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Abstract 
Respiratory tract illnesses are a leading cause of disease burden worldwide. As 

evidenced by the impact of the SARS-CoV-2 virus, we must continue to develop and 

improve surveillance methodologies for the detection of respiratory viral transmission. 

Doing so will improve current detection of respiratory viral disease spread and will 

provide strategies for transmission mitigation in the face of novel respiratory viral 

disease threats. Within this thesis, I examine respiratory viral infections in a variety of 

settings including a college campus, an elementary-middle school, and within 

households, to better understand respiratory viral disease transmission among a variety 

of populations. As a result, I describe the pre-COVID epidemiological distribution of 

respiratory viral illnesses in a college setting, describe the implementation of an 

environmental surveillance framework for SARS-CoV-2 detection in a school setting, 

and describe the transmission of SARS-CoV-2 between household owners and their pets.  
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Chapter 1. Introduction  
Respiratory tract infections are a leading cause of disease burden worldwide. 

Combined, lower and upper respiratory infections accounted for 103.6 million disability 

adjusted life years (DALYs) in 2019 with 17.6 billion incident cases occurring 

worldwide.1,2 Over half of these respiratory infections are estimated to be due to a viral 

cause.3,4 The emergence of the novel coronavirus, SARS-CoV-2, has recentered attention 

on the importance of understanding the transmission of viral respiratory diseases and 

on developing novel surveillance methodologies for detection of illness. Herein, I 

examine respiratory viral infections in a variety of settings and among a variety of 

populations in order to evaluate possible surveillance methodologies and to better 

understand factors impacting disease transmission.  

 In the first section, I examine the distribution of viral respiratory illness 

on a college setting prior to the coronavirus disease 2019 (COVID-19) pandemic. Viral 

respiratory illness data collected prior to the onset of the COVID-19 pandemic can 

provide a baseline for detection of lasting changes in respiratory viral illness 

epidemiology following the pandemic. Using a novel strategy for sampling close 

contacts of illness-positive index cases we aimed to maximize identification of pre-

symptomatic illness in exposed close contacts. 

In the next section, I evaluate the use of environmental surveillance of SARS-

CoV-2 in a pre-kindergarten through 8th grade (K-8) classroom setting. Environmental 
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surveillance in a classroom setting involves sampling classroom surfaces for the 

detection of SARS-CoV-2 RNA. Our goal was to determine whether detection of SARS-

CoV-2 on classroom environmental surfaces correlated to the detection of asymptomatic 

SARS-CoV-2 infections among individuals in the classroom. In doing so, we hoped to 

assess the feasibility and utility of environmental surveillance as a non-invasive, cost-

effective way to detect COVID-19 within schools. 

In the last section, I examine household transmission of SARS-CoV-2 between 

household members and their household pets. Currently, there is an incomplete 

understanding of many factors affecting transmission of natural SARS-CoV-2 infection 

between owners and their household pets. Using biologic samples from pets collected at 

several time points following the development of illness in their owners, we aim to 

characterize the transmissibility of SARS-CoV-2 to household pets following natural 

infection in their owners. Given the importance of understanding the interaction 

between humans, animals, and their shared environment, we are currently collecting 

behavioral interaction questionnaires (detailing typical physical interactions between 

owners and their animals) to determine types of interactions most associated with illness 

detection between human owners and companion animals. 

 Overall, respiratory viral infections are a major public health concern and 

exploring disease transmission in a variety of settings is crucial for the development 

surveillance frameworks which can be employed in the face of future, novel respiratory 
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viral threats. Throughout this thesis, I examine respiratory viral infections on a variety of 

settings including a college campus, an elementary-middle school, and within 

households, to better understand respiratory viral disease transmission among a variety 

of populations. 
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Chapter 2. Examination of Respiratory Viral Illness in a 
College Freshman Community:  Implementation of 
Prospective Index-Cluster Sampling Strategy 
2.1 Introduction 

Respiratory disease is a frequent cause of morbidity in college populations with 

over 90% of students experiencing at least one respiratory illness in an academic year.5 

Despite widespread impact, epidemiologic data on community-acquired respiratory 

infections (CARI) among college populations is lacking, with the notable exceptions of 

the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic and 

influenza.  

The majority of respiratory illness data describes populations who are 

immunosuppressed, homeless, or elderly,6 and has been acquired via convenience 

samples taken from patients in the emergency department or during hospitalization.7 

Additionally, though household surveillance studies of respiratory illness provide 

valuable insight into community-spread,8,9 college students living away from home are 

not represented; often, college-aged young adults are not analyzed distinct from the 

adult population of >18 years old. With the global outbreak of SARS-CoV-2 and the 

return of many healthy young adults to college campuses, studies on CARI in young 

adults living in close contact are vital to better understand the distribution of common 

respiratory viral infections in this understudied population and to effectively identify 

secondary cases of respiratory illness in order to contain spread and maintain university 
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functioning.10 Further, studying college campuses can also inform what happens among 

military members who are similarly aged, tend to be healthy, and also live in congregate 

environments. 

For those who live in close contact with others, early and accurate identification 

of persons who will develop an infectious illness is of critical importance. Many 

pathogen-mediated illnesses have a prodromal phase lasting anywhere from hours to 

weeks during which the infecting agent interacts with the host cellular and immune 

response systems. Thus, identification of the close contacts to those with illness allows 

for real-time study of the host response following infection but prior to symptom 

development.11–13 Rapid diagnosis of respiratory infections is both clinically and 

financially beneficial to the health care system14,15 and the ongoing pandemic further 

highlights the importance of rapid detection given that SARS-CoV-2 can be shed and 

transmitted asymptomatically.16 

Within the college campus setting, employing a prospective ICSS has the 

potential for rapid identification of those asymptomatic, but potentially exposed to a 

respiratory pathogen prior to symptom development. Previously, we have 

demonstrated the ability of such a study to identify naturally acquired respiratory viral 

infections prior to symptom development through the use of transcriptomic 

biomarkers.17 This approach involves initial identification of index cases of respiratory 

illness followed by identification of potentially exposed, asymptomatic, spatially 
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grouped close contacts living within the dormitory of the identified index case. 

Following identification, close contacts were then monitored and tested for the 

development of respiratory illness over a 5-day window period (Figure 1). 

 

 

Figure 1. Index Case and Close Contact Case Enrollment. Students were enrolled at the 
beginning of the school year. Index Cases (ICs) were identified when daily symptom 
surveys indicated potential respiratory illness. This flagged serial sampling of their 
Close Contacts (CCs), some of whom would also develop respiratory illness during the 
5-day observation window (red stars). 

Herein we describe the methods surrounding the implementation  of a 

prospective index- cluster study within a large cohort of healthy young adults residing 

in dormitory settings on a college campus to efficiently identify index cases (IC) of acute 

respiratory illness along with geographic clusters of pre-symptomatic close contacts 

(CCs) in order to describe the distribution of viral etiologies and estimate symptom 

severity of CARI in campus-dwelling college students at a single university between 

2009 and 2015.  
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2.2 Methods 

2.2.1 Setting and Participants: 

We performed syndromic and diagnostic surveillance for acute viral CARI in a 

population of young adults (age ³18) living in group housing on a freshman campus at 

Duke University in Durham, North Carolina. Duke University is a major independent, 

co-educational university with approximately 6,500 undergraduate students, 82% of 

whom live on campus in dormitory housing. Students were enrolled with the 

permission and cooperation of Duke University’s Office of Student Affairs.  At the 

beginning of each academic year, investigators approached freshman students through 

voluntary information sessions where the study aims and procedures were explained. 

Informed consent was obtained from the students who agreed to participate. From 2009 

to 2015, students were enrolled from separate and self-defined living groups on Duke 

University’s Campus. Enrollment occurred in August and follow-up continued into 

April for academic years 2009-2010, 2010-2011, 2011-2012 and 2014-2015. The 2009-2010 

academic year coincided with the novel H1N1 influenza pandemic. 

The study was approved by the IRB of Duke University Medical Center 

(Durham, NC), and IRB of US Department of Defense (Washington, DC) and was 

conducted in accordance with the Declaration of Helsinki.  
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2.2.2  Data and Sample Collection 

2.2.2.1 Enrollment Questionnaire 

At the enrollment visit, participants filled out a questionnaire which collected 

demographic information (age, gender, race/ethnicity, dormitory location), behavioral 

information (smoking, personal hygiene habits, and regular contact with other students 

such as study groups, athletic teams, and other group activities) and information about 

risk factors (exposure to people with respiratory illness and influenza immunization). At 

the enrollment visit, 15 mL of blood and a nasopharyngeal specimen were collected. 

