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The Collaborative Cohort of Cohorts for COVID-19 Research (C4R) is a national prospective study of adults
comprising 14 established US prospective cohort studies. Starting as early as 1971, investigators in the C4R
cohort studies have collected data on clinical and subclinical diseases and their risk factors, including behavior,
cognition, biomarkers, and social determinants of health. C4R links this pre–coronavirus disease 2019 (COVID-
19) phenotyping to information on severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
and acute and postacute COVID-related illness. C4R is largely population-based, has an age range of 18–
108 years, and ref lects the racial, ethnic, socioeconomic, and geographic diversity of the United States. C4R
ascertains SARS-CoV-2 infection and COVID-19 illness using standardized questionnaires, ascertainment of
COVID-related hospitalizations and deaths, and a SARS-CoV-2 serosurvey conducted via dried blood spots.
Master protocols leverage existing robust retention rates for telephone and in-person examinations and high-
quality event surveillance. Extensive prepandemic data minimize referral, survival, and recall bias. Data are
harmonized with research-quality phenotyping unmatched by clinical and survey-based studies; these data will
be pooled and shared widely to expedite collaboration and scientific findings. This resource will allow evaluation of
risk and resilience factors for COVID-19 severity and outcomes, including postacute sequelae, and assessment
of the social and behavioral impact of the pandemic on long-term health trajectories.
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Abbreviations: ARIC, Atherosclerosis Risk in Communities; CARDIA, Coronary Artery Risk Development in Young Adults;
CONNECTS, Collaborating Network of Networks for Evaluating COVID-19 and Therapeutic Strategies; COPD, chronic obstruc-
tive pulmonary disease; COPDGene, Genetic Epidemiology of COPD; COVID-19, coronavirus disease 2019; C4R, Collaborative
Cohort of Cohorts for COVID-19 Research; HCHS/SOL, Hispanic Community Health Study/Study of Latinos; MASALA, Mediators
of Atherosclerosis in South Asians Living in America; MESA, Multi-Ethnic Study of Atherosclerosis; NHLBI, National Heart, Lung,
and Blood Institute; REGARDS, Reasons for Geographic and Racial Differences in Stroke; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2; TOPMed, Trans-Omics for Precision Medicine.

Adverse effects of the coronavirus disease 2019 (COVID-
19) pandemic on US society and on its health and economy
are widespread (1). Eighteen months following the initial US
outbreak in winter 2020, there have already been over 44
million cases and over 700,000 deaths, making COVID-19
the third-leading cause of death in the United States in 2020
and the second-leading cause of death among persons aged
85 years or more (2, 3). Prolonged symptoms and clinical
abnormalities are observed in some COVID-19 survivors,
raising concerns that postacute sequelae of severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) infection
could pose an additional long-term health burden (4).

C4R includes 14 US prospective cohort studies that col-
lectively constitute a large, well-characterized, population-
based sample of Americans ranging in age from young
adults to centenarians and that reflect the racial, ethnic,
socioeconomic, and geographic diversity of the United
States. C4R uses standardized protocols and active surveil-
lance in an attempt to fully ascertain SARS-CoV-2 infection
and COVID-19 illness across all cohorts.

C4R offers the additional major advantages of each com-
ponent cohort study’s long-standing practices of standard-
ized data collection, including robust retention rates and
high-quality clinical events surveillance dating back as far as
1971 in some studies. For decades, investigators in the C4R
cohort studies have collected extensive longitudinal data
on clinical and subclinical disease, behaviors, cognition,
biomarkers, and social determinants of health. C4R links this
“pre-COVID” phenotyping to information on SARS-CoV-2
infection and acute and postacute COVID-related illness.
The integration of antecedent and illness-related data will
not only define the consequences of COVID-19 infection
reliably but also provide a unique opportunity to under-
stand mechanisms and modifiers of risk and resilience for
SARS-CoV-2 infection and adverse COVID-19 outcomes.
C4R also supports comparisons of longitudinal changes in
health measures over the course of the pandemic in persons
with varying degrees of COVID-19 severity. Furthermore,
the availability of well-characterized participants unaffected
by COVID-19 allows assessment and differentiation of the
effects of infection, illness, and pandemic-related social,
economic, and behavioral changes.
Overall, C4R aims to provide a scientific resource to 1)
evaluate risk and resilience factors for adverse COVID-19
outcomes, including severe illness and long-term compli-
cations; 2) assess the social and behavioral impact of the
COVID-19 pandemic on long-term outcomes and trajecto-
ries of health; and 3) examine disparities in COVID-19 risk

and outcomes according to race, ethnicity, geography, and
other social determinants of health. This report summarizes
the C4R study design and its progress in data collection in
the first year of funding (October 1, 2020–September 30,
2021).

