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Acute respiratory infections (ARIs), which usually appear in the form of common colds and
influenza, as well as outbreak brought on by emerging viruses such as SARS-CoV-2, result in
millions of deaths and hospitalizations each year. Aerosols being exhaled by infected population
and inhaled by susceptible population has been identified as an important transmission route for
ARIs; yet few studies have compared the viral load in exhaled breath aerosol (EBA) in naturally
and experimentally infected cases, as well as among various infections. The specific aims of this
dissertation were: 1) examine the comparability of EBA viral shedding between experimentally
and a full range of natural ambulatory influenza cases; 2) compare seasonal coronavirus,

influenza, SARS-CoV-2 Omicron, and other SARS-CoV-2 variants in terms of viral loads in

exhaled breath aerosols; and 3) examine the relative efficacy of face masks, KN95, and N95



respirators as source control for SARS-CoV-2. We analyzed data from four studies that collected
30-minute fine (<5 um) and coarse (>5 um) EBA samples using a Gesundheit-11 sampler. Viral
RNA load in EBA was quantified using real-time RT-PCR. Nasal inoculation of influenza virus
A/Wisconsin/67/2005 showed lower EBA viral shedding compared to the natural influenza A H3
infections. Among the viruses studied, SARS-CoV-2 Omicron variants demonstrated the highest
viral RNA loads in both EBA size fractions, emphasizing its superior spread capability via
inhalation. Furthermore, while all masks and respirators showed significant reductions in viral
RNA load in exhaled aerosols, the duckbill N95 respirators stood out, providing reductions of up
to 99% and outperforming both surgical and cloth masks, and KN95 respirators. Given the
evident transmission risk via inhalation for the studied viruses, measures such as masking and
indoor air hygiene are crucial. The pronounced efficacy of N95 respirators highlights their
importance in healthcare settings and places with vulnerable populations, especially during

periods of heightened respiratory viral infections.
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Chapter 1: Introduction

1.1. Background and rationale

1.1.1 Background

Acute respiratory infections have existed for thousands of years as common colds and
influenza (1). In most cases, these respiratory infections can be attributed to influenza
viruses and human coronaviruses, which usually strike during winter and with similar
seasonality (2—4). Each year, these infections are responsible for millions of deaths

and hospitalizations (5). In the United States, influenza deaths ranged from 12,000 to
52,000 per season from 2010 to 2020, along with 140,000 to 710,000 hospitalizations
(6). Emerging viruses such as severe acute respiratory syndrome coronavirus (SARS-
CoV) (7), Middle East respiratory syndrome coronavirus (MERS-CoV) (8), and more

recently, SARS-CoV-2 (9), contribute to an even greater burden of disease.

Transmission of acute respiratory infections depends largely on particle size and its
settling velocity, which affect both the transmission route and disease outcomes (10).
Recently, Yuguo Li proposes a categorization of transmission routes (11). According
to Li, transmission is influenced by both the type of medium and the transfer process,
which includes:
1. Drop spray transmission or spray deposition - where viruses are transmitted
by drops with a momentum and reach the mucosal surfaces directly within

close range,



2. Inhalation transmission — where viruses are transmitted by flowing aerosol
being inhaled within short or long range, and
3. Surface touch transmission - where viruses are transmitted from contaminated

surface to mucosa by touching, causing self-inoculation (11).

Among all the routes of transmission, inhalation transmission is gaining growing

concern (12,13).

Aerosols are particles suspended in the air, with a diameter ranging from sub-micron
to 100 um, and can exist in the form of solid, liquid, or combined. Studies by Johnson
and Morawska suggest that during breathing, aerosols emerge from fluid blockages of
the bronchioles, predominantly during the inhalation phase (14). The vibration of the
vocal folds in the larynx during voicing and coughing also contributes to the
generation of aerosol - laryngeal aerosols (15,16). Saliva in the oral cavity mainly
contributes to the droplets generated during speech and coughing (15,16). Singing
and shouting can increase the emission rate of aerosol by increasing airflow velocity
and speech volume (13). These exhaled aerosols can then be inhaled by a susceptible
person and deposit in certain location of the respiratory tract based on particle size

(13,17).

Various respiratory viruses have been proved to be capable of transmitting through
inhalation, including but not limited to influenza viruses (18,19), seasonal
coronaviruses (20), and emerging coronaviruses such as SARS-CoV-2 (21,22) and

MERS (23). Recently, Tang et al. proposed a hypothesis that all the respiratory

2



viruses can be transmitted via this route, as supported by evidence from outbreak
investigations, experimental studies, as well as environmental samplings (12). Due to
the fact that aerosols can linger in the air, accumulate in a space with inadequate
ventilation, be transmitted from both short and long distances, and can deposit across
the respiratory tract (13), it is important to study the inhalation transmission of acute

respiratory infections via EBA and its relevant control measures.

1.1.2 Rationale

Even though evidence for aerosol transmission as the main route is getting strong, it
is usually undervalued mainly due to a lack of knowledge of aerosol production and
transmission as well as the difficulty to differentiate the role of spray deposition and
inhalation in the transmission, especially within short range (13,24). Due to the
complexity of influenza transmission, researchers have implemented human
challenge studies to answer certain questions such as the efficacy of masks in
preventing the spread of influenza and the importance of the role of aerosol
transmission (24). Killingley et al. pointed out that human challenge studies could
help study transmission in three possible ways: 1) expose susceptible volunteers to
naturally infected patients; 2) inoculate susceptible volunteers with virus particles of
certain sizes; and 3) exposed the susceptible volunteers to artificially infectors who
were infected via intranasal inoculation of viruses (24). Whilst the third approach
may provide a more feasible way to evaluate a range of study questions (24), for
effective aerosol transmission studies, one key is to demonstrate that the viral
aerosols from these experimentally infected individuals are compatible with those

from naturally infected counterparts in terms of quantity, particle size distribution,
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and infectivity (25). To provide practical evidence for future human influenza studies
design and implementation, it is important to identify the range of viral shedding
across influenza cases and determine the extent to which experimentally infected
cases approximate a wide range of naturally infected cases. Since viral shedding is
usually used as a proxy measure for infectivity (26), measuring and comparing the
viral load in EBA for both natural cases and experimental cases as well as their
changes over time can further our understanding of inhalation transmission. Yet,
existing studies failed to demonstrate the comparability between experimentally
infected cases and a full range of community-acquired influenza cases in terms of

their aerosol shedding.

Despite known evidence that many respiratory viruses, including influenzas, seasonal
coronaviruses, and SARS-CoV-2, can be transmitted through aerosol inhalation
(20,23,27,28), it is unclear the relative importance of the role of aerosol transmission
in these infections. With more transmissible and potentially less virulent variants of
SARS-CoV-2 emerging (29), a question arose regarding whether SARS-CoV-2 has
evolved to increase viral shedding in aerosol with the viral load getting close to, or
even greater than, that of seasonal respiratory infections, such as seasonal

coronaviruses and influenza viruses.

Multiple studies have characterized the viral load in EBAs of these respiratory viruses
(19-21,25,30). In an observational study implemented in a college community,

researchers found that symptomatic influenza cases averagely shed fine and coarse



EBA at a rate of 3.8 x 10* and 1.2 x 10* RNA copy numbers per 30-minutes,
respectively, and as high as 4.4 x 107 and 4.3 x 102 RNA copies respectively (19).
Leung et al. found that viral RNA of OC43, HKU1, and NL63 can be detected in
respiratory aerosols, with a median viral load of 0.3 (interquartile range as 0.3-3.3)
10og10 virus copies per 30-minute sample (20). Although not explicitly described, this
study also indicated that the highest EBA shedder among the seasonal coronaviruses
was infected by NL63, with a viral RNA load of approximately 10° RNA copies per
30-minute sampling (20). For the earlier strains of SARS-CoV-2 that were not
associated with increased transmissibility, the average viral RNA load was only 18
copies for fine EBA and 7 copies for coarse EBA, and the highest RNA copies were
2.8 x 10% and 2.6 x 10*for fine and coarse EBA, respectively (21). While these values
were less than those from influenza viruses and seasonal coronaviruses as shown
above, a recent study found that the viral load in fine EBA emitted from Omicron
cases can reach as high as 1.8 x10” RNA copies (30), which approximates the values
from the other two seasonal infections. To date, a direct comparison of the viral RNA
load in EBAs among influenzas, seasonal coronaviruses, and SARS-CoV-2 remains

absent in the literature.

To prevent inhalation transmission of respiratory infectious diseases, one effective
measure is to use facemasks as source control — mask being worn by infected
population (20). Prior studies confirm that surgical masks can reduce the viral RNA
load in respiratory droplets and aerosols from the source of infection, preventing the

transmission of respiratory pathogens (20,21). The U.S. Centers for Disease Control



and Prevention (CDC) also conducted a series of experiments using manikins to show
that knotted or double-masked medical masks blocked higher percentages of particles
from simulated coughing compared to unknotted masks (31). However, we are

unaware of any controlled human experimental studies that compare tight- and loose-
fitting face masks as source control for SARS-CoV-2. Addressing this knowledge gap
would be crucial to guiding people’s mask-wearing behavior for those at risk of being

critically ill if infected.

1.2.0Objectives/research guestions

1.2.1. Objectives

The overall goal of this dissertation is to increase our knowledge of the spread of
acute respiratory infections and to explore the heterogeneity of inhalation
transmission through EBAs among various respiratory viruses. The specific aims for

this dissertation are as follows:

Specific Aim 1 (Chapter 3): This study aims to examine the EBA viral shedding in an
unselected sample of community-acquired influenza cases and compare the EBA viral
RNA loads and their trajectories between experimentally and different community-

acquired influenza cases.

Specific Aim 2 (Chapter 4): The objective of this study is to compare influenza,

seasonal coronavirus, and SARS-CoV-2 infections in terms of viral shedding in EBA



loads using data collected from two studies that were performed in a similar study

setting and with similar target population.

Specific Aim 3 (Chapter 5): This study aims to compare the efficacy of cloth masks,
surgical masks, KN95s, and N95 respirators as source control for reducing the viral
RNA load in EBA samples collected from individuals with community-acquired

SARS-CoV-2 infection.

1.2.2. Research questions

The first study (Chapter 3) aims to answer the following two main questions:
1. What is the EBA viral RNA load of unselected community-acquired influenza
infection?
2. How does viral shedding in experimentally infected influenza cases compare

to selected and unselected community-acquired influenza cases?

The second study (Chapter 4) aims to answer the following question: Are the EBA
viral loads significantly different among influenza, seasonal coronavirus, and SARS-

CoV-2 infections?

The third study (Chapter 5) aims to answer the following question:

1. When working as source control for SARS-CoV-2 transmission, what is the
efficacy of tight-fitting masks, such as N95 respirators, in terms of the
reduction of EBA viral RNA load?

2. Do N95 respirators work better than loose fitting masks such as cloth and

surgical masks in reducing SARS-CoV-2 shedding in EBAS?
7



1.3. Conceptual framework and hypotheses

1.3.1 Conceptual framework

Age, gender

Days post symptom
onset or days post
infections

Source of the Viral load in exhaled
influenza cases breath

Figure 1.1. DAG for the association between exposure, outcome, and potential
confounders for Chapter 3

The conceptual framework of Study 1 (Chapter 3) is shown in Figure 1.1 using a
directed acyclic graph (DAG), which is based on prior knowledge of the research
question. In this DAG, we show probable pathways from the exposure - source of the
influenza cases - to the outcome - viral load in EBAs. We also present potential

covariates with rationale stated as follows.

Participants from different sources were of different demographic characteristics and
potentially had different distributions of age and sex. In addition, previous studies
(19) showed that age and sex may be relevant to viral shedding. Male influenza
patients are more likely to shed viral RNA in their exhaled breath, while those
younger tend to shed more virus in the nasopharyngeal swabs (19). Therefore, these
two demographic characteristics were included as potential confounders.

8



Studies showed that for symptomatic influenza cases, the viral load in nose and throat
swabs (32) as well as fine EBA (19) changed with time since symptom onset.
Therefore, in this study, we treated study days, defined as days since symptom onset
for community-acquired cases and days post infection minus incubation period for

experimentally infected cases, as an effect modifier in the analysis.

Age, gender

Days post symptom

onset
Types of infections
(Influenza vs. Viral load in exhaled
seasonal coronavirus breath

vs. SARS-CoV-2)

Figure 1.2. DAG for the association between exposure, outcome, and potential

confounders for Chapter 4

The conceptual framework of Study 2 (Chapter 4) is shown in Figure 1.2.

Although all of our volunteers were enrolled from UMD and the surrounding
community, there was a chance that volunteers with different infections were of
different demographic characteristics and potentially had different distributions of age

and sex. In addition, previous studies (19,33) showed that age and sex may be



relevant to the viral shedding in EBA. Hence, these two variables were included as

potential confounders in this study.

Studies showed that for symptomatic influenza cases, the viral load in fine EBA (19)
changed with time since symptom onset. Therefore, in this study, we treated days

since symptom onset as an effect modifier in the analysis of symptomatic cases.

U Number of coughs
during sampling

Viral load
Mask type in exhaled
breath

Figure 1.3. DAG for the association between mask type, viral load in exhaled
breath, and potential confounders for Chapter 5

U, unknown common cause for mask type and number of coughs during sampling.

The conceptual framework of Study 3 (Chapter 5) is shown in the DAG (Figure 1.3).
This study was an experimental study and we randomly assigned participants into
different mask groups. For each participant, they provided both masked and
unmasked samples, so that they could act as their own control when we looked the
efficacy of each type of masks. Therefore, there was no other confounder that we
needed to control for except for number of coughs during sample collection. Cough

has been shown to be an independent factor that is positively associated with the

10



generation of EBA (19). As for the association between mask types and cough, one
study suggested that some people found wearing a mask increased coughing (34).
The mechanism for this association is unclear, indicating that there might be some
unmeasured common cause affecting both variables. Therefore, we decided to include

number of coughs during sampling as a potential confounder.

1.3.2 Hypotheses

For the first study (Chapter 3), we hypothesized that:

1. Unselected community-acquired influenza cases have comparable EBA viral
RNA load with that of the experimentally infected cases reported in the
literature.

2. Naturally and experimentally infected cases have similar trajectories of EBA

viral RNA load.

For the second study (Chapter 4), we hypothesized that:

1. Participants infected with SARS-CoV-2 recruited from a university
community from 2020 to 2022 shed fewer viral RNA copy numbers in EBA
than that of patients infected with seasonal coronaviruses or influenza viruses
recruited from the same community from 2017 to 2020.

2. The difference of EBA viral loads between SARS-CoV-2 and the two
seasonal infections is smaller when focusing on more recent variants of
SARS-CoV-2.

3. For symptomatic cases, the trajectories of EBA viral load over time since

symptom onset are similar for the three infections.
11



For the third study (Chapter 5), we hypothesized that the reduction of the viral RNA
load in EBA between masked and unmasked samples is higher for those wearing N95

or KN95 respirators than those wearing surgical or cloth masks.

1.4. Innovation and significance

To date, knowledge gaps persist in our understanding of how experimental influenza
infections compare with the full range of severity of community-acquired influenza
infections in terms of their EBA viral RNA shedding. Also, existing literature is
missing regarding how the viral loads in exhaled breath of SARS-CoV-2 approximate
to the other seasonal respiratory infections. Additionally, no controlled human studies
have yet assessed the efficacy of various mask types or respirators in controlling

SARS-CoV-2 transmission.

