
Wednesday, December 7, 2022      
Limestone Education Centre 

220 Portsmouth Avenue, Kingston, ON 
 Link:  https://bit.ly/LDSBEPOCDec7 

Public Meeting – 5:30 PM 
Acknowledgement of Territory: “The Limestone District School Board is situated on the traditional 
territories of the Anishinaabe and Haudenosaunee. We acknowledge their enduring presence on this 
land, as well as the presence of Métis, Inuit, and other First Nations from across Turtle Island. We 
honour their cultures and celebrate their commitment to this land.” 

1. CALL TO ORDER

2. ADOPTION OF AGENDA

3. DECLARATION OF CONFLICT OF INTEREST

4. DELEGATION/PRESENTATION
4.1 COVID, Influenza and Masks – Dr. Dick Zoutman, MD, FRCPC, CCPE, C. Dir (Pages 2-147) 

5. PRIVATE SESSION REPORT – Special Meeting of the Board, December 2, 2022.

6. REPORTS  FOR   INFORMATION
6.1 School Visit Presentation - Indigenous Student Trustee Kolosov 
6.2 School Climate Survey – Associate Superintendent Gollogly (Pages 148-150)  
6.3 2021-2022 EQAO Results –Superintendent Hedderson and Associate Superintendent Sartor (Pages 151-

154) 
6.4 Director’s Annual Report – Director Burra (Pages 155-156) 

7. REPORTS FOR  ACTION

8. UNFINISHED BUSINESS - None at this time.

9. NEW BUSINESS - None at this time.

10. CORRESPONDENCE - None at this time.

11. NEXT MEETING – February 8, 2023

12. ADJOURNMENT

AGENDA – EDUCATION, POLICY AND OPERATIONS COMMITTEE 

https://bit.ly/LDSBEPOCDec7


Dick Zoutman, MD, FRCPC, CCPE, C. Dir 
18 Seaforth Road, Kingston, Ontario K7M 1E2 • 613-583-4325 • dzoutman@me.com 

November 30, 2022 

Mr. Krishna Burra, Director  
Mr. Bob Godkin, Vice Chair  
Limestone District School Board 
220 Portsmouth Avenue 
Kington, Ontario 
K7M 0G2 

Via email to: mittons@limestone.on.ca 

Dear Messrs. Burra and Godkin,  

I am writing to request the opportunity to make a presentation to the Education, Policy, and 
Operations Committee of the Limestone District School Board (LDSB) at your meeting scheduled 
for December 7, 2022. 

My purpose in meeting with you is to bring to the attention of the LDSB Trustees important new 
information that I feel would impact your decision making concerning the need for a Board wide 
policy on the wearing of masks for the prevention of COVID-19 caused by the SARS-CoV-2 virus, 
as well as the current severe wave of influenza. 

I am appending to this letter the reference materials that you should refer to as you consider 
this important matter. 

The points I wish to make and my reasons are as follows: 

1. We are in the midst of a long drawn out crisis in health care in Ontario and locally in
the Kingston region.

a. The recent wave of Respiratory Syncytial Virus (RSV) infections as well as influenza
and the persistently high levels of COVID-19 throughout Ontario and the Kingston
region have led to extraordinary numbers of children requiring hospital care. The
volume of children in hospital emergency departments and in patient units are so
high that most other health care services for children have been put on hold. Health
care leaders across the province have correctly indicated that this is a crisis the likes
of which have not been seen before.

b. In November in the Kingston region the number of hospitalizations from COVID-19
has reached its highest number all year after climbing steadily since August.

c. There have been repeated outbreaks in area hospitals.
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2. The true numbers of COVID-19 infections occurring in Ontario and the Kingston region
are very much higher than presented by the Ontario government and Public Health.

a. COVID-19 is spreading very intensely throughout the Kingston region.
b. Since the government of Ontario stopped most COVID-19 PCR testing in early

January 2022 the number of reported cases of COVID-19 provincially and locally has
severely underestimated the true value.

c. In late October Ontario’s COVID-19 new cases peaked at just over 100,000 new cases
per day according to COVID-19 Resources Canada. Yet, the province reported only
1,500 cases. The true number of cases is thus 66 times higher than what is reported.
This number of cases is equivalent to what we experienced at the first peak of the
then new mega-infectious Omicron variant in January 2022.

d. In the Kingston region KFLA Public Health is reporting a maximum of 29 new cases
of COVID-19 per day in November. This translates to a peak of 1,914 new daily cases
in November which is 6 times higher than our local Omicron peak was in late
December 2021.

3. The health impacts for our children of influenza and COVID-19 infections are
extremely serious and potentially long lasting

a. We are learning that COVID-19 virus infection persists in the body not unlike other
serious viruses such as hepatitis B, HIV and papilloma virus to mention a few
examples (Chertow D. Research Square. December 2021).

b. Long-COVID where the virus persists and causes symptoms in those that have had
the infection is described to occur in 20-40% of cases.

c. Long-COVID is now confirmed to occur in children. Organs affected include the brain,
lungs, heart, blood clots, kidneys, pancreas (diabetes), liver, reproductive system etc
(Kompaniyets L. MMWR, August 2022).

d. There is evidence now for immunological injury from COVID-19 infections (Shuwa H.
Med (NY) June 2021).

4. Similarly, the health impacts for the teachers and staff of the LDSB are serious and
long lasting

a. Repeated COVID-19 infections increase the risks for many serious long term COVID-
19 related consequences (Bowe B. Nature Medicine. November 2022).

5. Prevention of the spread of COVID-19 and influenza requires layers of protections
a. No one intervention by itself offers complete protection from acquiring COVID-19.
b. Vaccination reduces mortality from COVID-19 infection, especially in the elderly. It

may also reduce the risk of long-COVID symptoms. Influenza vaccination likewise
reduces the severity of influenza disease and mortality.

c. COVID-19 and influenza are significantly airborne infections. Meaning that the
viruses travel long distances through indoor air spaces on air currents.

d. Therefore, improved in-door air quality with increased ventilation with fresh
outdoor air and filtration through HEPA filters and exposure to far-ultraviolet light
(222 nm) combined significantly reduce the amount of COVID-19 and influenza
circulating in the air (Aldehheel M. Int J Env Res Pub Health. November 2022).
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e. Masks, especially well fitting high quality masks known as N95 or KN95 respirators,
reduce the risk of COVID-19 transmission by 83% (Andrejko KL. MMWR. February
2022).

f. The protective efficacy of N95/KN95 masks is likely higher when one takes into
account that these masks prevent transmission from and to another person, ie in
both directions.

g. These masks are now widely available and much less costly than they were at the
outset of the pandemic.

h. In a recently published study from Boston, schools that continued with a masking
policy for teachers, staff and students for a 15 week period longer than other
regional schools from February 28, 2022 to the end of the school year, had 50%
fewer cases of COVID-19 documented in the 294,084 students and 46,536 staff and
teachers (Cowger TL. NEJM. November 2022).

6. The Limestone District School Board has the legal obligation and authority to
independently introduce and enforce a masking policy in the interests of student’s well-
being and safety of their staff and teachers.

It is my submission to the LDSB Board that for the reasons stated above that a masking policy 
across all of LDSB is urgently needed. Public health units across Ontario and the Chief Medical 
Officer of Health are all strongly recommending wearing masks to prevent the spread of COVID-
19, influenza and RSV. The Canadian Paediatric Society and the American Pediatric Association 
all recommend that children wear masks for the prevention of COVID-19. The levels of COVID-
19 and influenza in Ontario and the Kingston region are extra-ordinary high and wearing a mask 
will have an important benefit to reduce transmission of these dangerous viruses and create a 
safer environment for everyone who places their trust in the Limestone District School Board. 

Sincerely, 

Dick Zoutman, MD, FRCPC, CCPE, C. Dir 

References and Attachments: 

1. Biography of Dr. Dick Zoutman
2. COVID-19 Resources Canada: https://covid19resources.ca/covid-hazard-index/
3. Chertow D et al SARS-CoV-2 infection and persistence throughout the human body and
brain. Research Square. December 2021
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4. Kompaniyets L et al. Post-COVID-19 symptoms and conditions among children and
adolescents- United States, March 1, 2020 – January 31, 2022. MMWR, August 2022
5. Shuwa H et al Alterations in T and B cell function persist in convalescent COVID-19
patients. Med (NY) June 2021
6. Bowe B et al. Acute and post-acute sequelae associated with SARS-CoV-2 reinfection.
Nature Medicine. November 2022
7. Aldehheel M. The Role of Portable Air Purifiers and Effective Ventilation in Improving
Indoor Air Quality in University Classrooms. Int J Env Res Pub Health. November 2022
8. Andrejko KL et al. Effectiveness of Face Mask or Respirator Use in Indoor Public Settings
for Prevention of SARS-CoV-2 Infection — California, February–December 2021. MMWR
February 4, 2022.
9. Cowger TL et al. Lifting Universal Masking in Schools - Covid-19 Incidence among
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Updated as of May 16, 2022 

Biography: 

Dr. Dick Zoutman is the Past Inaugural Chief of Staff at the Scarborough Health 
Network and Past Chief of Staff at Quinte Health Care. Dick is Professor, in the 
Faculty of Medicine University of Toronto and in the Faculty of Health Sciences 
at Queen's University. He is a Fellow of the Royal College of Physicians of 
Canada, in Internal Medicine, Infectious Diseases, and Medical Microbiology. He 
is also the Past Chief of Infectious Diseases at the Kingston Health Sciences 
Center. The primary focus of his academic research has been the use of Quality 
Improvement Science in advancing health care quality and infectious diseases.  
During the 2003 outbreak of SARS Dr. Zoutman chaired the Ontario SARS 
Scientific Advisory Committee responsible for advising the Ontario Government 
on management of the epidemic.  
Dick was the founding Co-Chair of the Ontario Provincial Infectious Diseases 
Advisory Committee (PIDAC). Dr. Zoutman is a Fellow of the Center for the 
Study of Democracy and also has his Black Belt in Lean and Six Sigma for 
Health Care. He is a Canadian Certified Physician Executive and a Chartered 
Director with the Conference Board of Canada and the De Groote School of 
Business. 
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COVID-19 is known to cause multi-organ dysfunction1-3 in acute infection, with 68 

prolonged symptoms experienced by some patients, termed Post-Acute Sequelae of SARS-69 

CoV-2 (PASC)4-5. However, the burden of infection outside the respiratory tract and time 70 

to viral clearance is not well characterized, particularly in the brain3,6-14. We performed 71 

complete autopsies on 44 patients with COVID-19 to map and quantify SARS-CoV-2 72 

distribution, replication, and cell-type specificity across the human body, including brain, 73 

from acute infection through over seven months following symptom onset. We show that 74 

SARS-CoV-2 is widely distributed, even among patients who died with asymptomatic to 75 

mild COVID-19, and that virus replication is present in multiple pulmonary and 76 

extrapulmonary tissues early in infection. Further, we detected persistent SARS-CoV-2 77 

RNA in multiple anatomic sites, including regions throughout the brain, for up to 230 days 78 

following symptom onset. Despite extensive distribution of SARS-CoV-2 in the body, we 79 

observed a paucity of inflammation or direct viral cytopathology outside of the lungs. Our 80 

data prove that SARS-CoV-2 causes systemic infection and can persist in the body for 81 

months. 82 

Main text:  83 

   Infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the 84 

causative agent of coronavirus disease 2019 (COVID-19), has well described pulmonary and 85 

extrapulmonary manifestations1-3, including multiorgan failure and shock among severe and fatal 86 

cases. Some survivors experience Post-Acute Sequelae of SARS-CoV-2 (PASC) – also known as 87 

Long COVID—with cardiovascular, pulmonary, and neurological manifestations with or without 88 

functional impairment4-5. While autopsy studies of fatal COVID-19 cases support the ability of 89 

SARS-CoV-2 to infect multiple organs3,7-12, extra-pulmonary organs often lack histopathological 90 
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evidence of direct virally-mediated injury or inflammation10-14. The paradox of extra-pulmonary 91 

infection without injury or inflammation raises many pathogen- and host-related questions. 92 

These questions include, but are not limited to: What is the burden of infection within versus 93 

outside of the respiratory tract? What cell types are infected across extra-pulmonary tissues, and 94 

do they support SARS-CoV-2 infection and replication? In the absence of cellular injury and 95 

inflammation in extra-pulmonary tissues, does SARS-CoV-2 persist, and if so, over what 96 

interval? Does SARS-CoV-2 evolve as it spreads to and persists in different anatomical 97 

compartments? 98 

 To inform these pathogen-focused questions and to evaluate for the presence or absence 99 

of associated histopathology in matched tissue specimens, we performed extensive autopsies on 100 

a diverse population of 44 individuals who died from or with COVID-19 up to 230 days 101 

following initial symptom onset. Our approach focused on timely, systematic, and 102 

comprehensive tissue sampling and preservation of adjacent tissue samples for complementary 103 

analyses. We performed droplet digital polymerase chain reaction (ddPCR) for sensitive 104 

detection and quantification of SARS-CoV-2 gene targets in all tissue samples collected. To 105 

elucidate SARS-CoV-2 cell-type specificity and validate ddPCR findings, we performed in situ 106 

hybridization (ISH) broadly across sampled tissues. Immunohistochemistry (IHC) was used to 107 

further validate cell-type specificity in the brain where controversy remains on the regional 108 

distribution and cellular tropism of SARS-CoV-2 infection. In all samples where SARS-CoV-2 109 

RNA was detected by ddPCR, we performed qRT-PCR to detect subgenomic (sg)RNA, an assay 110 

suggestive of recent virus replication15. We confirmed the presence of replication-competent 111 

SARS-CoV-2 in extrapulmonary tissues by virus isolation in cell culture. Lastly, in six 112 
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individuals, we measured the diversity and anatomic distribution of intra-individual SARS-CoV-113 

2 variants using high-throughput, single-genome amplification and sequencing (HT-SGS). 114 

We categorized autopsy cases of SARS-CoV-2 infection as “early” (n=17), “mid” 115 

(n=13), or “late” (n=14) by illness day (D) at the time of death, being ≤D14, D15-D30, or ≥D31, 116 

respectively. We defined persistence as presence of SARS-CoV-2 RNA among late cases. Due to 117 

the extensive tissue collection, we analyzed and described the results in terms of grouped tissue 118 

categories as the following: respiratory tract; cardiovascular; lymphoid; gastrointestinal; renal 119 

and endocrine; reproductive; muscle, skin, adipose, & peripheral nerves; and brain. 120 

 121 

Autopsy cohort overview 122 

Between April 26, 2020 and March 2, 2021, we performed autopsies on 44 PCR-123 

confirmed cases (Extended Data Fig. 1). SARS-CoV-2 seroconversion was detected in 38 of 124 

these cases (Supplementary Data 1); three early cases (P27, P36, P37) had not seroconverted and 125 

perimortem plasma was unavailable for the other three cases (P3, P4, P15). Extensive sampling 126 

of the brain was accomplished in 11 of the 44 cases (Fig. 1). The cohort was 29.5% female with 127 

a mean age of 59.2 years and was diverse across race and ethnicity (Extended Data Table 1). 128 

95.5% of patients had at least one comorbidity, with hypertension (54.5%), obesity (52.3%), and 129 

chronic respiratory disease (34.1%) being most common. Patients presented to the hospital a 130 

mean of 9.4 days following symptom onset and were hospitalized a mean of 26.4 days. Overall, 131 

the mean interval from symptom onset to death was 35.2 days and the mean postmortem interval 132 

was 26.2 hours. 81.8% of patients required intubation with invasive mechanical ventilation, 133 

22.7% received extracorporeal membrane oxygenation (ECMO) support, and 40.9% required 134 

renal replacement therapy. Vasopressors, systemic steroids, systemic anticoagulation, and 135 
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antibiotics were commonly administered (Extended Data Table 1). Individual patient-level 136 

demographic and clinical information can be found in Extended Data Table 2. 137 

 138 

Widespread infection and persistence   139 

 SARS-CoV-2 RNA was detected in all 44 cases and across 79 of 85 anatomical locations 140 

and body fluids sampled (Extended Data Fig. 2, Supplementary Data 1). The highest burden of 141 

SARS-CoV-2 RNA (i.e., >100,000 N gene copies/ng RNA input) was detected in the respiratory 142 

tract of early cases (Figure 1), but we detected at least 100 N gene copies/ng RNA input from 143 

every tissue group besides reproductive tissues from multiple individuals among early cases. The 144 

mean SARS-CoV-2 N gene copies/ng RNA detected from tissues in each grouping among early 145 

cases are as follows: 9,210.10 across respiratory tissues; 38.75 across cardiovascular tissues; 146 

30.01 across lymphoid tissues; 24.68 across gastrointestinal tissues; 12.76 across renal and 147 

endocrine tissues; 0.36 across reproductive tissues; 27.50 across muscle, peripheral nerve, 148 

adipose, and skin tissues; 57.40 across ocular tissues; and 32.93 across brain tissues (Extended 149 

Data Table 3). 150 

 With a few exceptions, the overall burden of SARS-CoV-2 RNA decreased by a log or 151 

more across tissue categories among mid cases, and further decreased among late cases. 152 

However, several mid and late cases had high levels (≥5 N gene copies/ng RNA input) detected 153 

among multiple tissues (Extended Data Fig. 2). Further, persistence of low-level SARS-CoV-2 154 

RNA (0.0004 to <0.5 N gene copies/ng RNA input) was frequently detected across multiple 155 

tissue categories among all late cases, despite being undetectable in plasma (Extended Data Fig. 156 

2, Supplementary Data 1). Notably, SARS-CoV-2 RNA was detected in the brains of all six late 157 
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cases and across most locations evaluated in the brain in five of these six, including P42 who 158 

died at D230 (Fig. 1). 159 

Overall, SARS-CoV-2 RNA was detected in respiratory tissue of 43/44 cases (97.7%); 160 

cardiovascular tissue of 35/44 cases (79.5%); lymphoid tissue of 38/44 cases (86.4%); 161 

gastrointestinal tissue of 32/44 (72.7%); renal and endocrine tissue of 28/44 cases (63.6%); 162 

reproductive tissue in 17/40 cases (42.5%); muscle, skin, adipose, and peripheral nervous tissue 163 

in 30/44 cases (68.2%); ocular tissue and humors of 22/28 cases (57.9%); and brain tissue in 164 

10/11 cases (90.9%) (Extended Data Table 3). 165 

 We additionally detected SARS-CoV-2 sgRNA across all tissue categories, 166 

predominately among early cases (14/17, 82.4%), as well as in plasma, pleural fluid, and vitreous 167 

humor (Fig. 1, Extended Data Fig. 2, Supplementary Data 1). sgRNA was also detected in at 168 

least one tissue of 61.5% of mid cases and 42.9% of late cases, including across three tissue 169 

categories in a case at D99 (P20). 170 

 We isolated SARS-CoV-2 in cell culture from multiple pulmonary and extrapulmonary 171 

tissues, including lung, bronchus, sinus turbinate, heart, mediastinal lymph node, small intestine, 172 

and adrenal gland from early cases up to D7 (P19, P27, P32, P37; Supplementary Data 1). 173 

 174 

Intra-individual viral variant diversity 175 

We used HT-SGS to analyze SARS-CoV-2 spike gene variant sequences from a total of 176 

46 tissues in six individuals. In five individuals from the early group, predominant spike 177 

sequences were largely identical across tissues. In P27, P19, and P18, no non-synonymous virus 178 

genetic diversity was detected in pulmonary and extrapulmonary sites despite a high depth of 179 

single-molecule sampling (Extended Data Fig. 3). Thus, virus populations that were relatively 180 
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homogeneous had disseminated in these individuals without coding changes in spike. However, 181 

we also noted important patterns of intra-individual virus diversity in several patients from the 182 

early group. In P27, although all 4,525 inferred spike amino acid sequences were identical, two 183 

virus haplotypes, each with a single synonymous substitution, were preferentially detected in 184 

extrapulmonary sites including right and left ventricles and mediastinal LN. In P38, we observed 185 

clear virus genetic differences between the lung lobes and the brain, with a D80F residue found 186 

in 31/31 pulmonary but 0/490 brain sequences and a G1219V residue that was restricted to brain 187 

minor variants. A similar distinction was observed between sequences from dura mater and other 188 

sites in P36, albeit at very low sampling depth (n = 2 sequences) from dura mater. Overall, these 189 

findings suggested no need for alterations in receptor utilization to permit extrapulmonary 190 

dissemination of SARS-CoV-2, while also revealing genetic compartmentalization between 191 

viruses in the lung lobes and those in extrapulmonary sites, including the brain. 192 

 193 

ISH reveals SARS-CoV-2 cellular tropism 194 

 We validated our ddPCR results across all tissue categories via ISH for SARS-CoV-2 195 

spike RNA across selected early, mid, and late cases (Supplementary Data 3). Overall, we 196 

detected SARS-CoV-2 RNA via ISH in 36 distinct cell types across all sampled organs 197 

(Extended Data Table 4, Supplementary Data 3). Spike RNA was detected throughout the 198 

respiratory tract in early cases, as well as within the sinus turbinate, trachea, lungs, from late 199 

cases (i.e., P33, P20, P42).  200 

 The heart contained spike RNA within myocytes, endothelium, and smooth muscle of 201 

vessels of both early (P18, P19) and late (P3 & P42) cases. The pericardium demonstrated a 202 

positive signal for spike RNA within fibroblasts of the stroma. Intimal cells of the aorta were 203 
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additionally found to contain spike RNA. Mononuclear leukocytes within the lymph node, 204 

spleen, and appendix of an early case (P19) contained spike RNA, as did colonic epithelium (Fig 205 

2). 206 

 Epithelial cells along the intestinal tract in early cases (P16, P18, P19) contained viral 207 

RNA, as well as stratified squamous epithelium of the esophagus. Mononuclear leukocytes were 208 

again visualized with SARS-CoV-2 RNA in lymphoid aggregates and the interstitium of the 209 

small and large intestine, with infected cells still present in the colon of late cases (P33, P42). 210 

Kupffer cells, hepatocytes, and bile duct epithelium within the liver were additionally found to 211 

contain spike RNA. 212 

 Within the kidney, spike RNA could be visualized within parietal epithelium of 213 

Bowman’s capsule, collecting duct cells, distal tubule cells, and glomerular endothelium. The 214 

adrenal glands contained spike RNA within endocrine cells. Endocrine follicular cells of the 215 

thyroid and glandular cells of the pancreas were also positive for spike RNA (Fig. 2). Among 216 

reproductive organs, spike RNA was visualized within Leydig and Sertoli cells of the testis, 217 

germ cells within the testicular tubules, endometrial gland epithelium, endometrial stromal cells, 218 

uterine smooth muscle cells, and stromal cells of the post-menopause ovary (Fig. 2).  219 

 Myocytes within skeletal muscle contained spike RNA in both early (P18) and late (P20) 220 

cases. In addition to the organ-specific cell type infection of SARS-CoV-2, endothelium, 221 

muscularis of atrial vessels, and Schwann cells were identified as infected throughout the body, 222 

and were similarly positive across early and late cases.  223 

Spike RNA was found in neurons, glia and ependyma, as well as endothelium of vessels 224 

across all lobes of the brain of early, mid, and late cases. Within the cerebellum specifically, 225 

EPOC Meeting - December 7, 2022 - Page 19



neurons, Purkinje cells, and endothelium of vasculature also contained spike protein via IHC 226 

(Fig. 3). 227 

 228 

COVID-19 histological findings 229 

The histopathology findings from our cohort were similar to those reported in other case 230 

series (Extended Data Fig. 4). All but five cases were considered to have died from COVID-19 231 

(Extended Data Table 5), and, of these, 37 (94.5%) had either acute pneumonia or diffuse 232 

alveolar damage at the time of death (Supplementary Data 2). Phases of diffuse alveolar damage 233 

showed clear temporal associations, with the exudative phase seen mainly within the first three 234 

weeks of infection and the fibrosing phase not seen until after a month of infection (Extended 235 

Data Fig. 5). Pulmonary thromboembolic complications, which were also likely related to 236 

SARS-CoV-2 infection, with or without infarction, were noted in 10 (23%) cases. Another 237 

finding likely related to SARS-CoV-2 infection included myocardial infiltrates in four cases, 238 

including one case of significant myocarditis16 (P3). Some of the cases of microscopic ischemia 239 

appeared to be associated with fibrin-platelet microthrombi, and may therefore be related to 240 

COVID-19 thrombotic complications. Within the lymph nodes and spleen, we observed 241 

lymphodepletion and both follicular and paracortical hyperplasia. 242 

  Outside the lungs, histological changes were mainly related to complications of therapy 243 

or preexisting co-morbidities: mainly obesity, diabetes, and hypertension. Five cases had old 244 

ischemic myocardial scars and three had coronary artery bypass grafts in place. Given the 245 

prevalence of diabetes and obesity in our cohort, it was not surprising to find diabetic 246 

nephropathy (10 cases, 23%) or steatohepatitis (5 cases, 12%). One case was known to have 247 

chronic hepatitis C with cirrhosis, but the other cases of advanced hepatic fibrosis were likely 248 

EPOC Meeting - December 7, 2022 - Page 20



related to fatty liver disease, even if diagnostic features of steatohepatitis were not present. 249 

Hepatic necrosis (13 cases, 30%) and changes consistent with acute kidney injury (17 cases, 250 

39%) were likely related to hypoxic-ischemic injury in these very ill patients. 251 

In the examination of the 11 brains, we found few histopathologic changes, despite the 252 

evidence of substantial viral burden. Vascular congestion was an unusual finding that had an 253 

unclear etiology and could be related to the hemodynamic changes incurred with infection. 254 

Global hypoxic/ischemic change was seen in two cases, one of which was a juvenile (P36) with a 255 

seizure disorder who was found to be SARS-CoV-2 positive on hospital admission, but who 256 

likely died of seizure complications unrelated to viral infection. 257 

 258 

Discussion 259 

Here we provide the most comprehensive analysis to date of SARS-CoV-2 cellular 260 

tropism, quantification, and persistence across the body and brain, in a diverse autopsy cohort 261 

collected throughout the first year of the pandemic in the United States. Our focus on short post-262 

mortem intervals, comprehensive approach to tissue collection, and preservation techniques – 263 

RNAlater and flash freezing of fresh tissue – allowed us to detect and quantify viral levels with 264 

high sensitivity by ddPCR and ISH, as well as culture virus, which are notable differences 265 

compared to other studies.   266 

 We show SARS-CoV-2 disseminates across the human body and brain early in infection 267 

at high levels, and provide evidence of virus replication at multiple extrapulmonary sites during 268 

the first week following symptom onset. We detected sgRNA in at least one tissue in over half of 269 

cases (14/27) beyond D14, suggesting that prolonged viral replication may occur in extra-270 

pulmonary tissues as late as D99. While others have questioned if extrapulmonary viral presence 271 
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is due to either residual blood within the tissue8,17 or cross-contamination from the lungs during 272 

tissue procurement8, our data rule out both theories. Only 12 cases had detectable SARS-CoV-2 273 

RNA in a perimortem plasma sample, and of these only two early cases also had SARS-CoV-2 274 

sgRNA in the plasma, which occurred at Ct levels higher than nearly all of their tissues with 275 

sgRNA. Therefore, residual blood contamination cannot account for RNA levels within tissues. 276 

Furthermore, blood contamination would not account for the SARS-CoV-2 sgRNA or virus 277 

isolated from tissues. Contamination of additional tissues during procurement, is likewise ruled 278 

out by ISH demonstrating widespread SARS-CoV-2 cellular tropism across the sampled organs, 279 

by IHC detecting viral protein in the brain, and by several cases of virus genetic 280 

compartmentalization in which spike variant sequences that were abundant in extrapulmonary 281 

tissues were rare or undetected in lung samples. 282 

Using both ddPCR and sgRNA analysis to inform our selection of tissue for virus 283 

isolation and ISH staining allow us to describe a number of novel findings. Others6,8-12,17 have 284 

previously reported SARS-CoV-2 RNA within the heart, lymph node, small intestine, and 285 

adrenal gland. We demonstrate conclusively that SARS-CoV-2 is capable of infecting and 286 

replicating within these tissues. Current literature has also reported absent or controversial 287 

expression of ACE2 and/or TMPRSS2 in several extrapulmonary tissues, such as the colon, 288 

lymphoid tissues, and ocular tissues, calling into question if these tissues can become infected by 289 

SARS-CoV-21-3. However, we observed high levels of SARS-CoV-2 RNA and evidence of 290 

replication within these organs, as well as SARS-CoV-2 RNA via ISH in colonic mucosal 291 

epithelium and mononuclear leukocytes within the spleen, thoracic cavity lymph nodes, and GI 292 

lymphoid aggregates. We believe these ISH positive cells represent either infection or 293 
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phagocytized virus in resident macrophages. Further, we isolated virus from a mediastinal lymph 294 

node and ocular tissue from two early cases (P19, P32).  295 

 Our use of a single-copy sequencing approach for the SARS-CoV-2 spike allowed us to 296 

demonstrate homogeneous virus populations in many tissues, while also revealing informative 297 

virus variants in others.  Low intra-individual diversity of SARS-CoV-2 sequences has been 298 

observed frequently in previous studies18-20, and likely relates to the intrinsic mutation rate of the 299 

virus as well as lack of early immune pressure to drive virus evolution in new infections.  It is 300 

important to note that our HT-SGS approach has both a high accuracy and a high sensitivity for 301 

minor variants within each sample, making findings of low virus diversity highly reliable21.  The 302 

virus genetic compartmentalization that we observed between pulmonary and extrapulmonary 303 

sites in several individuals supports independent replication of the virus at these sites, rather than 304 

spillover from one site to another.  Importantly, lack of compartmentalization between these sites 305 

in other individuals does not rule out independent virus replication, as independently replicating 306 

populations may share identical sequences if overall diversity is very low.  It was also interesting 307 

to note several cases where brain-derived virus spike sequences showed non-synonymous 308 

differences relative to sequences from other tissues.  These differences may indicate differential 309 

selective pressure on spike by antiviral antibodies in brain versus other sites, though further 310 

studies will be needed to confirm this speculation. 311 

 Our results collectively show while that the highest burden of SARS-CoV-2 is in the 312 

airways and lung, the virus can disseminate early during infection and infect cells throughout the 313 

entire body, including widely throughout the brain. While others have posited this viral 314 

dissemination occurs through cell trafficking11 due to a reported failure to culture virus from 315 

blood3,22, our data support an early viremic phase, which seeds the virus throughout the body 316 
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following pulmonary infection. Recent work by Jacobs et al.22 in which SARS-CoV-2 virions 317 

were pelleted and imaged from COVID-19 patient plasma, supports this mechanism of viral 318 

dissemination. Although our cohort is primarily made up of severe cases of COVID-19, two 319 

early cases had mild respiratory symptoms (P28; fatal pulmonary embolism occurred at home) or 320 

no symptoms (P36; diagnosed upon hospitalization for ultimately fatal complications of a 321 

comorbidity), yet still had SARS-CoV-2 RNA widely detected across the body, including brain, 322 

with detection of sgRNA in multiple compartments. Our findings, therefore, suggest viremia 323 

leading to body-wide dissemination, including across the blood-brain barrier, and viral 324 

replication can occur early in COVID-19, even in asymptomatic or mild cases. Further, P36 was 325 

a juvenile with no evidence of multisystem inflammatory syndrome in children, suggesting 326 

infected children without severe COVID-19 can also experience systemic infection with SARS-327 

CoV-2. 328 

Finally, a major contribution of our work is a greater understanding of the duration and 329 

locations at which SARS-CoV-2 can persist. While the respiratory tract was the most common 330 

location in which SARS-CoV-2 RNA tends to linger, ≥50% of late cases also had persistence in 331 

the myocardium, thoracic cavity lymph nodes, tongue, peripheral nerves, ocular tissue, and in all 332 

sampled areas of the brain, except the dura mater. Interestingly, despite having much lower 333 

levels of SARS-CoV-2 in early cases compared to respiratory tissues, we found similar levels 334 

between pulmonary and the extrapulmonary tissue categories in late cases. This less efficient 335 

viral clearance in extrapulmonary tissues is perhaps related to a less robust innate and adaptive 336 

immune response outside the respiratory tract.  337 

We detected sgRNA in tissue of over 60% of the cohort. While less definitive than viral 338 

culture23,24, multiple studies have shown that sgRNA levels correlate with acute infection and can 339 
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be detected in respiratory samples of immunocompromised patients experiencing prolonged 340 

infection24. These data coupled with ISH suggest that SARS-CoV-2 can replicate within tissue 341 

for over 3 months after infection in some individuals, with RNA failing to clear from multiple 342 

compartments for up to D230. This persistence of viral RNA and sgRNA may represent infection 343 

with defective virus, which has been described in persistent infection with measles virus – 344 

another single-strand enveloped RNA virus—in cases of subacute sclerosing panencephalitis25.  345 

The mechanisms contributing to PASC are still being investigated; however, ongoing 346 

systemic and local inflammatory responses have been proposed to play a role5. Our data provide 347 

evidence for delayed viral clearance, but do not support significant inflammation outside of the 348 

respiratory tract even among patients who died months after symptom onset. Understanding the 349 

mechanisms by which SARS-CoV-2 persists and the cellular and subcellular host responses to 350 

viral persistence promises to improve the understanding and clinical management of PASC. 351 