METHODS

Cohort of cohorts

Fourteen prospective cohort studies are included in the
C4R (Table 1). Eight of the cohort studies were designed to
study cardiovascular disease epidemiology: the Atheroscle-
rosis Risk in Communities (ARIC) Study (5), the Coronary
Artery Risk Development in Young Adults (CARDIA)
Study (6), the Framingham Heart Study (7), the Hispanic
Community Health Study/Study of Latinos (HCHS/SOL)
(8–10), the Jackson Heart Study (11–13), the Mediators
of Atherosclerosis in South Asians Living in America
(MASALA) Study (14, 15), the Multi-Ethnic Study of
Atherosclerosis (MESA) (16), and the Strong Heart Study
(17, 18). Investigators in these studies generally recruited
population-based samples, although only 4 studies (ARIC,
CARDIA, the Framingham Heart Study, and HCHS/SOL)
used representational sampling techniques at some or all
sites. Four of the cardiovascular studies (ARIC, CARDIA,
the Framingham Heart Study, and MESA) recruited mul-
tiracial participants, and 4 were designed to study primarily
specific racial or ethnic groups (Hispanic/Latino participants
in HCHS/SOL, Black participants in the Jackson Heart
Study, South Asian participants in MASALA, and American
Indian participants in the Strong Heart Study). Four multi-
ethnic cohorts were established to study respiratory epidemi-
ology: The Genetic Epidemiology of COPD (COPDGene)
Study (19) and the Subpopulations and Intermediate
Outcome Measures in COPD Study (SPIROMICS) (20)
were established as longitudinal case-control studies of
cigarette smokers with and without chronic obstructive
pulmonary disease (COPD); Prevent Pulmonary Fibrosis
(21) is a study of early and established interstitial lung
disease; and the Severe Asthma Research Program (22)
is a study of the entire range of mild to severe asthma,
enriched for severe disease. Two studies—the Northern
Manhattan Study (NOMAS) (23) and the Reasons for
Geographic and Racial Differences in Stroke (REGARDS)
(24)—were established to study primarily neurological
outcomes, including stroke and cognition. The Northern
Manhattan Study is a multiethnic community study (23),
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and REGARDS is a biracial (non-Hispanic Black, White)
national sample of the continental United States that over-
sampled Black people and residents of the Southeast (24).

These cohort studies have collected detailed data on
participants’ health and behavior for as long as 50 years
(Figures 1 and 2). Investigators in the C4R cohorts have
performed extensive longitudinal (repeated) phenotyping
of subclinical and clinical disease, as well as assessments
of laboratory biomarkers, -omics, imaging, diet, behavior,
and social determinants of health, and have extensive
biorepositories of stored specimens (see Web Table 1,
available at https://doi.org/10.1093/aje/kwac032). Twelve
cohorts have geocoding available, supporting participant-
level assessment of neighborhood socioeconomic status,
exposures to systemic racism, and environmental exposures
such as air pollution. All of these cohort studies use similar
or identical adjudication protocols to ascertain all-cause
mortality. Ten of them ascertain cardiovascular events,
including myocardial infarction, stroke, and heart failure.
Eight of them ascertain respiratory events such as COPD and
asthma exacerbations. Seven ascertain incident cognitive
impairment and/or dementia.

Collaboration and governance

Most cohort studies in the C4R have a history of col-
laboration with the genomics-oriented Cohorts for Heart
and Aging Research in Genomic Epidemiology (CHARGE)
Consortium (25); the National Heart, Lung, and Blood Insti-
tute (NHLBI) Pooled Cohorts Study, focusing on respiratory
epidemiology (26); the Cross-Cohort Collaboration Con-
sortium, for cardiovascular epidemiology (27); the Blood
Pressure and Cognition Study (28); and the genetic sequenc-
ing– and multiomics-focused Trans-Omics for Precision
Medicine (TOPMed) Project (29). C4R builds and expands
upon these successes to advance COVID-19 research.

Planning for C4R began in March 2020, when the need
for a coordinated, cross-cohort response to the knowledge
gaps posed by the COVID-19 pandemic was self-evident and
urgent. Cohort investigators initiated discussions regard-
ing approaches to ascertain SARS-CoV-2 infections and
COVID-related illnesses within the context of unprece-
dented cohort operational challenges associated with the
outbreak. The NHLBI funded C4R via an Other Transac-
tional Authority mechanism in October 2020. Additional
funding for inclusion of the neurology-focused cohorts
was provided via the Other Transactional Authority by the
National Institute of Neurological Disorders and Stroke and
the National Institute on Aging.

The collaborative governance structure of the C4R is
shown in Figure 3. The administrative coordinating center is
the NHBLI Collaborating Network of Networks for Evalu-
ating COVID-19 and Therapeutic Strategies (CONNECTS)
Program, which reviews C4R operational milestones
biweekly. Central C4R functions are overseen by an observa-
tional studies monitoring board convened by CONNECTS.

Leadership for C4R is provided by an organizing commit-
tee that includes leading—and often, founding—principal
investigators from all C4R cohorts, principal investigators

from the C4R Data Coordination and Harmonization Cen-
ter at Columbia University Irving Medical Center (New
York, New York), principal investigators from the C4R
Biorepository and Central Laboratory at the University of
Vermont (Burlington, Vermont), and program officers from
the NHLBI, the National Institute of Neurological Disorders
and Stroke, and the National Institute on Aging. Master
C4R protocols for COVID-19 data collection were drafted,
piloted, and refined using a consensus-driven approach by
dedicated subcommittees that included content-area experts
from each cohort study. Draft protocols were reviewed,
refined, and approved by the organizing committee. Proto-
cols were designed to provide flexibility for multimodal data
collection, including remote options that could be used by
both on-site and off-site study personnel, and are available
on the study’s website (https://c4r-nih.org).

Consistent with an ancillary studies model, researchers
in each cohort study are directly responsible for accom-
plishing their own data collection in accordance with the
master protocols and under the supervision of their own
observational studies monitoring board, steering committee,
and any other applicable regulatory authorities. To maintain
full participation, cohort investigators are permitted to adapt
protocols to their cohort-specific needs.

The C4R Biorepository and Central Laboratory is respon-
sible for establishing a C4R biorepository of dried blood
spots, plus other biospecimens that may be collected in
the future, and for performing and/or coordinating the per-
formance of centralized clinical and biomarker assays and
serological assays.