This dissertation addresses these knowledge gaps by integrating data from four
different studies. By comparing nasal-inoculated influenza cases and several
community-acquired influenza cases, Chapter 3 provides insights into the optimal
design and future utility of influenza human challenge experiments, potentially
extending to other respiratory viruses. By comparing EBA viral RNA load from
influenza, seasonal coronavirus, and SARS-CoV-2 infections, Chapter 4 also helps us
identify the viruses that spread most readily via inhalation route and support the idea
that emerging viruses like SARS-CoV-2 adapt to be better transmitted through the air
(30). Last but not least, by comparing the efficacy of cloth masks, surgical masks,

KN95 and N95 respirators as source control, Chapter 5 will shed knowledge on how

12



masks and respirators work to stop respiratory infections from spreading,
emphasizing the importance of non-pharmaceutical interventions in containing future

outbreaks.

Together, this dissertation deepens our knowledge of how acute respiratory infections
spread through inhalation and will strengthen the currently available data supporting
the idea that most respiratory viruses can transmit by inhalation (12). This research
highlights the importance of improving indoor air hygiene, such as increasing
ventilation and implementing germicidal ultraviolet light, alongside the need for
consistent masking policies in healthcare settings. These measures are important to
control the source of the infections and to protect the vulnerable population during
peak respiratory infection seasons and potential future outbreaks of emerging

respiratory diseases.

13



Chapter 2: Methods

2.1. Detailed information about study design

2.1.1 Overall study design and data source

Chapter 3 was a comparative study using longitudinal study design to study how the
infections of influenza may impact aerosol shedding. This study used data collected
from three separate studies, including an experimental study - Evaluating Modes of
Influenza Transmission challenge study (EMIT-1 experimental study) (35) and two
observational cohort studies - EMIT-1 campus study) (19) and Prometheus study

(36).

EMIT-1 experimental study

This study, initiated in 2013 to investigate questions related to influenza transmission
(35), involved volunteers divided into two groups: "Donors" and "Recipients". The
Donors were intranasally inoculated with influenza A/Wisconsin/67/2005 (A/WI) and
subsequently confirmed to have an influenza A infection (H3N2). After inoculation,
the Donors were paired with uninfected healthy Recipients in a common room for

interactive activities (35).

EMIT-1 campus study
The EMIT-1 campus study was conducted at the University of Maryland, College
Park (UMD) (19,37). Volunteers presenting symptoms of acute respiratory infections

were recruited from December 2012 to March 2013. Those who eventually provided

14



breath samples were within 3 days of symptom onset, and had a positive QuickVue
Influenza A + B test (Quidel, San Diego, CA) or were still febrile with an oral

temperature of greater than 37.8 °C plus coughing or a sore throat (19,37).

Prometheus study

The Prometheus study was also conducted at the UMD community (36). From 2017
to 2020, students and staff from UMD were actively recruited and monitored for the
occurrence of acute respiratory infections during each academic year. VVolunteers
were instructed to report to the study team immediately upon developing cold or flu-
like symptoms. The identified volunteers and their close contacts were then invited to
a research clinic to provide samples for further examination. For the 2018-2019 flu
season, additional volunteers were recruited from the university health center,
typically presenting with more severe symptoms than those recruited from the

broader community.

Chapter 4 was also a comparative study using longitudinal study design. This study
used data collected from two observational studies that took place at the University of
Maryland, College Park (UMD), and the surrounding community, including the

Prometheus study (36), as described above, and StopCOVID study (21).

StopCOVID study
From 2020 to 2022, we actively recruited COVID-19 cases and their close contacts

from UMD and the surrounding community for sample collection. The contacts were

15



followed for up to 14 days since their last exposures. We also had one arm of the
study in which we followed uninfected people from the community and invited them
to provide more samples if they were detected to be positive for SARS-CoV-2 by
weekly saliva PCR test or if they reported symptoms in their daily symptom
questionnaires. For those confirmed cases, they were invited to a research clinic to
provide mid-turbinate swabs, saliva, phone swabs, venous blood, and 30-minute EBA
samples while speaking and singing. As previously described (21), cases studied
before September 2020 were asked to repeat the alphabet three times within the 30-
minute sampling period, while subsequent cases were asked to shout “Go Terps” 30
times and sing “Happy Birthday” loudly 3 times at 5, 15, and 25 minutes into each
30-minute sampling period. Some participants (41 out of 131) were too ill to provide

two set of samples, in which case only one 30-minute breath sample was collected.

Chapter 5 was an experimental study and used data from the experimental component

of the StopCOVID study (21) to test the efficacy of masks.

In addition to the sample collection described above, participants with confirmed
SARS-CoV-2 infections were asked to provide paired breath samples at each visit,
first with a mask on and then without. Between June 2020 and December 2021,
volunteers were assigned to wear either their own mask (mainly cloth masks), if
available, or a surgical mask for the masked session during their first shedding visit.
If a second visit occurred, volunteers would wear the alternate mask type. Some

participants came in with double masks, which included a mix of different mask types
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such as double cloth masks or a cloth mask combined with a surgical mask or KN95
respirators. Because each sub-category had very few samples, we excluded double

masks from our analysis.

In December 2021, we introduced KN95 respirators for testing purposes. Participants
were randomized to wear a surgical mask or KN95 respirators in the masked session
for their first shedding visit. They wore the other type of mask if there was a second
visit. Starting from March 2022, inexpensive duckbill N95 respirators were added to
the mask categories. Up until March 10, 2022, we randomized participants to wearing
a surgical mask or wearing a KN95 or N95 respirator in their first shedding visit.
Afterwards, only KN95 and N95 were randomized. The majority of surgical masks,
KN95 respirators, and N95 respirators used in the study were provided by our
research team, while some volunteers used their own masks if study personnel judged
them to be well fitted. Volunteers who were provided with respirators having a nose
wire were instructed to pinch it to fit their nose. Those wearing N95 respirators were
instructed to place one strap around their neck and another over the top of their head.

No other respiratory protection training was provided.

2.1.2 Selection criteria

For the study in Chapter 3, we included only those having influenza A H3 subtype as
our study population:
1. The experimental influenza cases were from EMIT-1 experimental study and

we included only the Donors.
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2. The selected natural influenza cases were from EMIT-1 campus study and the
Prometheus study. For the prior group, we only included those whose mid-
turbinate swabs were detected to have influenza viruses by a TagMan® Array
Card (Thermo Fisher, Waltham, MA, USA). For the latter group, we included
those recruited from the university health center whose mid-turbinate swabs
were detected to have influenza viruses by a TagMan® Array Card (Thermo
Fisher, Waltham, MA, USA).

3. The unselected natural influenza cases were from Prometheus study. We
included those who came from the dormitory cohort and whose mid-turbinate
swabs were detected to have influenza viruses by a TagMan® Array Card

(Thermo Fisher, Waltham, MA, USA).

For the study in Chapter 4, we included those having confirmed seasonal coronavirus,
influenza, and SARS-CoV-2 infection as our study population:

1. For the seasonal coronavirus cases, only those whose mid-turbinate swabs
were detected to have one of the four human seasonal coronaviruses (NL63,
229E, OC43, and HKU1) by a TagMan® Array Card (Thermo Fisher,
Waltham, MA, USA) became part of our study population.

2. For the influenza cases, only those whose mid-turbinate swabs were detected
to have influenza viruses by a TagMan® Array Card (Thermo Fisher,

Waltham, MA, USA) became part of our study population.
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3. For the SARS-CoV-2 cases, we included only those whose saliva and/or mid-
turbinate swabs were detected to have SARS-CoV-2 viral RNA by the

TagPath COVID-19 Real Time PCR Assay Multiplex.

For the study in Chapter 5, we only included participants who provided paired

masked-unmasked samples.

2.1.3 Dependent variables

For all the three studies in this dissertation, the outcome variables were the RNA copy
numbers in the exhaled breath aerosol samples. These samples were collected using a
Gesundheit-11 machine (38) that was designed to collected exhaled breath particles
while allowing participants to breathe normally, talk, cough, or even wear a mask or
respirator. After collection, these aerosol samples were categorized by size into two
fractions: fine aerosols (diameter <5 pm) and coarse aerosols (>5 um). Viral RNA
was extracted from both fine and coarse aerosol samples and quantified using real-

time RT-PCR.

2.1.4 Independent variables

For Chapter 3, the main independent variable was a categorical variable indicating the
source of the influenza cases: experimental cases, selected natural cases, and
unselected natural cases. For Chapter 4, the main independent variable was a
categorical variable indicating the infections: influenza, seasonal coronaviruses,

SARS-CoV-2 Omicron, and other SARS-CoV-2 variants. For Chapter 5, the main
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independent variable was a categorical variable indicating the masks being used: no

mask, cloth mask, surgical mask, KN95 respirator, and N95 respirator.

2.1.5 Potential confounding variables and effect modifiers

For Chapter 3 and Chapter 4, the following three variables were included in the initial

models as potential confounders and were also evaluated as potential effect modifiers:
age (continuous), sex at birth (binary), and days post symptom onset or study days
(continuous). For Chapter 5, only the number of coughs was evaluated as potential

confounder.

2.2. Assessment of potential biases (selection bias, information bias, and confounding

bias)

2.2.1 Selection bias

Selection bias is a systemic error in ascertainment of study participants. Since the first

two studies (Chapter 3 and Chapter 4) were follow-up studies, selection bias might

occur if there was loss to follow-up or if participation rate varied by groups. Although
these studies provided compensation to encourage participation, it was still likely that
this type of bias occurred since these studies were carried out in different study
setting. As for Chapter 5, since it was an experimental study and each participant

acted as their own control in the analysis, it was unlikely for selection bias to occur.
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2.2.2 Information bias

Information bias is a systematic bias that occurs at the time of obtaining the
information regarding the exposure or the outcome. For the independent variables of
all the three studies, information bias was unlikely as the main independent variables
denoted the nature or the characteristic of the groups, including source of the
participants (Chapter 3), the infections that the participants had (Chapter 4), and the
mask that participants wore (Chapter 5). Therefore, participants did not need to recall
information related to their exposure (no recall bias), neither did we need to have

study staff interview the participants (no interviewer bias).

For the outcome variables, Chapter 3 and Chapter 4 used data from studies that were

carried out in different study settings and the samples were collected by different
technicians. This potential inconsistency may introduce outcome misclassification
bias. For the studies involved in Chapter 3, the sample collection protocols were the
same. During the study implementation stage, the research teams followed strict
operation protocols, hence minimizing this type of bias. However, for Chapter 4, the
two studies involved had slightly different vocalization protocols, hence increasing

this potential outcome misclassification bias.

2.2.3 Confounding bias

Due to the underlying difference among the study groups, confounding bias was

assessed for each study based on our conceptual framework. These potential

confounders were identified in literature a priori and were included in the model for

assessment.
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2.3. Statistical approaches to test hypotheses

Descriptive analysis

For all the three studies, we presented the characteristics of the study population by
groups. For continuous variables, the mean and standard deviation were reported. For
categorical variables, the frequency and percentage were reported. Group
comparisons were made among the groups. Continuous variables were compared
using the Kruskal-Wallis test for four-group or three-group comparison and t-test was
used for two-group comparison. Categorical variables were compared using Chi-

square test or Fisher’s exact test, depending on the cell size of the contingency tables.

Missing data
For the censored outcome below limit of detection, we applied linear mixed effect
model with censored responses that was implemented by using the R package Imec
(39). This model integrated Monte Carlo simulation and expectation—maximization
algorithm to compute the maximum likelihood estimates for our linear mixed effect

models (40). For the other variables in the dataset, we applied complete-case analysis.

Geometric means and effect of groups on the outcomes

For all the three studies, we used the Imec models to calculate the geometric means
(GM) of the EBA viral RNA load for the comparison groups. These models
accounted for the censored outcome variable as well as nested random effects of

individuals and samples within the same individuals. We also used the Imec model to
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estimate the group effect on EBA viral shedding as well as the shedding over time,

controlling for potential confounders and effect modifiers.

We conducted all statistical analyses in R version 4.2.3 (R Foundation for Statistical

Computing, Vienna, Austria) and RStudio.

2.4. Assessment of potential mediation effects or/and interaction effects

We assessed age, sex, and days post symptom onset or study days as effect modifiers

for Chapter 3 and Chapter 4. The interaction terms of each of these three variables

and the group variable were included in the initial full model for interaction
assessment. The best models were selected based on Akaike Information Criterion

(AIC). Interaction effects was not assessed in Chapter 5.

2.5. Model specification

For all the three studies, we built Imec models to estimate the ratio of the viral RNA
shedding of specific group versus the shedding of the reference group. The outcome
variables were log-transformed and used to fit a Imec model. The effect estimates

were then exponentiated to get the ratio. AIC was used to determined model fit.

For Chapter 3 and Chapter 4, we fitted two types of models:

1) Group effect on shedding: Model | had fine and coarse EBA viral RNA loads
as separate outcome variables, and the group variable as the main exposure

variable. Age, sex, and days post symptom onset or study days were included

23



into the model as confounders and being assessed as effect modifiers. For
Chapter 3, the group of unselected influenza cases was set as reference group.
For Chapter 4, the group of seasonal coronaviruses was used as reference
group.

2) Group effect on shedding over time: Model Il had the same outcome and main
exposure variable. However, we forced the interaction terms of days post
symptom onset/study days x group into the model, along with sex and age

being assessed as potential effect modifiers.

For Chapter 5, we had fine and coarse EBA viral RNA loads as separate outcome
variables, and mask types (with “no mask™ serving as the reference group) as the
main exposure variables, controlling for the number of coughs during the 30-minute

sampling period.

2.6. Assessment of model assumptions

For the linear mixed-effects models with censored responses, the main assumptions
were independence of errors and homoscedasticity (40). To check these two
assumptions, we plotted the residuals against fitted values. The plots should display
no discernible patterns and the points should scatter randomly around the zero line.
However, after making the plots, we noticed that our plots displayed a funnel shape.
Therefore, we decided to take the logarithm of the outcome variables and proceeded

with the analysis.
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2.7. Strengths and Limitations of the study

The studies in this dissertation had some limitations. Our study volunteers were all
ambulatory and most of them were college students, hence the results may not be
generalized to those who are critically ill or are out of this age range. We did not have
culture results for all the EBA samples, hence a comparison of infectious viral load
among the groups could not be achieved. Also, we used data from various studies
under different study setting. As a result, selection bias was likely in this project
because of the different inclusion/exclusion criteria of the study population. In
addition, information bias may also occur due to potential inconsistent operational

protocols.

This dissertation had several strengths. We addressed an important knowledge gap in
existing literature and compared experimentally and a full range of naturally infected
influenza cases as well as various types of viral infections regarding their EBA viral
shedding. Also, we did a controlled human study to assess the effect of various mask
types as source control for SARS-CoV-2. In addition, most of the SARS-CoV-2
participants provided paired samples during the same visit, allowing us to compare
samples with and without masks to determine the efficacy of different types of

facemasks.
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Chapter 3: Influenza A (H3) Viral Aerosol Shedding in Nasally

Inoculated and Naturally Infected Cases

Abstract

Background: Previous analyses showed that nasally inoculated influenza cases had
milder symptoms and lower viral RNA load in exhaled breath aerosols (EBA) than
naturally infected influenza cases selected for having classic symptoms, and fever or
a positive rapid antigen test. The wide range of milder community cases were not
included. Here, we extend these analyses by including unselected community-

acquired influenza cases.