2.2.2.2 Symptom Monitoring  

Assessment of self-reported illness for each participant in the cohort was 

determined from the daily symptom diary data. A web-based instrument was used by 

the participants to record daily assessments of respiratory illness based on eight 

symptoms: nasal discharge, nasal congestion, sneezing, malaise, cough, sore throat, 

fever/chills and headache. Each symptom was graded on a severity scale from 0-4, with 

0 indicating not present, 1 indicating mild symptoms, 2 indicating moderate symptoms, 

3 indicating severe symptoms, and 4 indicating very severe symptoms.17 From these 

scores, an aggregated, modified Jackson score was calculated as the sum of all eight 

symptoms, with value ranging from 0 to 32.18 Absence of a symptom report was not 

imputed as an absence of symptoms. 
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2.2.2.3 Index Case Definition and Identification  

The completed symptom surveys were monitored daily by research personnel 

for symptom scores indicative of an acute respiratory infection. A participant was 

identified as a potential Index Case (IC) when they reported an increase in the 

cumulative daily symptom monitoring score of greater than 6 compared to the highest 

score in a previous 7-day window.17 The potential ICs were then assessed by trained 

staff for the confirmation of reported symptoms of illness, and nasopharyngeal and 

blood samples were collected for etiological testing. Each enrolled participant 

completing the daily symptom monitoring survey could become an IC at any time 

except if they were in the 5-day close contact (CC) monitoring period, detailed below. 

2.2.2.4 Close Contact Case Definition and Identification 

Upon confirmation of viral illness in one or more ICs in a living area, 

investigators identified a cluster (typically 5-10 participants) of asymptomatic close 

contacts (CCs), defined as previously enrolled, asymptomatic participants living within 

the same dormitory (i.e., roommates, neighbors, same floor, same building as the IC). A 

participant could be identified as a CC for multiple ICs if the ICs in question were 

symptomatic within one day of each other. Following identification, the symptom scores 

of CCs were monitored for up to five consecutive days for development of illness. Once 

again, a cumulative daily symptom monitoring score of greater than 6 compared to the 
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highest score in a previous 7-day window was used as the threshold for subjective 

illness.  

2.2.2.5 Biological Sample Collection 

Nasopharyngeal (NP) swabs and blood samples were collected for etiological 

testing for each of the identified potential ICs as well as the CCs. CC biological sample 

assessment involved completion of an enhanced data collection form for exposures and 

symptoms as well as collection of NP swabs and whole blood samples collected daily for 

up to five consecutive days. This allowed for biomolecular identification of illness prior 

to symptom development as well as identification of cases of asymptomatic illness. 

For convenience, the subset of CCs selected for biological assessment were 

primarily those associated with an IC who had developed symptomatic illness on a 

Friday, Saturday, or Sunday. This facilitated the collection of CC data as the necessary 

biological sample collection could be completed over the following work week 

(Monday-Friday). 

All biological samples were collected by trained staff using standard procedures. 

NP swab specimens were placed in a sterile tube containing viral transport media. Three 

tubes of blood were collected: RNA PAXgene (PreAnalytiX, Qiagen, Hilden, German), 

serum separator, and plasma EDTA. Specimens were stored at -80o C until analysis. 

NP swab samples were tested for a panel of respiratory viral pathogens with 

either ResPlex ®II Panel v2.0 (Qiagen, Hilden, Germany) or xTAG®, (Luminex, Austin, 
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TX, USA). The panels assessed for influenza A and B, adenovirus, bocavirus, 

parainfluenza 1–4, respiratory syncytial virus (RSV) A and B, human metapneumovirus 

(hMPV), coronavirus HKU1, coronavirus NL63, coronavirus 229E, coronavirus OC43, 

coxsackie/echovirus and rhinovirus. 

2.2.2.6 Closeout Visit 

At a closeout visit conducted at the end of each school year, participants 

completed a questionnaire to provide information describing their exposures and 

symptom assessment of the preceding academic year including information on influenza 

immunizations and how many episodes of illness the student recalled. An additional 

blood specimen was collected at this time. 

2.2.3 Statistical Analysis 

Descriptive statistics were calculated separately for each of the 4 academic years 

as well as for the cohort overall. To evaluate whether use of an ICSS allowed for an 

increase in identification of cases of illness among participants, we compared proportion 

of participants who reported symptomatic illness in the CC group to that of the whole 

cohort sampling group on any given week over the course of each academic year. The 

whole cohort sampling group included all participants who completed symptom 

monitoring during the week of interest, while those in the CC sampling group were only 

those participants identified as CC by the start of the week. Given that a participant’s 

status as a CC varied on a week-by-week basis and depended on whether they were in 
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geographic proximity to an IC, the participants in the CC sampling group varied 

weekly. To compare the proportion of participants who reported symptomatic illness 

between the CC and whole cohort sampling groups, each week of the academic year was 

fit with a logistic regression model to estimate the proportion of self-reported sickness 

(using daily reported symptom survey data) as a function of sampling group (CC group 

or whole cohort) and academic year 

2.3 Results 

2.3.1 Demographic Data 

A total of 1379 participants were enrolled in the study. Students had median age 

of 18 (range 18 – 25) years, were 60% White, 28% Asian, 10% Black/African American, 

and 9% Hispanic, and 50.6% were female (Table 1). Participants were able to select 

multiple options when identifying race/ethnicity.  

2.3.2 Epidemiological Assessment of CARI: 

2.3.2.1 Surveillance for acute respiratory infection (ARI) events overall 

Adherence to the completion of daily symptom scores was inconsistent, despite 

daily electronic reminders. Of the 1379 enrolled participants, 1301 completed at least one 

daily symptom survey and 776 completed at least 50 daily symptoms surveys during 

academic year. For the duration of the study period, there were 95,949 instances in 

which individuals reported daily symptoms (symptom-days) with a median of 70 

[interquartile range (IQR) 25,118] symptom-days reported per individual. Symptom-day 
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severity was classified using the total symptom score logged for the day. A symptom 

score of 0 indicated no daily symptoms, a score of 1-6 indicated a minor symptom-day, a 

score of 7-12 indicated a mild symptom day, a score of 13-19 indicated a moderate 

symptom day, and a score of 20 or greater indicated a severe symptom-day. The median 

aggregate daily symptom score was 1 [IQR 0,4]. Table 1 presents details by cohort. 

Notably for the 2009-2010 cohort, which coincided with the H1N1 pandemic, the 

number of severe, moderate, and mild symptom days were fewer, and the number of 

days without symptoms (symptom-days with a symptom-score of 0) was greater than in 

both the post-pandemic 2010-2011 and 2011-2012 student cohorts (Appendix A - 

Supplemental Table 1).  

Based on end-of-year surveys, 72.3% of participants recalled having at least one 

CARI, 50% recalled at least two, 21.4% recalled three or more, and 9.7 % recalled ≥4 

episodes (Appendix B - Supplemental Table 2).  

Table 1. Demographics and respiratory symptoms of college freshman cohort 
from 2009-2012, 2014-2015 (N[%]) 

 Academic Year 

 
 

Total 
(N=1379) 

2009-2010 
(N=448) 

2010-2011 
(N=406) 

2011-2012 
(N=420) 

2014-
2015 
(N=105) 

Age, mean 
(range) 18.2 (18,25) 18.3 (18,22) 18.2 (18,25) 18.2 (18,21) 

18.3 
(18,25) 

Female, N 698 (50.6) 218 (48.7) 188 (46.3) 238 (56.7) 54 (51.4) 
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 Academic Year 

 
 

Total 
(N=1379) 

2009-2010 
(N=448) 

2010-2011 
(N=406) 

2011-2012 
(N=420) 

2014-
2015 
(N=105) 

(%) 

Race/Ethnicity, N (%) * 

Caucasian 828 (60.0) 266 (59.4) 237 (58.4) 258 (61.4) 67 (63.8) 

Asian 386 (28.0) 115 (25.7) 114 (28.1) 132 (31.4) 25 (23.8) 

African 
American 133 (9.6) 38 (8.5) 42 (10.3) 37 (8.8) 16 (15.2) 

Hispanic 123 (9.0) 39 (8.7) 34 (8.4) 38 (9.4) 12 (11.5) 

Current or 
occasional 
smoker, N 
(%) 

61 (6.4) 18 (4.1) 440 (9.9) NC 3 (2.9) 

Flu vaccine 
up to date, N 
(%) 

189 (20.3) 81 (18.2) 75 (18.8) NC 33 (36.7) 

Total 
Number of 
Surveys/Sym
ptom days 

95966 29495 27032 29841 9581 

Symptom 
Days 
Reported, 
median 
(IQR) 

70 (25-118) 64 (23-115) 69 (21-115) 69 (28-118) 
104 (38-

140) 

Total Daily 
Symptom 
Score, 

1 (0-4) 0 (0-3) 1 (0-4) 1 (0-4) 1 (0-5) 
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 Academic Year 

 
 

Total 
(N=1379) 

2009-2010 
(N=448) 

2010-2011 
(N=406) 

2011-2012 
(N=420) 

2014-
2015 
(N=105) 

median 
(IQR) 

* Participants were able to select multiple options when identifying race/ethnicity. 
NC indicates not counted. 

 

2.3.2.2 Index Case ARI Analysis  

Of the 1379 participants, we identified 288 potential ICs with incident acute 

respiratory illness. Blood and NP samples were collected for 249 (86.5%) of these cases. 

Most commonly, no virus was identified (43%). The most commonly identified viruses 

were rhinovirus (18% of all those tested), coronavirus (11%), coxsackie/echovirus (10%), 

and influenza (7%) (Table 2). Thirteen cases of rhinovirus and coxsackie/echovirus co-

infections (5.0%) were identified.  