Data collection is coordinated centrally at the Data Coor-
dination and Harmonization Center. Electronic data collec-
tion forms are programmed into REDCap (30, 31) for use or
adaptation by the cohort data coordinating centers. Metadata
on completion of questionnaires, events ascertainment, and
dried blood spots are reported to the Data Coordination and
Harmonization Center biweekly. The Data Coordination and
Harmonization Center maintains the C4R website (https://
c4r-nih.org), which includes a password-protected investiga-
tor section with regular status updates and study materials.

To promote and sustain this broad collaborative effort,
C4R principal investigators have invited additional investi-
gators and cohort personnel to participate in subcommittees
and working groups. In this manner, C4R has engaged over
180 investigators to date.

Participants

Cohort participants previously consented to in-person,
telephone, and/or e-mail contact and for abstraction of
medical records. Additional consent for ascertainment
of COVID-19 data, including the serosurvey, is obtained
according to cohort-specific procedures, including verbal,
remote, and traditional written informed consent.

All cohort participants who were alive on March 1, 2020,
and had not withdrawn consent for cohort participation were
considered eligible for enrollment in the C4R. Of 72,358
participants who were believed to meet these inclusion
criteria, the C4R principal investigators estimated that
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 Year ARIC
(n = 15,792)

JHS 
(n = 5,306)

CARDIA
(n  = 5,115)

FHS-O
(n  = 5,124)

FHS-G3
(n  = 4,095)

HCHS/SOL
(n  = 16,415)

MASALA
(n  = 906)

MESA
(n = 7,071)

SHS
(n = 3,516)

1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005 Exam 3
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015 Exam 2
2016
2017
2018
2019
2020 Visit 8 Exam 10
2021
2022 Exam 4
2023 Visit 10
2024 Visit 11
2025 Visit 12

Exam 1

Exam 2

Exam 3
Year 0

Visit 1
Year 2

Exam 4

Phase 1
Visit 2

Year 5

Exam 5Year 7

Visit 3 Phase 2

Year 10
Exam 6

Visit 4

Exam 7
Phase 3

JHS Exam 1
Year 15

Exam 1 
ARIC Recruits

(n  = 1,626)

JHS-Only 
Recruits

(n = 3,680)

Phase 4

Exam 1 Exam 2

Exam 2
Year 20

Exam 8
Phase 5

Exam 4

Exam 2 Exam 1

Exam 3
Year 25

Exam 1
Exam 5

Visit 5
Exam 9

Phase 6

Year 30
Visit 6

Exam 3
Exam 2 Exam 6

Phase 7

Visit 7

Year 35
Exam 3 Exam 7Visit 9

Exam 4
Exam 3

Figure 1. Longitudinal pre–coronavirus disease 2019 (COVID-19) follow-up and planned follow-up for cardiovascular cohort studies participat-
ing in the Collaborative Cohort of Cohorts for COVID-19 Research (C4R) Study, by cohort, United States, 1971–2025. Some study visits were
overlapping, which is not shown; instead, midpoints of the visits are indicated. COVID-era examinations (exams) are shaded in blue. Solid lines
indicate cohort follow-up, which typically includes regular contact by telephone and mail and ongoing ascertainment of health events. In the
Atherosclerosis Risk in Communities (ARIC) Study, 424 participants gave restricted consent. The Jackson Heart Study (JHS) included 1,626
participants recruited from ARIC; it also included participants not recruited from ARIC (JHS-Only). One participant in the Coronary Artery Risk
Development in Young Adults (CARDIA) Study withdrew consent. The Multi-Ethnic Study of Atherosclerosis (MESA) cohort included the original
MESA participants plus 257 new participants recruited into the MESA Air Pollution Study. FHS-G3, Framingham Heart Study Third Generation;
FHS-O, Framingham Heart Study Offspring Study; HCHS/SOL, Hispanic Community Health Study/Study of Latinos; MASALA, Mediators of
Atherosclerosis in South Asians Living in America; SHS, Strong Heart Study.
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Year COPDGene    
(n = 10,198)

PrePF         
(n = 2,500)

SARP    
(n  = 400)

SPIROMICS
(n = 2,983)

NOMAS    
(n = 3,298)

REGARDS
(n = 30,329)

1991
1992
1993 Cycle 1
1994
1995
1996
1997
1998 Cycle 2
1999
2000
2001
2002 Enrolling
2003 Cycle 3
2004 Exam 1
2005 Visit 1
2006
2007
2008
2009 Phase 1
2010 Visit 1 Visit 2
2011
2012 Visit 1 Visit 2
2013 Visit 2
2014 Phase 2 Visit 3 Visit 3 Exam 2
2015 Exam 1 Visit 4
2016 Visit 5 Visit 4
2017 Visit 6 Visit 3
2018 Visit 7
2019 Phase 3 Visit 8 Visit 5
2020 Exam 2 Visit 9
2021 Visit 10
2022 Visit 11
2023 Visit 12
2024 Visit 13
2025

Figure 2. Longitudinal pre–coronavirus disease 2019 (COVID-19) follow-up and planned follow-up for pulmonary and neurological cohorts in
the Collaborative Cohort of Cohorts for COVID-19 Research (C4R) Study, by cohort, United States, 1991–2025. Some visits were overlapping,
which is not shown; instead, midpoints of the visits are indicated. COVID-era examinations (exams) are shaded in blue. Solid lines indicate cohort
follow-up, which typically includes regular contact by telephone and mail and ongoing ascertainment of health events. COPD, chronic obstructive
pulmonary disease; COPDGene, Genetic Epidemiology of COPD; NOMAS, Northern Manhattan Study; PrePF, Prevent Pulmonary Fibrosis;
REGARDS, Reasons for Geographic and Racial Differences in Stroke; SARP, Severe Asthma Research Program; SPIROMICS, Subpopulations
and Intermediate Outcome Measures in COPD Study.

