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Abstract:  67 

Rapid Antigen Tests (RAT) have become an invaluable tool for combating the COVID-19 68 

pandemic. However, concerns have been raised regarding the ability of existing RATs to 69 

effectively detect emerging SARS-CoV-2 variants. We compared the performance of eight 70 

commercially available, emergency use authorized RATs against the Delta and Omicron SARS-71 

CoV-2 variants using individual patient and serially diluted pooled clinical samples. The RATs 72 

exhibited lower sensitivity for Omicron samples when using PCR Cycle threshold (CT) value (a 73 

proxy for RNA concentration) as the comparator. Interestingly, however, they exhibited similar 74 

sensitivity for Omicron and Delta samples when using quantitative antigen concentration as the 75 

comparator. We further found that the Omicron samples had lower ratios of antigen to RNA, 76 

which offers a potential explanation for the apparent lower sensitivity of RATs for that variant 77 

when using CT value as a reference. Our findings underscore the complexity in assessing RAT 78 

performance against emerging variants and highlight the need for ongoing evaluation in the face 79 

of changing population immunity and virus evolution. 80 

 81 
  82 
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Main Text: 83 

INTRODUCTION 84 

As the SARS-CoV-2 pandemic progresses, rapid antigen tests (RATs) have become a key 85 

component of home testing, community screening, and clinical diagnostics owing to their ease of 86 

use, low cost, and speed. In the United States, there are currently 19 over-the-counter antigen 87 

tests and 23 point-of-care antigen tests available under Emergency Use Authorization (EUA), 88 

and hundreds of millions of antigen tests are used every month (1). Concurrently with these 89 

important advances in the availability, variety, and widespread use of RATs, SARS-CoV-2 90 

continues to evolve, raising concern that new variants may harbor genetic and antigenic changes 91 

affecting test performance. The Omicron variant, which was first reported in November 2021 92 

and quickly replaced Delta as the predominant variant in the U.S., differs from Delta by 7 amino 93 

acid changes and a 2-amino acid deletion in the nucleocapsid (N) protein, the target of most 94 

RATs. Prior studies have demonstrated conflicting results, with some showing decreased 95 

performance of RATs for Omicron, but others showing comparable performance (2, 3). We 96 

compared the performance characteristics of eight RATs in detecting Delta and Omicron 97 

variants, using both individual clinical samples and standardized pools of clinical samples, and 98 

used orthogonal protein detection, RNA detection, and infectivity measurements to understand 99 

variant-specific differences in RAT results. 100 

 101 

RESULTS  102 

Rapid antigen test sensitivities for Delta and Omicron using serially diluted, pooled clinical 103 

samples are similar when using antigen concentration as the comparator, but not when 104 

using RNA measured by cycle threshold (CT) value as the comparator. 105 
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We evaluated the sensitivity of eight commercially available RATs for Omicron and 106 

Delta using a standardized set of pooled remnant clinical samples (RCS pools) that were serially 107 

diluted and quantified for SARS-CoV-2 RNA (measured by CT value from CDC N2 PCR assay; 108 

described in supplementary methods) and nucleocapsid antigen concentration (measured by 109 

Quanterix Simoa Assay; described in supplementary methods). When RAT limit of detection 110 

(LoD) was measured using antigen concentration as comparator, only the BinaxNow assay was 111 

less sensitive in detecting Omicron than Delta, with a three-fold higher LoD (Figure 1A, Figure 112 

S1). The other tests performed similarly against Delta and Omicron pools, with a twofold or less 113 

difference in LoD (Figure 1A, Figure S1, Figure S2). However, when LoD was measured using 114 

CT value as a comparator, 5 of the 8 RATs were less sensitive in detecting Omicron than Delta 115 