 352 
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 437 

Fig. 1 Distribution, quantification, and replication of SARS-Cov-2 across the human body 438 

and brain. The heat map depicts the highest mean quantification of SARS-CoV-2 RNA (N) via 439 

ddPCR present within the tissues of eleven COVID-19 autopsy patients who underwent whole 440 

body and brain sampling. Patients are aligned from shortest to longest duration of illness (DOI) 441 

prior to death, listed at the bottom of the figure, and grouped into early (≤14 days), mid (15-30 442 

days), and late (≥31 days) DOI. Tissues are grouped by tissue category beginning with the 443 
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respiratory tract at the top and central nervous system at the bottom. Viral RNA levels range 444 

from 0.002 to 500,000 N gene copies per ng of RNA input, depicted as a gradient from dark blue 445 

at the lowest level to dark red at the highest level. Tissues that were also positive for sgRNA via 446 

real-time RT-PCR are shaded with black vertical bars. L/left, LN/lymph node, NA/not acquired, 447 

R/right, SC/spinal cord. 448 

 449 
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 460 

Fig. 2 RNA in situ (RNAscope) detection of SARS-CoV-2 in extrapulmonary tissues.  461 

SARS-CoV-2 virus is localized to the Golgi and endoplasmic, peri-nuclear in appearance, in the 462 

following organs and cell types (500 X magnifications): A) Thyroid, demonstrating presence of 463 

virus within follicular cells.  B) Esophagus, demonstrating the presence of virus within the 464 

stratified squamous epithelium (*), as well as signal in capillaries within the stroma (#).  C. 465 

Spleen, demonstrating the presence of mononuclear lymphoid cells within the white pulp. D) 466 

Appendix, demonstrating the presence of virus in both colonic epithelium (*) and mononuclear 467 

lymphoid cells in the stroma (#). E) Adrenal demonstrates virus within endocrine secretory cells 468 

of the adrenal gland.  F) Ovary demonstrates the presence of virus in stromal cells of the ovary in 469 

a post-menopausal ovary. G) Testis demonstrates the presence of virus in both Sertoli cells (*) 470 

and maturing germ cells within the seminiferous tubules of the testis (#).  H) Endometrium 471 

demonstrates the presence of virus within endometrial gland epithelium (*) and stromal cells (#), 472 

in a pre-menopausal endometrial sample. 473 

 474 
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 475 

Fig. 3 SARS-CoV-2 protein expression in human cerebellum. Low magnification 476 

visualization of no-primary control (A) and primary-added adjacent (B) cerebellar sections 477 

labeled for SARS-CoV-2 (green) and NeuN (magenta) demonstrate viral-specific protein 478 

expression within the tissue. The locations of the molecular layer (ML), granular layer (GL), and 479 

white matter (WM) are indicated in (A) and also correspond to (B). Higher magnification images 480 

demonstrate cell type-specific infection (C-E). Both NeuN positive neurons (yellow arrows) and 481 

other unidentified cells (white arrows) are associated with viral protein in the GL (C). Purkinje 482 

cells adjacent to the ML are infected (D, white arrow). In rare instances, blood vessels adjacent 483 
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to the GL and WM were associated with viral protein (E, white arrow). The scale bars in A is 484 

also associated with B. All immunofluorescent images were obtained by confocal microscopy. 485 
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Methods: 507 

Autopsies 508 

Autopsies were performed and tissues were collected as previously described26 in the National 509 

Cancer Institute’s Laboratory of Pathology at the National Institutes of Health Clinical Center 510 

following consent of the legal next of kin. 511 

 512 

Measurement of IgG and IgM antibodies against Nucleocapsid and Spike protein of SARS-513 

CoV-2 514 

Fluid-phase luciferase immunoprecipitation systems (LIPS) assays were used to study IgG and 515 

IgM antibody response to SARS-CoV-2. For IgG LIPS measurements, Renilla luciferase-516 

nucleocapsid and Gaussia luciferase-spike protein extracts were employed with protein A/G 517 

beads (Protein A/G UltraLink Resin, Thermo Fisher Scientific) as the IgG capture reagent as 518 

previously described with microtiter filter plates27. For IgM measurements, anti-human IgM goat 519 

agarose beads (Sigma) were substituted as the capture reagent using both the microfilter plate 520 

and microtube format28. The IgM immunoprecipitation assays performed in 1.5 ml microfuge 521 

tube format containing 1 l sera or plasma, Renilla luciferase-nucleocapsid (10 million light unit 522 

input per tube) or Gaussia luciferase-spike protein (40 million light input per tube) and buffer A 523 

(20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 0.1% Triton X-100) to a total volume of 100 524 

l. After mixing, the tubes were incubated at room temp for 1 hour. Next 10 l of the anti-human 525 

IgM agarose bead suspension was added to each tube for additional 60 minutes and tubes were 526 

placed on a rotating wheel at 4o C. The samples were then washed by brief centrifugation to 527 

collect the bead pellet at room temperature 3 times with 1.5 ml Buffer A and once with 1.5 ml of 528 

PBS. After the final wash, the beads were mixed with coelenterazine substrate (100 l) and light 529 
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units measured in a tube luminometer. Known seronegative and seropositive samples for IgG and 530 

IgM antibodies against nucleocapsid and spike proteins were used for assigning seropositive cut-531 

off values and for standardization. 532 

 533 

 SARS-CoV-2 RNA quantification of tissues and body fluids  534 

Total RNA was extracted from RNAlater (Invitrogen)-preserved tissues and body fluids 535 

collected at autopsy using the RNeasy Mini, RNeasy Fibrous Tissue Mini, RNeasy Lipid Tissue 536 

Mini Kit, and QIAamp Viral RNA Mini Kits (Qiagen) according to the manufacturer’s protocols. 537 

Upstream tissue processing and subsequent RNA quantification have been previously 538 

described26. The QX200 AutoDG Droplet Digital PCR System (Bio-Rad) was used to detect and 539 

quantify SARS-CoV-2 RNA in technical replicates of 5.5 uL RNA for fluids and up to 550 ng 540 

RNA for tissues as previously described26. Results were then normalized to copies of N1, N2, 541 

and RP per mL of sample input for fluids and per ng of RNA concentration input for tissues. For 542 

samples to be considered positive for SARS-CoV-2 N1 or N2 genes, they needed to mean the 543 

manufacturer’s limit of detection of ≥0.1 copies/µL and ≥2 positive droplets per well. Over 60 544 

control autopsy tissues from uninfected patients, representing all organs collected for COVID-19 545 

autopsy cases, were used to validate the manufacturer’s EUA published LOD for nasopharyngeal 546 

swabs for tissues (Extended Data Table 8). ddPCR data for P316 as well as a portion of tissues 547 

from the oral cavity26 have been previously reported.  548 

 549 

sgRNA analysis of ddPCR positive tissues 550 

Tissues that tested positive for one or both SARS-CoV-2 N gene targets via ddPCR had RNA 551 

submitted for sgRNA analysis. Briefly, five µl RNA was used in a one-step real-time RT-PCR 552 
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assay to sgRNA (forward primer 5’- CGATCTCTTGTAGATCTGTTCTC-3'; reverse primer 5’- 553 

ATATTGCAGCAGTACGCACACA-3'; probe 5’-FAM-554 

ACACTAGCCATCCTTACTGCGCTTCG-ZEN-IBHQ-3')29 using the Rotor-Gene probe kit 555 

(Qiagen) according to instructions of the manufacturer. In each run, standard dilutions of counted 556 

RNA standards were run in parallel to calculate copy numbers in the samples. The limit of 557 

detection for this assay was determined to be <40 Cq (Supplemental Data 1) using 40 control 558 

autopsy tissues from uninfected patients, representing all organs collected for COVID-19 559 

autopsy cases. 560 

 561 

Viral isolation from select postmortem tissues 562 

Select tissues with high viral RNA levels via ddPCR and sgRNA PCR measuring at or below a 563 

30 Cq underwent virus isolation to prove the presence of infectious virus. Virus isolation was 564 

performed on tissues by homogenizing the tissue in 1ml DMEM and inoculating Vero E6 cells in 565 

a 24-well plate with 250 µl of cleared homogenate and a 1:10 dilution thereof. Plates were 566 

centrifuged for 30 minutes at 1000 rpm and incubated for 30 minutes at 37°C and 5% CO2. The 567 

inoculum was then removed and replaced with 500 µl DMEM containing 2% FBS, 50 U/ml 568 

penicillin and 50 μg/ml streptomycin. Six days after inoculation, cytopathic effect (CPE) was 569 

scored. A blind passage of samples where no CPE was present, was performed according to the 570 

same method. Supernatants from plates with CPE present were analyzed via PCR for SARS-571 

CoV-2 to rule out other causes of CPE. 572 

 573 

Virus Sequencing Methods 574 
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Patients with duration of illness ≤7 d (P27, P19) and 8-14 d (P18) with multiple body site 575 

tissues containing sgRNA levels ≤31 Cq value were selected for high throughput, single-genome 576 

amplification and sequencing (HT-SGS) as previously described21. Presence of variants of 577 

SARS-CoV-2 were analyzed within and between tissues. 578 

 579 

SARS-CoV-2 RNA in situ hybridization 580 

Chromogenic in situ detection was performed using the manual RNAScope 2.5 HD assay (Cat# 581 

322310, Advanced Cell Diagnostics, Hayward, CA) with a modified pretreatment protocol. 582 

Briefly, formalin-fixed and paraffin-embedded (FFPE) tissue sections were cut at 7 μm, air dried 583 

overnight, and baked for 2 hrs at 60ºC. The FFPE tissue sections were deparaffinized, 584 

dehydrated, and then treated with pretreat 1 for 10 min at room temperature. The slides were 585 

boiled with pretreatment reagent for 15 min, digested with protease at 40ºC for 10 min, then 586 

hybridized for 2 hours at 40oC with probe-V-nCov2019-S (Cat# 848561, Advanced Cell 587 

Diagnostics). In addition, probe-Hs-PPIB (Cat# 313901, Advanced Cell Diagnostics) and probe-588 

dapB (Cat# 310043, Advanced Cell Diagnostics) were used as a positive and negative control, 589 

respectively. Subsequent amplification was done according to the original protocol. Detection of 590 

specific probe binding sites were visualized with RNAScope 2.5 HD Reagent kit-brown 591 

chromogenic labels (Advanced Cell Diagnostics). The slides were counterstained with 592 

hematoxylin and cover-slipped. 593 

 594 

SARS-CoV-2 immunohistochemistry 595 

FFPE cerebellar sections were deparaffinized, rehydrated and subject to 0.01M Citrate buffer 596 

antigen retrieval for 20min at 120℃. Slides were incubated in 0.1% TritonX100 in PBS for 597 
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30min, washed extensively with PBS and fresh True Black Plus® solution (1:40, Cat#23014, 598 

Biotium) applied for 7min. Following PBS wash, blocking serum (5% normal donkey 599 

serum/0.3M glycine) was applied for 30min. Primary antibodies against SARS-CoV-2 NP1 600 

(1:250, custom made) and NeuN (1:200, Cat#MAB377, Chemicon) were diluted in blocking 601 

serum and applied to slides overnight at 4℃. Species-specific secondary conjugates (1:500, 602 

Cat#A32790 and #A32744, ThermoFisher) were applied for 1hr at RT. Hoescht 33342 applied 603 

for 10min (1:2000, Cat#H3570, ThermoFisher) labeled nuclei. Slides were cover-slipped with 604 

Prolong Gold (Cat#P36930, ThermoFisher). 605 

 606 

Data Availability 607 

The datasets that support the findings of this study are available in Supplementary Data 1, 2 and 608 

3. Sequence data described in this manuscript have been deposited (database accession numbers 609 

XXXX). The bioinformatic pipeline for HT-SGS data analysis has been deposited 610 

(https://github.com/niaid/UMI-pacbio-pipeline). ISH images from our cohort as well as positive 611 

and negative controls are available in Supplementary Data 3, which is available at 612 

https://halo.cancer.gov, Authentication method: NIH, username: halocancernci@gmail.com, 613 

password: covid19N!H.  614 
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 749 

Extended Data Fig. 1 Autopsy procurement relative to Maryland COVID-19 cases, March 750 

19th, 2020 to March 9th, 2021. Daily COVID-19 reported cases for Maryland (light blue bars) 751 

with 7-day average (dark blue line) with timing of autopsies (red arrows).   752 
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Extended Data Fig. 2 Distribution, quantification, and replication of SARS-CoV-2 across the 764 

body and brain over time. The heat map depicts the highest average quantification of SARS-765 

CoV-2 RNA (N) via ddPCR present within all sampled tissues of 44 autopsy cases. Patients are 766 

aligned from shortest to longest duration of illness (DOI) prior to death, listed at the bottom of 767 

the figure, and grouped into early (0-14 d), mid (15-30 d), and late (≥31 d) DOI. Tissues are 768 

grouped by body system beginning with the respiratory tract at the top and CNS at the bottom. 769 

Viral RNA levels range from 0.0004 to 500,000 copies per ng of RNA input, depicted as a 770 

gradient from dark blue at the lowest level to dark red at the highest level. Tissues that were also 771 

positive for sgRNA via real-time RT-PCR are shaded with black vertical bars.  772 
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Extended Data Figure 3: Analysis of SARS-CoV-2 genetic diversity across body 788 

compartments in patients. (a) P18, (b) P19, (c) P27, (d) P33, (e) P36, (f) P38. Haplotype 789 

diagrams (left) show SARS-CoV-2 spike single genome sequences detected in multiple organs. 790 

Spike NH2-terminal domain (NTD), receptor-binding domain (RBD), and furin cleavage site (F) 791 

regions are shaded grey, and remaining regions of the spike are shaded white. Ticks with 792 

different colors indicate mutations relative to the WA-1 reference sequence; green indicates non-793 

synonymous differences from WA-1 detected in all sequences in the individual; blue indicates 794 

synonymous mutations detected variably within the individual, and pink indicates non-795 

synonymous mutations detected variably within the individual. Bar graphs (right) show the 796 

percentage of all single genome sequences in the sample matching each haplotype. 797 
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 811 

Extended Data Fig. 4 Representative findings in patients in the COVID-19 cohort. A. Lung, 812 

Subject P22. Exudative phase diffuse alveolar damage with hyaline membranes and mild 813 

interstitial inflammation (H&E, 100x). B. Lung, Subject P26. Proliferative phase diffuse alveolar 814 
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damage and sparse inflammation. (H&E, 200x). C. Lung, Subject P22. Organizing thrombus in 815 

medium sized pulmonary artery. (H&E, 40x). D. Lung, Subject P28. Diffuse pulmonary 816 

hemorrhage. (H&E, 100x). E. Heart, Subject P3. Active lymphocytic myocarditis with 817 

cardiomyocyte necrosis. (H&E, 400x). F. Heart, Subject P38. Microscopic focus of bland 818 

myocardial contraction band necrosis. (H&E, 400x). G. Liver, Subject P41. Steatohepatitis with 819 

mild steatosis and scattered ballooned hepatocytes. (H&E, 400x), H. Liver, Subject P41. Focal 820 

bridging fibrosis involving central hepatic veins. (Masson trichrome, 40x). I. Kidney, Subject 821 

P16. Nodular glomerulosclerosis. (Masson trichrome, 600x). J. Spleen, Subject P16. Preservation 822 

of white pulp and congestion (H&E, 40x) K. Spleen, Subject P14. Lymphoid depletion of white 823 

pulp with proteinaceous material and red pulp congestion. (H&E, 100x) L. Spleen, Subject P34. 824 

Relative preservation of white pulp with extramedullary hematopoiesis (inset) in red pulp (H&E, 825 

200x) M. Lymph node, Subject P25. Follicular hyperplasia with well-defined follicles. (H&E, ) 826 

N. Lymph node, Subject P25. Marked plasmacytosis in the medullary cord. (H&E, 400x) O. 827 

Lymph node, Subject P25. Marked plasmacytosis and sinus histiocytosis. (H&E, 400x) P. Brain, 828 

Subject P35, Focal subarachnoid and intraparenchymal hemorrhage. (H&E, 40x) Q. Brain, 829 

Subject P44, Vascular congestion. (H&E, 40x) R. Brain, Subject P43, Intravascular platelet 830 

aggregates. (anti-CD61 stain, 100x) 831 
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 838 

Extended Data Fig. 5 Temporal association of diffuse alveolar damage in patients dying 839 

from COVID-19. Number of autopsy cases with stages of diffuse alveolar damage via 840 

histopathologic analysis by duration of illness. Early time points mainly show the initial 841 

exudative phase of diffuse alveolar damage, while patients dying after prolonged illness are more 842 

likely to show organizing or fibrosing stages.  843 

 844 

 845 
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 846 

Extended Data Table 1 Autopsy cohort demographics, comorbidities, and clinical 847 

intervention summary. (a) Summary of demographics and known comorbidities for autopsy 848 

cases. (b) Summary of illness course and clinical care for autopsy cases. Data compiled from 849 

available patient medical records. ECMO/extracorporeal membrane oxygenation. 850 

 851 

 852 

 853 
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Extended Data Table 2 Individual case demographics and clinical summary. Data obtained 855 

from available medical records. AF/atrial fibrillation, AVAPS/average volume-assured pressure 856 

support, BiPAP/bilevel positive airway pressure, CAD/coronary artery disease, CHF/congestive 857 

heart failure, CKD/chronic kidney disease, CML/chronic myeloid leukemia, COPD/chronic 858 

obstructive pulmonary disease, DAD/diffuse alveolar damage, DM/diabetes mellitus, DVT/deep 859 

vein thrombosis, ECMO/extracorporeal membrane oxygenation, ESRD/end-stage renal disease, 860 

HLD/hyperlipidemia, HTN/hypertension, Hx/historical, ILD/interstitial lung disease, LV/left 861 

ventricular, MS/multiple sclerosis, PE/pulmonary embolism, PVD/peripheral vascular disease, 862 

PH/pulmonary hypertension, s/p/status post. 863 

 864 
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Extended Data Table 3 Summary of SARS-CoV-2 RNA and sgRNA by tissue category over 866 

time. (a) Summary of the average nucleocapsid gene copies/ng RNA across cases by tissue 867 

category and duration of illness (days). (b) Summary of the number and percentage of cases with 868 

SARS-CoV-2 RNA detected via droplet digital (dd)PCR by tissue category for all cases and by 869 

tissue and duration of illness (days). The number and percentage of tissues positive for ddPCR 870 

that were additionally positive for subgenomic (sg)RNA PCR is listed in the right most column. 871 

*A tissue positive via ddPCR was not tested via sgRNA PCR. CNS/central nervous system, 872 

LN/lymph node. 873 

 874 
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 875 

Extended Data Table 4 SARS-CoV-2 cellular tropism. Summary of cell types that were 876 

identified as SARS-CoV-2 positive by ISH, and the corresponding anatomic sites in which this 877 

was observed.  878 

Cell Type Locations
Bile duct epithelium Liver
Chondrocytes Bronchial cartilage rings
Collecting duct epithelium Kidney
Distal tubule epithelium Kidney
Endocrine cells of adrenal Adrenal gland
Endocrine cells of thyroid Thyroid
Endothelium Vasculature, all
Ependyma Brain  
Exocrine cells of pancreas Pancreas
Fibroblast-like cells Pericardium, heart, trachea, bronchus
Germ cells Testis
Glandular epithelum Uterus  
Glia Brain, all locations
Hepatocytes Liver
Hyaline Membrane Lung
Interstitial cells of endometrium Uterus
Intimal cells Aorta
Kupffer cells Liver
Leydig cells Testis
Mononuclear leukocytes Lung, spleen, lymph nodes, lymphoid aggregates of GI
Mucosal epithelium Small intestine, colon
Mucus secreting epithelium, salivary type Salivary glands, trachea, bronchus
Myocytes, Cardiac Heart
Myocytes, Striated Psoas muscle
Myocytes, Smooth Uterus, GI
Neurons Brain, all locations
Parietal cells Kidney, Bowman's capsule
Pneumocytes, type I & II Lung
Purkinje cell Cerebellum
Schwann cells Nerves, all
Sertoli cells Testis
Stratified epithelium (& basal layer) Trachea, esophagus
Stromal cells Pericardium, uterus, ovary
Vascular smooth muscle Arteries, all
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 879 

Extended Data Table 5 Histopathologic findings of COVID-19 autopsy cases. Summary of 880 

histopathologic findings across organ system across 44 autopsy cases. Central nervous system 881 

findings are reported for the 11 cases in which consent for sampling was obtained. 1Includes one 882 
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case in which the COVID lungs were transplanted and data from explanted lungs used in table. 883 

2Individual lung weights were missing in 4 cases. 3Findings missing on 1 case due to extreme 884 

autolysis. 4Weight missing on one case. 5Lymph node findings missing in 4 cases 885 
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Post–COVID-19 Symptoms and Conditions Among Children and Adolescents — 
United States, March 1, 2020–January 31, 2022

Lyudmyla Kompaniyets, PhD1; Lara Bull-Otterson, PhD1; Tegan K. Boehmer, PhD1; Sarah Baca1,2; Pablo Alvarez, MPH1,2; Kai Hong, PhD1;  
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Post–COVID-19 (post-COVID) symptoms and conditions* 
are new, recurring, or ongoing health problems that occur 4 or 
more weeks after infection with SARS-CoV-2 (the virus that 
causes COVID-19). Previous studies have characterized and 
estimated the incidence of post-COVID conditions among 
adults (1,2), but data among children and adolescents are 
limited (3–8). Using a large medical claims database, CDC 
assessed nine potential post-COVID signs and symptoms 
(symptoms) and 15 potential post-COVID conditions among 
781,419 U.S. children and adolescents aged 0–17 years with 
laboratory-confirmed COVID-19 (patients with COVID-19) 
compared with 2,344,257 U.S. children and adolescents with-
out recognized COVID-19 (patients without COVID-19) dur-
ing March 1, 2020–January 31, 2022. The analysis identified 
several symptoms and conditions with elevated adjusted hazard 
ratios among patients with COVID-19 (compared with those 
without). The highest hazard ratios were recorded for acute 
pulmonary embolism (adjusted hazard ratio [aHR] = 2.01), 
myocarditis and cardiomyopathy (1.99), venous thromboem-
bolic event (1.87), acute and unspecified renal failure (1.32), 
and type 1 diabetes (1.23), all of which were rare or uncommon 
in this study population. Conversely, symptoms and conditions 
that were most common in this study population had lower 
aHRs (near or below 1.0). Patients with COVID-19 were less 
likely than were patients without to experience respiratory 
signs and symptoms, symptoms of mental conditions, muscle 
disorders, neurological conditions, anxiety and fear-related 
disorders, mood disorders, and sleeping disorders. COVID-19 
prevention strategies, including vaccination for all eligible 
children and adolescents, are critical to prevent SARS-CoV-2 
infection and subsequent illness, including post-COVID 
symptoms and conditions (9).

CDC analyzed linked medical claims and commercial labo-
ratory data for persons with a health care encounter possibly 
related to COVID-19.† Analyses were restricted to children 

*	CDC defines post-COVID conditions as new, returning, or ongoing health 
problems occurring ≥4 weeks after being infected with SARS-CoV-2. https://
www.cdc.gov/coronavirus/2019-ncov/long-term-effects/index.html

†	This analysis used CDC-licensed HealthVerity, Inc. medical claims data linked 
to SARS-CoV-2 commercial laboratory data (May 2022 release). Patients were 
eligible for inclusion in CDC licensed data if they had a health care encounter 
(diagnosis, procedure, treatment, or laboratory test) possibly related to 
COVID-19 on or after December 1, 2019.

and adolescents aged 0–17 years who were continuously 
enrolled in a health insurance plan during March 1, 2019–
January 31, 2022. Children and adolescents aged 0–17 years 
with laboratory-confirmed COVID-19 and those without 
recognized COVID-19§ were matched 1:3 based on age at 
encounter, sex, and month of index date.¶ Patients were fol-
lowed for a minimum of 60 days and a maximum of 365 days 
or until January 31, 2022, whichever occurred first. Scientific 
literature on symptoms and conditions associated with post-
COVID illness among children or adults was reviewed (1–5). 
Symptoms and conditions were identified by the first occur-
rence and classified based on the International Classification of 
Diseases, Tenth Revision, Clinical Modification (ICD-10-CM) 

§	A retrospective cohort of children and adolescents aged 0–17 years with 
continuous enrollment in an insurance plan during March 1, 2019–January 31, 
2022, was identified within a subset of CDC-licensed HealthVerity data that 
included persons with a health care encounter possibly related to COVID-19. 
Patients with COVID-19 were selected from among patients with a positive 
SARS-CoV-2 test result during March 2020–November 2021 or an 
ICD-10-CM code of B97.29 (other coronavirus as the cause of diseases classified 
elsewhere) during March–April 2020 or U07.1 code (COVID-19, virus-
identified [laboratory-confirmed]) during April 2020–November 2021 (https://
www.cdc.gov/nchs/data/icd/Announcement-New-ICD-code-for-
coronavirus-3-18-2020.pdf ). Patients without COVID-19 were selected after 
excluding patients who had any ICD-10-CM codes related to COVID-19 
(A41.89, B34.2, B97.21, B94.8, J12.81, J12.82, J12.89, M30.3, M35.81, 
U07.1, or U07.2), a positive SARS-CoV-2 test result, or received treatment for 
COVID-19 (casirivimab/imdevimab, etesevimab/bamlanivimab, sotrovimab, 
bebtelovimab, nirmatrelvir, molnupiravir, or remdesivir) at any point during 
the study period. Vaccination status of patients was not included for this analysis.

¶	The index date for the group of patients with COVID-19 was the date of either 
the first claim with a COVID-19 diagnosis code or the first positive 
SARS-CoV-2 test result (whichever occurred first). The index date for patients 
without COVID-19 in the main analysis was the date of a randomly selected 
claim during the month in which the patient without COVID-19 was matched 
to a patient with COVID-19. The index date for patients without COVID-19 
in the sensitivity analysis was the date of the first negative SARS-CoV-2 test 
result, first health care encounter possibly related to COVID-19 (associated 
with an ICD-10-CM code of B97.89, Z86.16, R05, R06.02, R50.9, R19.7, 
R53.8, R09.3, R04.2, R09.2, J00–J06, J09–J11, J12.9, J13–J18, or J80), or 
the first claim during the pandemic period if other dates were not available.
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codes documented 31–365 days after the index date but not 
during the 7–365 days preceding the index date.** 

The incidences (occurrence per 100,000 person-years) 
of nine potential post-COVID symptoms and 15 potential 
post-COVID conditions among children and adolescents 
aged 0–17 years were calculated. Separate Cox proportional 
hazards models were used to estimate aHRs for each symptom 
and condition, after excluding persons with that particular 
symptom or condition during the 7–365 days preceding the 
index date.†† All models were adjusted for age, sex, race, U.S. 
Census Bureau region, payor type, previous medical complex-
ity (10), and previous hospitalization.§§ The same models 

	**	Potential post-COVID conditions were selected from a range of body systems 
and were assessed by the first occurrence of at least one of the following 
ICD-10-CM codes documented 31–365 days after the index date but not during 
the 7–365 days preceding the index date: 1) circulatory system disorders: acute 
pulmonary embolism (I26), myocarditis and cardiomyopathy (A36.81, B33.20, 
B33.22, B33.24, B58.81, I25.5, I40, I41, I42.0–I42.5, I42.8, I42.9, I43, I51.4, 
J10.82, J11.82, and O90.3), cerebrovascular disease (G46 and I67–I68 [except 
I67.0 and I67.4]), venous thromboembolic event (I82.40, I82.49, I82.4Y, I82.4Z, 
I82.62, I82.50, I82.59, I82.5Y, I82.5Z, and I82.72), cardiac dysrhythmias (I47, 
I48.0, I48.19, I48.21, I48.3–I48.9, and I49.1–I49.9); 2) endocrine, nutritional, 
and metabolic disorders: type 1 diabetes (E10), type 2 diabetes (E11); 3) digestive 
system disorders: gastrointestinal and esophageal disorders (K20, K21, K22.0–
K22.6, K22.89, K22.9, K23, K58, K59.0–K59.2, K59.89, K59.9, and K92.9); 
4) musculoskeletal and connective tissue disorders: muscle disorders (M60.0, 
M60.1, M60.8, M60.9. M61, M62, and M63); 5) mental, behavioral, and 
neurodevelopmental disorders: anxiety and fear-related disorders (F06.4,  F40.0, 
F40.1,  F40.228, F40.230, F40.231, F40.232, F40.233, F40.240, F40.248, 
F40.8, F40.9, F41, and F93.0), mood disorders (F06.30, F34.8. F34.9, and F39); 
6) nervous system disorders: neurological conditions (F05, R40.0, R41, R44, 
A85, A86, G04, G05, R29, R26, R27, G26, and G50–G65); 7) respiratory system 
disorders: asthma (J45); 8) genitourinary disorders: acute renal failure (N17 and 
N19), chronic kidney disease (N18 and R88.0); 9) blood system disorders: 
coagulation and hemorrhagic disorders (D47.3, D65, D68.3–D68.9, D69, 
D75.82, D75.83, and M36.2); 10) other symptoms, signs and abnormal clinical 
and laboratory findings: malaise and fatigue (G93.3, R53.1, and R53.8), 
respiratory signs and symptoms (R04–R09), smell and taste disturbances (R43.8 
and R43.9), symptoms of mental conditions (F30.4, F31.70, F31.72, F31.74, 
F31.76, F31.78, F32.5, F33.40, F33.42, R45.0–R45.7, R45.8 [except R45.851 
and R45.88], and R46), sleeping disorders (G47 and R06.3), circulatory signs 
and symptoms (R00, R01, R03.0, and R09.89), dizziness and syncope (I95.1, 
G90.9, R42, and R55), and musculoskeletal pain (M25.5, M25.6, M54.6, M54.8, 
M54.9, M79.1, M79.6, and M79.7).

	††	Proportional hazards assumption was tested for every Cox proportional hazards 
model. In some models, proportionality assumption for certain variables was 
rejected, and the Schoenfeld residuals and survival curves were visually 
examined. Although slopes were not always parallel, the survival curves did 
not cross in any cases, indicating that the nonproportionality might not lead 
to severe bias in the results. The estimated aHRs from Cox models were 
compared against aHRs from Weibull models (estimated using 
“SurvRegCensCov” R package) and average aHRs from weighted Cox models 
(estimated using “coxphw” R package) and were found to be very close in 
magnitude and significance level.

	§§	Previous hospitalization was defined by a presence of an inpatient claim during 
the 7–365 days before the index date. Previous medical complexity was defined 
using the validated pediatric medical complexity algorithm as presence of 
complex chronic disease (at least one claim with a progressive condition, at 
least one claim with malignant neoplasms, or at least one claim per body 
system for two different body systems), presence of noncomplex chronic 
disease (at least one claim for a single body system not flagged as progressive), 
or absence of chronic disease (reference category; none of the previously 
described encounters) during the 7–365 days before the index date.

were estimated separately for three age groups (2–4, 5–11, 
and 12–17 years).¶¶ A sensitivity analysis was performed to 
assess the incidences of potential post-COVID symptoms and 
conditions among children and adolescents aged 0–17 years 
who had not experienced any of the 24 assessed symptoms or 
conditions before the index date.*** Finally, incidence of each 
symptom and condition among patients with COVID-19 was 
plotted against aHRs from the main analysis. Analyses were 
conducted using R software (version 4.1.0; R Foundation); 
p-values <0.05 were considered statistically significant. This 
activity was reviewed by CDC and conducted consistent with 
applicable federal law and CDC policy.†††

During March 1, 2020–January 31, 2022, a total of 781,419 
patients aged 0–17 years with COVID-19 and 2,344,257 
patients aged 0–17 years without COVID-19 were identified 
(Table 1). The median age of both patients with and without 
COVID-19 was 12 years, and 50.0% in both groups were 
female; 72.2% of patients with COVID-19 were enrolled in 
Medicaid managed care, compared with 70.6% of patients 
without COVID-19. Patients without COVID-19 had a 
higher prevalence of previous hospitalization (4.5%) and 
complex chronic disease (15.6%), than did patients with 
COVID-19 (3.6% and 11.7%, respectively).

Patients with COVID-19 were significantly more likely 
than were those without to develop the following assessed 
post-COVID symptoms: smell and taste disturbances 
(aHR = 1.17), circulatory signs and symptoms (1.07), 
malaise and fatigue (1.05), and musculoskeletal pain 
(1.02) (Table 2). Patients with COVID-19 were also more 
likely than were those without to develop the following assessed 
post-COVID conditions: acute pulmonary embolism (2.01), 
myocarditis and cardiomyopathy (1.99), venous thromboem-
bolic event (1.87), acute and unspecified renal failure (1.32), 
type 1 diabetes (1.23), coagulation and hemorrhagic disorders 
(1.18), type 2 diabetes (1.17), and cardiac dysrhythmias (1.16). 
Patients with COVID-19 were less likely than were those 
without to experience respiratory signs and symptoms (0.91), 
symptoms of mental conditions (0.91), sleeping disorders 
(0.91), neurological conditions (0.94), anxiety and fear-related 

	 ¶¶	Age-stratified analyses were only performed when there were at least 10 
patients with COVID-19 and at least 10 patients without COVID-19 in 
that age group with the specific symptom or condition. Each model was 
adjusted for age as a continuous covariate (to account for age differences 
within each age group), sex, race, U.S. Census Bureau region, payor type, 
previous medical complexity, and previous hospitalization.

