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Abstract

At-home rapid COVID-19 tests in the U.S. utilize nasal-swab specimens and require high

viral loads to reliably give positive results. Longitudinal studies from the onset of infection

have found infectious virus can present in oral specimens days before nasal. Detection and

initiation of infection-control practices may therefore be delayed when nasal-swab rapid

tests are used, resulting in greater transmission to contacts. We assessed whether index

cases first identified by rapid nasal-swab COVID-19 tests had more transmission to house-

hold contacts than index cases who used other test types (tests with higher analytical sensi-

tivity and/or non-nasal specimen types). In this observational cohort study, 370 individuals

from 85 households with a recent COVID-19 case were screened at least daily by RT-qPCR

on one or more self-collected upper-respiratory specimen types. A two-level random inter-

cept model was used to assess the association between the infection outcome of household

contacts and each covariable (household size, race/ethnicity, age, vaccination status, viral

variant, infection-control practices, and whether a rapid nasal-swab test was used to initially

identify the household index case). Transmission was quantified by adjusted secondary

attack rates (aSAR) and adjusted odds ratios (aOR). An aSAR of 53.6% (95% CI 38.8–

68.3%) was observed among households where the index case first tested positive by a

rapid nasal-swab COVID-19 test, which was significantly higher than the aSAR for house-

holds where the index case utilized another test type (27.2% 95% CI 19.5–35.0%, P = 0.003

pairwise comparisons of predictive margins). We observed an aOR of 4.90 (95% CI 1.65–

14.56) for transmission to household contacts when a nasal-swab rapid test was used to

identify the index case, compared to other test types. Use of nasal-swab rapid COVID-19

tests for initial detection of infection and initiation of infection control may be less effective at

limiting transmission to household contacts than other test types.
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Introduction

The majority of SARS-CoV-2 transmission events occur among household contacts [1, 2].

Numerous studies have characterized household transmission of SARS-CoV-2 [3–8] and iden-

tified factors that modulate the risk of transmission within households, such as larger house-

hold size being associated with higher risk [9–12]. Similarly, disparities by race and ethnicity

have been observed, while controlling for socioeconomic differences [11, 13]. Age of both the

index case (first person in the household to become infected) and at-risk household contacts

(who either remain uninfected or become infected secondary cases) has also been implicated

in SARS-CoV-2 household-transmission patterns [6, 14–17]. Furthermore, although vaccina-

tion does not fully prevent breakthrough infections [18], vaccination has been shown to be

protective and decrease the risk of infection [8, 19–23]. Specific infection-control practices,

such as wearing a mask around infected contacts, physical distancing, and quarantining sick

individuals have also shown protective effects [14, 19, 24–26]. Lastly, SARS-CoV-2 variants

such as Delta and Omicron have been shown in large studies to have greater transmissibility

compared with ancestral variants [8, 19, 20, 27–34].

Early identification of an infectious individual is a critical step to reduce subsequent trans-

mission, including within households. Because transmission of SARS-CoV-2 occurs during

both the asymptomatic and symptomatic periods of infection [35–38], diagnostic testing to

quickly prompt infection control practices has been effective to limit additional exposures and

transmission [39]. Conversely, infectious individuals that go unidentified or delay identifica-

tion allow for greater exposure to contacts and thereby more transmission [12, 40, 41].

Delayed detection can occur due to test turnaround times or when a test yields a false-nega-

tive result. Rapid tests (e.g., antigen and some molecular tests) offer fast turnaround times, but

require higher levels of virus to reliably result positive; e.g., ~100,000 times more virus is

needed to yield a positive result by the LumiraDx SARS-CoV-2 Ag Test than the PerkinElmer

New Coronavirus Nucleic Acid Detection Kit [42, 43]. Additionally, SARS-CoV-2 can infect

different upper-respiratory compartments, so numerous specimen types are used to detect

infection (e.g., anterior-nares nasal swab, mid-turbinate nasal swab, nasopharyngeal swab,

oropharyngeal swab, tonsillar swab, buccal swab, lingual swab, gingival crevicular fluid, saliva).

The rise and fall of viral loads in each specimen type throughout infection affects whether

SARS-CoV-2 is detectable in that specimen type at the time of testing. A diagnostic test suc-

cessfully detects infection when the viral load in the tested specimen type is above the limit of

detection (LOD) of the test.

In our recent analysis [44] of viral loads from three specimen types (anterior-nares swab,

oropharyngeal swab, and saliva) prospectively collected daily before or at the incidence of

infection with the Omicron variant, we observed that longitudinal viral-load timecourses in

different specimen types from the same person often exhibit extreme differences and do not

correlate. Further, most people in that study [44] and our prior study of ancestral variants [45]

had delayed accumulation of virus in nasal swabs compared with oral specimens. A delayed

rise in nasal-swab viral loads has been observed in many studies [46–49], including among

participants in a SARS-CoV-2 human challenge study who received intra-nasal inoculation

[50]. We [51] and others [44, 47, 49, 52, 53] found that this delayed rise in nasal viral loads, in

combination with the high levels of virus required for detection by tests with low analytical

sensitivity, leads to delayed detection of infected and infectious individuals by nasal-swab

rapid antigen tests. Non-nasal upper respiratory specimen types and/or tests with high-analyti-

cal-sensitivity could detect these individuals earlier in the infection [44].

In this study, we investigated whether previously observed viral-load patterns that affect

the clinical sensitivity of low analytical sensitivity rapid COVID-19 tests have implications
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for household transmission. We specifically tested whether the type of test (rapid nasal-

swab vs all other COVID-19 tests) used to first identify household index cases was corre-

lated with higher rates of transmission to household contacts. Data were collected from a

2-year COVID-19 household transmission study in Southern California. We applied a two-

level random intercept model, clustering by household and controlling for potential con-

founders [54] to assess the relationship between the use of a nasal-swab rapid COVID-19

tests to first identify the household index case, and subsequent transmission to household

contacts (Fig 1).

Fig 1. Overview of study design and analysis. (A) Study design beginning with recording the COVID-19 test type

first used to identify index cases at study enrollment, enrollment of household contacts for daily, high-analytical-

sensitivity laboratory screening, and analysis of potential factors modulating transmission. (B) CONSORT diagram for

study enrollment. (C) Timeline of participant enrollment in study Phase I (September 2020—June 2021) and Phase II

(November 2021—March 2022). Date is listed as numeric month over year. (D) Breakdown of self-reported COVID-

19 test types (specimen type, and rapid or not) utilized to first identify household index cases. Test type was not

reported by 10 of 85 index cases. 1. Individuals were ineligible for enrollment if they resided outside study jurisdiction,

lived alone, or were more than 7 days from positive result or symptom onset. 2. Participants in Phase I collected either

saliva only, or paired saliva and nasal swabs; participants in Phase II collected paired saliva, nasal swabs, and throat

swabs. 3. Households were considered not at risk if no member including the suspected index case had detectable

SARS-CoV-2 in any sample tested upon enrollment. 4. Households in which a majority of unenrolled household

members were considered to have insufficient information. 5. Households in which a single household index case

could not be assigned. 6. Information about unenrolled household members was reported by enrolled participants. 7.

Test type was defined as ‘Rapid’ if the participant reported receiving results either within an hour or on the same day as

the specimen was collected. Longer turnaround times were classified as ‘Not Rapid’ tests. 8. Oral/oropharyngeal

specimen type category included participants who self-reported that saliva, buccal swabs, or oropharyngeal swabs were

collected for testing.

https://doi.org/10.1371/journal.pone.0292389.g001
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Materials and methods

Participant enrollment and metadata

We conducted a case-ascertained COVID-19 household transmission observational cohort

study in Southern California in two phases: between September 2020 and June 2021 [45, 55],

prior to the predominance of the Delta variant [56], and between November 2021 and March

2022 [44], during the emergence and subsequent predominance of the Omicron variant [56]

(S1 Table in S1 File). The study was approved by the California Institute of Technology IRB

(protocol #20–1026). Individuals aged 6 and older were eligible for participation. Participants

aged 8 years and older provided written informed consent, and all minors additionally pro-

vided verbal assent accompanied by written parental permission. Only the study coordinators,

study administrator, and study PI had access to identifying information; the rest of the investi-

gators were blinded to participant identity (see S1 File).