53,143 participants, hereafter described as the C4R target
population, were readily available for recruitment into C4R
based on recent participation in cohort follow-up calls. The
sociodemographic characteristics of participants eligible for
C4R (Web Table 2) are similar to those of the C4R target

population (Table 2). Fifty-eight percent of participants in
the target population are aged 65 years or older, and thus
at high risk for severe COVID-19. The anticipated sample
is racially and ethnically diverse, based on self-reporting
(32), with approximately 6% American Indian participants,
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Figure 3. Organization of the Collaborative Cohort of Cohorts for COVID-19 Research (C4R) Study, 1991–2025. ARIC, Atherosclerosis Risk
in Communities; CARDIA, Coronary Artery Risk Development in Young Adults; CONNECTS, Collaborating Network of Networks for Evaluating
COVID-19 and Therapeutic Strategies; COPD, chronic obstructive pulmonary disease; COPDGene, Genetic Epidemiology of COPD; COVID-
19, coronavirus disease 2019; DSMB, Data Safety Monitoring Board; FHS, Framingham Heart Study; HCHS/SOL, Hispanic Community Health
Study/Study of Latinos; JHS, Jackson Heart Study; MASALA, Mediators of Atherosclerosis in South Asians Living in America; MESA, Multi-Ethnic
Study of Atherosclerosis; NOMAS, Northern Manhattan Study; OSMB, Observational Studies Monitoring Board; PrePF, Prevent Pulmonary
Fibrosis; REGARDS, Reasons for Geographic and Racial Differences in Stroke; SARP, Severe Asthma Research Program; SHS, Strong Heart
Study; SPIROMICS, Subpopulations and Intermediate Outcome Measures in COPD Study.

2% Asian participants, 26% Black participants, and 20%
Hispanic/Latino participants.

All 48 continental states are represented among C4R par-
ticipants, including rural, suburban, and urban communities
(Figure 4). C4R is being conducted across 40 field/clinical
centers, many of which are associated with more than 1
C4R cohort; one cohort with extensive geographic reach,
REGARDS, operates via telephone and in-home examina-
tions only (24).

COVID-19 questionnaires

Each cohort study was funded to deploy COVID-19
questionnaires twice within 18 months following the initial
outbreak in March 2020 via telephone, mail, the Internet,
e-mail, or smartphone applications. Both the first question-
naire administration, called wave 1, and the second ques-
tionnaire administration, called wave 2, were attempted
across the entire target population.

Various COVID-19 questionnaires were developed as
early as March 2020 in certain cohorts (33) and administered
in spring and summer 2020. Although these efforts predated
funding of C4R, early informal cross-cohort collaborations

ensured that many cohorts used identical questionnaires,
and all of them generated common data elements regarding
infection, testing, hospitalization, and recovery. Following
funding, the C4R questionnaire was developed to include
domains on COVID-19 infection, testing, hospitalization,
symptoms, recovery, reinfection, contacts, vaccination,
behavioral changes, sleep, memory loss, depression, anxiety,
fatigue, and resilience. This C4R questionnaire includes
validated and PhenX toolkit instruments (34–43) in order to
optimize comparability with prepandemic assessments and
across C4R and other cohort studies. The C4R questionnaire,
including translations into Spanish and Mandarin, is
available on the PhenX (https://www.phenx.org/) and C4R
(https://c4r-nih.org) websites; REDCap (30, 31) program-
ming is available upon request. The C4R questionnaire was
used by 3 cohorts in wave 1 and was adapted for use by
all 14 cohorts in wave 2. Comparisons of cohort-specific
instruments are provided in Web Tables 3 and 4.

As of September 30, 2021, wave 1 was completed by 13
of the 14 cohorts and wave 2 was initiated in all cohorts
(Web Figure 1). Characteristics of participants completing
the wave 1 questionnaires as of this date were similar to those
of the target population (Table 2).
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Table 2. Characteristics of the C4R Target Population and Participants Completing the C4R Wave 1 Question-
naire, March 1, 2020–September 30, 2021

Target Population
(n = 53,143)