	***	The maximum possible matching ratio was used. For the main analysis, 
patients without COVID-19 were matched 3:1 to patients with COVID-19. 
For the analysis of a cohort of patients with no previous symptoms or 
conditions of interest, patients without COVID-19 were matched 2:1 to 
patients with COVID-19.

	†††	45 C.F.R. part 46.102(l)(2), 21 C.F.R. part 56; 42 U.S.C. Sect. 241(d); 
5 U.S.C. Sect. 552a; 44 U.S.C. Sect. 3501 et seq.
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TABLE 1. Characteristics of children and adolescents aged 0–17 years with and without COVID-19 — HealthVerity medical claims database, 
United States, March 1, 2020–January 31, 2022

Characteristic*

No. (%)

All patients† Patients without previous symptoms or conditions†

Patients without 
COVID-19§

Patients with  
COVID-19§

Patients without 
COVID-19§

Patients with  
COVID-19§

Total 2,344,257 781,419 792,672 396,336

Sex
Female 1,172,481 (50.0) 390,827 (50.0) 394,536 (49.8) 197,268 (49.8)
Male 1,171,776 (50.0) 390,592 (50.0) 398,136 (50.2) 199,068 (50.2)

Age group, yrs
Median (IQR) 12 (8–15) 12 (8–15) 12 (8–15) 12 (8–15)
<2 2,952 (0.1) 984 (0.1) 564 (0.1) 282 (0.1)
2–4 155,190 (6.6) 51,730 (6.6) 48,550 (6.1) 24,275 (6.1)
5–11 904,284 (38.6) 301,428 (38.6) 316,010 (39.9) 158,005 (39.9)
12–17 1,281,831 (54.7) 427,277 (54.7) 427,548 (53.9) 213,774 (53.9)

Race¶

Asian 74,943 (3.2) 23,241 (3.0) 26,039 (3.3) 12,213 (3.1)
Black or African American 566,891 (24.2) 196,887 (25.2) 198,705 (25.1) 101,839 (25.7)
White 1,178,288 (50.3) 382,371 (48.9) 381,841 (48.2) 189,895 (47.9)
Other 73,401 (3.1) 24,648 (3.2) 26,044 (3.3)  12,889 (3.3)
Unknown or unavailable 450,734 (19.2) 154,272 (19.7) 160,043 (20.2) 79,500 (20.1)

Payor type
Commercial 666,068 (28.4) 214,371 (27.4) 244,047 (30.7) 118,300 (29.8)
Medicaid 1,655,886 (70.6) 563,860 (72.2) 541,415 (68.3) 276,422 (69.7)
Medicare Advantage 13,466 (0.6) 1,277 (0.2) 4,415 (0.6) 676 (0.2)
Unknown or unavailable 8,837 (0.4) 1,911 (0.2) 2,795 (0.4) 938 (0.2)

U.S. Census Bureau region**
Northeast 283,916 (12.1) 86,436 (11.1) 79,015 (10.0) 44,770 (11.3)
Midwest 527,527 (22.5) 132,879 (17.0) 167,233 (21.1) 68,471 (17.3)
South 1,160,472 (49.5) 448,844 (57.4) 397,624 (50.2) 217,886 (55.0)
West 372,342 (15.9) 113,260 (14.5) 148,800 (18.8)  65,209 (16.5)

Hospitalization during 7–365 days preceding index date
Yes 104,768 (4.5) 28,294 (3.6) 8,030 (1.0) 4,007 (1.0)
No 2,239,489 (95.5) 753,125 (96.4) 784,642 (99.0) 392,329 (99.0)

Medical complexity during 7–365 days preceding index date
No chronic disease 1,328,582 (56.7) 506,026 (64.8) 672,355 (84.8) 333,882 (84.2)
Non-complex chronic disease 649,710 (27.7) 184,188 (23.6) 95,337 (12.0) 50,980 (12.9)
Complex chronic disease 365,965 (15.6)  91,205 (11.7) 24,980 (3.2) 11,474 (2.9)

Abbreviation: ICD-10-CM = International Classification of Diseases, Tenth Revision, Clinical Modification.
	 *	Categories might not sum to 100% because of rounding or missing values.
	 †	Columns 2 and 3 describe the main cohort: patients with COVID-19 and patients without COVID-19 who were matched 1:3 based on age, sex, and month of the 

index date (for patients with COVID-19, the date of either the first claim with a COVID-19 diagnosis code or the first positive SARS-CoV-2 test result, whichever 
occurred first; for patients without COVID-19, the date of a randomly selected claim during the month in which the patient without COVID-19 was matched to a 
patient with COVID-19). Columns 4 and 5 describe a cohort of patients with none of the 24 assessed symptoms or conditions during 7–365 days before the index 
date; patients with COVID-19 and patients without COVID-19 were matched 1:2 based on age, sex, and month of the index date (for patients with COVID-19, the 
date of either the first claim with a COVID-19 diagnosis code or the first positive SARS-CoV-2 test result, whichever occurred first; for patients without COVID-19, 
the date of the first negative SARS-CoV-2 test result, first health care encounter possibly related to COVID-19, or the first claim during the pandemic period if other 
dates were not available).

	 §	The cohort consisted of children and adolescents aged 0–17 years with continuous enrollment in an insurance plan during March 1, 2019–January 31, 2022, 
identified within a subset of CDC-licensed HealthVerity data that included persons with a health care encounter possibly related to COVID-19. Patients with COVID-19 
were selected from patients who received a positive SARS-CoV-2 test result during March 2020–November 2021 or an ICD-10-CM code of B97.29 during March–
April 2020 or U07.1 code during April 2020–November 2021. Patients without COVID-19 were selected after excluding patients who had an ICD-10-CM code related 
to COVID-19 (A41.89, B34.2, B97.21, B97.29, B94.8, J12.81, J12.82, J12.89, M30.3, M35.81, U07.1, or U07.2), a positive SARS-CoV-2 test result, or received treatment 
for COVID-19 (casirivimab/imdevimab, etesevimab/bamlanivimab, sotrovimab, bebtelovimab, nirmatrelvir, molnupiravir, or remdesivir) at any point during the 
study period. Vaccination status of patients was not included for this analysis.

	 ¶	Analysis did not include ethnicity.
	**	U.S. Census Bureau regions: Northeast: Connecticut, Maine, Massachusetts, New Hampshire, New Jersey, New York, Pennsylvania, Rhode Island, and Vermont; 

Midwest: Illinois, Indiana, Iowa, Kansas, Michigan, Minnesota, Missouri, Nebraska, North Dakota, Ohio, South Dakota, and Wisconsin; South: Alabama, Arkansas, 
Delaware, District of Columbia, Florida, Georgia, Kentucky, Louisiana, Maryland, Mississippi, North Carolina, Oklahoma, South Carolina, Tennessee, Texas, Virginia, 
and West Virginia; West: Alaska, Arizona, California, Colorado, Hawaii, Idaho, Montana, Nevada, New Mexico, Oregon, Utah, Washington, and Wyoming.
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disorders (0.85), mood disorders (0.78), and muscle disorders 
(0.94); no significant associations were found for the remaining 
five symptoms and conditions.

In age-stratified analysis of three age groups (2–4, 5–11, 
and 12–17 years), the unadjusted incidences of symptoms 
and conditions differed by age group (Supplementary Table, 
https://stacks.cdc.gov/view/cdc/118760). Among children 
aged 2–4 years, the highest aHRs for patients with COVID-19 
compared with patients without COVID-19 were for myocar-
ditis and cardiomyopathy (aHR  = 2.39), acute and unspeci-
fied renal failure (1.52), and coagulation and hemorrhagic 

disorders (1.47) (Table 3). Unlike other age groups, children 
aged 2–4 years had higher rates of asthma diagnosis (1.12) 
and respiratory signs and symptoms (1.07) after COVID-19. 
Among children aged 5–11 years, the highest aHRs for patients 
with COVID-19 compared with those without were for myo-
carditis and cardiomyopathy (2.84), venous thromboembolic 
event (2.69), and acute and unspecified renal failure (1.38). 
Among patients aged 12–17 years, the highest aHRs for those 
with COVID-19 compared with those without were for acute 
pulmonary embolism (2.03), myocarditis and cardiomyopathy 
(1.66), and venous thromboembolic event (1.52).

TABLE 2. Incidence* and adjusted hazard ratios of selected potential post–COVID-19 symptoms and conditions among children and adolescents 
aged 0–17 years with and without COVID-19 — HealthVerity medical claims database, United States, March 1, 2020–January 31, 2022

Outcome

All patients† Patients without previous symptoms or conditions†

No. (incidence)*

aHR (95% CI)§

No. (incidence)*

aHR (95% CI)§
Patients without 

COVID-19 
Patients with 

COVID-19
Patients without 

COVID-19 
Patients with 

COVID-19

Symptom
Smell and taste disturbances 5,028 (296) 1,924 (340) 1.17 (1.11–1.24)¶ 1,173 (205) 715 (250) 1.21 (1.11–1.33)¶

Circulatory signs and symptoms 80,900 (5,092) 27,207 (5,126) 1.07 (1.05–1.08)¶ 18,729 (3,334) 10,518 (3,727) 1.12 (1.09–1.14)¶

Malaise and fatigue 74,908 (4,659) 24,970 (4,648) 1.05 (1.03–1.06)¶ 15,712 (2,784) 8,964 (3,168) 1.13 (1.10–1.16)¶

Musculoskeletal pain 201,899 (14,819) 67,744 (14,800) 1.02 (1.02–1.03)¶ 62,417 (11,647) 34,460 (12,662) 1.09 (1.07–1.10)¶

Dizziness and syncope 48,976 (2,993) 15,731 (2,876) 1.01 (0.99–1.03) 10,890 (1,923) 5,630 (1,980) 1.03 (0.99–1.06)
Gastrointestinal and esophageal 

disorders
94,395 (6,195) 30,266 (5,898) 1.01 (0.99–1.02) 22,411 (4,021) 11,686 (4,151) 1.03 (1.00–1.05)

Sleeping disorders 51,227 (3,203) 14,011 (2,588) 0.91 (0.90–0.93)¶ 9,138 (1,616) 4,238 (1,488) 0.92 (0.89–0.95)¶

Respiratory signs and symptoms 283,139 (23,456) 85,279 (20,948) 0.91 (0.91–0.92)¶ 80,364 (15,200) 47,690 (17,796) 1.16 (1.14–1.17)¶

Symptoms of mental conditions 47,138 (2,906) 12,944 (2,364) 0.91 (0.89–0.93)¶ 9,268 (1,637)  4,529 (1,591) 0.97 (0.94–1.00)

Condition
Acute pulmonary embolism 224 (13) 131 (23) 2.01 (1.62–2.50)¶ 43 (8) 36 (13) 1.74 (1.12–2.72)¶

Myocarditis and 
cardiomyopathy

1,172 (69) 692 (122) 1.99 (1.81–2.19)¶ 224 (39) 264 (92) 2.34 (1.96–2.79)¶

Venous thromboembolic event 315 (18) 164 (29) 1.87 (1.54–2.26)¶ 51 (9) 37 (13) 1.48 (0.97–2.26)
Acute and unspecified 

renal failure
2,116 (124) 788 (139) 1.32 (1.22–1.43)¶ 347 (61) 223 (78) 1.30 (1.10–1.54)¶

Type 1 diabetes 2,080 (123) 792 (140) 1.23 (1.13–1.33)¶ 641 (112) 349 (122) 1.10 (0.96–1.25)
Coagulation and hemorrhagic 

disorders
4,454 (263) 1,582 (280) 1.18 (1.12–1.25)¶ 849 (148) 537 (188) 1.26 (1.14–1.41)¶

Type 2 diabetes 6,197 (366)  2,170 (384) 1.17 (1.11–1.23)¶ 1,210 (212)  729 (255) 1.19 (1.09–1.31)¶

Cardiac dysrhythmias 13,031 (774) 4,595 (817) 1.16 (1.12–1.20)¶ 2,391 (419) 1,442 (504) 1.20 (1.13–1.28)¶

Cerebrovascular disease 441 (26) 149 (26) 1.20 (1.00–1.45) 67 (12) 28 (10) 0.84 (0.54–1.30)
Chronic kidney disease 1,105 (65) 321 (57) 1.07 (0.95–1.22) 171 (30) 81 (28) 0.99 (0.76–1.29)
Asthma 82,105 (5,625) 27,327 (5,557) 1.00 (0.99–1.01) 26,470 (4,785) 12,751 (4,533) 0.93 (0.91–0.95)¶

Muscle disorders 23,655 (1,424)  6,807 (1,222) 0.94 (0.91–0.96)¶ 4,075 (715) 2,109 (738) 1.03 (0.98–1.09)
Neurological conditions 64,436 (4,077) 18,681 (3,485) 0.94 (0.92–0.95)¶ 12,954 (2,298) 6,513 (2,295) 0.99 (0.96–1.02)
Anxiety and fear-related 

disorders
112,234 (7,686) 31,274 (6,107) 0.85 (0.84–0.86)¶ 28,624 (5,166)  13,016 (4,634) 0.90 (0.88–0.91)¶

Mood disorders 23,108 (1,406) 5,248 (944) 0.78 (0.75–0.80)¶ 3,656 (642) 1,531 (535) 0.83 (0.78–0.88)¶

Abbreviation: aHR = adjusted hazard ratio.
*	Occurrences per 100,000 person-years.
†	Columns 2, 3, and 4 represent analyses of incidences and aHRs obtained after 1:3 matching of patients with COVID-19 and patients without COVID-19. Incidences 

and aHRs for each symptom or condition were calculated after excluding patients who had that particular symptom or condition during 7–365 days before the 
index date (for patients with COVID-19, the date of either the first claim with a COVID-19 diagnosis code or the first positive SARS-CoV-2 test result, whichever 
occurred first; for patients without COVID-19, the date of a randomly selected claim during the month in which the patient without COVID-19 was matched to a 
patient with COVID-19). Columns 5, 6, and 7 represent incidences and aHRs obtained after 1:2 matching of patients with COVID-19 and those without who had not 
experienced any of the 24 assessed symptoms or conditions during 7–365 days before the index date (for patients with COVID-19, the date of either the first claim 
with a COVID-19 diagnosis code or the first positive SARS-CoV-2 test result, whichever occurred first; for patients without COVID-19, the date of the first negative 
SARS-CoV-2 test result, first health care encounter possibly related to COVID-19, or the first claim during the pandemic period if other dates were not available).

§ Each aHR was obtained from a single Cox proportional hazards model, with the specific symptom or condition as the outcome and the following covariates: presence
of COVID-19, age group, sex, race, U.S. Census Bureau region, payor type, previous medical complexity, and previous hospitalization.

¶	P-value <0.05.
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The sensitivity analysis of 396,336 patients with COVID-19 
and 792,672 matched patients without COVID-19 (without 
previous symptoms or conditions of interest) found that 
patients in both groups were healthier at baseline than their 
counterparts in the main cohort; 84.2% of persons with 
COVID-19 and 84.8% patients without COVID-19 had no 
previous documentation of chronic disease, compared with 
64.8% and 56.7%, respectively in the main cohort (Table 1). 
Higher rates of five symptoms and six conditions among 
patients with COVID-19 compared with those without were 
found in the sensitivity analysis, whereas the main analysis 
found higher rates of four symptoms and eight conditions. In 
the sensitivity analysis, aHRs for type 1 diabetes and venous 
thromboembolic event were not statistically significant, and 
the aHR for respiratory signs and symptoms was elevated 
(1.16) (Table 2).

Analysis of the relationship between incidence rates among 
patients with COVID-19 and aHRs found that five post-
COVID conditions with the highest aHRs had low incidence 
rates, ranging from 23 (acute pulmonary embolism) to 140 
(type 1 diabetes) per 100,000 person-years (Supplementary 

Figure, https://stacks.cdc.gov/view/cdc/118761). Conversely, 
this analysis found that five symptoms and conditions with 
the highest incidence rates among patients with COVID-19 
had lower aHRs (near or below 1.0): respiratory signs and 
symptoms (0.91), musculoskeletal pain (1.02), anxiety and 
fear-related disorders (0.85), gastrointestinal and esophageal 
disorders (1.01), and asthma (1.00).

Discussion

This analysis found increased incidence rates of several 
symptoms and conditions during the 31–365 days after a 
diagnosis of COVID-19 among children and adolescents aged 
0–17 years. The highest aHRs were associated with poten-
tially serious conditions, such as acute pulmonary embolism, 
myocarditis and cardiomyopathy, venous thromboembolic 
event, acute and unspecified renal failure, and type 1 diabetes. 
These conditions with the highest aHRs were rare or uncom-
mon among children and adolescents in this analysis. Some 
of the study’s findings are consistent with previous evidence 
of elevated risk for new onset of diabetes (5), myocarditis (6), 
and certain symptoms (4), whereas other conditions (acute 

TABLE 3. Adjusted hazard ratios of selected potential post–COVID-19 symptoms and conditions among children and adolescents aged 2–17 years 
with and without COVID-19, by age group — HealthVerity medical claims database, United States, March 1, 2020–January 31, 2022

Outcome

Adjusted hazard ratio (95% CI)*

Aged 2–4 yrs Aged 5–11 yrs Aged 12–17 yrs

Symptom
Smell and taste disturbances 1.22 (0.70–2.15) 0.94 (0.83–1.07) 1.23 (1.16–1.31)†

Circulatory signs and symptoms 1.17 (1.12–1.23)† 1.11 (1.08–1.13)† 1.04 (1.02–1.06)†

Malaise and fatigue 1.13 (1.05–1.22)† 1.08 (1.05–1.12)† 1.03 (1.01–1.04)†

Musculoskeletal pain 1.16 (1.10–1.21)† 1.06 (1.04–1.07)† 1.00 (0.99–1.01)
Dizziness and syncope 1.08 (0.90–1.29) 1.03 (0.99–1.08) 1.00 (0.98–1.02)
Gastrointestinal and esophageal disorders 1.15 (1.10–1.20)† 1.02 (1.00–1.04)† 0.97 (0.95–0.99)†

Sleeping disorders 0.99 (0.93–1.06) 0.89 (0.86–0.92)† 0.91 (0.89–0.94)†

Respiratory signs and symptoms 1.07 (1.04–1.10)† 0.93 (0.92–0.94)† 0.88 (0.87–0.89)†

Symptoms of mental conditions 1.03 (0.97–1.10) 0.92 (0.90–0.95)† 0.89 (0.86–0.91)†

Condition
Acute pulmonary embolism —§ —§ 2.03 (1.61–2.56)†

Myocarditis and cardiomyopathy 2.39 (1.57–3.65)† 2.84 (2.39–3.37)† 1.66 (1.48–1.88)†

Venous thromboembolic event —§ 2.69 (1.73–4.19)† 1.52 (1.22–1.91)†

Acute and unspecified renal failure 1.52 (1.07–2.14)† 1.38 (1.16–1.63)† 1.27 (1.15–1.40)†

Type 1 diabetes 1.01 (0.57–1.78) 1.31 (1.13–1.53)† 1.20 (1.09–1.33)†

Coagulation and hemorrhagic disorders 1.47 (1.20–1.80)† 1.28 (1.15–1.43)† 1.10 (1.03–1.19)†

Type 2 diabetes 1.24 (0.85–1.81) 1.14 (1.02–1.28)† 1.18 (1.11–1.24)†

Cardiac dysrhythmias 1.44 (1.22–1.70)† 1.23 (1.14–1.32)† 1.12 (1.08–1.17)†

Cerebrovascular disease 1.66 (0.85–3.23) 1.14 (0.79–1.64) 1.18 (0.93–1.48)
Chronic kidney disease 0.86 (0.54–1.36) 1.04 (0.83–1.31) 1.12 (0.96–1.31)
Asthma 1.12 (1.07–1.18)† 1.02 (1.00–1.05)† 0.96 (0.94–0.98)†

Muscle disorders 0.87 (0.77–0.98)† 0.86 (0.82–0.91)† 0.96 (0.93–0.99)†

Neurological conditions 0.98 (0.93–1.04) 0.96 (0.93–0.98)† 0.91 (0.89–0.93)†

Anxiety and fear-related disorders 0.91 (0.83–1.00) 0.86 (0.83–0.88)† 0.84 (0.82–0.85)†

Mood disorders 0.82 (0.62–1.08) 0.73 (0.69–0.77)† 0.80 (0.77–0.83)†

*	Each adjusted hazard ratio was obtained from a single Cox proportional hazards model stratified by age group, with the specific symptom or condition as the 
outcome and the following covariates: presence of COVID-19, age (continuous variable), sex, race, U.S. Census Bureau region, payor type, previous medical complexity, 
and previous hospitalization.

†	P-value <0.05.
§	Age-stratified analyses were only performed when there were at least 10 patients with COVID-19 and at least 10 patients without COVID-19 in that age group with 

the specific symptom or condition.
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pulmonary embolism, venous thromboembolic event, acute 
renal failure, coagulation and hemorrhagic disorders, and 
cardiac dysrhythmias) have not been previously reported as 
post-COVID conditions among children and adolescents.

Several symptoms and conditions (respiratory signs and 
symptoms, mental health symptoms and conditions, neuro-
logical conditions, muscle disorders, and sleeping disorders) 
were less likely to occur among patients with COVID-19 
than among patients without COVID-19. Reasons for these 
observed associations are likely multifactorial, and might be, 
in part, because patients without COVID-19 were selected 
from a cohort of patients with a health care encounter possibly 
related to COVID-19 and were less healthy than were patients 
with COVID-19 at baseline. Although most of the symptoms 
and conditions selected for the analysis were based on those 
observed in previous post-COVID studies, they are not unique 
to patients with a history of COVID-19, and many are com-
mon among children and adolescents. A United Kingdom 
study found a high prevalence of poor mental health and well-
being among all children and adolescents aged 11–17 years dur-
ing the pandemic, but no difference among those with positive 
and negative SARS-CoV-2 test results (7). Respiratory signs 
and symptoms were less likely to occur among patients with 
COVID-19 than among those without in the main cohort. 
The opposite result was found in a subset of children aged 
2–4 years and in a cohort of children and adolescents with no 
previous symptoms or conditions of interest; new respiratory 
signs and symptoms were more likely to occur among children 
and adolescents who had COVID-19, compared with those 
without a history of COVID-19.

The findings in this report are subject to at least seven 
limitations. First, the definitions of potential post-COVID 
symptoms and conditions are subject to misclassification bias 
because the symptoms and conditions were defined by a single 
ICD-10-CM code and no information on laboratory assess-
ments or degree of severity was available. Second, because the 
incidence date of a symptom or a condition was based on the 
first occurrence of the ICD-10-CM code, the actual incidence 
date of that symptom or condition might have occurred prior 
to COVID-19. Third, patients infected with SARS-CoV-2 
without a documented COVID-19 diagnosis or positive 
test result might have been misclassified as not having had 
COVID-19, potentially reducing the magnitude of observed 
associations. Fourth, the aHR estimates might be reduced 
because patients without COVID-19 were patients with a 
health care encounter possibly related to COVID-19. Fifth, 
because patients’ vaccination status was likely underreported in 
this dataset, this analysis was not adjusted for previous receipt 
of COVID-19 vaccines. Sixth, although this study relied on 
statistical significance for interpreting the increased rates of 

Summary

What is already known about this topic?

Children and adolescents might be at risk for certain post-
COVID symptoms and conditions.

What is added by this report?

Compared with patients aged 0–17 years without previous 
COVID-19, those with previous COVID-19 had higher rates of 
acute pulmonary embolism (adjusted hazard ratio = 2.01), 
myocarditis and cardiomyopathy (1.99), venous thromboem-
bolic event (1.87), acute and unspecified renal failure (1.32), and 
type 1 diabetes (1.23), all of which were rare or uncommon in 
this study population. 

What are the implications for public health practice?

COVID-19 prevention strategies, including vaccination for all 
eligible persons aged ≥6 months, are critical to preventing 
SARS-CoV-2 infection and subsequent illness, and reducing the 
public health impact of post-COVID symptoms and conditions 
among persons aged 0–17 years.

symptoms and conditions, further understanding of the clinical 
significance of the observed associations, including whether 
these symptoms and conditions are transient or chronic, is 
necessary. Finally, generalizability might be limited because 
the analysis was restricted to children and adolescents aged 
0–17 years included in a medical claims database, approxi-
mately 70% of whom were enrolled in Medicaid managed 
care; therefore, findings are not necessarily representative of 
all children and adolescents with COVID-19 or of those who 
do not seek health care.

These findings can be used to apprise health care profession-
als and caregivers about new symptoms and conditions that 
occur among children and adolescents in the months after 
SARS-CoV-2 infection. COVID-19 prevention strategies, 
including vaccination for all eligible persons aged ≥6 months, 
are critical for preventing SARS-CoV-2 infection and sub-
sequent illness and for reducing the public health impact of 
post-COVID symptoms and conditions.
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Summary

Background

Emerging studies indicate that some coronavirus disease 2019 (COVID-19) patients suffer from
persistent symptoms, including breathlessness and chronic fatigue; however, the long-term immune
response in these patients presently remains ill-defined.

Methods

Here, we describe the phenotypic and functional characteristics of B and T cells in hospitalized
COVID-19 patients during acute disease and at 3–6 months of convalescence.

Findings

We report that the alterations in B cell subsets observed in acute COVID-19 patients were largely
recovered in convalescent patients. In contrast, T cells from convalescent patients displayed continued
alterations with persistence of a cytotoxic program evident in CD8  T cells as well as elevated
production of type 1 cytokines and interleukin-17 (IL-17). Interestingly, B cells from patients with
acute COVID-19 displayed an IL-6/IL-10 cytokine imbalance in response to Toll-like receptor
activation, skewed toward a pro-inflammatory phenotype. Whereas the frequency of IL-6  B cells was
restored in convalescent patients irrespective of clinical outcome, the recovery of IL-10  B cells was
associated with the resolution of lung pathology.

Conclusions

Our data detail lymphocyte alterations in previously hospitalized COVID-19 patients up to 6 months
following hospital discharge and identify 3 subgroups of convalescent patients based on distinct
lymphocyte phenotypes, with 1 subgroup associated with poorer clinical outcome. We propose that
alterations in B and T cell function following hospitalization with COVID-19 could affect longer-term
immunity and contribute to some persistent symptoms observed in convalescent COVID-19 patients.
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Graphical abstract

Introduction

The coronavirus disease 2019 (COVID-19) pandemic, caused by the emergence of a novel coronavirus
strain, has resulted at this time in >106 million infections and 2.3 million deaths worldwide. Infection
with severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) has a plethora of consequences,
ranging from mild influenza-like symptoms to life-threatening and fatal acute respiratory distress
syndrome.  In all cases, the pathology is underpinned by not merely the virus itself but also an
aberrant inflammatory host immune response. Research efforts detailing immune parameters in patients
with acute COVID-19 have significantly improved our understanding of the disease, highlighting
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profound alterations in the innate and adaptive immune compartments.  Lymphopenia and
altered lymphocyte function have been reported to correlate with disease severity,  indicating key
roles for T and B cells in COVID-19 pathology.

Emerging evidence suggests that COVID-19 patients can develop a spectrum of long-lasting symptoms,
including chronic fatigue, myalgia, brain fog, fibrotic lung disease, and pulmonary vascular disease.

 Although the immune response in acute COVID-19 patients has been well characterized, the long-
term consequences of SARS-CoV-2 infection remain poorly understood. Since SARS-CoV-2-specific
lymphocytes are likely critical for long-term protection against SARS-CoV-2 following disease
resolution, it is pivotal to understand their contribution to acute disease, recovery, and long-lasting post-
COVID-19 symptoms. Groundbreaking studies are demonstrating that antigen-specific responses to this
virus can persist for several months post-infection.  However, given the vast numbers of
previously infected individuals across the globe, it is also vital to understand the impact of COVID-19
on the phenotype and functional potential of all lymphocytes, not just those reactive to SARS-CoV2.
This will allow for a better understanding of the long-term effects of being hospitalized with COVID-19
on effective immunity. Long-term follow-up of Ebola patients has outlined immune dysfunction
persisting for up to 2 years of convalescence.  Following much shorter periods of convalescence,
individuals hospitalized with influenza infection have been shown to exhibit continued elevation in
CD8  T cell activation and proliferation.  Given the prolonged and profound immune dysregulation
seen during acute SARS-CoV2 infection, there is a compelling need to determine whether these
alterations translate into longer-term immune alterations and subsequent dysfunction in convalescent
individuals.

Here, we examined lymphocytes in COVID-19 patients during hospitalization and in convalescent
patients over 6 months following hospital discharge. Specifically, we examined lymphocyte
characteristics in peripheral blood mononuclear cells (PBMCs) from blood samples taken from
COVID-19 patients within 7 days of hospitalization, at hospital discharge, and at up to 6 months post-
hospital discharge. Samples were collected as part of the Coronavirus Immune Response and Clinical
Outcomes (CIRCO) study based at 4 hospitals in greater Manchester, UK.  Examination of these
samples allowed us to ascertain changes to lymphocytes during acute disease and upon convalescence
in COVID-19 patients. We identify key alterations in B cell populations in acute COVID-19 patients
with severe disease, which indicate that imbalances within the B cell compartment could contribute to
COVID-19 disease severity. Specifically, we demonstrate that in severe COVID-19 patients, there was a
loss of transitional B cells and an expansion of double-negative memory B cells. Moreover, B cells
exhibited altered functionality with increased production of interleukin-6 (IL-6) during acute disease,
which was restored in convalescent patients. Intriguingly, B cell production of IL-10 was higher in
convalescent patients with good clinical outcomes compared to patients with poor outcomes. In line
with this, we also report changes within the CD4  T cell compartment of acute COVID-19 patients,
specifically increases in T follicular helper cells (Tfh) that were recovered in convalescent patients. In
contrast, we outline persistent alterations in the functional potential of CD8  T cells, with T cells from
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convalescent patients exhibiting elevated expression of a cytotoxic program and production of type 1
cytokines. These data describe alterations to lymphocytes, detailing previously undescribed imbalances
within the B cell compartment associated with the severity of acute disease and alterations in
lymphocyte potential that persist for at least 6 months of convalescence. Furthermore, compiling B and
T cell immune parameters from convalescent patients identified 3 patient subgroups, defined by (1)
increased cytotoxic T cells and T cell type 1 cytokine production, (2) high proportions of memory,
IgA , and IgG  B cells, and (3) the highest expression of trafficking molecules and increased
proportions of naive B and T cells. It is noteworthy that the convalescent group defined by the highest
proportions of cytotoxic CD8  T cells and type 1 cytokine production was enriched in patients with a
poorer outcome at follow-up, defined by abnormal chest X-ray. Our study provides a deeper
understanding of lymphocyte responses over the course of COVID-19 and into recovery, highlighting
persistent alterations in lymphocyte functionality in convalescent COVID-19 patients up to 6 months
following hospital discharge.

Results and discussion

Clinical characteristics

Between March 29 and July 15, 2020, we recruited patients during their in-patient stay for COVID-19,
who had clinical and lymphocyte data available and who were recruited within 7 days of admission.
“Convalescent” patients were recruited between July 14 and October 2020 from outpatient clinical
follow-up for COVID-19. Convalescent patients are therefore classified as previously hospitalized
COVID-19 patients who are clinically stable and have been discharged from any further inpatient care.
Convalescent patients were sampled between 53 and 180 days of convalescence. For convalescent
patients sampled twice during their convalescence, they were initially sampled between 67 and
180 days of convalescence and then sampled between 20 and 113 days later (with the latest second
sample being taken at day 201 following discharge). For convalescent disease samples, one patient was
excluded due to a significant coexisting pathology during inpatient admission for COVID-19; all others
were included in the analysis. The median age and overall gender proportions were similar between
acute and convalescent groups. There was a larger proportion of severe patients within the convalescent
group, reflecting that patients with more severe disease were prioritized for limited face to face
appointments in participating trusts. The clinical characteristics of all of the patients recruited to the
study are summarized in Tables S1 and S2.

Altered B cell phenotypes in severe COVID-19 patients are restored upon convalescence

In agreement with previously published studies,  we report significantly reduced circulating B cell
frequencies in severe COVID-19 patients that were normalized in convalescent patients (Figure 1A).
Furthermore, increased Ki-67 expression (indicative of proliferation) in hospitalized patients was not

+ +
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observed in convalescent patients (Figures 1B and S1A). When characterizing B cell subsets based on
the expression of CD27 and immunoglobulin D (IgD), we saw an expansion of CD27 IgD  double-
negative (DN) memory B cells in severe COVID-19 patients that was still present in convalescent
patients (Figures 1C and 1D). No differences in unswitched memory (USM), switched memory (SM),
or naive B cells were observed between the patient groups and controls. Further classification of B cell
subsets into transitional (CD24 CD38 ) and mature (CD24 CD38 ) B cells revealed a significant
reduction in transitional B cells in patients with severe COVID-19 that was restored in convalescent
patients (Figures 1E and 1F). A t-distributed stochastic neighbor embedding (tSNE) representation of
the data highlights proportions of subsets in acute and convalescent COVID-19 patients (Figure 1G).
Importantly, CD27 CD38  plasmablasts were the only B cell subset expanded in all COVID-19
patients irrespective of severity, yet proportions were restored in convalescent patients (Figures 1H and
S1B). We found that the frequency of plasmablasts positively correlated with the expression of IgG and
IgA, but not with IgM expression by B cells in acute COVID-19 patients (Figures 1I, S1C, and S1D),
providing further evidence supporting an expansion of class-switched IgA and IgG antibodies in
COVID-19 patients.

