
JAMA Netw Open. 2024 May; 7(5): e2412835.
Published online 2024 May 23. doi: 10.1001/jamanetworkopen.2024.12835:

10.1001/jamanetworkopen.2024.12835

PMCID: PMC11117088
PMID: 38780941

SARS-CoV-2 Viral Load in the Nasopharynx at Time of First Infection Among
Unvaccinated Individuals

A Secondary Cross-Protocol Analysis of 4 Randomized Trials

Leigh H. Fisher, PhD, Jia Jin Kee, MS, Albert Liu, MD, MPH, Claudia M. Espinosa, MD, April K. Randhawa, PhD,

James Ludwig, PhD, Craig A. Magaret, MS, Samuel T. Robinson, PhD, Peter B. Gilbert, PhD, Ollivier Hyrien,
PhD, James G. Kublin, MD, MPH, Nadine Rouphael, MD, Ann R. Falsey, MD, Magdalena E. Sobieszczyk, MD,
MPH, Hana M. El Sahly, MD, Beatriz Grinsztejn, MD, PhD, Glenda E. Gray, MBBCh, Karen L. Kotloff, MD,

Cynthia L. Gay, MD, MPH, Brett Leav, MD, Ian Hirsch, PhD, Frank Struyf, MD, Lisa M. Dunkle, MD,
Kathleen M. Neuzil, MD, MPH, Lawrence Corey, MD, Yunda Huang, PhD, Paul A. Goepfert, MD,
Stephen R. Walsh, MD, Lindsey R. Baden, MD, and Holly Janes, PhD , for the COVID-19 Prevention Network

(CoVPN)

Vaccine and Infectious Disease Division, Fred Hutchinson Cancer Center, Seattle, Washington
Bridge HIV, San Francisco Department of Public Health, San Francisco, California
University of South Florida Morsani College of Medicine, Tampa

Hope Clinic, Emory University, Atlanta, Georgia
Infectious Disease Division, University of Rochester, Rochester, New York
Department of Medicine, Columbia University Irving Medical Center, New York, New York

Department of Molecular Virology and Microbiology, Baylor College of Medicine, Houston, Texas
Evandro Chagas National Institute of Infectious Diseases-Oswaldo Cruz Foundation, Rio de Janeiro, Brazil
South African Medical Research Council, Cape Town, South Africa

Center for Vaccine Development and Global Health, Department of Pediatrics, University of Maryland School of
Medicine, Baltimore

University of North Carolina School of Medicine, Chapel Hill

Moderna Inc, Cambridge, Massachusetts
Vaccines & Immune Therapies, BioPharmaceuticals R&D, AstraZeneca, Cambridge, United Kingdom
Janssen Research and Development, Beerse, Belgium

Novavax Inc, Gaithersburg, Maryland
Center for Vaccine Development and Global Health, University of Maryland School of Medicine, Baltimore, Maryland
University of Alabama at Birmingham Heersink School of Medicine, Birmingham
Brigham & Women’s Hospital, Boston, Massachusetts

Corresponding author.
Article Information

Accepted for Publication: March 20, 2024.

 1  1  2  3 

1  1  1  1  1 

 1  1  4  5 

 6  7  8  9  10

 11  12  13  14  15

 16  1  1  17

 18  18  1 

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

JAMA Network Open

https://pubmed.ncbi.nlm.nih.gov/38780941
https://pubmed.ncbi.nlm.nih.gov/?term=Fisher%20LH%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Kee%20JJ%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Liu%20A%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Espinosa%20CM%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Randhawa%20AK%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Ludwig%20J%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Magaret%20CA%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Robinson%20ST%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Gilbert%20PB%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Hyrien%20O%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Kublin%20JG%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Rouphael%20N%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Falsey%20AR%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Sobieszczyk%20ME%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=El%20Sahly%20HM%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Grinsztejn%20B%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Gray%20GE%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Kotloff%20KL%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Gay%20CL%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Leav%20B%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Hirsch%20I%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Struyf%20F%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Dunkle%20LM%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Neuzil%20KM%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Corey%20L%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Huang%20Y%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Goepfert%20PA%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Walsh%20SR%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Baden%20LR%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Janes%20H%5BAuthor%5D


Published: May 23, 2024. doi:10.1001/jamanetworkopen.2024.12835

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2024 Fisher LH et al.
JAMA Network Open.

Corresponding Author: Leigh H. Fisher, PhD, Fred Hutchinson Cancer Center, 1100 Fairview Ave N, Mail Stop M2-
C200, Seattle, WA 98109 (lfisher@fredhutch.org).

Author Contributions: Dr Fisher had full access to all of the data in the study and takes responsibility for the integrity
of the data and the accuracy of the data analysis.

Concept and design: Fisher, Liu, Gilbert, Kublin, Sobieszczyk, El Sahly, Gray, Kotloff, Hirsch, Neuzil, Corey, Huang,
Goepfert, Walsh, Baden, Janes.

