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Abstract

SARS-CoV-2 is spread through exhaled breath of infected individuals. A fundamental question
in understanding transmission of SARS-CoV-2 is how much virus an individual is exhaling
into the environment while they breathe, over the course of their infection. Research on viral
load dynamics during COVID-19 infection has focused on internal swab specimens, which
provide a measure of viral loads inside the respiratory tract, but not on breath. Therefore, the
dynamics of viral shedding on exhaled breath over the course of infection are poorly
understood. Here, we collected exhaled breath specimens from COVID-19 patients and used
RTq-PCR to show that numbers of exhaled SARS-CoV-2 RNA copies during COVID-19 infection
do not decrease significantly until day 8 from symptom-onset. COVID-19-positive participants
exhaled an average of 80 SARS-CoV-2 viral RNA copies per minute during the first 8 days of
infection, with significant variability both between and within individuals, including spikes
over 800 copies a minute in some patients. After day 8, there was a steep drop to levels
nearing the limit of detection, persisting for up to 20 days. We further found that levels of
exhaled viral RNA increased with self-rated symptom-severity, though individual variation
was high. Levels of exhaled viral RNA did not differ across age, sex, time of day, vaccination
status or viral variant. Our data provide a fine-grained, direct measure of the number of
SARS-CoV-2 viral copies exhaled per minute during natural breathing—including 312 breath
specimens collected multiple times daily over the course of infection—in order to fill an
important gap in our understanding of the time course of exhaled viral loads in COVID-19.
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This valuable manuscript by Lane introduces an exciting way to measure SARS-CoV-2
aerosolized shedding using a disposable exhaled breath condensate collection device
(EBCD). The paper draws the conclusion that the contagious shedding of the virus via
the aerosol route persists at a high level until 8 days after symptoms. While the
methodology is potentially of high importance and the paper is clearly written, the
conclusions are incomplete and only partially supported by the data.

Introduction

SARS-CoV-2, the causative agent of COVID-19, spreads through exhaled breath during coughing,
talking, singing, and breathing (1 %-7 @). Levels of SARS-CoV-2 over the course of infection have
been extensively characterized in upper and lower respiratory tract specimens such as
nasopharyngeal and oropharyngeal swabs (8 2-112, 38(%3-39 (2 ), whereas the dynamics of
levels on breath over the course of infection remain virtually unexplored. This is despite the fact
that quantifying levels of viral shedding on exhaled breath would allow for a direct approximation
of the amount of virus an individual is shedding into the environment (12417 (), thereby
exposing others to risk of infection. We know particularly little about the dynamics of viral
shedding on breath during unlabored natural breathing, which serves as a baseline for viral

transmission on breath.

While the dynamics of viral load inside the host respiratory tract has direct relevance to viral
pathology, dynamics of viral load on the host’s breath has direct relevance to infectiousness.
Understanding the dynamics of viral shedding on breath is important for prevention of
transmission of disease. Measuring viral load characteristics of the primary route of onward
transmission is critical to inform isolation times in the clinic, where isolation consumes scarce
resources, and to inform public health transmission control protocols. In addition, variables that
impact level of viral shedding on breath remain unclear, but may vary by a multitude of factors
including symptom severity, days since symptom onset, co-morbidities, viral genotype, and other
unknowns. Understanding of these factors requires quantification of exhaled viral loads, which
cannot be inferred from internal viral loads.

Current techniques for measuring viral load in exhaled breath have successfully detected SARS-
CoV-2 in specimens (18 3 -27 %), though with variable detection rates ranging from 26.9% to 86%.
Recent work has also shown that SARS-CoV-2 can be isolated from exhaled breath, confirming that
it contains replication-competent virus (17 ). However, prior work has focused on exertive
breathing conditions (talking, singing, coughing), and we therefore have less understanding of
viral loads in exhaled breath during natural breathing. Furthermore, prior work has not analyzed
exhaled breath collected longitudinally over the course of infection relative to the day of symptom
onset (potentially due to expense and lack of portability of breath collection devices), which would
allow for a better understanding of the time course of changes in viral loads on breath. An
inexpensive, portable device that allows patients to self-collect breath samples at home would
facilitate research into factors that contribute to virus transmission from breath, how exhaled
virus levels change over the course of infection, and whether therapeutics and other interventions

reduce levels of exhaled virus.

Here, we developed a portable, disposable exhaled breath condensate collection device (EBCD)
(Fig S1) and used it to collect 312 specimens from 60 COVID-19-tested outpatients who were
treated at Northwestern Memorial Hospital NMH). Specimens were analyzed using RT-qPCR. Our
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data set included breath specimens collected multiple times per day over the course of infection.
We report numbers of SARS-CoV-2 RNA copies exhaled per minute, during natural breathing, over
the course of infection and across a range of factors including self-reported symptom severity, age,
sex, presence of co-morbidities, vaccination status and viral variant.

Results

Detection of SARS-CoV-2 RNA in exhaled breath

To collect exhaled breath specimens, we developed a new exhaled breath collection device (EBCD)
that is inexpensive, portable and disposable, allowing at-home collection of samples by
participants. The device consists of a repurposed syringe tube fitted with one-way valve and
mouth piece (Fig S1). A cooling sleeve placed over the tube causes exhaled breath to condense on
the inner wall during a 10-minute breath collecting session. Participants were instructed to
breathe naturally out of their mouth through the tube at a normal pace. To validate our device as a
tool to measure SARS-CoV-2 in exhaled breath, we collected specimens from 60 study participants
recruited after receiving a clinical, PCR-based SARS-CoV-2 diagnostic test via nasopharyngeal swab
(typically Abbott ID NOW platform; see Table 12 for patient demographics), within 10 days of
symptom onset. We analyzed our specimens with RT-qPCR. SARS-CoV-2 RNA was detected in 43 of
the 43 breath specimens collected from participants who were positive for COVID-19 by diagnostic
testing conducted within the first 10 days from symptom onset (100%). SARS-CoV-2 RNA was not
detected in any of the 16 participants who were negative for COVID-19 by diagnostic testing (100%)
(Fig 1A@). Thus, the correspondence between our test and the clinical diagnostic test was 100%
accurate within the first 10 days of symptoms. The total number of SARS-CoV-2 RNA copies
detected over the 10-minute breathing session ranged from 5 to 8757, with a mean of 834 (95% CI:
[259, 1409]). To confirm the specificity of the amplified target, sequencing of resultant PCR product
was performed on two specimens, validating proper target amplification. To confirm that the
EBCD collects breath condensate without contamination from saliva, we performed viscosity
measurements on EBCD samples collected during nasal breathing and oral breathing separately
and compared them to viscosity measurements of saliva and water. If oral breath samples
collected with EBCD were contaminated with saliva, then their viscosity should be increased
compared to nasal breath samples. We found no statistical difference between the viscosity of
nasal and oral breath samples, or between either sample type and water, validating our sample
type as exhaled breath condensate (Fig S2). Thus, EBCD accurately detects SARS-CoV-2 RNA in
exhaled breath.

Average numbers of SARS-CoV-2 RNA copies on breath
did not decrease until day 8 from symptom onset

To examine the dynamics of exhaled viral loads over the course of infection, we invited COVID-19-
positive individuals to participate in voluntary longitudinal home collection of additional exhaled
breath specimens, typically two per day, for a duration determined by participant availability
(ranging from 2 to 20 days, see Table S1 for the number of samples provided by each participant).
At the time of each at-home sample collection session, participants recorded time of day, current
symptoms, and subjective self-assessed overall symptom severity (resolved/none, mild, moderate,
severe). This resulted in a total of 294 specimens, each associated with a day-since-symptom-onset
and symptom-severity score. To examine the time-course of viral shedding on exhaled breath, we
plotted SARS-CoV-2 viral copies against days since symptom onset for all samples, which showed
that the number of SARS-CoV-2 viral copies exhaled per minute decreased sharply on day 8 (Fig
2A[@). To quantify this effect, we fitted the moving-average time course of viral RNA exhaled per
minute to an S curve model (R2 =0.7657, adjusted R? = 0.7567), which yielded a modelled inflection
point of maximal decrease at day 8 (RMSE: 0.3755) (Fig 2A &, green dashed line). In a second
confirmatory analysis, samples were binned according to their days from symptom onset (1-2, 3-