Participants Completing
Wave 1 Questionnairea

(n = 45,262)Cohort

No. % No. %

Sex

Female 30,557 57.50 26,814 59.24

Male 22,586 42.50 18,448 40.76

Race

Asian 1,238 2.33 1,044 2.31

American Indian/Alaska Native 2,971 5.59 1,923 4.25

Black 13,722 25.82 9,860 21.78

Native Hawaiian/Pacific Islander 32 0.06 34 0.08

White 28,655 53.92 25,070 55.39

Other 3,109 5.85 4,544 10.04

Multiracial 2,003 3.77 1,954 4.32

Unknown 1,413 2.66 833 1.84

Ethnicity

Hispanic 10,698 20.13 12,677 28.01

Non-Hispanic 34,362 64.66 25,549 56.45

Unknown 8,083 15.21 7,036 15.55

Age group, years

18–29 654 1.23 388 0.86

30–64 21,581 40.61 15,697 34.68

≥65 30,908 58.16 29,177 64.46

Cohort

ARIC Study 5,046 9.50 5,466 12.08

CARDIA Study 4,221 7.94 2,530 5.59

COPDGene Study 4,000 7.53 3,764 8.32

FHS 7,339 13.81 3,173 7.01

HCHS/SOL 8,400 15.81 11,152 26.64

JHS 2,317 4.36 1,697 3.75

MASALA Study 500 0.94 460 1.02

MESA 4,683 8.81 3,450 7.62

NOMAS 1,256 2.36 887 1.96

PrePF Study 2,500 4.70 614 1.36

REGARDS Study 8,000 15.05 8,750 19.33

SARP 380 0.72 326 0.72

SPIROMICS 1,800 3.39 1,483 3.28

SHS 2,701 5.08 1,510 3.34

Abbreviations: ARIC, Atherosclerosis Risk in Communities; CARDIA, Coronary Artery Risk Development in
Young Adults; COPD, chronic obstructive pulmonary disease; COPDGene, Genetic Epidemiology of COPD;
COVID-19, coronavirus disease 2019; C4R, Collaborative Cohort of Cohorts for COVID-19 Research; FHS,
Framingham Heart Study; HCHS/SOL, Hispanic Community Health Study/Study of Latinos; JHS, Jackson Heart
Study; MASALA, Mediators of Atherosclerosis in South Asians Living in America; MESA, Multi-Ethnic Study of
Atherosclerosis; NOMAS, Northern Manhattan Study; PrePF, Prevent Pulmonary Fibrosis; REGARDS, Reasons
for Geographic and Racial Differences in Stroke; SARP, Severe Asthma Research Program; SHS, Strong Heart
Study; SPIROMICS, Subpopulations and Intermediate Outcome Measures in COPD Study.

a Participants who had completed the C4R wave 1 questionnaire as of September 30, 2021.
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Figure 4. Participants, field/clinical centers, and coordinating centers in the Collaborative Cohort of Cohorts for COVID-19 Research (C4R)
Study, 1991–2025. Blue circles indicate field/clinical centers, and their sizes are proportional to the number of participants at each field/clinical
center. Participants in the Reasons for Geographic and Racial Differences in Stroke (REGARDS) Study, which does not have field/clinical
centers, are shown by additional blue shading according to their geocoded home addresses. Red squares indicate coordinating centers involved
in the study. Yellow squares indicate C4R central resources: the Data Coordination and Harmonization Center, the Biorepository and Central
Laboratory, and the Administrative Coordinating Center. COVID-19, coronavirus disease 2019.

COVID-related events

C4R ascertains COVID-related hospitalizations and
deaths that are identified via the C4R questionnaire or other
surveillance methods available to the cohort investigators,
including electronic health record linkages where available.
Each cohort study uses its own established infrastructure
for ascertainment of medical records and death certificates,
including the National Death Index, the Centers for Medi-
care and Medicaid Services, International Classification of
Diseases, Tenth Revision, Clinical Modification, codes (44),
and linkage to records from local health departments. Cohort
investigators review events locally at their field/coordinating
centers or transfer records for central review by C4R. The
C4R events review assesses severity and major compli-
cations of COVID-19 illness, including pneumonia, myo-
cardial infarction, stroke, thromboembolism, and acute
renal failure. The protocols use or are modeled after long-
standing cohort protocols for classifying and validating
cardiovascular (5–7, 9, 10, 15, 16, 18, 23, 45), respiratory
(46), and thromboembolic (47) events. Protocols for ascer-
tainment, review, and classification are available on the study
website. As of 1 year after C4R funding, over 1,000 COVID-
related hospitalizations or deaths had been ascertained
across the consortium.

Dried blood spot collection

Kits for collection of dried blood spots are produced by
the C4R Biorepository and Central Laboratory and shipped

to cohort investigators (either to the individual field cen-
ters or to the cohort study coordinating center, based on
the investigators’ preference). Dried blood spot cards are
labeled with a biospecimen identifier, which is linked to
C4R identifiers that are maintained centrally and not shared
with the Biorepository and Central Laboratory, through the
use of a “linking key.” Cohort field centers receive dried
blood spot collection kits from the Biorepository and Central
Laboratory and are responsible for recruitment, consent,
and distribution to participants. Updated details regarding
vaccination status are obtained at the time of consent for
dried blood spot collection and immediately prior to mailing
of the dried blood spot kit to the participant. Participant
instructions, including a video, are provided by the cohort
investigators and via the C4R website and/or cohort-specific
websites. Participants mail the completed kits directly to the
Biorepository and Central Laboratory or to the cohort field
or coordinating center as an intermediary step. In cohort
studies with upcoming in-person examinations, the dried
blood spot may be collected in person by research staff.
Dried blood spot collection was initiated in February 2021
(Web Figure 1) and is ongoing, with over 10,000 dried blood
spots acquired as of September 30, 2021.

Serological analysis

After preprocessing of completed dried blood spot cards
by the Biorepository and Central Laboratory, serological
assays are performed by the New York State Wadsworth
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Center’s Bloodborne Viruses Laboratory under the Clinical
Laboratory Improvement Amendments and New York
State certification. The Bloodborne Viruses Laboratory
performs a SARS-CoV-2 immunoglobulin G microsphere
immunoassay using Luminex bead technology (Luminex
Corporation, Austin, Texas) for qualitative detection of
human immunoglobulin G antibodies to SARS-CoV-2
nucleocapsid (N) and spike subunit 1 (S1) antigens. Based
on testing of 730 pre–COVID-19 dried blood spots and more
than 1,100 dried blood spots from persons with laboratory-
confirmed infection, specificity was 99.5% for both the
N and S1 antigens, and sensitivity ranged from 90% to
96% for symptomatic individuals and from 77% to 91%
for asymptomatic individuals. Sensitivity increased for
both groups with amount of elapsed time since a positive
polymerase chain reaction test, accounting for the range.
This assay was used successfully to test over 57,000 dried
blood spots for statewide serosurveys carried out from
April to June 2020 as part of New York State’s public
health response. Serological results are reported by the
Bloodborne Viruses Laboratory to the Biorepository and
Central Laboratory and then to the cohort data coordinating
centers, which are responsible for 1) recombining the results
with the proper participants based on the “linking key”
and 2) reporting results to participants according to usual
cohort practices. Serological results are not known to have
clinical relevance, and the Centers for Disease Control and
Prevention does not currently recommend modifications
to individual behavior or clinical care based on antibody
status alone (48); hence, no protocols for “alert” findings
were established, and participants may opt out of results
return. Protocols for the serosurvey are available on the
study website.