Table 2. Respiratory virus etiologies among Index Cases, 2009-2012, 2014-2015. 
(N[%]) 

 
All Years 
N = 249 
(%) 

2009-2010 
N = 81 
(%) 

2010-2011 
N = 87 
(%) 

2011-2012 
N = 47 
(%) 

2014-2015 
N = 34 
(%) 

No Analyte 
Detected 

106 (42.6) 33 (40.7) 41 (47.1) 17 (36.2) 15 (44.1) 

Adenovirus 3 (1.2) 0 (0.0) 1 (1.2) 0 (0.0) 2 (5.9) 
Bocavirus 4 (1.6) 0 (0.0) 0 (0.0) 0 (0.0) 4 (11.8) 
Coronavirus 27 (10.8) 3 (3.7) 11 (12.6) 6 (12.8) 7 (20.6) 
Coxsackie/Echovirus 26 (10.4) 11 (13.6) 11 (12.6) 4 (8.5) 0 (0.0) 
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Human 
Metapneumovirus 8 (3.2) 2 (2.5) 0 (0.0) 3 (6.4) 3 (8.8) 

Influenza A 17 (6.8) 10 (12.4) 7 (8.0) 0 (0.0) 0 (0.0) 
Parainfluenza 7 (2.8) 3 (3.7) 0 (0.0) 3 (6.4) 1 (2.9) 
RSV 7 (2.8) 1 (1.2) 3 (3.4) 3 (6.4) 0 (0.0) 
Rhinovirus 44 (17.7) 18 (22.2) 13 (14.9) 11 (23.4) 2 (5.9) 
Coinfections 13 (5.2) 5 (6.1) 7 (8.0) 1 (2.1) 0 (0.0) 

 

The distribution of symptom scores among ICs with and without a virus 

identified varied at a statistically significant level. However, these symptom scores were 

similar in magnitude thus and of unclear clinical relevance.  Overall, the median 

symptom score for the ICs was 15 (IQR 11, 19).  The median total symptom score in the 

143 ICs with a positive viral detection was 15 (IQR 11, 20), and for the 106 ICs with 

negative viral detection, the median total symptom score was 13 (IQR 11, 18); this 

difference was statistically significant (Wilcoxon rank-sum p = 0.022). 

Median symptom scores were highest for ICs with influenza A, with a score of 21 

(IQR 14, 25), and were lowest for participants with coronavirus or coxsackie/echovirus 

(13; IQR 8, 19 and 13.5, IQR 11, 19), respectively (Appendix C - Supplemental Table 3). 

ICs who tested positive for influenza reported more severe cough, malaise, fever, sore 

throat, and headache compared to other viral etiologies. Those diagnosed with seasonal 

coronaviruses reported more severe rhinorrhea and sneezing compared to other 

etiologies. 
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2.3.2.3 Close Contact ARI Analysis  

The 288 potential ICs generated 882 CCs . The median number of close contacts 

per cluster was 6 (IQR 3, 8).  Among the 882 CCs, 111 (13%) of the participants 

developed self-reported symptomatic ARI during the monitoring period.  During the 

CCs’ 5-day monitoring period, the median number of days for symptom survey 

completion was 4 days (IQR 4, 5). Overall, during the monitoring period, the symptoms 

in the CCs were mild with a mean peak cumulative symptom score of 2.8 (median = 1, 

IQR 0, 4). 

Biological sample collection and viral testing were conducted for 60 of the IC-CC 

clusters. These selected clusters represented 60 IC sand 719 CCs overall. During the 5-

day monitoring period, the median number of days for biospecimen collection was 4 

days (IQR 4, 5). Virus was detected in 37 (62%) of the IC and 106 of the CCs (15%). 

Regarding viral concordance between the ICs and their associated CCs, there were 19 

CCs which tested positive for the same virus as their associated IC: ten with rhinovirus, 

seven with coxsackie/echovirus and two with coronavirus. In the other 87 CC cases with 

viral CARI, the specific pathogen was different from the linked IC.  

When tested, 85% of the CCs resulted in no detectable virus, while 6% tested 

positive for rhinovirus, 4% for coxsackie/echovirus, and 2% for coronavirus. Influenza, 

metapneumovirus, RSV, parainfluenza, bocavirus, and adenovirus were each detected 

in less than 1% of the tested CCs (Table 3). Eight co-infections (2% of those tested) were 
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identified and represented combinations of Coxsackie/echovirus, rhinovirus, 

coronavirus, or human metapneumovirus.   

Table 3. Respiratory virus etiologies among Close Contacts, 2009-2012, 2014-
2015 (N[%]) 

 
All Years 
N = 719 

2009-2010 
N = 155 

2010-2011 
N = 159 

2011-2012 
N = 180 

2014-2015 
N = 225 

No Analyte 
Detected 

613 (85.3) 125 (80.6) 148 (93.1) 149 (82.8) 191 (84.9) 

Adenovirus 5 (0.7) 0 (0.0) 0 (0.0) 0 (0.0) 5 (2.2) 
Bocavirus 2 (0.3) 0 (0.0) 0 (0.0) 0 (0.0) 2 (0.9) 
Coronavirus 14 (2.0) 7 (4.5) 2 (1.3) 1 (0.6) 4 (1.8) 
Coxsackie/Echovirus 27 (3.8) 11 (7.1) 6 (3.8) 10 (5.6) 0 (0.0) 
Human 
Metapneumovirus 

3 (0.4) 1 (0.6) 0 (0.0) 0 (0.0) 2 (0.9) 

Influenza 3 (0.4) 1 (0.7) 0 (0.0) 1 (0.6) 1 (0.4) 
Parainfluenza 2 (0.3) 0 (0.0) 1 (0.6) 1 (0.6) 0 (0.0) 
RSV 4 (0.6) 1 (0.6) 0 (0.0) 0 (0.0) 3 (1.3) 
Rhinovirus 46 (6.4) 9 (5.8) 2 (1.3) 18 (10.0) 17 (7.6) 
Coinfection 6 (0.8) 3 (1.9) 2 (1.3) 0 0.0) 1(0.4) 

 

The median symptom score for the CCs with associated etiology testing was 1 

(IQR 0,4) and, similarly to the ICs, symptom severity did vary significantly based on 

whether there was positive viral detection or not (Wilcoxon rank-sun p value < 0.0001).  

The median symptom score associated with positive viral detection was 5 (IQR 1,9) 

while the median symptom score associated with negative viral detection was 1 (IQR 0, 

3). Overall, among those CCs with positive viral detection, symptom severity was 

highest in the 3 CCs in which human metapneumovirus was detected (median 8, IQR 2, 

9) and lowest in the 21 CCs positive for coxsackie/echovirus (median 2, IQR 0, 7). 
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Further, viral etiology distribution varied by whether or not the CC developed 

symptomatic disease. Among those not symptomatic, 91% had no detectable analyte 

while 4% tested positive for rhinovirus and 3% tested positive for coxsackie/echovirus. 

Of those who developed symptomatic disease, 61% had no analyte detected, 19% had 

rhinovirus, 8% had coxsackie/echovirus and 5% had coronavirus. 

2.3.2.4 Close Out Survey  

Close-out surveys were collected at the conclusion of each academic year. For the 

2009-2010 cohort, we compared self-reported sickness data to participants’ recall of past 

episodes of sickness. We found no notable differences between the two measures with 

63% (138) of the 217 students who completed the closeout questionnaire recalling their 

episodes of sickness within 0 to 1 episode of self-reported illness (Appendix D - 

Supplemental Figure 1). 

2.3.3 Evaluation of the Index-Cluster Sampling Strategy 

Model-based estimates of the proportion of self-reported sickness differed 

between sampling groups. Contrary to our hypothesis, the whole cohort sampling group 

was predicted to have a higher proportion of self-reported sickness weekly as compared 

to the CC sampling group across the duration of each academic year (Figure 2). Both 

sampling groups showed similar seasonal trends in the estimated proportion of self-

reported illness with peaks several weeks into the start of both the fall and spring 

semesters.  
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Figure 2. Predicted proportions of self-reported illness compared by sampling group. 
The CC sampling group is represented in red, and whole cohort sampling group is 
represented in blue. Weekly point estimates for the proportion of self-reported illness 
have been graphed along with the corresponding 95% confidence intervals (CIs). The 
sparce testing mid-year corresponds to winter break. 
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Figure 3. Predicted proportions of self-reported illness in the CC sampling group 
compared to the proportion of identified CCs with confirmed viral illness. The model-
based predictions (as well as 95% CIs) for the proportion of self-reported illness in the 
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CC sampling group is represented in red. The proportion of CCs with confirmed viral 
detection is represented as green dots. 

When looking at the CC sampling group, comparison of the model-based 

predictions of proportions of self-reported sickness to the proportions of CCs with 

positive viral detection, self-reported illness is often an adequate, but imprecise indicator 

for the presence of biologically confirmed illness (Figure 3). 

