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Abstract 49 

Isolation guidelines for severe acute respiratory syndrome–cornavirus-2 (SARS-CoV-2) are 50 

largely derived from data collected prior to emergence of the delta variant. We followed a 51 

cohort of ambulatory patients with post-vaccination breakthrough SARS-CoV-2 infections with 52 

longitudinal collection of nasal swabs for SARS-CoV-2 viral load quantification, whole genome 53 

sequencing, and viral culture. All delta variant infections (10/10, 100%) in our cohort were 54 

symptomatic, compared with 64% (9/14) of non-delta variant infections. Symptomatic delta 55 

variant breakthrough infections were characterized by higher initial viral load, longer duration 56 

of virologic shedding by PCR, greater likelihood of replication-competent virus at early stages of 57 

infection, and longer duration of culturable virus compared to non-delta variants. The duration 58 

of time since vaccination was also correlated with both duration of PCR positivity and duration 59 

of detection of replication-competent virus. Nonetheless, no individuals with symptomatic 60 

delta variant infections had replication-competent virus by day 10 after symptom onset or 24 61 

hours after resolution of symptoms. These data support current US Center for Disease Control 62 

isolation guidelines and reinforce the importance of prompt testing and isolation among 63 

symptomatic individuals with delta variant breakthrough infections. Additional data are needed 64 

to evaluate these relationships among asymptomatic and more severe delta variant 65 

breakthrough infections. 66 

  67 
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Introduction 68 

Isolation and distancing practices are fundamental elements of COVID-19 epidemic control. 69 

Current guidelines authored by the US Centers for Disease Control and Prevention (CDC) 70 

recommend most individuals infected with severe acute respiratory syndrome–cornavirus-2 71 

(SARS-CoV-2) virus remain isolated for 10 days after a positive test (if asymptomatic) or 10 days 72 

from onset of symptoms and 1 day after resolution of symptoms (for symptomatic infections) 73 

(1). These guidelines were largely developed based on the low likelihood of recovering 74 

replication-competent virus after 10 days of symptoms for most patients (2–5), prior to the 75 

emergence of the delta variant as the dominant circulating strain globally (6). The delta variant 76 

has been associated with a higher basic reproductive number (7), higher viral loads at detection 77 

of infection (8), higher replication efficiency (9), and shorter incubation period and generation 78 

time (10). However, there are few longitudinal data on delta variant infections that describe the 79 

duration of contagiousness or isolation of replication-competent virus, particularly with post-80 

vaccination breakthrough infections. 81 

 82 

Results  83 

Twenty-four individuals with PCR-confirmed SARS-CoV-2 infection after vaccination were 84 

enrolled between January and August 2021 (Table 1). All 10 infections (42%) after 29th June 85 

2021 were confirmed by sequencing as delta variant infections. The 14 participants enrolled 86 

prior to that date had a diversity of variants including alpha (n=4), gamma (n=1), and mu (n=1). 87 

For eight participants, the specimens contained insufficient virus for sequencing. All of these 88 

were collected when the delta variant comprised less than 10% of sequenced virus in 89 
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Massachusetts and were presumed to be non-delta variant infections. Participants with delta 90 

and non-delta infections were similar in terms of age, sex, and COVID-19 vaccine manufacturer. 91 

Those with delta variant infections had a longer duration of time since completion of 92 

vaccination (median 160 vs 29 days). Two individuals had an index positive PCR result between 93 

three and four weeks after their first vaccine dose but had not completed the second dose. 94 

Those with delta variant infections were somewhat more likely to be symptomatic during their 95 

course of infection (100 vs 64%, P=0.053) and had a higher viral load at the first study specimen 96 

collection (5.5 vs 2.0 log10 copies/mL, P=0.005). 97 

 98 

Delta variant post-vaccine breakthrough infections were more likely to grow in culture than 99 

those with alternate variants (7/10 [70%] vs 3/14 [23%], P=0.035). This pattern was consistent 100 

when restricted to symptomatic infections only (7/10 [70%] vs 3/9 [33%], P=0.179). Individuals 101 

with delta variant infections had slower viral load decay assessed by PCR (median time 13.5 vs 102 

4.5 days, HR 0.38, 95%CI 0.15, 0.95, Figures 1 & 2A). Delta variant infection was also associated 103 

with lower hazard of conversion to negative viral culture (HR 0.43, 95%CI 0.18, 1.03), although 104 

the difference in median time to negative viral culture was less pronounced than it was for 105 

conversion to negative PCR (median time to negative viral load 7 vs 4 days, Figure 2B). Nine of 106 