Since all current vaccines in use in the United States gen-
erate an immune response to the SARS-CoV-2 spike protein,
antibody responses to vaccination versus viral infection may
be distinguished by the anti–nucleocapsid assay results (49).

Quality control

Cohort investigators use established protocols for check-
ing data completeness and accuracy at the field center
and coordinating center levels. Dual data entry for C4R
is encouraged but not required, since it is not feasible in
all settings due to local impediments and COVID-related
exigencies. Ten percent of event reviews are randomly
selected for re-review. Reviewers not meeting standards
receive regular feedback with recommendations for retrain-
ing and/or protocol modifications, as appropriate. Serologi-
cal assays are repeated on a random 5% subsample of blind
duplicates.

COVID-19 outcomes

C4R data define a spectrum of COVID-19 outcomes,
including those listed in Web Table 5. Ascertainment of
COVID-related hospitalizations and deaths characterizes,
classifies, and validates moderate-to-severe COVID-19 ill-

nesses. Questionnaires obtain self-reported information on
the nature, severity, and duration of symptoms in the acute
and postacute setting, supporting classification of symp-
tomatic and asymptomatic infections and cases of prolonged
recovery or postacute sequelae. Data on behaviors, attitudes,
psychosocial impacts, and vaccinations are also collected.
Seropositive individuals without self-reported infection may
be reclassified as infected, whereas seronegative individuals
with prior positive testing may be classified as seroreverted.

Harmonization

Harmonization of COVID-19 and prepandemic data
is performed centrally by the Data Coordination and
Harmonization Center on the C4R Analysis Commons to
define COVID-19 outcomes and to align prepandemic data
for large-scale, longitudinal analyses. This effort leverages
prior harmonization efforts across C4R cohorts in the
TOPMed Project, the NHLBI Pooled Cohorts Study, the
Blood Pressure and Cognition Study, and the CHARGE
Working Groups (25, 26, 28, 50–56). Core measures that
have already been harmonized across the majority of C4R
cohorts are available on the study website; additional
variable harmonization is guided by scientific priority
and the data needs of approved manuscript proposals. As
in prior published efforts (26, 57), major steps in data
harmonization include identification of variables of interest,
review of available data in consultation with cohort-specific
investigators and analysts at cohort data coordinating
centers, and qualitative assessments of data collection
instruments and data dictionaries. Variables are aligned to
determine differences in measurement and classification.
Next, candidate variables for harmonization are transferred
to the C4R Analysis Commons for quantitative assessment,
relabeling, and recoding according to a common C4R
standard. Quantitative comparisons are made within and
between individuals and cohorts to identify outliers and
missing data. Data quality issues are investigated and
corrected in collaboration with cohort data coordinating
centers. Harmonized and derived variables, plus codes used
to generate them, are shared with the source cohorts.

Because of its significance to COVID-19 epidemiology,
particular emphasis is being placed on harmonizing prepan-
demic physiological (26), neurocognitive (28, 58–63), and
imaging-based (64–71) phenotyping data collected within
the decade prior to the outbreak (Table 3). Harmonization
of lung computed tomography scans is being accomplished
using deep learning (72–75) and other methods, which will
be discussed in separately published reports.

Data management

The C4R Commons Agreement, modeled on the
CHARGE Analysis Commons Consortium Agreement (76),
is expediting cross-cohort data harmonization and sharing,
as allowed (77). Following review and approval, cohort-
specific agreements permit COVID-19 and prepandemic
data to be uploaded to the C4R Analysis Commons, which is
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located on the NHLBI’s cloud computing platform, BioData
Catalyst (https://biodatacatalyst.nhlbi.nih.gov/) (78). This
platform has enterprise-grade compliance and security
certification and is HIPAA-compliant (Health Insurance
Portability and Accountability Act of 1996) and compliant
with Database of Genotypes and Phenotypes and Clini-
cal Laboratory Improvement Amendments security best
practices. Nonetheless, no protected health information is
retained in the C4R Analysis Commons. Participants are
assigned a C4R study identifier by the cohort-specific data
coordinating center that is distinct from the original cohort
participant identifier. Time-to-assessment and time-to-event
are calculated as latencies with a random offset.

Access to pooled C4R data is regulated by the C4R pub-
lications and presentations policy, which is available on the
C4R website (https://c4r.nih.org). Data are made available
for analyses in the C4R Analysis Commons for investigators
with manuscript proposals approved by the C4R publica-
tions and cohort coordinating committees, as well as by each
cohort included in a given proposal. Investigators are not per-
mitted to access or analyze data for which there are relevant
consent restrictions. Data downloads by investigators from
the C4R Analysis Commons are prohibited. Recommenda-
tions to address common data issues anticipated for C4R
analyses, such as missing data, are developed by the C4R
Statistical Subcommittee, and related programming is share-
able in the C4R Analysis Commons. Once harmonization
and related quality control are completed, C4R common data
elements will be transferred as a limited data set for public
access on BioData Catalyst in accord with cohort-specific
consents and commitments.