Gregory Lane et al., 2024 eLife. https://doi.org/10.7554/eLife.91686.1 30f34


https://doi.org/10.7554/eLife.91686.1

AA1oooo- ®
Q
5 ® | X ) @ (]
i£
£ ® L
S 1000+ ® ® 35
8 (G ee®
: e®
100 30
g o S
o
3 0 Q® % o2
3 10 ® ® 254
%)
4
<
%)
k] 1 204
5 [ ]
[
£ ND ... ...... )
2 0o " 9 =
LI R LR | I T B B ) S N1 LI | T e STy
Positive patient Negative patient 10 100 1000 10000 100000 1000000
Number of SARS-CoV-2 RNA copies
C 1000 100
P36;21J;81%
2}y +P37;21K
2 gq00 P26:20G44% ' Pas I
(3 'é P24;,;0G;62% L) P35,21J;82.4% o
QE ’ P41;21K;94% S
< ® P44;21K;95% b
o -D1J: < A 1]
s & v P34;21J:83% . 3
3¢ :20G;62% ’ [}
2 20:20G;50% P40;21K;95% =
3 § pa0Clal g oia e P43:21K:91% °
§ 2 P22;20G;50% P42.21K.97%
o
NDL - ‘o
Y} Y O RS F S P WS Y RS F S P
R & 8 RS o & F & L & N 8 R S & @
A R i I R A AP S g
19A w20C m20H (Beta, V2) 21C (Epsilon) ~ 21H (Mu) m21L (Omicron) + Clade determined by sequencing
m19B m20D m20! (Alpha, V1)  m21D (Eta) 211 (Delta)  mRecombinat P(C,,) = (NC,/TC ) * 100
m20A  m20E (EU1) ©20J (Gamma, V3) m21F (lota) 21J (Delta) NC, , = Number of a certain clade per day (7 days moving window)
208 20G 21A (Delta) 21G (Lambda) 21K (Omicron) TC, = Total number of all clades per day (7 days moving window)
o 1000~
2L
O 2 100
? €
%% 104
B
T g
£ 0o 14
o<
xZ
§°‘ ND
ERPYF A RNSERERCERILRNE2-IQCPE2RARE3I 8383383599833 5356
o oo a oaaa o ooQaoaoaoa o o S S S G A s S W V- S -
Participant
Fig 1.

(A) Comparison of EBCD results with clinical tests for COVID-19. Results are shown for 60 patients who used the EBCD to
produce a sample after they were tested for COVID-19 using nasal swab samples and the Abbott ID NOW nucleic acid-based
rapid diagnostic test (n = 42), or RT-qPCR (n = 18). 44 patients tested positive on the clinical test (blue dots) and 16 patients
tested negative on the clinical test (red dots). EBCD results are plotted as the number of exhaled SARS-CoV-2 RNA copies over
the 10-minute breathing session. (B) Dilution series. Dilution series were used to convert cycle threshold values to viral
copies. (C) Identification of SARS-CoV-2 variant by clade for participant samples over time. Background colors represent SARS-
CoV-2 variant clade percentage in Chicago between April 2020 and February 2022. Dots represent peak amount of viral RNA
detected on breath for each COVID-19-positive participant. Participant number, putative clade and percentage likelihood are
indicated next to each dot; +, clade identified by genome sequencing; vertical lines indicate day of symptom onset (n = 42) or
date of diagnosis (n = 2; P15 and P43). (D) Peaks levels of viral RNA shedding on breath across participants, separated by
variant and sorted by exhaled viral RNA copy number. Black horizontal lines indicate average within each variant type. Red,

pre-Delta; Gray, Delta; Blue, Omicron.
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Variable Descriptor Female Male

Total No. -- 20(45.5) 24(54.5)
Age Median (IQR) 32.0(18.0) 37.0(16.5)
Race
White 8(40.0) 13(54.2)
Black or African American 6(30.0) 7(29.2)
Unknown 0(0.0) 2(8.3)
Asian 3(15.0) 1(4.2)
Other 3(15.0) 14.2)
Ethnicity
Not Hispanic or Latino 17(85.0) 21(87.5)
Hispanic or Latino 3(15.0) 2(8.3)
Unknown 0(0.0) 1(4.2)
Smoking
Never 11(55.0) 12(50.0)
Former 4(20.0) 2(8.3)
Missing 3(15.0) 6(25.0)
Current 2(10.0) 4(16.7)
Vaccine status at presentation
None 14(70.0) 17(70.8)
Full 5(25.0) 6(25.0)
Partial 1(5.0) 1(4.2)
Clinic of presentation
NMH ED 13(65.0) 18(75.0)
NMH ICCs 5(25.0) 6(25.0)
Community Health Clinic 2(10.0) 0(0.0)
Clinical test
Abbott ID NOW 14(70.0) 20(83.3)
RT-qPCR 6(30.0) 4(16.7)
Clinical disposition
Outpatient 19(95.0) 23(95.8)
Inpatient 1(5.0) 1(4.2)
Comorbidity at presentation
None 15(75.0) 22(91.7)
Asthma 3(15.0) 1(4.2)
Diabetes 1(5.0) 1(4.2)
Cancer 1(5.0) 0(0.0)
Complaints at presentation
Other 17(85.0) 23(95.8)
Fever 6(30.0) 14(58.3)
Cough 9(45.0) 11(45.8)
Body aches 5(25.0) 9(37.5)
Headache 10(50.0) 8(33.3)
Shortness of breath 7(35.0) 6(25.0)
Chest pain 2(10.0) 6(25.0)
Chills 4(20.0) 6(25.0)
Fatigue 2(10.0) 5(20.8)
Loss of taste/smell 1(5.0) 4(16.7)
Sore throat 7(35.0) 4(16.7)
None 3(15.0) 1(4.2)
Date of diagnosis
April-June 2020 1(5.0) 3(12.5)
July—September 2020 4(20.0) 5(20.8)
October—December 2020 6(30.0) 6(25.0)
January—March 2021 1(5.0) 2(8.3)
July—September 2021 3(15.0) 5(20.8)
January—March 2022 5(25.0) 3(12.5)

Data are represented as No. (%), except for Age, which is represented as median (IQR, interquartile range). NMH ED, Northwestern Memorial
Hospital Emergency Department; NMH ICCs, Northwestern Memorial Hospital Immediate Care Clinics.

Table 1.

COVID-19-positive participant demographics.
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4, 5-6, 7-8, 9-10, 11-12 days) and mean exhaled viral RNA copies were computed for each bin (bin:
(mean [%95 CI]); 1-2 days: 37 [6, 68]; 3—4 days: 80 [43, 117]; 5-6 days: 58 [19, 97]; 7-8 days: 13 [4,
23]; 9-10 days: 2 [1, 2]; 11-12 days: 2 [1, 3]) (Fig 2B ). Levels were similar across bins including
days 1 to 6 (Tukey test, all P’s > 0.05), with the first significant difference observed between the
third (days 5-6 from symptom onset) and fourth (days 7-8 from symptom onset) bins (Tukey test, P
< 0.05). Taken together, these findings suggest that the number of viral RNA copies does not
statistically decrease until day 8 from symptom onset. After day 8, exhaled viral RNA levels
dropped near the threshold of detection, and in many cases to undetectable levels. Very low levels
of viral RNA were intermittently detected up to 20 days from symptom onset, with occasional
spikes in a few participants (Fig 2A ). These findings suggest that in outpatients with a low rate
of co-morbidities (Table 1), viral loads on breath are substantially decreased after day 8 from
the onset of symptoms.

Vaccinated and unvaccinated individuals
exhaled similar levels of SARS-CoV-2 RNA

Whether vaccinated individuals who experience breakthrough infection with COVID-19 shed
lower levels of virus on breath is unknown. Our data set included 57 samples collected by 11
vaccinated participants with breakthrough infections (Table 1% ). We found that vaccinated and
unvaccinated participants exhaled similar numbers of SARS-CoV-2 RNA copies (Fig 2C &), when
accounting for age, sex, presence of co-morbidities, days since symptom onset and symptom
severity (Supplementary Appendix, Wilcoxon rank sum test, P = 0.31, z = 1.02) (Fig 3A ). Viral
RNA levels in 57 samples collected by vaccinated individuals on days 1 to 16 from symptom onset
ranged from 0 to 549 exhaled copies per minute (%95 CI: [17, 78]) while viral loads for
unvaccinated individuals on days 1 to 16 ranged from 0 to 876 exhaled copies per minute (%95 CI:
[25, 55]).