Upon enrollment, participants completed a questionnaire to provide information about

demographics (see S1 File). At the conclusion of their participation, participants were asked to

complete another questionnaire to report any SARS-CoV-2 test results from outside of the

study, updated infection status of each household member (including those unenrolled), and

infection-control practices performed.

Laboratory screening testing

Self-collected specimens (saliva, anterior nares swabs, oropharyngeal swabs, Fig 1A and 1B)

from participants at home underwent laboratory testing for SARS-CoV-2 infection by a high

analytical sensitivity RT-qPCR test validated to have a limit of detection at or below 1,000 cop-

ies/mL for all specimen types in the study, as previously described (S1 File) [44, 45, 55]. Partic-

ipants reported COVID-19-like symptoms at each specimen collection timepoint. At least one

specimen from most households underwent viral sequencing as previously described [44, 45],

to ascertain the infecting SARS-CoV-2 variant of household members. For one household

enrolled in early December 2022, sequencing was not performed but Delta variant was inferred

based on the dominating variants circulating at the time [56] and for 5 households enrolled

after mid-January 2022, sequencing was not performed, but Omicron variant was inferred

based on local predominance [56].

Statistical analyses

We utilized the questionnaire data and laboratory testing data to investigate SARS-CoV-2

transmission within households. Households were included in this analysis if laboratory test-

ing confirmed at least one household member was acutely infected with SARS-CoV-2 and

more than a third of reported household members were enrolled in the study. Three house-

holds were excluded because they withdrew before three days of screening, 22 households

were excluded because all members were negative for SARS-CoV-2 in all tested specimens,

five households were excluded because of insufficient information about unenrolled household

contacts, and one household was excluded because of inability to determine index case (Fig

1B). See S1 File for details.

For each household, an index case was defined as the first member of the household

(enrolled in the study or not) to test positive for SARS-CoV-2 infection, usually prior to enroll-

ment. In one case where multiple members had the same first test date, the member with ear-

lier self-reported onset of symptoms was considered the household index case. In five cases

where symptom onset of household members was within 1 day of each other, we defined the

index case as the individual with a known exposure to a non-household contact with
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laboratory-confirmed SARS-CoV-2 infection. In three cases with similar timing of exposure to

infected, non-household contacts, the index case was defined as the individual whose viral load

peaked first. All other members of the household who tested positive for SARS-CoV-2 prior to or

during household enrollment in the study were considered secondary cases. Household members

who never tested positive for SARS-CoV-2 prior to or while the household was enrolled in the

study were considered uninfected. 143 of 149 (96%) participants classified as uninfected were

enrolled and screened for at least 5 days; most (53%) were enrolled for at least 9 days.

The test type of the household index case was interpreted as a “nasal-swab rapid test” when

the household index case self-reported “shallow nasal swab (anterior nares or mid turbinate

nasal swab)” as the specimen type and a result turnaround time of “within an hour” or “same

day.” Participants were not asked to report the specific test name, laboratory platform, or viral

target (e.g., molecular, antigen), due to concerns that laypersons would not be aware of these

terms (especially if the test was run by a clinic rather than direct-to-consumer). However,

rapid tests (both antigen and molecular) have characteristically low analytical sensitivity

because they forego the time-consuming and technically challenging extraction steps to purify

and concentrate viral targets. Because our hypothesis was related to low-analytical-sensitivity

rapid tests performed on specimens from nasal swabs, we simply distinguish rapid tests from

those with longer turnaround times and presumably higher analytical sensitivity (Fig 1D).

We calculated unadjusted odds ratios (ORs) for a priori confounders [57], infection-control

practices, the use of nasal-swab rapid tests by index cases, and the risk of SARS-CoV-2 trans-

mission to household contacts using mixed-effect logistic regression (Fig 2, S2 Table in S1

File). We also used a two-level mixed-effects logistic regression model with random intercepts

by household to account for clustering of individuals within households and including all cov-

ariables to estimate adjusted odds ratios (aOR) (Fig 2, S3 Table in S1 File). This type of model

[58] was chosen to estimate the effects of predictors at both individual and household levels.

The model adjusted for a sufficient set of the following potentially confounding variables:

household size [10–12], age [6, 15–17], race/ethnicity [11, 13], and vaccination status [19–23].

Observations with missing data were omitted from respective analyses. We also accounted for

infecting SARS-CoV-2 viral variant [19–21, 29, 33, 34], either Omicron variant or ancestral

variants. The study’s second enrollment period occurred during increasing Omicron variant

predominance. Thus, few participants in this study had Delta variant exposure, and analyses

stratified by Delta variant infection would be insufficiently powered.

We used this model to assess the effect of household prevention practices and the COVID-

19 test type used to first identify the household index case. An aOR >1.0 was associated with

increased likelihood of household transmission, and deemed statistically significant if its asso-

ciated P-value was�0.05 by Wald and likelihood ratio tests.

Predictive margins based on the results of the regression models were used to estimate

unadjusted and adjusted secondary attack rates (SAR and aSAR). Binomial confidence inter-

vals (CIs) were calculated as recommended by the Clinical Laboratory Standards Institute

EP12-A guidance [59]. Differences among SARs and aSARs were assessed across strata [60].

We separately assessed the conditional direct effects of viral variant and test type used to

identify the household index case by modifying the model with or without each of these covari-

ables (Fig 3). Calculations were performed in STATA/BE 17.0.

Results

We analyzed data from 370 individuals (enrolled participants and unenrolled household con-

tacts reported by participants) of which 85 were defined as household index cases (Fig 4).

Among index cases, nasal-swab rapid test use more than tripled from the first to second study
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phase (Fig 1D). Only 3 of 16 index cases first identified by a rapid nasal-swab rapid tests had a

prior negative rapid nasal-test within three days of their positive result, suggesting repeat rapid

nasal testing [61]. Across both study phases, we observed an overall, unadjusted SAR of 34.4%

(95% CI 28.9%–40.2%, 98 of 285 household contacts) in this population.

Without accounting for index case testing, we observed several covariables associated with

SARS-CoV-2 transmission in households (Fig 2). Household size greater than four members

was associated with nearly a 5-fold increase in the odds of infection (aOR = 4.78, 95% CI 1.80–

Fig 2. Results of modeled risk of transmission to household contacts. Counts (N) of enrolled individuals who did not become infected during

enrollment (uninfected) or became infected after the index case (secondary case) are provided for each covariable included in the multivariable model

(Fig 1C). The adjusted secondary attack rate (aSAR) and adjusted odds ratio (aOR) point estimates with 95% confidence intervals from multivariable

analysis are listed for each covariable and visualized to the right. Results of univariable analysis are provided in S2 Table in S1 File. The Wald test P-

values for the analyses likelihood ratio test is shown. Covariates with an aOR 95% CI>1 are shown in red, and those<1 are shown in blue. Reference

groups are shown as a grey point. (A) Data for the five covariables included in the sufficient set. (B) Covariables related to infection-control practices

controlling for the sufficient set. The aOR represents the conditional effect of the covariable in the model. (C) Association between COVID-19 test type

used to identify the household index case, and subsequent transmission to household contacts. Unenrolled household index cases’ test type was

unknown, resulting in a lower total count for this category. *Vaccinated is defined as having received at least one dose of a COVID-19 vaccine at least 7

days prior to enrollment. **Participants were asked to respond whether or not they performed each action during interactions data coded. Data on

infection control practices was not available for some participants. Observations with missing data were omitted, resulting in a lower total count for this

category of covariables. ***Analysis by Other Test Type subgroups is shown in S3 Table in S1 File. Analysis by alternate age categories is shown in S4

Table in S1 File.

https://doi.org/10.1371/journal.pone.0292389.g002
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12.70). Whether a household contact had received at least one dose of a COVID-19 vaccine

was found to reduce the odds of infection by 70% (aOR = 0.30, 95% CI 0.08–1.17). Most infec-

tion-control practices were associated with reduced risk, such as not sharing a bedroom with

(aOR = 0.25, 95% CI 0.10–0.62) and wearing masks around (aOR = 0.33, 95% CI 0.12–0.88)

infected individuals.