DISCUSSION

C4R leverages existing US cohort studies to develop a
large, multiethnic, pooled cohort of participants with inci-
dent COVID-19 and COVID-unaffected participants. C4R
includes a diverse population of US adults, including older
and socially disadvantaged populations that have especially
high risk of adverse COVID-19 outcomes. C4R is distin-
guished from other large studies of COVID-19 by its wealth
of prepandemic phenotyping, providing unique opportuni-
ties to evaluate a range of risk and resilience factors for
SARS-CoV-2 infection and adverse COVID-19 outcomes,
including severe COVID-19 illness, postacute sequelae, and
other long-term effects of the pandemic response. Unlike
case registries and electronic-health-record–based studies,
C4R’s repeated examinations and cognitive assessments
completed before and after the COVID-19 pandemic also
provide important opportunities to estimate the social and
behavioral impact of the COVID-related pandemic response
on changes in long-term mental and physical health across
multiple domains.

C4R constitutes a historic initiative to standardize and
expedite data collection by US cohort studies despite major
operational and societal challenges. Commitment from
cohort principal investigators with experience in cross-
cohort collaboration was critical to expediting the study
design, protocol development, approval, and deployment.

The large scale of data collection was made possible not
only by a cultural shift toward multistudy collaborative
efforts occasioned by experience in CHARGE and TOPMed
but also by the established cohort infrastructure, including
sophisticated data coordinating centers that were prepared
to implement new protocols rapidly and experienced and
professional clinical staff with long-standing relationships
with cohort participants. Differences in the data collected
by individual cohort studies are being reconciled through
harmonization, where possible, or else they will be ac-
counted for in analysis plans, in which cohorts without a
necessary data element may be excluded. A similar approach
is being used with respect to pre-COVID data heterogeneity;
fortunately, many cohort studies used similar or identical
protocols for data collection in the pre-COVID era, due
often to overlapping investigative groups, facilitating har-
monization efforts. The challenges of sharing data across
14 cohort studies are well documented (79) and have
been surmounted in recent decades by several strategies,
including meta-analysis of results generated by cohort-
specific data coordinating centers and analyses of pooled
cohort data assembled at a single center or in an NHLBI
repository. To enhance accessibility, increase security, and
expedite high-priority analyses, C4R adapted and extended
prior data management models by building a cloud-based
enclave for assembly, harmonization, and analysis of pooled
data.

C4R has certain limitations. Although it includes a
diverse, nationwide sample, it was not constructed to be
representative of the US population; to some extent, this
may be addressed analytically through the use of weighting
approaches. Participation in C4R is voluntary, which may
lead to selection biases. Nonetheless, we do not observe
major differences in the sociodemographic characteristics of
eligible participants compared with participants completing
the wave 1 questionnaire, and the preponderance of women
in the sample may be explained to some extent by the ad-
vanced age of contributing cohorts. Data on acute COVID-
19 are sparse in C4R compared with certain electronic
health record resources, but, conversely, data on pre-COVID
biomarkers, multiomics, physiology, organ structure, and
symptomatology may be richer in C4R and less subject to
diagnostic or referral biases. Because of antibody-waning,
only a subset of self-reported COVID-19 cases in C4R
will be validated by C4R serology, and negative serology
will not be suitable to rule out infection. Nonetheless,
serological analysis provides opportunities to reclassify
some participants with subclinical infection and to examine
antibody responses to vaccination and the impact on
subsequent “breakthrough” infection risk. Adjudication of
events consists primarily of validating more severe illness,
although many cohort investigators are ascertaining positive
test results among nonhospitalized participants to confirm
history of infection.

C4R provides opportunities for future studies using
a range of epidemiologic study designs (Figure 5). For
example, nested within C4R, longitudinal cohort studies of
COVID-affected and unaffected participants could repeat
particular measurements (e.g., echocardiography, lung
imaging, neurocognitive assessment) to reliably define the
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consequences of COVID-19 infection. Ongoing high-quality
events follow-up allows assessment of long-term clinical
outcomes following COVID-19 and the pandemic period.
Extensive biobanks maintained by the cohorts could support
measurement of prior viral infections, immune phenotypes,
metabotypes, -omics, and other pre-COVID characteristics
that may be risk determinants or modifiers for COVID-19
susceptibility and vaccine effectiveness. The fact that the
cohort investigators continue to follow their participants pro-
vides a dynamic resource for studying emerging questions
in COVID-19 epidemiology, including but not limited to
viral variants and vaccination. Additionally, C4R provides a
model for cross-cohort collaboration and active data-sharing
that will promote consortium-based epidemiologic work on
biological, social, and epidemiologic questions beyond the
COVID-19 pandemic, in alignment with recommendations
for strategic transformation of population studies (80).

Lessons Learned
• Unlike case registries and electronic health 

record–based studies, C4R’s repeated 
examinations and cognitive assessments 
before and after COVID-19 provide important 
opportunities to estimate the biological, clinical, 
social, and behavioral impact of the COVID-19 
pandemic on changes in long-term physical 
and mental health across multiple domains.

• Success of the C4R serosurvey suggests that 
blood collection via self-collected dried blood 
spots is feasible and acceptable for remote 
and, potentially, repeated biosampling and can 
be integrated into existing and new population-
based cohort studies. Traditional cohort 
participant-contact methods and procedures 
work for in-home biosample collection and are 
critical to success.