Levels of exhaled SARS-CoV-2 RNA were similar across viral variants

Whether infection by different viral variants impacts levels of virus shed on breath is poorly
understood. In particular, whether infection with later SARS-CoV-2 variants considered to be more
transmissible, such as Delta and Omicron, produces higher levels of viral shedding on breath than
earlier variants is unknown. Genome sequencing was performed on viral RNA extracted from 9
exhaled breath condensate samples from 7 participants in order to determine SARS-CoV-2 viral
clade (Fig 1C@). For all other participants, clade was putatively assigned based on the variant
prevalence in Chicago over a rolling 7-day average at time of symptom onset (n = 35) or date of
diagnosis (n = 2; P15 and P42) (Fig 1C(%). Our data set included 194 samples from individuals
infected by early SARS-CoV-2 variants between April 2020 and March 2021 (clades 20A, 20B, 20C,
and 20G), 35 samples from individuals infected by Delta between July 2021 and October 2021
(clade 21]), and 65 samples from individuals infected by Omicron in December 2021 and January
2022 (clade 21K) (Fig 1C 2, with additional detail in the online data supplement Table S1). Levels
of viral shedding on breath did not differ between these three groups when accounting for age,
sex, presence of co-morbidities, and days since symptom onset (Tukey’s test, P > 0.05) (Fig 3B @).
Viral loads on breath in individuals infected with the early variants ranged from 0 to 876 RNA
copies exhaled per minute (%95 CI: [17, 48]), while viral loads in individuals infected with the
Delta variant ranged from 0 to 549 RNA copies exhaled per minute (%95 CI: [28, 126]), and viral
loads for individuals infected with the Omicron variant ranged from 0 to 264 RNA copies exhaled
per minute (%95 CI: [4, 25]) (Fig 2D ). In a second confirmatory analysis, we compared peak
levels of viral shedding on breath over infection course in individuals infected with each variant.
Peak levels of viral shedding on breath were similar across variants (One-way ANOVA; F 49 = 2.56,
P =0.089) (Fig 1D®).
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Fig 2.

(A) Levels of exhaled SARS-CoV-2 RNA copies per minute over the course of infection. Each dot represents the daily average
number of exhaled SARS-CoV-2 RNA copies exhaled per minute, for each participant. The overlaid black line represents the
rolling average of exhaled viral RNA copies over days since symptom onset. The overlaid red line is the fitted S curve (R% =
0.7657, adjusted R? = 0.7567, RMSE: 0.3755). The green vertical dashed line indicates the inflection point of the S curve. (B)
Viral RNA copy numbers binned over days since symptom onset. Each dot represents results from one sample. Mean and
standard error are represented by red lines within each bin. * indicates P < 0.05. (C) The same data from panel A are plotted,
with colored dots representing samples that were collected from vaccinated participants, and grey dots representing
unvaccinated participants. (D) The same data from panel A are plotted with blue indicating participants infected with
Omicron strains; red indicating infection with Delta strains; and grey indicating infections prior to Delta. All panels: blue
horizontal line represents 35 Cy equivalent.
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Levels of SARS-CoV-2 RNA copies in exhaled breath for (A) vaccination status, (B) viral variants and (C) self-reported symptom
severity. Each colored dot represents one sample, and the color scale represents days since symptom onset. Black bars
denote average, error bars denote standard error, and blue horizontal line represents 35 C; equivalent. * indicates P < 0.05.
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Exhaled SARS-CoV-2 RNA levels increased
with self-reported symptom severity

Relationships between viral load and symptom severity have been studied using internal swabs to
estimate levels of viral RNA (9@ 38&’) However, whether exhaled SARS-CoV-2 viral loads
correlate with symptom severity has been unexplored. We examined the number of SARS-CoV-2
RNA copies exhaled per minute across self-reported symptom severity groups (group: (mean [%95
CI]); Resolved/None: 19 [6, 31]; Mild: 14 [6, 22]; Moderate 33 [12, 53]; Severe: 183 [76, 289]) (Fig

3C @), accounting for age, sex, presence of co-morbidities, and days since symptom onset. On
average, exhaled viral RNA copies were significantly higher in samples collected when
participants reported that their symptoms were Severe compared to those collected when
symptoms were reported as Resolved/None, Mild, or Moderate (Tukey test; Resolved/None: P =
0.002, Mild: P < 0.001, or Moderate: P = 0.005). However, there was considerable individual
variation reflected by large confidence intervals, and as can be seen in Fig 3CZ. For example,
some individuals who were asymptomatic at the time of specimen collection were exhaling
around 400 viral copies per minute (Fig 3C (2, left-most column), highlighting the importance of
understanding the factors that contribute to individual variation in levels of viral shedding on
breath (392).

Discussion

Our study used a newly-developed portable exhaled breath condensate collection device to
capture breath specimens from COVID-19-tested outpatient participants. We used this data to
characterize the dynamics of viral load on exhaled breath from the onset of symptoms through
day 20. We found that COVID-19 infected participants exhaled an average of 80 viral RNA copies
per minute during the first 8 days of infection, with significant variability, including peaks as high
as 876 copies per minute. The average amount of viral RNA being exhaled into the environment
did not statistically decrease until day 8 following symptom onset, when we found a steep drop to
levels near the limit of detection, which persisted for up to 20 days from symptom onset, and
included occasional spikes in a few participants. We further found that participants who rated
their symptoms as severe were exhaling significantly more viral RNA copies per minute than
participants who rated their symptoms as mild or moderate, though with high individual variance.
We found no impact of vaccination status, viral variant, age, sex, or presence of co-morbidities.

Given the long-term effects of COVID-19 infection (30 2-32 (%), and the potential cumulative risks

loads—especially during natural, unlabored breathing—is important for better understanding of
the risk of onward infection.

Our study has several limitations. First, we had a small number (n = 11) of vaccinated participants,
most of whom received the same vaccine (BNT162b2, n = 7), limiting our ability to measure the
effect of vaccination on viral shedding on breath. Notably, because vaccines became available later
in our study period, our vaccinated participants were likely infected with a later-emerging variant
of SARS-CoV-2, potentially impacting comparisons with earlier participants (17 &). That said, we
did not find any differences in exhaled viral loads across viral variants in this study. Second, self-
reported symptom severity data is variable and adds uncertainty to those findings. While a
majority of participants (95%) were in an outpatient setting, assessing severity through the use of

defined clinical severity scores would have yielded a more reliable measure.
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Despite these limitations, our findings make a significant contribution to understanding the
dynamics of COVID-19 infection in an outpatient population. The majority of research on the
dynamics viral load have focused on hospitalized inpatient populations, typically characterizing
viral dynamics from day of diagnosis, relative to clinically-assessed disease severity. In contrast,
relatively little is known about viral dynamics among outpatients from time of symptom onset,
relative to symptom severity (9%), and dynamics of viral load on breath over the course of
infection are poorly understood. Most COVID-19 infections are experienced as outpatients in
household and community settings. Therefore, in order to inform community transmission
mitigation strategies—the environment in which the vast majority of transmission occurs—we
need to understand the dynamics of the virus in an outpatient population. Significant effort has
gone into characterizing viral shedding dynamics, which has led to the development and
improvement of models of transmission and methods of infection mitigation. Notably, however,
the lack of congruency in viral load dynamics between different swab locations within individuals
erodes confidence in respiratory tract viral loads as indicators of infectiousness (39(%). Here we

add a new element to this effort by directly characterizing viral shedding on breath, the major
vector of transmission of COVID-19.

Our findings can be used to demonstrate future feasibility of estimating the amount of time it
takes for an individual to exhale an infectious dose of SARS-CoV-2: For example, assuming a
conservative estimate of infectious dose for COVID-19 of 300 virions (35 (2, 36 (3), a person
exhaling 900 viral RNA copies per minute (as did peak shedders in our study) could be
conservatively estimated to exhale an infectious dose in around 20 seconds (not safe for an
elevator ride), whereas a person who is exhaling 10 viral copies per minute could be estimated to
exhale an infectious dose in over 30 minutes (probably ok for an elevator ride) (37 ). Along these
same lines, once the relationship between exhaled viral RNA and replication-competent virus is
established, if combined with rapid SARS-CoV-2 detection methods, our device could be used to

assist in development of an at-home infectiousness test.