Examining B cell phenotypes in individual COVID-19 patients, and tracking them longitudinally from
acute hospitalization into convalescence, showed similar alterations in B cell populations. Specifically,
we observed a reduction in Ki-67  B cells and plasmablasts at convalescent time points compared to
acute disease and a trend toward an increase in transitional B cells (Figure S1E). Interestingly, tracking
individual patients from acute disease into convalescence revealed a decrease in DN B cells, despite the
global expansion of this subset observed in both severe acute and convalescent patients (Figure S1F).
These data highlight alterations in B cell subsets during severe acute COVID-19 that are largely
restored upon convalescence.

Convalescent COVID-19 patients retain phenotypically altered CD8  T cells

Previous studies have detailed CD8  and CD4  T cell activation in COVID-19 patients.  Here,
we show that convalescent patients exhibited elevated proportions of T effector memory cells positive
for CD45RA (TEMRA; CD45RA CCR7 ) (Figures 2A–2C). Despite this, T cells from convalescent
patients did not display elevated expression of the proliferation marker Ki-67 (Figure 2D; see Figures
S1G–S1K for representative fluorescence-activated cell sorting (FACS) staining).  CD8  T cells from
acute COVID-19 patients exhibit robust expression of a cytotoxic program, with increases in perforin,
granzyme, and CD107a expression in unstimulated cells (Figures 2E–2G). Induction of this program
was still evident in convalescent patients, whose CD8  T cells exhibited increased expression of both
perforin and granzyme (Figures 2E and 2F). However, the proportions of CD107a  and Ki-
67 GranzymeB CD8  T cells in convalescent patients were reduced compared to those with acute
COVID-19, suggesting that cytotoxic CD8  T cells in convalescent patients were no longer actively
proliferating or degranulating (Figure 2G). Showing the same pattern, longitudinal tracking of
individual patients from their acute time point into convalescence showed unchanged perforin and
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granzyme B expression in CD8  T cells (Figure 2H), but reduced Ki-67 , CD107a , and Ki-
67 GranzymeB CD8  T cells at convalescent compared to acute time points (Figure 2I). We also
noted a persistence of this cytotoxic profile in CD8  T cells in a small subset of convalescent patients
examined beyond 6 months after hospital discharge. Obtaining a second convalescent sample from the
same patient at a later time point of convalescence demonstrated persistence of this cytotoxic program
beyond 6 months (Figure S1L).

In contrast to these phenotypic changes persisting in the CD8  T cell compartment up to, and
potentially beyond, 6 months of convalescence, alterations noted in acute disease in CD4  T cells were
normalized in convalescent patients. There were no significant changes in regulatory T cells (Tregs)
across the disease trajectory (Figure 2J), but during acute disease, there was an expansion in Tfh,
defined as CD4 CXCR5 PD-1 ICOS  (Figure 2K). While an increase in Tfh has been reported
previously in acute COVID-19 patients,  we show it was reduced in convalescent patients (
Figure 2K). This decrease in Tfh in convalescent patients occurred following hospital discharge (
Figure 2L) and could be identified when following the same patient from acute disease into
convalescence (Figure 2M). These data demonstrate changes in the functional potential of CD8  T cells
up to 6 months following hospital discharge, outlining the continued expression of a cytotoxic program.

Lymphocytes from acute COVID-19 patients exhibit altered trafficking molecule expression that is

restored upon convalescence

Lymphopenia is a well-established hallmark of COVID-19 patients ; although the drivers of
peripheral blood lymphocyte loss remain unknown, altered trafficking could contribute. Given the
importance of appropriate coordination between immune cells during an effective antiviral response
and the implications of altered trafficking molecule expression, we examined the expression of
chemokine receptors on lymphocytes during acute and convalescent COVID-19. B cells from acute
COVID-19 patients displayed a significantly reduced expression of chemokine receptors CXCR3,
CXCR5, and the gut homing molecule integrin β7, particularly in patients with more severe disease
(Figures S2A–S2D). The expression of CXCR5 and CXCR3 was largely normalized in convalescent
patients regardless of acute disease severity (Figure S2E).

Similar to B cells, CXCR5 and CXCR3 expression was substantially reduced in both CD4  and CD8
T cells in acute COVID-19 patients (Figures S2F–S2K), but with β7 exhibiting no alterations in acute
disease. This reduction in CXCR3 and CXCR5 occurred irrespective of acute disease severity (Figures
S2L and S2M). The loss of CXCR3 and CXCR5 expression was recovered on T cells from convalescent
patients (Figures S2F, S2G, S2I, and S2J). In agreement with previous reports examining the expression
of CXCR5,  our data outline reduced the expression of multiple trafficking molecules on lymphocytes
during acute COVID-19 that are mostly restored upon convalescence. Reduced CXCR3 and CXCR5
expression could reflect reduced homing of lymphocytes into lymph nodes and follicles, which have
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been reported to contribute to immune dysfunction in other infections, such as advanced HIV.
Here, we identify changes in chemokine receptor expression during acute disease that are recovered
upon convalescence.

Alterations in lymphocyte cytokine potential in convalescent COVID-19 patients

To understand the impact of COVID-19 on the potential of lymphocytes to make distinct cytokines, we
stimulated PBMCs with phorbol myristrate acetate (PMA) and ionomycin and examined cytokine
production by T cells (see Figure S3A for example staining). Unlike previously published studies
probing antigen specificity of T cells in COVID-19 patients,  we more broadly assessed the potential
of all T cells in COVID-19 patients to secrete cytokines. This approach allowed us to assess the impact
of COVID-19 hospitalization on any subsequent immune response, as opposed to the development of
SARS-CoV2-specific memory. IL-10  CD4  T cells were expanded in acute COVID-19 patients, but
this was not observed in convalescent patients (Figure 3A). Normalization of IL-10 production from
CD4  T cells did not occur during hospitalization, as a decrease in IL-10 CD4  T cells was not evident
upon discharge (Figure S3B). As previously reported to occur in response to anti-CD3 and anti-CD28
stimulation,  PMA and ionomycin stimulation resulted in increased IL-17 CD4  T cells in COVID-19
patients (Figure 3B). Remarkably, enhanced IL-17 CD4  T cells persisted into convalescence. We next
queried whether the elevated production of IL-17 during convalescence was associated with any
specific clinical phenotypes. Increased IL-17 CD4  T cells in convalescent patients were seen
irrespective of whether patients were stratified by the presentation of normal or abnormal chest X-rays (
Figure 3B), reporting versus not reporting increased fatigue, or based upon initial disease severity
(Figure S3C).

Despite increased IL-10  and IL-17 CD4  T cells, neither CD4  or CD8  T cells from acute COVID-
19 patients exhibited altered proportions of cells staining positive for the canonical Th1 cytokines
interferon γ (IFNγ) or tumor necrosis factor α (TNF-α) (Figures 3C and 3D). Although a previous study
has reported that high proportions of antigen-specific IFNγ T cells are associated with reduced disease
severity,  our observation is in line with other studies demonstrating that total peripheral T cell
populations exhibit no enhanced production of these cytokines despite ongoing disease  and
irrespective of acute disease severity (Figures S3D and S3E). In stark contrast, both CD4  and CD8
T cells from convalescent COVID-19 patients exhibited enhanced production of type 1 cytokines (
Figures 3C and 3D). This increase in cytokine production was not evident at hospital discharge (Figures
S3F and S3G). Increased type 1 cytokines occurred when stratifying convalescent patients by the
presentation of normal or abnormal chest X-rays (Figures 3C and 3D) and those reporting increased
fatigue (Figure S3H). Of note, no significant increase in IFNγ CD4  T cells was seen when stratifying
patients for fatigue. Increased production of type 1 cytokines in convalescent patients was associated
with COVID-19 disease severity, apart from for IFNγ CD4  T cells, as patients who had moderate and
severe disease showed significant increases in cytokine-positive cells relative to controls (Figures 3E
and 3F). As such, the increases seen in total convalescent patients could be due to increased proportions
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of patients who exhibited severe disease. However, comparing proportions of cytokine-positive cells in
severe patients at acute and convalescent time points still showed an elevation in cytokine-producing
T cells, apart from for TNF-α CD8  T cells (Figures S3I and S3J). More important, longitudinal data
tracking the same patient across their acute and convalescent disease time points also showed increased
production of these type 1 cytokines (except for IFNγ TNF-α CD4  T cells) (Figures 3G and 3H). In a
small subset of patients, we also obtained a second convalescent sample after 6 months from hospital
discharge. In this small group, we noted unchanged proportions of cytokine-positive T cells, suggesting
the persistence of elevated cytokine production beyond 6 months (Figures S3K and S3L). These data fit
with previous studies showing IFNγ  and TNF-α  SARS-CoV-2-specific T cells in convalescent
patients,  but further outline that altered cytokine potential is a general feature of all T cells
during COVID-19 convalescence.

Next, to assess cytokine production by B cells, we stimulated PBMCs from COVID-19 patients with
CpGB (a TLR9 agonist) for 48 h and measured cytokine expression by flow cytometry. We observed a
significant expansion of IL-6  B cells in acute COVID-19 patients and a trend toward a decrease in IL-
10  B cells, suggesting an imbalance in B cells toward a more pro-inflammatory phenotype (Figures 3I
and S4A–S4D). The frequency of IL-6  B cells was restored in convalescent patients and was not
affected by the presentation of normal or abnormal chest X-rays (Figure 3I) or fatigue (Figure S4D).
Interestingly, B cell production of IL-10 was higher in convalescent patients with a good clinical
outcome compared to those with a poor outcome. Increased proportions of IL-10  B cells in
convalescent patients with normal chest X-rays compared to those with abnormal chest X-rays (Figure 3
I) suggests a positive outcome may be associated with the expansion of regulatory B cells. No
significant differences in the frequency of TNF-α  B cells were observed in acute and convalescent
COVID-19 patients (Figures 3I and S4D). Frequencies of cytokine-positive B cells in both acute and
convalescent patients were not affected by disease severity (Figures S4E and S4F). Longitudinal
analysis of individual patients from acute disease into convalescence showed no change in either IL-6
or TNF-α  B cells, but it did demonstrate a recovery of IL-10  B cells upon convalescence (Figure 3J).
Of note, only 1 of 13 patients whose B cells were followed longitudinally exhibited an abnormal chest
X-ray at follow-up. These data demonstrate an expansion of IL-6  B cells during acute disease and
reduced proportions of IL-10  B cells in convalescent patients with poor clinical outcomes.

Identification of COVID-19 convalescent immunotypes based on lymphocyte parameters

Our data establish alterations in the lymphocyte compartment that persist up to 6 months post-hospital
discharge in convalescent patients. To further probe lymphocyte changes within convalescent COVID-
19 patients, we clustered patients based on T and B cell features. Unsupervised clustering revealed 3
groups of convalescent patients with distinct compositions of lymphocyte signatures (Figure 4A).
Group 1 was associated with a high expression of trafficking molecules and increased proportions of
naive B and T cells; group 2 was characterized by high proportions of IgA  and IgG  B cells and
memory B cells (both switched and unswitched); group 3 displayed increased cytotoxic T cells, CD8
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TEMRA, and type 1 cytokines by both CD8  and CD4  T cells. These data suggest the existence of
subgroups of convalescent COVID-19 patients based on lymphocyte phenotypes. We next queried
whether these groups could identify convalescent patients based on clinical outcome. Higher
proportions of patients in group 3 presented with an abnormal chest X-ray and reported breathlessness
at their convalescent follow-up (group 1: abnormal chest X-ray, 23.7%, and dyspnea, 43.2%; group 2:
abnormal chest X-ray, 26.3%, and dyspnea, 44.4%; group 3: abnormal chest X-ray, 62.5%, and dyspnea,
62.5%). Examining characteristics of the patients within each group (Figures 4B–4G), we noted that
group 1 contained most patients who had had mild disease, younger patients, and a greater proportion
of female patients, indicating that these parameters could be affecting this convalescent phenotype. In
contrast, we noted very little difference in the demographics or acute disease information between
patients in groups 2 and 3. For example, both had a similar proportion of patients who had exhibited
severe COVID-19 (group 2, 66.6%; group 3, 50%) and similar proportions of males (group 2, 70.5%;
group 3, 75%). Despite similar patient characteristics, these 2 patient groups present with distinct
lymphocyte profiles and different outcomes, with group 3 exhibiting the poorest clinical outcome
(abnormal chest X-ray, group 2, 26.3%; group 3, 62.5%). Our data provide an important foundation for
future work supporting the identification of hospitalized COVID-19 patients at risk of developing long
COVID symptoms. Our study can now be expanded to explore additional clinical implications of
COVID-19, ascertaining whether specific clinical outcomes are associated with distinct convalescent
patient subgroups. These consequences can be ascertained as platforms such as the post-hospitalization
COVID-19 study (PHOSP-COVID) in the United Kingdom exist to support such future studies.
Moreover, any future studies should also explore whether the lymphocyte alterations defined here are
specific to COVID-19 convalescence or occur following hospitalization with any respiratory virus.

In summary, here, we report lymphocyte changes across the COVID-19 disease trajectory into
convalescence. Our data demonstrate a high degree of activation of a cytotoxic program within CD8
T cells during acute disease, as previously reported.  We extend these data by showing the
persistence of this program within circulating CD8  T cells up to at least 6 months of convalescence.
Whereas previous studies have shown a persistence of low frequencies of SARS-CoV2-specific CD8
T cells with a cytotoxic profile,  importantly, here, we show the elevation of cytotoxic markers within
total circulating CD8  T cells. Although the specificity of T cells in our study remains to be
determined, increases in CD8  T cells with a cytotoxic potential would result in an altered T cell
landscape that could affect tissue integrity, depending on their trafficking capabilities and cytokine
responsiveness. Moreover, our data raise questions about the impact that this increase in cytotoxic cells
would have on subsequent infection, be that bacterial, viral, or fungal. The importance of this question
is further underscored by the elevated potential of total CD8  and CD4  T cells to produce IFNγ and
TNF-α in convalescent patients, outlining a persistent alteration in cytokine potential that could be
either beneficial or detrimental to subsequent immune responses.
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In contrast, altered B cell subsets in acute disease are recovered upon convalescence. Several recent
studies have reported the detection of virus-specific antibodies for several months post-recovery from
SARS-CoV-2 infection.  Here, we show that circulating plasmablast frequencies correlate
positively with IgA/IgG and negatively with IgM, further supporting an expansion of class-switched
antibodies in COVID-19 patients. In addition to secreting antibodies, B cells produce cytokines and are
classified into effector (Beff; IL-6  and TNF-α ) and regulatory B cell (Breg; IL-10 ) subsets based on
the cytokines that they produce.  Significant decreases in transitional B cells, the precursors of human
Bregs,  along with IL-10  B cells, suggest a loss of immunosuppressive Bregs and an expansion of
Beff cells in severe COVID-19 patients, as also observed in chronic inflammatory disorders such as
systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA).  Interestingly, the resolution
of lung pathology in COVID-19 patients was found to be associated with higher proportions of IL-10
B cells, suggesting that these cells could be important in suppressing excess inflammation, and are
associated with positive long-term outcomes.

In summary, we report phenotypic and functional alterations to B and T cells across the trajectory of
SARS-CoV-2 responses from acute disease requiring hospitalization into convalescence, identifying
immune alterations that persist in convalescent COVID-19 patients for up to 6 months. Our study
therefore identifies lymphocyte changes in convalescent COVID-19 patients, which could have longer-
term effects on subsequent anti-pathogen or auto-inflammatory responses.

Limitations of study

Our study has limitations, including the reduced number of samples from patients at acute disease (n =
58) relative to those during convalescence (n = 83); in fact, for some parameters, only 30 acute samples
were examined. Furthermore, disease severity in the acute group did not match that in the convalescent
group; the latter contained more severe patients (acute = 22.4%; convalescence = 49.4%). In addition,
only 14 patients were followed longitudinally from acute disease into convalescence. Our study would
have been significantly enhanced if we could have followed more individual patients. Our study would
have been further enhanced were it possible to examine convalescent patients at later time points—for
example, 9 months and 1 year.
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STAR★Methods

Key resources table

Resource availability

Lead contact Further information and requests for resources and information should be directed to the
Lead Contact, Joanne E. Konkel (Joanne.konkel@manchester.ac.uk).

Materials availability This study did not generate new unique reagents.

Data and code availability All relevant data outputs are within the paper and supplemental information.

Experimental models and subject details

Study design and participants Two cohorts of patients were recruited from Manchester University
Foundation Trust (MFT), Salford Royal NHS Foundation Trust (SRFT) and Pennine Acute NHS Trust
(PAT) under the framework of the Manchester Allergy, Respiratory and Thoracic Surgery (ManARTS)
Biobank (study no M2020-88) for MFT or the Northern Care Alliance Research Collection (NCARC)
tissue biobank (study no NCA-009) for SRFT and PAT. Ethical approval obtained from the National
Research Ethics Service (REC reference 15/NW/0409 for ManARTS and 18/WA/0368 for NCARC).
Informed consent was obtained from each patient, clinical information was extracted from
written/electronic medical records including demographic data, presenting symptoms, comorbidities,
radiographic findings, vital signs, and laboratory data. Patients were included if they tested positive for
SARS-CoV-2 by reverse-transcriptase–polymerase-chain-reaction (RT-PCR) on
nasopharyngeal/oropharyngeal swabs or sputum during their in-patient admission for COVID-19.
Patients with negative nasopharyngeal RTPCR results were also included if there was a high clinical
suspicion of COVID-19, the radiological findings supported the diagnosis, and there was no other
explanation for symptoms. Patients were excluded if an alternative diagnosis was reached, where
indeterminate imaging findings were combined with negative SARS-CoV-2 nasopharyngeal (NP) test,
or there was another confounding acute illness not directly related to COVID-19. The severity of
disease was scored each day, based on criteria for escalation of care (Table S3). Where severity of
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disease changed during admission, the highest disease severity score was selected for classification.
Peripheral blood samples were collected within 7 days of hospital admission, at discharge and then at 3-
9 months post hospital discharge when patients returned to out-patient clinics.

Demographics and clinical information for acute and convalescent patients can be found in Tables S1
and S2.

Healthy controls Recruiting healthy individuals from the community for blood sampling during the
SARS-CoV-2 outbreak was not possible, and therefore we sampled frontline workers from NHS Trusts
and University of Manchester staff with an age range that was similar to our COVID-19 patients (age
range 35-71; median age = 50.9; 52% males). All healthy controls tested negative for anti-Spike1
receptor binding domain antibodies.

Method details

PBMC isolation Fresh blood samples from COVID-19 patients and healthy individuals were collected
in EDTA tubes. Blood was diluted 1:1 with PBS and layered gently on Ficoll-Paque in SepMATE tubes
(StemCell Technologies) followed by density gradient centrifugation. Cells were thoroughly washed
and were either freshly stained for flow cytometry or are stored in 10% dimethyl sulfoxide (DMSO) in
fetal bovine serum (FBS) at −150°C.

Cell culture Frozen PBMC were thawed, washed and resuspended in RPMI containing 10% FBS, L-
Glutamine, non-essential amino acids, HEPES, and penicillin plus streptomycin. 2.5 × 10  cells were
stimulated with; (i) 2μL/ml of stimulation cocktail (eBioScience) in the presence of 10 μg/ml Brefeldin
A for three hours (T cells), (ii) 1 μM CpG for 48 hours followed by 2μL/ml of stimulation cocktail
(eBioScience) in the presence of 10 μg/ml Brefeldin A in the last four hours (B cells). Following
stimulation cells were washed and stained for flow cytometric analysis.

Flow cytometry PBMCs (fresh/thawed/stimulated) were stained with fluorophore conjugated
antibodies (see Key resources table) and viability dyes. Samples were acquired on an LSRFortessa cell
analyzer (Becon Dickinson) and analyzed using FlowJo (TreeStar).

Quantification and statistical analysis

Clustering of T and B cell phenotypes T cell and B cell data were scaled using unit variance scaling,
clustered and graphed using correlation distance and average linkage on the heatmap tool on
ClustVis.
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Statistics Results are presented as individual data points with medians. Normality tests were performed
on all datasets. Groups were compared using an unpaired Mann-Whitney test for healthy individuals
versus COVID-19 patients, one-way ANOVA with Holm-Sidak post hoc testing (normal distribution)
or Kruskal-Wallis test with Dunn’s post hoc testing (failing normality testing) for multiple comparisons,
or Spearman’s rank correlation coefficient test for correlation of separate parameters within the
COVID-19 patient group, using Prism 8 software (GraphPad). In all cases, a p value of ≤ 0.05 was
considered significant. Where no statistical difference is shown there was no significant difference.
Details of statistical tests and definitions of n can be found in each figure legend.
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Figures and Tables

Figure 1

Alterations in B cell subsets during acute COVID-19 are recovered upon convalescence

(A) Cumulative data show ex vivo frequency of CD19  B cells in healthy individuals (n = 38) and COVID-19 patients with
mild (n = 24), moderate (n = 26), and severe (n = 12) disease and at convalescence (n = 83).

(B) Cumulative data show Ki-67 expression by B cells in healthy individuals (n = 28) and COVID-19 patients with mild (n =
13), moderate (n = 15), and severe (n = 9) disease and at convalescence (n = 75).

+

− +
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(C and D) Representative flow cytometry plots and cumulative data show frequencies of naive (CD27 IgD ), unswitched
memory (CD27 IgD ), switched memory (CD27 IgD ), and double-negative (CD27 IgD ) B cells in healthy individuals
(n = 38–40) and COVID-19 with mild (n = 22–24), moderate (n = 25–26), and severe (n = 12–13) disease and at
convalescence (n = 78–80).

(E and F) Representative flow cytometry plots and cumulative data show ex vivo frequency of CD24 CD38  transitional B
cells and CD24 CD38  mature B cells in healthy individuals (n = 37) and COVID-19 patients with mild (n = 24), moderate
(n = 23), and severe (n = 11) disease and at convalescence (n = 80).

(G) tSNE projection of flow cytometry panel visualizing B cell subsets in PBMCs. Representative images for healthy
individuals, severe COVID-19 patients, and convalescent patients. Key indicates cell subsets identified on the image.

(H) Cumulative data show frequency of CD27 CD38  plasmablasts in healthy controls (n = 38) and COVID-19 patients with
mild (n = 23), moderate (n = 23), and severe (n = 12) disease and at convalescence (n = 81).

(I) Graph showing correlation between plasmablasts and IgG  (left), IgA  (center), or IgM  (right) B cell frequencies in acute
COVID-19 patients. Graphs show individual patient data, with the bar representing median values.

In all graphs, open triangles represent SARS-CoV-2 PCR  patients. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, 1-way ANOVA with
Kruskal-Wallis test with Dunn’s post hoc testing for multiple comparisons or Spearman ranked coefficient correlation test.

See also Figures S1 and S2.

Figure 2
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Acute alterations in CD4  T cells and persistent alterations in CD8  T cells during COVID-19

(A) Representative FACS plots showing CD45RA and CCR7 staining on CD4  (gated CD3 CD8 ) and CD8  (gated
CD3 CD4 ) T cells.

(B and C) Graphs showing frequencies of (B) CD8  and (C) CD4  T cells that have a naive (CD45RA CCR7 ) and TEMRA
(CD45RA CCR7 ) phenotype in healthy individuals (n = 44) and COVID-19 patients with mild (n = 18–19), moderate (n =
18), and severe (n = 8) disease and at up to 6 months of convalescence (n = 83).

(D) Graphs showing frequencies of CD8  and CD4  T cells that stain positive for Ki-67 in healthy individuals (n = 28–30),
and COVID-19 patients with mild (n = 14), moderate (n = 11–13), and severe (n = 9) disease and at convalescence (n = 81).

(E–G) Graphs showing frequencies of (E) CD8 Perforin  cells, (F) CD8 GranzymeB  cells, and (G) CD8 CD107a  cells and
CD8 GranzymeB  Ki-67  cells in healthy individuals (n = 29–37), and COVID-19 patients with mild (n = 12–17), moderate
(n = 12–15), and severe (n = 7–9) disease and at convalescence (n = 81–83).
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(H and I) Graphs track frequencies of (H) Perforin  and GranzymeB  and (I) Ki-67 , CD107a , and GranzymeB Ki-
67 CD8  T cells in the same COVID-19 patient at acute (gray circles) and convalescent (maroon circles) time points (n = 14).

(J) Graph shows frequencies of Tregs within CD4  T cells of healthy individuals (n = 20) and COVID-19 patients with mild
(n = 10), moderate (n = 12), and severe (n = 8) disease and at convalescence (n = 82).

(K) Graph shows frequencies of Tfh within CD4  T cells of healthy individuals (n = 34) and COVID-19 patients with mild
(n = 12), moderate (n = 15), and severe (n = 7) disease and at convalescence (n = 83).

(L) Graph shows frequencies of Tfh in individual acute COVID-19 patients with mild (n = 4), moderate (n = 5), and severe
(n = 3) disease at their first and last time points of hospitalization.

(M) Graph tracks frequency of Tfh CD4  T cells in the same COVID-19 patient at acute (gray circles) and convalescent
(maroon circles) time points (n = 14). Graphs show individual patient data, with the bar representing median values.

In all graphs, open triangles represent SARS-CoV-2 PCR  patients. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, 1-way ANOVA with
Kruskal-Wallis test with Dunn’s post hoc testing for multiple comparisons (for B–G and K) or Wilcoxon matched-pairs signed
rank test (I and M).

See also Figures S1 and S2.
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Changes in cytokine production by lymphocytes during acute and convalescent COVID-19

(A–C) Graphs showing frequencies of CD4  T cells that stain positive for (A) IL-10, (B) IL-17, and (C) IFNγ and TNF-α
following 3-h stimulation with PMA and ionomycin in healthy individuals (n = 25–30), acute COVID-19 patients (n = 29–33),
and convalescent COVID-19 patients with normal (n = 55–57) or abnormal chest X-ray findings (n = 25–26).

(D) Graphs showing frequencies of CD8  T cells that stain positive for IFNγ and TNF-α following 3-h stimulation with PMA
and ionomycin in healthy individuals (n = 28), acute COVID-19 patients (n = 24–31), and convalescent COVID-19 patients
with normal (n = 54–57) or abnormal chest X-ray findings (n = 21–24).

(E and F) Graphs show frequencies of (E) CD4  and (F) CD8  T cells that stain positive for IFNγ and TNF-α following 3-h
stimulation with PMA and ionomycin in convalescent COVID-19 patients who initially presented with mild (n = 13–14),
moderate (n = 25–28), and severe (n = 34–41) disease.

(G and H) Graphs track frequencies of (G) CD4  and (H) CD8  T cells that stain positive for IFNγ and TNF-α in the same
COVID-19 patient at acute (gray circles) and convalescent (maroon circles) time points (n = 14).
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(I) Graphs showing frequencies of CD19  B cells positive for IL-10, IL-6, and TNF-α following 48-h stimulation with CpGB
in healthy individuals (n = 22–27), acute COVID-19 patients (n = 22–32), and convalescent COVID-19 patients with normal
(n = 52–54) or abnormal chest X-ray findings (n = 24–27).

(J) Graphs track frequencies of CD19  B cells that stain positive for IL-10, IL-6, and TNF-α in the same COVID-19 patient at
acute (gray circles) and convalescent (maroon circles) time points (n = 11–14). Graphs show individual patient data, with the
bar representing median values.

In all graphs, open triangles represent SARS-CoV-2 PCR  patients. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, 1-way ANOVA with
Kruskal-Wallis test with Dunn’s post hoc testing for multiple comparisons, except for graphs showing CD4 TNF-α  and
CD8 IFNγ  T cells in (E) and (F), where 1-way ANOVA with Holm-Sidak post hoc test was used, or Wilcoxon matched-pairs
signed rank test (G, H, and J).

See also Figures S3 and S4.

Figure 4
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Distinct immune profiles emerge in previously hospitalized convalescent COVID-19 patients

(A) Heatmap of indicated immune parameters by row. Each column represents an individual convalescent COVID-19 patient.
The patients were clustered using one minus Pearson correlation hierarchical clustering. Significance was determined by 2-way
ANOVA, followed by a Tukey’s multiple comparison test. Asterisk next to lymphocyte characteristic indicates a significant
difference between patient groups. Dominant immune characteristics of each group are indicated at the bottom of the heatmap.
Black and white squares indicate patients displaying a normal (white) or abnormal (black) chest X-ray at follow-up.
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(B–G) Graphs show patient characteristics and clinical details of convalescent COVID-19 patients in each of the 3 immune
groups identified, specifically: (B) age; (C) BMI; (D) sex; (E) severity of acute COVID-19 (with 1 being mild, 2 moderate and
3 severe); (F) length, in days, of hospitalization for acute COVID-19; and (G) time, in days, from hospital discharge to follow-
up of convalescent patients.

Graphs show individual patient data, with the bar representing median values. ∗p < 0.05, 1-way ANOVA with Kruskal-Wallis
test with Dunn’s post hoc testing for multiple comparisons.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human TruStain FcX (Fc Receptor Blocking solution)
(5ul/stain)

Biolegend Cat# 422302; RRID: AB_2818986

PE-Cyanine7 anti-human CD19 (clone: HIB19, 1 in 50) Biolegend Cat# 302216; RRID: AB_314246

PE-Dazzle 594 anti-human CD27 (clone: M-T271, 1 in 50) Biolegend Cat# 356422; RRID: AB_2564101

PerCP-Cyanine 5.5 anti-human CD38 (clone: HIT2, 1 in 50) Biolegend Cat# 303522; RRID: AB_893314

Brilliant Violet 605 anti-human IgD (clone: IA6-2, 1 in 50) Biolegend Cat# 348232; RRID: AB_2563337

Brilliant Violet 421 anti-human IgG (clone: M1310G05, 1 in
50)

Biolegend Cat# 410704; RRID: AB_2565626

Brilliant Violet 510 anti-human IgM (clone: MHM-88, 1 in 50) Biolegend Cat# 314522; RRID: AB_2562916

APC anti-human IgA (clone: REA1014, 1 in 100) Miltenyi Biotech Cat# 130-116-879; RRID:
AB_2727739

Brilliant Violet 785 anti-human CD11c (clone: 3.9, 1 in 50) Biolegend Cat# 301644; RRID: AB_2565779

PE anti-human CD86 (clone: BU63, 1 in 50) Biolegend Cat# 374206; RRID: AB_2721633

PE anti-human IL-6 (clone: MQ2-13A5, 1 in 100) Biolegend Cat# 501107; RRID: AB_315155

APC anti-human IL-10 (clone: JES3-19F1, 1 in 25) Biolegend Cat# 506807; RRID: AB_315457

Brilliant Ultra Violet 395 anti-human TNFa (clone: Mab11, 1 in
50)

BD Biosciences Cat# 563996; RRID: AB_2738533

Alexa Fluor 700 anti-human IL-17 (clone: BL168, 1 in 50) Biolegend Cat# 512318; RRID: AB_2124868

PE-Cyanine7 anti-human IFNg (clone: 4S.B3, 1 in 50) Biolegend Cat# 502528; RRID: AB_2123323

Alexa Fluor 700 anti-human Ki-67 (clone: Ki-67, 1 in 50) Biolegend Cat# 350530; RRID: AB_2564040

Brilliant Violet 510 anti-human CXCR3 (clone: G025H7, 1 in
50)

Biolegend Cat# 353726; RRID: AB_2563642

APC anti-human CXCR5 (clone: J252D4, 1 in 50) Biolegend Cat# 356907; RRID: AB_2561816

Brilliant Violet 605 anti-human b7 (clone: FIB504, 1 in 50) BD Biosciences Cat# 564284; RRID: AB_2738729

Brilliant Violet 650 anti-human b7 (clone: FIB504, 1 in 50) BD Biosciences Cat# 564285; RRID: AB_2738730
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Alexa Fluor 488 anti-human Blimp1 (clone: 646702, 1 in 25) R&D Systems Cat# IC36081G; RRID:
AB_11129439

APC-eFluor 780 anti-human CD24 (clone: eBioSN3, 1 in 50) eBioscience Cat# 47-0247-42; RRID:
AB_10735091

FITC anti-human CD56 (clone: 5.1H11, 1 in 50) Biolegend Cat# 362546; RRID: AB_2565964

Brilliant Violet 650 anti-human CD3 (clone: OKT3, 1 in 50) Biolegend Cat# 317324; RRID: AB_2563352

Brilliant Violet 605 anti-human CD3 (clone: OKT3, 1 in 50) Biolegend Cat# 317322; RRID: AB_2561911

Brilliant Ultra Violet 395 anti-human CD3 (clone: SK7, 1 in 50) BD Biosciences Cat# 564001; RRID: AB_2744382

PerCP-Cyanine 5.5 anti-human CD4 (clone: SK3, 1 in 50) Biolegend Cat# 344608; RRID: AB_1953235

Alexa Fluor 700 anti-human CD4 (clone: SK3, 1 in 50) Biolegend Cat# 344622; RRID: AB_2563150
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Acute and postacute sequelae associated 
with SARS-CoV-2 reinfection

Benjamin Bowe1,2, Yan Xie    1,2 & Ziyad Al-Aly    1,2,3,4,5 

First infection with severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) is associated with increased risk of acute and postacute death 
and sequelae in various organ systems. Whether reinfection adds to risks 
incurred after first infection is unclear. Here we used the US Department 
of Veterans Affairs’ national healthcare database to build a cohort of 
individuals with one SARS-CoV-2 infection (n = 443,588), reinfection (two 
or more infections, n = 40,947) and a noninfected control (n = 5,334,729). 
We used inverse probability-weighted survival models to estimate risks 
and 6-month burdens of death, hospitalization and incident sequelae. 
Compared to no reinfection, reinfection contributed additional risks of 
death (hazard ratio (HR) = 2.17, 95% confidence intervals (CI) 1.93–2.45), 
hospitalization (HR = 3.32, 95% CI 3.13–3.51) and sequelae including 
pulmonary, cardiovascular, hematological, diabetes, gastrointestinal, 
kidney, mental health, musculoskeletal and neurological disorders. The 
risks were evident regardless of vaccination status. The risks were most 
pronounced in the acute phase but persisted in the postacute phase at 6 
months. Compared to noninfected controls, cumulative risks and burdens 
of repeat infection increased according to the number of infections. 
Limitations included a cohort of mostly white males. The evidence shows 
that reinfection further increases risks of death, hospitalization and 
sequelae in multiple organ systems in the acute and postacute phase. 
Reducing overall burden of death and disease due to SARS-CoV-2 will require 
strategies for reinfection prevention.