Methods: We analyzed data from three studies. Two were previously reported: Group
A were volunteers intranasally inoculated with influenza A/Wisconsin/67/2005 and
Group C were cases with cough and sore throat plus fever or a positive rapid antigen
test recruited in 2013. In this report we added Group B: cases from a 2016-2019
cohort study of college dormitory residents and contacts of confirmed cases (B1), and
cases recruited post-infection from a university health center (B2). Only cases
naturally infected with influenza A H3 were included. Using a Gesundheit-11 sampler,
we collected 30-minute EBA samples, categorized by size into fine (<5 pm) and
coarse (>5 pum) fractions. Linear mixed effect models with censored responses were
used to calculate geometric means (GM) and model the group effect on both EBA

size fractions.
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Results: Unselected community-acquired cases shed more viral RNA in their EBA
and were more symptomatic than the nasal inoculated cases, but shed less viral RNA
than the selected natural cases that were more symptomatic and from different
influenza season. Highest percentage of nasal inoculated volunteers did not have
detectable level of viral RNA in EBA or have symptoms. No significant difference
was observed between Group B1 and B2 in terms of viral RNA shedding for both
EBA size fractions, in the model controlling for potential confounders (age, sex, and
study days). For the two groups of community-acquired cases recruited from a
university health center, despite sharing a similar symptomatic profile, Group B2

showed a lower fine aerosol viral RNA load than Group C.

Conclusions: This study provides a unique comparison of the EBA viral shedding
among influenza A/H3 infected individuals in distinct groups: experimentally
infected cases, unselected community-acquired cases, and selected natural cases.
Nasal inoculation of influenza virus A/Wisconsin/67/2005 did not produce a good
model of EBA viral shedding from natural influenza infection. Circulating strains of
influenza H3 may differ, year-to-year in the extent to which symptomatic cases shed
virus into fine aerosols. New models, including possibly aerosol inoculation, are

needed to study viral aerosol shedding from the human respiratory tract.
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Introduction

Seasonal influenza infections impose a tremendous burden on the global health
system (41-44). In the United States alone, Centers for Disease Control and
Prevention estimated that influenza-related deaths ranged from 12,000 to 52,000 per
season from 2010 to 2020, with hospitalizations between 140,000 and 710,000 per
season (6). Among the influenza strains, A/H3N2 viruses often result in more severe
disease burdens in terms of morbidity and mortality compared to other strains, such as

A/H1N1 and B viruses (42).

Existing research demonstrates the major role of aerosol inhalation in influenza
transmission (18,19). Studies have estimated that approximately half of influenza
transmissions in households occur via inhalation of aerosols (18). Experimental
influenza cases infected via intranasal inoculation of viruses typically shed lower
levels of fine and coarse EBA than naturally-infected symptomatic influenza cases
(19,37), and experience milder symptoms compared to those infected naturally
(37,45) or via aerosol inoculation (46). Influenza A viral shedding pattern typically
aligns with the progression of clinical symptoms over the course of the disease
(37,47). For instance, the peaks of EBA viral shedding and symptom scores were
observed on day one post symptom onset for selected natural cases and on the third

day post-inoculation for experimental cases (37).

Prior research comparing viral shedding between naturally and experimentally

infected influenza cases has primarily focused on naturally infected cases presenting
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with acute respiratory illness, a fever or a positive rapid antigen test (37,45). This led
to the exclusion of individuals with milder symptoms or asymptomatic cases.
Additionally, there has been limited comparative research on EBA viral shedding
trajectories since symptom onset across both unselected naturally infected and
experimental cases. Despite observations that experimentally infected cases shed less
virus in EBA than naturally infected cases, there has been a noticeable lack of overlap

in symptom severity between the two groups (37).

This study sought to broaden the scope of prior analyses. We included unselected
community acquired influenza cases, comparing them with volunteers intranasally
inoculated with influenza A/Wisconsin/67/2005 (A/WI) as well as selected naturally
infected influenza cases with cough and sore throat plus fever or a positive rapid
antigen test recruited in 2013 that were reported previously (37). Our aim was to
examine the EBA viral shedding in an unselected sample of community-acquired
influenza cases and compare the EBA viral RNA loads and their trajectories between

experimentally and different community-acquired influenza cases.

Methods

Data sources and sample groups

This study used data obtained from three separate studies. The first two of these
studies - Evaluating Modes of Influenza Transmission challenge study (EMIT-1
experimental study) (35), and an observational study of selected acute respiratory

illness (ARI) cases (EMIT-1 campus study) (19) - have been previously reported (37).
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The third study followed uninfected volunteers for ARI occurrence, known as the

Prometheus study (36).

EMIT-1 experimental study

This study, initiated in 2013 to investigate questions related to influenza transmission
(35), involved volunteers divided into two groups: "Donors" and "Recipients". The
Donors were intranasally inoculated with influenza A/Wisconsin/67/2005 (A/WI1) and
subsequently confirmed to have an influenza A infection (H3N2). After inoculation,
the Donors were paired with uninfected healthy Recipients in a common room to
encourage interaction (35). For the purposes of this report, we exclusively included

the Donors, representing experimental cases, and have designated them as Group A.

EMIT-1 campus study

The EMIT-1 campus study was conducted at the University of Maryland, College
Park (UMD) (19,37). Volunteers presenting symptoms of acute respiratory infections
were recruited from December 2012 to March 2013. Those who eventually provided
breath samples were within 3 days of symptom onset, and had a positive QuickVue
Influenza A + B test (Quidel, San Diego, CA) or were still febrile with an oral
temperature of greater than 37.8 °C plus coughing or a sore throat (19,37). In the
context of our current study, we incorporated those with a positive nasopharyngeal
swab for influenza A/H3N2 as confirmed by reverse transcription polymerase chain
reaction (RT-PCR). This group, representing the severe spectrum of symptoms, was

classified as Group C.
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Prometheus study

The Prometheus study was also conducted at the UMD community (36). From 2017
to 2020, students and staff from UMD were actively recruited and monitored for the
occurrence of acute respiratory infections during each academic year. VVolunteers
were instructed to report to the study team immediately upon developing cold or flu-
like symptoms. The identified volunteers and their close contacts were then invited to
a research clinic to provide samples for further examination. For the 2018-2019 flu
season, additional volunteers were recruited from the university health center,
typically presenting with more severe symptoms than those recruited from the
broader community. For this study, we included individuals with confirmed influenza
A via mid-turbinate or nasal and/or throat swabs, as identified by a TagMan® Array
Card (Thermo Fisher, Waltham, MA, USA). Participants from the community,
generally presenting with very mild symptoms, were assigned to Group B1, while

those recruited from the university health center were classified as Group B2.

Sample Collection

For all these studies, volunteers with confirmed viral infections were invited to
provide 30-minute EBA samples using a Gesundheit-11 sampler (38). They were
allowed to breathe normally and cough spontaneously during the collection. After
collection, EBA samples were categorized by size into two fractions: fine aerosols
(diameter <5 pm) and coarse aerosols (>5 pm). Viral RNA was extracted from both

fine and coarse aerosol samples and quantified using real-time RT-PCR.
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Statistical analyses

In our statistical analysis, we included only EBA samples on which day their nasal

and/or throat swabs were positive.

Descriptive analysis was carried out for the four comparison groups (A, B1, B2, and
C). We compared the four groups and the three natural infection groups using
Kruskal-Wallis test for the continuous variables and Fisher’s exact test for the
categorical variables. We also did pair-wise comparison among the three natural
infection groups, using T-test for the continuous variables and Fisher’s exact test or

Chi-square test for the categorical variables.

To visualize change over time, we plotted the EBA viral RNA loads as well as
symptom scores by study day for the four groups separately. The study day was
defined as days post symptom onset for Group B1, B2, and C and days post
inoculation for Group A, as most of the experimental cases were asymptomatic or not
sampled on the days after symptom onset. We then identified the incubation period (1)
for Group A by comparing the peak of symptom scores in Group A and the other

three groups.

Linear mixed effect models with censored responses (R package ‘Imec’, version 1.0
(39)) were used to calculate the geometric means (GM) of the EBA viral RNA load
for the four comparison groups. These models accounted for the censored outcome

variable as well as nested random effects of individuals and samples within the same
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individuals. We also used the Imec model to estimate the group effect on EBA viral
shedding (Model 1) and the shedding over time (Model Il), controlling for potential
confounders and effect modifiers. For Model I, age, sex, and study day (defined as
day post symptom onset for Group B1, B2, and C, and day post inoculation minus |
for Group C) were included into the models as potential confounders. Then the
product terms of each of these three variables and the group variable were included
for further interaction assessment. The best models were selected based on Akaike
Information Criterion (AIC). For Model I, we forced the interaction terms of group
and study day into the model along with age and sex, and then further selected the

final model based on AIC.

We conducted all analyses in R version 4.2.3 (R Foundation for Statistical

Computing, Vienna, Austria) and RStudio.

Results

Characteristics of the study population

This study included a total of 143 participants: 36 in Group A, 17 in Group B1, 7 in
Group B2, and 83 in Group C. Group A had the most participants over 25 years of
age (mean age: 30.1 years), while the other three groups predominantly consisted of
younger adults, aged 18 to 25 years. A higher proportion of females was found in
Groups B1 (65%) and C (57%) compared to Groups A (31%) and B2 (29%) (Table

3.1 and Supplementary Table 3.1).
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As previously reported (37), Group A had very mild or non-existent symptoms. This
group had the lowest median score all the three symptoms, the lowest incidence of
febrile cases (3%), and a reduced frequency of coughs at the time of sampling. Group
B1 demonstrated a medium level of symptom severity across the groups. Specifically,
we found a significant difference among the three natural infection groups in terms of
their systemic symptoms and a borderline significant difference for upper respiratory
symptoms (Supplementary Table 3.1). Group B1 had significantly lower upper
respiratory and systematic symptom scores than Group C. For Group B2 and C, the
symptom distribution, as well as other characteristics reported, did not present a
substantial difference (Table 3.1, Supplementary Table 3.1, and Supplementary

Figure 3.1).

Positive detection rates and GM of EBA viral shedding

Group A demonstrated the lowest rates of positive detection for both coarse and fine
EBA, in terms of both the number of positive samples and positive cases. Group B1
had a higher proportion of positive cases and samples than Group A. Meanwhile,
Groups B2 and C displayed comparable proportions of positive cases, with B2 having

a slightly higher rate of positive EBA samples (Table 3.2).

In terms of viral RNA load within aerosol samples, Group A had significantly lower
levels in both fine (GM: 2.4x101, 95%ClI: 2.2x10"? — 2.8) and coarse (GM: 2.4x10°3,
95%Cl: 1.7x10* — 3.5x10%) EBA, relative to the other three groups (Figure 3.1).

Group C presented significantly higher levels in fine (GM: 3.7x103, 95%ClI: 1.5x10°
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—9.4x103), but not coarse (GM: 11, 95%Cl: 2.7 - 49) EBA. Both Group B1 and B2
displayed intermediate levels of fine EBA viral RNA load, although B2 (GM:
1.1x10?, 95%CI: 24 — 4.8x10%) was higher than B1 (GM: 9.6, 95%Cl: 2.1 - 43)

(Figure 3.1).

Temporal Patterns of Symptoms and EBA Viral RNA Shedding

For Groups B1, B2, and C, symptom scores peaked on the first day following
symptom onset, with the exception of upper respiratory symptom scores in Group B1,
which fluctuated post-onset. For Group A, all symptom scores reached their peak on
the third day post-inoculation. Based on the observed trajectories, we estimate an

incubation period of two days for Group A (Figure 3.2).

The trajectories of EBA viral RNA shedding mirrored those of the symptom scores,
with the exception of Group B1. For this group, the EBA shedding trajectory
followed the symptom trajectory for the initial two days, but then increased on the

third day post-symptom onset (Figure 3.3).

Modeling Group Effects on EBA Viral RNA Shedding

In models controlling for potential confounding variables and effect modifiers (age,
sex, and study days), Group A continued to present a significantly lower viral RNA
load in both aerosol fractions. The ratio of viral RNA shedding of Group A to that of

Group B1 was the lowest, with a value of 3.3x10? (95%Cl: 1.1x103, 0.99) for fine
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aerosol and 9.5 x 10 (95%Cl: 4.4 x 10, 0.21) for coarse aerosol. Group C, on the
other hand, had a significantly higher viral RNA load in both aerosols compared to
Group B1, with the ratio as 2.2x10° (95%Cl: 1.7x10?, 2.8x10%) for fine and 88
(95%Cl: 1.6, 4.8x10°) for coarse aerosols. There is no significant difference between
Group B1 and Group B2 in terms of viral RNA load in both EBA size fractions
(Figure 3.4 and Supplementary Table 3.2). Contrast analysis revealed that Group C
had a significantly higher viral load in fine aerosols than Group B2, although no

significant difference was found for coarse aerosols (Supplementary Table 3.3).

Regarding shedding trajectories over time, no significant difference was observed
between Group B1 and the rest of the groups concerning the dynamics of EBA viral

RNA shedding by study days (Supplementary Table 3.4).

Discussion

This study provides a unique comparison of the EBA viral shedding pattern among
influenza A/H3N2 infected individuals in distinct groups: experimentally infected
cases, unselected community-acquired cases, and selected natural cases. We found
previously that selected natural cases shed higher viral load in EBAs and were more
symptomatic than experimental cases (37). This study further adds that unselected
community-acquired cases, represent a wider spectrum of symptom severity, shed
more viral RNA in their exhaled breath aerosols and were more symptomatic than the
experimental cases as well, but on average shed less viral RNA than the selected

natural cases that were more symptomatic and from different influenza season.
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Those inoculated nasally with influenza virus A/Wisconsin/67/2005 strain had a high
percentage of people who did not have detectable level of viral RNA load in their
exhaled breath aerosols or have any symptoms. This indicates that nasal inoculation
with this strain may not provide a robust model for understanding EBA viral shedding
patterns or the range of symptom severity typical in natural influenza infections.
Given the major role of aerosol inhalation in influenza transmission (18,19),
inoculation via aerosol inhalation might offer a more representative model for
mimicking natural influenza infections (48). Previous studies showed that inhalation
of various strains of influenza viruses led to fevers in human subjects, a response
rarely seen with intranasal instillation (49). Also, animal studies have demonstrated
that aerosol inhalation of recombinant influenza viruses results in a more efficient
infection of the lower respiratory tract and faster viral replication compared to
intranasal inoculation (50). This might explain the lower viral load found in the
exhaled breath aerosols of individuals inoculated intranasally, as opposed to those

infected naturally.

Of note, despite sharing a similar characteristic and symptomatic profile with Group
C, Group B2 showed a lower fine aerosol viral RNA load. This observation suggests
that more severe symptoms might not necessarily correlate with a greater viral RNA
load in fine aerosols, especially among symptomatic patients. This aligns with

previous studies that demonstrated symptoms were not significant predictors of viral

RNA shedding in aerosols (19). However, the temporal dynamics of symptoms and
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viral RNA shedding in aerosols typically coincide well (37), a finding consistent with
our study. The discrepancy in the relationship between viral shedding and symptoms
suggests that year-to-year circulating strains of influenza H3 may vary considerably
in how symptomatic cases shed virus into aerosols. The elevated viral load in fine
aerosols observed in participants from the 2012-2013 flu season might, in part,
explain the heavier flu burden during that season compared to the 2018-2019 flu
season in the United States (6). This discovery underscores the importance of
monitoring flu strains, even within the same influenza A H3 subtype, to better inform
public health measures to mitigate the impact of future flu seasons and protect

vulnerable populations more effectively.

This study had several strengths. We did a unique comparison of the EBA viral
shedding pattern among influenza A/H3 infected individuals from three sources,
allowing us to compare the viral shedding between experimental infections and the
full range of ambulatory community-acquired influenza infections. Including
participants from different years also allowed us to explore the difference between

different strains of influenza A H3 subtypes.