Understanding the dynamics of exhaled viral loads during natural breathing over the course of
infection is an important step toward understanding onward of SARS-CoV-2. Our findings support
the possibility that an individual becomes less likely to infect others through breath beyond day 8
after symptom onset, though further work is needed to confirm that infectivity parallels viral RNA
levels on breath. Notably, it is unknown why some patients exhale large amounts of viral loads
and others do not. The method used here exploits a low-cost, portable, disposable, and
straightforward-to-use device, allowing participants to complete multiple, unsupervised, at-home
sample collection sessions after a single brief training session. This method has the potential to
pave the way for large-scale, individualized research into viral shedding on breath for COVID-19,
and for other existing and yet-to-come respiratory pathogens.

Materials and methods

Cohort Description

This was a prospective observational study of participants recruited from the Northwestern
Memorial Hospital NMH) Emergency Department (ED) and Immediate Care Clinics (ICCs) in
Chicago, Illinois from April 27, 2020 until January 8, 2022. Participants were identified after an
order for COVID-19 testing was placed by the clinical care team and they were recruited by study
staff as a convenience sample. Any adult (at least 18 years) undergoing COVID-19 testing in the
NMH ED or ICCs was eligible for study enrollment regardless of symptom severity. In general, the
COVID-19 testing procedure in the clinic included collection of a nasopharyngeal swab and
analysis of the direct swab using Abbott ID NOW, a qualitative rapid non-PCR nucleic acid-based
test which provides binary results (positive or negative). COVID-19-positive participants had a
median age of 34 years (range 20 to 62 years) and 45.45% were female (Table 1@). All participants
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were outpatients, with the exception of 2 ED patients who were admitted. All participants
provided voluntary informed consent, and all research procedures were approved by the
Northwestern University IRB, Study #STU00212292.

Exhaled breath condensate collection device

EBCD is a simple device that can be built for less than US $5.00 using readily available parts (Fig
$1). It consists of a modified 50 CC catheter-tip syringe body and plunger, a plastic mouth piece (or
nose piece), a one-way flutter valve/saliva trap and a cooling sleeve with insulating cover (Fig
S1A). To assemble the device, the one-way valve is placed inside the mouth piece, oriented to
prevent the participant from inhaling room air through the tube. The mouthpiece assembly is then
placed into the wide end of the syringe body. The cooling sleeve with insulating cover is placed
over the syringe body. To produce a sample, the participant simply breathes naturally and exhales
through the EBCD for 10 minutes. As the participant exhales through the device, any saliva that
may enter the tube is trapped by the valve casing while moisture in warm exhaled breath
condenses on the cooled inner wall of the device, producing a liquid condensate sample (Fig S1B).
After the breathing session, the valve and mouth piece are removed, the plunger is inserted, and
the liquid sample is plunged into a vial, which contains 1 mL of transport medium (Fig S1C). The
resulting sample can be mailed to the lab for analysis. A typical 10-minute breathing session yields
around 1 mL of breath condensate.

The EBCD has oral and nasal breath collection configurations (Fig S2). For this study, because
mouth pieces are cheaper and more readily commercially available, the device was configured
with a mouth piece and participants provided oral breathing samples. Because we were interested
in SARS-CoV-2 RNA levels in exhaled breath during natural breathing as a baseline condition of
potential viral transmission, we instructed participants to breathe at a natural pace, and avoid
talking, shouting, singing, or any other exertive breathing. Natural breathing should produce
condensate samples with minimal liquid saliva contamination: Liquid saliva is distinct from saliva
which is volatilized naturally during exhale; volatilized saliva is an expected constituent of our
sample, while liquid saliva is a contaminant which can enter the sample via spitting or drooling.
To avoid saliva contamination via drooling or spittle, the configuration of the mouthpiece and one-
way valve were designed to prevent spitting or drooling into the device and to trap any minimal
saliva that enters the mouthpiece as a liquid. We confirmed the efficacy of this design in
eliminating liquid saliva contamination by performing viscosity measurements on control samples
using an rheometer (Anton Paar MCR302) equipped with a Peltier temperature controller set to
25°C and a CP50-1 cone and plate fixture. If oral samples collected with our device are
contaminated by saliva, we would expect oral samples to have higher viscosity compared to nasal
samples. Two healthy participants produced 3 samples each: nasal and oral breath samples using
the EBCD, and saliva samples by spitting into a sample tube, resulting in 6 samples. 0.6 mL of each
sample was added to the Peltier stage at 25°C, and was subjected to a shear rate sweep from 5 to
500 5! at 5 5"l increment. Three measurements were performed on each sample. MilliQ water was
also measured for comparison. We found that nasal breath, oral breath and water were
indistinguishable in terms of viscosity, with saliva having much higher viscosity (Fig S2). Thus
EBCD oral breath samples were not contaminated by saliva.

Specimen collection

Participants were asked to provide an initial breath sample either in the clinic, from home
following in-person study-team instruction on how to use the EBCD device, or from home
following study-team instruction provided remotely over videoconferencing software or via
online video. Participants were then invited to participate in voluntary longitudinal home
collection of additional exhaled breath samples, typically two per day, for variable duration
ranging from 2 to 20 days. Participant demographics were collected at baseline along with the date
of symptom onset as determined by clinical notes and participant interviews. At the time of each
sample collection, participants recorded time of day, symptoms, and subjective self-assessed
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overall symptom severity (resolved/none, mild, moderate, severe). Exhaled breath condensate
samples were taken from 60 participants within an average of 19 hours (range 1-120, %95 CI:
[13.3, 25.1]) after clinical diagnostic COVID-19 testing. A subset of 31 COVID-19-positive participants
(70.5%) produced an additional 250 samples longitudinally from home (range 2-30, %95 CI: [6,
12]). In total, 60 participants produced 312 samples, two of which were unusable due to accidental
spillage, leaving 310 samples for analysis.

Sample analysis

Samples were collected into vials containing 1 mL molecular transport medium (Primestore,
Longhorn Vaccines and Diagnostics) and stored at 4°C. For analysis, the full volume of each
sample, representing 10 minutes of natural breathing, was concentrated to a final volume of 200
uL using Amicon Ultra filters (3 kDa). RNA was extracted using the QIAamp MinElute virus spin kit
using the full concentrated volume of each sample as an input, and using a 40 pL elution. Reverse-
Transcriptase quantitative Polymerase Chain Reaction (RT-qPCR) was performed in triplicate,
using TagMan probes and N1-targeted primers (IDT 2019-nCoV Kkit, catalog #10006606) following
the CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic Panel (CDC-006-00019).
Cycle threshold (Cy) values were obtained using ThermoFisher QuantStudio Real-Time PCR
software. The estimated number of viral copies represented by the Cr was determined using a
standard curve generated with a dilution series of the 2019-nCoV_N_positive control plasmid (IDT
catalog #10006625) (Fig 1B ). To convert Ct value to the number of viral copies, we used Matlab’s
polyfit function to fit a first-degree polynomial to the standard data. The data were modeled as y =
a * log(x) + b, where y is the Cp value, x is the number of viral copies, a and b and are the
polynomial coefficients (a = - 3.63, b = 38.51). Use of the full volume of sample collected over a 10-
minute breathing session normalized all samples to represent 10 minutes of natural breathing.
This allowed us to convert Cy values to numbers of viral copies that were exhaled per minute over
a ten-minute breathing session.

Sequencing library preparation, Illumina

sequencing, and genome assembly

Complementary DNA (cDNA) synthesis was performed with the SuperScript IV First Strand
Synthesis Kit (Thermo) using random hexamer primers according to manufacturer’s
specifications. Direct amplification of viral genome DNA was performed as previously described
using the Artic Network version 4 primers. Sequencing library preparation of genome amplicon
pools was performed using the SeqWell plexWell 384 kit per manufacturer’s instructions. Pooled
libraries of up to 96 genomes were sequenced on the Illumina MiSeq using the V2 500 cycle Kkit.
Sequencing reads were trimmed to remove adapters and low-quality sequences using
Trimmomatic v0.36. Trimmed reads were aligned to the reference genome sequence of SARS-CoV-
2 (accession MN908947.3) using bwa v0.7.15. Pileups were generated from the alignment using
samtools v1.9 and consensus sequence determined using iVar v1.2.2 with a minimum depth of 10,
a minimum base quality score of 20, and a consensus frequency threshold of 0 (i.e., majority base
as the consensus). SARS-CoV-2 clades were assessed using Nextclade (c/ades.nextstrain.org 2) and
Pango lineages were assigned to the consensus sequences using pangolin software.

