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ABSTRACT
Background: Understanding routes of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) transmission in long-term care facilities is essential for the development of effective 
control measures. 

Methods: Between March 1, 2020, and August 31, 2023, we identified coronavirus disease 2019 
(COVID-19) cases among residents and employees in a Veterans Affairs community living center 
that conducted routine screening for asymptomatic COVID-19. Contact tracing was conducted to 
identify suspected transmission events, and whole genome sequencing was performed to deter-
mine the relatedness of SARS-CoV-2 samples. 

Results: During the 42-month study period, 269 cases of COVID-19 were diagnosed, including 
199 employees and 70 residents. A total of 48 (24.1%) employees and 30 (42.9%) residents were 
asymptomatic. Sequencing analysis provided support for multiple events in which employees 
transmitted SARS-CoV-2 to co-workers and residents. There was 1 episode of likely transmission 
of SARS-CoV-2 from one resident to another resident, but no documented transmissions from 
residents to employees. 

Conclusions: Transmission of SARS-CoV-2 in the community living center predominantly 
involved transmission from employees to co-workers and residents. There is a need for improved 
measures to prevent transmission of SARS-CoV-2 by healthcare personnel.
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INTRODUCTION
Nursing home residents and employees have been substantially impacted by the coronavirus dis-
ease 2019 (COVID-19) pandemic [1]. Preventing severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) infections in nursing home residents is a priority because factors such as age, 
frailty, and comorbid illnesses place them at high risk for adverse outcomes [2]. Pre-symptomat-
ic and asymptomatic individuals may contribute substantially to transmission in long-term care 
facilities [3–8]. Therefore, in addition to other control measures, serial testing of asymptomatic 
employees and residents has been recommended in outbreak settings [9]. Efforts to assess and 
remediate deficiencies in ventilation are also recommended as some COVID-19 outbreaks in 
nursing homes have been attributed in part to suboptimal ventilation [10–13]. 

Although transmission of SARS-CoV-2 among employees, residents, and visitors is often sus-
pected in long-term care settings, the source of acquisition is often uncertain. Whole genome 
sequencing is a valuable tool that can complement contact tracing investigations of suspected 
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transmission events [14]. However, the use of whole genome sequencing has been reported in 
relatively few investigations of SARS-CoV-2 transmission in nursing homes, and most were 
conducted during early stages of the pandemic [3, 6–9]. In these previous studies, sequencing 
provided evidence of SARS-CoV-2 transmission from employees and visitors in nursing homes 
to residents [3, 6–9]. Additional investigations that include sequencing are needed to examine 
current routes of transmission in nursing homes, including the potential for nursing home res-
idents to transmit SARS-CoV-2 to other residents or staff. In the current study, we performed 
contact tracing and whole genome sequencing to investigate transmission of SARS-CoV-2 over a 
42-month period in a Veterans Affairs community living center. Carbon dioxide monitoring was 
used to assess ventilation in the community living center. 

METHODS

Setting
The VA Northeast Ohio Healthcare System includes a 215-bed acute-care hospital and an adja-
cent 174-bed community living center. The community living center provides skilled nursing and 
rehabilitative care. Four of the 6 community living center units occupy 4 floors of a building con-
nected to the main hospital [8]. During the study period, all community living center residents 
were tested for SARS-CoV-2 by nasopharyngeal swab reverse transcriptase polymerase chain 
reaction (RT-PCR) prior to admission; during their stay, residents were tested by antigen once 
or twice each week if asymptomatic and by RT-PCR if respiratory symptoms occurred or if they 
had a high-risk exposure to COVID-19. Residents testing positive for SARS-CoV-2 were trans-
ferred to the hospital for the duration of isolation. Visitation was restricted throughout the facility 
during the initial 2 years of the pandemic and then during outbreak periods on individual wards. 

Employees working in the community living center were required to wear medical procedure 
masks while in the community living center unless alone in a workspace behind closed doors, and 
they were screened once or twice weekly for COVID-19 by antigen testing. Prior to March 2023, 
it was recommended that employees eat meals alone at their desks and not sit together during 
break periods. Employees were asked to report any respiratory symptoms, and if symptoms devel-
oped, they were tested by RT-PCR and excluded from work until the results were available. 