(LoD CT difference ranging from 2.5-3.2 lower for Omicron, corresponding to a nearly tenfold 116 

higher RNA concentration) (Figure 1B, Figure S1, Figure S2).  117 

Thus, using RCS pools, we observed concordant sensitivity for Omicron and Delta across 118 

most commercially available RATs when measured against antigen concentration, but lower 119 

sensitivity for Omicron than Delta for over half of the RATs when measured against CT value, 120 

suggesting different relationships between antigen concentration and RNA concentration for 121 

Delta versus Omicron. 122 

 123 

Rapid antigen test sensitivity for Delta and Omicron using individual clinical samples 124 

varies between assays and depends on choice of comparator  125 

We next evaluated the sensitivity of two common RATs using a subset of anterior nares 126 

specimens from a large study in which 171 fresh remnant clinical samples (RCS) were collected 127 

from individuals infected with Omicron and 163 banked RCS had been collected from 128 
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individuals infected with Delta (Table 1, Supplementary Data File). Many of the participants 129 

were unvaccinated (40.9% and 48.5% of those infected with Delta and Omicron, respectively), 130 

and individuals infected with Omicron had shorter times since last vaccine dose (Table 1). Per 131 

study design, most participants were symptomatic (Table 1). However, individuals infected with 132 

Omicron had shorter durations of symptoms prior to testing: nearly 80% were tested within 3 133 

days of symptom onset and the remaining 20% within 7 days. By contrast, only about a quarter 134 

of patients with Delta were tested within 3 days of symptom onset, about half between 3 and 7 135 

days, and about a quarter after 7 days. 136 

From this study population, 75 Delta and 84 Omicron samples with CT less than 30 137 

(Cepheid Xpert assay; described in supplementary methods) were randomly selected for testing 138 

with the Abbott BinaxNOW™ COVID-19 Antigen Test and Quidel QuickVue SARS Antigen 139 

Test RATs. Across all samples, sensitivity was similar between Delta and Omicron for 140 

Quickvue. Sensitivity appeared lower for Omicron than Delta samples for BinaxNow, although 141 

this difference was not statistically significant (Table 2). As expected, tests were more sensitive 142 

in samples with higher concentrations of viral antigen and lower CT values (Figure 2 A-D). 143 

When samples were stratified by antigen concentration (Table 2, top panel), QuickVue 144 

had similar sensitivity for Delta and Omicron across all strata. BinaxNow appeared somewhat 145 

less sensitive for Omicron than Delta, but this difference was not statistically significant. For 146 

both assays and both variants, sensitivity increased as antigen concentration increased, as 147 

expected. When samples were stratified by CT value, sensitivity decreased as CT value increased, 148 

as expected (Table 2, bottom panel). Both assays showed lower sensitivity for Omicron than 149 

Delta for CT thresholds 24 and higher; this result was more pronounced, and only statistically 150 

significant, for BinaxNOW.  151 
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Thus, results from both individual RCS and RCS pools show that the QuickVue assay has 152 

similar sensitivity in detecting Delta and Omicron when antigen concentration is used as a 153 

comparator; it has a somewhat (but not statistically significant) reduced sensitivity for Omicron 154 

when using CT value as a comparator. The BinaxNOW assay has a somewhat (but not 155 

statistically significant) reduced sensitivity for Omicron when antigen concentration is used as a 156 

comparator; it has a more pronounced (and statistically significant) reduction in sensitivity for 157 

Omicron when CT value is used as a comparator. Results for both individual RCS and RCS pools 158 

showed a discrepancy in RAT sensitivity when using antigen concentration versus CT value as 159 

the comparator. 160 

To identify potential mutations that might affect test performance, we analyzed SARS-161 

CoV-2 genome sequences. The Delta samples represented a range of sublineages 162 

(Supplementary Data File). In the N protein, aside from the four lineage-defining mutations 163 

(D63G, R203M, G215C, and D377Y), no mutation was present in more than 3 samples. The  164 

Omicron samples all belonged to lineage BA.1 or BA.1.1. In addition to lineage-defining 165 

mutations (P13L, R203K, G204R, and DEL31-33), 25 of the 152 samples had D343G and 4 had 166 