Acquisition, analysis, or interpretation of data: Fisher, Kee, Liu, Espinosa, Randhawa, Ludwig, Magaret, Robinson,
Gilbert, Hyrien, Rouphael, Falsey, Sobieszczyk, El Sahly, Grinsztejn, Gray, Kotloff, Gay, Leav, Hirsch, Struyf, Dunkle,
Huang, Goepfert, Walsh, Baden, Janes.

Drafting of the manuscript: Fisher, Magaret, Robinson, Gray, Struyf, Baden, Janes.

Critical review of the manuscript for important intellectual content: All authors.

Statistical analysis: Fisher, Kee, Ludwig, Magaret, Hyrien.

Obtained funding: Gilbert, El Sahly, Kotloff, Neuzil, Corey, Huang, Baden.

Administrative, technical, or material support: Randhawa, Robinson, Kublin, Sobieszczyk, Grinsztejn, Goepfert.

Supervision: Espinosa, Kublin, Rouphael, Gray, Gay, Struyf, Neuzil, Huang, Goepfert, Walsh, Baden, Janes.

Conflict of Interest Disclosures: Dr Liu reported grants from Gilead Sciences and Viiv Healthcare to his institution,
and from Gilead Sciences Study drug donation for studies outside the submitted work. Dr Espinosa reported grants

from Moderna and Novavax outside the submitted work. Dr Robinson reported grants from NIH to his institution during
the conduct of the study. Dr Rouphael reported personal fees from advisory boards of Sanofi, Moderna, Seqirus, and
Pfizer; grants from Sanofi, Merck, Pfizer, and VaxCo; and personal fees from ICON, CyanVac and EMMES for serving
as a safety consultant during the conduct of the study. Dr Falsey reported grants from NIH during the conduct of the

study; grants from Janssen, Pfizer, Merck, BioFire Diagnostics, VaxCo, CyanVac, and Moderna; received travel com-
pensation from GSK, personal fees from Sanofi Pasteur Advisory Board, and personal fees from ADMA Scientific Board
outside the submitted work. Dr Sobieszczyk reported grants from Merck Sharpe, Dohme, Sanofi, Gilead, and Gates

Foundation to the institution outside of the submitted work. Dr El Sahly reported grants from NIAID during the conduct of
the study. Dr Kotloff reported grants from NIAID to her institution during the conduct of the study; grants from Novavax
to her institution outside the submitted work. Dr Gay reported grants from the University of North Carolina at Chapel Hill

during the conduct of the study. Dr Leav reported employment from Moderna during the conduct of the study and out-
side the submitted work. Dr Hirsch employment and stock ownership from AstraZeneca during the conduct of the study.
Dr Struyf reported employment and stock ownership from Johnson & Johnson during the conduct of the study; other

https://jamanetwork.com/pages/cc-by-license-permissions
mailto:dev@null


from GlaxoSmithKline stock ownership outside the submitted work; and funding by BARDA and support from NIH/NIAID
for the trials discussed in the manuscript (please see the corresponding author for details). Dr Dunkle reported personal

fees from Novavax (employee) during the conduct of the study. Dr Neuzil reported grants from NIH during the conduct
of the study. Dr Goepfert reported a patent for COVID-19 monoclonal antibody issued by Aridis. Dr Walsh reported
grants from NIH/NIAID, nonfinancial support from Sanofi Pasteur, grants from Moderna, grants from Sanofi Pasteur, and

grants from Janssen Vaccines during the conduct of the study; personal fees from BioNTech (IDMC member), personal
fees from Janssen Vaccines (IDMC chair), grants from Pfizer, grants from Worcester HIV Vaccine, and grants from VIR
Biotechnology outside the submitted work; and spouse holds stock and stock options in Regeneron Pharmaceuticals.

Dr Baden reported grants from NIH funding during the conduct of the study; and Dr Baden is involved in HIV and
COVID-19 vaccine clinical trials conducted in collaboration with the NIH, HIV Vaccine Trials Network (HVTN), COVID
Vaccine Prevention Network (CoVPN), International AIDS Vaccine Initiative (IAVI), Crucell/Janssen, Moderna, Military

HIV Research Program (MHRP), Gates Foundation, and the Ragon Institute. Dr Janes reported grants from NIH during
the conduct of the study. No other disclosures were reported.

Funding/Support: This study received funding from the National Institutes of Health, National Institute of Allergy and
Infectious Diseases grant No. UM1AI068635 (Drs Gilbert, Huang, and Janes) and UM1AI068614 (Prof Gray and Dr
Corey).

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection, management,
analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the

manuscript for publication.

Group Information: The members of the COVID-19 Prevention Network (CoVPN) appear in Supplement 2.

Data Sharing Statement: See Supplement 3.

Additional Contributions: We gratefully acknowledge all data contributors (ie, the authors and their originating labora-
tories responsible for obtaining the specimens, and their submitting laboratories for generating the genetic sequence
and metadata and sharing via the GISAID Initiative), on which parts of this analysis are based.

Received 2023 Nov 17; Accepted 2024 Mar 20.

Copyright 2024 Fisher LH et al. JAMA Network Open.

This is an open access article distributed under the terms of the CC-BY License.

Key Points

Question

What factors are associated with SARS-CoV-2 viral load at the time of COVID-19 diagnosis, and is
viral load associated with disease severity?