A large body of evidence suggests that first infection with SARS-CoV-2 
is associated with increased risk of acute and postacute death and 
sequelae in the pulmonary and broad array of extrapulmonary organ 
systems1–8. However, many people around the globe are experiencing 
repeat SARS-CoV-2 infections (reinfections). Previous epidemiological 
studies of SARS-CoV-2 reinfection have been limited to investigations 
of the risk of getting reinfection and the comparative evaluation of 
risk differences of hospitalization or death between first and second 
SARS-CoV-2 infections during their acute phase9,10. Whether and to what 

extent reinfection adds to the risk incurred after the first infection is 
not clear (that is, evaluation of the risk of reinfection versus no reinfec-
tion). Whether reinfection contributes to the increased risk of acute and 
postacute sequelae is also not known. Addressing these questions has 
broad public health implications since it will inform whether strategies 
to prevent or reduce the risk of reinfection should be implemented.

In this study, we used the electronic healthcare database of the 
US Department of Veterans Affairs to address the question of whether 
SARS-CoV-2 reinfection adds to the health risks associated with a first 
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CI = 3.77–9.69), musculoskeletal disorders (HR = 1.64, 95% CI = 1.49–
1.80; burden = 25.55, 95% CI = 19.73–31.91) and neurological disorders 
(HR = 1.60, 95% CI = 1.51–1.69; burden = 52.91, 95% CI = 45.48–60.70). 
Risks and excess burdens of reinfection are provided in Fig. 1 and 
Supplementary Table 3. Analyses examining whether the length of 
time from first infection to reinfection might modify the association 
between reinfection and the risks of all-cause mortality, hospitaliza-
tion and at least one sequela suggested no effect modification on the 
multiplicative scale (P values for effect modification of 0.224, 0.156 
and 0.356, respectively).

Analyses of prespecified subgroups based on vaccination status 
before reinfection (no vaccination, one vaccination or two or more 
vaccinations) showed that reinfection (compared to no reinfection) 
was associated with a higher risk of all-cause mortality, hospitalization, 
at least one sequela and sequelae in the different organ systems (Fig. 2 
and Supplementary Table 4) regardless of vaccination status.

Acute and postacute sequelae of SARS-CoV-2 reinfection
We examined whether the risk of sequelae of SARS-CoV-2 reinfection 
was present in the acute and postacute phases of reinfection. We con-
ducted analyses examining risk and burden starting from the time of 
reinfection up to 180 d later in 30-day increments. Compared to those 
with no reinfection, those who had reinfection exhibited increased risk 
and excess burden of all-cause mortality, hospitalization and at least 
one sequela in the acute and postacute phases of reinfection. The risks 
and excess burdens of all-cause mortality, hospitalization and at least 
one sequela during the postacute phase gradually attenuated over 
time but remained evident even 6 months after reinfection (Fig. 3 and 
Supplementary Table 5). Examination of sequelae by organ system 
suggested an increased risk and excess burden in all organ systems 
during the acute phase (Fig. 4 and Supplementary Table 5). The risks 
and burdens persisted in the postacute phase of reinfection and were 
still evident at 6 months after reinfection.

Cumulative risk and burden of one, two and three or more 
SARS-CoV-2 infections
To better understand the cumulative risks incurred by people with 
multiple infections, we estimated the cumulative risk and burden 
of a set of prespecified outcomes in those who did not have a rein-
fection (had only one infection), and those who had two or three or 
more infections during the 1-year period after the acute phase of the 
first infection, compared to a noninfected control group. Cohort 
characteristics are provided in Supplementary Table 6. There was 
a graded association in that the risks of adverse health outcomes 
increased as the number of infections increased. Compared to the 
noninfected control group, those who only had one infection had an 
increased risk of at least one sequela (HR = 1.37, 95% CI = 1.36–1.38; bur-
den per 1,000 persons at one-year = 108.88, 95% CI = 105.89–111.87); 
the risk was higher in those who had two infections (HR = 2.07, 95% 
CI = 2.03–2.11; burden = 260.41, 95% CI = 253.70–267.09) and highest 
in those with three or more infections (HR = 2.35, 95% CI = 2.12–2.62; 
burden = 305.44, 95% CI = 268.07–341.11). In a pairwise comparison 
of those with two infections versus one infection, those with two 
infections had an increased risk of at least one sequela (HR = 1.51, 
95% CI = 1.48–1.54; burden = 151.53, 95% CI = 144.83–158.21); in pair-
wise comparison of those with three or more infections versus those 
with only two infections, those with three or more infections had 
a higher risk of at least one sequela (HR = 1.14, 95% CI = 1.02–1.27; 
burden = 45.02, 95% CI = 7.66–80.70). Results were consistent when 
hospitalization and sequelae by organ system were examined (Fig. 5 
and Supplementary Tables 7–12).

Positive and negative outcome controls
We conducted a positive outcome control analysis to examine whether 
our approach reproduced previous established knowledge, testing 

SARS-CoV-2 infection. We characterized the risks and 6-month burdens 
of a range of prespecified outcomes in a cohort of people who experi-
enced a SARS-CoV-2 reinfection compared to those with no reinfection, 
characterized the risks of acute and postacute outcomes in people who 
had reinfection and finally estimated the cumulative risks and one-year 
burdens associated with one, two, three or more infections compared 
to a noninfected control cohort.

Results
There were 443,588 cohort participants with no SARS-CoV-2 reinfection 
(only a single SARS-CoV-2 infection) and 40,947 participants who had 
SARS-CoV-2 reinfection (two or more infections) (Extended Data Fig. 1); 
5,334,729 participants with no record of positive SARS-CoV-2 infection 
were in the noninfected control group. Among those who had reinfec-
tion, 37,997 (92.8%) people had two infections, 2,572 (6.3%) people had 
three infections and 378 (0.9%) people had four or more infections. The 
median distribution of time between the first and second infection was 
191 d (interquartile range (IQR) = 127–330) and between the second and 
third was 158 d (IQR = 115–228). The demographic and health charac-
teristics of those with no reinfection, reinfection and the noninfected 
control group are presented in Supplementary Table 1.

Sequelae of SARS-CoV-2 reinfection
To gain a better understanding of whether reinfection adds risk, we 
first conducted analyses to examine the risks of all-cause mortality, 
hospitalization and a set of prespecified outcomes in people who had 
reinfection compared to those with no reinfection.

We provide two measures of risk: (1) we estimated the adjusted 
HRs of a set of incident prespecified outcomes comparing people who 
had reinfection versus no reinfection and (2) estimated the adjusted 
excess burden of each outcome per 1,000 persons 6 months after 
SARS-CoV-2 reinfection on the basis of the difference between the 
estimated incidence rate in individuals who had reinfection and no 
reinfection. Follow-up began at the time of reinfection, where reinfec-
tion was defined as a SARS-CoV-2 positive test at least 90 d after the 
initial positive test; this time frame of 90 d was specified to reduce the 
probability that a positive test was related to the first infection. Assess-
ment of standardized mean differences of participant characteristics 
(from data domains including diagnoses, medications and laboratory 
test results) after application of weighting showed they were well bal-
anced in each analysis of incident outcomes (Supplementary Table 2 
and Supplementary Fig. 1).

Compared to those with no reinfection, those who had reinfec-
tion exhibited an increased risk of all-cause mortality (HR = 2.17, 95% 
CI = 1.93–2.45) and excess burden of all-cause mortality estimated at 
19.33 (95% CI = 15.34–23.82) per 1,000 persons at 6 months; all burden 
estimates represent excess burden and are given per 1,000 persons 
at 6 months (Fig. 1 and Supplementary Table 3). People with a rein-
fection also had an increased risk of hospitalization (HR = 3.32, 95% 
CI = 3.13–3.51; a burden of 100.19 (92.53–108.25)) and having at least 
one sequela of SARS-CoV-2 infection (HR = 2.10, 95% CI = 2.04–2.16; a 
burden of 235.91 (225.54–246.34)) (Fig. 1 and Supplementary Table 3).

Compared to those with no reinfection, those who had reinfec-
tion exhibited increased risk of sequelae in the pulmonary (HR = 3.54, 
95% CI = 3.29–3.82; burden = 75.74, 95% CI = 68.47–83.50) and several 
extrapulmonary organ systems including cardiovascular disorders 
(HR = 3.02, 95% CI = 2.80–3.26; burden = 62.80, 95% CI = 56.17–69.91), 
coagulation and hematological disorders (HR = 3.10, 95% CI = 2.77–
3.47; burden = 33.85, 95% CI = 28.55–39.74), fatigue (HR = 2.33, 95% 
CI = 2.14–2.53; burden = 46.92, 95% CI = 40.46–53.89), gastrointes-
tinal disorders (HR = 2.48, 95% CI = 2.35–2.62; burden = 100.30, 95% 
CI = 91.88–109.09), kidney disorders (HR = 3.55, 95% CI = 3.18–3.97; 
burden = 38.31, 95% CI = 32.86–44.37), mental health disorders 
(HR = 2.14, 95% CI = 2.04–2.24; burden = 116.13, 95% CI = 106.71–
125.87), diabetes (HR = 1.70, 95% CI = 1.41–2.05; burden = 6.46, 95% 
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whether the association of a SARS-CoV-2 infection (irrespective of 
reinfection) was associated with risk of fatigue (a well-characterized, 
cardinal postacute sequela of COVID-19, where a positive association 
would be expected based on previous evidence). Results showed that, 
compared to a noninfected control group, those with a SARS-CoV-2 
infection exhibited an increased risk of fatigue (HR = 1.72, 95% 
CI = 1.70–1.74).

We then conducted a set of negative outcome control analyses to 
test for the potential presence of spurious associations using the same 
data sources, cohort construction processes, covariate selections 
and definitions (including predefined and algorithmically selected 
high-dimensional covariates), covariate balance methods and result 
interpretations as those of our primary analysis. Results examining 
the risk of atopic dermatitis and neoplasms (negative outcome con-
trols), where there was no previous biological or epidemiological 
evidence to suggest an association should be expected, did not show 
a significant association in those who had reinfection compared to 
those with no reinfection (HR = 1.06, 95% CI = 0.91–1.24 and HR = 1.03, 
95% CI = 0.97–1.10, respectively).

Discussion
In this study of 5,819,264 people, including 443,588 people with a first 
infection, 40,947 people who had reinfection and 5,334,729 noninfected 
controls, we showed that compared to people with no reinfection, 
people who had reinfection exhibited increased risks of all-cause mor-
tality, hospitalization and several prespecified outcomes. The risks 
were evident in those who were unvaccinated and had one vaccination 
or two or more vaccinations before reinfection. The risks were most 
pronounced in the acute phase but persisted in the postacute phase 
of reinfection, and risks for all sequelae were still evident at 6 months. 
Compared to noninfected controls, assessment of the cumulative risks 
of repeat infection showed that the risk and burden of all-cause mortal-
ity and the prespecified health outcomes increased in a graded fashion 
according to the number of infections (that is, risks were lowest in 
people with one infection, increased in people with two infections 
and were highest in people with three or more infections). Altogether, 
the findings show that reinfection further increases risks of all-cause 
mortality and adverse health outcomes in both the acute and postacute 
phases of reinfection. The findings highlight the clinical consequences 
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Fig. 1 | Risk and burden of sequelae in people with SARS-CoV-2 reinfection 
versus no reinfection. Risk and 6-month excess burden of all-cause mortality, 
hospitalization, at least one sequela and sequelae by organ system are plotted. 
Incident outcomes were assessed from reinfection to the end of the follow-up. 
Results from SARS-CoV-2 reinfection (n = 40,947) and no SARS-CoV-2 reinfection 

(n = 443,588) are compared. Adjusted HRs (dots) and 95% CIs (error bars) are 
presented, as are the estimated excess burden (bars) and 95% CIs (error bars). 
Burdens are presented per 1,000 persons at 6 months of follow-up from the time 
of reinfection.
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of reinfection and emphasize the importance of preventing reinfection 
by SARS-CoV-2.

Estimates suggest that more than half a billion people around the 
globe have been infected with SARS-CoV-2 at least once11. For the large 
and growing number of people who encountered a first infection, the 
question of whether a second infection carries additional risks is impor-
tant. In this work, we showed that reinfection further increases risks of 
all-cause mortality and adverse health outcomes in both the acute and 
postacute phases of reinfection, suggesting that for people who have 
already been infected once, continued vigilance to reduce the risk of 
reinfection may be important to lessen the overall risk to one’s health.

Given the likelihood that SARS-CoV-2 will continue to mutate and 
might remain a threat for years if not decades, leading to the emergence 
of variants or subvariants that might be more immune-evasive, and 

given that reinfections are occurring and might continue to occur 
due to these emerging SARS-CoV-2 variants at scale in many countries 
across the globe, and given that reinfection contributes nontrivial 
health risk both in the acute and postacute phases, a strategy that 
would result in vaccines that are more durable, cover a broad array of 
variants (variant-proof vaccine strategy), reduce transmission (and 
subsequently reduce the risk of infection and reinfection) and reduce 
both acute and long-term consequences in people who get infected or 
reinfected is urgently needed12. Other pharmaceutical and nonphar-
maceutical interventions to lessen both the risk of reinfection and its 
adverse health consequences are also urgently needed.

Questions have been raised with regard to whether reinfection 
increases the risk of long COVID—the umbrella term encompassing 
the postacute sequelae of SARS-CoV-2 infection. Our results show 
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system are plotted. Incident outcomes were assessed from reinfection to the 
end of the follow-up. Results from SARS-CoV-2 reinfection (n = 40,947) versus no 
SARS-CoV-2 reinfection (n = 443,588) are compared. At the time of comparison, 

there were 51.3%, 12.6% and 36.2% with no, one and two or more vaccinations, 
respectively, among those who had reinfection. At the time of comparison, 
there were 41.1%, 11.7% and 47.2% with no, one and two or more vaccinations, 
respectively, among the no reinfection group. Adjusted HRs (dots) and 95% CIs 
(error bars) are presented.
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that beyond the acute phase, reinfection with SARS-CoV-2 contributes 
substantial additional risks of all-cause mortality, hospitalization and 
postacute sequelae in the pulmonary and broad array of extra pulmo-
nary organ systems.

The mechanisms underpinning the increased risks of death and 
adverse health outcomes in reinfection are not completely clear. Previ-
ous exposure to the virus may be expected to hypothetically reduce 
risk of reinfection and its severity9,13; however, SARS-CoV-2 is mutating 
rapidly and new variants and subvariants are replacing older ones every 
few months. Evidence suggests that the reinfection risk is especially 
higher with the Omicron variant, which was shown to have a marked 
ability to evade immunity from previous infection10,14. Any protec-
tion from previous infection (against reinfection and its severity) also 
wanes over time10; evidence suggests that protection from reinfec-
tion declined as time increased since the last immunity-conferring 
event in people who had previously been infected with SARS-CoV-2, 

regardless of vaccination status15. Furthermore, impaired health as 
a consequence of the first infection might result in increased risk of 
adverse health consequences upon reinfection. Our results expand this 
evidence base and show that in people who get reinfected, reinfection 
(compared to no reinfection) further increases risk in both the acute 
and postacute phases and that this was evident even among fully vac-
cinated people, suggesting that even combined (a hybrid of) natural 
immunity (from previous infection) and vaccine-induced immunity 
does not abrogate the risk of adverse health effects after reinfection. 
The totality of evidence suggests that strategies to prevent reinfection 
might benefit people regardless of previous history of infection and 
vaccination status.

This study has several strengths. To our knowledge, this is the 
first study to characterize both the short- and long-term health risks 
of reinfection. We used the US Department of Veterans Affairs national 
healthcare database (the largest nationally integrated healthcare 
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one sequela in the acute and postacute phases of SARS-CoV-2 reinfection 
versus no reinfection. Risk and 6-month burden of all-cause mortality, 
hospitalization and at least one sequela of SARS-CoV-2 reinfection versus 
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delivery system in the US) to undertake the analyses. We used advanced 
statistical methodologies and adjusted through weighting for a set of 
predefined covariates selected based on previous knowledge and algo-
rithmically selected covariates from high-dimensional data domains 
including diagnoses, prescription records and laboratory test results. 

Because the virus is mutating over time and the proportion of different 
variants may vary geographically, and because different variants may 
have different effects on outcomes, we further adjusted our analyses 
for measures of the time and geographical region where participants 
first tested positive for SARS-Cov-2 and additionally for the proportions 
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of each variant at the time and region of their first infection. We evalu-
ated both acute and postacute outcomes of reinfection and examined 
risks according to vaccination status before reinfection. We evaluated 
the rigor of our approach by testing positive and negative outcome 
controls to determine whether our approach would produce results 
consistent with pretest expectations.

The study has several limitations. The cohorts of people with 
one, two, three or more infections included those that had a positive 
test for SARS-CoV-2 and did not include those who may have had an 
infection with SARS-CoV-2 but were not tested; this may have resulted 
in misclassification of exposure since these people would have been 
enrolled in the control groups. If present in large numbers and if their 
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true risk of adverse health outcomes is substantially higher than the 
noninfected controls, then this may have resulted in underestimation of 
the risks of reinfection. Although we leveraged several Veterans Affairs 
and non-Veterans Affairs data sources, our datasets may not have 
comprehensively captured care received outside the Veterans Affairs 
(including exposure (positive SARS-CoV-2), covariates (for example, 
vaccination) and outcomes), which may contribute to potential mis-
classification. Although the Veterans Affairs population which consists 
of those who are mostly older and male may not be representative of 
the general population, our cohorts included 10.3% women, which 
amounted to 589,573 participants, and 12% were under 38.8 years of 
age (the median age of the US population in 2021), which amounted to 
680,358 participants. Subgroup analyses were not conducted by age, 
sex and race. Although we balanced characteristics of the exposure 
groups through weighting using a set of predefined and algorithmi-
cally selected covariates, which included demographic, behavioral, 
contextual and clinical characteristics, we cannot completely rule 
out residual confounding from unmeasured or otherwise unknown 
confounders. The COVID-19 pandemic is a highly dynamic global event 
that is still unfolding in real time; as various epidemiological drivers of 
this pandemic change over time (including emergence of new variants, 
increase in vaccine uptake and waning vaccine immunity), it is likely 
that the epidemiology of reinfection and its health consequences 
may also change over time. The aim of our analyses was to examine 
the health risks associated with those individuals who had reinfection 
(compared to no reinfection). Our analyses should not be interpreted 
as an assessment of severity of a second infection versus that of a first 
infection, nor should they be interpreted as an examination of the 
risks of adverse health outcomes after a second infection compared 
to risks incurred after a first infection. Our analyses do not provide 
a comparative assessment of the risks of reinfection with different 
variants or subvariants.

In sum, in this study of 5,819,264 individuals, we provide evidence 
that reinfection contributes to additional health risks beyond those 
incurred in the first infection including all-cause mortality, hospitali-
zation and sequelae in a broad array of organ systems. The risks were 
evident in the acute and postacute phases of reinfection. The evidence 
suggests that for people who already had a first infection, prevention 
of a second infection may protect from additional health risks. Preven-
tion of infection and reinfection with SARS-CoV-2 should continue to 
be the goal of public health policy.
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Methods
Ethics statement
This study was approved by the institutional review board of the Vet-
erans Affairs St. Louis Health Care System, which granted a waiver of 
informed consent (protocol no. 1606333). All participants who were eli-
gible for this study were enrolled; no a priori sample size analyses were 
conducted to guide enrollment. All analyses were observational, and 
investigators were aware of participant exposure and outcome status.

Setting
Participants were selected from the US Veterans Health Administra-
tion (VHA) electronic health database. The VHA delivers healthcare to 
discharged Veterans of the US armed forces in a network of nationally 
integrated healthcare systems including more than 1,415 healthcare 
facilities. Veterans enrolled for care in the VHA have access to extensive 
medical benefits, such as inpatient and outpatient services, preventa-
tive, primary and specialty care, mental health services, geriatric care, 
long-term and home healthcare, medications and medical equation 
and prosthetics. The VHA electronic health database is updated daily.

Cohorts
A flowchart of cohort construction is provided in Extended Data 
Fig. 1. We first identified users of the VHA with at least one positive 
SARS-CoV-2 test between 1 March 2020 and 6 April 2022 (n = 519,767), 
enrolling these participants at the date of first positive test (set as T0). 
Use of the VHA was defined as having record of use of outpatient or 
inpatient service, receipt of medication or use of laboratory service 
with the VHA healthcare system in the 2 years before enrollment. We 
selected those still alive 90 d after their first positive SARS-CoV-2 test 
(n = 489,779). We then further selected participants who experienced 
reinfection, defined as a positive SARS-CoV-2 test 90 d or more after the 
first infection, where reinfection could occur between 1 June 2020 and 
25 June 2022, which spans the time frame in the US in which pre-Delta, 
Delta and Omicron variants predominated16–19. The 90-d minimum 
time frame to define reinfection was specified to minimize inclusion 
of repeat positive tests that may be related to the first infection16–19. 
There were 40,947 participants who had a reinfection, where the time 
of reinfection was set as T1. To ensure a similar distribution of follow-up 
time in the no reinfection and reinfection groups, participants in the no 
reinfection group were randomly assigned a T1 based on the distribu-
tion of T1 of those in the reinfection group who shared the same calen-
dar month as the date of first infection, resulting in a group of 443,588 
participants with no reinfection that were alive at their assigned T1.

We then constructed a noninfected control group. We first identi-
fied 5,760,792 VHA users between 1 March 2020 and 6 April 2022 with 
no record of a positive SARS-CoV-2 test. We then randomly assigned a 
T0 to each participant in the group on the basis of the distribution of the 
T0 dates in those with at least one positive SARS-CoV-2 test, selecting 
the 5,458,815 who were alive at their assigned T0. We selected those who 
were alive 90 d after their T0 (n = 5,408,880). After randomly assigning 
a T1, there were 5,334,729 in the noninfected control cohort. All cohort 
participants were followed until 25 June 2022.

Data sources
Participant data were obtained from the VHA Corporate Data Ware-
house. The patient and vital status domains provided data on demo-
graphic characteristics. VHA mortality information contains both 
inhospital and nonhospital deaths collected from the Veterans Affairs 
and non-Veterans Affairs sources including the VHA’s Beneficiary Iden-
tification Record Locator System and medical inpatient datasets, as 
well as Medicare Vital Status File, Social Security Administration’s 
Master File and information from death certificates and the National 
Cemetery Administration20. The outpatient and inpatient encounter 
domains provided information on health characteristics including 
details on date and place of encounter with the healthcare system and 

diagnostic and procedural information. The Pharmacy and Bar Code 
Medication Administration domains provided medication records, 
while the laboratory results domain provided laboratory test results for 
tests conducted in both inpatient and outpatient settings7,21. Informa-
tion about SARS-CoV-2 tests and vaccinations were obtained from the 
COVID-19 Shared Data Resource. Positive SARS-CoV-2 tests consisted 
of results from PCR or antigen tests conducted in the Veterans Affairs 
or reported to the Veterans Affairs. The 2019 Area Deprivation Index 
at the residential address of each cohort participant was used as a 
contextual measure of socioeconomic disadvantage22. Information 
from the US Center for Disease Control and Prevention provided the 
proportion of SARS-CoV-2 variant by week in each Health and Human 
Services (HHS) region.

Outcomes
Outcomes were prespecified on the basis of previous evidence1–8,21,23–29. 
Outcomes included all-cause mortality, hospitalization, having at least 
one sequela and organ system disorders including cardiovascular 
disorders, coagulation and hematological disorders, diabetes, fatigue, 
gastrointestinal disorders, kidney disorders, mental health disorders, 
musculoskeletal disorders, neurological disorders and pulmonary dis-
orders. Organ system disorders were defined as a composite outcome 
of a set of prespecified individual sequelae in that system at the date 
of first incident sequela in that system during follow-up. Organ system 
disorders were defined on the basis of inpatient or outpatient diagnos-
tic codes, medication prescriptions or laboratory values. A list of the 
individual sequelae by organ system are provided in Supplementary 
Table 13. The outcome of ‘at least one sequela’ was defined at the time of 
occurrence of first incident sequela among all individual sequelae. For a 
participant, for a given outcome, each individual sequela was included 
in the assessed outcome only when there was no record of that health 
condition in the 2 years before T0. Participants were excluded from the 
analysis of an outcome if they had previous history of all the individual 
sequelae that contributed to the outcome being examined. Hospitali-
zation was defined as first inpatient admittance during follow-up. In 
analyses of kidney disorders, participants with a previous history of 
end-stage kidney disease were excluded and follow-up was censored 
at the time of end-stage kidney disease (Supplementary Table 13).

Covariates
Covariates included a set of variables that were predefined based 
on previous knowledge4–7,21,23,25–27,30–33 and a set of variables that were 
selected algorithmically. Predefined covariates included demographic 
information (age, race and sex), contextual information (Area Dep-
rivation Index) and measures of healthcare use in the 2 years before 
T0, which included the number of outpatient visits, inpatient visits, 
unique medication prescriptions, routine laboratory blood panels 
and use of Medicare services, as well as a previous history of receiv-
ing an influenza vaccination. Smoking status was also included as a 
covariate. Characteristics of the participants’ health history included 
record of anxiety, cancer, cardiovascular disease, cerebrovascular dis-
ease, chronic kidney disease, chronic obstructive pulmonary disease, 
dementia, depression, type 2 diabetes mellitus, estimated glomerular 
filtration rate, immunocompromised status, peripheral artery disease, 
systolic and diastolic blood pressure and body mass index on the basis 
of inpatient or outpatient diagnostic codes, medication prescriptions, 
laboratory values and vital signs. Immunocompromised status was 
defined according to the US Center for Disease Control and Prevention 
definitions by a history of organ transplantation, advanced kidney 
disease (an estimated glomerular filtration rate <15 ml min −11.73 m−2 
or end-stage renal disease), cancer, HIV or conditions with prescrip-
tions of more than 30-d use of corticosteroids or immunosuppressants 
including systemic lupus erythematosus and rheumatoid arthritis.

We also included a set of covariates related to the acute phase of 
the first infection: severity of the acute phase of the disease, defined in 
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mutually exclusive groups of nonhospitalized, hospitalized and admit-
ted to the intensive care unit during the acute phase and whether the 
participant received SARS-CoV-2 treatment of antivirals, antibodies and 
immunomodulators including corticosteroids, interleukin-6 inhibitors 
and kinase inhibitors. We also included—as measures of spatiotemporal 
differences—the calendar week of enrollment and geographical region 
of receipt of care defined by the Veterans Integrated Services Networks. 
We also adjusted for vaccination status, which was defined as receiv-
ing no, one, two and three or more Janssen (Ad26.COV2.S; Johnson 
& Johnson), Pfizer-BioNTech (BNT162b2) or Moderna (mRNA-1273) 
vaccination shots. In consideration of the dynamicity of the pandemic, 
additional covariates included hospital system capacity (the total 
number of inpatient hospital beds), inpatient bed occupancy rates (the 
percentage of hospital beds that were occupied) and a measure of the 
proportions of SARS-CoV-2 variants by HHS region33. These measures 
were ascertained for each participant in the week of cohort enrollment 
at the location of the healthcare system they received care at.

In addition to the predefined covariates, we leveraged the high 
dimensionality of Veterans Affairs electronic health records by 
employing a high-dimensional variable selection algorithm to iden-
tify additional covariates that may potentially confound the examined 
associations34. We used the diagnostic classifications system from the 
Clinical Classifications Software Refined v.2021.1, available from the 
Healthcare Cost and Utilization Project sponsored by the Agency for 
Healthcare Research and Quality, to classify more than 70,000 Inter-
national Classification of Diseases, 10th revision diagnosis codes in 
the 2 years before T0 for each participant into 540 diagnostic catego-
ries35–37. Using the Veterans Affairs national drug classification system, 
we also classified 3,425 different medications into 543 medication 
classes38,39. Finally, on the basis of Logical Observation Identifiers 
Names and Codes, we classified laboratory results from 38 differ-
ent laboratory measurements into 62 laboratory test abnormalities, 
defined by being above or below the corresponding reference ranges. 
Of the high-dimensional variables that occurred at least 100 times 
in participants in each group, we selected the top 100 variables with 
the highest relative risk for differences in group membership in first 
infection or reinfection.

Statistical analysis
Mean (s.d.) and frequency (percentage) of characteristics are reported 
for those with no SARS-CoV-2 reinfection, SARS-CoV-2 reinfection and 
the noninfected control group, where appropriate. We provide infor-
mation on the distribution of frequency of reinfections, time between 
infections and variant of reinfection (defined by predominant variant 
given the calendar week and HHS region of the residential location of 
cohort participants when reinfection occurred).

All associations were estimated based on weighting approaches 
combined with survival analyses. We conducted a primary analysis to 
evaluate the risk and burden of reinfection compared to no reinfec-
tion (Supplementary Fig. 2). Logistic regressions were constructed 
to estimate the propensity score of group membership; regressions 
included predefined covariates, high-dimensional covariates and time 
from T0 to T1 as a means to adjust for residual differences in duration of 
follow-up. A reference cohort of the overall infected cohort at T0 was 
used as the target population. Inverse probability weighting was then 
used to balance the covariates. A weighted Cox survival model was then 
used to estimate the average risk and event rate difference between 
those with a reinfection and those with no reinfection. Standard errors 
were estimated by applying the robust sandwich variance estimator 
method. Covariate balance among all predefined and high-dimensional 
variables were assessed through the standardized mean difference, 
where a difference <0.1 was taken as evidence of balance. We esti-
mated the incidence rate difference (referred to as excess burden) 
between groups per 1,000 participants at 6 months after the start of 
the follow-up based on the difference in survival probability between 

the groups. These analyses were repeated by subgroup on the basis of 
the number of vaccination shots received (0, 1 or 2+) before reinfection 
using an overlap weighting approach. To test whether the risk on the 
multiplicative scale differed between participants with different dura-
tion between T0 and T1, a model with a linear interaction term between 
reinfection status and duration was constructed and the corresponding 
P value is reported for the outcomes of all-cause mortality, hospitaliza-
tion and having at least one sequela.

To examine whether risks associated with a reinfection were pre-
sent in the acute and postacute phases of reinfection, we conducted 
analyses to examine risks in 30-d time intervals starting at the time of 
reinfection up to 180 d after reinfection. HRs and 30-d burdens were 
estimated independently for each 30-d time interval. During each 30-d 
interval, outcomes were defined at the time of first occurrence within 
this interval in those who did not have that outcome in the 2 years 
before the first infection.

We then used a doubly robust approach to examine the risk and 
cumulative burden per 1,000 persons at one-year after first infection of 
sequelae associated with one, two and three or more infections versus 
a noninfected control (Supplementary Fig. 3). A third or more infection 
was defined as a positive test at least 90 d after the second infection. 
The number of infections and outcomes were assessed in the 360 d after 
T0 + 30 d. Since those with three or more infections predominantly had 
their first infection before the Omicron variant was present, to enhance 
comparison across groups, we restricted this analysis to those with a 
T0 period before Omicron became the predominant variant in at least 
one HHS region (11 December 2022). Because participants with three 
or more infections must have not died during the follow-up period to 
have that third (or more) infection, we did not examine the outcome 
of all-cause mortality due to immortal time bias.