Contact Tracing Investigations
The study protocol was approved by the Cleveland VA Medical Center’s Institutional Review 
Board with a waiver of informed consent. Between March 1, 2020, and August 31, 2023, we 
identified COVID-19 cases among residents and employees in the community living center. The 
Infection Control Department conducted contact tracing in accordance with Centers for Disease 
Control and Prevention (CDC) recommendations [15]. Higher-risk exposures were defined as 
15 minutes or more of continuous or cumulative contact within 6 feet without wearing both a 
facemask and eye protection that occurred within 2 days before symptom onset through the time 
when the source individual met the criteria for discontinuation of transmission-based precautions 
[15]. Contacts within 6 feet but for less than 15 minutes or while wearing both a facemask and eye 
protection were classified as lower-risk exposures [14, 16]. Asymptomatic employees or residents 
were offered testing if they were identified as being at risk through contact tracing investigations. 
In clusters with 3 or more cases, surveillance nasopharyngeal swab testing was conducted for all 
residents and employees on a unit. 
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All available nasopharyngeal swab specimens with RT-PCR cycle threshold of 35 or less were 
included in the sequencing analysis. Infection control records were reviewed to identify clusters 
of 3 or more COVID-19 cases on each ward in which nosocomial transmission was suspected 
based on contact tracing. Given that many employees worked on more than 1 ward in the facility, 
we hypothesized that transmission events would not be isolated to individual wards. Therefore, 
we examined the relatedness of sequenced respiratory samples on different wards during the 
same period to assess for potential transmission events that were not initially suspected based on 
contact tracing. 

Sequencing
Sequencing was performed as previously described [17]. RNA was extracted from positive na-
sopharyngeal swab specimens with the QIAamp Viral RNA Mini Kit (Qiagen) according to the 
manufacturer’s instructions. After cDNA synthesis libraries for SARS-CoV-2 genomic sequencing 
were prepared using the COVIDSeq assay (Illumina), and using the Artic V4 primers. NextSeq 
Mid Output reagent kit v2 (Illumina) was used for sequencing with a read length of 2 x 150 bp on 
an Illumina NextSeq550 (Illumina).

Sequencing Data Analysis
The raw sequencing data FASTQ file was uploaded to the BaseSpace sequence hub and a consen-
sus FASTA file was generated with SARS-CoV-2 reference sequence (NC_045512.2 SARS-CoV-2 
Wuhan-Hu-1, complete genome) using the DRAGEN COVID lineage App (Illumina) with de-
fault parameter. Stringent filtering criteria were used including only specimens with a minimum 
coverage of 95% or higher and 1000x median coverage depth in the final analysis. The clades were 
determined using Nextcladebeta (Version: 0.14.2) (https://clades.nextstrain.org/). The lineage was 
determined using the Pangolin tool (https://cov-lineages.org/resources/pangolin.html).

The consensus FASTA files were downloaded and processed through Bionumerics 7.6 (Applied 
Maths) for cluster and single nucleotide polymorphism (SNP) analysis. The SARS-CoV-2 plugin 
tool was used to analyze the SARS-CoV-2 genomic sequences. Sequences were analyzed for SNP 
differences relative to the NCBI reference sequence for SARS-CoV-2 (NC_045512). Sequences 
with <2 SNP differences were considered related if they belonged to the same clade. Sequences 
with 3 to 4 SNP differences were deemed to be possibly related if contact tracing indicated a plau-
sible transmission event, and the sequences were of the same clade designation [14]. Using the 
advanced clustering tools, a similarity matrix was calculated based on the similarity coefficient 
between the isolates. The results of the similarity matrix were then used as input data in the com-
plete linkage clustering algorithm to generate dendrograms and calculate SNP differences. Only 
samples that met our stringent filtering criteria were used to generate the dendrograms. 

Carbon Dioxide Monitoring to Assess Adequacy of Ventilation
Carbon dioxide monitoring was performed as previously described using an IAQ-MAX COW 
Monitor and Data Logger (CO2Meter, Inc) [18]. At nursing stations on 2 wards and in a large 
physical therapy area used by all wards of the community living center, carbon dioxide levels 
were continuously monitored and recorded every minute over 12 hours from 7 AM to 5 PM. The 
peak number of people present in these locations during monitoring was recorded. Additional 
readings were obtained over 20-minute to 60-minute periods in resident rooms (N=3), hallways 
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on 3 wards, a conference room, lunchroom, and the main elevators. Carbon dioxide levels were 
recorded every minute. The readings in the conference room were recorded during a routine edu-
cational conference with 12 attendees. The readings in the elevators were recorded during routine 
elevator operation. For the resident room assessments, only study staff were present in the rooms; 
2 staff members remained in the rooms with the doors closed. Based on recommendations from 
the Centers for Disease Control and Prevention (CDC), carbon dioxide readings above 800 ppm 
were considered an indicator of suboptimal ventilation requiring intervention [18, 19]. When 
available, the expected air changes per hour (ACH) based on design specifications were recorded 
for the areas or rooms where carbon dioxide readings were taken. 