Findings

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/


In this secondary cross-protocol analysis of 1667 placebo recipients from 4 harmonized, random-
ized, phase 3 COVID-19 vaccine ef�icacy trials, no associations were found between viral load and
any of the measured covariates or disease severity.

Meaning

The �indings of this study suggest that caution should be exercised in the use of individual-level vi-
ral load in comparisons across trials and/or settings and as a surrogate for COVID-19 severity, es-
pecially given increasing diversity in preexisting immunity.

This secondary cross-protocol analysis investigates the viral load at COVID-19 diagnosis among
previously uninfected and unvaccinated individuals by demographic and clinical characteristics, vi-
ral variant, and trial, as well as the ability of viral load to predict severe disease.

Abstract

Importance

SARS-CoV-2 viral load (VL) in the nasopharynx is dif�icult to quantify and standardize across set-
tings, but it may inform transmission potential and disease severity.

Objective

To characterize VL at COVID-19 diagnosis among previously uninfected and unvaccinated individu-
als by evaluating the association of demographic and clinical characteristics, viral variant, and trial
with VL, as well as the ability of VL to predict severe disease.

Design, Setting, and Participants

This secondary cross-protocol analysis used individual-level data from placebo recipients from 4
harmonized, phase 3 COVID-19 vaccine ef�icacy trials sponsored by Moderna, AstraZeneca,
Janssen, and Novavax. Participants were SARS-CoV-2 negative at baseline and acquired COVID-19
during the blinded phase of the trials. The setting included the US, Brazil, South Africa, Colombia,
Argentina, Peru, Chile, and Mexico; start dates were July 27, 2020, to December 27, 2020; data cut-
off dates were March 26, 2021, to July 30, 2021. Statistical analysis was performed from
November 2022 to June 2023.

Main Outcomes and Measures

Linear regression was used to assess the association of demographic and clinical characteristics,
viral variant, and trial with polymerase chain reaction–measured log  VL in nasal and/or na-
sopharyngeal swabs taken at the time of COVID-19 diagnosis.
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Results

Among 1667 participants studied (886 [53.1%] male; 995 [59.7%] enrolled in the US; mean [SD]
age, 46.7 [14.7] years; 204 [12.2%] aged 65 years or older; 196 [11.8%] American Indian or
Alaska Native, 150 [9%] Black or African American, 1112 [66.7%] White; 762 [45.7%] Hispanic or
Latino), median (IQR) log  VL at diagnosis was 6.18 (4.66-7.12) log  copies/mL. Participant
characteristics and viral variant explained only 5.9% of the variability in VL. The independent fac-
tor with the highest observed differences was trial: Janssen participants had 0.54 log  copies/mL
lower mean VL vs Moderna participants (95% CI, 0.20 to 0.87 log  copies/mL lower). In the
Janssen study, which captured the largest number of COVID-19 events and variants and used the
most intensive post-COVID surveillance, neither VL at diagnosis nor averaged over days 1 to 28
post diagnosis was associated with COVID-19 severity.

Conclusions and Relevance

In this study of placebo recipients from 4 randomized phase 3 trials, high variability was observed
in SARS-CoV-2 VL at the time of COVID-19 diagnosis, and only a fraction was explained by individ-
ual participant characteristics or viral variant. These results suggest challenges for future studies
of interventions seeking to in�luence VL and elevates the importance of standardized methods for
specimen collection and viral load quantitation.

Introduction

There have been more than 750 million con�irmed SARS-CoV-2 infections worldwide since the
start of the COVID-19 pandemic.  Understanding drivers of transmission is critical for addressing
issues of public health, developing outbreak mitigation policies, and informing individual decision-
making. Numerous lines of evidence point to viral load (VL) as a marker of transmission
potential.  SARS-CoV-2 VL at or near the time of hospitalization has been associated with
symptom severity and mortality  and used as an end point in COVID-19 treatment
trials.  However, accurately measuring VL is challenging: it is dynamic, typically
peaking before or soon after onset of symptoms; it is highly variable across participants; it differs
by specimen type and adequacy of collection; and results from different assays and laboratories
may not be directly comparable.

This cross-protocol analysis describes the distribution of SARS-CoV-2 VL at the time of COVID-19
diagnosis for over 1600 placebo recipients from 4 phase 3 COVID-19 vaccine trials conducted in
partnership with the COVID-19 Prevention Network (CoVPN).  The data span 8 countries, and
waves of infection attributable to the ancestral variant and 9 others. The harmonized COVID-19
de�initions and timing of specimen collection across this diverse cohort allowed us to systemati-
cally examine factors of variability in SARS-CoV-2 VL at diagnosis prior to any immunization. It
also allowed for an assessment of the ability of VL to predict COVID-19 severity in a largely outpa-
tient disease context.
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Methods

Participants

This cross-protocol analysis included participant-level data from the placebo groups of 4 random-
ized, placebo-controlled, phase 3 COVID-19 vaccine ef�icacy trials.  The trials (herein
referenced by study sponsor: [1] Moderna, [2] Janssen, [3] AstraZeneca, and [4] Novavax) were
conducted under a US government–funded program, with the CoVPN providing organizational
leadership and infrastructure.  The trials featured harmonized protocols, including primary end
points, with start dates from July 27 to December 27, 2020, and primary analysis data cutoffs from
March 26 to July 30, 2021. Trial sites were located in the US, Brazil, South Africa, Colombia,
Argentina, Peru, Chile, and Mexico,  comprising a diverse study population and varying epidemio-
logical trends.  Of note, the Moderna, AstraZeneca, and Novavax trials were conducted primarily
in the US (exclusively US for Moderna), while the Janssen trial spanned 8 countries across 3 conti-
nents. Local or central institutional review board and/or ethics committee approvals were ob-
tained by each site participating in the 4 trials.