Positive and negative controls
We examined, as positive outcome controls, the risk of fatigue in those 
with a SARS-CoV-2 infection compared to the noninfected control 
group as a means of testing whether our approach would reproduce 
established knowledge4,5,25–27.

The application of a negative outcome control may help detect 
both suspected and unsuspected sources of spurious biases. Therefore, 
we examined the difference in risks of atopic dermatitis and neoplasms 
between those who had reinfection and the first infection, where no pre-
vious knowledge suggested that an association should be expected. The 
testing of positive and negative outcome controls may lessen, although 
not eliminate, concerns about biases related to study design, covariate 
selection, analytical approach, outcome ascertainment, unmeasured 
confounding and other potential sources of latent biases40,41.

All analyses were two-sided. In all analyses, a 95% CI that excluded 
unity was considered evidence of statistical significance. All analyses 
were conducted in SAS Enterprise Guide v.8.2, and all figures were 
generated in R v.4.0.4.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
US Department of Veterans Affairs. Veterans Affairs data are made 
freely available to researchers behind the Veterans Affairs firewall with 
an approved Veterans Affairs study protocol. For more information, 
please visit https://www.virec.research.va.gov or contact the Veterans 
Affairs Information Resource Center at VIReC@va.gov.

Code availability
The code used for the analysis is available at https://github.com/
BcBowe3.
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Abstract: In this study we investigated the effectiveness of air purifiers and in-line filters in ventilation
systems working simultaneously inside various classrooms at the University of Southern California
(USC) main campus. We conducted real-time measurements of particle mass (PM), particle number
(PN), and carbon dioxide (CO2) concentrations in nine classrooms from September 2021 to January
2022. The measurement campaign was carried out with different configurations of the purifier (i.e.,
different flow rates) while the ventilation system was continuously working. Our results showed
that the ventilation systems in the classrooms were adequate in providing sufficient outdoor air to
dilute indoor CO2 concentrations due to the high air exchange rates (2.63–8.63 h−1). The particle
penetration coefficients (P) of the investigated classrooms were very low for PM (<0.2) and PN (<0.1),
with the exception of one classroom, corroborating the effectiveness of in-line filters in the ventilation
systems. Additionally, the results showed that the efficiency of the air purifier exceeded 95% in
capturing ultrafine and coarse particles and ranged between 82–88% for particles in the accumulation
range (0.3–2 µm). The findings of this study underline the effectiveness of air purifiers and ventilation
systems equipped with efficient in-line filters in substantially reducing indoor air pollution.

Keywords: air pollution; indoor air quality; particulate matter (PM); ventilation; ultrafine particles;
portable air purifier

1. Introduction

Improving indoor air quality using air filtration technologies is essential since people
spend most of their time in closed environments [1–4]. Indoor air pollution leads to adverse
health outcomes and almost 3.8 million premature deaths annually [5]. Occupants’ exposure
to indoor particle pollutants can cause a number of adverse health effects, including
respiratory illnesses, lung cancer, strokes, heart failure, asthma, and eye problems [6–10].
In addition to the health drawbacks, indoor pollution in working environments can lead to
fatigue and a decline in focus and productivity [11].

In addition to ambient particles infiltrating indoors and particles emitted by indoor
sources, human-generated particles (i.e., airborne aerosol particles released by the exhaled
breath of humans) are major routes of airborne transmission of bacteria and viruses, includ-
ing SARS-CoV-2, especially in confined environments with high population density, such
as classrooms [12–15]. The exhaled particles generally have an aerodynamic diameter of
less than 1 µm, mostly in the range of 0.1 to 0.5 µm [16–18]. The larger exhaled droplets
settle on the ground within seconds due to the gravitational force and/or evaporate to
smaller particles in a few seconds [19]. The smaller particles remain suspended in the
indoor environment for several hours and can be carried by air currents as far as several
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meters from their source [15,20]. These smaller particles have a greater capacity to increase
the infection potential than large particles since they can travel longer distances [21].

Given the health impacts caused by indoor airborne pollutants, employing air purifi-
cation means in indoor spaces is essential for decreasing pollutant concentrations [15,18].
There are two main methods used to enhance indoor air quality and remove indoor particle
pollutants, including in-line filters in ventilation systems and portable air purifiers [22].
Portable air purification units have been widely used in recent years due to their efficient
removal of indoor pollutants [23–25]. They have been placed in approximately 30% of
private residential buildings in developed countries, and a steady growth in the use of
these cleaning devices is expected in the upcoming years [1,24]. The existence of in-line
filtration in mechanical ventilation systems reduces the infiltration of outdoor particles to
indoor spaces to a certain level depending on the filter’s characteristics, filter efficiency,
and particle size [26–28]. The effectiveness of these in-line filters in capturing ambient par-
ticles is assessed by the penetration coefficient (P), which describes the fraction of outdoor
particles that successfully penetrate the building into the indoor environment [26,29,30].
Moreover, the adequacy of the ventilation systems in bringing sufficient outdoor air to the
indoor environment is assessed by the air exchange rate value [31,32]. Air exchange rate
(AER) is the rate at which indoor air is entirely replaced by outdoor air in a specific closed
environment (e.g., classrooms). The replacement of indoor air with outdoor air occurs by
various means, such as natural ventilation (e.g., doors and windows) and forced ventilation
(e.g., mechanical ventilation systems). Indoor air quality can be improved by increasing the
air exchange rate, since allowing more air to enter the space will dilute indoor pollution,
except in cases where outdoor pollution is substantially high [31,33] in which the outdoor
air needs to be purified by some sort of in-line filter.

The main objective of this study was to explore the effectiveness of air purifiers and
mechanical ventilation systems equipped with in-line filters in removing indoor airborne
particles originating from outdoor and indoor sources in university classrooms. Several
studies supported the effective work of the air purifier inside classrooms in improving
indoor air quality and mitigating the transmission of bacteria and viruses [34–37]. However,
this study provided additional insights by examining the performance of both air purifiers
and in-line filters in the ventilation systems working simultaneously inside various univer-
sity classrooms with different characteristics. In addition, we investigated the adequacy
of the ventilation systems in bringing sufficient outdoor air to the indoor environment.
The findings of this work provide significant insights for public health officials, especially
in educational institutions, to implement air pollution control systems and enhance the
quality of air in indoor environments.

2. Methods
2.1. Measurement Sites and Protocol

The measurements were conducted inside classrooms in the University of Southern
California (USC) main campus area over a 5-month period from September 2021 to January
2022. Table 1 shows the details of the selected classrooms, including volume, floor area, and
the total number of students. These classrooms were solely dependent on forced ventilation
(i.e., mechanical ventilation systems) as the means of air exchange between outdoor and
indoor environments. Natural ventilation was minimized in all classrooms by closing all
doors and windows. The indoor monitoring was performed in two separate campaigns;
the first campaign was held in all selected classrooms with students attending classes,
while the second campaign was conducted in an empty classroom (i.e., classroom 3). In the
first measurement campaign, indoor air quality measurements were conducted in three
phases in 9 classrooms located in 7 different buildings; each phase had a different setting
of an air purifier (Model Trio PlusTM, Field Controls, Kinston, NC, USA) equipped with
H13 HEPA filters. The first phase was carried out without the presence of the portable air
purifier to evaluate the effectiveness of ventilation systems equipped with in-line filters
in reducing indoor pollutant levels without the interference of additional air-cleaning
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devices. In the second phase, we conducted the measurements while both the classroom’s
ventilation system and the air purifier (with flow rate of 267 m3/h) were active. In the third
phase, the air purifier was set at the highest possible flow rate (i.e., 748 m3/h) while the
ventilation system was operating simultaneously. We performed real-time measurements
for indoor and outdoor PM2.5 mass concentrations (PM), particle number concentrations
(PN), and CO2 levels during active 2-hour lectures in the presence of students. It should be
noted that strong indoor particle generation sources (e.g., chalkboard dust and cleaning
activities) were not present in the classrooms during the lectures. Pollutants’ monitoring
in each classroom started 15 min before the beginning of the lecture and continued until
15 min after the end of the lecture. On the same day, we also monitored the outdoor
pollutant concentrations for 15 min before and after the lecture to ensure that the outdoor
concentration had not changed considerably while the lecture was ongoing. For each
classroom, we repeated the previous procedure on three different days by changing the
configuration of the purifier according to the three phases discussed earlier. Moreover,
the location of the monitoring devices in the classrooms could affect the readings of the
indoor pollutant concentrations. Therefore, we investigated the spatial variance in the
pollutant concentrations by placing the monitoring devices in the middle and corners of
the classrooms, the results of which are shown in Figure 1 for two different classrooms as
an example (the rest of the classrooms yielded similar results). The results indicate overall
spatial homogeneity for PM, PN, and CO2 concentrations inside the classrooms. This
observation shows that the particle and gas pollutants are well mixed due to the overall
high air exchange rates in the classrooms; thus, the location of the measuring devices in
different spots within the classroom should not result in notable differences between the
readings. According to the findings of Küpper et al. (2019) [22] regarding the possible
spatial variance in the purifier’s removal efficacy, changing the location of the purifier will
provide almost identical removal efficiencies and lead to the same distribution of clean air
in the space. Therefore, we positioned the purifier in a fixed location (i.e., the center of the
classroom) during the entire campaign.

Table 1. Characteristics of the investigated classrooms.

No. Classroom Building Name Number of
Students

Room Height
(m)

Floor Area
(m2) Volume (m3)

1 OHE136 Olin Hall (OHE) 21 3.05 86.12 262.50
2 RTH 105 Tutor Hall (RTH) 7 3.05 97.73 297.89
3 SGM 226 Seeley G. Mudd Building (SGM) 8 3.05 63.64 193.97
4 GFS 221 Grace Ford Salvatori Hall (GFS) 20 3.05 36.42 111.00
5 GFS 205 Grace Ford Salvatori Hall (GFS) 12 3.05 36.51 111.29
6 KAP159 Kaprielian Hall (KAP) 20 3.05 37.63 114.68
7 OHE 120 Olin Hall (OHE) 6 3.05 56.49 172.17

8 KDC 236 Glorya Kaufman International Dance
Center (KDC) 26 3.05 89.00 271.28

9 THH 118 Taper Hall (THH) 22 3.05 76.83 234.18

The second measurement campaign was carried out in classroom 3 in the presence
of an indoor pollution source (i.e., sodium chloride aerosols) to simulate exhaled particles
of humans. Particles can be generated by humans through various activities, including
breathing, speaking, coughing, and sneezing. The particle size that is generally produced by
breathing ranges between 0.1 and 1.0 µm [17,38–40]. On the other hand, coughing, sneezing,
and speaking generate larger particles compared to breathing; these particles are typically
larger than 5 µm and will either settle gravitationally or evaporate to smaller particles (<1
µm) [19,34,41,42]. To corroborate the use of sodium chloride (NaCl) as a representative for
human exhaled particles, we measured the size distribution of NaCl particles by means
of an optical particle sizer (OPS) (Model 3330, TSI, Shoreview, MN, USA) and a scanning
mobility particle sizer (SMPS) (Model 3936, TSI, Shoreview, MN, USA). At first, we prepared
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a suspension by dissolving 50 mg of sodium chloride in 100 mL of ultrapure Milli-Q water
to reach a concentration of 500 µg/mL. The suspension was sonicated in an ultrasonic
bath for 30 min to achieve a homogenous solution. NaCl suspension was subsequently
aerosolized using a commercially available nebulizer (Model 11310 HOPETM nebulizer,
B&B Medical Technologies, Carlsbad, CA, USA) that was connected to a compressor pump
(Model VP0625-V1014-P2-0511, Medo Inc., Roselle, IL, USA) equipped with a HEPA capsule
(Model 12144, Pall Corporation, USA) to supply compressed filtered air to the nebulizer.
The nebulizer was connected to both the SMPS and OPS by a clear vinyl tube to obtain the
number-based particle size distribution. The particle size distribution is shown in Figure S1
and indicates that NaCl particles mostly fall in the range of 0.071 to 1.13 µm with a peak at
0.51 µm, which supports the use of NaCl as a representative of the particles generated by
humans. A number of previously published studies used NaCl as the aerosol test agent to
assess the effectiveness of air filtration means [18,43–46]. In addition, the National Institute
for Occupational Safety and Health (NIOSH) considered NaCl as a standard test aerosol
for measuring the effectiveness of respiratory protective equipment (e.g., N95 masks) [47].
Following the same setup and sample preparation discussed earlier, NaCl suspension was
aerosolized in classroom 3 to act as an indoor source of aerosols.
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Figure 1. Spatial variability in classrooms 3 and 6 based on (a) PM, (b) PN, and (c) CO2. The error 
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2.2. Instrumentation

Various air quality monitors were used in this study to measure different pollutant
concentrations. We employed the DiSCmini nanoparticle counter (Model Testo DiSCmini,
Testo, West Chester, PA, USA) in our experiments to measure particle number concentra-
tions. The TSI DustTrak monitor (Model 8520, TSI, Shoreview, MN, USA) was used to
obtain real-time PM2.5 particle mass concentrations. In addition, we employed a Q-track
device (Model 8551, TSI, Shoreview, MN, USA) to measure indoor and outdoor CO2 levels.
One of the objectives of the second measurement campaign in the empty classroom was
to estimate the purifier’s efficiency for each particle size. This was done using the optical
particle sizer (OPS) (Model 3330, TSI, Shoreview, MN, USA) to obtain particle concentra-
tions and size distributions. The OPS measures particle sizes from 0.3 to 10 µm, which are
particles in the coarse and accumulation size ranges. Further details about the calibration
of the monitoring instruments are available in the supplementary material.
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2.3. Additional Calculations
2.3.1. Indoor Particle Penetration (P) in the Set of Classrooms

The indoor particle penetration (P) was calculated based on the steady-state approach,
which is similar to that of Chao et al. (2003) [48]. Treating the classroom as a closed system
allows for the application of the mass balance equation. Equation (1) illustrates the mass
balance applied in the tested classrooms:

dCin
dt

=
S
V

+ Cout AER (P)− Cin AER − Cink (1)

where dCin/dt is the change of indoor particle concentration with time, S represents the
indoor particle production rate, V is the volume of the classroom (m3), k is the deposition
rate of particles (h−1), and Cin and Cout are the indoor and outdoor particle concentrations,
respectively. The indoor particle production rate in Equation (1) was neglected (i.e., S = 0)
since there was no indoor source for particles in the studied classrooms during the active
lectures. The presence of students inside the classrooms did not result in noticeable
increases in the indoor particle concentrations since the particle emission rate by humans is
negligible compared to the particles infiltrating from outdoor sources [49–51]. The indoor
particle concentration in the classrooms reached a steady-state condition after 5–8 min from
the beginning of the lecture (i.e., dCin/dt = 0), which means Equation (1) can be rearranged
to the following equation:

P =
Cin(AER + k)

Cout AER
(2)

The above expression has been widely used for the calculation of effective penetration
or the steady-state indoor concentration (Cin) in numerous previous studies [52–54]. The cal-
culation of particle penetration indoors was carried out in the first phase of measurements
when the air purifier was switched off. The particle penetration should not be affected by
using the air purifier in the second and third phases of measurements. However, to show
the agreement of penetration coefficients in the three phases, the following equation was
used when the air purifier was active:

P =
Cin

(
AER + k + CADR

V

)
Cout AER

(3)

where CADR is the clean air delivery rate of the purifier (m3/h), and V is the volume of the
classroom (m3). Although the operation of an air purifier does not affect the penetration
coefficient, it significantly affects the indoor-to-outdoor ratio. Equation (3) demonstrates
that the addition of the (CADR/V) term will decrease the (Cin/Cout) ratio. Moreover,
increasing the purifier’s flow rate leads to a further reduction in the indoor-to-outdoor ratio.

The penetration coefficient in the studied classrooms was used as a metric for assessing
the effectiveness of the in-line filters of the ventilation systems in capturing particles
penetrating the building from the outdoor space. The air handling units in all tested
classrooms, except classroom 3, were equipped with a dual direction 12-inch MERV 14
filter with a fiberglass media (Model Aerostar FP Mini-Pleat, Filtration Group, Santa Rosa,
CA, USA). MERV 14 efficiently filters the outside air and the air returning from the indoor
space. The air handling unit of classroom 3 had a 2-inch MERV 13 filter with a synthetic air
media (Model Aerostar Green Pleat, Filtration Group, Santa Rosa, CA, USA). According to
the manual of Aerostar filters, MERV 13 filters have lower particle removal efficiency than
MERV 14 filters.

2.3.2. Air Purifier’s Efficiency in Classroom 3

The second measurement campaign consisted of three stages leading to the deter-
mination of the purifier’s efficiency. In the first stage, the background indoor pollutant
concentrations were measured without operating the pollution source and the purifier. The
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second stage started when the indoor pollutant generator was switched on until a stabilized
particle concentration was reached. In the third and last stage, the indoor pollutant source
was switched off, and the air purifier was switched on. The purpose of the third stage was
to investigate the particle decay rate (Kpurifier) in the presence of the air purifier. The experi-
ment was repeated three times by changing the third-stage scenario. In the first scenario,
the purifier was switched off in order to measure the natural decay rate of particles (Knatural)
when the ventilation system was only switched on. In the second scenario, the purifier was
operated at a flow rate of 267 m3/h to obtain the particle decay rate (Kpurifier (low)). The last
scenario was conducted while operating the purifier at a flow rate of 748 m3/h to measure
the decay rate at the purifier’s maximum fan speed (Kpurifier (high)). In order to calculate the
particle decay rate after switching off the NaCl source, we treated the classroom as a closed
system and applied the mass balance equation below:

dCin
dt

= Cout AER (P)− Cin(K) (4)

where dCin/dt is the change of the indoor particle concentration with time, K is the particle
decay rate (h−1), AER is the air exchange rate (h−1), P is the particle penetration coefficient,
and Cin and Cout are the indoor and outdoor particle concentrations, respectively. Based
on the integration of Equation (4), the general equation for the indoor concentration is
expressed as follows:

Cin(t) =
Cout AER (P)

K
(1 − e−(K)t) + Cin(o)e

−(K)t (5)

where Cin(t) is the concentration of the particles at time t and Cin(o) represents the con-
centration of the particles at time 0. In order to analyze the decay of the particles (i.e.,
reduction in particle concentration) with time, we subtracted the concentration of the parti-
cles continuously infiltrating indoors (i.e., the first term of Equation (5)) from the measured
concentrations during the decay period. This allowed us to use the exponential equation
below to obtain the decay rate of the particles:

Cin(t) = Cin(o)e
−(K) t (6)

The particle decay rate is a function of the air exchange rate, particle deposition rate,
and particle removal rate by the purifier. Thus, Equations (7) and (8) were used to express
the decay rate in the natural condition (i.e., without the purifier) and in the presence of the
purifier, respectively:

KNatural = AER + k (7)

KPuri f ier = AER + k + η
Q
V

(8)

where AER is the air exchange rate (h−1), k is the particle deposition rate (h−1), η represents
the purifier efficiency, Q is the air volumetric flow rate of the purifier (m3/h), and V
represents the volume of the classroom (m3). By combining Equations (7) and (8), we can
calculate the purifier’s efficiency, as shown in Equation (9):

η =
(KPuri f ier − KNatural)V

Q
(9)

The decay in the particle mass and number concentrations was plotted as a function
of time after switching off the aerosol source. Decay curves were obtained for a range of
particle sizes (0.3–10 µm) to estimate the purifier’s efficiency in removing different particle
sizes. In addition, the purifier removal efficiency for ultrafine particles was estimated using
PN data obtained from the DiSCmini since it mainly detected particles with diameters
below 0.3 µm.
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3. Results and Discussion
3.1. Indoor Monitoring of PM, PN, and CO2 Concentrations in the Set of Classrooms
3.1.1. Indoor CO2 Levels

Figure 2 demonstrates the actual air exchange rates (AER) in the selected classrooms,
which were measured and showed a very good agreement with the AER received from
the USC facilities and the management department as shown in Figure S2. The detailed
methodology of calculating the AER inside the classrooms is described in the supplemen-
tary material. AER is the metric for assessing the adequacy of the applied ventilation (i.e.,
mechanical ventilation system) in bringing in sufficient outdoor air and diluting indoor CO2
concentrations. However, high air exchange rates will also increase the infiltration of out-
door particulate pollutants, especially if the ventilation system operates without an in-line
filtration system that removes a fraction of outdoor particle pollutants [26,31]. As shown in
Figure 2, the classrooms’ AER values ranged from 2.63 h−1 (Classroom 7) to 8.63 h−1 (Class-
room 4). The American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) standard 62.1 (2016) recommended a minimum ventilation rate of 7.5 L/sec
(27 m3/h) per person in closed environments [55]. Figure 2 shows the alignment of the AER
values with the ASHRAE’s recommendation in all investigated classrooms. Therefore, these
AER values indicate sufficient outdoor-to-indoor air circulation and adequate ventilation.
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Figure 2. Air exchange rate (AER) values for the tested classrooms. The error bars indicate standard
deviations of the values measured on three different days.

After approximately 10 min from the beginning of each lecture, the indoor CO2
concentration reached a well-mixed steady-state condition when the production of CO2
by the students was equal to the losses of CO2 due to air circulation in the ventilation
system. The ASHRAE standard 62.1 (2016) recommended that the indoor steady-state CO2
concentration should not exceed the outdoor CO2 level by more than 700 ppm [55]. Figure 3
presents the average outdoor and indoor CO2 concentrations during the three phases of
measurements in the studied classrooms. The comparable indoor CO2 levels in the three
phases confirm that the indoor CO2 concentrations are not affected by the use of air purifiers
since the latter remove particulate and not gaseous air pollutants. Elevated concentrations
of CO2 can impact productivity [56–58] and lead to headaches, tiredness [59,60], and sick
building syndrome (SBS) symptoms (e.g., difficulty in concentration, dizziness) [61–64].
According to the recommended indoor CO2 level by ASHRAE (not exceeding the outdoor
level by 700 ppm) and the measured outdoor CO2 level (400–500 ppm), the indoor CO2
levels in the tested classrooms should not exceed 1100–1200 ppm. This is consistent
with our measurements inside the classrooms which showed values ranging between
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500 ppm and 900 ppm. This observation corroborates that the ventilation systems in all
the tested classrooms are adequate and provide sufficient outdoor air to dilute indoor CO2
concentrations as a result of the generally high air exchange rates (2.63–8.63 h−1) in each
classroom [32,65,66].
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3.1.2. Particle Mass and Number Concentrations and Indoor-to-Outdoor Ratios inside
the Classrooms

Table 2 summarizes the ambient, indoor, and indoor-to-outdoor (I/O) ratios of PM2.5
mass concentrations and particle number concentrations in the occupied classrooms for the
first, second, and third measurement phases. During the first phase, classroom 3 exhibited
the highest indoor PM2.5 mass concentration (8.62 µg/m3), followed by classroom 9 with
an indoor mass concentration of 2.43 µg/m3. The indoor mass concentration during
the three phases does not accurately reflect the effectiveness of the air purification unit
in reducing indoor pollution because the ambient pollution has a significant influence
on the indoor concentration. For example, classroom 9 showed a higher PM indoor
concentration (2.43 µg/m3) compared to classroom 8 (0.95 µg/m3) in the first phase, while
the corresponding outdoor levels were 21.67 and 5.69 µg/m3, respectively. Therefore, we
used the indoor-to-outdoor ratio as a metric for measuring the effectiveness of ventilation
and air purifiers in reducing indoor pollutant levels. Excluding classroom 3, all classrooms
had PM and PN I/O ratios below 0.2 in the first phase without using the purification unit.
This observation indicates that the ambient PM and PN were initially reduced by 80% or
more in most classrooms by just the in-line filters of the ventilation system. In classroom 3,
the ambient PM and PN concentrations in the first phase were reduced by 56 % and 65%,
respectively. The low I/O values in the first phase did not allow for a proper investigation
of the purifier’s efficiency in removing particles in the subsequent phases. For example, the
PN I/O ratio in classroom 4 decreased from 0.05 in the first phase to 0.04 in the third phase
when the purifier was operated at the maximum volumetric flow rate (748 m3/h). Starting
with a low I/O value did not allow the purifier to reduce the I/O ratio substantially and,
more importantly, the indoor PM levels approached the limit of detection of the DustTrak,
such as classrooms 2 and 7.
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Table 2. Indoor, ambient, and indoor-to-outdoor (I/O) ratios of PM and PN in the three measurement
phases. LOD refers to the limit of detection of the employed instrument.

PM2.5 Mass Concentration (PM) (µg/m3)

First Phase Second Phase Third Phase

Indoor Outdoor I/O Indoor Outdoor I/O Indoor Outdoor I/O

Classroom 1 1.19 7.90 0.15 0.07 2.04 0.03 0.21 9.00 0.02
Classroom 2 0.31 8.2 0.04 0.48 46.01 0.01 <LOD 24.33 NA
Classroom 3 8.62 19.55 0.44 1.25 3.04 0.41 10.97 42.39 0.26
Classroom 4 1.29 10.60 0.12 0.61 9.56 0.06 2.03 28.22 0.07
Classroom 5 1.24 13.44 0.09 1.04 10.31 0.10 0.73 6.60 0.11
Classroom 6 1.00 5.63 0.18 0.15 2.75 0.05 0.77 22.93 0.03
Classroom 7 0.27 7.83 0.03 <LOD 4.08 NA <LOD 11.67 NA
Classroom 8 0.95 5.69 0.17 2.99 33.91 0.09 2.20 60.25 0.04
Classroom 9 2.43 21.67 0.11 1.92 18.71 0.10 0.87 11.85 0.07

Particle Number Concentration (PN) (particles/cm3)

First Phase Second Phase Third Phase

Indoor Outdoor I/O Indoor Outdoor I/O Indoor Outdoor I/O

Classroom 1 207.4 8523.5 0.02 90.6 4798.5 0.02 84.0 2972.8 0.03
Classroom 2 113.73 2290.07 0.05 165.87 5285.31 0.03 42.76 3672.92 0.01
Classroom 3 2328.7 6693.6 0.35 1800.0 5557.3 0.32 1917.8 7050.2 0.27
Classroom 4 258.6 5537.9 0.05 306.2 6704.9 0.05 253.8 6944.3 0.04
Classroom 5 345.6 8453.6 0.04 151.0 8414.1 0.02 363.1 17704.5 0.02
Classroom 6 1389.0 14338.6 0.10 299.1 12158.4 0.02 89.4 10312.7 0.01
Classroom 7 76.36 6215.27 0.01 52.33 4425.42 0.01 53.41 5573.16 0.01
Classroom 8 388.0 13783.6 0.03 220.0 7050.2 0.03 90.4 5807.8 0.02
Classroom 9 1100.2 17763.5 0.06 673.5 14862.2 0.05 543.5 15294.1 0.04

The effective indoor penetration was measured for each classroom to assess the effec-
tiveness of the in-line filtration in the air handling units. Figure 4 shows the penetration
coefficients for PM and PN during each phase, as well as the average values throughout all
three phases. Unlike the I/O ratio, the penetration coefficient values are independent of
the purifier as corroborated by the comparable values in the three phases. The penetration
coefficients for PM were higher than PN as the latter primarily consists of ultrafine particles
(i.e., size < 0.3 µm), which are easier to remove by filters due to their diffusivity. The
P values in the majority of classrooms were low for both PM (<0.2) and PN (<0.1), which
can be attributed to the presence of efficient in-line filters (i.e., MERV 14) in the ventilation
systems of almost all classrooms. Higher penetration coefficient values for PM (0.51) and
PN (0.45) were observed in classroom 3 due to the less efficient in-line filter (i.e., MERV 13)
used in its mechanical ventilation system. Based on the penetration values in classroom 3,
the in-line filtration system could only reduce ambient PM and PN by approximately 49%
and 55%, respectively. Therefore, we selected classroom 3 to conduct our experiments for
the second measurement campaign.

3.2. Indoor Monitoring of PM, PN, and CO2 Concentrations in Classroom 3 in the Presence of
Indoor Particle Pollution Source

Real-time monitoring of PM, PN, and CO2 was conducted in the presence of an aerosol-
generating source emitting sodium chloride in classroom 3. As discussed earlier, classroom
3 was selected for the second measurement campaign due to its higher penetration coef-
ficient compared to the other classrooms. The measured indoor CO2 level in classroom
3 was constant during the three stages due to the absence of indoor CO2 sources (e.g.,
students). Indoor CO2 levels were not affected by the generation of aerosols or the change
of the purifier setting, as we would expect; however, PN and PM concentrations were
heavily affected.
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3.2.1. PM and PN Decay Rates with and without the Use of Air Purifier at Different
Volumetric Flow Rates

Figure S3 presents the real-time measurements of PM and PN concentrations during
the three stages: (i) background condition, (ii) NaCl indoor source is switched on, (iii)
purifier is switched on and the source is switched off. It also shows the PM and PN
measurements for different configurations of the third stage (i.e., without the purifier, the
purifier at a low flow rate of 267 m3/hr, and the purifier at a high flow rate of 748 m3/h).
Figure 5 shows the PM and PN particle decay curves in classroom 3, which were obtained
and analyzed based on the third-stage data. The natural decay rates of the particles without
the application of the air purifier were in the range of 3.9 to 4.8 h−1, where the K values
were 4.74 h−1 and 3.95 h−1 for PM and PN, respectively. When the purifier was switched
on at a low flow rate (267 m3/h), the decay rates increased to 5.0–5.3 h−1, with K values
of 5.09 h−1 for PM and 5.26 h−1 for PN. Operating the purifier at the maximum air flow
rate (748 m3/h) resulted in a significant increase in the particle decay rates (6.5–6.7 h−1),
with decay values of 6.70 h−1 and 6.58 h−1 for PM and PN, respectively. The theoretical
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values of the decay rates were calculated using Equations (7) and (8). According to Long
et al. (2001) [54], the deposition rate is dependent on the particle size and ranges between
0.10–0.25 h−1 for PM2.5 particles. Table 3 shows a good agreement between the theoretical
and experimental decay rates for PM.
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Table 3. Theoretical versus experimental decay rates for particle mass (PM) with and without the use
of purifier at different settings in classroom 3.

Theoretical K (h−1) Experimental K (h−1)

Without purifier (Knatural) 4.32 4.74 ± 0.15
Purifier at low setting (Kpurifier (low)) 5.22 5.09 ± 0.13

Purifier at high setting (Kpurifier (high)) 6.90 6.70 ± 0.33
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The quick reduction in particle concentrations clearly demonstrates the effectiveness
of the air purifier. In the first stage, the initial PM and PN concentrations at the beginning
of the decay period reached a 50% reduction after 35–40 min when only mechanical
ventilation was on. Using the purifier at a low flow rate of 267 m3/h and a high flow
rate of 748 m3/h reduced the particle number concentrations by 50% after 25–30 min and
10–15 min, respectively. According to Szabadi et al. (2022) [18], operating the purifier
at the maximum flow rate caused a 50% reduction in the particle number concentration
after 20 min of switching off the aerosol source, which is consistent with our study. Lower
decay rates will result in longer particle residence times indoors and, if these aerosols
contain viruses (e.g., SARS-CoV-2), the probability of transmission and infection will
increase [35,36,44,67]. Zuraimi et al. (2011) [44] reported that using an air purifier at its
maximum fan setting reduced the residence time of coughing and sneezing particles from
4–6 h to 30–40 min. All the aforementioned studies support the use of an air purifier at the
maximum flow rate to increase the particle decay, which will decrease the risk of viruses’
transmission in case an infectious person is present in the classroom.

3.2.2. Removal Efficiency as a Function of Particle Size

The measurements of the particle number concentration at the purifier’s flow rate of
267 m3/h were used to determine the purifier’s removal efficiency as a function of particle
size in classroom 3. Figure 6 presents different particle decay rates based on various particle
size ranges. As shown in the figure, the increase in particle size is associated with a higher
value of particle decay rate. The efficiencies for each particle size range were calculated
and shown in Figure 7. The particle removal efficiencies of the purifier for the size ranges
(0.3–0.5 µm), (0.5–1 µm), (1–2 µm), (2–5 µm), and (5–10 µm) were 82.8%, 85.3%, 87.7%,
95.0%, and 99.4%, respectively. Higher efficiencies were achieved for coarse particles, which
indicates the efficient performance of HEPA filters in capturing coarse particles. HEPA
filters are less efficient in removing particles in the accumulation mode (0.3–2 µm), with
removal efficiencies between 82% and 88%.
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The measurements of the particle number concentration in Figure 5b were used
to assess the removal efficiency of ultrafine particles since PN data were dominated by
particles with a size range of less than 0.3 µm. The decay rate at the purifier’s flow rate
of 267 m3/h was calculated as 5.26 h−1, corresponding to a removal efficiency value of
95.2%. These results lead to the conclusion that the air purifier equipped with HEPA filters
is more efficient in removing both ultrafine particles (<0.3 µm) and coarse particles (2–10
µm). However, particles in the intermediate size range (0.3–2 µm) were somewhat less
efficiently removed compared to those in the coarse and ultrafine ranges, although the
removal efficiency even in that particle range was between 82 and 88%. These results are
consistent with various previously published studies and are a result of the fact that smaller
particles are easily removed by filters due to their high diffusivity, and larger particles are
primarily removed because of their high interception and inertia impaction [68,69].