RESULTS

Contact Tracing Investigations
During the 42-month study period, 70 residents and 199 employees in the community living 
center were diagnosed with COVID-19 (Figure 1). Of the 199 employees, 104 (52.3%) were 
nurses, 46 (23.1%) were nursing assistants, 7 (3.5%) were physicians or physician’s assistants, and 
42 (21.1%) were ancillary staff. Of the 199 employees, 48 (24.1%) were asymptomatic and 151 
(75.9%) were pre-symptomatic or symptomatic. In several cases, employees worked when they 
had mild respiratory symptoms that they initially attributed to other causes such as allergies, and 
subsequently were tested after their symptoms worsened. Of the 70 residents, 30 (42.9%) were 
asymptomatic and 40 (57.1%) were pre-symptomatic or symptomatic. Two residents died due to 
COVID-19 infection, and 2 additional residents had prolonged intensive care unit admissions 
for COVID-19. The peak in cases in the facility occurred from December 2021 through January 
2022, coinciding with a surge of omicron variant BA.1.1 in Northeast Ohio. 

During the study, the Infection Control Department investigated 15 ward-based clusters that 
involved 3 or more cases of COVID-19 (range, 3 to 13 cases) with suspected transmission among 
employees and/or residents. Eight of 15 (53.3%) clusters involved both residents and employees. 
In 6 of these clusters, transmission from infected employees to residents was suspected as employ-
ees on the same ward were diagnosed with COVID-19 within the 2 weeks prior to the resident 
cases; in 4 of these clusters, transmission from residents to employees was suspected as employees 
were exposed to infected residents prior to their COVID-19 diagnosis. Seven of the clusters only 
involved employees. Of the 15 clusters investigated, 4 were on unit 1, 3 were on unit 2, 4 were on 
unit 3 (ie, a dementia unit), 2 were on unit 4, and 2 were on unit 5. In 8 of the clusters, 1 or more 
infected employees worked on multiple units of the community living center. 
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2020   2021  2022                2023

Figure 1. Timeline showing coronavirus disease 2019 (COVID-19) cases diagnosed in employees and 
residents in a community living center.

Sequencing Analysis
Of 143 samples submitted for sequencing, 72 (50.3%) with cycle threshold values of 35 or lower 
had minimum coverage of 95% and 1000x median coverage depth and were included in the anal-
ysis. Figure 2 provides dendrograms displaying the SNP differences between the viral sequences 
divided into periods during the pandemic when viruses with distinct lineages were detected, 
including B.1.2 (pre-delta), delta, and omicron lineages BA.1.1, BA.2, BA.4, BA.5/BE/BF, and BQ. 
Of the 15 ward-based clusters identified by contact tracing, 10 had 2 or more sequencing results 
associated with suspected transmission events available for analysis. Of these 10 clusters, 8 (80%) 
had sequencing results that provided evidence supporting SARS-CoV-2 transmission between 1 
or more individuals.
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Figure 2A (B.1.2 [n=13])
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Figure 2C (Omicron BA.1.1 [n=22]) 
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Figure 2D (Omicron BA.2 [n=3]) 
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Figure 2E (Omicron BA.4 [n=2]) 

Figure 2F (Omicron BA.5, BE, BF [n=24]) 
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Figure 2G (Omicron BQ [n=3]) 

Figure 2. Dendrogram displaying the single nucleotide polymorphism differences between severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral sequences of residents and employees 
of a community living center diagnosed with coronavirus disease 2019 (COVID-19). (A) B.1.2 lineage; 
(B) delta lineage; (C) BA.1.1 omicron lineage; (D) BA.2 omicron lineage; (E) BA.4 omicron lineage; (F) 
BA.5, BE, and BF omicron lineages; and (G) BQ omicron lineage. The Wuhan-Hu-1 reference genome is 
shown for comparison. The dates indicate the date of the positive test result. Ward numbers indicate wards 
1 through 5. The labels shown in bold text in panels A and C indicate the employees and residents shown 
in Figure 3A and 3B, respectively. E, employee; R, resident.

During the study period, there were 2 outbreaks with multiple transmission events that involved 
more than 1 floor of the community living center. For these outbreaks, sequencing analysis con-
firmed relatedness of many but not all the SARS-CoV-2 viruses from COVID-19 cases suspected 
to be linked based on contact tracing. Figure 3 provides a timeline for the 2 outbreaks showing 
only the SARS-CoV-2 samples that were genetically related; these samples are indicated in bold 
text in Figure 2A (labeled employees [E] 1-3 and residents [R] 1-2) and Figure 2C (labeled em-
ployees [E] 1-13 and residents [R] 1-2). In cluster A (Figure 3A), 2 employees on ward 2 with 
high-risk exposures to one another were diagnosed with COVID-19 on 12/2/20 and 12/3/20 and 
had related B.1.2 lineage sequences; 1 was symptomatic and the other was pre-symptomatic. Two 
residents on the ward that received care from 1 or both employees were subsequently diagnosed 
with COVID-19 and had related sequences; 1 was symptomatic and the other was asymptomatic. 
These residents had high risk contacts with one another. Sequencing analysis demonstrated that 
an employee on another ward (ward 1) was infected with a related B.1.2 lineage virus; this indi-
vidual had a low-risk exposure to 1 of the infected employees on ward 2.