The study cohort consisted of participants from the placebo groups of the trials who were SARS-
CoV-2 negative at enrollment (based on polymerase chain reaction (PCR) and antinucleocapsid
serology, or antinucleocapsid serology alone for the AstraZeneca trial) and who were diagnosed
with COVID-19 meeting the primary end point de�initions (eMethods in Supplement 1) during the
blinded phase of the trial. This cohort re�lects the COVID-19 experience for the immunologically
naive early in the pandemic.

Primary end point COVID-19 was de�ined as independently adjudicated COVID-19 occurring at
least 14 days (≥7 days for Novavax) following the last placebo injection, as detailed in the original
trial publications  and the eMethods in Supplement 1. Broadly, criteria included a positive
molecular test (eg, PCR) accompanied by systemic and/or respiratory symptoms; severe COVID-
19 was characterized by more substantial symptoms (eMethods in Supplement 1).

The analysis cohort consisted of study cohort participants with VL measurements at COVID-19 di-
agnosis, including participants who were PCR-negative (0 VL) on their protocol-de�ined COVID-19
diagnosis date (described in next section). For the Moderna trial, the analysis cohort was further
limited to participants who tested negative through day 57 by reverse transcriptase PCR (RT-PCR)
and antinucleocapsid serology assay, and PCR positive on the protocol-de�ined date of COVID-19
diagnosis.

Viral Load Measurements

The primary outcome for this analysis was SARS-CoV-2 VL at COVID-19 diagnosis, de�ined by VL
measured from the nasal and/or nasopharyngeal (NP) swab closest to protocol-de�ined COVID-19
onset. COVID-19 onset was de�ined as the date of �irst positive SARS-CoV-2 PCR test (AstraZeneca),
symptom onset (Janssen), the earlier of the 2 (Novavax), or the later of the 2 (Moderna) (eMeth-
ods in Supplement 1). Therefore, for some participants it was possible for a PCR test on the date
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of COVID-19 diagnosis to be negative. Trial was included as a covariate in all analyses, as RT-PCR
and VL quanti�ication were performed at different laboratories and using different assays across
the trials (see eMethods in Supplement 1).

Symptom-driven PCR testing varied by protocol: Moderna and AstraZeneca brought participants
into clinics for con�irmatory PCR testing of nasal and/or NP swabs within 1 to 3 days of symptom
onset; Janssen and Novavax provided nasal swabs for home collection at symptom onset. Days
since COVID-19 onset was included in all analyses to account for timing differences in sample col-
lection. Protocol-speci�ic central laboratories derived VL using validated RT-PCR assays with con-
currently run standards for conversion to log  copies/mL (eMethods in Supplement 1).

Variant Identification

Sequencing was attempted for all infections by protocol-speci�ic laboratories and successful se-
quences were lineage-typed to identify the viral variant. Full genomes from Janssen and Novavax
infections were lineage-typed with the PANGOLIN tool,  whereas spike-only sequences from
Moderna and AstraZeneca were assigned a World Health Organization (WHO) variant label using
a tool we developed for this purpose (eMethods in Supplement 1). Specimens with sequences that
met one of the WHO-named variant de�initions were classi�ied as such; the remaining sequences
were from the A.1 and B.1 lineages and classi�ied as ancestral.  Specimens without sequencing
data were considered to have missing variant.

As an alternative to variant classi�ication, for samples with sequencing data, spike Hamming dis-
tances were calculated as the number of amino acid positions differing from the Wuhan-Hu-1 an-
cestral strain (GenBank accession number NC_045512).

Statistical Analyses

Linear regression was used to assess the association of baseline participant characteristics, expo-
sure risk factors, and disease characteristics with log  VL at COVID-19 diagnosis. Covariate de�ini-
tions are provided in the eMethods in Supplement 1. A multivariate model included prespeci�ied
covariates based on literature review: age at baseline, sex assigned at birth, self-identi�ied race,
ethnicity, baseline self-reported comorbidities associated with high risk of severe COVID-19, coun-
try of residence, variant, COVID-19 severity, days since protocol-de�ined COVID-19 onset, and trial.

Multiple imputation was used to ascribe missing variants using the population proportion of diag-
nosed infections attributed to each variant within 2 weeks of the date of COVID-19 onset, based on
country- or state-speci�ic genomic surveillance data from the Global Initiative on Sharing All
In�luenza Data (GISAID).  Results were combined across 20 imputed data sets using Rubin rules
(eMethods in Supplement 1).  The Holm method  was used to control the familywise error rate
at 0.05 across univariate analyses and separately among the variables in the multivariate model.