Putative clade designations

After determining viral clade for 7 participants by sequencing, we assigned a putative clade to
each remaining participant based on time-matched SARS-CoV-2 sequencing data. We downloaded
all available SARS-CoV-2 genome data from Chicago between April 2020 and February 2021 (n =
8,155 genomes) from GISAID (https://www.gisaid.org/ %) as of July 27th, 2022 (Shu et al., 2017).
Clade designations for sequences were determined using Nextclade’s phylogenetic nomenclature
system (Aksamentov et al.,, 2021) and a 7-day rolling average was used to estimate clade frequency
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by date. Participants were assigned putative clade designations based on the most prevalent clade
at the date of symptom onset (When available, n = 35) or date of diagnosis (n = 2; P15 and P42). We
performed all calculations in base R and visualized the data using the R package ggplot2 33,

Statistical analysis

To examine the effect of self-reported symptom severity on exhaled viral loads, we used a
generalized linear mixed model to control for age, sex, presence of co-morbidities, and days since
symptom onset. To examine the effect of days since symptom onset on exhaled viral loads, we used
a generalized linear mixed model to control for age, sex, presence of co-morbidities, and self-
reported symptom severity. Subsequent analysis of variance was performed, and pair-wise
comparisons between self-reported symptom groups (Resolved/None, Mild, Moderate, Severe) and
between two-day bins of days since symptom onset (days 1-2, 34, 5-6, 7-8, 9-10, 11-12) were
performed using Tukey’s Honest Significant Difference test on the estimated marginal means of
each group or bin. Statistical analyses were performed on the logarithmic-transformed number of
values prior to log transformation. Statistical significance threshold was P = 0.05. To determine the
timing of reduction of viral shedding on breath, longitudinal data were modeled using Matlab’s
cftool toolbox, which showed a best-fit to the S-curve model. The inflection point of the modeled
curve was considered to represent the time of steepest drop in viral RNA copy numbers. We used a
Wilcoxon rank sum test to examine the difference in exhaled viral RNA copies between vaccinated
and unvaccinated participants. Details of statistical analysis are included in the Supplementary
Methods.

Data Availability

All data produced in the present study are available upon reasonable request to the authors
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Cohort Description

This was a prospective observational study of participants recruited from the Northwestern
Memorial Hospital (NMH) Emergency Department (ED) and Immediate Care Clinics (ICCs) in
Chicago, Ilinois from April 27, 2020 until January 8, 2022. Participants were identified after an
order for COVID-19 testing was placed by the clinical care team and they were recruited by study
staff as a convenience sample. Any adult (at least 18 years) undergoing COVID-19 testing in the
NMH ED or ICCs was eligible for study enrollment regardless of symptom severity. In general, the
COVID-19 testing procedure in the clinic included collection of a nasopharyngeal swab and
analysis of the direct swab using Abbott ID NOW, a qualitative rapid non-PCR nucleic acid-based
test which provides binary results (positive or negative). COVID-19-positive participants had a
median age of 34 years (range 20 to 62 years) and 45.45% were female (Table 12). All participants
were outpatients, with the exception of 2 ED patients who were admitted. All participants
provided informed consent, and all research procedures were approved by the Northwestern
University IRB, Study #STU00212292.

Exhaled breath condensate collection device

Exhaled breath condensate samples were collected using the Exhaled Breath Collection Device
(EBCD), developed by our lab. EBCD is a simple device that can be built for less than US $5.00 using
readily available parts (Fig S1). It consists of a modified 50 CC catheter-tip syringe body and
plunger, a plastic mouth piece, a one-way flutter valve/saliva trap and a cooling sleeve with
insulating cover (Fig S1A). To assemble the device, the one-way valve/saliva trap is placed inside
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the mouth piece, oriented to trap saliva while preventing the participant from inhaling room air
through the tube. The mouthpiece assembly is then placed into the wide end of the syringe body.
The cooling sleeve with insulating cover is placed over the syringe body. To produce a sample, the
participant simply breathes naturally and exhales through the EBCD for 10 minutes. As the
participant exhales through the device, moisture in warm exhaled breath condenses on the cooled
inner wall of the device, producing a liquid condensate sample (Fig S1B). After the breathing
session, the valve and mouth piece are removed, the plunger is inserted, and the liquid sample is
plunged into a vial, which contains 1 mL of transport medium (Fig S1C). The resulting sample can
be mailed to the lab for analysis. A typical 10-minute breathing session yields around 1 mL of
breath condensate.

Specimen collection

Participants were asked to provide an initial breath sample either in the clinic, from home
following in-person study-team instruction on how to use the EBCD device, or from home
following study-team instruction provided remotely over videoconferencing software or via
online video. Participants were then invited to participate in voluntary longitudinal home
collection of additional exhaled breath samples, typically two per day, for variable duration
ranging from 2 to 20 days. Participant demographics were collected at baseline along with the date
of symptom onset as determined by clinical notes and participant interviews. At the time of each
sample collection, participants recorded time of day, symptoms, and subjective self-assessed
overall symptom severity (resolved/none, mild, moderate, severe). Exhaled breath condensate
samples were taken from 60 participants within an average of 19 hours (range 1-120, %95 CI: [13,
25]) after clinical diagnostic COVID-19 testing (Fig 1A®). A subset of 31 COVID-19-positive
participants (70.5%) produced an additional 250 samples longitudinally from home (range 2-30,
%395 CI: [6, 12]). In total, 60 participants produced 312 samples, two of which were unusable due to
accidental spillage, leaving 310 samples for analysis.

Detailed list of steps for assembly and
use of Exhaled Breath Collection Device

e 1 Prepare device:

o Trim syringe tip to a length of approximately 6 mm.

o Remove plunger from syringe body.

o Insert flutter valve inside the mouth piece until the mouthpiece hits the stop on the
flutter valve, which should be oriented such that air will flow from the smaller end
through the larger end of the mouthpiece.

o Insert the assembled mouthpiece approximately 15 mm into the large end of the syringe
body.

o Roll a cooling sleeve (> 2 hrs at —20 °C) over the syringe tube starting from the tip end.

o Cover the cooling sleeve with the insulating cover.

e 2 Produce a sample:

Seated comfortably, place the mouth piece into the mouth.

o Breathing naturally over ten minutes, inhale through the nose and exhale through the
mouth and thus through the device.

o Over the course of the session, keep the device horizontal.

¢ 3 Recover a sample:
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o Keeping the device horizontal, remove the mouthpiece assembly and cooling sleeve, and
insert the syringe plunger.

o Orient the tip of the device into the collection vial, and using a slow and controlled
motion, plunge the liquid sample into the collection vial.

Sample analysis

Samples were collected into vials containing 1 mL molecular transport medium (Primestore,
Longhorn Vaccines and Diagnostics) and stored at 4°C. For analysis, samples were concentrated to
a final volume of 200 yL using Amicon Ultra filters (3 kDa). RNA was extracted using the QIAamp
MinElute virus spin kit in a 40 pL elution. Reverse-Transcriptase quantitative Polymerase Chain
Reaction (RT-qPCR) was performed in triplicate, using TagMan probes and N1-targeted primers
(IDT 2019-nCoV kit, catalog #10006606) following the CDC 2019-Novel Coronavirus (2019-nCoV)
Real-Time RT-PCR Diagnostic Panel (CDC-006-00019). Cycle threshold (C) values were obtained
using ThermoFisher QuantStudio Real-Time PCR software. The estimated number of viral copies
represented by the Cp was determined using a standard curve generated with a dilution series of
the 2019-nCoV_N_positive control plasmid (IDT catalog #10006625) (Fig 1B ). To convert Ct value
to the number of viral copies, we used Matlab’s polyfit function to fit a first-degree polynomial to
the standard data. The data were modeled asy = a * log(x) + b, where y is the Cy value, x is the
number of viral copies, and a and b are the polynomial coefficients (a = - 3.63, b = 38.51). This
allowed us to convert C values to numbers of viral copies that were exhaled over a ten-minute
breathing session.