Our research was subject to some limitations. Our study volunteers were all
ambulatory; hence the results of this study may not be generalizable to those who are
critically ill. Due to the distinct study designs of the three studies that were involved,

selection bias was likely to present if participation rate varied by groups.
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This study reveals that the route of infections and strain difference could contribute to
the level of viral aerosol shedding in influenza infections. We highlight the need for
new models to study viral aerosol shedding from the human respiratory tract. In
particular, aerosol inoculation may represent a promising avenue for future research,
as this approach could better mimic natural infection processes and offer insights into
aerosol transmission dynamics. Overall, this study contributes to the broader
understanding of viral shedding patterns in EBA and underscores the importance of

developing robust models to further our understanding of influenza transmission.
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Tables

Table 3.1. Characteristics of the study population

A: Nasal C:
Inoculation Bl:_Dorm B2: Moderately_
with re_3|dents PROM symptomati All
. with very UHC C cases with .
influenza il fever or participants
A/Wisconsin ml cases .
167/2005 symptoms p93|t|ve
antigen test
Number of
participants 36 17 7 83 143
Influenza
Season,
N(%)
2012-2013 36 (100) 0 (0) 0 (0) 83 (100) 119 (83)
2016-2017 0 (0) 3 (18) 0 (0) 0 (0) 3(2)
2017-2018 0(0) 4 (24) 0 (0) 0 (0) 4 (3)
2018-2019 0 (0) 10 (59) 7 (100) 0 (0) 17 (12)
Female,
N (%) 11 (31) 11 (65) 2 (29) 47 (57) 71 (50)
Age,
mean + SD 30.1+£7.2 19.3+09 20+14 22.3+7.6 23.8+7.8
Age group,
N(%)
<18 0(0) 0 (0) 0 (0) 2 (2) 2 (1)
18-25 11 (31) 17 (100) 7 (100) 73 (88) 108 (76)
>25 25 (69) 0 (0) 0 (0) 8 (10) 33 (23)
With fever >
37.9°C, 1(3) 2 (12) 1(14) 17 (20) 21 (15)
N (%)?
Coughs per
30 min, 2+6 13+18 15+21 27 £33 19+ 29
meanx SD (0-35) (0-66) (0-60) (0-265) (0-265)
(range)®
Temperature
(©), 36.6 £ 0.6 37.3+08 37.6%+0.7  37.3+0.6 37.2+0.7
mean = SD¢
Median
E&%?:atory 013 467 35565 579 358
Symptoms (0-3) (4-7) | (35-65)  (5-9) (3-8)
(IQRY’
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a.

Median
lower

respiratory 0 3 2 3 2
symptoms (0-0) (2-3) (2-4.5) (2-4) (1-4)
(IQR)

Median

systemic 0 3 6 5 4
symptoms 0-1) (1-6) (4-7.5) 4-7 (1-6.5)
(IQR)

Fever at the time of breath sample collection. Tympanic temperature was
measured for group A and oral temperature was measured for group B1, B2, and
C. One subject in group B1 did not have body temperature measured.

Cough counts were missing for 4 observations in group A, 3 observations in
group B1, and 3 observations in group C.

Temperature was missing for 1 observation in each of group A, B1, and C.

Upper respiratory symptoms (range 0-15): runny nose, stuffy nose, sneezing, sore
throat, and earache symptom scores; lower respiratory symptoms (range 0-6):
shortness of breath and cough; systemic symptoms (range 0-9): malaise,
headache, and muscle/join ache.
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Table 3.2. Viral shedding into exhaled breath aerosols

C:
A: Nasal Inoculation B1: Dorm Moderately
with influenza residents with | B2: PROM symptom_at|c
A/Wisconsin/67/2005 very mild UHC cases C?SGS with
(A/WI) symptoms ever or
positive
antigen test
Years 2013 2017-2019 2017-2019 2012-2013
EBA Coarse Fine Coarse  Fine?  Coarse @ Fine | Coarse = Fine
Cases 36 36 17 17 7 7 83 83
Samples 64 64 21 21 7 7 143 143
No. of
positive 8 6 43 71
cases 6 (17) 11(31) | 5(29) (47) 4 (57) (86)  (52) (86)
(%)
No. of
positive 8 6 64 110
samples 0 ) 1422 5@ 1 ey 40N gey s (77)
(%)
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Figures

Fine EBA GM 95% CI GSD
0.24 0.022,2.8 4.7

Group A1
Group B11 T 9.6 21,43 14
Group B2 ] 110 24, 480 2.0
Group C+ 3700 1500, 9400 5.6

1e-04 0001 001 01 1 10 100 1000 10000

Coarse EBA GM 95% CI GSD
0.0024 0.00017, 0.035 22.0

Group A
Group B11 g 12 43,34 18
Group B2 b——si] 80 13, 490 14
Group CH 11 2.7, 49 6.3

1e-04 0.001 0.01

04 1 10 100 1000 10000

Figure 3.1. Geometric means of EBA viral shedding for the four groups

GM, geometric means; GSD, geometric standard deviation. Group A: Nasal

Inoculation with influenza A/Wisconsin/67/2005 (A/W1); Group B1: Dorm residents
with very mild symptoms (influenza A H3); Group B2: PROM UHC cases (influenza
A H3); Group C: Moderately symptomatic cases with fever or positive antigen test
(influenza A H3). The GM and GSD were computed for all the samples using linear
mixed-effects models for censored responses (R Project package “Imec”). These
models accounted for the censored outcome variable as well as nested random effects
of individuals and samples within the same individuals.

43



a 301

o
@

(2}
IS
L
Q.
g 201 §,10'
2 v \
Q. —
= 7 > g \
7y / \ o \ A
© 10- ~ 2 5 -
|_ S
(0]
Q.
Q.
=
01 o
0 i 2 3 4 0 1 2 3 4
Study day (DPO or DPI) Study day (DPO or DPI)
c d 10:
[2]
g 5.01 /,\;
a g [
IS /
A o g °
/
> 4 £ /
Q 2.5 \ \\ 5; /
o < N Q /
s £ /
o 2o -}
— >
g 0.0 @0
o
-
-54
0 4 0 4

i 2 3 1 2 3
Study day (DPO or DPI) Study day (DPO or DPI)
Population ~ Group A = Group B1 = Group B2 ~ Group C
Figure 3.2. Trajectories of symptom scores over study days

Group A: Nasal Inoculation with influenza A/Wisconsin/67/2005 (A/W1); Group B1.:
Dorm residents with very mild symptoms (influenza A H3); Group B2: PROM UHC
cases (influenza A H3); Group C: Moderately symptomatic cases with fever or
positive antigen test (influenza A H3). Study day was defined as day post symptom
onset for Group B1, B2, and C, and day post inoculation for Group C.
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Figure 3.3. Trajectories of EBA viral shedding over study days
Group A: Nasal Inoculation with influenza A/Wisconsin/67/2005 (A/WI1); Group B1:
Dorm residents with very mild symptoms (influenza A H3); Group B2: PROM UHC
cases (influenza A H3); Group C: Moderately symptomatic cases with fever or
positive antigen test (influenza A H3). Study day was defined as day post symptom
onset for Group B1, B2, and C, and day post inoculation for Group C.
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Fine EBA Estimate 95% CI

0.033 0.0011, 0.99
Group A P—e—
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Figure 3.4. The ratio of viral shedding in EBA of selected and inoculated cases to
shedding by unselected cases (Group B1), controlling for age, sex, and study
days

Group A: Nasal Inoculation with influenza A/Wisconsin/67/2005 (A/W1); Group B1:
Dorm residents with very mild symptoms (influenza A H3); Group B2: PROM UHC
cases (influenza A H3); Group C: Moderately symptomatic cases with fever or
positive antigen test (influenza A H3). We included only those samples whose study
day was not missing (three B1 and one B2 cases were excluded due to not having
symptom onset date on file or having no symptoms over the course of the follow-up
period). We used linear mixed-effects models for censored responses (R Project
package “Imec”) to estimate the ratio of viral shedding in EBA of Group A/B2/C to
Group B1. These models accounted for the censored outcome variable as well as
nested random effects of individuals and samples within the same individuals. The
best models were selected based on Akaike Information Criterion (AIC).
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Chapter 4: Comparison of Viral Aerosol Shedding in Influenza,
Seasonal Coronavirus, and SARS-CoV-2 in a College
Community

Abstract

Background: Previous studies showed that most viral infections were capable of
transmitting through inhalation. Yet, the viral RNA load in these infections were
rarely compared. This study aimed to compare viral RNA load in exhaled breath
aerosol (EBA) from infections of influenza, seasonal coronavirus, SARS-CoV-2

Omicron, and other SARS-CoV-2 variants.

Methods: We used data from two studies. Viral shedding in EBA was compared
among confirmed infections of influenza, seasonal coronaviruses (NL63, 229E,
0OC43, and HKU1), and SARS-CoV-2 variants (Omicron and others). EBA samples
were collected using the Gesundheit-11 sampler and quantified through real-time RT-
PCR. Linear mixed effect models with censored responses were used to calculate

geometric means and model the group effect on both EBA size fractions.

Results: A total of 212 participants were included: 31 with influenza, 50 with
seasonal coronavirus, 68 with SARS-CoV-2 Omicron, and 63 with other SARS-CoV-
2 variants. SARS-CoV-2 Omicron infections had the highest viral RNA loads in both
fine and coarse aerosols, and the viral loads were significantly higher than that of the
other three groups. Compared to seasonal coronavirus, other SARS-CoV-2 variants

had a significantly higher viral RNA load in fine but not in coarse EBA. No
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significant difference was observed in EBA viral RNA load between the rest of the

groups.

Conclusions: SARS-CoV-2 Omicron variants demonstrated superior capability of
spread via inhalation compared to influenza and other viruses in this study. Our
findings emphasize the inhalation route as a significant mode of transmission for all
studied infections. This supports the need for implementing non-pharmaceutical
interventions, such as general masking and indoor air hygiene, to reduce the risk of
inhalation of viral aerosols to protect vulnerable population, especially when the

particularly when community rates of respiratory infections are high.
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Introduction

Influenza and human coronaviruses routinely strike the population in winter and with
similar seasonality (2—4). Each year, they caused millions of deaths and
hospitalizations globally (5). The U.S. Centers for Disease Control and Prevention
estimated that deaths as a result of influenza ranged from 12,000 to 52,000 per season
from 2010 to 2020 in the United States, along with 140,000 to 710,000 hospitalized
per season (6). Emerging viruses such as SARS-CoV-2 bring even heavier disease
burdens. As of September 6, 2023 (51), nearly seven million people around the world
died as a consequence of the global pandemic COVID-19 disease caused by SARS-

CoV-2, a virus first discovered in China in late 2019 (52).

Previous studies have suggested that inhalation may contribute to the transmission of
influenza viruses (18,19) and various coronaviruses, including seasonal coronaviruses
such as OC43, HKU1, and NL63 (20) and emerging coronaviruses such as SARS-
CoV-2 (21,22). Studies conducted in Hong Kong and Bangkok suggested that half of
the influenza transmission in households happening via the route of inhalation (18).
Although very few studies characterized viral load in exhaled breath aerosol (EBA)
for the four seasonal coronaviruses, Leung et al. (20) found that viral RNA of OC43,
HKUL, and NL63 can be detected in respiratory aerosols (20). Several studies have

measured the viral RNA load of SARS-CoV-2 in EBA samples (21,22,30).

Comparison of influenza, seasonal coronavirus, and SARS-CoV-2 is lacking in

existing research. One study presented viral RNA load in EBA for the cases of
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seasonal coronaviruses and influenza viruses from patients seeking medical treatment
in a general outpatient clinic in Hong Kong (20). Although the authors did not make a
direct comparison, they showed that influenza and seasonal coronaviruses were
comparable in terms of the median values and interquartile ranges (IQR) of EBAs
collected per 30 minutes. As for SARS-CoV-2, we recently published a paper
comparing four variants — Alpha, Delta, Omicron, and other earlier variants that were
not associated with increased transmissibility — and found that this virus evolved to
higher viral aerosol shedding (53). With these more transmissible and potentially less
virulent variants of SARS-CoV-2 emerging (29), a question arose regarding whether
SARS-CoV-2 has evolved to increased viral shedding in aerosol with the viral load
getting close to, or even greater than, that of seasonal respiratory infections, such as

seasonal coronaviruses and influenza viruses.

Our objective was to compare infections of influenza A (IAV), seasonal coronavirus,
SARS-CoV-2 Omicron, and other SARS-CoV-2 variants in terms of viral shedding in
EBA samples using data collected from two studies that were performed in a similar

study setting.

Methods

Data sources and study population

This study used data collected from two observational studies that took place at the

University of Maryland, College Park (UMD), and the surrounding community.
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Prometheus study

We identified volunteers with seasonal coronavirus and influenza infections from the
Prometheus study (36). From 2017 to 2020, we actively recruited and followed
students and staff from UMD for the occurrence of acute respiratory infections every
academic year. Volunteers were instructed to report to the study team immediately if
they developed cold or flu symptoms. These volunteers and their close contacts
would then be invited to provide samples for one or more visits for further detection.
For the 2018-2019 flu season, additional volunteers were recruited from the
university health center, typically presenting with more severe symptoms than those
recruited from the broader community. For this study, we included volunteers with
confirmed infections of influenza A or one of the four human seasonal coronaviruses
(NL63, 229E, OC43, and HKU1) via mid-turbinate or nasal and/or throat swabs, as

identified by a TagMan® Array Card (Thermo Fisher, Waltham, MA, USA).

StopCOVID study

We identified COVID-19 cases from the StopCOVID study (21,30). From 2020 to
2022, we actively recruited COVID-19 cases and their close contacts from UMD and
the surrounding community for sample collection. The close contacts were followed
for up to 14 days since their last exposures. We also had one arm of the study in
which we followed uninfected people from the community and invited them to
provide more samples for one or more visits if they were detected to be positive by

the weekly saliva PCR test or reported symptoms in the daily symptom
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questionnaires. Considering that Omicron variant performs differently from other
SARS-CoV-2 variants regarding the ability of transmission (54), we separated

Omicron and other variants in our analysis.

Sample Collection

For both studies, volunteers with confirmed viral infections were invited to provide
30-minute EBA samples using a Gesundheit-11 sampler (38). They were allowed to
breathe normally and cough spontaneously during the collection. For the Prometheus
study, volunteers were asked to repeat the alphabet three times (at 5, 15, and 25
minutes) within the 30-minute sampling period. As for the StopCOVID study, eight
volunteers studied before September 2020 followed the same protocol as those from
the Prometheus study, whereas subsequent cases were asked to shout “Go Terps” 30
times and sing “Happy Birthday” loudly three times (at 5, 15, and 25 minutes) into

each 30-minute sampling period.

After collection, EBA samples were categorized by size into two fractions: fine
aerosols (diameter <5 um) and coarse aerosols (>5 um). Viral RNA was extracted

from both fine and coarse aerosol samples and quantified using real-time RT-PCR.

Statistical analyses

We included only EBA samples on which day their nasal and/or throat swabs were

positive in our statistical analysis.
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Descriptive analysis was carried out for the four comparison groups (influenza,
seasonal coronavirus, Omicron, SARS-CoV-2 others). We compared the four groups
using Kruskal-Wallis test for the continuous variables and Fisher’s exact test or Chi-
square test for the categorical variables. We also did pair-wise comparison using T-
test for the continuous variables and Fisher’s exact test or Chi-square test for the

categorical variables.

Linear mixed effect models with censored responses (R package ‘lmec’, version 1.0
(39)) were used to calculate the geometric means (GM) of the EBA viral RNA load
for the four comparison groups. These models accounted for the censored outcome
variable as well as nested random effects of individuals and samples within the same
individuals. We also used the Imec model to estimate the group effect on EBA viral
shedding (Model I) and the shedding over time (Model 11) among symptomatic cases,
controlling for potential confounders and effect modifiers. For Model I, age, sex, and
days post symptom onset were included into the models as potential confounders.
Then the product terms of each of these three variables and the group variable were
included for further interaction assessment. The best models were selected based on
Akaike Information Criterion (AIC). For Model 11, we forced the interaction terms of
group and days post symptom onset into the model along with age and sex, and then

further selected the final model based on AIC.
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We also did a sensitivity analysis to calculate the positive detection rate of
participants and their samples for the four seasonal coronavirus subgroups (229E,
HKUZ1, NL63, and OC43). We also calculated the GM of the EBA viral RNA load

using the Imec model for these four subgroups.