10 (90%) individuals with delta variant post-vaccine breakthrough infections had a confirmed 107 

negative viral culture within 10 days of symptom onset. The remaining participant had 108 

culturable virus at day 11 but a negative culture at day 13. That participant remained 109 

symptomatic at day 11. 110 

 111 
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Similarly, we found evidence that time to negative viral load by PCR was longer for individuals 112 

infected more than 3 months after completion of vaccination compared to those infected 113 

within 3 months of vaccination (median time 13.5 vs 3 days, HR 0.20, 95%CI 0.08, 0.53, Figure 114 

2C), with significant, albeit diminished, difference in time to negative viral culture (median time 115 

7 vs 3 days, HR 0.40, 95%CI 0.17, 0.93, Figure 2D). When considering time from vaccination as a 116 

continuous measure, each additional 30 days since completion of vaccination was associated 117 

with an additional 1.3 days of PCR positivity (95%CI 0.5, 2.0 days) and an additional 0.4 days of 118 

viral culture positivity (95%CI -0.0, 0.9 days, Figure 3). Secondary analyses restricted to 119 

symptomatic individuals generally showed similar patterns with wider confidence intervals due 120 

to the restricted sample size (Table 2 and Figure 4).  121 

 122 

Discussion 123 

In this cohort of ambulatory individuals with post-vaccination breakthrough infections, 124 

symptomatic delta variant SARS-CoV-2 infections were characterized by high initial viral load 125 

and a longer duration of virologic shedding as detected by PCR (median 13.5 days vs 4.5 days). 126 

Moreover, identification of replication-competent virus by culture was more common with 127 

symptomatic delta variant infections (70%) than all non-delta infections (21%) and symptomatic 128 

non-delta infections (33%). Importantly, the duration of replication-competent virus was 129 

modestly prolonged among those with delta variant breakthrough infections (7 days vs 4 days, 130 

HR 0.43, 95%CI 0.18, 1.03); a pattern which persisted when we restricted the analysis to 131 

symptomatic infections (7 days vs 6 days, HR 0.50, 95%CI 0.19, 1.32). Nonetheless, we detected 132 

only a single symptomatic delta breakthrough infection characterized by more than 10 days of 133 
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replication-competent virus (11 days) in a participant who remained symptomatic on their final 134 

day of culture positivity (day 11). 135 

 136 

Unlike our study, a prior study showed similar trajectories and duration of virologic shedding as 137 

detected by PCR between delta and alpha viral variants, and shorter duration of shedding 138 

among delta variant infections than we found (median 6 vs 13.5 days) (11). We suspect that this 139 

difference is explained by distinct features of our study populations. Whereas that former study 140 

included relatively young individuals being tested as part of their affiliation with a sports 141 

league, study subjects with breakthrough delta infections in our study population were 142 

comparatively older adults and accessing SARS-CoV-2 testing through a healthcare system. 143 

 144 

Our data are in keeping with current guidelines recommending isolation for 10 days or until 145 

symptom resolution for symptomatic post-vaccination breakthrough infections and add new 146 

evidence in support of these guidelines in the delta variant era. These results also reinforce that 147 

post-vaccination breakthrough delta infections should be considered contagious and highlight 148 

the critical importance of prompt testing for symptomatic vaccinated individuals due to the 149 

high frequency of identification of replication-competent virus (5, 12).  150 

 151 

Our study was limited to a small sample (n=24), to those vaccinated, and to non-severe 152 

infections in ambulatory individuals. We were unable to sequence virus for 8 individuals in the 153 

study. However, all of these occurred before June 2021, when delta variant infections first 154 

comprised more than 10% of all infections in the region where the study occurred. We did not 155 
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perform contact tracing in our study. Therefore, our conclusions about contagiousness are 156 

limited to inferences about the presence or absence of replication-competent virus, but not 157 

confirmation of downstream infections from the cases detected in our study. All delta variant 158 

infections in our cohort were mild, but symptomatic, and thus our results should not be 159 

generalized to asymptomatic infections. Because of collinearity between delta variant 160 

infections and duration of time between vaccination and infection in our cohort, we cannot 161 

meaningfully distinguish the relative contributions of these two factors on transmission 162 

dynamics in breakthrough infections. Importantly, additional data are also needed to better 163 

elucidate the dynamics of delta variant infection in unvaccinated individuals. Work prior to the 164 