Sequencing library preparation, Illumina

sequencing, and genome assembly

Complementary DNA (cDNA) synthesis was performed with the SuperScript IV First Strand
Synthesis Kit (Thermo) using random hexamer primers according to manufacturer’s
specifications. Direct amplification of viral genome DNA was performed as previously described
using the Artic Network version 4 primers. Sequencing library preparation of genome amplicon
pools was performed using the SeqWell plexWell 384 kit per manufacturer’s instructions. Pooled
libraries of up to 96 genomes were sequenced on the Illumina MiSeq using the V2 500 cycle kit.
Sequencing reads were trimmed to remove adapters and low-quality sequences using
Trimmomatic v0.36. Trimmed reads were aligned to the reference genome sequence of SARS-CoV-
2 (accession MN908947.3) using bwa v0.7.15. Pileups were generated from the alignment using
samtools v1.9 and consensus sequence determined using iVar v1.2.2 with a minimum depth of 10,
a minimum base quality score of 20, and a consensus frequency threshold of 0 (i.e., majority base
as the consensus). SARS-CoV-2 clades were assessed using Nextclade (c/lades.nextstrain.org 2) and
Pango lineages were assigned to the consensus sequences using pangolin software.

Putative clade designations

After determining viral clade for 7 participants by sequencing, we assigned a putative clade to
each remaining participant based on time-matched SARS-CoV-2 sequencing data. We downloaded
all available SARS-CoV-2 genome data from Chicago between April 2020 and February 2021 (n =
8,155 genomes) from GISAID (https://www.gisaid.org/3) as of July 27th, 2022 (1 ). Clade
designations for sequences were determined using Nextclade’s phylogenetic nomenclature system
(12) and a 7-day rolling average was used to estimate clade frequency by date. Participants were
assigned putative clade designations based on the most prevalent clade at the date of symptom
onset (When available, n = 35) or date of diagnosis (n = 2; P15 and P42). We performed all

calculations in base R and visualized the data using the R package ggplot2 (2®).
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Statistics pertaining to Result 1: Average levels
of SARS-CoV-2 RNA on breath decreased

significantly around day 8 from symptom onset

To model the change of the number of viral copies across days since symptom onset, we fitted an
S-Curve model to the average time course of viral RNA exhaled per minute. The average time
course was smoothed using a moving average with a window of 3. The curve fitting was
performed using Matlab’s cftool toolbox. The S-Curve model was y = a/(b + exp(C * X)), where y is
the log-transform of the number of viral RNA copies, x is the days since symptom onset, and a, b,
and c are coefficients of the model. The inflection point of the modeled curve was considered to
represent the time of steepest drop in viral RNA copies. The inflection point was calculated by first
using the model parameters to find the fitted number of viral RNA copies from day 1 to day 20
with a step of 0.5 days, then calculating the point of maximal change from the fitted vector. The
goodness of the model was qualified using R-squared and adjusted R-squared. We also compared
the results to other models including Polynomial, Exponential, Fourier, Gaussian and Sum of Sine
(Table S2).

Statistics pertaining to Result 2: Exhaled SARS-CoV-2

RNA levels did not differ in 11 vaccinated individuals

The number of exhaled SARS-CoV-2 RNA copies for vaccinated participants ranged from 0 to 549
(Mean: 47, %95 CI: [17, 78]). A Wilcoxon rank-sum test suggested that the number of exhaled viral
RNA copies for unvaccinated participants (Range 0-876, Mean: 32, %95 CI: [18, 45]) was not
statistically significant different from that of vaccinated participants (Wilcoxon rank sum test; P =
0.30, z = 1.03). In a second confirmatory analysis, we used a generalized linear mixed model to
control for potential confounds (age, sex, the presence of comorbidity, days since symptom onset
and self-reported symptom severity), followed by a post-hoc Tukey test on the estimated marginal
means (P = 0.75)

Statistics pertaining to Result 3: Levels of exhaled

SARS-CoV-2 RNA were similar across viral variants

To compare the number of exhaled SARS-CoV-2 RNA copies for samples infected by early SARS-
CoV-2 variants between April 2020 and March 2021 (clades 20A, 20B, 20C, and 20G), Delta July 2021
and October 2021 (clade 21]), and Omicron in December 2021 and January 2022 (clade 21K), we
used a generalized linear mixed model to control for potential confounds (age, sex, the presence of
comorbidity, days since symptom onset and self-reported symptom severity). Post-hoc Tukey test
revealed that the number of exhaled SARS-CoV-2 RNA copies were not statistically different across
variants (P > 0.05; Table S3, S4)

Statistics pertaining to Result 4: Exhaled SARS-CoV-2 RNA

levels increased with self-reported symptom severity

To examine the effect of self-reported symptom severity on exhaled viral loads, we used a
generalized linear mixed model to control for age, sex, the presence of co-morbidities, and days
since symptom onset. Subsequent analysis of variance was performed, and pair-wise comparisons
between symptom groups (Resolved/None, Mild, Moderate, Severe) were performed using Tukey’s
Honest Significant Difference test on the estimated marginal means of each group. Statistical
analyses were performed on the logarithmic-transformed number of viral RNA copies. Not
Detected (ND) values were set to zero and a constant 1 added to all values prior to log
transformation. Statistical significance threshold was P = 0.05. The ANOVA analysis revealed a
statistically significant effect of self-reported symptom severity on the number of SARS-CoV-2 RNA
copies exhaled per minute (F3 g3 = 14.76, P < 0.001). Post-hoc Tukey’s test using the estimated
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marginal mean suggested that the number of viral RNA copies exhaled were statistically higher
when the participants reported that their symptoms were Severe, as compared to Resolved/None
(P =0.002), Mild (P < 0.001), or Moderate (P = 0.005) (Table S5, S6).

In a second confirmatory analysis to examine the effect of days since symptom onset on exhaled
viral RNA loads, samples were binned according to their days from symptom onset (1-2, 3-4, 5- 6,
7-8, 9-10, 11-12 days). We used a generalized linear mixed model to control for age, sex, presence
of co-morbidities, and self-reported symptom severity. Subsequent analysis of variance was
performed, and pair-wise comparisons between bins was performed using Tukey’s Honest
Significant Difference test on the estimated marginal means of each bin. Statistical analyses were
performed on the logarithmic-transformed number of viral RNA copies. Not Detected (ND) values
were set to zero and a constant 1 was added to all values prior to log transformation. Statistical
significance threshold was P = 0.05. The mean viral RNA copies across bins were compared using
ANOVA analysis, revealing a main effect of bins (F5 949 = 11.15, P < 0.001). Levels were similar
across bins including days 1 to 6, with significant decreases evident with the bin containing days 7
to 8 (Tukey’s test; P < 0.05; Fig 2C2; Tables S7, S8).
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Figure S1

Exhaled Breath Collection Device Parts and Use. (A) Exhaled Breath Collection Device parts include a 50 CC catheter-tip
syringe plunger and body, with tip trimmed to approximately 6 mm length (Monoject, Cardinal Health, top panel); a
mouthpiece and one-way flutter valve (Vyaire, middle left); a cooling sleeve (Torex, middle right); and a cloth insulating cover
(Surgilast, lower left). The assembled Exhaled Breath Collection Device is shown lower right; the device can be fitted with a
mask cover over the narrow end by cutting a 10 cm square from a surgical mask and taping it over the end of the Exhaled
Breath Collection Device (bottom) for use in clinical settings. (B) Exhaled Breath Collection Device in use. The user performs a
breath condensate collection session by placing the mouthpiece in their mouth, breathing at a natural pace, and exhaling
through the device at a natural resting pace. (C) Recovering a sample from the Exhaled Breath Collection Device. Once the
breathing session is complete, the mouthpiece and cooling sleeve assemblies are removed, and the plunger is inserted in the
wide end of the syringe body (top). The condensate sample is then recovered from the syringe body by pushing the plunger
through the syringe body, forcing the liquid into a sample vial, which contains MTM (Primestore). Sample vials can be mailed
for lab analysis (bottom).
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Figure S2.