Univariate, sensitivity, and exploratory analyses were also performed to explore the robustness of
our conclusions (eMethods in Supplement 1). The multivariate model was �it without imputation to
the subset of participants with viral sequence data, to participants infected with the ancestral vari-
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ant, and using the spike Hamming distance of the sequence to the ancestral strain in lieu of vari-
ant. Additionally, a generalized additive model (GAM) extension of the multivariate model was �it.
The GAM model included country-speci�ic smoothed calendar time trends to account for local epi-
demic dynamics.  Finally, the multivariate analysis was repeated for the subsets of participants
who had nonzero VL at diagnosis, who enrolled in the US, and who enrolled in the Janssen trial.
By examining more homogenous populations, we aimed to circumvent the effects of confounding
variables.

For the Janssen trial, which captured the largest number of COVID-19 events and had the most in-
tensive post–COVID-19 diagnosis specimen collection, log  VL at diagnosis and area under the
28-day log  VL curve (corresponding to the mean VL) were evaluated for their ability to predict
severe COVID-19, with and without the full set of baseline participant characteristics and covari-
ates. Risk of severe COVID-19 was estimated using super learning, and prediction performance
was measured using the cross-validated area under the receiver operating characteristic (ROC)
curve (AUC) (eMethods in Supplement 1).  Two-sided P < .05 was deemed statistically signi�i-
cant. Statistical analysis was performed using R version 4.0.4 (R Project for Statistical Computing)
from November 2022 to June 2023.

Results

Participant Demographics and Disease Characteristics

The analysis cohort included 1667 participants, with Moderna (n = 594 [35.6%]) and Janssen (n = 
916 [54.9%]) contributing the majority (Figure 1). In total, 886 participants (53.1%) were male;
995 (59.7%) were enrolled in the US; the mean (SD) age was 46.7 (14.7) years, 204 (12.2%) were
65 years or older; 196 (11.8%) were American Indian or Alaska Native, 41 (2.5%) were Asian,
150 (9.0%) were Black or African American, 110 (6.6%) reported multiple races, 1112 (66.7%)
were White, 13 (2.2%) were other race; and 762 (45.7%) were Hispanic or Latino. Differences in
the number of cases between trials were affected by the sizes of the placebo groups and epidemi-
ological trends during follow-up.

Baseline and disease characteristics are summarized by trial in the Table and eTable 1 in
Supplement 1; 577 participants (34.6%) had preexisting comorbidities, and 1226 (73.5%) were
categorized as overweight or obese at baseline. Among these participants with symptomatic
COVID-19, for 263 (15.8%) the disease was classi�ied as severe, although hospitalization rates
were generally low (less than 0.2% in the placebo group of each contributing trial).  VL
was typically measured within 1 day of COVID-19 onset; sequences and infecting variants were
available for 1323 participants (79.4%); of those, 857 (65.5%) corresponded to the ancestral vari-
ant. Nine other variants (Alpha, Beta, Gamma, Epsilon, Zeta, Iota, Delta, Lambda, and Mu) were de-
tected at frequencies less than 10%. The Janssen trial included the greatest number of countries
and variants. Because of this and other epidemiological and trial factors, country, variant, and trial
were confounded in the data set.

Variability in Viral Load
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For most participants, VL was highest near COVID-19 onset and declined over time, with consider-
able interindividual variation (Figure 2). All protocols measured VL with nasal and/or NP swabs at
diagnosis, but collection method and frequency differed thereafter (eMethods in Supplement 1).
Accordingly, the present analysis focuses on VL at diagnosis.

VL at diagnosis was highly variable, with a median (IQR) of 6.18 (4.66-7.12) log  copies/mL.
From the 3 protocols that provided undetectable (0) VL results, 68 of 1073 participants (6.3%) in
the analysis cohort were in this category. Importantly, these participants at some point did meet
the primary end point de�inition of symptomatic PCR-con�irmed COVID-19, and therefore had an-
other (positive) PCR swab associated with this infection. Distributions of log  VL by trial, COVID-
19 severity, SARS-CoV-2 variant, and days since disease onset are summarized in Figure 3, and
univariate associations are summarized in eTable 2 in Supplement 1. Although viral sequence data
would naturally be missing for participants with 0 or very low VL (given that ampli�ication of viral
RNA is necessary for sequencing), the 344 (20.6%) missing sequences included a wide range of
VLs (Figure 3C).

Multivariate Model Associations With Viral Load

The multivariate model identi�ied few independent factors associated with VL at diagnosis (
Figure 4). Trial showed the strongest association (P = .02): participants in the Janssen trial had
0.54 log  copies/mL lower mean VL compared to those in the Moderna trial (95% CI: 0.20 to
0.87 log  copies/mL lower).

Although race did not show a statistically signi�icant association overall, mean VL was 0.58 (95%
CI, 0.99-0.16) log  copies/mL lower among those who reported as Black or African American vs
White, and 1.34 log  (95% CI, 95% CI, 0.23-2.45) copies/mL higher for the 13 Moderna partici-
pants who reported other race and ethnicity vs White.