emergence of the delta variant suggests that the magnitude of viral load and duration of viral 165 

shedding is more prolonged among unvaccinated individuals (11, 13). That data in combination 166 

with ours, which demonstrates longer shedding of nucleic acid and isolation of replication-167 

competent virus in symptomatic delta variant-infected individuals, suggests that current 168 

isolation guidelines might not be adequate for all unvaccinated individuals with delta variant 169 

infections. Additional work is also needed to assess transmission dynamics in individuals with 170 

severe infection and after vaccine booster administration. Finally, we did not collect blood as 171 

part of this study, so are unable to determine how host responses to vaccination contribute to 172 

virologic characteristics of breakthrough infections. 173 

 174 

Methods 175 

Study Participants 176 
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We enrolled non-hospitalized individuals with confirmed SARS-CoV-2 infection after 177 

vaccination. Participants were recruited after positive tests through one of two means. First, 178 

between January and March of 2021, employees in the Mass General Brigham Medical System 179 

were offered weekly COVID-19 testing irrespective of symptoms. Following the conclusion of 180 

that program, we began recruiting all individuals with positive SARS-CoV-2 PCR test results in 181 

the Mass General Brigham Medical System, which includes testing for symptomatic individuals 182 

as well as asymptomatic testing for contact tracing and screening procedures (e.g. pre-183 

operative clearance). All adults over 18 who tested positive by either of these systems were 184 

eligible for inclusion in this study. For those who consented to participation, we conducted 185 

home visits three times weekly until negative PCR testing. At each visit, we obtained self-186 

collected nasal swabs for SARS-CoV-2 PCR, culture and whole genome sequencing. Symptoms 187 

were assessed at each specimen collection and through medical chart review after study 188 

completion. Symptomatic infections were defined as those with COVID-19-related symptoms at 189 

any point during the observation period. 190 

 191 

Viral Load Quantification 192 

Viral load quantification and sequencing was conducted as previously reported (14). Briefly, we 193 

pelleted virions from nasal swab fluids after centrifugation at 21,000 x g for 2 hours at 4°C. We 194 

added TRIzol-LS™ Reagent (ThermoFisher) to the pellets and incubated the pellets on ice after 195 

removing the supernatant. We then vortexed the pellets in 200 µL of chloroform 196 

(MilliporeSigma), centrifuged the mixtures at 21,000 x g for 15 minutes at 4°C, removed the 197 

aqueous layer, and then treated the resulting solution with an equal volume of isopropanol 198 
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(Sigma). We then added GlycoBlue™ Coprecipitant (ThermoFisher) and 100 µL 3M Sodium 199 

Acetate (Life Technologies) and incubated the mixtures in dry ice. We produced RNA pellets by 200 

centrifugation at 21,000 x g for 45 minutes at 4°C, discarded the supernatant, washed the RNA 201 

with cold 70% ethanol, and resuspended it in DEPC-treated water (ThermoFisher). We 202 

quantified SARS-CoV-2 RNA virus using RT-qPCR with the US CDC 2019-nCoV_N1 primer and 203 

probe set (IDT) (15). Reactions included extracted RNA, 1X TaqPath™ 1-Step RT-qPCR Master 204 

Mix, CG (ThermoFisher), forward and reverse primers, and the probe. We quantified viral copy 205 

numbers using N1 qPCR standards in 16-fold dilutions to generate standard curves. Each sample 206 

was run in triplicate with two non-template control (NTC) wells that were included as negative 207 

controls. Additionally, we tested positive and negative controls alongside all samples. We 208 

assessed sample quality by quantifying the Importin-8 (IPO8) housekeeping gene RNA level. 209 

Finally, to determine the efficiency of RNA extraction and qPCR amplification, we spiked (RCAS) 210 

(16) into each sample as an internal virion control.  211 

 212 

SARS-CoV-2 Whole Genome Sequencing 213 

We performed whole genome sequencing using the Illumina COVIDSeq Test protocol. We 214 

constructed libraries using the Illumina Nextera XT Library Prep Kit, then pooled and quantified 215 

the libraries using a Qubit High Sensitivity dsDNA kit. Then, we performed genomic sequencing 216 

on an Illumina NextSeq 2000, Illumina NextSeq 550, or Illumina NovaSeq SP instrument. 217 