Of the 882 CCs identified over the course of the study, 111 (13% of the close 

contacts generated) developed self-reported symptomatic disease within the 5-day 

monitoring period, amounting to the identification of 111 cases of illness identified prior 

to symptom development. Over the course of the study, 399 cases of symptomatic illness 

were reported: 288 cases of illness in those self-identified as index cases and the 111 

cases of symptomatic illness developed among the monitored close contacts during the 

5-day monitoring period. In total, early identification and monitoring of potentially 

exposed, pre-symptomatic close contact accounted for detection of over a quarter (27%) 

of all reported symptomatic cases within the overall cohort. 

2.4 Discussion  

Through use of a prospective ICSS, we have further characterized the etiological 

distribution, symptom severity, and frequency of viral CARI within a cohort of generally 

well young adults. Our study expands upon the current body of knowledge of college 

epidemiology as it applies to CARI within college-aged students. Over the course of the 

study (2009-2015), the annual pattern of symptom frequency showed similar trends 
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between each year’s cohort with symptoms experienced peaking at the beginning of 

both the fall and spring semesters. Given the students’ biannual return to campus and 

Duke’s large population of students from outside the state, this result is expected given 

the accumulation of viruses from many areas. Notably for the 2009-2010 cohort, which 

coincided with the H1N1 pandemic, number of days with no symptoms (symptom score 

of 0 recorded by participants) were greater than in both the post-pandemic 2010-2011 

and 2011-2012 student cohorts. This suggests social behaviors impacting infection 

prevention could have played a role in illness circulation across the campus, similarly to 

reduced impact of respiratory viral diseases (most notably the flu) during the winter 

2020-2021 of the COVID-19 pandemic.19 

Within each year’s college freshman cohort, rhinovirus, coxsackie/echovirus, and 

seasonal coronaviruses were the 3 most frequently identified viral pathogens among 

both the ICs and CCs. Previous studies have described acute respiratory infection (ARI) 

spread and viral etiological frequencies within households stratified by age and found 

that within older children (ages 12-17), the highest proportion of ARI are caused by 

rhinoviruses followed by coronaviruses. In adults aged 18-49, ARI is most frequently 

caused by coronaviruses followed by rhinoviruses.20 Our study, with 18–25-year-old 

participants allows a closer look at a portion of the adult age bracket to better 

understand spread among younger adults. In doing so, we find that the frequency of 

viral CARI within our study population aligns more closely with the previously 



 

24 

reported etiological frequency distribution of ARI seen among older children in the 12-

17 age-bracket.  

Further, in roughly half of the index-close contact clusters in which a causative 

pathogen was detected (51%), there was viral concordance between the IC and the CC, 

with rhinovirus being the most frequent match of detected viruses. Given that viruses 

co-circulate, concurrent viral transmission could account for differences in detected 

virus between index cases and the identified CC. Of note, given financial limitations, 

subsequent viral sub-typing was not performed to confirm relatedness within a cluster. 

Further, since exposure between the IC and its CC occurred at an unknown time, 

differences in viral concordance between an IC and CC group could be due to delayed 

sampling of the index-close contact clusters as well as the possibility of exposure to 

other students with primary infection who were not enrolled in the study. Additionally, 

the unknown time of exposure between ICs and CCs could account for the overall 

decreased severity of symptoms during the 5-day monitoring period seen in close 

contacts compared to the symptom severity logged by the ICs.  

Our study had several strengths. This study was conducted prospectively over 

five years, permitting robust collection of descriptive data within a cohort of college 

freshman. Despite CARI being a major cause of morbidity within the college 

population,5 the breadth of respiratory viral illness epidemiology within this sizable 

population21 of degree-seeking students is lacking. Through a combination of both self-
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reported data and clinical testing, our study enables a closer look at respiratory viral 

illness within this underrepresented population with regard to CARIs. However, our 

study has several limitations.  Over the extended time period in which the study took 

place, we did have gaps in symptom reporting and in the response rate to close out 

surveys. Failure to complete daily symptom monitoring logs may have resulted in 

participants under-reporting days without symptoms and as a result, artificially 

inflating the proportion of participants logging symptoms qualifying as self-reported 

illness. Additionally, we did not have the resources to perform daily viral testing on all 

study participants. As such, our primary measure for illness was self-reported illness 

data based on participant-entered symptom logs. In relying on self-entered symptom 

logs over objective measures for viral detection, there is the potential for 

misclassification of illness. As a result, if those participants more likely to complete daily 

symptom monitoring are also those who are more likely to notice and log smaller 

relative changes in daily symptoms, the response data collected could be biased towards 

higher rates of illness among the participant cohort. Lastly, we were not able to tie 

index-close contact clusters by time; if exposure between index case and a close contact 

occurred, the time of exposure was not known. Despite these limitations, we 

successfully collected a large volume of reliable data using a novel study design to gain 

valuable insight into college epidemiology of CARI. 
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Overall, early identification of pre-symptomatic respiratory viral disease is 

important for reducing disease transmission and essential for early intervention. With 

the current COVID-19 pandemic, methods to increase early detection and reduce spread 

of the novel viral respiratory pathogen SARS-CoV-2 as especially important, particularly 

among the college population. Over the summer of 2020, people aged 20-29 accounted 

for greater than 20% of all confirmed COVID-19 cases, representing the age-bracket with 

the highest number of incident of cases.22 In October 2020, the CDC highlighted younger 

adults as likely contributors to community transmission of COVID-19.  Given that a 

large proportion of college students fall within this age range, innovative study designs 

which facilitate efficient identification of post exposure, pre-symptomatic and 

asymptomatic secondary cases and epidemiological investigations of viral CARI on 

college campuses are important to maintain college functioning as well as limiting 

community transmission of COVID-19 to the community at large.  

Beyond the college population, this work has applications to the military recruit 

population. Previous studies have explored the distribution of respiratory illnesses in 

military settings.23–25 This population is not unlike the college freshman population, as 

they are healthy young adults living in close quarters.  Thus, our approach is likely also 

suited for early detection and reduction of transmission of respiratory viral illnesses in a 

residential military population. 
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Chapter 3. Environmental Surveillance of SARS-CoV-2 in 
a Classroom Setting:  An observational, prospective 
cohort pilot study 
3.1 Introduction 

The best place for a child’s education is in the classroom. However, at the start of 

the COVID-19 pandemic, school closures detrimentally removed students from the 

classroom setting. Prolonged school closures and reduced in-person instruction have 

negative effects on students’ social development and educational outcomes and also 

exacerbate the existing inequalities many students living in poverty already face.26 

Further, as schools around the nation began to reopen at the start of the 2020-2021 

academic year (2020-21 AY), data released by the U.S. Education Department 

highlighted racial and geographic disparities among those who have been permitted to 

return to the classroom,27,28 emphasizing the disproportionate impact of the COVID-19 

pandemic on portions of our community. To safely return children to school and to 

minimize future school closures during novel respiratory virus outbreaks, disease 

surveillance frameworks which are child tolerable and cost-effective must be further 

developed. 

As a part of reopening in the fall of 2020, many college campuses used 

combinations of symptom-based testing and routine interval screening to monitor 

SARS-CoV-2 transmission.10 However, there are many practical limitations to large scale 

interval screening in younger children. The most sensitive test (PCR from a 
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nasopharyngeal swab)29 is costly, requires administration from trained personnel, and is 

not well tolerated by children. Additionally, less sensitive, more child-tolerable tests like 

saliva samples30 or oropharyngeal swabs still require costly PCR analysis.  

Given that SARS-CoV-2 has been detected on environmental surfaces during the 

investigation of community-based transmission events31,32 and that historically, 

classroom surfaces are known areas for identifying circulating pathogens,33 we 

hypothesized that environmental surveillance is a possible strategy to non-invasively 

and cost-effectively screen for COVID-19 disease spread within a classroom setting.34–36 

Within classroom settings, environmental surveillance can be employed by 

swabbing and testing high-touch classroom surfaces, such as door handles, for the 

detection of SARS-CoV-2. Viral detection in this way could serve as an early warning 

signal for a potential classroom outbreak, permit monitoring of unrecognized 

transmission of SARS-CoV-2 via asymptomatic hosts and serve as a selective trigger for 

a more comprehensive diagnostic work up. Further, environmental surveillance is non-

invasive, and, unlike nasopharyngeal swabs, it does not require administration from 

trained personnel. Therefore, environmental surveillance is ideal for widespread use in a 

classroom setting. 

To determine whether detection of SARS-CoV-2 on classroom environmental 

surfaces correlated to the detection of asymptomatic SARS-CoV-2 infections among 

individuals in the classroom, we partnered with a local elementary-middle school and 
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compared the detection of viral RNA collected from classroom surface samples to viral 

RNA detection from same day saliva samples during the fall and winter of the 2020-21 

academic year. 

3.2 Methods 

3.2.1 Setting and Participants 

We facilitated a partnership with a local independent pre-kindergarten through 

8th grade school to be the focus of our pilot study. Within the school, children are 

organized into pods of 18 or fewer students with each pod using a designated classroom 

space. This set up is ideal as viral detection in a single classroom can only be associated 

with pod members who used it. 

All children, instructors, and classroom staff at the school were eligible to enroll 

in the study. However, pods were excluded from study participation if any student or 

faculty member of pod elected to opt-out of the study.  