We observed that infection with the Omicron variant was associated with greater transmis-

sion than ancestral variants. Increased transmissibility of the Omicron variant compared to

ancestral variants was observed in our study by both aOR (3.64, 95% CI 0.88–15.07), as well as

aSAR stratified by whether the index case was infected with the Omicron variant (46.9%, 95%

CI 32.3%-61.6%) or an ancestral variant (27.3%, 95% CI 17.7%-36.9%). Increased transmissi-

bility of the Omicron variant was not observed in the univariable model (S2 Table in S1 File),

likely because this model does not correct for a compensating, protective effect of vaccination,

which was more prevalent among individuals from households infected with the Omicron var-

iant (76.7%) than ancestral variants (17.5%, S1 Table in S1 File).

Identification of index cases by nasal-swab rapid tests was associated with higher transmis-

sion to household contacts than other test types, both when aggregated (Fig 2C) and for all

other test type subgroups (S3 Table in S1 File), and in both univariable (OR = 2.64, 95% CI

1.41–4.95, P = 0.003, S2 Table in S1 File) and multivariable models (aOR = 4.93, 95% CI 1.65–

Fig 3. Effect size interactions of COVID-19 test type and viral variant on transmission to household contacts. (A)

The adjusted odds ratios (aOR) for infection with the Omicron variant (with ancestral SARS-CoV-2 variants as

reference). Analysis was performed while controlling for the sufficient set of covariables in the model (grey box), as

well as when additionally controlling for whether the index case was first identified using a nasal-swab rapid test or

other COVID-19 test type. (B) The aOR for the use of nasal-swab rapid tests to first identify index cases, as opposed to

other COVID-19 test type. Analysis was performed while controlling for the sufficient set of covariables in the model

(shown in grey box), and with all covariables in the sufficient set except for viral variant. Wald test P-values are shown

for each estimate of effect size. All error bars are 95% CI. Vertical dotted black line indicates an aOR of 1.0.

https://doi.org/10.1371/journal.pone.0292389.g003
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14.69, P = 0.004, Fig 2). The multivariable model suggests that nasal-swab rapid test use by

index cases increased the odds of transmission relative to other test types by almost five-fold

(though both smaller and larger increases are also compatible with the data). Index cases who

used nasal-swab rapid tests also had a higher aSAR of 53.5% (95% CI 38.7%–68.3%) compared

to other test types (27.0%, 95% CI 19.3%–34.8%).

Fig 4. Demographics, COVID-19 vaccination status, viral variant, and smoking history of the 85-household cohort used for

analyses. *Both sex assigned at birth and current gender identity were self-reported by participants. One participant reported

male assignment at birth and current gender identity of woman. Reported gender is listed. **63 individuals currently listed as

‘Unknown’ did not select a race category but wrote-in “Latino”/”Latina”/”Latinx”. ***Participants reported date and

manufacturer of each vaccine dose received; vaccination status was defined only by doses received at least 7 days prior to

enrollment in the study. Unvaccinated was defined as having received no COVID-19 vaccine doses. Partial vaccination was

defined as receiving one dose of a multiple-dose series (e.g., Pfizer-BioNTech, Moderna). Complete vaccination was defined as

receiving all doses of an initial COVID-19 vaccine series. Boosted was defined as the participant receiving any dose beyond an

initial COVID-19 vaccine series. Vaccination and viral variant distributions varied by Study Phase; demographics by Study Phase

are shown in S1 Table in S1 File.

https://doi.org/10.1371/journal.pone.0292389.g004
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Because the use of nasal-swab rapid test use has increased in parallel with SARS-CoV-2 var-

iants shown to have increased transmissibility, we examined the relationship of these two cov-

ariables on risk of transmission to household contacts. The use of a nasal-swab rapid test to

identify the index case was associated with a similar increased risk of transmission to house-

hold contacts) as infection with the Omicron variant (Fig 3). Introducing adjustment in the

model for nasal-swab rapid test use by the index case decreased the aOR for infection with the

Omicron variant from 3.63 (95% CI 0.88–15.0) to 2.40 (95% CI 0.63–9.22) (Fig 3A). The aOR

of rapid nasal-swab test use also decreased from 5.50 (95% CI 1.78–17.04) to 4.90 (95% CI

1.65–14.59) without or with adjustment for viral variant, but nasal-swab rapid tests remained

associated with at least a 1.5-fold increase in the odds of household contact infection (Fig 3B).

When the analysis was limited to the participants in households infected with the Omicron

variant (S5 Table in S1 File), use of rapid nasal swab tests by index cases remained signifi-

cantly associated with increased transmission to household contacts compared to other test

types (aOR 15.89 95% CI 1.59.-158.41).

Discussion

Household contacts of index cases who used nasal-swab rapid antigen COVID-19 tests for pri-

mary infection detection had an increased risk of becoming infected compared with household

contacts of index cases who used other test types. Greater transmission of SARS-CoV-2 to

household contacts by individuals first identified by nasal-swab rapid tests is supported mech-

anistically by studies of SARS-CoV-2 viral load and nasal swab rapid test performance. First, a

gradual rise in viral loads, as we [44, 45, 51, 62] and others [53, 63–65] have observed, often

creates a several-day delay between when an individual likely becomes infectious and when

viral loads reach levels detectable by low-analytical-sensitivity, rapid tests. Second, a delay in

the rise of nasal viral loads relative to oral specimen types, as we [44, 45, 51] and others [46, 50]

have observed, renders nasal-swab rapid tests less able to detect individuals during the early

phase of the infection [47, 51]. During this early period of low nasal viral loads, we [44, 51] and

others [47] find that individuals exhibited high, presumably infectious viral loads in oral speci-

mens. Relatedly, among data from a SARS-CoV-2 human challenge study [50], we see that the

majority of infected participants had replication-competent virus present in throat swabs at

least one day prior to nasal-swabs. Therefore, nasal-swab rapid tests may only yield positive

results after exposure and transmission to contacts has occurred. These results together suggest

that nasal-swab rapid tests are not as effective at identifying index cases to limit subsequent

transmission as other test types.

Several additional findings from our model and dataset were consistent with prior studies.

Household size was a significant risk factor for household transmission [9–12], whereas vacci-

nation [8, 19–23] and infection-control practices [14, 19, 24–26] were protective. The overall

SAR (34.4%) we observed was similar to what others have reported [5, 12, 19, 32, 66, 67]. Relat-

edly, in one of those studies [5], household transmission was monitored by daily high-analyti-

cal-sensitivity screening testing and the SAR calculated using only nasal-swab test data was

lower than when both saliva and nasal-swab test data were used, which supports that even

high-analytical-sensitivity nasal-swab testing may miss some infected individuals, and that the

specimen type used for evaluation can impact estimates of transmission.

We also observed, as other epidemiological studies have [8, 19, 20, 32–34], that infection

with the Omicron variant was associated with increased transmission compared with ancestral

viral variants. However, the use of rapid nasal-swab tests (as opposed to other test types) to

detect index cases had a similar conditional direct effect on transmission to household contacts

as infection with the Omicron variant. Because the effect size of the Omicron variant
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association with transmission to household contacts decreased when controlling for nasal-

swab rapid test use in our study, we speculate that a portion of the increased transmissibility

attributed to the Omicron variant in published epidemiological studies may be partially attrib-

utable to the increased use of rapid nasal-swab tests in the U.S. that coincided with the pre-

dominance of this variant [10, 68]. Although our results do not invalidate studies that

conclude an increased transmissibility of the Omicron variant, they emphasize the potential

impact of COVID-19 test type on estimates of transmissibility from epidemiological data.

Our findings are subject to limitations. First, vaccination status, demographic information,

and infection-control practices are self-reported and may be subject to recall bias. Second,

although questionnaires were written in simple terms (e.g. “shallow nasal swab” and “deep

nasal swab”), participants could have misinterpreted test type. Third, age, gender, and infec-

tion status of each unenrolled household member was independently reported by each

enrolled household member, which could lead to inaccurate reporting. Fourth, our potential

misclassification of which household member was the index case may impact the analysis [54],

although in almost all (79 of 85) households, the index case was confirmed by timing of self-

reported positive tests. Fifth, in our transmission model, we did not analyze ordinal levels of

contact among household members (all household members were assumed to have equal con-

tact). Instead, mitigating factors, including infection-control practices, were assessed for pro-

tective effects against transmission. Sixth, it is possible that high-analytical-sensitivity tests

could have turnaround times which we classify as rapid. However, such misclassification

would bias toward the null. Finally, evidence suggests [53, 69] and the CDC [61] recommends

repeating rapid antigen tests over several days to improve clinical sensitivity. Although some

index cases reported a negative test result in the days prior to their first positive result, most

participants in our study did not use repeated rapid testing.