COVID-19 severity was not signi�icantly associated with VL. There were likewise no differences in
VL between countries or infecting variants. COVID-19 severity was not signi�icantly associated
with VL. Considering SARS-CoV-2 variants, the highest VL was observed for the 7 Delta infections,
although the 95% CI for the mean difference was wide (0.67 log  copies/mL higher vs ancestral
virus; 95% CI, 1.40 lower to 2.74 higher log  copies/mL). In total, the multivariate model ex-
plained just 5.9% of the variability in VL, indicating considerable unexplained variability even after
accounting for all variables in the model.

Hamming Distance and Sensitivity Analyses

The multivariate model was also �it to participants with available sequence data using spike
Hamming distances instead of variant; the analysis restricted attention to participants with se-
quence data. There was no association found between VL and Hamming distance, with a non-
signi�icant 0.01 log  copies/mL lower mean VL per additional nucleotide difference from the an-
cestral strain (95% CI, 0.04 lower to 0.01 higher log  copies/mL) (eMethods, eFigure 1, eTable 4
in Supplement 1).
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The complete case analysis, wherein the multivariate model was �it to the subset of 1323 partici-
pants with sequence data (ie, without imputation), yielded similar results to the primary analysis
(eFigure 2 in Supplement 1). Participants in the Janssen trial had 1.06 log  copies/mL lower
mean VL vs participants in the Moderna trial (95% CI, 1.35-0.76 log  copies/mL lower; P < .001).

In an analysis restricted to participants in the analysis cohort with PCR-positive results at diagno-
sis, race was the only signi�icant association (P = .006): compared with White-identifying partici-
pants, Black or African American participants had 0.59 log  copies/mL lower mean VL (95% CI,
0.94 to 0.23 lower log  copies/mL), and other race was associated with a 1.32 log  copies/mL
higher mean VL (95% CI, 0.39 to 2.29 higher log  copies/mL) (eFigure 3 in Supplement 1). In this
analysis, trial did not show a signi�icant association with VL.

For the sensitivity analyses that separately accounted for local temporal trends, restricted to US
participants, or restricted to ancestral SARS-CoV-2 infections, qualitative conclusions were un-
changed. In each analysis, participants in the Janssen trial exhibited lower mean VL at diagnosis,
but no associations were statistically signi�icant (eFigures 4-6 in Supplement 1). Moreover, the
sensitivity analysis restricted to Janssen participants did not identify any factors signi�icantly asso-
ciated with VL (eFigure 7 in Supplement 1).

Viral Load as a Predictor of Severe COVID-19

Among 916 participants in the analysis cohort from the Janssen trial, neither VL at diagnosis nor
area under the VL curve (AUC-VL), interpreted as the mean VL over days 1 to 28 post–COVID-19
diagnosis, predicted COVID-19 severity (cv-AUC, 0.52 [95% CI 0.47 to 0.57]; and AUC-VL cv-AUC,
0.49 [95% CI, 0.42 to 0.57]) (eMethods, eFigure 8 in Supplement 1). Incorporating baseline partic-
ipant characteristics, characteristics of COVID-19 diagnosis, and VL measurements were associ-
ated with improved predictive performance (cv-AUC, 0.71 [95% CI, 0.67 to 0.75]); however, vari-
able importance measures suggest the dominant predictors were race and variant, and neither VL
predictor was among the top 10 in the model (eFigure 9 in Supplement 1). Moreover, VL at diag-
nosis was not associated with improved predictions when added to a model including other base-
line characteristics (eFigure 11 in Supplement 1).

Discussion

In a large and diverse cohort of immunologically naive participants with acute COVID-19, we ob-
served considerable variability in VL at diagnosis, only a small fraction of which was explained by
participant characteristics. Although not a statistically signi�icant result, we estimated the highest
mean VL among participants infected with Delta, consistent with previous literature.  The
strongest measured association with VL in our study was that with trial, which suggests timing of
specimen collection or other factors associated with the specimen collection, storage, or VL assays
across protocols may have in�luenced VL measurements.  These results should temper ex-
pectations of future research comparing VL across trials or settings, especially given increasing di-
versity in preexisting immunity.
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Intriguingly, we did not �ind an association between VL at diagnosis and severe COVID-19 in this
largely outpatient setting. Neither VL at diagnosis nor averaged over days 1 to 28 post COVID-19
onset predicted severe disease. This may re�lect that severe COVID-19 is typically caused by lower
respiratory tract infection, which may not be detected by nasal and/or nasopharyngeal swabbing,
and in the case of VL at diagnosis, may also re�lect that severe disease may take days or weeks to
fully manifest. This result contrasts with previous studies which have documented associations be-
tween VL at diagnosis  or during the second week of infection  and severe disease.
Importantly, however, prior studies were conducted primarily in hospitalized populations, and our
study is unique in its capture of individuals with COVID-19 symptoms in a primarily outpatient
context. The observed variability in VL among these participants may undermine the use of VL as
a proxy for clinical outcomes in this population. The utility of VL end points in future trials of pro-
phylactic and therapeutic interventions should also be considered carefully given this result.