4. Summary and Conclusions

This work investigated the effectiveness of air purifiers working in conjunction with
in-line filters of mechanical ventilation systems inside different classrooms and their role in
improving air quality and capturing pollutants originating from both indoor and outdoor
sources. The mechanical ventilation systems in all classrooms, except one, were equipped
with 12-inch MERV 14 filters that significantly reduced ambient PM and PN concentrations
by more than 80%. The less efficient in-line filter (MERV 13) in the ventilation system of
classroom 3 reduced ambient PM and PN by 49% and 55%, respectively. The indoor CO2
levels in the analyzed classrooms (500–900 ppm) were below the ASHRAE 62.1 standard,
indicating adequate ventilation and sufficient outdoor-to-indoor air circulation due to the
high air exchange rates (2.63–8.63 h−1). Moreover, operating the purifier at the maximum
flow rate (748 m3/h) in classroom 3 resulted in increasing the particle decay rate from
3.9–4.8 h−1 (without the purifier) to 6.5–6.7 h−1, corresponding to a 50% reduction in
indoor PM and PN after 10–15 min of switching off the aerosol source. The efficiency
of the HEPA air purifier exceeded 95% in capturing ultrafine and coarse particles and
ranged between 82–88% for particles in the accumulation range. This study highlighted the
significance of mitigating indoor pollution in closed environments, especially in densely
seated classrooms where the infection risk of viruses’ transmission is high. The findings
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of this study recommend the use of HEPA air purifiers in closed environments, especially
when the ventilation system is not equipped with an efficient in-line filter.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph192114558/s1. Figure S1: Number-based size distribution
curve of NaCl particles; Figure S2: Actual AER measured in the selected classrooms in comparison
with the AER received from USC facilities and management (FM) department; Figure S3: PM and
PN measurements in classroom 3 (a) without using purifier, (b) with purifier at low flow rate (267
m3/h), and (c) with purifier at maximum flow rate (748 m3/h). References [70,71] are cited in
Supplementary Materials.
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The use of face masks or respirators (N95/KN95) is recom-
mended to reduce transmission of SARS-CoV-2, the virus that 
causes COVID-19 (1). Well-fitting face masks and respirators 
effectively filter virus-sized particles in laboratory conditions 
(2,3), though few studies have assessed their real-world effective-
ness in preventing acquisition of SARS-CoV-2 infection (4). A 
test-negative design case-control study enrolled randomly selected 
California residents who had received a test result for SARS-CoV-2 
during February 18–December 1, 2021. Face mask or respirator 
use was assessed among 652 case-participants (residents who had 
received positive test results for SARS-CoV-2) and 1,176 matched 
control-participants (residents who had received negative test 
results for SARS-CoV-2) who self-reported being in indoor public 
settings during the 2 weeks preceding testing and who reported 
no known contact with anyone with confirmed or suspected 
SARS-CoV-2 infection during this time. Always using a face mask 
or respirator in indoor public settings was associated with lower 
adjusted odds of a positive test result compared with never wear-
ing a face mask or respirator in these settings (adjusted odds ratio 
[aOR] = 0.44; 95% CI = 0.24–0.82). Among 534 participants 
who specified the type of face covering they typically used, wearing 
N95/KN95 respirators (aOR = 0.17; 95% CI = 0.05–0.64) or 
surgical masks (aOR = 0.34; 95% CI = 0.13–0.90) was associated 
with significantly lower adjusted odds of a positive test result 
compared with not wearing any face mask or respirator. These 
findings reinforce that in addition to being up to date with 
recommended COVID-19 vaccinations, consistently wearing a 
face mask or respirator in indoor public settings reduces the risk 
of acquiring SARS-CoV-2 infection. Using a respirator offers the 
highest level of personal protection against acquiring infection, 
although it is most important to wear a mask or respirator that is 
comfortable and can be used consistently.

* These authors contributed equally to this report.

This study used a test-negative case-control design, enroll-
ing persons who received a positive (case-participants) or 
negative (control-participants) SARS-CoV-2 test result, 
from among all California residents, without age restriction, 
who received a molecular test result for SARS-CoV-2 during 
February 18–December 1, 2021 (5). Potential case-participants 
were randomly selected from among all persons who received 
a positive test result during the previous 48 hours and were 
invited to participate by telephone. For each enrolled case-
participant, interviewers enrolled one control-participant 
matched by age group, sex, and state region; thus, interviewers 
were not blinded to participants’ SARS-CoV-2 infection sta-
tus. Participants who self-reported having received a previous 
positive test result (molecular, antigen, or serologic) or clini-
cal diagnosis of COVID-19 were not eligible to participate. 
During February 18–December 1, 2021, a total of 1,528 case-
participants and 1,511 control-participants were enrolled in 
the study among attempted calls placed to 11,387 case- and 
17,051 control-participants (response rates were 13.4% and 
8.9%, respectively).

After obtaining informed consent from participants, inter-
viewers administered a telephone questionnaire in English 
or Spanish. All participants were asked to indicate whether 
they had been in indoor public settings (e.g., retail stores, 
restaurants or bars, recreational facilities, public transit, salons, 
movie theaters, worship services, schools, or museums) in 
the 14 days preceding testing and whether they wore a face 
mask or respirator all, most, some, or none of the time in 
those settings. Interviewers recorded participants’ responses 
regarding COVID-19 vaccination status, sociodemographic 
characteristics, and history of exposure to anyone known or 
suspected to have been infected with SARS-CoV-2 in the 
14 days before participants were tested. Participants enrolled 
during September 9–December 1, 2021, (534) were also 
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asked to indicate the type of face covering typically worn 
(N95/KN95 respirator, surgical mask, or cloth mask) in indoor 
public settings.

The primary analysis compared self-reported face mask 
or respirator use in indoor public settings 14 days before 
SARS-CoV-2 testing between case- (652) and control- (1,176) 
participants. Secondary analyses accounted for consistency 
of face mask or respirator use all, most, some, or none of the 
time. To understand the effects of masking on community 
transmission, the analysis included the subset of participants 
who, during the 14 days before they were tested, reported 
visiting indoor public settings and who reported no known 
exposure to persons known or suspected to have been infected 
with SARS-CoV-2. An additional analysis assessed differences 
in protection against SARS-CoV-2 infection by the type of 
face covering worn, and was limited to a subset of participants 
enrolled after September 9, 2021, who were asked to indicate 
the type of face covering they typically wore; participants who 
indicated typically wearing multiple different mask types were 
categorized as wearing either a cloth mask (if they reported 
cloth mask use) or a surgical mask (if they did not report 
cloth mask use). Adjusted odds ratios comparing history of 
mask-wearing among case- and control-participants were 
calculated using conditional logistic regression. Match strata 
were defined by participants’ week of SARS-CoV-2 testing 
and by county-level SARS-CoV-2 risk tiers as defined under 
California’s Blueprint for a Safer Economy reopening scheme.† 
Adjusted models accounted for self-reported COVID-19 vac-
cination status (fully vaccinated with ≥2 doses of BNT162b2 
[Pfizer-BioNTech] or mRNA-1273 [Moderna] or 1 dose 
of Ad.26.COV2.S [Janssen (Johnson & Johnson)] vaccine 
>14 days before testing versus zero doses), household income, 
race/ethnicity, age, sex, state region, and county population 
density. Statistical significance was defined by two-sided 
Wald tests with p-values <0.05. All analyses were conducted 
using R software (version 3.6.1; R Foundation). This activ-
ity was approved as public health surveillance by the State of 
California Health and Human Services Agency Committee 
for the Protection of Human Subjects.

A total of 652 case- and 1,176 control-participants were 
enrolled in the study equally across nine multi-county regions 
in California (Table 1). The majority of participants (43.2%) 
identified as non-Hispanic White; 28.2% of participants 
identified as Hispanic (any race). A higher proportion of case-
participants (78.4%) was unvaccinated compared with control-
participants (57.5%). Overall, 44 (6.7%) case-participants 
and 42 (3.6%) control-participants reported never wearing 
a face mask or respirator in indoor public settings (Table 2), 

†	https://www.cdph.ca.gov/Programs/CID/DCDC/Pages/COVID-19/
COVID19CountyMonitoringOverview.aspx

and 393 (60.3%) case-participants and 819 (69.6%) control-
participants reported always wearing a face mask or respirator 
in indoor public settings. Any face mask or respirator use in 
indoor public settings was associated with significantly lower 
odds of a positive test result compared with never using a 
face mask or respirator (aOR = 0.51; 95% CI = 0.29–0.93). 
Always using a face mask or respirator in indoor public set-
tings was associated with lower adjusted odds of a positive test 
result compared with never wearing a face mask or respirator 
(aOR = 0.44; 95% CI = 0.24–0.82); however, adjusted odds of 
a positive test result suggested stepwise reductions in protection 
among participants who reported wearing a face mask or 
respirator most of the time (aOR = 0.55; 95% CI = 0.29–1.05) 
or some of the time (aOR  =  0.71; 95% CI  =  0.35–1.46) 
compared with participants who reported never wearing a face 
mask or respirator.

Wearing an N95/KN95 respirator (aOR  =  0.17; 
95% CI = 0.05–0.64) or wearing a surgical mask (aOR = 0.34; 
95% CI = 0.13–0.90) was associated with lower adjusted 
odds of a positive test result compared with not wear-
ing a mask (Table 3). Wearing a cloth mask (aOR = 0.44; 
95% CI = 0.17–1.17) was associated with lower adjusted odds 
of a positive test compared with never wearing a face covering 
but was not statistically significant.

Discussion

During February–December 2021, using a face mask or 
respirator in indoor public settings was associated with lower 
odds of acquiring SARS-CoV-2 infection, with protection 
being highest among those who reported wearing a face mask 
or respirator all of the time. Although consistent use of any face 
mask or respirator indoors was protective, the adjusted odds of 
infection were lowest among persons who reported typically 
wearing an N95/KN95 respirator, followed by wearing a sur-
gical mask. These data from real-world settings reinforce the 
importance of consistently wearing face masks or respirators to 
reduce the risk of acquisition of SARS-CoV-2 infection among 
the general public in indoor community settings.

These findings are consistent with existing research demon-
strating that face masks or respirators effectively filter viruses in 
laboratory settings and with ecological studies showing reduc-
tions in SARS-CoV-2 incidence associated with community-
level masking requirements (6,7). While this study evaluated 
the protective effects of mask or respirator use in reducing the 
risk the wearer acquires SARS-CoV-2 infection, a previous 
evaluation estimated the additional benefits of masking for 
source control, and found that wearing face masks or respira-
tors in the context of exposure to a person with confirmed 
SARS-CoV-2 infection was associated with similar reductions 
in risk for infection (8). Strengths of the current study include 
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TABLE 1. Characteristics of case- and control-participants included 
in analysis of the effectiveness of mask use in indoor public settings, 
by SARS-CoV-2 test result — California,* February–December 2021

Characteristic

No. (%)

Case-participants 
(SARS-CoV-2–positive) 

N = 652

Control-participants 
(SARS-CoV-2–negative) 

N = 1,176

Age group, yrs
0–6 8 (1.2) 43 (3.7)
7–12 15 (2.3) 49 (4.2)
13–17 25 (3.8) 57 (4.8)
18–29 210 (32.2) 359 (30.5)
30–49 237 (36.3) 409 (34.8)
50–64 109 (16.7) 180 (15.3)
≥65 48 (7.4) 79 (6.7)
Sex
Male 321 (49.2) 581 (49.4)
Female 331 (50.8) 595 (50.6)
Annual household income
<$50,000 191 (29.3) 258 (21.9)
$50,000–$99,999 147 (22.5) 254 (21.6)
$100,000–$150,000 60 (9.2) 171 (14.5)
>$150,000 77 (11.8) 197 (16.8)
Refused 106 (16.3) 184 (15.6)
Not sure 71 (10.9) 112 (9.5)
State region†

San Francisco Bay Area 79 (12.1) 147 (12.5)
Greater Los Angeles 

Area
77 (11.8) 130 (11.1)

Greater Sacramento 
Area

53 (8.1) 131 (11.1)

San Diego and 
southern border

73 (11.2) 142 (12.1)

Central Coast 87 (13.3) 132 (11.2)
Northern Sacramento 

Valley
69 (10.6) 134 (11.4)

San Joaquin Valley 79 (12.1) 130 (11.1)
Northwestern 

California
78 (12.0) 113 (9.6)

Sierras 57 (8.7) 117 (9.9)
Race/Ethnicity
White, non-Hispanic 292 (44.8) 506 (43.0)
Black, non-Hispanic 39 (6.0) 42 (3.6)
Hispanic (any race) 201 (30.8) 315 (26.8)
Asian, non-Hispanic 56 (8.6) 134 (11.4)
American Indian or 

Alaska Native, 
non-Hispanic 

9 (1.4) 10 (0.9)

Native Hawaiian or 
Other Pacific Islander, 
non-Hispanic 

2 (0.3) 12 (1.0)

More than one race 40 (6.1) 131 (11.1)
Refused 13 (2.0) 26 (2.2)
COVID-19 vaccination status§

Unvaccinated or 
incompletely 
vaccinated

511 (78.4) 676 (57.5)

Fully vaccinated 115 (17.6) 377 (32.1)
Unknown 26 (4.0) 123 (10.5)
Reopening tier in California¶

Tier 1 (most restrictive) 125 (19.2) 237 (20.2)
Tier 2 152 (23.3) 255 (21.7)
Tier 3 119 (18.3) 272 (23.1)
Tier 4 (least restrictive) 18 (2.8) 32 (2.7)
After June 15, 2021 238 (36.5) 380 (32.3)

TABLE 1. (Continued) Characteristics of case- and control-participants 
included in analysis of the effectiveness of mask use in indoor public 
settings, by SARS-CoV-2 test result — California,* February–
December 2021

Characteristic

No. (%)

Case-participants 
(SARS-CoV-2–positive) 

N = 652

Control-participants 
(SARS-CoV-2–negative) 

N = 1,176

Reasons for SARS-CoV-2 testing**
Experiencing 

symptoms
508 (77.9) 196 (16.7)

Testing required for 
medical procedure

40 (6.1) 199 (16.9)

Routine screening 
through work or 
school

71 (10.9) 507 (43.1)

Pre-travel test 33 (5.1) 120 (10.2)
Just wanted to see if I 

was infected
65 (10.0) 172 (14.6)

Test required for 
admission to an event 
or gathering

3 (0.5) 21 (1.8)

	 *	A random sample of California residents with a molecular SARS-CoV-2 test 
result was invited to participate in a telephone-based survey to document 
frequency of face mask or respirator use and type of face mask or respirator 
typically worn in indoor public settings 2 weeks before testing. For each 
enrolled case-participant (person with a positive SARS-CoV-2 test result), 
interviewers attempted to enroll one control-participant (person with a 
negative SARS-CoV-2 test result) whose test result was posted to the 
reportable disease registry during the 48 hours preceding the call and 
matched the case-participant by age group, sex, and state region. Among 
1,947 case- and control-participants who visited indoor public settings and 
did not report a known or suspected exposure to SARS-CoV-2 in the 14 days 
before getting a SARS-CoV-2 test, 119 (6.1%) participants were unable to 
report face mask use and were excluded from analysis. Parents or guardians 
served as proxy respondents and answered questions throughout the 
telephone survey on behalf of children aged <13 years.

	 †	California counties were divided into nine geographic regions. Counties included 
in each geographic region are listed online in Table S1. https://academic.oup.com/
cid/advance-article/doi/10.1093/cid/ciab640/6324500#supplementary-data 

	 §	Vaccination status was defined using self-reported dates and manufacturers 
of doses received. Participants were asked to reference their COVID-19 
vaccination card while providing vaccination history. Participants who could 
not provide a complete vaccination history (dates of doses received and 
manufacturers) were coded as unknown. Full vaccination was defined as 
receipt of 2 doses of BNT162b2 [Pfizer-BioNTech] or mRNA-1273 [Moderna], 
or receipt of 1 dose of Ad.26.COV2.S (Janssen [Johnson & Johnson]) >14 days 
before SARS-CoV-2 testing. Of the 492 fully vaccinated participants, 22 (4.5%) 
had received a booster dose at the time of enrollment. All other participants 
were considered unvaccinated or incompletely vaccinated.

	 ¶	Reopening tiers in California were determined by the Blueprint for a Safer 
Economy the State of California implemented during February 24 to June 15, 
2021. This was a tiered system of public health restrictions tied to county-level 
positive test results and incidence. On June 15, 2021, California retired the 
tiered reopening system and removed most restrictions on public gatherings, 
while some counties maintained guidelines for guests and workers to show 
proof of vaccination or a negative test result to gather in certain types of venues 
and workplaces. The tier of a given participant was determined by using the 
date that occurred 14 days before the SARS-CoV-2 specimen collection date 
recorded for each participant in the California Reportable Disease Registry.

	**	Case- and control-participants were asked to indicate their reasons for seeking 
a SARS-CoV-2 test as a free-text response. Trained interviewers (N = 29) 
recategorized the free-text response into the categories listed in the table. 
Interviewers were trained to ask probing questions if the free-text response 
could not be categorized into the reasons listed above. Probing questions 
and coding decisions may slightly vary by interviewer. Reasons for testing 
might sum to numbers larger than the total number of case-participants or 
control-participants because participants could indicate more than one 
reason for seeking a SARS-CoV-2 test.
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TABLE 2. Face mask or respirator use in indoor public settings among persons with positive and negative SARS-CoV-2 test results — California, 
February–December 2021

Mask type and use*

SARS-CoV-2 infection status, no. (%) Odds ratio (95% CI)

Positive (case-participant) N = 652 Negative (control-participant) N = 1,176 Unadjusted† [p-value] Adjusted§ [p-value]

None (Ref ) 44 (6.7) 42 (3.6) — —
Any use† 608 (93.3) 1,134 (96.4) 0.57 (0.37–0.90) [0.02] 0.51 (0.29–0.93) [0.03]
Some of the time 62 (9.5) 76 (6.5) 0.81 (0.47–1.41) [0.49] 0.71 (0.35–1.46) [0.36]
Most of the time 153 (23.5) 239 (20.3) 0.64 (0.40–1.05) [0.08] 0.55 (0.29–1.05) [0.07]
All of the time 393 (60.3) 819 (69.6) 0.49 (0.31–0.78) [<0.01] 0.44 (0.24–0.82) [<0.01]

Abbreviation: Ref = referent group.
*	Trained interviewers administered a structured telephone-based questionnaire and asked participants to indicate whether they attended indoor public spaces

during the 2 weeks before seeking a SARS-CoV-2 test. Participants who indicated attending these settings were further asked to specify whether they typically wore 
a face mask or respirator all, most, some, or none of the time while in these settings. 

†	Conditional logistic regression models were used to estimate the unadjusted odds of mask use by type of face mask or respirator worn in indoor public settings 
during the 2 weeks before testing. Models included matching strata defined by (for the period before June 15, 2021) the reopening tier of California in the county 
of residence and the week of SARS-CoV-2 testing.

§	Conditional logistic regression models were used to estimate the odds of face mask or respirator use in indoor public settings during the 2 weeks before testing, 
adjusting for COVID-19 vaccination status, household income, race/ethnicity, age group, sex, state region, and county population density. All models included
matching strata defined by (for the period before June 15, 2021) the reopening tier of California in the county of residence, and the week of SARS-CoV-2 testing. To 
understand the effects of masking in community settings, this analysis was restricted to a subset of persons who did not indicate a known or suspected exposure 
to a SARS-CoV-2 case within 14 days of seeking a SARS-CoV-2 test. Adjusted models used a complete case analysis (454 case-participants and 789 control-participants). 
A sensitivity analysis using multiple imputation of missing covariate values obtained results similar to those reported in the table: adjusted odds ratios were 0.54 
(95% CI = 0.33–0.89) for any mask use, 0.44 (95% CI = 0.27–0.73) for mask use all of the time, 0.62 (95% CI = 0.37–1.04) for mask use most of the time, and 0.77
(95% CI = 0.43–1.40) for mask use some of the time. An additional sensitivity analysis was conducted with additional adjustment for the reasons for SARS-CoV-2
testing as listed in Table 1 (experiencing symptoms, testing required for medical procedure, routine screening through work or school, pre-travel test, just wanted 
to see if I was infected, test required for admission to an event or gathering). The adjusted odds ratio was 0.42 (95% CI = 0.20–0.89) for any mask use as compared 
to no mask use upon additional adjustment for testing indications.

TABLE 3. Types of face mask or respirator worn in indoor public settings among persons with positive or negative SARS-CoV-2 test results — 
California, September–December 2021

Mask type*

SARS-CoV-2 infection status, no. (%) Odds ratio (95% CI)

Positive (case-participant) 
N = 259

Negative (control-participant) 
N = 275 Unadjusted† [p-value] Adjusted§ [p-value]

None (Ref ) 24 (9.3) 11 (4.0) — —
Cloth mask 112 (43.2) 104 (37.8) 0.50 (0.23–1.06) [0.07] 0.44 (0.17–1.17) [0.10]
Surgical mask 113 (43.6) 139 (50.5) 0.28 (0.18–0.81) [0.01] 0.34 (0.13–0.90) [0.03]
N95/KN95 respirator 10 (3.9) 21 (7.6) 0.22 (0.08–0.62) [<0.01] 0.17 (0.05–0.64) [<0.01]

Abbreviation: Ref = referent group.
* Trained interviewers administered a structured telephone-based questionnaire and asked participants enrolled after September 9, 2021, to identify the type of face 

covering typically worn in indoor public settings during the 2 weeks before seeking a SARS-CoV-2 test. Participants who indicated typically wearing multiple different
mask types were categorized as wearing either a cloth mask (if they reported cloth mask use) or a surgical mask (if they didn’t report cloth mask use).

†	Conditional logistic regression models were used to estimate the unadjusted odds of mask use by type of face mask or respirator worn in indoor public settings 
during the 2 weeks before testing. Models included matching strata defined by the week of SARS-CoV-2 testing.

§	This analysis was not restricted to persons with no self-reported known or suspected SARS-CoV-2 contact given that this secondary analysis was underpowered
upon exclusion of these participants (N = 316) because adjusted models did not converge. Instead, models adjusted for history of known or suspected contact as 
a covariate. In a sensitivity analysis restricting to participants who did not report known or suspected contact (N = 316), conditional logistic regression models were 
used to estimate that the unadjusted odds ratios of face mask use by type of face mask with matching strata defined by the week of SARS-CoV-2 testing: 0.13
(95% CI = 0.03–0.61), 0.32 (95% CI = 0.12–0.89), and 0.36 (95% CI = 0.13–1.00) for N95/KN95 respirators, surgical masks, or cloth masks, respectively, relative to no 
face mask or respirator use.

use of a clinical endpoint of SARS-CoV-2 test result, and 
applicability to a general population sample.

The findings in this report are subject to at least eight limitations. 
First, this study did not account for other preventive behaviors that 
could influence risk for acquiring infection, including adherence to 
physical distancing recommendations. In addition, generalizability 
of this study is limited to persons seeking SARS-CoV-2 testing 
and who were willing to participate in a telephone interview, who 
might otherwise exercise other protective behaviors. Second, this 
analysis relied on an aggregate estimate of self-reported face mask 

or respirator use across, for some participants, multiple indoor 
public locations. However, the study was designed to minimize 
recall bias by enrolling both case- and control-participants within 
a 48-hour window of receiving a SARS-CoV-2 test result. Third, 
small strata limited the ability to differentiate between types of 
cloth masks or participants who wore different types of face masks 
in differing settings, and also resulted in wider CIs and statistical 
nonsignificance for some estimates that were suggestive of a pro-
tective effect. Fourth, estimates do not account for face mask or 
respirator fit or the correctness of face mask or respirator wearing; 
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Summary
What is already known about this topic?

Face masks or respirators (N95/KN95s) effectively filter virus-
sized particles in laboratory settings. The real-world effective-
ness of face coverings to prevent acquisition of SARS-CoV-2 
infection has not been widely studied.

What is added by this report?

Consistent use of a face mask or respirator in indoor public 
settings was associated with lower odds of a positive 
SARS-CoV-2 test result (adjusted odds ratio = 0.44). Use of 
respirators with higher filtration capacity was associated with 
the most protection, compared with no mask use.

What are the implications for public health practice?

In addition to being up to date with recommended COVID-19 
vaccinations, consistently wearing a comfortable, well-fitting 
face mask or respirator in indoor public settings protects 
against acquisition of SARS-CoV-2 infection; a respirator offers 
the best protection.

assessing the effectiveness of face mask or respirator use under 
real-world conditions is nonetheless important for developing 
policy. Fifth, data collection occurred before the expansion of 
the SARS-CoV-2 B.1.1.529 (Omicron) variant, which is more 
transmissible than earlier variants. Sixth, face mask or respirator use 
was self-reported, which could introduce social desirability bias. 
Seventh, small strata limited the ability to account for reasons for 
testing in the adjusted analysis, which may be correlated with face 
mask or respirator use. Finally, this analysis does not account for 
potential differences in the intensity of exposures, which could 
vary by duration, ventilation system, and activity in each of the 
various indoor public settings visited.

The findings of this report reinforce that in addition to being up 
to date with recommended COVID-19 vaccinations, consistently 
wearing face masks or respirators while in indoor public settings 
protects against the acquisition of SARS-CoV-2 infection (9,10). 
This highlights the importance of improving access to high-quality 
masks to ensure access is not a barrier to use. Using a respirator offers 
the highest level of protection from acquisition of SARS-CoV-2 
infection, although it is most important to wear a well-fitting mask 
or respirator that is comfortable and can be used consistently. 
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BACKGROUND
In February 2022, Massachusetts rescinded a statewide universal masking policy 
in public schools, and many Massachusetts school districts lifted masking require-
ments during the subsequent weeks. In the greater Boston area, only two school 
districts — the Boston and neighboring Chelsea districts — sustained masking 
requirements through June 2022. The staggered lifting of masking requirements 
provided an opportunity to examine the effect of universal masking policies on 
the incidence of coronavirus disease 2019 (Covid-19) in schools.

METHODS
We used a difference-in-differences analysis for staggered policy implementation 
to compare the incidence of Covid-19 among students and staff in school districts 
in the greater Boston area that lifted masking requirements with the incidence in 
districts that sustained masking requirements during the 2021–2022 school year. 
Characteristics of the school districts were also compared.

RESULTS
Before the statewide masking policy was rescinded, trends in the incidence of 
Covid-19 were similar across school districts. During the 15 weeks after the state-
wide masking policy was rescinded, the lifting of masking requirements was as-
sociated with an additional 44.9 cases per 1000 students and staff (95% confi-
dence interval, 32.6 to 57.1), which corresponded to an estimated 11,901 cases and 
to 29.4% of the cases in all districts during that time. Districts that chose to 
sustain masking requirements longer tended to have school buildings that were 
older and in worse condition and to have more students per classroom than dis-
tricts that chose to lift masking requirements earlier. In addition, these districts 
had higher percentages of low-income students, students with disabilities, and 
students who were English-language learners, as well as higher percentages of 
Black and Latinx students and staff. Our results support universal masking as an 
important strategy for reducing Covid-19 incidence in schools and loss of in-per-
son school days. As such, we believe that universal masking may be especially 
useful for mitigating effects of structural racism in schools, including potential 
deepening of educational inequities.

CONCLUSIONS
Among school districts in the greater Boston area, the lifting of masking require-
ments was associated with an additional 44.9 Covid-19 cases per 1000 students and 
staff during the 15 weeks after the statewide masking policy was rescinded.
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The direct and indirect effects of 
the coronavirus disease 2019 (Covid-19) 
pandemic on children, their families, and 

surrounding communities have been substantial. 
By the end of February 2022, children and ado-
lescents in the United States had a higher preva-
lence of infection with severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) than any 
other age group; children with Covid-19 are at 
risk for severe acute complications, death, and 
long-term sequelae (known as long Covid or post-
Covid conditions).1-4 Furthermore, by the end of 
September 2022, more than 265,000 children 
and adolescents in the United States had had a 
parent or caregiver die from Covid-19,5,6 and the 
pandemic had caused substantial interruptions 
in school settings — including staffing shortag-
es, closures, and missed school days — and had 
deepened educational inequities.7,8 These effects 
have been disproportionately borne by groups al-
ready made vulnerable by historical and contem-
porary systems of oppression, including structural 
racism and settler colonialism.9-11 Black, Latinx, 
and Indigenous children and adolescents are more 
likely to have had severe Covid-19, to have had a 
parent or caregiver die from Covid-19, and to be 
affected by worsening mental health and by edu-
cational disruptions than their White counter-
parts.6,8,12,13

During the Covid-19 pandemic, schools have 
become an important setting for implementing 
policies that minimize inequitable health, edu-
cational, social, and economic effects on children 
and their families. However, even before the pan-
demic, schools were not uniformly health-pro-
moting environments. Chronic underinvestment 
in combination with structural racism codified 
in state-sanctioned historical and contemporary 
policies and practices (e.g., redlining, exclusionary 
zoning, disinvestment, and gentrification) erod-
ed tax bases in some school districts and shaped 
the quality of public school infrastructure and as-
sociated environmental hazards.10,14-19 These pro-
cesses left school districts differentially equipped 
to respond to the Covid-19 pandemic and con-
centrated high-risk conditions, such as crowded 
classrooms and poor indoor air quality due to 
outdated or absent ventilation or filtration systems, 
in low-income and Black, Latinx, and Indigenous 
communities.14,18,19

Alongside other measures, universal masking 
with high-quality masks or respirators has been 

an important piece of a layered risk-mitigation 
strategy to reduce the transmission of SARS-CoV-2 
in community and school settings below levels 
that have been observed with individual (optional) 
masking.20-31 Massachusetts was among the 18 
states plus Washington, DC, that had a universal 
masking policy in public schools during the 2021–
2022 school year.32 The Massachusetts Department 
of Elementary and Secondary Education (DESE) 
rescinded the statewide masking policy on Feb-
ruary 28, 2022, in accordance with updated guid-
ance from the Centers for Disease Control and 
Prevention (CDC), and many Massachusetts school 
districts lifted masking requirements during the 
subsequent weeks. In the greater Boston area, 
only two school districts — the Boston and neigh-
boring Chelsea districts — sustained masking re-
quirements through June 2022.

The staggered lifting of masking requirements 
provided an opportunity to examine the potential 
effect of universal masking policies in schools. 
Specifically, this study aimed to assess trends in 
the observed weekly incidence of Covid-19 accord-
ing to the length of time that school districts 
sustained masking requirements; to compare the 
incidence of Covid-19 among students and staff 
in districts that lifted masking requirements with 
the incidence in districts that sustained masking 
requirements in a given reporting week in order 
to estimate the effect of lifting masking require-
ments; and to compare school-district character-
istics in districts that chose to sustain masking 
requirements longer with the characteristics in 
districts that chose to lift masking requirements 
earlier.

Me thods

Study Population

This study considered the 79 public, noncharter 
school districts in the greater Boston area, de-
fined according to the U.S. Census Bureau as the 
New England city and town area of Boston–
Cambridge–Newton (Fig. S1 in the Supplemen-
tary Appendix, available with the full text of this 
article at NEJM.org). Of these 79 school districts, 
7 with unreliable or missing Covid-19 data were 
excluded (Table S1). The final sample included 
72 school districts, which comprised 294,084 
students and 46,530 staff during the study period. 
The study period was defined as the 40 calendar 
weeks of the 2021–2022 school year, which ended 

The New England Journal of Medicine 

Downloaded from nejm.org on November 9, 2022. For personal use only. No other uses without permission. 

Copyright © 2022 Massachusetts Medical Society. All rights reserved.
EPOC Meeting - December 7, 2022 - Page 137



n engl j med﻿﻿  nejm.org﻿ 3

Lifting Universal Masking in Schools

on June 15, 2022 (the end of the last full reporting 
week in all districts).

Intervention and Primary Outcome

The primary exposure variable was whether a 
school district lifted or sustained its masking re-
quirement in each reporting week. For all school 
districts, masking requirements were in place 
from the start of the study period through Feb-
ruary 28, 2022, when the statewide masking 
policy was rescinded. A school district was con-
sidered to have lifted its masking requirement in 
a given reporting week if the requirement had 
been lifted before the first day of the reporting 
week (reporting weeks start on Thursday). The 
primary outcome was the incidence of Covid-19 
among students and staff, considered together 
and separately.