Sequences with an assembly length greater than 24000 base pairs were considered complete 218 

genomes, and we assigned those sequences a Pango lineage using the most up-to-date version 219 

of pangoLEARN assignment algorithm v2.4.2 (17). 220 
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All sequences were deposited to GenBank and GISAID. The samples were submitted to NCBI 221 

with Bioproject Accession numbers PRNJA759255 or PRNJA622837. 222 

 223 

SARS-CoV-2 Spike gene amplification 224 

We additionally performed spike gene amplification, as previously described (14), to determine 225 

variant types for specimens with low viral load to determine variants when whole genome 226 

sequencing was unsuccessful. We used Superscript IV reverse transcriptase (Invitrogen, 227 

Waltham, MA, USA) to conduct cDNA synthesis. To exclude PCR artifacts, we used two strategies 228 

to amplify the SARS-CoV-2 spike gene: 1) Nested PCR amplification with in-house designed primer 229 

sets that targeted codon 1-814 of the spike gene and 2) the multiplexed primer pools designed 230 

with Primal Scheme generating 400-bp tiling amplicons based on the Arctic protocol (18). We 231 

separately pooled PCR products from both strategies and performed Illumina library construction 232 

using the Nextera XT Library Prep Kit (Illumina, San Diego, CA, USA). We analyzed raw sequence 233 

data with PASeq v1.4 (https://www.paseq.org). We conducted data filtering with Trimmomatic 234 

(v0.30) (19), using a Q25/5 bp sliding window and a 70 bp minimum length. We filtered out non-235 

viral contamination with BBsplit v35.76 (20). We then merged filtered reads using paired-end 236 

read merger v0.9.6 aligned to reference sequences with Bowtie2 v2.1.0) (21). Finally, amino acid 237 

variants were identified at the codon level with perl code and used to determine SARS-CoV-2 238 

variant type. 239 

 240 

SARS-CoV-2 culture 241 

https://www.paseq.org/
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We performed viral culture as previously reported in the BSL3 laboratory of the Ragon Institute 242 

of MGH, MIT, and Harvard (14, 22). Briefly, we detached Vero-E6 cells (American Type Culture 243 

Collection) maintained in DMEM (Corning) supplemented with HEPES (Corning), 1X Penicillin 244 

100IU/mL/Streptomycin 100g/mL (Corning), 1X Glutamine (Glutamax, ThermoFisher 245 

Scientific), and 10% Fetal Bovine serum (FBS) (Sigma) using Trypsin-EDTA (Fisher Scientific) and 246 

seeded the cells at 75,000 cells per wells in 24w plates or 20,000 in 96w plates 16-20 hours 247 

before infection. We thawed specimens on ice, filtered the specimens through a Spin-X 0.45um 248 

filter (Corning) at 10,000 x g for 5min, and diluted them 1:10 in DMEM supplemented with 249 

HEPES, 1X Penicillin/Streptomycin and 1X Glutamine. We used 100uL of the solution to 250 

inoculate triplicate wells in a 24 well plate. We then added 1mL of DMEM supplemented with 251 

HEPES, 1X Penicillin/Streptomycin and 1X Glutamine and 2% FBS to each well after 1h of 252 

incubation and removal of the viral inoculum. We added 25ul of the undiluted filtrate to four 253 

wells of a 96w plate and serial diluted (1:5) the filtrate in media containing 5ug/mL of polybrene 254 

(Santa Cruz Biotechnology). We centrifuged the 96w plates for 1 hour at 2000 x g at 37C. As a 255 

positive control, we used the SARS-CoV-2 isolate USA-WA1/2020 strain (BEI Resources). We 256 

observed viral culture plates at 3- and 7-days post-infection with a light microscope and 257 

documented wells showing CPE. Lastly, we harvested the supernatant of wells displaying CPE 258 

10-14 days post-infection and isolated RNA using a QIAamp Viral RNA Mini kit (QIAGEN) for 259 

confirmation of the viral sequence. 260 

 261 

Statistics 262 
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We first evaluated patient-specific trajectories of quantitative viral load by PCR over time since 263 

index positive test by constructing spaghetti plots. To estimate grouped mean trajectories, 264 

stratified by variant, we fitted a linear regression model including quadratic and cubic spline 265 

terms for time since the index positive PCR test (23). We then used the Kaplan-Meier estimator 266 

to estimate the survivor function for: (1) time to negative viral by PCR testing and (2) time to 267 

negative viral culture. For both outcomes, we took the time of symptom onset (for 268 

symptomatic cases) or time of first positive PCR (for asymptomatic cases) as the origin of the 269 

timescale. We selected these definitions of left censoring to replicate US CDC isolation 270 