Conclusion

Rapid COVID-19 tests, such as antigen tests, are less expensive, portable, and offer faster results

than high-analytical-sensitivity molecular tests. However, results from this observational study

suggest that the use of nasal-swab rapid COVID-19 tests to first identify infection does not limit

household transmission as effectively as other test types. The use of tests with low analytical sen-

sitivity by an infected individual can have two effects on transmission: (i) a true-positive result

can change behavior to increase infection-control practices in a timely manner, thus reducing

transmission, or (ii) a false-negative result can result in a health certificate effect [70], where

individuals falsely assume they are not infected/infectious and reduce precautions, thereby

increasing transmission. While imperfect testing may be better than no testing, understanding

the optimal use and limitations of rapid tests is important not only for SARS-CoV-2, but other

pathogens for which timely infection control and/or early treatment is critical.

Supporting information

S1 File. Containing S1 Table (Participant Demographics by [A] Study Phase and [B] Infecting

SARS-CoV-2 Variant), S2 Table (Univariable Model), S3 Table (Association of Test Type Sub-

categories with SARS-CoV-2 Transmission Among Household Contacts), S4 Table (Results of

Modeled Risk of Transmission to Household Contacts with Alternative Age Grouping), S5

Table (Results of Modeled Risk of Transmission to Household Contacts of Index Cases

Infected with Omicron Variant), Supplemental Methods, and Supplemental References.

(PDF)

PLOS ONE Higher transmission when identified by rapid nasal tests

PLOS ONE | https://doi.org/10.1371/journal.pone.0292389 October 5, 2023 10 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292389.s001
https://doi.org/10.1371/journal.pone.0292389


Acknowledgments

We thank the University of California, Los Angeles, Office of Advanced Research Computing,

Statistical Methods and Data Analytics Group for recommendations on statistical methodol-

ogy and implementation, and Dr. Andy Lin for guidance designing the analysis and feedback

on the manuscript.

Author Contributions

Conceptualization: Jenny Ji, Alexander Viloria Winnett, Ying-Ying Goh, Matt Feaster, Rus-

tem F. Ismagilov.

Data curation: Jenny Ji, Alexander Viloria Winnett, Natasha Shelby.

Formal analysis: Jenny Ji, Alexander Viloria Winnett, Matt Feaster.

Funding acquisition: Jenny Ji, Alexander Viloria Winnett, Rustem F. Ismagilov.

Investigation: Jenny Ji, Alexander Viloria Winnett, Natasha Shelby, Jessica A. Reyes, Noah W.

Schlenker, Hannah Davich, Saharai Caldera, Colten Tognazzini.

Project administration: Rustem F. Ismagilov.

Resources: Colten Tognazzini, Ying-Ying Goh, Matt Feaster.

Supervision: Natasha Shelby, Rustem F. Ismagilov.

Validation: Jenny Ji, Alexander Viloria Winnett, Natasha Shelby, Jessica A. Reyes, Noah W.

Schlenker, Hannah Davich, Saharai Caldera.

Visualization: Jenny Ji, Alexander Viloria Winnett, Natasha Shelby.

Writing – original draft: Jenny Ji, Alexander Viloria Winnett.

Writing – review & editing: Jenny Ji, Alexander Viloria Winnett, Natasha Shelby, Matt

Feaster, Rustem F. Ismagilov.

References
1. Del Brutto OH, Costa AF, Mera RM, Recalde BY, Bustos JA, Garcia HH. Household Clustering of

SARS-CoV-2 in Community Settings: A Study from Rural Ecuador. Am J Trop Med Hyg. 2020; 103

(3):1207–10. Epub 2020/08/07. https://doi.org/10.4269/ajtmh.20-0688 PMID: 32755528; PubMed Cen-

tral PMCID: PMC7470588.

2. Lee EC, Wada NI, Grabowski MK, Gurley ES, Lessler J. The engines of SARS-CoV-2 spread. Science.

2020; 370(6515):406–7. Epub 2020/10/24. https://doi.org/10.1126/science.abd8755 PMID: 33093098.

3. Li F, Li YY, Liu MJ, Fang LQ, Dean NE, Wong GWK, et al. Household transmission of SARS-CoV-2 and

risk factors for susceptibility and infectivity in Wuhan: a retrospective observational study. Lancet Infect

Dis. 2021; 21(5):617–28. Epub 2021/01/22. https://doi.org/10.1016/S1473-3099(20)30981-6 PMID:

33476567; PubMed Central PMCID: PMC7833912.

4. Donnelly MAP, Chuey MR, Soto R, Schwartz NG, Chu VT, Konkle SL, et al. Household Transmission of

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Alpha Variant-United States, 2021.

Clin Infect Dis. 2022; 75(1):e122–e32. Epub 2022/02/12. https://doi.org/10.1093/cid/ciac125 PMID:

35147176; PubMed Central PMCID: PMC9047162.

5. Grijalva CG, Rolfes MA, Zhu Y, McLean HQ, Hanson KE, Belongia EA, et al. Transmission of SARS-

COV-2 Infections in Households—Tennessee and Wisconsin, April-September 2020. MMWR Morb

Mortal Wkly Rep. 2020; 69(44):1631–4. Epub 2020/11/06. https://doi.org/10.15585/mmwr.mm6944e1

PMID: 33151916; PubMed Central PMCID: PMCPC7643897.

6. McLean HQ, Grijalva CG, Hanson KE, Zhu YG, Deyoe JE, Meece JK, et al. Household Transmission

and Clinical Features of SARS-CoV-2 Infections by Age in 2 US Communities. medRxiv. 2021. Epub

2021/08/25. https://doi.org/10.1101/2021.08.16.21262121 PMID: 34426817; PubMed Central PMCID:

PMC8382134.

PLOS ONE Higher transmission when identified by rapid nasal tests

PLOS ONE | https://doi.org/10.1371/journal.pone.0292389 October 5, 2023 11 / 15

https://doi.org/10.4269/ajtmh.20-0688
http://www.ncbi.nlm.nih.gov/pubmed/32755528
https://doi.org/10.1126/science.abd8755
http://www.ncbi.nlm.nih.gov/pubmed/33093098
https://doi.org/10.1016/S1473-3099%2820%2930981-6
http://www.ncbi.nlm.nih.gov/pubmed/33476567
https://doi.org/10.1093/cid/ciac125
http://www.ncbi.nlm.nih.gov/pubmed/35147176
https://doi.org/10.15585/mmwr.mm6944e1
http://www.ncbi.nlm.nih.gov/pubmed/33151916
https://doi.org/10.1101/2021.08.16.21262121
http://www.ncbi.nlm.nih.gov/pubmed/34426817
https://doi.org/10.1371/journal.pone.0292389


7. Madewell ZJ, Yang Y, Longini IM Jr., Halloran ME, Dean NE. Household Transmission of SARS-CoV-2:

A Systematic Review and Meta-analysis. JAMA Netw Open. 2020; 3(12):e2031756. Epub 2020/12/15.

https://doi.org/10.1001/jamanetworkopen.2020.31756 PMID: 33315116; PubMed Central PMCID:

PMC7737089.

8. Madewell ZJ, Yang Y, Longini IM, Jr., Halloran ME, Dean NE. Factors Associated With Household

Transmission of SARS-CoV-2: An Updated Systematic Review and Meta-analysis. JAMA Netw Open.

2021; 4(8):e2122240. Epub 2021/08/28. https://doi.org/10.1001/jamanetworkopen.2021.22240 PMID:

34448865; PubMed Central PMCID: PMC8397928.

9. Nash D, Qasmieh S, Robertson M, Rane M, Zimba R, Kulkarni SG, et al. Household factors and the risk

of severe COVID-like illness early in the U.S. pandemic. PLoS One. 2022; 17(7):e0271786. Epub 2022/

07/22. https://doi.org/10.1371/journal.pone.0271786 PMID: 35862418; PubMed Central PMCID:

PMC9302833.