During the study period the school employed the following infection prevention 

measures: adherence to local and Centers for Disease Control (CDC) guidance regarding 

isolation for suspected or confirmed infection, daily symptom screening, reduced 

classroom densities, universal masking, hand hygiene, prohibition of eating/drinking 

indoors, and physical distancing. The study team was given access to de-identified 

reporting of which pods had someone reporting symptoms, COVID exposures, and 

results of any clinically conducted COVID-19 tests. 
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This study was approved by the Duke University Institutional Review Board 

(Pro00106736). 

3.2.2 Procedure 

Weekly, on two predetermined sampling days, participants from each of the 

participating pods provided salivary samples at the start of the school day. At the 

conclusion of the school day, environmental samples were collected from each of the 

participating pod’s classrooms (Figure 4). To do so, the surfaces of five predetermined, 

high-touch classroom areas (door handles, bathroom fixtures, and desks) were swabbed. 

The environment samples underwent rt-PCR testing for detection of SARS-CoV-2 RNA. 

Detection of a positive environmental sample within a pod’s classroom would trigger 

PCR testing of the same-day salivary samples collected from the classroom’s 

corresponding pod members. 

3.2.2.1 Identification of high-touch surfaces via GloGerm Survey 

High touch surfaces were identified with GloGerm. GloGerm is a nontoxic, non-

staining invisible marker which come in a lotion form which can be applied to subjects’ 

Figure 4. Weekly Data Collection Schedule 
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hands and upon UV illumination can be used to identify which classroom surfaces are 

most frequently touched. Teachers performed the GloGerm survey (Appendix E – 

GloGerm Survey Instructions) with their classes as a part of their lesson plans. Together 

using black light, pod members noted the areas that were most frequently touched in 

their classrooms. The results were collected by the teachers for each of the classrooms, 

shared with the study team, and used to select five representative “high-touch” 

classroom surfaces for environmental sampling.  

3.2.2.2   Environmental Sample Collection and Processing 

Environmental samples of five predetermined, high-touch classroom surfaces 

(door handles, bathroom fixtures, and desks) were collected using swabs (3M) or 

sponges (WhirlPak) premoistened with sterile saline (Appendix F – Environmental 

Sampling Instructions). Nucleic acids were isolated using the QIAamp Viral RNA Mini 

Kit (Qiagen, Germantown, MD) and SARS-CoV-2 detected by reverse transcription 

polymerase chain reaction (RT-PCR) for N1 using primers and probes from IDT 

(Coraville, IA) with TaqPathTM 1-Step RT-qPCR Master Mix (ThermoFisher) per CDC 

instructions. Human RNase P served as a positive control for adequate sampling and 

PCR amplification. 

3.2.2.3 Saliva Sample Collection and Processing  

Saliva samples were self-collected by students twice weekly and stored at -80°C. 

During the first 8 weeks of sample collection, testing of a pod’s saliva samples was 
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planned only following detection of a positive environmental sample within a pod’s 

classroom. However, during the final 4 weeks of sample collection, all saliva samples 

were tested to avoid missing asymptomatic infections which may not have been 

detected via environmental sampling. 

Saliva samples were tested using five-to-one pooling using the automated 

QIAsymphony (Qiagen LLC, Germantown, MD) two-step RT-PCR and World Health 

Organization E_Sabeco primer-probe sets (Charite, Berlin). 

3.2.2.4 Measures and Analysis 

The primary intended outcome measure was the positive predictive value of 

environmental detection relative to salivary testing. To do so, positive environmental 

testing that results in positive salivary detection from any sample within a pod would be 

designated as a true positive, while positive environmental testing that results in 

negative salivary viral detection within a pod would be designated as a false positive. 

Using the recorded counts of true and false positives we hoped to examine the 

predictive value of the environmental testing (Figure 5). 

An additional outcome measure of interest was the sensitivity of environmental 

detection relative to reported cases of COVID-19. To do so, positive environmental 

testing within a pod with reported illness was designated as a true positive, while 

negative environmental testing within a pod with reported illness of COVID-19 was 

designated as a false positive. Using the recorded counts of true and false negatives the 
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sensitivity of environmental testing relative to reported cases of infection could be 

calculated (Figure 6). 

 

Figure 5. Positive Predictive Value Calculation for Environmental Testing 

 

 

Figure 6. Sensitivity Calculation for Environmental Testing 
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3.2.3   Incorporation into the School Curriculum 

The study was conducted with the help of eighth-grade students at the school. 

Upon returning to school in fall 2020 under new pandemic-time protocols, the students 

were eager to be involved in ongoing efforts to understand more about SARS-CoV-2 and 

COVID-19.  Through collaboration with the school, we were able to actively involve 

study site students in data collection as well as teach them more about infection 

prevention along the way. The main student role in the project was the twice weekly 

collection of the classroom environmental samples (Appendix G – Environmental 

Sampling Checklist Completed by Students). Prior beginning sample collection, we 

visited the school to discuss infectious diseases and designed classroom activities to 

accompany their ongoing science curriculum. This included providing a mini-lecture 

introducing the topic of Infectious Diseases and using GloGerm lotion to teach students 

how to properly wash their hands, how to correctly remove gloves which may be 

contaminated, and how to identify high-touch surfaces in the classroom. 

3.3 Results 

The pilot study was conducted over 12 school weeks between November 13, 2020, to 

Feb 28, 2021 (samples were not collected during the 1-week Thanksgiving break or 2-

week winter break). There were 9 pods that were included in the study and 135 

participants overall (Table 4). During the study zero of the 264 environmental samples 

collected was positive for SARS-CoV-2. Additionally, there were zero infections 
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reported in any of the participating pods. During the study period, Durham County’s 

median SARS-CoV-2 incidence rate was 87 new cases over 28 days per 10,000 population 

(interquartile range: 66-116).37 

Table 4. Enrollment by Grade-level 

Grade 
Number of 
Pods Enrolled 

Number of 
Participating 
Students 

Number of 
Participating 
Staff 

Pre-Kindergarten 1 8 1 
Kindergarten 2 28 4 
2nd Grade 1 12 1 
3rd Grade 1 15 1 
4th Grade 1 18 2 
5th Grade 1 16 1 
7th Grade 1 10 1 
8th Grade 1 16 1 

  
 

Over the final 4 weeks of the study, all collected saliva samples were tested to avoid 

missing asymptomatic infections which may not have been picked up environmentally 

or reported clinically. In total 589 salivary samples were tested and zero were positive 

for SARS-CoV-2.  

3.4 Discussion  

Despite evidence of local community spread, we did not observe any SARS-CoV-2 

infections among students within a local elementary school by either case reporting 

during the entire study period, or by salivary testing during the final 4 weeks of the 

study. Additionally, no SARS-CoV-2 was detected within the school environment across 

a range of high-touch surfaces. The lack of confirmed SARS-CoV-2 infections among 
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students prevents us from assessing the predictive value or sensitivity of environmental 

surveillance testing as originally intended.  

Though our study was limited to a single site with high adherence to infection 

prevention measures, the lack of within school cases of COVID-19 seen during our study 

aligns with previous observations that elementary schools pose low risk for SARS-CoV-2 

transmission in the setting of infection prevention measures.38 However, the results seen 

here may not apply to all school environments, especially with less stringent infection 

prevention measures. 

3.4.1 Follow Up 

Following completion of this study, we approached the ABC Science 

Collaborative (the ABCs)39 about interest in offering this protocol to their partner schools 

in North Carolina. Though schools expressed interest in using our environmental 

surveillance protocol especially given the built-in student engagement piece, the level of 

teacher involvement needed coupled with ongoing pandemic-related staff burn out 

ultimately prevented schools from moving forward with employing the environmental 

surveillance.  

Given my interest in working with schools to safely return students to in-person 

learning, I began working with the ABCs shortly after wrapping up this project. Since 

then, I have worked with the ABCs on numerous projects aiming to maximize student 

access to in-person instruction. Some of which have included evaluating the use of rapid 
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diagnostic tests in aiding with schoolwide weekly surveillance and assessing the 

feasibility and safety of a test-to-stay strategy to minimize out-of-school quarantine 

duration for students following a SARS-CoV-2 exposure. Currently, I am also working 

to assess the impact that COVID-related school closures have had on student 

educational outcomes during the pandemic. 
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Chapter 4. Utilizing a One Health Approach for Detection 
of SARS-CoV-2 Infection and Seropositivity within 
Household Pets in North Carolina 
4.1 Introduction 

The One Health approach to disease surveillance involves recognizing the 

interconnected between humans, animals and their environment and utilizing cross-

disciplinary efforts to solve problems affecting all.40 A One Health approach is crucial in 

understanding the complex human, animal, and environmental interactions contributing 

to zoonosis like SARS-CoV-2 and can help in responding to novel pathogen threats 

affecting both humans and animals. Given the close proximity in which humans and 

their household pets exist, a One Health perspective, which considers the health of 

humans, animals, and the role of their shared environment, is needed when examining 

diseases transmission in a household setting. Studying SARS-CoV-2 infection and 

seropositivity among household pets following owner infection can offer key insight 

into factors impacting disease transmission within their shared household setting. 