There are several possible explanations for the lower mean VL observed in the Janssen trial.
Swabs from this trial were self-collected, which may have resulted in poorer sample quality. While
Novavax also used self-collection, there were fewer samples from this trial, potentially obscuring
statistical signi�icance. It is also noteworthy that Janssen samples underwent RT-PCR diagnostic
testing at study sites or at a local central laboratory and were then frozen and shipped to the cen-
tral virology laboratory (University of Washington) to undergo con�irmatory testing and VL quan-
ti�ication, resulting in at least 2 freeze-thaw cycles. It has been shown that multiple freeze-thaw cy-
cles can degrade RNA specimens, potentially more substantially for low VL specimens, which
would further decrease low VL measurements.  Also, while our analysis excluded participants
PCR-positive or seropositive at baseline, participants who were previously infected but serore-
verted prior to enrollment may have been included; these individuals would likely have lower VL
and be overrepresented in the Janssen trial (conducted later in the pandemic). Importantly, how-
ever, whether there is clinical importance to the estimated 0.54 log  copies/mL lower mean VL in
the Janssen trial is also uncertain.

Limitations

Our study has limitations. Differences across protocols in collection schedules and methods, speci-
men types, and timing after the onset of symptoms limited our analyses to VL measurements from
a single time point. Furthermore, nasal swabs are subject to heterogeneity; less variability may
have been observed if blood samples were analyzed. We were unable to evaluate any association
between VL and transmission, because secondary cases were not assessed, and differences in
available VL data across protocols limited our analyses to primary end point infections among im-
munologically naive participants, although analyses assessing the association between COVID-19
vaccination with VL will be reported separately. VL and COVID-19 severity analyses were limited
to a single trial (Janssen), although it did include the largest number of COVID-19 events, coun-
tries, variants, and severe disease events among the trials included. Furthermore, our analyses
were limited to the harmonized, adjudicated secondary end point de�inition of severe COVID-19;
this included patients exhibiting prespeci�ied signs and symptoms, most of whom were not hospi-
talized. It is also worth noting that our study does not characterize viral load in asymptomatic indi-
viduals; however, contact-tracing and household studies suggest that asymptomatic cases may

46,47,48,49,50 40

51

10



transmit at a lower rate.  Additionally, even with prompt PCR testing shortly after
symptom onset, the collected specimens likely missed the peak VL and re�lect the declining phase
of the VL trajectory.

Statistical comparisons were also limited by the data available. Importantly, laboratories and as-
says measuring VL differed across protocols, and were thus confounded with trial, preventing an
analysis that adjusts for or strati�ies by assay type. Because most participants in the analysis co-
hort who resided outside the US were enrolled in the Janssen trial, primary analyses could not
fully disentangle country and study associations with VL. However, the fact that sensitivity analyses
restricted to the Janssen trial detected no VL differences between countries, while US-restricted
analyses still detected differences in VL between protocols, suggests that the variable with the
strongest association with VL was indeed trial.

Conclusions

The large variability in VL that we observed in this secondary cross-protocol analysis has impor-
tant implications. Studies evaluating mucosal COVID-19 vaccines, which are thought to potentially
affect transmission as measured by VL, are especially relevant. Future studies will likely be con-
ducted among even more diverse settings, including participants with a wide variety of infection
and vaccination histories. Studies including participants with both symptomatic and asymptomatic
SARS-CoV-2 infection are expected to have even greater variability in VL than what was observed
here among exclusively symptomatic participants. Standardization in prompts for testing, collec-
tion, processing, storage, and assaying of specimens will be critical to minimize variability and al-
low the effects of interventions and other exposures to be evaluated.

Notes

Supplement 1.

eMethods.

Supplement 2.

Nonauthor Collaborators

Supplement 3.

Data Sharing Statement
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Figures and Tables

Figure 1.

Overview	of	Study	and	Analysis	Cohorts

The study cohort consisted of participants randomized to the placebo group of each of the 4 US government–sponsored,

phase 3 vaccine ef�icacy trials who were SARS-CoV-2 negative at baseline and went on to have a primary end point COVID-
19 infection. Those participants with viral load data from diagnosis (ie, the �irst illness-associated polymerase chain reac-
tion [PCR] test) were included in the analysis cohort, including those with negative PCR swabs. CoVPN indicates COVID

Vaccine Prevention Network.



Table.

Baseline	Characteristics	and	Clinical	Characteristics	of	Placebo	Recipients	Who	Developed	COVID-19	in	1	of	4

CoVPN	Phase	3	COVID-19	Vaccine	Ef�icacy	Trials,	With	SARS-CoV-2	Viral	Load	Measured	at	COVID-19	Diagnosis

Characteristic Parent	protocol

Moderna	(n = 

594)

AstraZeneca	(n = 

97)

Janssen	(n = 

916)

Novavax	(n = 

60)

Total	(n = 

1667)

Sex assigned at birth, No. (%)

Female 293 (49.3) 33 (34.0) 417 (45.5) 38 (63.3) 781 (46.9)

Male 301 (50.7) 64 (66.0) 499 (54.5) 22 (36.7) 886 (53.1)