10. Rader B, Scarpino SV, Nande A, Hill AL, Adlam B, Reiner RC, et al. Crowding and the shape of COVID-

19 epidemics. Nat Med. 2020; 26(12):1829–34. Epub 2020/10/07. https://doi.org/10.1038/s41591-020-

1104-0 PMID: 33020651.

11. Cerami C, Popkin-Hall ZR, Rapp T, Tompkins K, Zhang H, Muller MS, et al. Household Transmission of

Severe Acute Respiratory Syndrome Coronavirus 2 in the United States: Living Density, Viral Load, and

Disproportionate Impact on Communities of Color. Clin Infect Dis. 2022; 74(10):1776–85. Epub 2021/

08/13. https://doi.org/10.1093/cid/ciab701 PMID: 34383889; PubMed Central PMCID: PMC8436395.

12. Laajaj R, Webb D, Aristizabal D, Behrentz E, Bernal R, Buitrago G, et al. Understanding how socioeco-

nomic inequalities drive inequalities in COVID-19 infections. Sci Rep. 2022; 12(1):8269. Epub 2022/05/

19. https://doi.org/10.1038/s41598-022-11706-7 PMID: 35585211; PubMed Central PMCID:

PMC9117199.

13. Niedzwiedz CL O’Donnell CA, Jani BD, Demou E Ho FK, Celis-Morales C, et al. Ethnic and socioeco-

nomic differences in SARS-CoV-2 infection: prospective cohort study using UK Biobank. BMC Med.

2020; 18(1):160. Epub 2020/05/30. https://doi.org/10.1186/s12916-020-01640-8 PMID: 32466757;

PubMed Central PMCID: PMC7255908.

14. Chu VT, Yousaf AR, Chang K, Schwartz NG, McDaniel CJ, Lee SH, et al. Household Transmission of

SARS-CoV-2 from Children and Adolescents. N Engl J Med. 2021; 385(10):954–6. Epub 2021/07/22.

https://doi.org/10.1056/NEJMc2031915 PMID: 34289272; PubMed Central PMCID: PMC8314736.

15. Bi Q, Lessler J, Eckerle I, Lauer SA, Kaiser L, Vuilleumier N, et al. Insights into household transmission

of SARS-CoV-2 from a population-based serological survey. Nat Commun. 2021; 12(1):3643. Epub

2021/06/17. https://doi.org/10.1038/s41467-021-23733-5 PMID: 34131124; PubMed Central PMCID:

PMC8206123.

16. Chen F, Tian Y, Zhang L, Shi Y. The role of children in household transmission of COVID-19: a system-

atic review and meta-analysis. Int J Infect Dis. 2022; 122:266–75. Epub 2022/05/14. https://doi.org/10.

1016/j.ijid.2022.05.016 PMID: 35562045; PubMed Central PMCID: PMC9091150.

17. Goldstein E, Lipsitch M, Cevik M. On the Effect of Age on the Transmission of SARS-CoV-2 in House-

holds, Schools, and the Community. J Infect Dis. 2021; 223(3):362–9. Epub 2020/10/30. https://doi.org/

10.1093/infdis/jiaa691 PMID: 33119738; PubMed Central PMCID: PMC7665686.

18. CDC. COVID-19 after Vaccination: Possible Breakthrough Infection 2022. Available from: https://www.

cdc.gov/coronavirus/2019-ncov/vaccines/effectiveness/why-measure-effectiveness/breakthrough-

cases.html.

19. Baker JM, Nakayama JY, O’Hegarty M, McGowan A, Teran RA, Bart SM, et al. SARS-CoV-2 B.1.1.529

(Omicron) Variant Transmission Within Households—Four U.S. Jurisdictions, November 2021-Febru-

ary 2022. MMWR Morb Mortal Wkly Rep. 2022; 71(9):341–6. Epub 2022/03/04. https://doi.org/10.

15585/mmwr.mm7109e1 PMID: 35238860; PubMed Central PMCID: PMC8893332.

20. Lyngse FP, Mortensen LH, Denwood MJ, Christiansen LE, Moller CH, Skov RL, et al. Household trans-

mission of the SARS-CoV-2 Omicron variant in Denmark. Nat Commun. 2022; 13(1):5573. Epub 2022/

09/24. https://doi.org/10.1038/s41467-022-33328-3 PMID: 36151099; PubMed Central PMCID:

PMC9508106.

21. Rosenberg ES, Dorabawila V, Easton D, Bauer UE, Kumar J, Hoen R, et al. Covid-19 Vaccine Effective-

ness in New York State. N Engl J Med. 2022; 386(2):116–27. Epub 2021/12/24. https://doi.org/10.1056/

NEJMoa2116063 PMID: 34942067; PubMed Central PMCID: PMC8693697.

22. Suthar AB, Wang J, Seffren V, Wiegand RE, Griffing S, Zell E. Public health impact of covid-19 vaccines

in the US: observational study. BMJ. 2022; 377:e069317. Epub 2022/04/29. https://doi.org/10.1136/

bmj-2021-069317 PMID: 35477670; PubMed Central PMCID: PMC9044401.

23. Tande AJ, Pollock BD, Shah ND, Farrugia G, Virk A, Swift M, et al. Impact of the Coronavirus Disease

2019 (COVID-19) Vaccine on Asymptomatic Infection Among Patients Undergoing Preprocedural

PLOS ONE Higher transmission when identified by rapid nasal tests

PLOS ONE | https://doi.org/10.1371/journal.pone.0292389 October 5, 2023 12 / 15

https://doi.org/10.1001/jamanetworkopen.2020.31756
http://www.ncbi.nlm.nih.gov/pubmed/33315116
https://doi.org/10.1001/jamanetworkopen.2021.22240
http://www.ncbi.nlm.nih.gov/pubmed/34448865
https://doi.org/10.1371/journal.pone.0271786
http://www.ncbi.nlm.nih.gov/pubmed/35862418
https://doi.org/10.1038/s41591-020-1104-0
https://doi.org/10.1038/s41591-020-1104-0
http://www.ncbi.nlm.nih.gov/pubmed/33020651
https://doi.org/10.1093/cid/ciab701
http://www.ncbi.nlm.nih.gov/pubmed/34383889
https://doi.org/10.1038/s41598-022-11706-7
http://www.ncbi.nlm.nih.gov/pubmed/35585211
https://doi.org/10.1186/s12916-020-01640-8
http://www.ncbi.nlm.nih.gov/pubmed/32466757
https://doi.org/10.1056/NEJMc2031915
http://www.ncbi.nlm.nih.gov/pubmed/34289272
https://doi.org/10.1038/s41467-021-23733-5
http://www.ncbi.nlm.nih.gov/pubmed/34131124
https://doi.org/10.1016/j.ijid.2022.05.016
https://doi.org/10.1016/j.ijid.2022.05.016
http://www.ncbi.nlm.nih.gov/pubmed/35562045
https://doi.org/10.1093/infdis/jiaa691
https://doi.org/10.1093/infdis/jiaa691
http://www.ncbi.nlm.nih.gov/pubmed/33119738
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/effectiveness/why-measure-effectiveness/breakthrough-cases.html
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/effectiveness/why-measure-effectiveness/breakthrough-cases.html
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/effectiveness/why-measure-effectiveness/breakthrough-cases.html
https://doi.org/10.15585/mmwr.mm7109e1
https://doi.org/10.15585/mmwr.mm7109e1
http://www.ncbi.nlm.nih.gov/pubmed/35238860
https://doi.org/10.1038/s41467-022-33328-3
http://www.ncbi.nlm.nih.gov/pubmed/36151099
https://doi.org/10.1056/NEJMoa2116063
https://doi.org/10.1056/NEJMoa2116063
http://www.ncbi.nlm.nih.gov/pubmed/34942067
https://doi.org/10.1136/bmj-2021-069317
https://doi.org/10.1136/bmj-2021-069317
http://www.ncbi.nlm.nih.gov/pubmed/35477670
https://doi.org/10.1371/journal.pone.0292389


COVID-19 Molecular Screening. Clin Infect Dis. 2022; 74(1):59–65. Epub 2021/03/12. https://doi.org/

10.1093/cid/ciab229 PMID: 33704435; PubMed Central PMCID: PMC7989519.

24. Brooks JT, Butler JC. Effectiveness of Mask Wearing to Control Community Spread of SARS-CoV-2.

JAMA. 2021; 325(10):998–9. Epub 2021/02/11. https://doi.org/10.1001/jama.2021.1505 PMID:

33566056; PubMed Central PMCID: PMC8892938.