We conducted all analyses in R version 4.2.3 (R Foundation for Statistical

Computing, Vienna, Austria) and RStudio.

Results

Characteristics of the study population

This study included a total of 212 participants: 31 with influenza A infections, 50
with seasonal coronavirus infections, 68 with SARS-CoV-2 Omicron infections, and
63 with the infections of other SARS-CoV-2 variants. Those with SARS-CoV-2
Omicron infections had the most participants over 25 years of age (mean age: 33
years), while the other three groups predominantly consisted of younger adults, aged
18 to 25 years. A lower proportion of female participants was found in those infected
with other SARS-CoV-2 variants (36%), although no significant difference was
observed among groups in terms of sex at birth (Table 4.1 and Supplementary Table
4.1). Overall, influenza group presented the most symptoms compared to the other
three groups, while those infected with other SARS-CoV-2 variants had the mildest

symptoms (Table 4.1 and Supplementary Table 4.1).
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Positive detection rates and GM of EBA viral shedding

More than half of the Omicron participants as well as their samples were positive, and
this group demonstrated the highest rates of positive detection for both aerosols, in
terms of both the number of positive samples (Fine EBA: 64%, and Coarse EBA:
58%) and positive cases (Fine EBA: 69%, and Coarse EBA: 66%). Conversely, other
SARS-CoV-2 variants had the lowest rates of positive detection among the four
groups, with only 32% of the fine EBA and 22% of the coarse EBA samples that
were positive. Influenza and seasonal coronavirus infections displayed intermediate
levels of the positive detection rates, although the values of influenza was higher than
that of seasonal coronavirus (Table 4.2). All the subgroups of seasonal coronavirus
had some detection of the viral RNA in the EBA samples, with CoV-HKU1 had the
highest positive detection rate for fine EBA and the lowest positive detection rate for

coarse EBA (Supplementary Table 4.2).

In terms of viral RNA load within aerosol samples, Omicron infections had
significantly higher levels in both fine (GM: 210, 95%CI: 93 - 480) and coarse (GM:
76, 95%Cl: 39 - 150) EBA, relative to the other three groups (Figure 4.1). While
seasonal coronavirus presented the lowest RNA load in fine aerosols (GM: 6.9,
95%Cl: 2.7 — 18), other SARS-CoV-2 variants had the lowest RNA load in coarse

aerosols (GM: 3, 95%Cl: 1 — 8.7) (Figure 4.1 and Supplementary Figure 4.1).

55



Modeling Group Effects on EBA Viral RNA Shedding

In models controlling for potential confounding variables and effect modifiers (age,
sex, and days post symptom onset), Omicron infections continued to present a
significantly higher viral RNA load in both aerosol fractions among all the groups
(Figure 4.2, supplementary Table 4.3-4.4). The ratio of viral RNA shedding of
Omicron to that of seasonal coronavirus was the highest, with a value of 30 (95%Cl:
7, 130) for fine aerosol and 18 (95%Cl: 4.2, 79) for coarse aerosol. Other SARS-
CoV-2 variants had a significantly higher viral RNA load in fine EBA but not in
coarse compared to seasonal coronavirus, with the ratio for fine EBA as 4.8 (95%ClI:
1.1, 22). There was no significant difference between influenza and seasonal
coronavirus as well as between influenza and other SARS-CoV-2 variants in terms of

viral RNA load in both EBA size fractions (Figure 4.2, supplementary Table 4.3-4.4).

Regarding shedding trajectories over time, no significant difference was observed
between seasonal coronavirus and the rest of the groups concerning the dynamics of

EBA viral RNA shedding by day post symptom onset (Supplementary Table 4.5).

Discussion

This study provided a unique comparison of the EBA viral RNA shedding among
influenza, seasonal coronavirus, SARS-CoV-2 Omicron variants, and other SARS-
CoV-2 variants. SARS-CoV-2 Omicron variants had a significantly higher viral RNA
load in both aerosols compared to the other three infections. We found previously that

SARS-CoV-2 evolved to high viral aerosol shedding (53). However, the maximum
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viral EBA shedding with an Omicron infection was close to, albeit lower than the
maximum values observed for influenza in previous studies (53). In this study, we
found that in general SARS-CoV-2 Omicron variants had a higher viral RNA load
and positive detection rate in the breath samples, suggesting that this variant

surpasses influenza in terms of the capability of spreading via the inhalation route.

Despite influenza cases being more symptomatic than Omicron cases, they showed a
lower aerosol viral RNA load than Omicron cases. Of note, the vocalization protocols
for these two groups were different. All the Omicron cases provided EBA samples
while singing and shouting, whereas all the influenza cases provided the samples
while only reciting the alphabet. This inconsistency would likely increase the
emission of aerosols in the Omicron infections, as singing and shouting can increase
airflow velocity (13). Prior research affirmed that, for most cases, singing emitted
more SARS-CoV-2 RNA than talking or breathing (22). However, a majority of the
volunteers with infection of other SARS-CoV-2 variants followed the same
vocalization protocol as the Omicron cases and their EBA viral shedding was not
significantly different from that of the influenza group. This suggests factors beyond

vocalization significantly influenced the higher RNA load in the Omicron group.

A noteworthy observation was the detection of some level of viral RNA in the EBA
samples across all infections studied. A prior study only detected viral RNA in the
aerosol samples from NL63, OC43 and HKUL1 infections but not from 229E (20).

This may have resulted from their small sample size as well as the high variation of
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viral RNA load in 229E. These findings, emphasizing detectable viral loads in EBA
across infections, supported the idea that most respiratory viruses can transmit via
inhalation (12). They also provided strong recommendations that non-pharmaceutical
interventions, such as increased ventilation and general masking, need to be

implemented during seasons with prevalent respiratory infections.

This study had several strengths. We did a unique comparison of the EBA viral
shedding patterns among influenza, seasonal coronavirus, and SARS-CoV-2,
addressing an important knowledge gap in existing literature. Using the same
machine for sample collection among similar target populations, although the
vocalization protocols were different, we directly compared the viral RNA load
among the various infections. By implementing the StopCOVID study across the first
few years of the COVID-19 pandemic, we showed how SARS-CoV-2 evolved

compared to the other seasonal viral infections.

Our research was subject to some limitations. As mentioned earlier, we implemented
the vocalization protocols differently for SARS-CoV-2. As a result, the findings need
to be interpreted with caution. Moreover, our study volunteers were mostly younger
adults and were all ambulatory, hence the results of this study may not be

generalizable to those who are older or are critically ill.

In summary, our findings underscore the elevated viral RNA load in EBASs of

Omicron-infected individuals compared to seasonal influenza A and other
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coronavirus infections. This may explain why SARS-CoV-2 Omicron variants are
more transmissible than the other seasonal respiratory infections. Furthermore, our
findings suggest that the inhalation route could be a significant mode of transmission
for all studied infections. This supports the broader understanding of respiratory
infections and reinforces the need for implementing non-pharmaceutical
interventions, such as general masking and indoor air hygiene, to reduce the risk of
inhalation of viral aerosols to protect vulnerable population, especially when

community rates of respiratory infections are high.
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Tables

Table 4.1. Characteristic of study participants

Seasonal | SARS- SARS-
Influenza Coronav = CoV-2 CoV-2 All p
irus Omicron | Others

Number of 31 50 68 63 212 :
participants
Number of
EBA samples 35 51 117 104 307 -
(F(,Zr;a'e’ N 17(s5) | 27(54) 36(53) 23(3) 103(49) & 0.153
Age, mean 19.8 20.6 33.0 24.0 25.5 <0.001
+ SD 2 6.9 +16.9 +10 +12.7 '
Age group,
N(%)

<18 0 (0) 0 (0) 4 (6) 1(2) 5(2) <0.001

18-25 | 30(97) | 47(94) | 32(47) @ 52(82) @ 161 (76)

>25 1(3) 3 (6) 32(47) | 10(1e) 46 (22)
Chronic
respiratory
illness®. N 8 (26) 13(26) | 11(16) @ 15(24) 47 (22) 0.537
(%)
Coughs per
30 min, 12 +£17 7117 8114 216 6+13 <0.001
meanx SD (0-66) (0-98) (0-75) (0-36) (0-98) '
(range)
Temperature

37.4 37.1 37.0 37.2 37.1
(C), mean £07 | %03  +03 | #02 = +04 0001
+ SD
Median
upper
i 6 6 4 2 4
respiratory i i K i i <0.001
symptoms® 4-7) 45-8) | (2-6) 1-32) (2-6)
(IQR)
Median
lower
: 3 1 2 0 1

respiratory i i i i ] <0.001
symptoms (2-45) | (0-25)  (1-2 0-1.2) 0-2)
(IQR)
Median
systemic 3 1 2 1.5 2 0.005
symptoms (1-6) 1-3) (1-5) (0-3) (1-5) '
(IQR)
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Median

gastrointestin 0 0 0 0 0

al symptoms (0-1) (0-0) (0-0) (0-0) (0-0)

(IQR)
a. Chronic respiratory illness, volunteers with any chronic obstructive pulmonary
disease, asthma, other lung diseases.
b.Upper respiratory symptoms (range 0-15): runny nose, stuffy nose, sneezing, sore
throat, and earache symptom scores; lower respiratory symptoms (range 0-9): chest
tightness, shortness of breath, and cough; systemic symptoms (range 0-12): malaise,
headache, muscle/joint ache, and sweats/fever/chills; gastrointestinal symptoms
(range 0-9) = nausea, vomit, and diarrhea.

<0.001
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Table 4.2. Viral aerosol shedding among four viral infections

Seasonal SARS-CoV-2 | SARS-CoV-2
Influenza A Coronavirus Omicron Others
Sample Coarse | Fine | Coarse | Fine | Coarse| Fine | Coarse| Fine
Type
Cases 31 31 43 45 68 68 63 63
Samples 35 35 46 48 117 117 104 104
No. of
positive |11 (35) |18 (58) |13 (30) (19 (42) |45 (66) [47 (69) |17 (27) [ 25 (40)
subjects(%0o)
No. of
positive |11 (31) |18 (51) |14 (30) (19 (40) |68 (58) [ 75 (64) |23 (22) |33 (32)
samples(%o)
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Figures

Fine EBA GM 95% CI GSD
18 5.7, 58 16
Influenza
Seasonal CoV 6.9 27,18 28
Omicron . J 210 93, 480 1.5
SARS-CoV-2 Others 12 5.9, 26 1.7
1 10 100 1000
Coarse EBA GM 95% Cl GSD
17 6.5, 47 1.7
Influenza
Seasonal CoV 39 15,10 9.0
Omicron . 76 39, 150 1.6
SARS-CoV-2 Others 3 1,87 1.9
1 10 100 1000

Figure 4.1. Comparison of geometric means of EBA viral RNA copies

GM, geometric means; GSD, geometric standard deviation. The GM and GSD were
computed for all the samples using linear mixed-effects models for censored
responses (R Project package “Imec”). These models accounted for the censored
outcome variable as well as nested random effects of individuals and samples within
the same individuals.
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Fine EBA

Estimate

95% CI

3.9 0.64, 24
Influenza - f .

Omicron - } S i 30 7,130
SARS-CoV-2 Others - . | 4.8 1.1, 22
1 10 100

Coarse EBA Estimate 95% CI
24 0.39, 15
Influenza{ | . {
Omicron A } Y 18 4.2, 79
SARS-CoV-2 Others f . | 34 0.72, 16
1 10 100

Figure 4.2. The ratio of viral shedding in EBA of influenza, omicron, and other
SARS-CoV-2 infections to shedding by seasonal coronavirus infections,
controlling for age, sex, and day post symptom onset

We included only those samples whose day post symptom onset was not missing. We
used linear mixed-effects models for censored responses (R Project package “Imec”)
to estimate the ratio of viral shedding in the other three groups to seasonal
coronavirus. These models accounted for the censored outcome variable as well as
nested random effects of individuals and samples within the same individuals. The
best models were selected based on Akaike Information Criterion (AIC).
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SARS-CoV-2
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Abstract

Tight-fitting masks and respirators, in manikin studies, improved aerosol source
control compared to loose-fitting masks. Whether this translates to humans is not
known. We compared efficacy of masks (cloth and surgical) and respirators (KN95
and N95) as source control for SARS-CoV-2 viral load in exhaled breath of
volunteers with COVID-19. Volunteers provided paired unmasked and masked breath
samples allowing computation of source-control factors. All masks and respirators
significantly reduced exhaled viral load, without fit tests or training. A duckbill N95
reduced exhaled viral load by 98% (95% CI: 97% to 99%), and significantly
outperformed a KN95 (p<0.001) as well as cloth and surgical masks. Cloth masks
outperformed a surgical mask (p=0.012) and the tested KN95 (p=0.028). These

results suggest that N95 respirators could be the standard of care in nursing homes
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and healthcare settings when respiratory viral infections are prevalent in the

community and healthcare-associated transmission risk is elevated.

Key Words: Source control, SARS-CoV-2, surgical masks, respirators, exhaled

breath aerosols
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Introduction

Development and widespread application of effective vaccines and antiviral drugs
decreased the mortality rate of coronavirus disease 2019 (COVID-19) (55-57).
However, the emergence of the Omicron variant and its sub-lineages, together with a
relaxation of non-pharmaceutical interventions, led to an unprecedented surge in
COVID-19 cases and hospitalizations in the United States in 2022 (58). The intrinsic
transmissibility of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has increased over time (59-61), which appears in part to be due to an increased
ability to be shed into aerosols (21,53,62) and the ability of the latest Omicron
subvariants to evade immunity from vaccinations and prior infections (63,64). The
highly transmissible nature of rapidly emerging Omicron variants in the setting of
high rates of vaccination and prior infection underscores the critical role of non-
pharmaceutical interventions, such as wearing face masks (65), to reduce inhalation

(airborne) transmission of the virus by reducing the amount of virus in the air.

Face masks can effectively reduce risk of transmission of respiratory pathogens by
limiting the amount of viral respiratory aerosols emitted into the air by infected
persons. This is known as source control (66), and has been demonstrated to
significantly reduce aerosol emission of influenza, seasonal coronaviruses, and
SARS-CoV-2 (20,21,25) and effectively reduce community transmission (65,67-69).
In a controlled trial, loose-fitting face masks reduced the viral load (as measured by

gRT-PCR for viral RNA) in fine and coarse aerosol samples by 48% and 77%,
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respectively, when worn by mildly symptomatic COVID-19 patients while singing

and shouting (21).

Few studies have examined the relative efficacy of different types of masks and
respirators as source control for SARS-CoV-2. A series of laboratory experiments
using manikins conducted by the U.S. Centers for Disease Control and Prevention
found that tight-fitting, knotted medical masks provided more effective source control
for SARS-CoV-2 than unknotted masks (31). When doubled or knotted/tucked, masks
were found to block a greater percentage of particles from simulated coughing.
Manikin experiments also demonstrated that N95 respirators were more effective than
cotton and surgical masks in reducing general and infectious viral aerosol emissions,
with the effect being even greater when the N95 respirators was properly fitted
(70,71). To our knowledge, no human study has yet compared the efficacy of

different mask and respirators as source control for SARS-CoV-2.

We compared the efficacy of cloth masks, surgical masks, KN95s, and N95
respirators as source control for reducing the viral load (estimated by RNA copy
number) in exhaled breath aerosol (EBA) samples collected from individuals with
community-acquired SARS-CoV-2 infection. In this human study, individuals served

as their own controls.
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Methods

Study design

This study was conducted at the University of Maryland, College Park (UMD). It was
approved by the University of Maryland Institutional Review Board and the Human
Research Protection Office of the Department of the Navy. Informed consent was

obtained from all study participants.

