assessment Program (MAP)88. Following transfer to the isolation 307 



dormitory, individuals were recruited into the program for the duration of their stay at the isolation 308 

dormitory or until they wished to be removed from the study. 309 

Subject Questionnaire 310 

During the first sampling period, study subjects verbally filled out a questionnaire (1st entry 311 

questionnaire) that asked participants about their infection timeline, positive test date, age, biological 312 

sex, race and ethnicity, recent travel history, lifestyle, medications taken, and symptom onset and 313 

severity. Additionally, study subjects verbally completed a followup questionnaire during each 314 

subsequent entry into the room to track their symptoms, medications taken, and the status of the 315 

study room windows. The symptoms that were tracked included fever, coughing, sneezing, difficulty 316 

breathing, fatigue, headache, aching eyes, watering eyes, sore throat, distorted taste, loss of taste, 317 

distorted smell, loss of smell, ringing ears, gastrointestinal (GI) symptoms, congestion, and brain fog. 318 

Study participants indicated whether or not they were currently experiencing any of the surveyed or 319 

other symptoms and the severity on a scale of 1-5, with 5 being the most severe. All survey answers 320 

were self-reported by the study participants. 321 

Airflow Monitoring 322 

The rate of air exhausted from the isolation rooms were determined for each room. The only 323 

location which is designed to exhaust air from the rooms is through the exhaust air vent located in 324 

the bathroom of each unit or an open window. The room air is supplied from either the building 325 

common areas (via a roof-top unit supplying 100% outside air) or the dormitory room windows. 326 

The velocity of exhausted air from each room was measured by placing a customized adapter with a 327 

three inch diameter outlet that rested against the exhaust air grille structural perimeter. A hot wire 328 

anemometer (TSI Incorporated, model #9565) with probe (TSI Incorporated, model #964) 329 

measured the velocity of flow at the center. The measurement was converted to volumetric flow rate 330 



using the equation 𝑉𝑉𝑉𝑉 = 0.9∗𝜋𝜋∗0.2524 ∗ 𝑉𝑉, where 𝑉𝑉 is the measured velocity at the center in feet per 331 

minute, 0.25 is the three inch diameter outlet converted to feet, and 0.9 is the conversion factor 332 

accounting for peak flow at the center and averaging flow across the area of the hole. The air 333 

changes per hour (ACH) flow rate was calculated using the dimensions of the study rooms as 334 

described in the architectural plans and the equation 𝐴𝐴𝐴𝐴𝐻𝐻𝐹𝐹 = 𝑉𝑉𝐹𝐹∗60𝑣𝑣 , where 𝑣𝑣 is the volume of the 335 

room in cubic feet, 60 is the minutes in an hour, and 𝑉𝑉𝑉𝑉 is the calculated volumetric flow rate. 336 

Measurements were taken with (1) the hall door, exterior window and, bathroom door closed, and 337 

(2) the hall door closed and the exterior window and bathroom door open. 338 

Sample Collection 339 

Samples were collected 3-5 times throughout a day with approximately two hours lapsing between 340 

subsequent sampling times. At each entry, both a mouth and shallow nasal swab were collected from 341 

the study participant. Environmental samples were collected through environmental swabs, passive 342 

air settling plates, and active air sampling (Figure 6). Environmental swabs were collected from the 343 

participant’s cell phone, computer, bathroom floor, and exhaust air grille located within the 344 

bathroom. Flocked nylon fiber oropharyngeal swabs (Typenex Medical LLC, Catalog #SW0202) 345 

pre-moistened with DNA/RNA Shield (Zymo Research, Catalog #R1100) were used to thoroughly 346 

swab the sampling location (sampling area ~600 cm2, except for smaller items such as cellphones) 347 

for 15-20 seconds and returned to 1 mL of DNA/RNA Shield. Subject phones and computers were 348 

cleaned with bleach wipes following sampling to remove the residue left behind by the DNA/RNA 349 

shield. Settled particulates were captured using both components (base and lid) of standard Petri 350 

dishes (Corning Scientific). Following the sampling period, both sides of the Petri dish (sampling 351 

area ~110 cm2) were swabbed following the protocol described above for environmental swabs. 352 

Active air samples were collected using the AerosolSense 2900 sampler (Thermo Scientific, Catalog 353 



#121561-00). The AerosolSense sampler works by drawing air into an accelerating impactor at a rate 354 

of 200 L/minute, causing particles to impact onto a collection substrate. Following the sampling 355 

period, the collection substrate was transferred to 1 mL of DNA/RNA Shield using sterilized 356 

forceps and transported back to the laboratory. Upon return to the laboratory, the capture media 357 

was briefly vortexed, then centrifuged for two minutes at 1,500 x g to collect all liquid from the 358 

collection substrate. Following centrifugation, the collection substrate was discarded. 359 