25. Chu DK, Akl EA, Duda S, Solo K, Yaacoub S, Schunemann HJ, et al. Physical distancing, face masks,

and eye protection to prevent person-to-person transmission of SARS-CoV-2 and COVID-19: a system-

atic review and meta-analysis. Lancet. 2020; 395(10242):1973–87. Epub 2020/06/05. https://doi.org/

10.1016/S0140-6736(20)31142-9 PMID: 32497510; PubMed Central PMCID: PMC7263814.

26. Ha BTT, Ngoc Quang L, Quoc Thanh P, Duc DM, Mirzoev T, Bui TMA. Community engagement in the

prevention and control of COVID-19: Insights from Vietnam. PLoS One. 2021; 16(9):e0254432. Epub

2021/09/09. https://doi.org/10.1371/journal.pone.0254432 PMID: 34495962; PubMed Central PMCID:

PMC8425553.

27. LA County Public Health. Los Angeles County Public Health COVID-19 Vaccine Dashboard 2022.

Available from: http://publichealth.lacounty.gov/media/coronavirus/vaccine/vaccine-dashboard.htm.

28. Julin CH, Robertson AH, Hungnes O, Tunheim G, Bekkevold T, Laake I, et al. Household Transmission

of SARS-CoV-2: A Prospective Longitudinal Study Showing Higher Viral Load and Increased Transmis-

sibility of the Alpha Variant Compared to Previous Strains. Microorganisms. 2021; 9(11). https://doi.

org/10.3390/microorganisms9112371 PMID: 34835495

29. Campbell F, Archer B, Laurenson-Schafer H, Jinnai Y, Konings F, Batra N, et al. Increased transmissi-

bility and global spread of SARS-CoV-2 variants of concern as at June 2021. Euro Surveill. 2021; 26

(24). Epub 2021/06/19. https://doi.org/10.2807/1560-7917.ES.2021.26.24.2100509 PMID: 34142653;

PubMed Central PMCID: PMC8212592.

30. Allen H, Vusirikala A, Flannagan J, Twohig KA, Zaidi A, Chudasama D, et al. Household transmission of

COVID-19 cases associated with SARS-CoV-2 delta variant (B.1.617.2): national case-control study.

Lancet Reg Health Eur. 2022; 12:100252. Epub 2021/11/04. https://doi.org/10.1016/j.lanepe.2021.

100252 PMID: 34729548; PubMed Central PMCID: PMC8552812.

31. Jorgensen SB, Nygard K, Kacelnik O, Telle K. Secondary Attack Rates for Omicron and Delta Variants

of SARS-CoV-2 in Norwegian Households. JAMA. 2022; 327(16):1610–1. Epub 2022/03/08. https://

doi.org/10.1001/jama.2022.3780 PMID: 35254379; PubMed Central PMCID: PMC8902690.

32. Ogata T, Tanaka H, Tanaka E, Osaki N, Noguchi E, Osaki Y, et al. Increased Secondary Attack Rates

among the Household Contacts of Patients with the Omicron Variant of the Coronavirus Disease 2019

in Japan. Int J Environ Res Public Health. 2022; 19(13). Epub 2022/07/10. https://doi.org/10.3390/

ijerph19138068 PMID: 35805724; PubMed Central PMCID: PMC9266248.

33. Song JS, Lee J, Kim M, Jeong HS, Kim MS, Kim SG, et al. Serial Intervals and Household Transmission

of SARS-CoV-2 Omicron Variant, South Korea, 2021. Emerg Infect Dis. 2022; 28(3):756–9. Epub 2022/

02/03. https://doi.org/10.3201/eid2803.212607 PMID: 35107418; PubMed Central PMCID:

PMC8888239.

34. Jalali N, Brustad HK, Frigessi A, MacDonald EA, Meijerink H, Feruglio SL, et al. Increased household

transmission and immune escape of the SARS-CoV-2 Omicron compared to Delta variants. Nat Com-

mun. 2022; 13(1):5706. Epub 2022/09/30. https://doi.org/10.1038/s41467-022-33233-9 PMID:

36175424; PubMed Central PMCID: PMC9520116.

35. He X, Lau EHY, Wu P, Deng X, Wang J, Hao X, et al. Temporal dynamics in viral shedding and trans-

missibility of COVID-19. Nat Med. 2020; 26(5):672–5. Epub 2020/04/17. https://doi.org/10.1038/

s41591-020-0869-5 PMID: 32296168.

36. Cheng HY, Jian SW, Liu DP, Ng TC, Huang WT, Lin HH, et al. Contact Tracing Assessment of COVID-

19 Transmission Dynamics in Taiwan and Risk at Different Exposure Periods Before and After Symp-

tom Onset. JAMA Intern Med. 2020; 180(9):1156–63. Epub 2020/05/02. https://doi.org/10.1001/

jamainternmed.2020.2020 PMID: 32356867; PubMed Central PMCID: PMC7195694.

37. Tindale LC, Stockdale JE, Coombe M, Garlock ES, Lau WYV, Saraswat M, et al. Evidence for transmis-

sion of COVID-19 prior to symptom onset. Elife. 2020; 9:e57149. Epub 2020/06/23. https://doi.org/10.

7554/eLife.57149 PMID: 32568070; PubMed Central PMCID: PMC7386904.

38. Buitrago-Garcia D, Egli-Gany D, Counotte MJ, Hossmann S, Imeri H, Ipekci AM, et al. Occurrence and

transmission potential of asymptomatic and presymptomatic SARS-CoV-2 infections: A living system-

atic review and meta-analysis. PLoS Med. 2020; 17(9):e1003346. Epub 2020/09/23. https://doi.org/10.

1371/journal.pmed.1003346 PMID: 32960881; PubMed Central PMCID: PMC7508369.

39. Dora AV, Winnett A, Jatt LP, Davar K, Watanabe M, Sohn L, et al. Universal and Serial Laboratory Test-

ing for SARS-CoV-2 at a Long-Term Care Skilled Nursing Facility for Veterans—Los Angeles, Califor-

nia, 2020. MMWR Morb Mortal Wkly Rep. 2020; 69(21):651–5. Epub 2020/05/29. https://doi.org/10.

15585/mmwr.mm6921e1 PMID: 32463809; PubMed Central PMCID: PMC7269604.

PLOS ONE Higher transmission when identified by rapid nasal tests

PLOS ONE | https://doi.org/10.1371/journal.pone.0292389 October 5, 2023 13 / 15

https://doi.org/10.1093/cid/ciab229
https://doi.org/10.1093/cid/ciab229
http://www.ncbi.nlm.nih.gov/pubmed/33704435
https://doi.org/10.1001/jama.2021.1505
http://www.ncbi.nlm.nih.gov/pubmed/33566056
https://doi.org/10.1016/S0140-6736%2820%2931142-9
https://doi.org/10.1016/S0140-6736%2820%2931142-9
http://www.ncbi.nlm.nih.gov/pubmed/32497510
https://doi.org/10.1371/journal.pone.0254432
http://www.ncbi.nlm.nih.gov/pubmed/34495962
http://publichealth.lacounty.gov/media/coronavirus/vaccine/vaccine-dashboard.htm
https://doi.org/10.3390/microorganisms9112371
https://doi.org/10.3390/microorganisms9112371
http://www.ncbi.nlm.nih.gov/pubmed/34835495
https://doi.org/10.2807/1560-7917.ES.2021.26.24.2100509
http://www.ncbi.nlm.nih.gov/pubmed/34142653
https://doi.org/10.1016/j.lanepe.2021.100252
https://doi.org/10.1016/j.lanepe.2021.100252
http://www.ncbi.nlm.nih.gov/pubmed/34729548
https://doi.org/10.1001/jama.2022.3780
https://doi.org/10.1001/jama.2022.3780
http://www.ncbi.nlm.nih.gov/pubmed/35254379
https://doi.org/10.3390/ijerph19138068
https://doi.org/10.3390/ijerph19138068
http://www.ncbi.nlm.nih.gov/pubmed/35805724
https://doi.org/10.3201/eid2803.212607
http://www.ncbi.nlm.nih.gov/pubmed/35107418
https://doi.org/10.1038/s41467-022-33233-9
http://www.ncbi.nlm.nih.gov/pubmed/36175424
https://doi.org/10.1038/s41591-020-0869-5
https://doi.org/10.1038/s41591-020-0869-5
http://www.ncbi.nlm.nih.gov/pubmed/32296168
https://doi.org/10.1001/jamainternmed.2020.2020
https://doi.org/10.1001/jamainternmed.2020.2020
http://www.ncbi.nlm.nih.gov/pubmed/32356867
https://doi.org/10.7554/eLife.57149
https://doi.org/10.7554/eLife.57149
http://www.ncbi.nlm.nih.gov/pubmed/32568070
https://doi.org/10.1371/journal.pmed.1003346
https://doi.org/10.1371/journal.pmed.1003346
http://www.ncbi.nlm.nih.gov/pubmed/32960881
https://doi.org/10.15585/mmwr.mm6921e1
https://doi.org/10.15585/mmwr.mm6921e1
http://www.ncbi.nlm.nih.gov/pubmed/32463809
https://doi.org/10.1371/journal.pone.0292389