Beginning in May 2020, we actively recruited COVID-19 cases and their close
contacts from UMD and the surrounding community for sample collection (21,53).
Upon identifying a volunteer with an active SARS-CoV-2 infection, we invited them
to a research clinic to provide 30-minute EBA samples with a Gesundheit-I1 (G-11)

human exhaled bioaerosol collector (38), as previously described (21,53).

To assess the efficacy of masks as source control, volunteers were asked to provide
paired breath samples at each visit, first with a mask on and then without. VVolunteers
received no prior training in the proper use of respirators. Among the volunteers
included here, two cases studied before September 2020 were asked to repeat the
alphabet three times within the 30-minute sampling period, whereas subsequent cases
were asked to shout “Go Terps” 30 times and sing “Happy Birthday” loudly 3 times
at 5, 15, and 25 minutes into each 30-minute sampling period. In instances where
volunteers were too unwell to provide two sets of samples, a single 30-minute breath

sample was collected.
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Mask and respirator assignment and instructions

Between June 2020 and December 2021, volunteers were assigned to wear either
their own mask (mainly cloth masks), if available, or a surgical mask for the masked
session during their first shedding visit. If a second visit occurred, volunteers would
wear the alternate mask type. Some participants came in with double masks, which
included a mix of different mask types such as double cloth masks or a cloth mask
combined with a surgical mask or KN95 respirator. Because each sub-category had

very few samples, we excluded double masks from our analysis.

In December 2021, we introduced KN95 respirators for testing purposes. We used a
type highly recommended by an NGO and freely distributed on our campus.
Participants were randomized to wear a surgical mask or KN95 respirator in the
masked session for their first shedding visit and the other option at a possible second
visit. Starting in March 2022, inexpensive duckbill N95 respirators were added to the
mask categories. We then randomized participants to wear either a surgical mask or a
respirator (KN95 or N95) at their first shedding visit until March 10, when we
stopped testing surgical masks. After March 11, we only tested N95s. Most surgical
masks, KN95 respirators, and N95 respirators used in the study were provided by our
research team, while some volunteers used their own masks if study personnel judged
them to be well-fitted. VVolunteers who were provided with respirators having a nose
wire were instructed to pinch it to fit their nose. Those wearing N95 respirators were
instructed to place one strap around their neck and another over the top of their head.

No other respiratory protection training was provided.
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We previously reported both masked and unmasked data from participants enrolled
up to April 30, 2021 (21), and the unmasked data only for those enrolled up until
March 11, 2022 (53). The prior publications included the unmasked samples from
those wearing cloth/surgical masks, KN95 respirators, and two persons wearing N95
respirators, and a portion of the masked samples from those wearing cloth masks
(7/8), surgical masks (16/23), and KN95 respirators (1/12). The previously published
data are included here for comparison with the N95 and most of the KN95 masked

sample data that are reported here for the first time.

Laboratory analysis

The viral load in EBA was estimated by measurement of SARS-CoV-2 RNA,
quantified using a multiplex real-time RT-PCR assay - TagPath COVID-19 Combo
Kit (Applied Biosystems). RNA copy numbers were reported per sample for the EBA
samples, with a limit of detection (LOD, 95% probability of detection) as 75
copies/sample. Genome sequencing was carried out using mid-turbinate swab
samples with an Illumina MiSeq platform (Illumina, CA, USA) for cases enrolled up
until April 30, 2021 and a MinlON sequencing system (Oxford Nanopore
Technologies, ONT) for cases enrolled afterwards. Additional details on sample
processing and laboratory analyses were described in our previous publications

(21,53).
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Statistical analysis

We included only paired masked-unmasked EBA samples collected from the same

volunteer on the same day, with at least one sample having detectable SARS-CoV-2
RNA. We analyzed the two aerosol size fractions collected by the G-II, fine (<5 um
in diameter) and coarse (>5 pm in diameter) and combined them for analysis of total

EBA.

Descriptive analyses were conducted for all sample pairs and participants. We used
box plots to visualize the viral load in EBA and Wilcoxon signed rank tests in crude
paired analyses to compare the viral load between masked and unmasked samples for
different masks and respirators. A Mann—-Whitney U test was used for the pair-wise
comparison of unmasked samples among different variants. We assigned a value of 1
to samples with viral load below the limit of detection for visualizations and in the

crude analyses as done in previous studies (21,53).

We used a linear mixed effect model for censored responses (R package ‘Imec’,
version 1.0 (39)) to calculate the geometric mean of the viral load in separate models
and data subsets for each aerosol size, mask type, and mask wearing condition. We
also used Imec to estimate the effect of masks and respirators on viral load using the
full paired dataset for each acrosol size including all mask types (with “no mask”
serving as the reference group), controlling for the number of coughs during the 30-

minute sampling period. These models accounted for censoring of the outcome by the
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limit of detection and nested random effects of participants and samples within

participants.

We used forest plots to show effect estimates, the ratio of masked to unmasked viral
load (i.e., fraction of unmasked aerosol detected in masked samples). We defined
source-control factor (SCF) as percentage reduction in viral load when wearing a

mask.

masked

SCF = (1— )*100

unmasked
The improvement (%) was defined as the relative efficacy of one mask type in source
control compared to the other (i.e., improvement in source-control factor). We
conducted all analyses in R version 4.2.3 (R Foundation for Statistical Computing,

Vienna, Austria) and RStudio.

Results

Study population

From June 2020 to May 2022, 44 volunteers provided 60 same-day paired (with and
without mask or respirator) EBA samples where at least one of the paired samples
contained detectable SARS-CoV-2 RNA. The analyzed paired samples included 8
with cloth masks, 26 with surgical masks, 13 with KN95 respirators, and 13 with N95

respirators (Table 5.1; Supplementary Table 5.1-5.2). Among the 44 volunteers, 16
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volunteers provided two sample pairs on different days, while the remaining

volunteers provided only one pair.

Among the sample pairs, 4 were from Alpha infections, 4 from Delta, 29 from
Omicron (14 from BA.1 and 15 from BA.2), and 23 from other SARS-CoV-2 variants
(Table 5.1). The samples were predominantly collected from young adults, who all
had mild symptoms at the time of testing with a mean age of 30 years (range: 17 to 66
years) (Table 5.1; Supplementary Table 5.1). Cloth and surgical mask pairs were
mainly collected before the emergence of Delta and Omicron and from unvaccinated
volunteers. Conversely, most KN95 and N95 pairs were collected during the Delta
and Omicron waves from volunteers who had completed the initial vaccination series
(fully vaccinated) and/or had received at least one booster dose (Table 5.1; Figure

5.1).

Viral load in the EBA samples

The viral load in the unmasked aerosol samples ranged from non-detect to 1.77x10’
RNA copies for fine aerosols, and from non-detect to 1.82x10° for coarse aerosols,
significantly differing by variants, as previous reported (53) (Supplementary Figure
5.1). Volunteers who provided paired samples for KN95 respirators shed a higher
amount of viral RNA when they were not wearing a mask compared to the other three
masked groups (Figure 5.2; Supplementary Figure 5.2). The highest viral RNA
shedder in our study was infected with Omicron BA.1.1, and the sample pair was

provided on the day when they wore a KN95 respirator.
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Figure 5.2 shows geometric mean viral RNA copy numbers measured in aerosols
collected per 30-minute sampling period. In the crude paired analysis (Figure 5.3), all
masks and respirators conferred statistically significant reductions (p<0.05) in viral
load for fine, coarse, and total aerosols, except that cloth mask was only borderline

significant (p=0.063) for coarse aerosols.

Source-control factors

In the paired modeling analyses, all types of masks significantly reduced viral RNA
copies in both aerosol fractions and total EBA (Figure 5.4; Supplementary Figure
5.3). N95 respirators were significantly more efficacious (i.e., produced higher
source-control factors) than the other three types of masks for total EBA (Table 5.2)
and for the fine and coarse aerosol fractions (Supplementary Tables 5.3a, 5.3b). After
controlling for the number of coughs during the sampling period, N95 respirators
reduced viral load by 98% (95% CI: 96% to 99%) in the fine aerosols, 99% (95% CI:
96% to 100%) in the coarse aerosols, and 98% (95% ClI: 97% to 99%) in the total

aerosols.

The source-control factors for total viral RNA aerosol that we observed for cloth
masks were superior to those for both surgical masks (p=0.012) and KN95 respirators
(p=0.028). The direction of the effect was consistent, but the comparison did not
reach statistical significance when analysis was restricted to the individual fine and

coarse aerosol size fractions (Supplementary Tables 5.3a, 5.3b).
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Discussion

Our study demonstrated that N95 respirators were significantly more efficacious as
source control than all other types of masks and respirators used in this study.
Conversely, the KN95s that we used did not perform any better as source control than
loose-fitting cloth and surgical masks. The finding regarding N95 respirators is
consistent with a previous experimental study with manikins (70) showing that N95
reduced more viral load compared to cotton and surgical masks. Another study also
showed that N95 respirators blocked more cough-generated aerosols than cloth and
medical procedure masks as well as neck gaiters (71). Importantly, our study further
demonstrated that the inexpensive duckbill N95 respirators we use were highly
efficacious even when used by untrained study participants who did not undergo

respirator training or a prior fit test.

A recent study estimated that the Omicron variant, specifically B.1.1.529, required at
least 1200 viral RNA copies to infect 63% of a susceptible population (72). This dose,
described by Wells (73) as a quantum of airborne infection is similar to an infectious
dose 50%. Using the geometric means calculated in our study (Figure 5.3), our data
suggest that a mildly symptomatic person with COVID-19, not wearing a mask or
respirator, would exhale on average 2640 RNA copies per hour in their total exhaled
aerosol or a little more than two infectious doses, quanta, per hour. However, wearing
a N95 respirator would reduce the aerosol shedding rate to less than one fifth of a
quantum per hour. This suggests that wearing a N95 respirator can lower the risk of

transmission by a factor of 10, provided that the other transmission risk factors (e.g.
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proximity between the infected and the susceptible, poor ventilation, etc.) (74) remain

the same.

The KN95 respirators used in our study did not outperform loose-fitting masks and
met inferiority criteria compared to cloth masks for total aerosol. One possible
explanation is that the KN95 respirators we used were relatively stiff and did not seal
consistently along the entire perimeter of the mask. Therefore, combined with the
relatively high flow resistance of KN95 filters compared with surgical and cloth
masks, the KN95s we used tended to promote leaks around the face seal. The
effectiveness of negative pressure face coverings as respiratory protection is primarily
determined by two factors: filtration efficiency and fit (75). Our finding implies that
these two factors are similarly important in the context of source control. However,
the KN95 respirator used in this study should not be considered representative of all
KN95s — and the duckbill N95 we used should also not be considered representative
of all N95s. Additionally, our study focused on source control (66), so these findings

cannot be directly applied to personal protection.

Masks and respirators used in this study were all efficacious as source control for
SARS-CoV-2. This is consistent with our previous studies (20,21,25) showing that
loose-fitting masks reduced the viral load in EBA from volunteers infected with
influenza virus, seasonal coronaviruses, and SARS-CoV-2. These findings support
strong recommendations that face masks should be worn in settings where there is

high risk of inhalation transmission of highly pathogenic organisms.
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Our study has several strengths. This study addresses the lack of controlled human
studies to directly assess the efficacy of various mask types as source control for
SARS-CoV-2 (or any other respiratory virus). We only included participants who
provided paired masked and unmasked samples during the same visit. Therefore,
individuals acted as their own controls, eliminating the need to control for
confounding variables (such as age and sex) other than the number of coughs during
each sampling period. Most importantly, we tried to mimic real-world mask use by
not providing volunteers with prior training in proper use of and self-fit tests for the

masks and respirators.

However, our study does have some limitations. We did not assess the efficacy of
double masks in this study. As mentioned earlier, those wearing double masks came
in with a mix of different types of masks or respirators, and the sample size for each
sub-category was too small to have enough statistical power. In addition, we could
not ask people with COVID-19 to provide more than two 30-minute breath samples
during one visit. So, we could not test different types of face masks at the same visit,
although in future studies we could consider collecting paired samples with two
different mask types rather than an unmasked control. Although we randomly
assigned participants to particular types of masks for each visit, we changed the types
of mask included in the randomization over the course of the pandemic as improved

masks and respirators became available.

78



Overall, our findings, together with previous studies showing the effectiveness of
general masking (20,21,25,65,67—69), support the recommendation for people to wear
masks in areas where there is a high risk of transmission of respiratory infections. The
risk of transmission can be minimized through several interventions including air
hygiene (ventilation, filtration, and germicidal UV) and source control, including but
not limited to wearing masks and respirators (74). Further research is needed to
develop improved respiratory protection policies graded and adapted to the risks of
infection, morbidity, and mortality. Our results show that N95 respirators were
superior to other face coverings, even when worn by untrained individuals. Therefore,
N95 respirators could become the standard of care for source control in nursing
homes and healthcare settings. They should be worn by healthcare workers to protect
themselves and their vulnerable patients when community rates of respiratory

infections are high (74).
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Tables

Table 5.1. Characteristics of the volunteers at the level of sample pairs?

Cloth Mask =~ Surd9ical o5 ngs | Allsample
Mask pairs
Number of
positive
exhaled breath 8 26 13 13 60
sample pairs
Variant, N(%)®
Other 6 (75) 17 (65) 0 (0) 0 (0) 23 (38)
Alpha 1(12) 2 (8) 1(8) 0 (0) 4 (7)
Delta 1(12) 1(4) 2 (15) 0 (0) 4 (7)
Omicron BA.1 0(0) 5 (19) 8 (62) 1(8) 14 (23)
Omicron BA.2 0 (0) 1(4) 2 (15) 12 (92) 15 (25)
Female, N (%) 2 (25) 10 (38) 4 (31) 9 (69) 25 (42)
ége’ MEaNE  284+149 233+84 38+105 337+175 294+153
Age group,
N(%)
<18 0 (0) 0 (0) 0 (0) 2 (15) 2 (3)
18-45 7 (88) 25 (96) 8 (62) 7 (54) 47 (78)
>45 1(12) 1(4) 5 (38) 4 (31) 11 (18)
White 7 (88) 20 (77) 12 (92) 7 (54) 46 (77)
BMI, 23.4+25 | 235+31 27.9+68 227+24 24344
mean = SD
Chronic
respiratory 0(0) 7 (27) 5 (38) 1(8) 13 (22)
illness, N (%)
Vaccination
status, N(%)
Boosted 0 (0) 2 (8) 8 (62) 13 (100) 23 (38)
Fully
vaccinated, not 1(12) 5(19) 4 (31) 0 (0) 10 (17)
boosted
Partially
vaccinated 1(12) 4 (15) 1(8) 0 (0) 6 (10)
Unvaccinated 6 (75) 15 (58) 0 (0) 0 (0) 21 (35)
Ey&p)toma“c’ 8(100) | 26(100) = 13(100) = 13(100) 60 (100)
Days post
symptom 4+2 4+1 3x1 3x1 4+1
onset, meant (1-6) -7 (1-5) (1-5) -7
SD (range)
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Coughs per 30

min, meanz+

SD (range)

Median upper

respiratory 2.5 3 2 4 3

symptoms (1.8-4.2) (2-4) (1-5) 2-7 (2-5)

(IQR)

Median lower

respiratory 0 1 2 2 1

symptoms (0-0.2) 0-2) 1-2) (1-3) 0-2)

(IQR)

Median

systemic 3 3 5 3 3

symptoms (0-6.5) (1-6) -7 (1-6) (1-6)

(IQR)

Median

gastrointestinal 1 0 2 0 0

symptoms (0-2) (0-1) (0-3) (0-2) (0-1.2)

(IQR)

Temperature

(C), mean £ 372+02 | 371+02 373+04 36902 37.1+0.3

SD

Oxygen

saturation

(Sp02), mean

+ SD

a. Among the 44 volunteers included in this study, 16 volunteers provided 2 sample
pairs, while the remaining volunteers provide 1 pair. Characteristic of the 44
volunteers are presented in Supplementary Table 5.1.
b. BA.lincludes seven BA.1 and seven BA.1.1; BA.2 includes eight BA.2, five

BA.2.12.1, and two BA.2.3.