Figure 3B provides a timeline for the second outbreak which was due to omicron BA.1.1 lineage 
SARS-CoV-2. For the 3 involved wards, contact tracing investigations at the time of the outbreak 
were restricted to individual wards, whereas sequencing demonstrated that all the wards had 
multiple infections with genetically related SARS-CoV-2. Of the 13 infected employees, 8 had 
jobs that required them to work on multiple wards (eg, physical therapy, pharmacy, environmen-
tal services, food service, and nursing assistant). Two residents on ward 3 were diagnosed with 
COVID-19 on 1/1/21; both had received care by 1 or more infected employees. The residents did 
not have contact with one another. 
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For multiple suspected transmission events based on contact tracing, sequencing demonstrated 
that the viruses were unrelated. For example, 2 suspected transmissions of delta variants (Figure 
2B) based on contact tracing (resident 9/24/21 to employee 10/1/21 and employee 12/2/21 to em-
ployee 12/8/20) were demonstrated to be unrelated based on sequencing. 

After the initial surge of omicron lineage infections in December and January 2021, multiple omi-
cron lineages were detected (Figure 2D-2G). Based on contact tracing and sequencing, there were 
2 episodes of transmission from employees to residents (employee 7/13/22 to resident 7/19/22 
and employee 9/1/22 to resident 9/9/22) and a resident-to-resident transmission (resident 9/9/22 
to resident 9/21/22). (Figure 2F). However, in most cases of suspected transmission based on 
contact tracing, the viruses were not genetically related based on sequencing. During this period, 
there were no restrictions on visitation except in outbreak situations. There were 2 episodes of 
suspected transmission from family members to residents, but samples were not available from 
family members to assess genetic relatedness. 

Carbon Dioxide Monitoring to Assess Adequacy of Ventilation
Carbon dioxide levels remained below 800 ppm in all sites tested. The peak carbon dioxide levels 
recorded over 10 hours in the nursing stations and physical therapy area were 468 and 548 ppm, 
respectively. The peak number of people in those areas were 7 and 16, respectively. In the confer-
ence room with 12 people present, carbon dioxide levels rose modestly as attendees entered the 
room peaking at 649 ppm. In resident rooms with 2 occupants, the peak carbon dioxide level was 
610 ppm. 

The expected ACH based on design specifications was 6 for resident rooms and 16 for the confer-
ence room. Specific ACH were not available for other sites in the facility, but engineering stated 
that 6 or more ACH would be expected for other occupied areas. 

Figure 3A (B.1.2 lineage) 
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Figure 3B (BA.1.1 lineage) 
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Figure 3. Timeline for 2 of the coronavirus disease 2019 (COVID-19) clusters. (A) Cluster of B.1.2 
lineage infections; (B) Multiple ward cluster of BA.1.1 omicron lineage infections. Only the related (<2 
single nucleotide polymorphism differences) severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) samples are shown. Vertical lines connecting rectangles indicate employees working on multiple 
wards. E, employee; R, resident.

DISCUSSION
During the 42-month study period, our infection control program conducted contact tracing 
investigations of multiple ward-level clusters of COVID-19. These investigations suggested that 
employees with COVID-19 were the major source of transmission to co-workers and residents. 
Sequencing analysis provided support for multiple transmission events between co-workers and 
from employees to residents. We identified one episode of likely transmission of SARS-CoV-2 
from one resident to another, but there were no documented transmissions from residents to em-
ployees. Our findings are consistent with previous studies that identified nursing home employ-
ees as a primary source of transmission of SARS-CoV-2 to co-workers and residents [3, 6, 7, 9]. 
Healthcare employees in hospital and outpatient settings have also been implicated as a frequent 
source of transmission to co-workers [14].