Country, No. (%)

Argentina 0 0 95 (10.4) 0 95 (5.7)

Brazil 0 0 169 (18.4) 0 169 (10.1)

Chile 0 7 (7.2) 9 (1.0) 0 16 (1.0)

Colombia 0 0 192 (21.0) 0 192 (11.5)

Mexico 0 0 8 (0.9) 4 (6.7) 12 (0.7)

Peru 0 20 (20.6) 84 (9.2) 0 104 (6.2)

South Africa 0 0 84 (9.2) 0 84 (5.0)

US 594 (100.0) 70 (72.2) 275 (30.0) 56 (93.3) 995 (59.7)

Self-reported race, No. (%)

American Indian or Alaska
Native

4 (0.7) 16 (16.5) 172 (18.8) 4 (6.7) 196 (11.8)

Asian 23 (3.9) 0 14 (1.5) 4 (6.7) 41 (2.5)

Black or African American 29 (4.9) 6 (6.2) 110 (12.0) 5 (8.3) 150 (9.0)

Multiple 7 (1.2) 4 (4.1) 99 (10.8) 0 110 (6.6)

Not reported 10 (1.7) 1 (1.0) 33 (3.6) 1 (1.7) 42 (2.7)

White 508 (85.5) 70 (72.2) 488 (53.3) 46 (76.7) 1112 (66.7)

Other 13 (2.2) 0 0 0 13 (0.8)

Ethnicity, No. (%)

Hispanic or Latino 134 (22.6) 36 (37.1) 580 (63.3) 12 (20.0) 762 (45.7)

Not Hispanic or Latino 458 (77.1) 60 (61.9) 319 (34.8) 48 (80.0) 885 (53.1)

Not reported 2 (0.3) 1 (1.0) 17 (1.9) 0 20 (1.2)

Age category, No. (%), y

18-29 70 (11.8) 18 (18.6) 168 (18.3) 18 (30.0) 274 (16.4)

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); CoVPN,

COVID Vaccine Prevention Network.
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Self-reported race is de�ined across all clinical sites. Participants were asked to select all applicable categories, including
“Other”; Multiple indicates more than one self-reported category; Not reported indicates a missing response.

Indigenous people from South America were classi�ied together with the American Indian or Alaska Native US and Mexico
demographic according to the FDA de�inition (American Indian or Alaska Native: A person having origins in any of the
original peoples of North and South America (including Central America), and who maintains tribal af�iliation or

community attachment). In this analysis, the Moderna, AstraZeneca, Janssen, and Novavax trials included 4, 1, 5, and 4
participants, respectively, who identi�ied as American Indian or Alaskan Native from North America.

Days since COVID-19 onset is de�ined as the number of calendar days between protocol-de�ined onset of COVID-19 and the

specimen collection corresponding to diagnosis. Negative days since onset in Moderna implies the positive swab was
obtained before qualifying symptom onset.

Figure 2.

Protocol-Speci�ic	Individual-Level	SARS-CoV-2	Viral	Load	Data	Over	Illness	Visits

Blue dots denote individual viral load values based on nasal and/or nasopharyngeal (NP) swabs; gray lines connect results
from the same participant. Orange curves are smooth estimates using locally estimated scatterplot smoothing and summa-

rize viral load trends based on nasal and/or NP swabs. Moderna collected saliva swabs post–COVID-19 onset, which are
not shown given the focus on viral load based on nasal/NP swabs.

COVID-19 onset was de�ined in each parent protocol: the date of �irst positive polymerase chain reaction (PCR) test

(AstraZeneca), symptom onset (Janssen), the earlier of the 2 (Novavax), or the later of the 2 (Moderna). Thus, for Janssen
and Moderna some PCR-positive tests prior to COVID-19 onset were observed.
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Figure 3.

SARS-CoV-2	Viral	Load	in	Nasopharyngeal	Swab	at	COVID-19	Diagnosis	by	Trial,	COVID-19	Severity,	SARS-CoV-2

Variant,	and	Days	Since	COVID-19	Onset

At the bottom of each panel, the number and percentage of participants with detectable viral load (>0 copies/mL) at diagno-

sis are provided. In panel C, colors indicate the highest level of World Health Organization designation: dark blue for the an-
cestral variant, red for variants of concern, light blue for variants of interest, and gray for those missing sequence. In panel
D, COVID-19 onset was de�ined in each parent protocol: the date of �irst positive polymerase chain reaction (PCR) test

(AstraZeneca), symptom onset (Janssen), the earlier of the 2 (Novavax), or the later of the 2 (Moderna). Thus, for Janssen
and Moderna there were some PCR-positive tests prior to COVID-19 onset.



Figure 4.

Estimated	Mean	Differences	in	SARS-CoV-2	Viral	Load	in	Nasal	and/or	Nasopharyngeal	(NP)	Swabs	at	COVID-19
Diagnosis,	Based	on	Multivariate	Model

Forest plot illustrating estimated mean difference in log  copies/mL SARS-CoV-2 viral load between groups de�ined by par-
ticipant or COVID-19 characteristics; 95% CIs and Holm-adjusted P values are provided.
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