Shear rate vs. shear stress plots of condensates (nasal, red, oral, blue), saliva (green) and water (black), suggesting minimal
contamination from saliva. Error shades correspond to 95% confidence levels. Nasal and oral samples were indistinguishable
from each other and from water, strongly suggesting that oral breath samples collected with EBCD are not contaminated by
saliva, and rather represent a pure exhaled breath condensate sample.
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Participant Clade Peak exhaled Samples Days since symptom
SARS-CoV-2 RNA copies onset (min-max|[mean])
per minute

P1 20C 2 2 5-6[5.5]
P2 20C 380 2 4-5[4.5]
P3 20C 876 2 6-7[6.5]
P4 20C 2 2 5-6[5.5]
P5 20C 11 1 2-2[2.0]
P6 20C 5 1 7-7[7.0]
P7 20A Not Detected 1 11-11[11.0]
P8 20C 17 1 1-1[1.0]
P9 20C 5 6 5-9[7.3]
P10 20A 298 11 2-7[4.7]
P11 20A 53 14 2-11[6.8]
P12 20A 1 1 3-3[3.0]
P13 20B 152 25 3-20[10.8]
P14 20A 8 28 5-20[12.3]
P15 20C 1 1 *

P16 20G 2 1 1-1[1.0]
P17 20C 5 1 3-3[3.0]
P18 20G 842 21 2-14[8.0]
P19 20G 25 2 2-3[2.5]
P20 20G 4 2 2-3[2.5]
P21 20G 2 1 2-2[2.0]
P22 20G 2 1 *

P23 20G 5 2 %

P24 20G 55 12 3-10[6.8]
P25 20G 378 27 3-9[6.4]
P26 20G 77 21 3-13[8.2]
P27 20G 13 1 3-3[3.0]
P28 20G 5 4 1-4[2.5]
P29 21) 532 2 5-6[5.5]
P30 21J 66 2 6-7[6.5]
P31 21J 549 2 4-5[4.5]
P32 21] 236 2 2-3[2.5]
P33 21] 3 2 6-7[6.5]
P34 21] 15 2 4-5[4.5]
P35 21 58 12 3-9[6.0]
P36 21] 416 11 3—-12[7.2]
P37 21K 264 30 1-16[8.5]
P38 21K 10 2 3-3[3.0]
P39 21K 144 17 0-9[5.1]
P40 21K 4 4 3-715.0]
P41 21K 35 2 4-5[4.5]
P42 21K 1 2 *

P43 21K 2 4 6-10[8.0]
P44 21K 17 4 4-7[5.5]

*Unavailable
Table S1.

Detail of viral clades, peak exhaled viral load, number of
samples and days since symptom onset for each participant.
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Name Model” R? Adjusted R?

Polynomial f(x)=a*x?*+b*xx+c 0.6697 0.6570
Exponential f(x) =a=xexp (b*x) 0.6151 0.6079
Fourier f(x)=a+b=cos(x*c)+ b =sin (x *c) 0.7448 0.7298
Gaussian f(x) =axexp (—((x —b)/ c)"2) 0.7503 0.7407
Sum of Sine f(x) =axsin(b*x+c) 0.6288 0.6145
S-Curve y =a/(b + exp(c *x)) 0.7657 0.7567

. f(x) is the number of viruses, x is the days since symptoms onset, and a, b, and ¢ are the
coefficients of the model. Model fitting was performed using Matlab’s cftool curve fitting toolbox.

Table S2.

Comparison of different models fitted to the average time course of viral RNA exhaled per minute.

Estimated Marginal Mean Standard Error %95 CI

20A, 20B, 20C, 20G 0.79 0.19 [0.42, 1.15]
21J 1.33 0.21 [0.91, 1.75]
21K 0.48 0.20 [0.08, 0.88]

Table S3.

Estimated marginal mean of the number of SARS-CoV-
2 RNA copies (log-transformed) for each of the variant.

20A, 20B, 20C, 20G 21J 21K
20A, 20B, 20C, 20G -
21J 8.55e-01 -
21K 9.21e-01 7.45e-01 -
Table S4.

P values of post-hoc Tukey test on the number of SARS-CoV-2 RNA copies across variants.
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Symptom Severity Estimated Marginal Mean  Standard Error %95 CI
Resolved/None 0.87 0.11 [0.66, 1.09
Mild 0.60 0.08 [0.44,0.76
Moderate 0.78 0.10 [0.58, 0.98
Severe 1.39 0.13 [1.13, 1.65

Table S5.

Estimated marginal mean of the number of SARS-CoV-2 RNA

copies (log-transformed) for each of the symptom severity groups.
Symptom Severity Resolved/None Mild Moderate Severe
Resolved/None -
Mild 7.80e—02 -
Moderate 8.85e—-01 4.42e-01 -
Severe 2.21e-02* 3.13e-05* 4.93e—03* -

* P <0.05.

Table Sé6.

P values of post-hoc Tukey test on the number of SARS-

CoV-2 RNA copies across self-reported symptom severity.

Estimated Marginal Mean Standard Error %95 C1

Day 1-2 1.12 0.14 [0.84, 1.40]
Day 34 1.35 0.09 [1.17, 1.54]
Day 5-6 1.19 0.09 [1.01, 1.37]
Day 7-8 0.90 0.10 [0.70, 1.10]
Day 9-10 0.53 0.13 [0.28, 0.78]
Day 11-12 0.45 0.15 [0.16, 0.75]

Table S7.

Estimated marginal mean of the number of SARS-CoV-
2 RNA copies (log-transformed) for each of bin of days.
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Day 1-2 Day 34 Day 5-6 Day 7-8 Day 9-10  Day 11-12
Day 1-2 -
Day 34 5.87e-01 -
Day 5-6 9.95e-01 5.72e-01 -
Day 7-8 6.54e-01  1.20e-04* 2.71e-02%* -
Day 9-10 2.45e-03* 4.38e-11*  7.23e-08* 1.94e-02* -
Day 11-12 1.32e-03*  4.95e—10*  2.86e—07* 1.15e-02* 9.94e—01 -
* P <0.05.
Table S8.

P values of post-hoc Tukey test on the number of SARS-

CoV-2 RNA copies across days since symptom onset.
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Reviewer #1 (Public Review):
Summary:

This manuscript introduces an exciting way to measure SARS-CoV-2 aerosolized shedding
using a disposable exhaled breath condensate collection device (EBCD). The paper draws the
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conclusion that the contagious shedding of the virus via aerosol route persists at a high level
8 days after symptoms.

Strengths:

The methodology is potentially of high importance and the paper is clearly written. The study
design is clever. If aerosolized viral load kinetics truly differed from those of nasal swabs,
then this would be a very important finding.

Weaknesses:
The study conclusions are not entirely supported by the data for several reasons:

(1) Most data points in the study are relatively late during infection when viral loads from
other compartments (nasal and oral swabs) are typically much lower than peak viral loads
which often occur in the pre-symptomatic or early symptomatic phase of infection. Moreover,
the generation time for SARS-CoV-2 has been estimated to be 3-4 days on average meaning
that most infections occur before or very early during symptoms. Therefore, the available
epidemiologic data does not support 12 days of infection (day 8 symptoms) as important for
most transmissions. Therefore, many of the measurement timepoints in this study may not be
relevant for transmission.

(2) Fig 1A would be more powerful as a correlation plot between viral load from nasal
samples (x-axis) and aerosol (y-axis). One would expect at least a rough correlation (as has
been seen between viral loads in oral and nasal samples) and deviations from this correlation
would provide crucial information about how and when aerosol shedding is discordant from
nasal samples (ie early vs late time points, low versus high viral loads< etc...). It is too strong
to state correspondence is 100% when viral load is only measured in one compartment and
nasal swabs are reduced to the oversimplified "positive or negative".

(3) Results are reported in RNA copies which is fine but particle-forming units (pfu, or
quantitative culture) are likely a more accurate surrogate of infectivity. It is quite possible
that all of these samples would have been negative for pfu given that the ratio of RNA: pfu is
often >1000 (though also dynamic over time during infection). This could be another
indicator that most samples in the study were collected too late during infection to represent
contagious time points.

(4) Individual kinetic curves should be shown for participants with more than three time
points to demonstrate whether there are clear kinetic trends within individuals that would
help further validate this approach. The inclusion of single samples from individuals is less
informative.

(5) The S-shaped model in 2A is somewhat misleading as it is fit to means but there is
tremendous variability within the data. Therefore the 8-day threshold should be listed clearly
as a mean but not a rule for all individuals. The statement that viral RNA copies do not
decrease until 8 days from symptom onset is unlikely to be true for all infected people and
can't be made based on the available data in this study given that many people contributed
only one datapoint.

(6) The incubation period for SARS-CoV-2 is highly variable. Therefore duration of symptoms
is a rather poor correlate of the duration of infection. This further diminishes the interpretive
value of positive samples from individuals who were only sampled once.

https://doi.org/10.7554/eLife.91686.1.sa1
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Reviewer #2 (Public Review):
Summary:

In this manuscript, Lane and colleagues measured the abundance of SARS-CoV-2 on breath in
60 outpatients after the development of COVID-19 symptoms using a novel breath collection
apparatus. They found that, overall, viral abundance remains high for approximately eight
days following the development of symptoms, after which viral abundance on breath drops
to a low level that may persist for approximately 20 days or more. They did not identify
significant differences in viral shedding on breath by vaccination status or viral variant. They
also noted substantial variation in the degree and duration of shedding across individuals.