guidelines. For both outcomes, we estimated survivor functions stratified by delta versus non-271 

delta variant infection and, separately, by duration of time from vaccination to infection, 272 

dichotomized as greater versus less than 90 days. We next fitted cox proportional hazards 273 

model with both outcomes and delta versus non-delta variant infection and, separately, time 274 

since completion of vaccination as predictors. In sensitivity analyses to assess for potential 275 

confounding by the presence of absence of symptoms, we re-estimated Kaplan-Meier survivor 276 

functions after limiting the sample to individuals with symptomatic infection. Finally, we fit 277 

linear regression models and plotted scatter plots to assess relationships between duration of 278 

PCR and culture positivity and time since completion of vaccination as a continuous measure. P-279 

values less than 0.05 were considered significant. Analyses were conducted with Stata Version 280 

15.1 and R version 4.0. 281 

 282 

Study Approval 283 
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Study procedures were reviewed and approved by the Human Subjects Institutional Review 284 

Board and the Institutional Biosafety Committee at Mass General Brigham. All participants gave 285 

verbal informed consent, as written consent was waived by the review committee based on the 286 

risk to benefit ratio of requiring in-person interactions for an observational study of COVID-19. 287 

 288 
 289 
  290 
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Figure Legends 383 
 384 
Figure 1. Viral load decay curve in individuals with post-vaccination breakthrough SARS-CoV-2 infection 385 
with non-delta (A) and delta variant infections 386 
 387 

Trajectory of viral load by PCR from time of index positive test for each study participant with non-delta 388 
variant (n=14) (A) and delta variant (n=8) (B) PCR-confirmed SARS-CoV-2 infection. Each connected solid 389 
line represents a participant. The solid dashed lines represent the total population mean line of fit 390 
derived from a regression equation including quadratic and cubic terms. The dotted line represents a 391 
similar line of fit, but restricted to individuals who remained positive at day 3. Timepoints denoted with 392 
asterisks were viral culture positive. 393 
 394 

 395 

Figure 2. Kaplan-Meier curves indicating days to negative viral load (A) and negative culture (B) by viral 396 
variant and days to negative viral load (C) and negative culture (D) by duration of time since completion 397 
of COVID-19 vaccination. Observation time begins at the date of positive PCR for asymptomatic cases 398 
and date of symptom onset for symptomatic cases. 399 
 400 

 401 

 402 

Figure 3. Scatter plots demonstrating relationship between time since completion of COVID-19 403 
vaccination and duration of positive PCR positivity (A) and viral culture positivity (B). 404 
 405 

Each point on the graph indicates an individual with post-vaccination breakthrough COVID-19 infection 406 
(n=24). Vaccines received are indicated by plot labels as Moderna (M), Pfizer/BioNTech (P), or Johnson & 407 
Johnson/Janssen (J). Black solid lines indicated the line of best fit from linear regression models, 408 
whereas gray shaded area indicates the 95% confidence interval around this estimate. R-squared and P-409 
values are estimates from these models. Green triangles indicate delta variant infections whereas blue 410 
diamonds represent non-delta variant infections. 411 
 412 

 413 

 414 

Figure 4. Kaplan-Meier curves, restricted to symptomatic cases only, indicating days to negative viral 415 
load (A) and negative culture (B) by viral variant and days to negative viral load (C) and negative culture 416 
(D) by duration of time since completion of COVID-19 vaccination. Observation time begins on the date 417 
of symptom onset  418 
 419 

  420 
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 421 
Table 1. Cohort characteristics 422 
 423 

 Delta Variant 
Infections 

(n=10) 

Non/Pre-Delta 
Variant Infections 

(n=14) # P-value† 

Age (mean, SD) 46 (14) 41 (16) 0.42 
Female Sex (n %) 4 (40%) 8 (57%) >0.68 
Days since first vaccination (median, range) 209 (157-276) 52 (23-161) <0.001 
Days since full vaccination* (median, range) 185 (129-255) 41 (2-134) <0.001 
Vaccine received (n, %)   0.41 
     Moderna 4 (40%) 9 (64%)  
     Pfizer/BioNTech 6 (60%) 5 (36%)  
Isolation of replication-competent virus (n, %) 7 (70%) 3/14 (21%) 0.035 
Symptomatic infection (n, %) 10 (100%) 9 (64%) 0.053  
     Culturable virus among those with    
     symptomatic infection (n, %) 