Many healthcare personnel are concerned about the risk for acquisition of SARS-CoV-2 and oth-
er respiratory pathogens from patients or nursing home residents. During the study, there were 
several clusters in which transmission from nursing home residents to personnel was suspected 
based on contact tracing. However, in each of these clusters, sequencing analysis demonstrated 
that employees were infected with viruses that were unrelated to those infecting residents they 
cared for with prior infections. These findings highlight the value of sequencing analysis in con-
firming or refuting transmission in settings where there are multiple potential sources of expo-
sure (ie, nursing home employees may acquire infection in the community or in the facility from 
co-workers or residents or visitors). Our results suggest that transmission from nursing home 
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residents to employees may be uncommon in settings with adequate infection control measures 
in place (eg, employee masking for all interactions with residents, adequate ventilation). Several 
factors may have reduced the risk for resident to staff transmission in our facility. These include 
regular screening of residents for respiratory symptoms and fever, admission and weekly or 
twice-weekly RT-PCR or antigen testing, and transfer of infected symptomatic or asymptomatic 
residents to the hospital [8]. These control measures were instituted based on nationwide guid-
ance from the Department of Veterans Affairs for community living centers [8].

One notable finding from our study was that outbreaks often involved multiple wards. Although 
contact tracing investigations focused on individual wards, sequencing analysis demonstrated 
that concurrent outbreaks on different wards were often due to genetically related variants of 
SARS-CoV-2. Many employees had jobs that required them to work on multiple wards. In some 
cases, such individuals were implicated as a potential vector for transmission between wards. 
Previous sequencing studies have demonstrated that transmission of other pathogens in nursing 
homes and hospitals often occurs in the absence of shared ward exposure [20–22]. For example, 
in our community living center, sequencing analysis demonstrated potential transmission of 
Clostridioides difficile from residents with asymptomatic carriage on 1 ward to residents on other 
wards who developed C. difficile infection [20]. 

Indoor areas with suboptimal ventilation pose a risk for airborne transmission of SARS-CoV-2 
and other respiratory viruses [18]. In several nursing home outbreaks of COVID-19, inadequate 
ventilation has been identified as a potential contributing factor [10–13]. Based on carbon diox-
ide monitoring and a review of available information on air changes per hour, the ventilation in 
our community living center is sufficient to minimize the risk for airborne transmission [23, 24]. 
However, it should be noted that the air changes per hour in resident rooms in our facility (6 per 
hour) exceed the requirements for resident rooms in nursing homes (2 air changes per hour) [25]. 
The CDC recently recommended that all buildings upgrade ventilation systems to aim for at least 
5 air changes each hour with minimum efficiency reporting value (MERV)-13 filters [23, 24]. 
However, the proportion of nursing homes that have improved ventilation systems to meet these 
recommendations is not known. Therefore, additional studies are needed to assess ventilation in 
other nursing homes.

Our study has several limitations. Only a subset of the cases had samples available for sequencing 
analysis, and many samples did not meet the stringent requirements for quality of sequencing. We 
did not sequence control samples from hospital employee and patient samples. Thus, we cannot 
be certain that some of the transmission events did not represent concurrent acquisition of related 
viruses widely circulating in the community or in the hospital. It is possible that we underestimated 
the sequence relatedness because we used stringent coverage metrics and Bionumerics 7.6 phylo-
genetic tree methodologies for concurrence. Finally, it is plausible that routes of transmission of 
SARS-CoV-2 might differ for nursing homes with less stringent infection control measures in place. 

CONCLUSION
Contact tracing and sequence analysis suggested that transmission of SARS-CoV-2 in the com-
munity living center predominantly involved transmission from employees to co-workers and 
residents. There is a need for improved measures to prevent transmission of SARS-CoV-2 by 
healthcare personnel in nursing homes.

https://www.paijournal.com/index.php/paijournal


www.PaiJournal.com

Pathogens and Immunity - Vol 9, No 1 104

FUNDING
This work was supported by a grant from the Office of Research and Development of the United 
States Department of Veterans Affairs as part of funding for VASeqCURE, which in turn received 
funding from the American Rescue Plan Act funds.

POTENTIAL CONFLICTS OF INTEREST
C.J.D. has received research funding from Clorox and Pfizer. All other authors report no potential 
conflicts. 

REFERENCES
1. Henriques HR, Sousa D, Faria J, Pinto J, Costa A, Henriques MA, Durao MC. Learn-

ing from the covid-19 outbreaks in long-term care facilities: a systematic review. BMC 
Geriatr. 2023;23(1):618. doi: 10.1186/s12877-023-04319-w. PubMed PMID: 37784017; 
PMCID: PMC10546730.

2. Lutgring JD, Tobolowsky FA, Hatfield KM, Lehnertz NB, Sullivan MM, Martin KG, 
Keaton A, Sexton DJ, Tamin A, Harcourt JL, Thornburg NJ, Reddy SC, Jernigan JA. 
Evaluating the Presence of Replication-Competent Severe Acute Respiratory Syn-
drome Coronavirus 2 (SARS-CoV-2) From Nursing Home Residents With Persistently 
Positive Reverse Transcription Polymerase Chain Reaction (RT-PCR) Results. Clin 
Infect Dis. 2022;74(3):525-8. doi: 10.1093/cid/ciab436. PubMed PMID: 33988220; PM-
CID: PMC8194652.