Over 60% of households in the United States (US) report owning of at least one 

pet.41,42 Additionally, at the start of the COVID-19 pandemic, with stay-at-home orders in 

effect across multiple regions in the country, many households adopted pets as a way to 

increase social and emotional support during a time with limited interaction with 

others.41,43 In a survey of US pet owners conducted during the spring and summer of 
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2020, it was found that 13% of owners had household concerns relating to the potential 

spread of COVID-19 to pets and people within their households.41  

Two years into the COVID-19 pandemic, we understand that risk of illness 

spread from animals like household dogs and cats to their human owners is minimal;44 

however, there still exists a limited data on the factors impacting the household 

transmission of SARS-CoV-2 infection from human owners to their household pets. 

Though inoculation studies within companion animals exist,45 these data are not 

representative of real-life interactions between owners and household pets. Further, the 

findings of the natural infection studies that exist within companion animals are limited 

by their small sample size, pet data collection after owner diagnosis but not at the time 

of owner illness,46 and unknown household characteristics.47 Since the onset of the 

pandemic, few other studies48–50 have taken a One Health approach to studying 

household transmission of SARS-CoV-2 between human owners and their pets. Notably, 

the small sample sizes of these studies limit the ability draw definite conclusions 

regarding risk factors for transmission of SARS-CoV-2 from human owners to pets. As 

such additional studies are needed to better characterize the course of infection in 

companion animals following exposure to ill owners and to understand the factor 

impacting human-to animal transmission.  

Utilizing a One Health approach, we identified households where possible 

owner-to-pet transmission was occurring and sampled household animals periodically 
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after owner-detected illness between March-October 2020. Collection of oral and rectal 

samples allowed for detection of infection in pets, while serum collection allowed for 

detection of antibodies against SARS-CoV-2. We also distributed behavioral interaction 

questionnaires to characterize the level of interaction between owners and their animals. 

We hypothesize that increased owner-animal interaction is associated with increased 

viral detection and increased seropositivity within household animals.  

4.2 Methods 

4.2.1 Participants Enrollment and Sample Collection 

Animals were enrolled and samples were collected by the study team between 

March-October 2020 while conducting household visits as a part of the Molecular and 

Epidemiological Study of Suspected Infection (MESSI) COVID-19 study. For households 

with one or more household members with suspected SARS-CoV-2 infection, the study 

team would conduct an initial (day 0) household visit to collect biospecimens 

(nasopharyngeal swabs and blood) from the participant with suspected infection as well 

as their household contacts. Following confirmation of illness, the study team would 

return to the household to collect repeat biospecimens from the household index case 

and their enrolled close contacts at designated time intervals. Samples collected can be 

used to detect potential biologic markers for pre-symptomatic disease in close contacts.  

Between March-October 2020, canine and feline household pets living in 

households with one of more symptomatic human members with suspected COVID-19 
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were enrolled. For households with confirmed COVID-19 detection, biological 

specimens were taken from enrolled the household pet(s) at a couple of time points 

during follow-up of the owner’s confirmed illness (possible days included: 0, 1, 3, 7, 14, 

21, 28, 45, 60, 120 or 180). Pet sample collection depended on owner consent, pet 

availability, and study personnel qualified to collecting the samples. 

Animal oral samples were collected by placing a sterile cotton-tipped applicator 

into the animal’s mouth and rubbing the cheeks, gums, and tongue. Animal rectal 

samples were collected by placing a sterile cotton-tipped applicator into the rectum and 

swabbing gently in a circular motion. Cotton-tipped applicators were then immediately 

placed in viral transport media (VTM) for transport and storage.  

Additionally, serum samples were collected up to one time in enrolled pets at 28 

days or further from detected owner illness. In dogs, serum samples were collected via 

the left or right jugular vein or left or right cephalic vein depending on patient 

compliance. In cats, serum samples were collected from the right or left lateral 

saphenous veins. 

4.2.2 Behavioral Interaction Questionnaire 

At the time of initial sample collection, behavioral interaction questionnaires 

were distributed to pet owners to understand the kinds of interactions they have with 

their pets on a daily basis. This included items such as pet sleeping arrangements 

(separate from or on owner’s bed), pet habits around food (eating food off owner’s plate) 
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and level of physical interaction between the pet and its owner (licking body or face of 

owner). Following sample collection, additional quarantine related questions were 

developed and distributed to the participating households.  

4.2.3 RT-PCR Testing of Animal Oral and Rectal Samples  

To assess for the presence of viral SARS-CoV-2 RNA within pet oral and rectal 

samples, automated QIAsymphony (Qiagen LLC, Germantown, MD) two-step RT-PCR 

and World Health Organization E_Sabeco primer-probe sets (Charite, Berlin) were used. 

To evaluate the number of viral copies detected within a sample, quantitative PCR was 

carried out on a QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific, 

Waltham, MA). Samples with positive detection of SARS-CoV-2 viral copies were 

additionally run on the COBAS 6800 platform (Roche, Basel, Switzerland) for 

confirmation of clinical viral detection. 

4.2.4 Antibody Detection in Animal Serum Samples 

Enzyme-linked immunosorbent assay (ELISA) was used to evaluate for presence 

of anti-SARS-CoV-2 S-protein IgG within the collected pet serum samples (Weese Lab, 

Guelph, Ontario).  Each serum sample was tested at 5 three-fold dilutions 

(1/100:1/8,100). Samples that did not dilute over that range were re-tested at 2-3 

additional dilutions. The highest optical density (OD) (usually at 1/100) was analyzed. 

Results were considered positive if they were greater than 3 standard deviations above 

the mean of 5 replicates of the negative control (also at 1/100 dilution). The negative 
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controls used were canine and feline samples collected pre-November 2019. 

 Additionally, two samples from cats with feline infectious peritonitis (alpha 

coronavirus) were tested during the validation phase of the ELISA. 

4.2.5 Data Analysis 

Summary statistics were used to describe the cohort. Logistic regression analyses 

are planned to determine the association between various owner-pet behavioral 

interactions and positive detection of SARS-CoV-2 RNA or antibodies in an owner’s 

pets. Analyses are ongoing and are being completed using R Version 4.1.2 (R 

Foundation for Statistical Computing, Vienna, Austria).  

4.3 Results 

Between March 2020 and October 2020, 206 unique samples were collected (109 

oral samples, 58 rectal samples, and 39 serum samples) from 32 households and 70 

different pets (45 canines, 25 felines) (Table 5). There was a median of 2 pets enrolled per 

household (IQR: 1, 2.25). Enrolled pets had a median of 2 oral samples collected (IQR 1, 

2) and 1 rectal sample collected (IQR 1, 2). Serum samples were collected at one time 

point for 25 canines and 14 felines. There were 21 unique pets with one or more positive 

biologic samples. 

Table 5. Summary of Enrolled Cohort 

Number of households enrolled; N 32 
Number of pets per household; median (IQR) 2 (1, 2.25) 
Number of dogs enrolled; N 45 
Number of cats enrolled; N 25 
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Number of samples collected; N 206 
Oral Samples 109 
Rectal Samples 58 
Serum Samples 39 
Number of time points sampled per pet; 
median (IQR)* 

2 (2, 2) 

Oral Samples 2 (1, 2) 
Rectal Samples 1 (1, 2) 
*Includes time point were at least one type of sample (oral, rectal, or serum) 
was collected 

 

4.3.1 Oral and Rectal Sample Analysis 

The majority of oral and rectal samples were collected on day 0 and day 28 of 

owner illness (Figure 7). Within cohort, the percent positivity for oral samples was 1.8% 

and the percent positivity for rectal samples 5.2% (Table 6). For both oral and rectal 

samples, the percent positivity was higher in felines than canines; however, the 

differences were not statistically significantly (Fisher exact test p-values of 0.54 for both 

oral and rectal samples when comparing the distribution of positive samples between 

canines and felines). 

4.3.2 Serum Sample Analysis 

The majority of samples were collected 120 days after initial owner illness. The 

percent positivity for serum samples was 46.1% (Table 6).  The percent positivity was 

higher in felines (57.1%) than canines (40%) but was not statistically significant (Fisher 

exact test p-value of 0.34). 
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Figure 7. Oral and Rectal Sample Results by Household and Day of Collection 

 

Table 6. Summary of Sample Positivity: Number of Positive Samples/Total 
Samples Collected 

 Oral 
Samples: 
2/109 

Rectal Samples: 
3/58 

Serum 
Samples 
18/39 

By species: 
Canine 1/74 2/45 10/25 
Feline 1/35 1/13 8/14 
By sample collection day: 
Day 0 2/43 2/19 -- 
Day 1 0/1 -- -- 
Day 3 0/2 0/1 -- 
Day 7 0/14 0/2 -- 
Day 14 0/4 0/3 -- 
Day 21 0/4 0/4 -- 
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Day 28 0/34 1/22 8/13 
Day 45 0/4 0/4 -- 
Day 60 0/3 0/2 0/2 
Day 120 -- -- 8/22 
Day 180 -- -- 2/2 

 

4.3.3 Analysis by positive samples by households. 

There were 3 households in which multiple pets had positive biological samples 

(Table 7). Within household 14, two canines were seropositive, and within household 25, 

four felines were seropositive. Within household 22, one canine and one feline had 

positive oral and rectal swabs at day 0. Appendix H contains an in-depth by-household 

breakdown of the samples collected and sample results for each pet enrolled within each 

of the households listed in Table 7. This view permits seeing the timeline and types of 

samples collected for each pet that did have at least one positive biologic sample.   