7 (70%) 3/9 (33%) 0.179 

First study viral load (log10 copies/mL, 
median, IQR)^ 

5.6 (4.9 – 6.5) ND (ND – 5.1) 0.006 

 424 
SD: standard deviation; IQR: Interquartile range; ND: Not detected 425 
#Eight participants with specimens with insufficient virus for sequencing but collected prior to 18th June 426 
2021 (when delta first made up more than 10% of sequenced virus in Massachusetts) are presumed pre-427 
delta 428 
*Two non-delta variant infections had received one vaccine dose at least three weeks prior to the time 429 
of their infection and were considered to have 0 days from full vaccination 430 
†P-values represent statistical tests comparing delta and non-delta variant breakthrough infection 431 
characteristics and were estimated using rank sum non-parametric tests for continuous variables (age, 432 
days since vaccination, first study viral load) and exact Fischer tests for categorical variables (sex, vaccine 433 
received, symptomatic infection, and culturable virus).  434 
^The first study viral load was collected a median of 2-3 days after the index positive PCR435 
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Table 2. Median time and hazard of negative viral load by polymerase chain reaction and negative viral culture by variant and symptomatic 436 
infection. 437 
 438 

 
Delta Variant 

Infections (n=10) 

All Non-Delta 
Variant Infections 

(n=14) 

Hazard Ratio (95%CI) 
Delta vs all Non-Delta 

Infections 

Symptomatic 
Non-Delta 

Infections (n=9) 

Hazard Ratio (95%CI) 
Delta vs Symptomatic 
Non-Delta Infections 

Median time to negative 
viral load by PCR (days) 

13.5 4.5 0.38 (0.15, 0.95) 8 0.52 (0.19, 1.47) 

Median time to negative 
viral culture (days) 

7 4 0.43 (0.18, 1.03) 6 0.50 (0.19, 1.32) 

 >3 months since 
vaccination 

(n=10) 
All <3 months since 
vaccination  (n=12) 

Harvard Ratio (95%CI) 
>3 months vs All <3 

months 

Symptomatic and 
<3 months since 
vaccination (n=7) 

Harvard Ratio (95%CI) 
>3 months vs 

Symptomatic <3 months 
Median time to negative 
viral load by PCR (days) 

13.5 3 0.20 (0.08, 0.53) 6 0.27 (0.09, 0.80) 

Median time to negative 
viral culture (days) 

7 3 0.40 (0.17, 0.93) 5 0.45 (0.17, 1.20) 

 439 
 440 
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Figure 1. Viral load decay curve in individuals with post-vaccination breakthrough SARS-CoV-2 infection with non-delta (A) and delta variant 
infections 

  

 
  

Trajectory of viral load by PCR from time of index positive test for each study participant with non-delta variant (n=14) (A) and delta variant 
(n=10) (B) PCR-confirmed SARS-CoV-2 infection. Each connected solid line represents a participant. The solid dashed lines represent the total 
population mean line of fit derived from a regression equation including quadratic and cubic terms. The dotted line represents a similar line 
of fit, but restricted to individuals who remained positive at day 3. Timepoints denoted with asterisks were viral culture positive. 
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Figure 2. Kaplan-Meier curves indicating days to negative viral load (A) and negative culture (B) by viral variant and days to negative viral load (C) 
and negative culture (D) by duration of time since completion of COVID-19 vaccination. Observation time begins at the date of positive PCR for 
asymptomatic cases and date of symptom onset for symptomatic cases. 

  
 
 

  
 
 
   

A. B.

C. D.
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Figure 3. Scatter plots demonstrating relationship between time since completion of COVID-19 vaccination and duration of positive PCR 
positivity (A) and viral culture positivity (B). 

 
 
 

Each point on the graph indicates an individual with post-vaccination breakthrough COVID-19 infection (n=24). Vaccines received are indicated by plot 
labels as Moderna (M), Pfizer/BioNTech (P), or Johnson & Johnson/Janssen (J). Black solid lines indicated the line of best fit from linear regression models, 
whereas gray shaded area indicates the 95% confidence interval around this estimate. R-squared and P-values are estimates from these models. Green 
triangles indicate delta variant infections whereas blue diamonds represent non-delta variant infections. 
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Figure 4. Kaplan-Meier curves, restricted to symptomatic cases only, indicating days to negative viral load (A) and negative culture (B) by viral 
variant and days to negative viral load (C) and negative culture (D) by duration of time since completion of COVID-19 vaccination. Observation 
time begins on the date of symptom onset  
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