3. Gallichotte EN, Quicke KM, Sexton NR, Fitzmeyer E, Young MC, Janich AJ, Dobos K, 
Pabilonia KL, Gahm G, Carlton EJ, Ebel GD, Ehrhart N. Early Adoption of Longitu-
dinal Surveillance for SARS-CoV-2 among Staff in Long-Term Care Facilities: Prev-
alence, Virologic and Sequence Analysis. Microbiol Spectr. 2021;9(3):e0100321. doi: 
10.1128/Spectrum.01003-21. PubMed PMID: 34756092; PMCID: PMC8579921.

4. Kimball A, Hatfield KM, Arons M, James A, Taylor J, Spicer K, Bardossy AC, Oakley 
LP, Tanwar S, Chisty Z, Bell JM, Methner M, Harney J, Jacobs JR, Carlson CM, Mc-
Laughlin HP, Stone N, Clark S, Brostrom-Smith C, Page LC, Kay M, Lewis J, Russell 
D, Hiatt B, Gant J, Duchin JS, Clark TA, Honein MA, Reddy SC, Jernigan JA, Pub-
lic Health S, King C, Team CC-I. Asymptomatic and Presymptomatic SARS-CoV-2 
Infections in Residents of a Long-Term Care Skilled Nursing Facility - King County, 
Washington, March 2020. MMWR Morb Mortal Wkly Rep. 2020;69(13):377-81. doi: 
10.15585/mmwr.mm6913e1. PubMed PMID: 32240128; PMCID: PMC7119514.

5. Dora AV, Winnett A, Jatt LP, Davar K, Watanabe M, Sohn L, Kern HS, Graber CJ, 
Goetz MB. Universal and Serial Laboratory Testing for SARS-CoV-2 at a Long-Term 
Care Skilled Nursing Facility for Veterans - Los Angeles, California, 2020. MMWR 
Morb Mortal Wkly Rep. 2020;69(21):651-5. doi: 10.15585/mmwr.mm6921e1. PubMed 
PMID: 32463809; PMCID: PMC7269604.

6. Arons MM, Hatfield KM, Reddy SC, Kimball A, James A, Jacobs JR, Taylor J, Spicer K, 
Bardossy AC, Oakley LP, Tanwar S, Dyal JW, Harney J, Chisty Z, Bell JM, Methner M, 
Paul P, Carlson CM, McLaughlin HP, Thornburg N, Tong S, Tamin A, Tao Y, Uehara 
A, Harcourt J, Clark S, Brostrom-Smith C, Page LC, Kay M, Lewis J, Montgomery P, 

https://www.paijournal.com/index.php/paijournal
http://dx.doi.org/10.1186/s12877-023-04319-w
http://dx.doi.org/10.1093/cid/ciab436
http://dx.doi.org/10.1128/Spectrum.01003-21
http://dx.doi.org/10.15585/mmwr.mm6913e1
http://dx.doi.org/10.15585/mmwr.mm6921e1


www.PaiJournal.com

Pathogens and Immunity - Vol 9, No 1 105

Stone ND, Clark TA, Honein MA, Duchin JS, Jernigan JA, Public H-S, King C, Team 
CC-I. Presymptomatic SARS-CoV-2 Infections and Transmission in a Skilled Nursing 
Facility. N Engl J Med. 2020;382(22):2081-90. doi: 10.1056/NEJMoa2008457. PubMed 
PMID: 32329971; PMCID: PMC7200056.

7. Sexton NR, Cline PJ, Gallichotte EN, Fitzmeyer E, Young MC, Janich AJ, Pabilonia KL, 
Ehrhart N, Ebel GD. SARS-CoV-2 entry into and evolution within a skilled nursing 
facility. Sci Rep. 2023;13(1):11657. doi: 10.1038/s41598-023-38544-5. PubMed PMID: 
37468595; PMCID: PMC10356950.

8. Dousa KM, Hmiel L, Klonowski B, Zabarsky TF, Pyatt K, Stiefel U, Donskey CJ, Jump 
RL. Containment of COVID-19 outbreak at a veterans affairs community living center. 
J Infect Prev. 2023;24(3):132-6. doi: 10.1177/17571774231158205. PubMed PMID: 
37051307; PMCID: PMC9950029.