142 4+14 | 13+17 6+ 10 6+ 13
(0-6) (0-69) (0-64) (0-32) (0-69)

978=+1 98+0.8 | 97.2+08  978=%1 97.8+0.9
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Table 5.2. Source-control factors and change in source-control factors for viral RNA
in total exhaled breath aerosol.

N95 KN95 Cloth Surgical
N95 98 (97 —99)2 949% (<0.001)* 87% (<107) 93% (< 0.001)
-130% 150
KN95 70 (57 -79) (0.012) 15% (0.53)
Cloth 87 (77-92) 49% (0.028)
Surgical 74 (65 — 80)

a. Source-control factors (SCF) are shown in italics on the diagonal (95%
confidence interval).

b. Change in SCF comparing row versus column as percentage increase or
decrease (p-value). Comparison of fine aerosols SCFs is shown above the
diagonal. Statistically significant changes are shown in bold.
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Figure 5.1. Sampling period for different types of masks

The shaded area within the graph denotes the actual period during which samples
were collected. Different colors within the shaded area correspond to the specific
variants associated with the samples. The dashed lines indicate the time range of the
specific types of mask/respirators being used.
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Fine EBA GM 95% C1 GSD

Cloth Mask: nomask{ = 1—----A----x 3:10 38, 2;333 j‘g
Cloth Mask: mask v " 3.8, .
Surgical Mask: no mask 180 78, 440 1.7
Surgical Mask: mask 60 28,130 1.9
KN95: no mask 2200 1300, 3600 1.4
KN95: mask e 330 180, 610 1.6
N95: no mask 930 200, 4400 1.6
N95: mask 51 9.1, 280 2.6
1 10 100 1000 10000
Coarse EBA GM 95% Cl GSD
Cloth Mask: no mask 2953 57;32?32% 11.5
Cloth Mask: mask . .23,
Surgical Mask: no mask 47 18, 120 1.9
30 14, 64 2

Surgical Mask: mask

KN95: no mask . 2000 1000, 4100 1.3
KN95: mask - 100 23, 430 1.7

N95: no mask 330 250, 610 1.5

N95: mask 47 38, 58 1.3

1 10 100 1000 10000
Total EBA GM 95% Cl GSD
Cloth Mask: no mask 370 38, 3600 1.5
Cloth Mask: mask —_— . 57 6.7, 480 1.1
Surgical Mask: no mask 210 75, 580 16
Surgical Mask: mask 65 29, 140 1.7
KN95: no mask W 2200 1600, 2900 1.2
KN95: mask At 680 490, 940 1.2

N95: no mask 1400 290, 7000 1.4
N95: mask 47 8.2, 280 2.3

1 10 100 1000 10000
SARS-CoV-2 RNA copy number

Figure 5.2. Geometric means of viral RNA load in EBA samples

The geometric means and standard deviations were estimated using linear mixed
effect models for censored responses (R package ‘Imec’, version 1.0(39)), controlling
for the random effects of participants and samples within participant. The triangles
denote the geometric means of the SARS-CoV-2 RNA copy numbers in each sample
types. The error bars show the 95% confidence interval of each geometric means.
Dashed lines and hollow triangles were used for unmasked samples, while solid lines
and solid triangles were used for masked samples. GM = Geometric means, and GSD
= Geometric standard deviations.
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Figure 5.3. Viral RNA load in paired masked and unmasked EBA samples by
mask type and aerosol fraction

A) Fine aerosol, B) Coarse aerosol, C) Total aerosol. Boxplots present raw data on

viral RNA copies in masked and unmasked EBA samples by mask type and aerosol
fraction. A value of 1 was assigned to samples with viral RNA load below the limit of
detection. N indicates the number of samples included in each boxplot.
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Fine EBA Mask/No mask 95% CI
Cloth Mask - 0.16 0.076, 0.33
Surgical Mask { 0.27 0.18,04
KN95 + 0.3 0.19, 0.49
N95 4 0.019 0.01, 0.037
0.01 0.1 1
Coarse EBA Mask/No mask 95% Cl
Cloth Mask - i 0.084 0.019, 0.37
Surgical Mask 0.29 0.14, 0.6
KN95 Em— 0.14 0.064, 0.32
N95 1 0.0079 0.0017, 0.037
0.01 0.1 1
Total EBA Mask/No mask 95% CI
Cloth Mask- 0.13 0.078, 0.23
Surgical Mask 1 0.26 0.2,0.35
KN95 + 0.3 0.21,0.43
N95 4 0.017 0.011, 0.028
0.01 0.1 1

Fraction of viral RNA remaining in EBA

Figure 5.4. Effect of mask type on fraction of viral RNA load remaining in EBA

The solid diamonds denote the effect estimates, and the error bars show the 95%
confidence interval of each estimate. We estimated the ratio of masked to unmasked
EBA viral RNA load by aerosol size using linear mixed effect models for censored
responses (R package ‘Imec’, version 1.0(39)), controlling for numbers of coughs
during the 30-minute sampling period and random effects of participants and samples
within participant. In a post-hoc test (Table 5.4), the difference between N95 and
cloth mask in coarse EBA was confirmed to be statistically significant despite slight
overlap in confidence intervals in the lower panel.
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Chapter 6: Conclusions (integrates all of the research, includes
overall conclusions of the findings, public health implications,
limitations of the study and future directions)

Overall conclusions

This dissertation provided a comprehensive examination of the EBA viral shedding of
several acute respiratory infections and the measure of source control. The main
findings from this dissertation were:

1. Unselected community-acquired influenza cases generally shed more viral
RNA in their exhaled breath than the experimentally infected cases and less
viral RNA load than the selected community-acquired influenza cases that
were from earlier flu seasons. We revealed that the route of infections and
strain difference could contribute to the level of viral aerosol shedding in
influenza infections.

2. When comparing various infections, SARS-CoV-2 Omicron variant produced
the highest EBA viral RNA load. We further emphasized the inhalation route
as a major transmission mode of most viral respiratory infections.

3. NO95 respirators were significantly more efficacious as source control than all
other types of masks and respirators used in this study. Conversely, KN95s
used in our study did not perform any better than loose-fitting masks such as

cloth and surgical masks as source control.
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Public health implications

Given the findings from these studies and the major role of aerosol inhalation in
influenza transmission, inoculation via aerosol inhalation might offer a more

representative model for natural influenza infections.

SARS-CoV-2 Omicron infections may be more transmissible than common seasonal
respiratory infections like influenza and seasonal coronaviruses. Given the evident
transmission risk via inhalation for the studied viruses, it is strongly recommended
that non-pharmaceutical interventions, such as improved ventilation and general

masking, be implemented during seasons with prevalent respiratory infections.

Taking into account the pronounced efficacy of N95 respirators as source control, it is
highly recommended to use N95 respirators as standard of care in nursing homes and
healthcare settings as source control. These respirators should be worn by healthcare
workers to reduce the risk of hospital-acquired transmission and protect vulnerable
groups who are more susceptible to being critically ill if infected with viral

respiratory infections.

Limitations

Our research was subject to some limitations. Our study volunteers were all
ambulatory and mostly younger adults. Hence, the results of these studies may not be
generalized to those who are critically ill or out of this age range. Due to the distinct

study designs of the studies that are involved, the comparison groups within each
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study might have different distribution of characteristics, potentially causing selection
bias. We tried to minimize this bias by controlling potential confounders in our

statistical models.

Further, different vocalization protocols among the studies may also affect the viral
RNA load in the samples, especially for our second study where most SARS-CoV-2
cases underwent singing and shouting protocols, while influenza and seasonal
coronavirus cases only talked during the sample collection. However, as we discussed
earlier, we did not find significant difference between influenza and other SARS-
CoV-2 infections in terms of their EBA viral shedding, whereas Omicron infection
shed significantly higher viral RNA load, indicating that this strain might indeed have

higher transmissibility.

In terms of the study of mask and respirators, we did not test different types of face
masks on the same visit for each individual as we could not ask people with COVID-
19 to provide more than two 30-minute breath samples during one visit. This may
result in selection bias when we tried to compare the efficacy of different types of
masks. We attempted to address this bias by randomly assigning participants to wear
various types of masks during the masked sessions. However, we modified our study
protocol throughout the pandemic as we learned more about the virus and its

evolution, so this type of bias may still occur.
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When interpreting the results of these studies, we need to keep in mind that the
outcome is the amount of viral RNA rather than infectious viral load in exhaled
breath due to a lack of culture results. However, as suggested by previous studies,
viral RNA shedding in EBA was a better correlate of infectivity than that of nasal
swabs (37,76). Our previous study also showed that for SARS-CoV-2 infections,
EBA samples with higher viral RNA load had a higher chance of being cultured

positive (21).

Future directions

Based on the insights and findings of this dissertation, the following are potential

directions for future research endeavors.

1. Human challenge studies: Future human challenge study should focus on new
models to study viral aerosol shedding from the human respiratory tract. In
particular, aerosol inoculation may represent a promising avenue for future
research, as this approach could better mimic natural infection processes and

offer insights into aerosol transmission dynamics.

2. Transmission studies with natural infections: Transmission studies can benefit
greatly from incorporating community-acquired cases or contacts who later
develop the disease as Donors. Such populations are more representative of

real-world infection scenarios. Analyzing transmission dynamics within this
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group can provide more practical and broadly applicable insights regarding

how the virus transmit and the most effective containment strategies.

Respiratory protection policies: Since all the studied viral infections could be
transmitted through inhalation, further research is needed to develop
respiratory protection policies that are graded and adapted to the risks of
infection within the community and other factors associated with increased
transmission risks (74). It is also important to encourage the use of N95

respirators as part of these strategies.

Comparative mask studies: To better compare the effect of different types of
masks as source control, future studies could consider collecting paired

samples with two different mask types rather than using an unmasked control.

. Viral RNA load and infectiousness: Future studies should investigate the
correlation between EBA viral RNA load and infectiousness, which may be
achieved by implementing household transmission studies as done in Hong

Kong previously (77,78) and incorporating the collection of EBA samples.
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Appendices

Supplementary materials for Chapter 3

Supplementary Tables

Supplementary Table 3.1. Group comparisons for the Characteristics of the
study population

4-group 3-arou
comparison? comg arisri)n Bl vs. B1vs. C B2 vs.
(A, B1, B2, P B2b, e C,
o). (B1, B2, C), 0 p 0
D p
Flu season <0.001 <0.001 0.222 <0.001 <0.001
Female 0.02 0.293 0.182 0.73 0.239
Age <0.001 0.008 0.159 <0.001 0.433
Age group <0.001 0.695 1 0.549 1
With fever >
37.9°C 0.056 0.896 1 0.73 1
cOugrr:]sir?er 301 0001 0.042 0.826 0.08 0.338
Tem?(e:r)at”re <0.001 0.14 0.32 0711 | 0.256
Upper
respiratory <0.001 0.061 0.87 0.028 0.139
symptoms
Lower
respiratory <0.001 0.403 0.498 0.146 0.939
symptoms
Systemic <0.001 0.004 0.08 <0.001 | 0957
symptoms

a. Four-group and three-group comparison: Kruskal-Wallis test for the continuous
variables and Fisher’s exact test for the categorical variables

b. Two-group comparison: T-test for the continuous variables and Fisher’s exact test
or Chi-square test for the categorical variables.
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Supplementary Table 3.2. The effect of group (ref = Group B1) on EBA viral
RNA shedding?®.

Variables Fine EBA Coarse EBA
A 0.033 (0.0011, 0.99) 0.00095 (4.4¢-06, 0.21)
Groupb(Ref=B1) | B2 2.8 (0.048, 160) 3.9 (0.0072, 2100)
C 2200 (170, 28000) 88 (1.6, 4800)
(SDt;gyD?,"’l‘}’;) 0.27 (0.14, 0.52) 0.19 (0.079, 0.46)
Age 1.1 (0.95, 1.2) 1.1 (0.94, 1.3)
Sex 8.2 (1.8, 36) 6.4 (0.65, 62)

a. Group A: Nasal Inoculation with influenza A/Wisconsin/67/2005 (A/WI); Group
B1: Dorm residents with very mild symptoms (influenza A H3); Group B2: PROM
UHC cases (influenza A H3); Group C: Moderately symptomatic cases with fever or
positive antigen test (influenza A H3).

b. We used linear mixed-effects models for censored responses (R Project package
“Imec”) to estimate the ratio of viral shedding in EBA of Group A/B2/C to Group B1.
These models accounted for the censored outcome variable as well as nested random
effects of individuals and samples within the same individuals. The best models were
selected based on Akaike Information Criterion (AIC).

c. Study Day was defined as day post symptom onset for Group B1, B2, and C, and
day post inoculation minus two days for Group C. We included only those samples
whose study day was not missing (three B1 and one B2 cases were excluded due to
not having symptom onset date on file or having no symptoms over the course of the
follow-up period).
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Supplementary Table 3.3. Contrast analysis on the relative effect of selected and
inoculated cases®

Fine EBA Coarse EBA
Contrast | Standard Contrast | Standard
coefficient error p-value coefficient error p-value
Group A
vs. Group -4.4 2 0.025 -8.3 3.1 0.007
B2
Group A 43
vs. Group -11 1.2 <0.001 -11 1.9 1'0_9
C
Group B2
vs. Group -6.7 1.7 0.00012 -3.1 2.7 0.24
C

a. Group A: Nasal Inoculation with influenza A/Wisconsin/67/2005 (A/WI); Group
B2: PROM UHC cases (influenza A H3); Group C: Moderately symptomatic cases

with fever or positive antigen test (influenza A H3).
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Supplementary Table 3.4. The effect of group (ref = Group B1) on EBA viral
RNA shedding over study dayP°

Variables Fine EBA Coarse EBA
A 0.0052 (1.7e-05, 1.6) 3.7 (4.6e-05, 310000)
Group
(Ref=B1) B2 0.25 (4.5e-06, 14000) 11000 (0.00017, 6.5e+11)
C 1200 (4.9, 280000) 720000 (13, 4e+10)
Study DayngPS/ DPI- 0.13 (0.0098, 1.8) 10 (0.11, 910)
Age 1.1 (0.95,1.2) 1.1 (0.96, 1.3)
Sex 8.5 (1.9, 38) 4.7 (0.49, 45)
Group A x Study Day 10 (0.51, 210) 0.019 (0.00011, 3.4)
Group B2 x Study Day 4.7 (0.0035, 6300) 0.027 (3.7e-07, 1900)
Group C x Study Day 1.5 (0.096, 22) 0.012 (0.00012, 1.2)

a. Group A: Nasal Inoculation with influenza A/Wisconsin/67/2005 (A/WI); Group
B1: Dorm residents with very mild symptoms (influenza A H3); Group B2: PROM
UHC cases (influenza A H3); Group C: Moderately symptomatic cases with fever or
positive antigen test (influenza A H3).

b. We used linear mixed-effects models for censored responses (R Project package
“Imec”) to model the effect of groups on viral shedding over time. These models
accounted for the censored outcome variable as well as nested random effects of
individuals and samples within the same individuals. The best models were selected
based on Akaike Information Criterion (AIC). None of the interaction terms
demonstrated a significant effect.

c. Study Day was defined as day post symptom onset for Group B1, B2, and C, and
day post inoculation minus two days for Group C. We included only those samples
whose study day was not missing (three B1 and one B2 cases were excluded due to
not having symptom onset date on file or having no symptoms over the course of the
follow-up period).
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Supplementary Figure

Total symptoms Mean 95% CI Upper resp. symptoms Mean 95% CI
Group A 26 18,35 Group A 1.7 12,23
Group B1 —— " 84,14 Group B1 . | 55 41,69
Group B2 —— 14 92,19 Group B2 S 54 27,82
Group C 16 15,17 Group C 7.4 6.6.7.7
5 10 15 2 4 6 8
Lower resp. symptoms Mean 95% Cl Systemic symptoms Mean 95% CI
Group A 0.2 0.084, 0.31 Group A 0.72 0.39, 1
Group B1 —e 2.6 19,34 Group B — 3.1 18,45
Group B2 . | 341 14,49 Group B2 I " 54 28,8
Group C 3.3 3,36 Group C 55 5,5.9
0 1 2 3 4 5 2 4 6 8
Body temperature —— 95% CI Cough count Mean 95% CI
Group A 36.6 36.5, 36.8 Group A 15 -0.14,3.2
Group B1 37.4 37,37.8 Group B1 14 41,24
Group B2 P 376 37,383 Group B2 15 -4.8,35
Group C 37.4 37.2,375 Group C 26 20,33
365 370 375 380 0 10 20 30

Supplementary Figure 3.1. Mean symptom scores, body temperatures, and
cough counts across groups.