40. Hart WS, Maini PK, Thompson RN. High infectiousness immediately before COVID-19 symptom onset

highlights the importance of continued contact tracing. Elife. 2021; 10:e65534. Epub 2021/04/27.

https://doi.org/10.7554/eLife.65534 PMID: 33899740; PubMed Central PMCID: PMC8195606.

41. Li R, Pei S, Chen B, Song Y, Zhang T, Yang W, et al. Substantial undocumented infection facilitates the

rapid dissemination of novel coronavirus (SARS-CoV-2). Science. 2020; 368(6490):489–93. Epub

2020/03/18. https://doi.org/10.1126/science.abb3221 PMID: 32179701; PubMed Central PMCID:

PMC7164387.

42. Stanley S, Hamel DJ, Wolf ID, Riedel S, Dutta S, Contreras E, et al. Limit of Detection for Rapid Antigen

Testing of the SARS-CoV-2 Omicron and Delta Variants of Concern Using Live-Virus Culture. J Clin

Microbiol. 2022; 60(5):e00140–22. https://doi.org/10.1128/jcm.00140-22 PMID: 35440165

43. FDA. SARS-CoV-2 reference panel comparative data 2020 [cited 2023 March 8]. Available from:

https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/sars-cov-2-reference-

panel-comparative-data.

44. Viloria Winnett A, Akana R, Shelby N, Davich H, Caldera S, Yamada T, et al. SARS-CoV-2 exhibits

extreme differences in early viral loads among specimen types suggesting improved detection of pre-

infectious and infectious individuals using combination specimen types. medRxiv. 2022:MEDRXIV/

2022/277113.

45. Savela ES, Viloria Winnett A, Romano AE, Porter MK, Shelby N, Akana R, et al. Quantitative SARS-

CoV-2 Viral-Load Curves in Paired Saliva Samples and Nasal Swabs Inform Appropriate Respiratory

Sampling Site and Analytical Test Sensitivity Required for Earliest Viral Detection. J Clin Microbiol.

2022; 60(2):e0178521. Epub 2021/12/17. https://doi.org/10.1128/JCM.01785-21 PMID: 34911366;

PubMed Central PMCID: PMC8849374.

46. Ke R, Martinez PP, Smith RL, Gibson LL, Mirza A, Conte M, et al. Daily longitudinal sampling of SARS-

CoV-2 infection reveals substantial heterogeneity in infectiousness. Nat Microbiol. 2022; 7(5):640–52.

Epub 2022/04/29. https://doi.org/10.1038/s41564-022-01105-z PMID: 35484231; PubMed Central

PMCID: PMC9084242.

47. Adamson B, Sikka R, Wyllie AL, Premsrirut P. Discordant SARS-CoV-2 PCR and Rapid Antigen Test

Results When Infectious: A December 2021 Occupational Case Series. medRxiv. 2022:2022.01.04.

https://doi.org/10.1101/2022.01.04.22268770

48. Lai J, German J, Hong F, Tai SS, McPhaul KM, Milton DK, et al. Comparison of Saliva and Midturbinate

Swabs for Detection of SARS-CoV-2. Microbiol Spectr. 2022; 10(2):e0012822. Epub 2022/03/22.

https://doi.org/10.1128/spectrum.00128-22 PMID: 35311575; PubMed Central PMCID: PMC9045394.

49. Lin J, Frediani JK, Damhorst GL, Sullivan JA, Westbrook A, McLendon K, et al. Where is Omicron?

Comparison of SARS-CoV-2 RT-PCR and Antigen Test Sensitivity at Commonly Sampled Anatomic

Sites Over the Course of Disease. medRxiv. 2022:2022.02.08.22270685. Epub 2022/02/17. https://doi.

org/10.1101/2022.02.08.22270685 PMID: 35169808; PubMed Central PMCID: PMC8845428.

50. Killingley B, Mann AJ, Kalinova M, Boyers A, Goonawardane N, Zhou J, et al. Safety, tolerability and

viral kinetics during SARS-CoV-2 human challenge in young adults. Nat Med. 2022; 28(5):1031–41.

Epub 2022/04/02. https://doi.org/10.1038/s41591-022-01780-9 PMID: 35361992.

51. Viloria Winnett A, Akana R, Shelby N, Davich H, Caldera S, Yamada T, et al. Extreme Differences in

SARS-CoV-2 Omicron Viral Loads Among Specimen Types Drives Poor Performance of Nasal Rapid

Antigen Tests for Detecting Presumably Pre-Infectious and Infectious Individuals, Predicting Improved

Performance of Combination Specimen Antigen Tests. medRxiv. 2022:MEDRXIV/2022/277513.

52. Smith RL, Gibson LL, Martinez PP, Ke R, Mirza A, Conte M, et al. Longitudinal Assessment of Diagnos-

tic Test Performance Over the Course of Acute SARS-CoV-2 Infection. J Infect Dis. 2021; 224(6):976–

82. Epub 2021/07/01. https://doi.org/10.1093/infdis/jiab337 PMID: 34191025; PubMed Central PMCID:

PMC8448437.

53. Chu VT, Schwartz NG, Donnelly MAP, Chuey MR, Soto R, Yousaf AR, et al. Comparison of Home Anti-

gen Testing With RT-PCR and Viral Culture During the Course of SARS-CoV-2 Infection. JAMA Intern

Med. 2022; 182(7):701–9. Epub 2022/04/30. https://doi.org/10.1001/jamainternmed.2022.1827 PMID:

35486394; PubMed Central PMCID: PMC9055515.

54. Accorsi EK, Qiu X, Rumpler E, Kennedy-Shaffer L, Kahn R, Joshi K, et al. How to detect and reduce

potential sources of biases in studies of SARS-CoV-2 and COVID-19. Eur J Epidemiol. 2021; 36

(2):179–96. Epub 2021/02/27. https://doi.org/10.1007/s10654-021-00727-7 PMID: 33634345; PubMed

Central PMCID: PMC7906244.

55. Winnett AV, Porter MK, Romano AE, Savela ES, Akana R, Shelby N, et al. Morning SARS-CoV-2 test-

ing yields better detection of infection due to higher viral loads in saliva and nasal swabs upon waking.