• C4R provides a model for cross-cohort 
collaboration, harmonization, and active data-
sharing that will promote consortium-based 
epidemiologic work on biological, social, and 
epidemiologic questions beyond the COVID-19 
pandemic, in alignment with recommendations 
for strategic transformation of population 
studies.

Figure 5. Lessons learned from the Collaborative Cohort of Co-
horts for COVID-19 Research (C4R) Study. COVID-19, coronavirus
disease 2019.
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component of the TOPMed Study (Database of Genotypes
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and Phenotypes accession no. phs001416.v1.p1) was
performed at the Broad Institute of MIT and Harvard (grant
3U54HG003067-13S1). Centralized read mapping and
genotype calling, along with variant quality metrics and
filtering, were provided by the TOPMed Informatics
Research Center (grant 3R01HL-117626-02S1 and contract
HHSN268201800002I) (Broad RNA Seq, Proteomics
HHSN268201600034I, UW RNA Seq
HHSN268201600032I, USC DNA Methylation
HHSN268201600034I, Broad Metabolomics
HHSN268201600038I). Phenotype harmonization, data
management, sample-identity quality control, and general
study coordination were provided by the TOPMed Data
Coordinating Center (grants 3R01HL-120393 and
U01HL-120393 and contract HHSN268180001I). The
provision of genotyping data was supported in part by the
National Center for Advancing Translational Sciences,
Clinical and Translational Science Institute grant
UL1TR001881, and National Institute of Diabetes and
Digestive and Kidney Diseases Diabetes Research Center
grant DK063491 to the Southern California Diabetes
Endocrinology Research Center. The NHLBI Pooled
Cohorts Study was supported by grants R21HL153700,
K23HL130627, R21HL129924, and R21HL121457 from
the NIH/NHLBI. The Northern Manhattan Study was
supported by grants R01 NS29993 and R01 NS48134 from
the NINDS and grant R01 AG066162 from the NIA. The
Prevent Pulmonary Fibrosis cohort study was established in
2000 and has been supported by NIH awards
Z01-ES101947, R01-HL095393, RC2-HL1011715,
R21/33-HL120770, R01-HL097163, Z01-HL134585,
UH2/3-HL123442, P01-HL092870, UG3/UH3-HL151865,
and DoD W81XWH-17-1-0597. The Reasons for
Geographic and Racial Differences in Stroke (REGARDS)
Study is supported by cooperative agreement U01
NS041588, cofunded by the NINDS and the NIA. Research
by the principal and co–principal investigators of the
Severe Asthma Research Program was funded by the
NIH/NHLBI (grants U10 HL109164, U10 HL109257, U10
HL109146, U10 HL109172, U10 HL109250, U10
HL109168, U10 HL109152, and U10 HL109086).
Additional support was provided through industry
partnerships with the following companies: AstraZeneca,
Boehringer-Ingelheim, Genentech, GlaxoSmithKline,
MedImmune, Inc. (Gaithersburg, Maryland), Novartis,
Regeneron Pharmaceuticals, Inc. (Tarrytown, New York),
Sanofi S.A. (Paris, France), and Teva Pharmaceuticals USA
(North Wales, Pennsylvania). Spirometers used in Severe
Asthma Research Program III were provided by nSpire
Health, Inc. (Longmont, Colorado). The Subpopulations
and Intermediate Outcome Measures in COPD Study
(SPIROMICS) has been funded by contracts with the
NIH/NHLBI (contracts HHSN268200900013C,
HHSN268200900014C, HHSN268200900015C,
HHSN268200900016C, HHSN268200900017C,
HHSN268200900018C, HHSN268200900019C, and
HHSN268200900020C) and grants from the NIH/NHLBI
(grants U01 HL137880 and U24 HL141762) and
supplemented through contributions made to the
Foundation for the NIH and the COPD Foundation by

AstraZeneca, MedImmune, Bayer Corporation (Whippany,
New Jersey), Bellerophon Therapeutics (Warren, New
Jersey), Boehringer-Ingelheim, Chiesi Farmaceutici S.p.A.
(Parma, Italia), the Forest Research Institute, Inc. (Jersey
City, New Jersey), GlaxoSmithKline, Grifols Therapeutics,
Inc. (Research Triangle Park, North Carolina), Ikaria, Inc.
(Hampton, New Jersey), Novartis, Nycomed Pharma
GmbH (Zurich, Switzerland), ProterixBio, Inc. (Billerica,
Massachusetts), Regeneron, Sanofi, Sunovion, Takeda
Pharmaceutical Company (Tokyo, Japan), Theravance
Biopharma, Inc. (South San Francisco, California), and
Mylan N.V. (White Sulphur Springs, West Virginia). The
Strong Heart Study has been funded in whole or in part by
the NHLBI (contracts 75N92019D00027,
75N92019D00028, 75N92019D00029, and
75N92019D00030). The Strong Heart Study was
previously supported by research grants R01HL109315,
R01HL109301, R01HL109284, R01HL109282, and
R01HL109319 and cooperative agreements U01HL41642,
U01HL41652, U01HL41654, U01HL65520, and
U01HL65521.

Access to pooled C4R data is regulated by the C4R
Study’s publications and presentations policy, which is
available on the C4R website (https://c4r-nih.org). Data are
made available for analyses in the C4R Analysis Commons
for investigators with manuscript proposals approved by
the C4R publications and cohort coordinating committees,
as well as by each cohort included in a given proposal.
Once harmonization and related quality control have been
completed, C4R common data elements will be transferred
as a limited data set for public access on BioData Catalyst,
in accord with cohort-specific consents and commitments.
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