 360 

Figure 6. Representative layout of study rooms and sampling locations. Numbers in grey circles represent 361 
locations sampled with flocked swabs and letters in black circles represent locations sampled through passive 362 
air settling plates. Sampling location 5 represents the active air sample collected with the AerosolSense 363 
Sampler 364 

Molecular Analysis 365 

All protocols were performed in a Purifier Logic+ Class II, Type A2 biosafety cabinet (LabConco, 366 

Catalog #302420001). An aliquot of 400 μL of each sample was used as the input for RNA 367 

extraction using the Quick-DNA/RNA Viral Magbead kit (Zymo Research, Catalog #R2141) 368 

following the manufacturer’s protocol. Briefly, 800 μL of lysis buffer and 20 μL magnetic beads 369 

were added to each well, the plate was sealed, and shaken continuously for 10 minutes. Following 370 

the ten minute incubation, the supernatant was removed, and the lysates were washed four times 371 



(1X with MagBead DNA/RNA Wash 1, 1X MagBead with DNA/RNA Wash 2, 2X with 100% 372 

ethanol). Nucleic acids were eluted into 50 μL nuclease-free water and stored at -80°C until 373 

downstream analysis. Successful RNA extraction was confirmed in each sample through the addition 374 

of a 5 μL spike-in of Escherichia coli MS2 bacteriophage into each extraction well. Each extraction 375 

plate also contained one extraction control containing nuclease-free water instead of sample. 376 

All samples underwent quantitative reverse-transcription polymerase chain reaction (qRT-PCR) 377 

analysis using the TaqPath COVID-19 Combo Kit (Thermo Fisher Scientific, Catalog #A47814). 378 

This quadruplex qRT-PCR reaction targets the spike (S), nucleocapsid (N), and RNA-dependent 379 

RNA polymerase (RdRP/ORF1ab) genomic regions. Additionally, the assay also targets the 380 

Escherichia coli MS2 bacteriophage as an internal process control. The reaction mixtures included 5 381 

μL TaqPath 1-Step Multiplex Mastermix without ROX (Thermo Fisher Scientific, Catalog 382 

#A28521), 9 μL nuclease-free water (Invitrogen, Catalog #4387936), 1 µL COVID-19 Real Time 383 

PCR Assay Multiplex Mix (Thermo Fisher Scientific, Catalog #A47814), and 5 µL of template RNA. 384 

Thermocycling was performed with the QuantStudio5 (Applied Biosystems) using the following 385 

cycling conditions: 25°C for 2 minutes, 53°C for 10 minutes, 95°C for 2 minutes, and 40 cycles of 386 

95°C for 3 seconds and 60°C for 30 seconds. Samples were considered positive if amplification was 387 

observed in two of three genome targets with a cycle threshold (CT) value less than or equal to 35 388 

(CT<35)89. Each qRT-PCR plate contained a positive RNA control, a no-template control (nuclease-389 

free water), and three extraction controls. All controls performed as expected. 390 

Statistical Analyses 391 

Analyses were performed using the statistical programming environment R90. Associations between 392 

observed CT values and study subject symptoms were identified through the use of a generalized 393 

linear model of the form 𝑦𝑦 = 𝛽𝛽1(𝑥𝑥1) + 𝛽𝛽2(𝑥𝑥2)+. . .𝛽𝛽𝑛𝑛(𝑥𝑥𝑛𝑛 + 𝐸𝐸) where 𝑦𝑦 is the observed CT, 𝛽𝛽𝑖𝑖 394 



values are linear regression coefficients for fixed effects 𝑥𝑥𝑖𝑖 , and 𝐸𝐸 is a vector of errors. Significant 395 

changes in CT values over time were identified through linear mixed models of the form 𝑦𝑦𝑖𝑖 = 𝑋𝑋𝑖𝑖𝛽𝛽 +396 𝑍𝑍𝑖𝑖𝑢𝑢𝑖𝑖 + 𝜖𝜖𝑖𝑖91,92 using a restricted maximum likelihood (REML) approach and including the individual 397 

occupying the room as a random effect. Student’s t-tests were used to compare differences in 398 

observed CT values between sampling groups. Differences were considered significant with P < 0.05. 399 

Data and Code Availability 400 

All data and code supporting this study and required to recreate the analyses are deposited in Github 401 

at https://github.com/BioBE/UO-COVID-Dorms. 402 
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