9. Taylor J, Carter RJ, Lehnertz N, Kazazian L, Sullivan M, Wang X, Garfin J, Diekman 
S, Plumb M, Bennet ME, Hale T, Vallabhaneni S, Namugenyi S, Carpenter D, Turn-
er-Harper D, Booth M, Coursey EJ, Martin K, McMahon M, Beaudoin A, Lifson A, 
Holzbauer S, Reddy SC, Jernigan JA, Lynfield R, Minnesota Long-Term Care C-RG. 
Serial Testing for SARS-CoV-2 and Virus Whole Genome Sequencing Inform Infec-
tion Risk at Two Skilled Nursing Facilities with COVID-19 Outbreaks - Minnesota, 
April-June 2020. MMWR Morb Mortal Wkly Rep. 2020;69(37):1288-95. doi: 10.15585/
mmwr.mm6937a3. PubMed PMID: 32966272; PMCID: PMC7498172.

10. de Man P, Paltansing S, Ong DSY, Vaessen N, van Nielen G, Koeleman JGM. Outbreak 
of Coronavirus Disease 2019 (COVID-19) in a Nursing Home Associated With Aero-
sol Transmission as a Result of Inadequate Ventilation. Clin Infect Dis. 2021;73(1):170-
1. doi: 10.1093/cid/ciaa1270. PubMed PMID: 32857130; PMCID: PMC7499506.

11. Hurrass J, Golmohammadi R, Bujok S, Bork M, Thelen F, Wagner P, Exner D, Schon-
feld C, Hornei B, Kampf G, Exner M. Explosive COVID-19 outbreak in a German 
nursing home and the possible role of the air ventilation system. J Hosp Infect. 
2022;130:34-43. doi: 10.1016/j.jhin.2022.09.013. PubMed PMID: 36179793; PMCID: 
PMC9513403.

12. Vuylsteke B, Cuypers L, Baele G, Stranger M, Paralovo SL, Andre E, Dirks J, Maes P, 
Laga M. The role of airborne transmission in a large single source outbreak of SARS-
CoV-2 in a Belgian nursing home in 2020. Epidemics. 2022;40:100589. doi: 10.1016/j.
epidem.2022.100589. PubMed PMID: 35691101; PMCID: PMC9162781.

13. Jutkowitz E, Shewmaker P, Reddy A, Braun JM, Baier RR. The Benefits of Nursing 
Home Air Purification on COVID-19 Outcomes: A Natural Experiment. J Am Med 
Dir Assoc. 2023;24(8):1151-6. doi: 10.1016/j.jamda.2023.05.026. PubMed PMID: 
37385591; PMCID: PMC10247880.

14. Jinadatha C, Jones LD, Choi H, Chatterjee P, Hwang M, Redmond SN, Navas ME, 
Zabarsky TF, Bhullar D, Cadnum JL, Donskey CJ. Transmission of SARS-CoV-2 in In-
patient and Outpatient Settings in a Veterans Affairs Health Care System. Open Forum 
Infect Dis. 2021;8(8):ofab328. doi: 10.1093/ofid/ofab328. PubMed PMID: 34426792; 
PMCID: PMC8344547.

https://www.paijournal.com/index.php/paijournal
http://dx.doi.org/10.1056/NEJMoa2008457
http://dx.doi.org/10.1038/s41598-023-38544-5
http://dx.doi.org/10.1177/17571774231158205
http://dx.doi.org/10.15585/mmwr.mm6937a3
http://dx.doi.org/10.15585/mmwr.mm6937a3
http://dx.doi.org/10.1093/cid/ciaa1270
http://dx.doi.org/10.1016/j.jhin.2022.09.013
http://dx.doi.org/10.1016/j.epidem.2022.100589
http://dx.doi.org/10.1016/j.epidem.2022.100589
http://dx.doi.org/10.1016/j.jamda.2023.05.026
http://dx.doi.org/10.1093/ofid/ofab328


www.PaiJournal.com

Pathogens and Immunity - Vol 9, No 1 106

15. Prevention CfDCa. Interim Infection Prevention and Control Recommendations for 
Healthcare Personnel During the Coronavirus Disease 2019 (COVID-19) Pandem-
ic. Available from: https://www.cdc.gov/coronavirus/2019-ncov/hcp/infection-con-
trol-recommendations.html.

16. Zabarsky TF, Bhullar D, Silva SY, Mana TSC, Ertle MT, Navas ME, Donskey CJ. What 
are the sources of exposure in healthcare personnel with coronavirus disease 2019 
infection? Am J Infect Control. 2021;49(3):392-5. doi: 10.1016/j.ajic.2020.08.004. 
PubMed PMID: 32795495; PMCID: PMC7419261.

17. Choi H, Hwang M, Navarathna DH, Xu J, Lukey J, Jinadatha C. Performance of 
COVIDSeq and Swift Normalase Amplicon SARS-CoV-2 Panels for SARS-CoV-2 Ge-
nome Sequencing: Practical Guide and Combining FASTQ Strategy. J Clin Microbiol. 
2022;60(4):e0002522. doi: 10.1128/jcm.00025-22. PubMed PMID: 35321551; PMCID: 
PMC9067563.