Group A: Nasal Inoculation with influenza A/Wisconsin/67/2005 (A/W1); Group B1:
Dorm residents with very mild symptoms (influenza A H3); Group B2: PROM UHC
cases (influenza A H3); Group C: Moderately symptomatic cases with fever or
positive antigen test (influenza A H3).
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Supplementary materials for Chapter 4

Supplementary Tables

Supplementary Table 4.1. Group comparisons for the Characteristics of the

study population?

LAV Vs Seasonal | Omicron
IAVP vs, IAVvs. | S ARS-' Seasonal | CoV vs. VS.
Seasonal | 5 o | coyvp | COV VS | SARS- | SARS-
CoV Omicron | CoV-2 CoV-2
Others Others Others
Female, p 1 1 0.142 1 0.095 0.087
Age, t (p)° -0.61 -6.35 -3.19 -5.48 -2.13 3.76
ge, tip (0.541) | (<0.001) | (0.002) | (<0.001) | (0.035) | (<0.001)
Age group, p 1 <0.001 0.117 <0.001 0.14 <0.001
Chronic
respiratory 1 0.394 1 0.281 0.961 0.381
illness, p
Coughs per 30 1.57 1.65 3.45 -0.41 2.1 4.13
min, t (p) (0.12) (0.1) (0.002) | (0.683) (0.04) | (<0.001)
Temperature 2.24 2.98 1.62 1.57 -1.89 -4.5
©),t(p) (0.03) (0.005) | (0.113) | (0.118) (0.06) | (<0.001)
res%ﬁzfgry 139 | 157 | 732 | 384 | 1016 | 565
symptoms, £ (p) (0.167) | (0.119) | (<0.001) | (<0.001) | (<0.001) | (<0.001)
ower 424 | 311 | 615 | -137 | 304 | 511
Symp'tooms ty(p) (<0.001) | (0.002) | (<0.001) | (0.173) | (0.003) | (<0.001)
Systemic 2.2 0.67 2.76 -1.91 0.42 2.7
symptoms, t (p) | (0.03) (0.502) | (0.007) | (0.058) | (0.673) | (0.007)
Gastrointestinal 1.17 1.9 2.88 041 1.53 1.78
symptoms, t (p) | (0.245) (0.06) (0.006) | (0.679) | (0.131) | (0.077)

c. T-test for the continuous variables and Fisher’s exact test or Chi-square test for
the categorical variables

d. 1AV, Influenza A virus; CoV, Coronavirus

e. t(p) means t statistic (two-sided p-value of the t-test). The t statistics presented
were calculated by dividing the difference of means (first virus minus second
virus) by the standard error of difference.
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Supplementary Table 4.2. Viral aerosol shedding among seven subgroups
CoV-229E* CoV-HKUl CoV-NL63  CoV-0C43

S_?_ygele Coarse Fine Coarse Fine Coarse Fine Coarse Fine
Cases 19 18 6 6 11 11 11 14
Samples 22 19 6 6 11 11 11 16
pNO;’i'tse 6 7 1 5 2 2 4 6
subjects(%) 32) (39 (@7 (83 (18) (18) (36) (43
No. of 7 7 1 5 2 2 4 6
positive

samples(e) (32 (87 (17) (83) (18) (18) (36) (38)
a. CoV, Coronavirus

98



Supplementary Table 4.3. The effect of group (ref = seasonal coronavirus) on
EBA viral RNA shedding?.

Fine EBA Coarse EBA
Influenza 3.9 (0.64, 24) 2.4 (0.39, 15)
Group (s),;n;gcsmg s 30 (7, 130) 18 (4.2, 79)
- 0 -
Others 4.8 (1.1, 22) 3.4 (0.72, 16)
Days post symptom onset® 0.49 (0.38, 0.63) 0.49 (0.38, 0.64)
Age 1.1(1,11) 1.1(1,1.1)
Sex 1.3(0.51, 3.4) 1.2 (0.45, 3)

a. We used linear mixed-effects models for censored responses (R Project package
“Imec”) to estimate the ratio of viral shedding in the other three groups to seasonal
coronavirus. These models accounted for the censored outcome variable as well as
nested random effects of individuals and samples within the same individuals. The
best models were selected based on Akaike Information Criterion (AIC).

b. We included only those samples whose day post symptom onset was recorded.
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Supplementary Table 4.4. Contrast analysis on the relative effect of influenza,
SARS-CoV-2 omicron, and other SARS-CoV-2 variants

Fine EBA Coarse EBA
Contrast | Standard Cont_ra}st Standard
o p-value | coefficien p-value
coefficient error i error

Influenza vs.
Omicron -2 0.86 0.017 -2 0.87 0.021
Influenza vs.
SARS-CoV- -0.22 0.88 0.8 -0.33 0.9 0.71
2 Others
Omicron vs.
SARS-CoV- 1.8 0.6 0.0025 1.7 0.6 0.0049
2 Others
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Supplementary Table 4.5. The effect of group (ref = seasonal coronavirus) on

EBA viral RNA shedding over days post symptom onset®

Fine EBA Coarse EBA

Group Influenza 11 (0.21, 570) 0.21 (0.002, 21)

Omicron 190 (8.7, 3900) 6.2 (0.15, 260)

SARS-CoV-2 2.4 (0.1, 60) 0.51 (0.0097, 26)

Others
Days post symptom onset® 0.69 (0.22, 2.2) 0.24 (0.042, 1.4)
Age 1.1(1,1.1) 1.1(1, 1.2)
Sex 1.2 (0.48, 3.2) 1.3(0.48, 3.3)
A*Day 0.58 (0.09, 3.7) 3.8 (0.38, 37)
B2*Day 0.51 (0.15, 1.7) 1.9 (0.32, 11)
C*Day 0.99 (0.3, 3.3) 2.3 (0.39, 14)

a. We used linear mixed-effects models for censored responses (R Project package
“Imec”) to model the effect of groups on viral shedding over time. These models
accounted for the censored outcome variable as well as nested random effects of
individuals and samples within the same individuals. The best models were selected
based on Akaike Information Criterion (AIC). None of the interaction terms

demonstrated a significant effect.

b. We included only those samples whose day post symptom onset was recorded.
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Fine EBA GM 95% CI GSD

Influenza 18 5.7,58 16

CoV-229E 7.3 2,27 4.0

CoV-HKU1 . 3.6 0.34, 37 23

COV-NL631{ * N i 0.9 0.017, 48 1.1

CoV-0C43 } + 19 7.4,50 1.2

Omicron 210 93, 480 15

SARS-CoV-2 Others 12 5.9, 26 1.7
0.1 1 10 100

Coarse EBA GM 95% C1 GSD

Influenza 17 6.5, 47 1.7

CoV-229E 16 0.26, 10 26.0

CoV-HKU1 I - y 9.6 0.83, 110 1.1

CoV-NL63 e 26 11, 62 1.2

CoV-0C43 —— 32 16, 63 1.5

Omicron 76 39, 150 1.6

SARS-CoV-2 Others 3 1,87 1.9
0.1 1 10 100

Supplementary Figure 4.1. Geometric means of EBA viral shedding for the
seven sub-groups

GM, geometric means; GSD, geometric standard deviation. The GM and GSD were
computed for all the samples using linear mixed-effects models for censored
responses (R Project package “lmec”). These models accounted for the censored
outcome variable as well as nested random effects of individuals and samples within
the same individuals.
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Supplementary materials for Chapter 5

Supplementary Tables

Supplementary Table 5.1. Characteristics of the study participants
Cloth Mask

Number of
participants
Variant, N(%)?
Other
Alpha
Delta
Omicron BA.1
Omicron BA.2
Female, N (%)
Age, mean +
SD
Age group,
N(%)
<18
18-45
>45
Race/Ethnicity,
N(%)
White
BMI, mean *
SD
Chronic
respiratory
illness, N (%)
Boosted
Fully
vaccinated, not
boosted
Partially
vaccinated
Unvaccinated
Ever
symptomatic, N
(%)

8

6 (75)
1(12)
1(12)
0(0)
0(0)
2 (25)

284+149 23.8+8.8

0(0)
7 (88)
1(12)

7 (88)
23.4+25
0 (0)
0(0)
1(12)
1(12)
6 (75)

8 (100)

Surgical
Mask

23

14 (61)
2(9)
1(4)
5 (22)
1(4)
8 (35)

0 (0)
22 (96)
1(4)

17 (74)
238 +3
6 (26)
2 (9)
5 (22)
3(13)
13 (56)

23 (100)

KN95

12

0(0)
1(8)
1(8)
8 (67)
2 (17)
4(33)

36 +18.9

0 (0)
8 (67)
4 (33)

11 (92)
27.1+6.4
4 (33)
8 (67)
3 (25)
1(8)
0 (0)

12 (100)

N95

9

0 (0)
0(0)
0(0)
1(11)
8 (89)
6 (67)

34.2+18

1(11)
5 (56)
3(33)

4 (44)
22.8+2.6
1(11)
9 (100)
0(0)

0 (0)
0(0)

9 (100)

All

participants

44

18 (41)
3(7)
2 (4)
11 (25)
10 (23)
19 (43)

30+15.8

1(2)
34 (77)
9 (20)

34 (77)
24.3 + 4.4
9 (20)
17 (39)
6 (14)
4(9)
17 (39)

44 (100)

a. BA.lincludes BA.1 and BA.1.1; BA.2 includes BA.2, BA.2.12.1, and BA.2.3.
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Supplementary Table 5.2. Number of participants and sample pairs by mask
types in each type of EBA (EBA)

Fine EBA Coarse EBA Total EBA
Number Number Number
Mask of Number of of Number of of Number of
sample participants sample participants sample participants
pairs pairs pairs
Cloth
Mask 8 8 6 6 8 8
Surgical
Mask 24 22 19 16 26 23
KN95 13 12 12 11 13 12
N95 13 9 9 8 13 9
Total 58 43 46 36 60 44
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Supplementary Table 5.3a. Source-control factors and comparison of source-
control factors for viral RNA in fine exhaled breath aerosol.

N95 KN95 Cloth Surgical
0, -11
N95 98 (96-99)r A% (S107)  ggop (<104 93% (< 101
KNO5 70(51-81)  -92%(0.14)  -13% (0.69)
Cloth 84(67-92)  41% (0.21)
Surgical 73 (60 — 82)

a. Source-control factors (SCF) are shown in italics on the diagonal (95%
confidence interval).

b. Change in SCF comparing row versus column as percentage increase or
decrease (p-value). Comparison of fine aerosols SCFs is shown above the
diagonal. Statistically significant changes are shown in bold.
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Supplementary Table 5.3b. Source-control factors and change in source-control
factors for viral RNA in coarse exhaled breath aerosol.

N95 KN95 Cloth Surgical
N95 9(%-100) 9406 (0.001) 919 (0.029) 97 (<10
KN95 86 (68—94)  -70% (0.53) 51 (0.19)
Cloth 92 (63 — 98) 71 (0.13)
Surgical 71 (40 — 86)

a. Source-control factors (SCF) are shown in italics on the diagonal (95%
confidence interval).

b. Change in SCF comparing row versus column as percentage increase or
decrease (p-value). Comparison of coarse aerosol SCFs is shown above
the diagonal. Statistically significant changes are shown in bold.
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Supplementary Figures
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Supplementary Figure 5.1. Viral RNA copies (log 10 scale) in the unmasked EBA
samples by SARS-CoV-2 variants.

Boxplots present the comparison of viral RNA copies on the log 10 scale by SARS-
CoV-2 variants for samples included in the present analyses of source control. A)
Fine EBA; B) Coarse EBA. We assigned a value of 1 to samples with viral RNA load
below the limit of detection. The Kruskal-Wallis p-value indicates the global
comparison among the four variants. The asterisks indicate the pairwise comparison
between two variants. Only those with a p-value less than 0.05 are shown (*: p <=
0.05; **: p <= 0.01; ***: p <= 0.001; ****: p <= 0.0001). The n indicates the number
of samples included in each boxplot. Other/Ancestral means SARS-CoV-2 ancestral
strains and other variants not associated with increased transmissibility.
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Kruskal-Wallis, p = 0.00088 Kruskal-Wallls, p = 0.022
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Supplementary Figure 5.2. Viral RNA copies (log 10 scale) in the unmasked EBA
samples by mask types.

Boxplots present the comparison of viral RNA copies on the log 10 scale by mask
type. A) Fine EBA; B) Coarse EBA. We assigned a value of 1 to samples with viral
RNA load below the limit of detection. The Kruskal-Wallis p-value indicates the
global comparison among the four variants. The asterisks indicate the pairwise
comparison between two variants. Only those with a p-value less than 0.05 are shown
(*: p<=0.05; **: p <= 0.01; ***: p <= 0.001; ****: p <= 0.0001). The n indicates the
number of samples included in each boxplot.
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Fine EBA Mask/No mask 95% Cl
Cloth Mask { —— 0.14 0.067, 0.29
Surgical Mask 0.24 0.16,0.35
KN95 1 0.3 0.18,0.48
N95 - 0.018 0.0095, 0.034
0.01 0.1
Coarse EBA Mask/No mask 95% Cl
Cloth Mask - . 0.083 0.019, 0.36
Surgical Mask 1 0.29 0.14,0.6
KN95 1 B 0.14 0.064, 0.32
N95 - 0.0079 0.0017, 0.037
0.01 0.1
Total EBA Mask/No mask 95% CI
Cloth Mask 1 —— 0.12 0.068, 0.2
Surgical Mask 0.23 0.17,0.31
KN95 1 0.29 0.21,0.42
N95 1 0.016 0.0099, 0.026
0.01 0.1 1

Fraction of viral RNA remaining in EBA

Supplementary Figure 5.3. Effect of different types of masks/respirators on EBA
viral RNA load without controlling for number of coughs during the 30-minute
sampling period

In this analysis, “no mask” served as the reference group, and the effect estimates
mean the ratios of viral RNA load in the masked versus unmasked samples. The
effect estimates were estimated by using linear mixed effect model with censored
responses (R package ‘Imec’, version 1.0 (39)), controlling for the random effects of
participants and samples within each participant, using paired dataset. The solid
diamonds denote the effect estimates, and the error bars show the 95% confidence
interval of each estimate.
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