Strengths:

The primary strengths of this study are (1) the focus on breath, rather than the more
traditional nasal/oropharyngeal swabs, and (2) the fact that the data were collected at
multiple time points for each infection. This allows the authors to characterize not only mean
viral abundance across individuals but also how that abundance changes over time, allowing
for a better understanding of the potential duration of infectiousness of SARS-CoV-2.

Weaknesses:

The sample size is moderate (60) and focuses only on outpatients. While these are minor
weaknesses (as the authors note, the majority of SARS-CoV-2 transmission likely occurs
among those with symptoms below the threshold of hospitalization), it would nevertheless be
useful to have a fuller understanding of variation in viral shedding across clinical groups.
Furthermore, the study lacks information on viral shedding prior to the development of
symptoms, which may be a critical period for transmission. Since the samples were collected
at home by study participants using a novel apparatus, it is difficult to assess the degree to
which actual variation in viral abundance, user variability, and/or measurement variation is
inherent to the apparatus.

https://doi.org/10.7554/eLife.91686.1.sa0

Author Response

Reviewer #1 (Public Review):
Summary:

This manuscript introduces an exciting way to measure SARS-CoV-2 aerosolized shedding
using a disposable exhaled breath condensate collection device (EBCD). The paper draws
the conclusion that the contagious shedding of the virus via aerosol route persists at a
high level 8 days after symptoms.

Strengths:

The methodology is potentially of high importance and the paper is clearly written. The
study design is clever. If aerosolized viral load kinetics truly differed from those of nasal
swabs, then this would be a very important finding.

Thank you for your encouraging remarks. We agree that a comparison between aerosolized
viral load and nasal swabs would strengthen our findings, and we have collected new
specimens which will enable this comparison: In each session we collected both nasal swabs
and exhaled breath samples, and we are in the process of analyzing these data. These data
will be included in our revised manuscript.
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Weaknesses:
The study conclusions are not entirely supported by the data for several reasons:

(1) Most data points in the study are relatively late during infection when viral loads from
other compartments (nasal and oral swabs) are typically much lower than peak viral
loads which often occur in the pre-symptomatic or early symptomatic phase of infection.
Moreover, the generation time for SARS-CoV-2 has been estimated to be 3-4 days on
average meaning that most infections occur before or very early during symptoms.
Therefore, the available epidemiologic data does not support 12 days of infection (day 8
symptoms) as important for most transmissions. Therefore, many of the measurement
timepoints in this study may not be relevant for transmission.

Thank you for your comment. Notably, our new data set includes a small number of
specimens that were collected prior to the start of symptoms, and so we may be able to
partially address this concern with those data. That said, we agree that a limitation of our
study is that we were unable to collect specimens prior to symptom onset, and that this pre-
symptomatic period represents a fruitful area for future work. However, significant
questions do remain open regarding transmission dynamics of SARS-CoV-2, including the
extent of transmission after symptom onset, and therefore, despite this limitation of our data,
we feel that our method may contribute to further understanding of those dynamics.
However, we will include a more prominent discussion of this limitation in the revised
manuscript.

(2) Fig 1A would be more powerful as a correlation plot between viral load from nasal
samples (x-axis) and aerosol (y-axis). One would expect at least a rough correlation (as
has been seen between viral loads in oral and nasal samples) and deviations from this
correlation would provide crucial information about how and when aerosol shedding is
discordant from nasal samples (ie early vs late time points, low versus high viral loads<
etc...). It is too strong to state correspondence is 100% when viral load is only measured
in one compartment and nasal swabs are reduced to the oversimplified "positive or
negative".

Thank you for this suggestion, we agree that the figure would be more powerful as a
correlation plot between viral load from nasal samples and aerosol. Unfortunately, at the
time these samples were collected, the ER at Northwestern Hospital was diagnosing SARS-
CoV-2 patients using the Abbott ID NOW rapid diagnostic platform, which, despite being a
PCR-based system, does not provide quantitative information about viral loads, and instead
provides a binary positive/negative result. Since we were looking for a direct comparison
between the clinical diagnostic test and our test, we considered the binary aspect of our data
(detected/undetected), and found 100% correspondence, meaning that when the clinical test
detected SARS-CoV-2, our test did too. We have collected additional data which includes
quantitative PCR values from nasal swabs collected at the same time as breath samples and
we will include these data in the format you suggest, once analyzed, in our revised
manuscript.

(3) Results are reported in RNA copies which is fine but particle-forming units (pfu, or
quantitative culture) are likely a more accurate surrogate of infectivity. It is quite possible
that all of these samples would have been negative for pfu given that the ratio of RNA:
pfu is often >1000 (though also dynamic over time during infection). This could be
another indicator that most samples in the study were collected too late during infection
to represent contagious time points.
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We agree that culturing exhaled breath samples would be an important addition to our
understanding of the transmission dynamics of SARS-CoV-2 and we consider this to be an
important next step for our method. Because we did not perform culturing of our breath
samples in this study, we avoided making claims about infectivity of our samples in this
manuscript, and instead speculate about the future utility of our method in understanding
transmission dynamics, once an appropriate surrogate of infectivity is performed. We will
make sure this is clearer in the revised manuscript. That said, other groups have successfully
cultured breath samples with corresponding CT values in a range that are well within the
range we found in our study, and sufficient for transmission (for example, Alsved et al, 2023,
CT range ~33-38). These studies support the idea that a significant portion of the viral RNA
measured in our samples may come from viable virus. Therefore, quantifying the ratio of
viable to nonviable virus in our samples is an important next step. We appreciate this
comment, and we will add a clearer discussion of this point to the revised manuscript.

(4) Individual kinetic curves should be shown for participants with more than three time
points to demonstrate whether there are clear kinetic trends within individuals that
would help further validate this approach. The inclusion of single samples from
individuals is less informative.

We will add individual kinetic curves to the revised manuscript.

(5) The S-shaped model in 2A is somewhat misleading as it is fit to means but there is
tremendous variability within the data. Therefore the 8-day threshold should be listed
clearly as a mean but not a rule for all individuals. The statement that viral RNA copies
do not decrease until 8 days from symptom onset is unlikely to be true for all infected
people and can't be made based on the available data in this study given that many
people contributed only one datapoint.

We will clarify the language in the manuscript and make limitations of the 8-day
interpretation clearer.

(6) The incubation period for SARS-CoV-2 is highly variable. Therefore duration of
symptoms is a rather poor correlate of the duration of infection. This further diminishes
the interpretive value of positive samples from individuals who were only sampled once.

We will add a discussion of this point to the revised manuscript.

Reviewer #2 (Public Review):
Summary:

In this manuscript, Lane and colleagues measured the abundance of SARS-CoV-2 on
breath in 60 outpatients after the development of COVID-19 symptoms using a novel
breath collection apparatus. They found that, overall, viral abundance remains high for
approximately eight days following the development of symptoms, after which viral
abundance on breath drops to a low level that may persist for approximately 20 days or
more. They did not identify significant differences in viral shedding on breath by
vaccination status or viral variant. They also noted substantial variation in the degree
and duration of shedding across individuals.

Strengths:

The primary strengths of this study are (1) the focus on breath, rather than the more
traditional nasal/oropharyngeal swabs, and (2) the fact that the data were collected at
multiple time points for each infection. This allows the authors to characterize not only
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mean viral abundance across individuals but also how that abundance changes over
time, allowing for a better understanding of the potential duration of infectiousness of
SARS-CoV-2.

Weaknesses:

The sample size is moderate (60) and focuses only on outpatients. While these are minor
weaknesses (as the authors note, the majority of SARS-CoV-2 transmission likely occurs
among those with symptoms below the threshold of hospitalization), it would
nevertheless be useful to have a fuller understanding of variation in viral shedding
across clinical groups.

We agree this would be very interesting and feel our method, which is straightforward to
perform in clinical settings, lends itself to future studies across clinical groups. We have
added discussion of this to the discussion section of the manuscript.

Furthermore, the study lacks information on viral shedding prior to the development of
symptoms, which may be a critical period for transmission. Since the samples were
collected at home by study participants using a novel apparatus, it is difficult to assess
the degree to which actual variation in viral abundance, user variability, and/or
measurement variation is inherent to the apparatus.

This is a great point, which we will discuss in our revised manuscript.
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