18. Haq MF, Cadnum JL, Carlisle M, Hecker MT, Donskey CJ. SARS in Cars: Carbon 
Dioxide Levels Provide a Simple Means to Assess Ventilation in Motor Vehicles. Pat-
hog Immun. 2022;7(1):19-30. doi: 10.20411/pai.v7i1.493. PubMed PMID: 35178491; 
PMCID: PMC8843085.

19. Cadnum JL, Alhmidi H, Donskey CJ. Planes, Trains, and Automobiles: Use of Carbon 
Dioxide Monitoring to Assess Ventilation During Travel. Pathog Immun. 2022;7(1):31-
40. doi: 10.20411/pai.v7i1.495. PubMed PMID: 35316971; PMCID: PMC8932639.

20. Donskey CJ, Sunkesula VCK, Stone ND, Gould CV, McDonald LC, Samore M, Mayer 
J, Pacheco SM, Jencson AL, Sambol SP, Petrella LA, Gulvik CA, Gerding DN. Trans-
mission of Clostridium difficile from asymptomatically colonized or infected long-
term care facility residents. Infect Control Hosp Epidemiol. 2018;39(8):909-16. doi: 
10.1017/ice.2018.106. PubMed PMID: 29848392.

21. Eyre DW, Cule ML, Wilson DJ, Griffiths D, Vaughan A, O’Connor L, Ip CLC, Gol-
ubchik T, Batty EM, Finney JM, Wyllie DH, Didelot X, Piazza P, Bowden R, Dingle 
KE, Harding RM, Crook DW, Wilcox MH, Peto TEA, Walker AS. Diverse sourc-
es of C. difficile infection identified on whole-genome sequencing. N Engl J Med. 
2013;369(13):1195-205. doi: 10.1056/NEJMoa1216064. PubMed PMID: 24066741; 
PMCID: PMC3868928.

22. Curry SR, Muto CA, Schlackman JL, Pasculle AW, Shutt KA, Marsh JW, Harrison LH. 
Use of multilocus variable number of tandem repeats analysis genotyping to deter-
mine the role of asymptomatic carriers in Clostridium difficile transmission. Clin 
Infect Dis. 2013;57(8):1094-102. doi: 10.1093/cid/cit475. PubMed PMID: 23881150; 
PMCID: PMC3783061.

23. Prevention CfDCa. Improving Ventilation In Buildings [Website]. [updated May 11, 
2023December 1, 2023]. Available from: https://www.cdc.gov/coronavirus/2019-ncov/
prevent-getting-sick/improving-ventilation-in-buildings.html.

24. Prevention CfDCa. Ventilation in Buildings [Website]. [updated May 12, 2023Decem-
ber 1, 2023]. Available from: https://www.cdc.gov/coronavirus/2019-ncov/communi-
ty/ventilation.html.

https://www.paijournal.com/index.php/paijournal
https://www.cdc.gov/coronavirus/2019-ncov/hcp/infection-control-recommendations.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/infection-control-recommendations.html
http://dx.doi.org/10.1016/j.ajic.2020.08.004
http://dx.doi.org/10.1128/jcm.00025-22
http://dx.doi.org/10.20411/pai.v7i1.493
http://dx.doi.org/10.20411/pai.v7i1.495
http://dx.doi.org/10.1017/ice.2018.106
http://dx.doi.org/10.1056/NEJMoa1216064
http://dx.doi.org/10.1093/cid/cit475
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/improving-ventilation-in-buildings.html
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/improving-ventilation-in-buildings.html
https://www.cdc.gov/coronavirus/2019-ncov/community/ventilation.html
https://www.cdc.gov/coronavirus/2019-ncov/community/ventilation.html


www.PaiJournal.com

Pathogens and Immunity - Vol 9, No 1 107

25. Prevention CfDCa. Appendix B. Air: Guidelines for Environmental Infection Control 
in Health-Care Facilities (2003) [updated July 22, 2019December 1, 2023]. Available 
from: https://www.cdc.gov/infectioncontrol/guidelines/environmental/appendix/air.
html.

FOOTNOTES
Submitted March 4, 2024 | Accepted April 1, 2024 | Published April 24, 2024

COPYRIGHT
Copyright © 2024 The Authors. This is an open-access article distributed under the terms of the 
Creative Commons Attribution 4.0 International License. 

https://www.paijournal.com/index.php/paijournal
https://www.cdc.gov/infectioncontrol/guidelines/environmental/appendix/air.html
https://www.cdc.gov/infectioncontrol/guidelines/environmental/appendix/air.html