Table 7. Listing of Positive Samples, by Household, Species, Sample Type, and 
Day of Sample Collection 

Household Species Sample Type Day Sample 
Collected 

1 Feline Serum (IgG) 180 
3 Feline Serum (IgG) 120 
5 Canine Rectal 28 
7 Canine Serum (IgG) 120 
9 Canine Serum (IgG) 120 
10 Canine Serum (IgG) 120 
11 Feline Serum (IgG) 120 

14 
Canine Serum (IgG) 120 
Canine  Serum (IgG) 120 

15 Canine Serum (IgG) 180 
19 Feline Serum (IgG) 120 
22 Canine* Oral 0 
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Canine* Rectal 0 
Feline‡ Oral 0 
Feline‡ Rectal 0 

23 Canine Serum (IgG) 28 

25 

Feline  Serum (IgG) 28 
Feline  Serum (IgG) 28 
Feline  Serum (IgG) 28 
Feline  Serum (IgG) 28 

27 Canine Serum (IgG) 28 
28 Canine Serum (IgG) 28 
32 Canine Serum (IgG) 28 
*Indicates samples are from the same canine  
‡Indicates samples are from the same feline 

  

4.3.4 Behavioral Interaction Questionnaire 

To date, we have collected 60% of behavioral questionnaires. We are currently 

missing behavioral data from 7 pets within 3 households positive for viral or antibody 

detection in one of more of the households’ pets; we are also missing behavioral data 

from 21 pets from 12 households negative for viral or antibody detection within the 

households’ pets. Continued collection is ongoing. 

4.4 Discussion  

With behavioral data collection still underway, we are currently unable to assess 

whether increased owner-animal interaction is associated with increased viral detection 

and increased seropositivity within household animals. Regarding the analysis of our 

collected specimens, we did not have any pets or households with specimens positive 

for both viral detection and antibody detection. However, we did have many more pets 
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who were seropositive (18 pets) compared to those with positive viral RNA detection (3 

pets). This could indicate several different possibilities: 1. Oral and rectal sample 

collection was mistimed for maximal viral shedding therefore limiting detection of virus 

following an infection, 2. Positive serology results developed following exposure to 

another household member who developed illness after the index household case, or 3. 

Very mild infections in animals resulted in minimal viral shedding and delayed 

antibody production.51 

Compared to other studies reported in the United States, Italy, and France, our 

study found a higher rate of SARS-CoV-2 seropositivity (46%) among pets in households 

with COVID-19 cases.46,48,50,52 Further, our 40% seropositivity rate in canines and 57% 

seropositivity rate in felines were higher than reported in most studies.47,48,52 Regarding 

viral detection, previous studies have found that canines and felines shed detectable 

viral RNA detected up to 14 and 19 days (respectively) post confirmatory testing on an 

index case.48,49,53,54  Within our study, the majority of oral and rectal swabs were 

completed on days 0 and 28 post owner detected illness. Of the day 0 samples collected, 

viral RNA was only detected in the oral and rectal samples for two animals (a dog and a 

cat) within the same household. Given that the majority of oral and rectal samples were 

collected on day 0 or day 28, we may have missed the peak viral shedding window with 

too early and too late sampling following owner-illness detection. The minority of our 

oral and rectal samples were taken between days 1 and 19.  Further, for the two pets 
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with day 0 viral detection, the return of negative serology results collected on 60, opens 

up the possibility that viral RNA present in the mouth and near the rectum of the pets 

could be due to interaction human owners (licking owners faces, and then licking their 

own rear ends) and present superficially rather than due to viral replication within the 

animal itself. 

Increased understanding of the immune response of household pets following 

SARS-CoV-2-exposire can help to inform policy surrounding the quarantine and 

isolation of pets exposed to SARS-CoV-2 who taken into shelters.55 Currently there exists 

limited guidance for reducing the initially recommended 14-day quarantine for exposed 

pets. Prolonged quarantine durations strain available resources and require space that is 

difficult to provide. Better understanding of the immune response in common 

household pet species could permit safe and widespread quarantine reduction. 

4.4.1 Limitations 

Our study has several limitations. First, pets were enrolled and sampled using 

convenience sampling. Household visits conducted by the study team were primarily 

conducted on a structured visit timeline to collect biological samples from ill or exposed 

household members enrolled in the larger MESSI study. Animal sampling depended on 

owner approval, animal availability and tolerability for the given procedure, and the 

presence of study personnel approved and trained to collect animal samples. As a result, 

the number and frequency of animal sample time points varied greatly. Second, our 
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study did not test animal samples from households negative for COVID-19. Given that 

serology analysis was done utilizing data lab-developed tests and controls, known-

negative serum samples should be obtained and sent in addition to several of our 

experimental samples as an internal validity check. Doing so can help to determine 

whether new positive/negative cut-offs are needed for appropriate categorization of 

sample results. Lastly, collecting missing pet-owner behavioral interaction information 

retrospectively can alter recall and potentially bias owner responses. Additionally, since 

initial data collection, owners’ interactions with their pets may have changed as a result 

of the pandemic and their increased awareness of disease spread. Behavior changes 

could include no longer allowing their pet to sleep on their bed, limiting pet licks to 

owners’ faces, etc. 

4.4.2 Next Steps 

To further assess the seropositivity rate we have seen thus far, we have resent 

our experimentally collected serum samples to be retested in addition to animal serum 

samples known to be negative for SARS-CoV-2 antibodies (obtained via North Carolina 

State University’s Vector-Borne Disease and Diagnostic Laboratory and collected prior 

to November 2019). The study team conducting the ELISA testing have been blinded as 

to whether a sample is an  experimentally collected serum samples or a  known negative 

serum sample. When those data are received, we will examine the OD values to assess 

the current positive/negative cutoffs and evaluate the need for cut-off modifications. In 
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addition to testing for anti-SARS-CoV-2 S protein IgG, the Weese lab will also test for the 

presence of anti-SARS-CoV-2 S protein IgM. Evaluating the resulting IgG and IgM data 

in conjunction can provide additional insight into the humoral response in pet dogs and 

cats. 

In addition to continuing to collect behavior interaction questionnaires from 

households, we have also begun collecting information regarding household prevention 

measures used while the owner was ill. This includes asking owners whether they 

isolated from their animal during illness as well as asking owners to categorize (regular 

interaction, restricted interaction, no interaction) and describe their level of interaction 

with their animal while sick. Ultimately, we aim to use logistic regression analysis to 

determine the association between various owner-pet behavioral interactions and 

positive detection of SARS-CoV-2 RNA or antibodies in an owner’s pets. 

Lastly, we plan to take a closer look at household-level transmission by 

comparing the illness timelines and testing timelines between all household members 

with biologic samples collected and their pets. This could provide insight into the level 

of illness exposure pets were experiencing (e.g., multiple household members ill at same 

time [single period of lots of viral shedding], or multiple household members ill in a 

serial fashion [prolonged period of low levels of viral shedding). This can provide 

additional context for the interpretation of the pet humoral data collected.  
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Chapter 5. Conclusion 
Respiratory viral infections are a major public health concern and exploring 

disease transmission in a variety of settings is crucial for the development surveillance 

frameworks which can be employed in the face of future, novel respiratory viral threats. 

In the first section, I characterized the distribution of respiratory viral illnesses on a 

college campus using an index-close contact cluster surveillance strategy. We found 

Rhinovirus followed by Coxsackie/Echovirus and seasonal Coronaviruses to be the most 

commonly detected viral pathogens in a pre-COVID college freshmen population. In the 

next section, I described the implementation of an environmental surveillance strategy 

for the detection of SARS-CoV-2 RNA in a classroom setting. While we were unable to 

evaluate the effectiveness of this strategy as intended due to a lack of COVID-19 cases in 

the school, we did develop facile methodologies that have promise for exploration as a 

detection strategy for respiratory viruses. In the last section, we described the sample 

collection and initial results from pets biologically surveyed in households with at least 

one member with known prior COVID-19 detection. While we found very few samples 

with positive viral detection, nearly 40% of tested serum samples tested positive for 

antibodies to SARS-COV-2. Overall, through the breadth of my work, I have 

demonstrated the some of the diverse ways in which we can monitor and detect 

respiratory viral disease transmission. Continued work in the area of detection and 

surveillance of respiratory viral illnesses is crucial for the development of improved and 
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novel testing strategies to reduce current disease transmission and reduce future 

respiratory viral disease burden.  
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Appendix A: Chapter 2 
Table A. 2:  A comparison of symptom days by severity across several of the 

yearly student cohorts, 2009-2010, 2010-2011, 2011-2012 

 



 

55 

 

Table A. 3: Participant Recall of Respiratory Illness on Close-Out Survey 
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Table A. 4: Evaluation of Index Case scores (Modified Jackson Score) by 
respiratory viral etiology. 
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Figure A. 1: Comparison of Reported vs Recalled Episodes of Illness Among 
Students from the 2009-2010 cohort. 
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Appendix B: Chapter 3 
 

GloGerm Survey Instructions 
 

1. Before any sample collection begins, a GloGerm experiment can be conducted to 
identify high-touch surfaces within participating classroom pods.  