Microbiology Spectrum. 2022. https://doi.org/10.1128/spectrum.03873-2

56. Danza P, Koo TH, Haddix M, Fisher R, Traub E, K OY, et al. SARS-CoV-2 Infection and Hospitalization

Among Adults Aged >/ = 18 Years, by Vaccination Status, Before and During SARS-CoV-2 B.1.1.529

PLOS ONE Higher transmission when identified by rapid nasal tests

PLOS ONE | https://doi.org/10.1371/journal.pone.0292389 October 5, 2023 14 / 15

https://doi.org/10.7554/eLife.65534
http://www.ncbi.nlm.nih.gov/pubmed/33899740
https://doi.org/10.1126/science.abb3221
http://www.ncbi.nlm.nih.gov/pubmed/32179701
https://doi.org/10.1128/jcm.00140-22
http://www.ncbi.nlm.nih.gov/pubmed/35440165
https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/sars-cov-2-reference-panel-comparative-data
https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/sars-cov-2-reference-panel-comparative-data
https://doi.org/10.1128/JCM.01785-21
http://www.ncbi.nlm.nih.gov/pubmed/34911366
https://doi.org/10.1038/s41564-022-01105-z
http://www.ncbi.nlm.nih.gov/pubmed/35484231
https://doi.org/10.1101/2022.01.04.22268770
https://doi.org/10.1128/spectrum.00128-22
http://www.ncbi.nlm.nih.gov/pubmed/35311575
https://doi.org/10.1101/2022.02.08.22270685
https://doi.org/10.1101/2022.02.08.22270685
http://www.ncbi.nlm.nih.gov/pubmed/35169808
https://doi.org/10.1038/s41591-022-01780-9
http://www.ncbi.nlm.nih.gov/pubmed/35361992
https://doi.org/10.1093/infdis/jiab337
http://www.ncbi.nlm.nih.gov/pubmed/34191025
https://doi.org/10.1001/jamainternmed.2022.1827
http://www.ncbi.nlm.nih.gov/pubmed/35486394
https://doi.org/10.1007/s10654-021-00727-7
http://www.ncbi.nlm.nih.gov/pubmed/33634345
https://doi.org/10.1128/spectrum.03873-2
https://doi.org/10.1371/journal.pone.0292389


(Omicron) Variant Predominance—Los Angeles County, California, November 7, 2021-January 8,

2022. MMWR Morb Mortal Wkly Rep. 2022; 71(5):177–81. Epub 2022/02/04. https://doi.org/10.15585/

mmwr.mm7105e1 PMID: 35113851; PubMed Central PMCID: PMC8812833.

57. Tennant PWG, Murray EJ, Arnold KF, Berrie L, Fox MP, Gadd SC, et al. Use of directed acyclic graphs

(DAGs) to identify confounders in applied health research: review and recommendations. Int J Epide-

miol. 2020; 50(2):620–32. https://doi.org/10.1093/ije/dyaa213 PMID: 33330936

58. Leyland A, Groenewegen P. Multilevel modelling for public health and health services research: health

in context: Springer Nature; 2020.

59. CLSI. EP12-A2 User Protocol for Evaluation of Qualitative Test Performance, 2nd edition. Garrett PE,

editor 2008.

60. STATA. Pairwise comparisons of margins 2022. Available from: https://www.stata.com/manuals13/

rmarginspwcompare.pdf and https://www.stata.com/features/overview/pairwise-comparisons.

61. CDC. Guidance for Antigen Testing for SARS-CoV-2 for Healthcare Providers Testing Individuals in the

Community 2022. Available from: https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antigen-

tests-guidelines.html.

62. Winnett A, Cooper MM, Shelby N, Romano AE, Reyes JA, Ji J, et al. SARS-CoV-2 Viral Load in Saliva

Rises Gradually and to Moderate Levels in Some Humans. medRxiv. 2020:2020.12.09. https://doi.org/

10.1101/2020.12.09.20239467 PMID: 33330885.

63. Kissler SM, Fauver JR, Mack C, Olesen SW, Tai C, Shiue KY, et al. Viral dynamics of acute SARS-

CoV-2 infection and applications to diagnostic and public health strategies. PLoS Biol. 2021; 19(7):

e3001333. Epub 2021/07/13. https://doi.org/10.1371/journal.pbio.3001333 PMID: 34252080; PubMed

Central PMCID: PMC8297933.

64. Kissler SM, Fauver JR, Mack C, Tai CG, Breban MI, Watkins AE, et al. Viral Dynamics of SARS-CoV-2

Variants in Vaccinated and Unvaccinated Persons. N Engl J Med. 2021; 385(26):2489–91. Epub 2021/

12/24. https://doi.org/10.1056/NEJMc2102507 PMID: 34941024; PubMed Central PMCID:

PMC8693673.

65. Stankiewicz Karita HC, Dong TQ, Johnston C, Neuzil KM, Paasche-Orlow MK, Kissinger PJ, et al. Tra-

jectory of Viral RNA Load Among Persons With Incident SARS-CoV-2 G614 Infection (Wuhan Strain) in

Association With COVID-19 Symptom Onset and Severity. JAMA Netw Open. 2022; 5(1):e2142796.

Epub 2022/01/11. https://doi.org/10.1001/jamanetworkopen.2021.42796 PMID: 35006245; PubMed

Central PMCID: PMC8749477.

66. Toth DJA, Beams AB, Keegan LT, Zhang Y, Greene T, Orleans B, et al. High variability in transmission

of SARS-CoV-2 within households and implications for control. PLoS One. 2021; 16(11):e0259097.

Epub 2021/11/11. https://doi.org/10.1371/journal.pone.0259097 PMID: 34758042; PubMed Central

PMCID: PMC8580228.

67. Tosif S, Haycroft ER, Sarkar S, Toh ZQ, Do LAH, Donato CM, et al. Virology and immune dynamics

reveal high household transmission of ancestral SARS-CoV-2 strain. Pediatr Allergy Immunol. 2022; 33

(7). Epub 2022/07/25. https://doi.org/10.1111/pai.13824 PMID: 35871459; PubMed Central PMCID:

PMC9349415.

68. Drain PK. Rapid Diagnostic Testing for SARS-CoV-2. N Engl J Med. 2022; 386(3):264–72. Epub 2022/

01/08. https://doi.org/10.1056/NEJMcp2117115 PMID: 34995029; PubMed Central PMCID:

PMC8820190.

69. Connor BA, Rogova M, Garcia J, Patel D, Couto-Rodriguez M, Nagy-Szakal D, et al. Comparative

Effectiveness of Single vs Repeated Rapid SARS-CoV-2 Antigen Testing Among Asymptomatic Indi-

viduals in a Workplace Setting. JAMA Netw Open. 2022; 5(3):e223073. Epub 2022/03/19. https://doi.

org/10.1001/jamanetworkopen.2022.3073 PMID: 35302635; PubMed Central PMCID: PMC8933730.

70. Batteux E, Bonfield S, Jones LF, Carter H, Gold N, Amlot R, et al. Impact of residual risk messaging to

reduce false reassurance following test-negative results from asymptomatic coronavirus (SARS-CoV-

2) testing: an online experimental study of a hypothetical test. BMJ open. 2022; 12(3):e056533. Epub

2022/03/18. https://doi.org/10.1136/bmjopen-2021-056533 PMID: 35296483; PubMed Central PMCID:

PMC8927897.

PLOS ONE Higher transmission when identified by rapid nasal tests

PLOS ONE | https://doi.org/10.1371/journal.pone.0292389 October 5, 2023 15 / 15

https://doi.org/10.15585/mmwr.mm7105e1
https://doi.org/10.15585/mmwr.mm7105e1
http://www.ncbi.nlm.nih.gov/pubmed/35113851
https://doi.org/10.1093/ije/dyaa213
http://www.ncbi.nlm.nih.gov/pubmed/33330936
https://www.stata.com/manuals13/rmarginspwcompare.pdf
https://www.stata.com/manuals13/rmarginspwcompare.pdf
https://www.stata.com/features/overview/pairwise-comparisons
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antigen-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antigen-tests-guidelines.html
https://doi.org/10.1101/2020.12.09.20239467
https://doi.org/10.1101/2020.12.09.20239467
http://www.ncbi.nlm.nih.gov/pubmed/33330885
https://doi.org/10.1371/journal.pbio.3001333
http://www.ncbi.nlm.nih.gov/pubmed/34252080
https://doi.org/10.1056/NEJMc2102507
http://www.ncbi.nlm.nih.gov/pubmed/34941024
https://doi.org/10.1001/jamanetworkopen.2021.42796
http://www.ncbi.nlm.nih.gov/pubmed/35006245
https://doi.org/10.1371/journal.pone.0259097
http://www.ncbi.nlm.nih.gov/pubmed/34758042
https://doi.org/10.1111/pai.13824
http://www.ncbi.nlm.nih.gov/pubmed/35871459
https://doi.org/10.1056/NEJMcp2117115
http://www.ncbi.nlm.nih.gov/pubmed/34995029
https://doi.org/10.1001/jamanetworkopen.2022.3073
https://doi.org/10.1001/jamanetworkopen.2022.3073
http://www.ncbi.nlm.nih.gov/pubmed/35302635
https://doi.org/10.1136/bmjopen-2021-056533
http://www.ncbi.nlm.nih.gov/pubmed/35296483
https://doi.org/10.1371/journal.pone.0292389