Data Sources

For each school district, data regarding weekly 
Covid-19 cases, student enrollment, and staffing 
during the 2021–2022 school year were publicly 
available from the Massachusetts DESE.33,34 
Throughout the study period, DESE required stan-
dardized weekly reporting of all positive tests for 
Covid-19 among students and staff, regardless 
of symptoms, testing type or program (e.g., test-
ing of symptomatic persons or pooled polymerase-
chain-reaction testing), and testing location (com-
munity setting or school setting). Details regarding 
DESE reporting requirements are provided in the 
Supplementary Appendix. DESE strongly encour-
aged, and provided full funding for, school dis-
tricts to opt in to standardized Covid-19 testing 
programs; 2311 Massachusetts schools (approxi-
mately 95%) participated in at least one such 
program. From 1 month before the statewide 
masking policy was rescinded through the end 
of the school year, statewide testing recommen-
dations did not differ according to masking or 
vaccination status (Table S2).35

The dates during which masking require-
ments were in place for each school district were 
obtained from school-district websites or local 
news sources. For sensitivity analyses, data to be 
used for covariate adjustments, including data 
regarding Covid-19 indicators (i.e., measures of 
Covid-19 burden) according to city and town and 
Covid-19 vaccination coverage according to age, 
were publicly available from the Massachusetts 
Department of Public Health. For descriptive 

analyses, data regarding the distribution of stu-
dents and staff according to sociodemographic 
characteristics and the distribution of students 
in populations selected and defined by DESE 
(low-income students, students with disabilities, 
and English-language learner [ELL] students) 
during the 2021–2022 school year were obtained 
from DESE.34 In addition, data regarding building 
conditions and learning environment were ob-
tained from the Massachusetts School Building 
Authority 2016–2017 school survey (most recent 
data).36

Contributions

The first, second, and last authors wrote the first 
draft of the manuscript and vouch for the accu-
racy and completeness of the data and the fidelity 
of the study to the protocol, available at NEJM.org. 
All the authors reviewed and edited the draft 
and made the decision to submit the manuscript 
for publication. No external funding was received 
for this study.

Statistical Analysis

Trends in the observed incidence of Covid-19 
(weekly Covid-19 cases per 1000 population) be-
fore the statewide masking policy was rescinded 
were compared with trends after the policy was 
rescinded according to the length of time that 
school districts sustained masking requirements. 
A difference-in-differences analysis for staggered 
policy implementation was used to compare the 
incidence of Covid-19 in school districts that 
lifted masking requirements with the incidence 
in districts that sustained masking requirements 
in a given reporting week (i.e., school districts that 
had not yet lifted masking requirements) in order 
to estimate the effect of lifting masking require-
ments.37,38

Difference-in-differences methods allow for 
the estimation of causal effects of policy chang-
es enacted at the group level by comparing the 
change in the outcome over time in the interven-
tion group with the change in the control group, 
under an assumption of parallel trends (i.e., in 
the absence of the intervention, outcomes in the 
intervention group and the control group would 
have remained parallel over time).37,39 Unlike some 
observational methods, difference-in-differences 
methods are not biased by unmeasured time-
invariant confounders or time-varying confound-
ers with consistent trends across the intervention 
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and control groups; the absence of such bias 
strengthens causal inferences. In this analysis, 
the weekly and cumulative effects of lifting 
masking requirements during the 15 weeks after 
the statewide masking policy was rescinded 
were estimated with respect to the incidence of 
Covid-19 cases in school districts that lifted 
masking requirements (i.e., the average [mean] 
treatment effect among the treated). Details re-
garding the difference-in-differences analysis are 
provided in the Supplementary Appendix.

Several sensitivity analyses were performed: 
a formal test for parallel trends before masking 
requirements were lifted; adjustment for time-
varying covariates, including Covid-19 indicators 
at the community level, vaccination coverage, and 
previous incidences of infection among students 
and staff; and an assessment of the potential 
effects of differences in testing definitions or 
programs across districts (Tables S3 and S4). In 
the main analysis, data for the weeks in which 
school districts did not report Covid-19 cases 
were corrected (these weeks were originally re-
corded as having zero cases), all school districts 
in the greater Boston area were included as com-
parison districts, and weighting according to 
school population size was performed to capture 
the effect of masking policies at the population 
level.

Finally, to provide insight into Covid-19 policy 
decisions in schools and their potential to exac-
erbate or mitigate inequities in Covid-19 incidence 
and educational outcomes, descriptive analyses 
were performed. The decision to sustain or lift 
masking requirements was assessed according 
to various school-district characteristics, includ-
ing sociodemographic characteristics of the stu-
dents and staff and physical characteristics of 
the learning environment.

R esult s

Primary Analysis

Of the 72 school districts in the greater Boston 
area that were included in the study, only Boston 
Public Schools and Chelsea Public Schools sus-
tained masking requirements throughout the 
study period (Fig. S2A). Of the remaining school 
districts, 46 districts (64%) lifted masking re-
quirements in the first reporting week after the 
statewide masking policy was rescinded, 17 (24%) 
lifted masking in the second reporting week, 

and 7 (10%) lifted masking in the third report-
ing week (Fig. S2B). Cumulatively, 46 districts 
lifted masking requirements and 26 districts 
sustained masking requirements by the first re-
porting week after the policy was rescinded, 63 
lifted and 9 sustained masking by the second 
reporting week, and 70 lifted and 2 sustained 
masking thereafter.

Before the statewide masking policy was re-
scinded, the trends in the incidence of Covid-19 
observed in the Boston and Chelsea districts 
were similar to the trends in school districts that 
later lifted masking requirements. However, af-
ter the statewide masking policy was rescinded, 
the trends in the incidence of Covid-19 diverged, 
with a substantially higher incidence observed in 
school districts that lifted masking requirements 
than in school districts that sustained masking 
requirements. These trends were observed among 
students and staff overall (Fig.  1A), as well as 
among students alone (Fig. 1B) and among staff 
alone (Fig. 1C).

Figure 2 shows difference-in-differences es-
timates of additional weekly and cumulative 
Covid-19 cases associated with the lifting of 
masking requirements. Before masking require-
ments were lifted, difference-in-differences esti-
mates were essentially zero, a finding that sup-
ports the assumption of parallel trends. After 
masking requirements were lifted, the lifting of 
masking requirements was consistently associ-
ated with additional Covid-19 cases. The effect 
was significant during 12 of the 15 weeks after 
masking requirements were lifted. Weekly esti-
mates ranged from 1.4 additional cases per 1000 
students and staff (95% confidence interval [CI], 
0.6 to 2.3) in the first reporting week after mask-
ing requirements were lifted to 9.7 additional 
cases per 1000 students and staff (95% CI, 7.1 to 
12.3) in the ninth reporting week.

The strength of the association between 
school masking policies and the incidence of 
Covid-19 in school districts varied according to 
the incidence of Covid-19 in surrounding com-
munities; the strongest associations were observed 
during the weeks when the incidences in sur-
rounding communities were highest (Figs. S3 and 
S4). The weekly effects that were observed among 
students and staff overall were similar to those 
observed among students alone and those ob-
served among staff alone, with slightly greater ef-
fects observed among staff than among students. 
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In addition, the weekly effects were consistent 
with the cumulative effects.

Overall, the lifting of masking requirements 
was associated with an additional 44.9 Covid-19 
cases per 1000 students and staff (95% CI, 32.6 
to 57.1) during the 15 weeks after the statewide 
masking policy was rescinded (Table  1). This 
estimate corresponded to an additional 11,901 
Covid-19 cases (95% CI, 8651 to 15,151), which 
accounted for 33.4% of the cases (95% CI, 24.3 
to 42.5) in school districts that lifted masking 
requirements and for 29.4% of the cases (95% CI, 
21.4 to 37.5) in all school districts during that 
period. The effect was more pronounced among 
staff. The lifting of masking requirements was 
associated with an additional 81.7 Covid-19 cases 
per 1000 staff (95% CI, 59.3 to 104.1) during the 

15-week period, with these cases accounting for 
40.4% of the cases (95% CI, 29.4 to 51.5) among 
staff in school districts that lifted masking re-
quirements. Because persons who had a positive 
test for Covid-19 were instructed to isolate for at 
least 5 days, the additional cases translated to a 
minimum of approximately 17,500 missed school 
days for students and 6500 missed school days 
for staff during the 15-week period (Table S5).

Sensitivity Analyses

The results were shown to be robust in a range 
of sensitivity analyses, including analyses that as-
sessed potential differences in testing programs 
and analyses that adjusted for Covid-19 indicators 
at the community level and vaccination coverage 
according to age (Fig. S5). Results of sensitivity 

Figure 1. Incidence of Covid-19 in School Districts in the Greater Boston Area before and after the Statewide Masking Policy Was  
Rescinded.

The observed incidence of coronavirus disease 2019 (Covid-19) (weekly Covid-19 cases per 1000 population) among students and staff 
overall (Panel A), among students alone (Panel B), and among staff alone (Panel C) is shown for the 72 school districts in the greater 
Boston area that were included in the study. The greater Boston area was defined according to the U.S. Census Bureau as the New Eng-
land city and town area of Boston–Cambridge–Newton. The Massachusetts Department of Elementary and Secondary Education re-
scinded the statewide masking policy on February 28, 2022. The incidence is shown according to whether the school district lifted its 
masking requirement in the first, second, or third reporting week after the statewide masking policy was rescinded or the district sus-
tained its masking requirement. A school district was considered to have lifted its masking requirement in a given reporting week if the 
requirement had been lifted before the first day of the reporting week (reporting weeks start on Thursday). The dashed lines indicate the 
first (1), second (2), and third (3) school weeks (school weeks start on Monday) during which school districts lifted masking require-
ments. A total of 46 school districts lifted masking requirements during the first school week (starting on February 28, 2022) and in the 
first reporting week (starting on March 3, 2022) after the statewide masking policy was rescinded; 17 districts lifted masking require-
ments during the second school week (starting on March 7, 2022) and in the second reporting week (starting on March 10, 2022); 7 dis-
tricts lifted masking requirements during the third school week (starting on March 14, 2022) and in the third reporting week (starting on 
March 17, 2022); and 2 districts sustained masking requirements. Data points are shown on the first day of the reporting week and rep-
resent 3-week trailing rolling averages to reduce statistical noise. Dates on the x axis are restricted to the period immediately before and 
after the statewide masking policy was rescinded.
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analyses are provided in the Supplementary Ap-
pendix.

Descriptive Analyses

School districts that chose to sustain masking 
requirements longer had higher percentages of 
low-income students, students with disabilities, 
and ELL students (Fig. 3A), as well as higher per-
centages of Black and Latinx students (Fig. 3B) 
and Black and Latinx staff (Fig. 3C), than school 
districts that chose to lift masking requirements 

earlier. In addition, school districts that chose to 
sustain masking requirements longer tended to 
have school buildings that were older and in worse 
physical condition (e.g., with outdated or absent 
ventilation or filtration systems) and to have more 
students per classroom (Fig. 3D).

Discussion

Schools are an important yet politically contest-
ed space in the Covid-19 response, which makes 

B Cumulative Difference between Districts That Lifted Masking and
Districts That Sustained Masking

A Weekly Difference between Districts That Lifted Masking and
Districts That Sustained Masking
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analyses such as this one particularly relevant to 
decision makers. We estimated that the lifting of 
masking requirements in school districts in the 
greater Boston area during March 2022 contrib-
uted an additional 45 Covid-19 cases per 1000 
students and staff during the following 15-week 
period. Overall, this estimate corresponded to 
nearly 12,000 additional Covid-19 cases among 
students and staff, which accounted for one 
third of the cases in school districts that lifted 
masking requirements during that time and most 
likely translated to substantial loss of in-person 
school days.

We observed that the effect of school mask-
ing policies was greatest during the weeks when 
the background incidences of Covid-19 in sur-
rounding cities and towns were highest, a find-
ing that suggests that universal masking policies 
may be most effective when they are implement-
ed before and throughout periods of high SARS-
CoV-2 transmission. Under the CDC guidance at 
that time, as well as the updated guidance issued 
in August 2022, universal masking would not 
have been recommended until the incidences of 

Covid-19 in schools and surrounding communi-
ties were already nearing their peak (May 2022); 
by this time, a substantial proportion of the ef-
fects of masking polices that we observed had 
already accrued. As such, relying on lagging met-
rics such as CDC Covid-19 Community Levels and 
Covid-19 hospitalizations to inform school mask-
ing policies is most likely insufficient to prevent 
Covid-19 cases and loss of in-person school days, 
and policymakers might instead consider mea-
sures of community transmission (e.g., SARS-
CoV-2 wastewater concentration or Covid-19 in-
cidence) to inform such policies.

Understanding Covid-19 policy decisions re-
quires attention to power and existing historical 
and sociopolitical contexts.10,40 Structural racism 
and racial capitalism operate through multiple 
pathways, including higher levels of household 
crowding and employment in essential industries 
and lower levels of access to testing, vaccines, 
and treatment; these structural forces differen-
tially concentrate the risk of both SARS-CoV-2 
exposure and severe Covid-19 in low-income and 
Black, Latinx, and Indigenous communities.9-11,18 
In our study, school districts that chose to sustain 
masking requirements longer tended to have 
school buildings in worse physical condition and 
more students per classroom, and these districts 
had higher percentages of students and staff 
already made vulnerable by historical and con-
temporary systems of oppression (e.g., racism, 
capitalism, xenophobia, and ableism). In Boston 
and Chelsea, more than 80% of the students are 
Black, Latinx, or people of color, and these cities 
were among the Massachusetts cities and towns 
that were hit hardest by Covid-19. Students and 
families in these school districts have strongly 
advocated and organized for governmental ac-
tion to increase Covid-19 protections in schools, 
emphasizing their role as essential workers, the 
risk to vulnerable family members, and the un-
equal consequences of missed work and school.41,42 
The decision in some school districts to sustain 
school masking policies longer may therefore 
reflect an understanding among parents and 
elected officials that structural racism is embed-
ded in public policies and that policy decisions 
have the potential to rectify or reproduce health 
inequities.10,14,16,40

A growing body of work suggests that knowl-
edge of differential conditions and inequitable 
effects may decrease support for Covid-19 pro-

Figure 2 (facing page). Difference-in-Differences Estimates 
of Additional Weekly and Cumulative Covid-19 Cases 
Associated with the Lifting of Masking Requirements.

Difference-in-differences models were used to estimate 
the difference in the change in the incidence of Covid-19 
between school districts that lifted masking require-
ments and school districts that sustained masking re-
quirements in each reporting week among students 
and staff overall, among students alone, and among 
staff alone, with estimates calculated on a weekly basis 
(Panel A) and on a cumulative basis (Panel B). I bars 
and blue shading indicate 95% confidence intervals for 
weekly and cumulative differences, respectively. Esti-
mates are shown according to reporting weeks since 
masking requirements were lifted. Vertical dashed lines 
indicate the first reporting week in which masking re-
quirements were lifted in each school district; because 
the reporting week in which masking requirements 
were lifted varied according to district, the vertical 
dashed lines represent different calendar weeks for dif-
ferent school districts, depending on when masking re-
quirements were lifted. Values in light blue and dark 
blue show differences during the reporting weeks be-
fore and after masking requirements were lifted, re-
spectively. Horizontal dashed lines correspond to no 
difference; values above the line show additional Covid-19 
cases. Gray shading indicates the initial period of peak 
infection with the BA.1 subvariant of the B.1.1.529 
(omicron) variant (December 2021 through January 
2022). Details regarding the difference-in-differences 
analysis are provided in the Supplementary Appendix.
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tections among systematically advantaged groups, 
whose relative position largely insulates them from 
Covid-19 harms, while simultaneously increasing 

support among groups that are directly affected 
by systems of oppression.43-45 For example, in a 
randomized trial in which White persons were 

Figure 3. Characteristics of the School Districts.

Data regarding the following school-district characteristics are shown: distribution of students in populations selected and defined by 
the Massachusetts Department of Elementary and Secondary Education (DESE), including low-income students, students with disabili-
ties, and English-language learner (ELL) students (Panel A); distribution of students according to race or ethnic group (Panel B); distri-
bution of staff according to race or ethnic group (Panel C); and scores for building conditions and learning environment (Panel D). The 
data are shown in scaled variable values so that all variables can be depicted on the same scale; the scaled variable value reflects the 
difference from the mean value in standard deviations. Dashed lines indicate the mean value across all school districts. Dots indicate 
values for individual school districts. In the box plots, horizontal bars indicate the median value, boxes the interquartile range, whiskers 
the value 1.5 times the interquartile range, and diamonds the mean value. Data are plotted according to whether the school district had 
chosen to lift its masking requirement in the first, second, or third reporting week after the statewide masking policy was rescinded or 
the district had chosen to sustain its masking requirement. The data shown in Panels A, B, and C are for the 2021–2022 school year and 
were obtained from DESE.34 The data shown in Panel D were obtained from the Massachusetts School Building Authority 2016–2017 
school survey (most recent data).36
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assigned to receive information about structural 
causes of persistent Covid-19 inequities across 
racial or ethnic groups or to not receive such 
information, those who received the information 
were less likely to support Covid-19 prevention 
policies and were less likely to report individual 
concern about Covid-19 and empathy for the 
groups that were most affected.45 In several studies 
and polls, Black and Latinx parents were more 
likely than White parents to support school mask-
ing requirements and less likely to have confidence 
that schools could operate safely without addi-
tional protections.43,44,46 Failure to consider un-
equal baseline conditions and ongoing inequi-
table effects of Covid-19 policies risks further 
exacerbating inequities in Covid-19 incidence 
and educational outcomes.

Because universal masking policies in schools 
have been contentious, we anticipate several cri-
tiques. One such critique is that the benefits of 
universal masking in schools are outstripped by 
potential disruptions to teaching, learning, and 
social development. These effects warrant fur-
ther rigorous evaluation; however, to date, there 
is no clear existing evidence that masking inhib-
its learning or harms development.47,48 In addi-
tion, such effects might be considered alongside 
the spectrum of benefits of universal masking, 
including fewer missed school days and staffing 
shortages, reduced risk of illness for students 
and their families, and reduced economic hard-
ship for caregivers, who might miss work if their 
child is sick or if they become ill themselves. For 
example, in Lexington, MA, a comparison dis-
trict approximately 10 miles from Boston, mean 
student and staff absences due to Covid-19 dur-
ing weeks when masking was optional were 50% 
higher than absences during previous weeks, 
when masking was required (see the Supplemen-
tary Appendix).

In addition, severe Covid-19 and post-Covid 
conditions remain substantial risks among school-
age children. Like much of the United States, the 
greater Boston area has low Covid-19 vaccina-
tion coverage among children (only 53% of chil-
dren 5 to 11 years of age had been fully vacci-
nated in Boston and Chelsea through October 
2022, as compared with 67% in comparison 
districts), with substantial inequities according to 
race or ethnic group and socioeconomic status. 
Furthermore, we observed greater benefits of 
sustaining masking among staff, a finding that 

emphasizes that universal masking is an impor-
tant component of comprehensive workplace pro-
tections for staff, who may be at a higher risk for 
severe Covid-19 than students. In addition, staff 
absences may be especially consequential for stu-
dents who need additional educational supports 
and services, including ELL students and students 
with disabilities.

A second common critique is that there are 
alternative approaches to reducing transmission 
and severe disease, such as improved ventilation 
and increased vaccination coverage. Our findings 
show that the better ventilation and higher vac-
cination coverage in school districts that lifted 
masking requirements than in districts that sus-
tained masking requirements were insufficient 
to prevent all Covid-19 cases in these schools. 
Therefore, although we cannot weigh the full 
spectrum of individual and societal implications 
of masking policies, our study highlights the 
important role of interim universal school mask-
ing policies in mitigating the effects of Covid-19 
while longer-term, more sustainable policies are 
developed to increase vaccination uptake and im-
prove learning environments.

A key strength of this study is our use of 
difference-in-differences methods with staggered 
dates of the lifting of masking requirements. Al-
though there are some factors related to SARS-
CoV-2 exposure that differed across school dis-
tricts, difference-in-differences methods yield 
robust analyses in the context of sources of con-
founding that do not change over time (e.g., socio
demographic characteristics or building condi-
tions) or do not coincide with the policy change 
of interest. In sensitivity analyses, the benefits of 
masking requirements persisted after we con-
trolled for Covid-19 indicators at the community 
level, vaccination coverage, and previous incidence 
of infection. Furthermore, we found that school 
districts that lifted masking requirements were 
districts that would have been expected to have 
lower incidences of Covid-19 (on average, they had 
buildings in better physical condition and had 
higher vaccination coverage), which suggests that 
any residual confounding by Covid-19 risk would 
have led to underestimation of the harms of lift-
ing masking requirements overall.

A limitation of this study is that we did not 
have data regarding Covid-19 testing in individual 
school districts. However, DESE ended the prac-
tice of required testing of only unmasked close 
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contacts in January 2022, and data from that “test-
and-stay” program show that far too few schools 
continued with the program for it to explain our 
results. Under the most extreme assumptions, 
additional testing of unmasked close contacts 
could explain less than 7% of the estimated ex-
cess cases. Overall, our findings should be inter-
preted as the effect of universal masking policies 
and not as the effect of masking per se, since 
masks were still encouraged in most school set-
tings. Despite this consideration, the effect of lift-
ing masking requirements was substantial.

The winter wave of the B.1.1.529 (omicron) 
variant during the 2021–2022 school year will 
not be the final Covid-19 surge to affect students 
and staff, and ongoing efforts to address inequi-
table environmental risks and effects of Covid-19 
in school settings are urgently needed. Our results 
support that universal masking with high-quality 
masks or respirators during periods of high 

community transmission is an important strat-
egy for minimizing SARS-CoV-2 spread and loss 
of in-person school days. Our results also suggest 
that universal masking may be an important tool 
for mitigating the effects of structural racism in 
schools, including the differential risk of severe 
Covid-19, educational disruptions, and health and 
economic effects of secondary transmission to 
household members. School districts could use 
these findings to develop equitable mitigation 
plans in anticipation of a potential winter Covid-19 
wave during the 2022–2023 school year, as well as 
clear decision thresholds for removing masks as 
the wave abates.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.

We thank the Boston Public Schools staff and leadership and 
the nurses and team within Boston Public Schools Health Ser-
vices for their role in protecting our Boston children and fami-
lies; and Dr. Brigette Davis and Dr. Jourdyn Lawrence for their 
critical review and feedback on earlier drafts of this work.
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ADMINISTRATIVE REPORT: SCHOOL CLIMATE SURVEY 

EDUCATION, POLICY AND OPERATIONS COMMITTEE  

December 7, 2022 

Purpose 
To update Trustees on the results of the LDSB School Climate Survey. 

Background 
A school climate survey is required by the Ministry of Education as part of Policy/Program 
Memorandum 145 and provides feedback to each school about the degree to which students feel 
their school supports learning and positive behaviour, perceptions of safety and bullying, and how 
effectively the school promotes a safe and inclusive environment.  

As part of our ongoing efforts to create and maintain safe, inclusive, and accepting schools, the 
LDSB undertakes a School Climate Survey every 2 years to gather input from students.  In 
November 2021, the district conducted the School Climate Survey in class for students in grades 
4-12.

Limestone DSB has been utilizing a school climate survey since 2008.  In the past, Limestone utilized the 
Learning Bar’s Tell-Them-From-Me (TTFM) tool, later rebranded as the Our Schools survey, to engage 
with students.  This data would then be utilized by the school to support school-based initiatives 
focused on school climate and would be shared with the school community through a safe school team 
and/or school advisory councils.  In 2021 LDSB decided to utilize a new platform, and this was the first 
iteration of the School Climate Survey that was built and written in-house. We have now started to use 
the survey tool, Qualtrics, to collect school climate data.  Extensive consultation was needed prior to 
administering the most recent survey. Data from student voice sessions from previous years, and 
student voice projects, were used to inform the questions we asked, and the wording within each 
question. Similar to the past with TTFM, students, families, and staff had the opportunity to view the 
survey online in advance, alongside frequently asked questions that provided rationale for each 
question. The data team responded to each piece of feedback and included it in the Educator Guide 
available to staff in advance of the survey. 
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The School Climate Survey asked students for their opinion on key areas that research has shown 
to be important in understanding school climate, and that have an impact on student outcomes – 
with a focus on safety, well-being, relationships, and sense of belonging. 

The survey is voluntary, and students could decide whether to complete the survey and/or skip any 
questions they did not want to answer. The survey was anonymous and confidential, and individual 
respondents were not identified. In advance, students and staff were offered definitions for more 
complex terms in multiple formats to support survey administration and students’ comfort with the 
questions.  It is made clear to everyone in the community that the results are intended to be utilized for 
school improvement purposes.   

Reporting Tool 
As indicated, Limestone began using Qualtrics to collect School Climate data in the most recent 
collection. Qualtrics is a powerful and intuitive survey software used globally by institutions such as 
hospitals, post-secondary institutions, and governments. Qualtrics is PHIPA and MFIPPA compliant. 
The software allows for visualizations and statistical analyses to be conducted within the application, 
and is highly customizable to meet the needs of different users. Access to data is restricted by role, 
and managed by members of the Data Team. School administrators can duplicate, filter, and share 
their data within their school teams and school advisory councils in interactive and engaging ways.  It 

should also be noted that we used Qualtrics for the Student Equity Census.   

Results and Status 
In the most recent administration of the survey, 9855 students in grades 4 to 12 completed the survey 
(3330 students in grades 4-6, 2434 students in grades 7-8, and 4091 students in grades 9-12). School 
Climate data is designed to be used at the school level (rather than at the system level, like the Student 
Census). Throughout the fall of 2022, school administrators have received training and support in 
accessing, manipulating, and sharing this data to support their school planning. Administrators can 
access an online resource via Minds Online on data culture.  In addition, administrators have been able 
to attend group drop-in sessions for support, and have had direct access to data team members’ 
calendars to book appointments for discussion and assistance. Based on their learning and school level 
priorities, administrators have applied this data in several ways within schools.  Additional details will be 
presented at the meeting. 

Next Steps 
Schools continue to utilize the data for school improvement purposes.  This process requires the 
sharing of information with school staff, students, and the safe schools’ team and/or school advisory 
council.  The next administration of the school climate survey will be launched in the fall of 2023. 

School Climate Survey
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School Climate Survey

Recommendations 
That this report be received for information. 

Prepared by:     Patty Gollogly, Associate Superintendent 
Reviewed by:  Krishna Burra, Director of Education 
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ADMINISTRATIVE REPORT: EQAO 

EDUCATION, POLICY AND OPERATIONS COMMITTEE 

December 7, 2022 

Purpose 

To provide trustees with a historical overview of the provincial EQAO assessments. 

Background (Historical Programs) 

In response to recommendations made by the Royal Commission on Learning in February 1995, the 
EQAO (Education Quality and Accountability Office) was legislated into creation. The first EQAO 
assessment was delivered in the 1996-1997 school year for all Grade 3 Ontario students.  At that 
time, participating in the assessment comprised of performance tasks related to a particular theme, 
which required approximately 12 hours of testing over two weeks. Over the years, EQAO added 
assessments to develop an annually administered assessment program. The Grade 6 Assessment of 
Reading, Writing and Mathematics (administered at the end of the junior division) was introduced in 
1998–1999, and required the same amount of class time as the Grade 3 test; the first Grade 9 
Assessment of Mathematics (administered in the first year of secondary school) was conducted in 
2000–2001; and the first Ontario Secondary School Literacy Test (OSSLT) (a literacy graduation 
requirement) was administered in 2002. Each of the secondary school assessments required about 
five hours of testing over two days.  

Between 2005 and 2012, program reviews occurred which led to a reduction in the Primary and 
Junior testing time by half, to six hours. In addition, the name of the assessment was changed to 
Assessment of Reading, Writing and Mathematics, Primary Division (1-3) and Junior Division (4-6) in 
recognition that the entire primary and junior divisions were responsible for students’ learning 
progress. The Grade 9 Assessment of Mathematics was also reduced by half to two hours, and the 
OSSLT was reduced by half, to two and a half hours, administered on one day. 

This assessment model continued until 2018. EQAO undertook efforts to modernize the assessments 
in 2019. The assessment period was disrupted by the pandemic until field testing of the new 
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EQAO 

secondary assessments began in the 2020-2021 school year. EQAO was not relaunched in elementary 
until Spring, 2022. 

In addition, during this period of disruption, new Mathematics curriculum was launched at the 
elementary and secondary level, and destreaming was introduced for Grade 9. 

Current Status 

Primary and Junior Assessments 

In May and June, 2022, schools returned to administering the EQAO assessments. Students learning 
in person (and students learning remotely who wrote in person) participated in the assessments this 
past year. The administration of the assessment underwent some very significant, notable changes: 

1) The assessment was delivered in an online model that differed from that of the prior paper-
based assessments

2) Schools had a six-week time period to complete the assessment

3) The format of the assessment changed. Primary and Junior language components consisted
of four sessions, and each session was designed to be completed within 15-35 minutes. The
Mathematics component consisted of four stages in which students completed a total of 44
(primary)/48 (junior) questions. The mathematics component was an adaptive model which
means that each stage adapts to provide students with questions based on how they
performed on the previous stage. This means that students did not necessarily receive the
same questions in the same order, at the same time.

4) All students had access to text-to-speech tools as well as the zoom in and zoom out function
and an online highlighter.

Secondary Assessments 

EQAO provided the Grade 9 Assessment of Mathematics and OSSLT in the form of a field test during 
the 2020-21 school year. Some grade 9 students participated in the voluntary mathematics 
assessment; however, some did not due to some technical challenges with the testing platform and 
the compressed timeline with the octomester schedule used that year. More students participated in 
the OSSLT field test as it is a graduation requirement and, if students were successful, then it counted 
toward completion of the graduation requirement.  If students were not successful, it did not count. 

During the 2021-22 school year, schools administered the new official versions of the EQAO Grade 9 
Assessment of Mathematics and the OSSLT. Students learning in person (and students learning 
remotely who wrote in person) participated in the assessments this past year.  
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EQAO 

The administration of the assessment was different from past years and adapted based on the field 
tests from the previous year.  There were several significant changes: 

1) The assessments were delivered online, not in the form of paper-based assessments

2) Although students continued to write the Grade 9 Assessment of Mathematics as part of
their Grade 9 Math course, the administration of the OSSLT changed from a school-wide
event on one day with all eligible students writing at the same time to multi-day
administration in smaller groups, scheduled and facilitated at each individual school within a
larger flexible administration window of several weeks.

3) The Grade 9 Assessment of Mathematics uses a multi-stage computer adaptive testing model
that adapts to the individual student’s performance as the student progresses through the
two sessions containing a total of 54 questions (e.g., drag and drop, drop-down menu, and
single- and multiple-selection). The OSSLT also consisted of two sessions containing a total of
33 questions: 31 selected-response questions (e.g., multiple-choice, drag and drop, drop-
down menu, checklist) and two open-response questions. Each session in the case of both
assessments is designed to be completed in 60 minutes, and students must complete each
session in one sitting. The sessions can be attempted one after the other, either back-to-back
with a short break, or on two different dates and times. At the end of the two sessions,
students are presented with a questionnaire that asks them about their attitudes and
perceptions with respect to mathematics or literacy.

4) All students had access to text-to-speech tools as well as the zoom in and zoom out function,
an online highlighter and calculator within the assessment platform.

5) Additional time with supervision to complete the assessment was available to all students, if
needed.

Next Steps 

Individual Student Reports will be sent home with Grade 3 and 6 students, and students who write 
the Grade 9 Assessment of Mathematics and OSSLT. The Grade 9 Assessment of Mathematics report 
indicates students’ achievement on the assessment, while the OSSLT report provides the outcome 
deeming them “successful” or “not yet successful.” 

Administrators have been invited to participate in webinars hosted by EQAO, in order to review how 
to navigate the new EQAO assessment portal. Schools will use this data as one of many sources in 
order to determine student strengths and needs that will then drive planning and instruction. System 

EPOC Meeting - December 7, 2022 - Page 153



EQAO 

data will also be analyzed to plan for instructional supports and to differentiate support based on 
need.  Additional information will be presented at the meeting. 

Recommendations 

That this report be received for information purposes. 

Prepared by: Stephanie Sartor, Associate Superintendent, Steve Hedderson, Associate 
Superintendent, Alison McDonnell, Superintendent, Jessica Silver, Superintendent 

Reviewed by:  Krishna Burra, Director of Education 
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ADMINISTRATIVE REPORT: DIRECTOR’S ANNUAL REPORT 2021-
2022        
EDUCATION, POLICY AND OPERATIONS COMMITTEE  

December 7, 2022 

Purpose 

To provide the Board of Trustees with information on the 2021-2022 Director’s Annual Report. 

Background 

In compliance with the Education Act, the Limestone District School Board’s 2021-2022 Director’s 

Annual Report includes information on the Board’s strategic goals and progress the Board has made 

against these goals in the previous year, and actions the Board is taking in those strategic priority 

areas where goals are not being met. 

Current Status 
In keeping with the requirements under the Education Act, the Director of Education must report 

annually on the board’s multi-year strategic plan via the Director’s Annual Report. In Limestone, 

the Director provides progress on the Board’s strategic goals and actions twice a year, 

through a mid-year report in the spring and a year-end report in the fall. 

The Strategic Plan Year-End Report is provided within the online Director’s Annual Report, along with 

stories from the 2021-2022 school year that highlight some of the initiatives supporting the Board’s 

strategic pillars of Wellness, Innovation, and Collaboration. 

Review the report online at https://seeyourselfinlimestone.ca/directors-annual-report/ 
(effective November 30, 2022). The report will be submitted to the Ministry of Education in 
compliance with the January 31, 2023, deadline. 

EPOC Meeting - December 7, 2022 - Page 155

https://seeyourselfinlimestone.ca/directors-annual-report/


Director’s Annual Report 2021-2022 

Recommendations
That this report be received for information. 

Prepared by: Maddie Crothers, Communications Consultant 
Reviewed by:     Krishna Burra, Director of Education  
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