2. Instructor should ask students to hold hands open and palm up 
3. Instructor can apply a nickel-sized amount of GloGerm gel to student’s hands 

a. Note: GloGerm Gel is lotion-based and non-staining  
4. Students should then rub their hands together as if rubbing in lotion, including 

back of hands, and then gently “scratch” their palm to assure gel reaches under 
nails as well 

5. Instructor can then shine UV light briefly over hands confirming how the gel 
fluoresces 

a. Students may be asked to hypothesize how this can be used to discover 
which classroom surfaces are touched most frequently, and hypothesize 
which surfaces might be the most touched 

6. Students should then go about usual classroom activities for the morning 
7. After a few hours of usual classroom activity, use UV light to illuminate various 

classroom surfaces – searching for the same fluorescence as seen on hands 
a. Students might keep a table/chart to record results of which surfaces 

fluoresce 
8. Experiment can be repeated with hand washing to see how well students do at 

cleaning hands 
a. Can try with water along, soap and water, or varying times 
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Environmental Sampling Instructions 
 

1. Duke Research Team will provide swab stick test kits, consisting of:  
a. Swab stick in self-contained test tube (pre-labeled) 
b. Sterile saline syringes (3 mL volume) 
c. Biohazard bag 

2. Environmental sampling would ideally occur near the end of a school day, before 
cleaning occurs 

3. Before sampling, students should be instructed to don gloves and wear a face 
shield 

a. Order of donning:  
i. Wash hands 

ii. Put on face shield or goggles 
iii. Put on gloves 

4. Under supervision of teaching staff, students should assure they have matched 
the correct tube label with the site they are sampling. 

a. Write any corrections onto the label, if needed 
5. Select 3-5 high-touch surfaces for sampling and record which surfaces are being 

sampled (see tables provided below):  
a. For bathrooms: door handle, sink faucet handles, toilet handle, others 
b. For classrooms: door handles, desktops, crate handles, floor, others 

6. Open tube containing the swab and add 1 syringe of sterile saline (about 3 mL) 
being careful not to touch either the swab or saline syringe onto any other 
surfaces when handling.  

7. Stir the swab around in the tube which now contains sterile saline in order to 
moisten it. 

8. Firmly run swab over each pre-selected high touch surfaces  
a. Use the tables below to check off which sites you sampled 

9. Return swab to provided tube (careful to avoid touching outside of tube)  
10. Place tube in biohazard bag and seal shut 
11. Deposit the tubes with collected environmental samples plus the tables you used 

to list which sites were sampled in larger red biohazard collection bag (to be 
provided by Duke team)  

12. Carefully remove personal protective equipment: 
a. Order of doffing:  

i. Remove gloves first (using “tent pinch” method to avoid touching 
skin)  



 

60 

ii. Wash hands 
iii. Don a new pair of gloves 
iv. Remove face shield by leaning forward, grasping headband 

behind head, and lifting shield away from face 
v. Clean face shield with disinfectant wipe while still wearing gloves 

vi. If face shield has residue from disinfectant, let dry first then wipe 
off with either alcohol prep pads or water on a paper towel  

vii. Remove gloves (using “tent pinch” method to avoid touching 
skin)  

viii. Wash hands again 
13. Duke Research Team will pick up the environmental samples the same afternoon 

they are collected, for transport to refrigerated storage with the Woods lab.  
a. Duke Team will transport samples within cooler with ice 
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Environmental (Classroom) Sampling Checklist Provided to Students 

Choose between 3-5 high touch surfaces for sampling and check those used on this list. 
You can submit the list along with your samples for each pod.  
 

Grade: _________      Pod: ____________________    Date: ___/___/______ 

Classroom Samples 

Site Sampled? 

Desktop(s) □ 
Back of chair(s) □ 
Storage crate handle(s) □ 
Door handle(s) □ 
Floor □ 
Other Surface: □ 
Other Surface: □ 
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Appendix C: Chapter 4  
 

Table C. 1: Households with One or More Positive Samples, Complete Animal 
and Sample Listing by Household 

Household 1 
Animal(s) in 
Household 

Day Sample Type Result 

Feline 

0 Oral Negative 
3 Oral Negative 
7 Oral Negative 
28 Oral Negative 
60 Oral Negative 
60 Rectal Negative 
180 Serum (IgG) Positive 

Household 3 
Animal(s) in 
Household 

Day Sample Type Result 

Canine 
0 Oral Negative 
120 Serum (IgG) Negative 

Feline 
0 Oral Negative 
120 Serum (IgG) Negative 

Feline 
0 Oral Negative 
120 Serum (IgG) Positive 

Household 5 
Animal(s) in 
Household 

Day Sample Type Result 

Feline 
0 Oral Negative 
28 Oral Negative 
28 Rectal Negative 

Canine 

0 Oral Negative 
28 Oral Negative 
28 Rectal Negative 
28 Serum Negative 

Canine 
0 Oral Negative 
28 Oral Negative 
28 Rectal Positive 

Household 7 
Animal(s) in Day Sample Type Result 
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Household 

Canine 

7 Oral Negative 
21 Oral Negative 
21 Rectal Negative 
28 Oral Negative 
28 Rectal Negative 
120 Serum  (IgG) Positive 

Household 9 
Animal(s) in 
Household 

Day Sample Type Result 

Canine 

0 Oral Negative 
28 Oral Negative 
28 Rectal Negative 
120 Serum (IgG) Positive 

Household 10 
Animal(s) in 
Household 

Day Sample Type Result 

Canine 

0 Oral Negative 
21 Oral Negative 
21 Rectal Negative 
120 Serum Positive 

Canine 

0 Oral Negative 
21 Oral Negative 
21 Rectal Negative 
120 Serum Negative 

Household 11 
Animal(s) in 
Household 

Day Sample Type Result 

Feline 

7 Oral Negative 
7 Rectal Negative 
28 Oral Negative 
28 Rectal Negative 
120 Serum (IgG) Positive 

Household 14 
Animal(s) in 
Household 

Day Sample Type Result 

Canine 
14 Oral Negative 
14 Rectal Negative  
28 Oral Negative 
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28 Rectal  Negative  
120 Serum (IgG) Positive 

Canine 

14 Oral Negative 
14 Rectal Negative 
28 Oral Negative 
28 Rectal Negative 
120 Serum (IgG) Positive 

Canine 

14 Oral Negative 
14 Rectal  Negative 
28 Oral Negative 
28 Rectal  Negative 
120 Serum (IgG) Negative 

Household 15 
Animal(s) in 
Household 

Day Sample Type Result 

Canine 

0 Oral Negative 
0 Rectal Negative 
28 Oral Negative 
28 Rectal  Negative 
180 Serum Positive 

Canine 
0 Oral Negative 
28 Oral Negative 

Household 19 
Animal(s) in 
Household Day Sample Type Result 

Feline 
0 Oral Negative 
0 Rectal Negative  
120 Serum (IgG) Positive 

Feline 
0 Oral Negative 
0 Rectal Negative 
120 Serum (IgG) Negative 

Canine 
0 Oral Negative 
0 Rectal  Negative 
120 Serum (IgG) Negative 

Household 22 
Animal(s) in 
Household 

Day Sample Type Result 

Feline 
0 Oral Positive 
0 Rectal Positive 
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60 Serum (IgG) Negative 

Canine 
0 Oral Positive 
0 Rectal Positive 
60 Serum (IgG) Negative 

Household 23 
Animal(s) in 
Household 

Day Sample Type Result 

Canine 

3 Oral Negative 
3 Rectal Negative 
28 Oral Negative 
28 Rectal Negative 
28 Serum (IgG) Positive 

Household 25 
Animal(s) in 
Household 

Day Sample Type Result 

Feline B 
7 Oral Negative 
28 Oral  Negative  
28 Serum (IgG) Positive 

Feline C 7 Oral Negative 

Feline D 
7 Oral Negative 
28 Oral  Negative 
28 Serum (IgG) Positive 

Feline E 7 Oral Negative 
Feline F 7 Oral Negative 

28 Oral Negative 
28 Rectal  Negative 
28 Serum (IgG) Positive 

Feline G 7 Oral Negative 
7 Oral  Negative 
28 Serum (IgG) Negative 

Feline H 28 Oral Negative 
28 Serum (IgG) Positive 

Household 27 
Animal(s) in 
Household 

Day Sample Type Result 

Canine 
0 Oral Negative 
28 Oral Negative 
28 Serum (IgG) Positive 

Household 28 
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Animal(s) in 
Household Day Sample Type Result 

Canine 
0 Oral Negative 
28 Oral Negative 
28 Serum (IgG) Positive 

Household 32 
Animal(s) in 
Household 

Day Sample Type Result 

Canine 

0 Oral Negative 
0 Rectal Negative  
28 Oral Negative  
28 Rectal Negative 
28 Serum (IgG) Positive 

Canine 
0 Oral Negative 
28 Oral Negative 
28 Rectal Negative 

Canine 
0 Oral Negative 
28 Oral Negative 
28 Rectal Negative 

Canine 
28 Oral Negative 
28 Rectal  Negative 
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