P67S. The Omicron lineages that have emerged since the time of this study, BA.2, BA.4, and 167 

BA.5, contain the additional mutation S413R, which was not present in any of these samples. 168 

Overall, sequence analysis confirmed that these clinical samples were representative of Delta and 169 

Omicron variants and suggested that, if N protein mutations affect test sensitivity, they are likely 170 

to be lineage-defining mutations. 171 

 172 

Omicron samples have lower antigen-per-RNA than Delta samples 173 
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We formally compared the relationship between antigen concentration and CT in 163 174 

Delta and 169 Omicron individual RCS, including the samples tested by RAT. As expected, 175 

antigen concentration and CT were highly correlated, both across all samples and for each variant 176 

individually (Figure 3), including in sensitivity analysis (Figure S3). Notably, regression 177 

analysis indicated a significant association between CT value and variant (Table 3). Specifically, 178 

Omicron samples had a 6.8 (standard error [SE]=0.55) cycle lower CT than Delta samples, for a 179 

given antigen concentration (p-value<0.001), indicating a greater amount of RNA-per-antigen (a 180 

lower amount of antigen-per-RNA) than Delta samples. In the full regression model that also 181 

included vaccine status and presence of symptoms, Omicron samples had a 6.5 (SE=0.57, p-182 

value<0.001) cycle lower CT than Delta samples, for a given antigen concentration. 183 

Unsurprisingly, CT value was significantly associated with antigen concentration, with a decrease 184 

of 2.3 (SE=0.08, p-value<0.001) cycles and 2.2 (SE=0.08, p-value<0.001) cycles per natural log 185 

change in antigen concentration in the base model and full model, respectively. CT value was 186 

also significantly associated with the presence of symptoms; it was 8.0 (SE=2.19, p-187 

value<0.001) cycles lower for symptomatic individuals than asymptomatic individuals. We did 188 

not observe a significant association between CT value and vaccine status (Beta=0.75, SE=1.34, 189 

p-value=0.60). In sensitivity analysis, these relationships remained similar and statistically 190 

significant, but with lower magnitude of effect (Table S1). 191 

The magnitude of CT difference between Delta and Omicron samples (6.8 cycles, for a 192 

given antigen concentration) was greater than the CT difference expected from the different 193 

number of freeze-thaws they had undergone (1.9 cycles, with a concomitant decrease in antigen 194 

concentration by 16%, Supplementary Material, Figure S4, Table S2). Thus, we infer that 195 

differential freeze-thaw conditions are likely to explain some, but not all, of the discrepancy we 196 
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observed. The observation that Omicron samples have a lower amount of antigen-per-RNA also 197 

helps to explain our finding that rapid antigen test sensitivity is different when using CT versus 198 

antigen concentration as a comparator for RCS pools, all of which underwent the same number 199 

of freeze thaws. 200 

 201 

Omicron samples have lower infectivity than Delta samples 202 

Given the observed discrepancy between protein concentration and CT value for Delta 203 

and Omicron RCS in this study, we assessed whether there was a difference in virus infectivity 204 

from these samples. Seventy-five Delta and 85 Omicron clinical samples with CT <30 were 205 

tested against Calu-3 cells in duplicate. Calu-3 cells were infected by 37 (49.3%) of Delta and 37 206 

(43.5%) of Omicron samples (Figure S5). ELISpot panels showing representative data are 207 

shown in Figure S6. Interestingly, infectivity appeared to be inversely associated with CT value 208 

for Delta but not Omicron samples (Figure S5). We formally assessed this using logistic 209 

regression analysis. In univariate analysis, Calu-3 infectivity was inversely associated with CT 210 

value for Delta (odds ratio[OR]=0.75, 95% CI: 0.63-0.88) but not Omicron (OR=1.03, 95% CI: 211 

0.90-1.17), and was not associated with antigen concentration, vaccine status, symptom duration, 212 

or age (Table S3). In multivariate analysis, Calu-3 infectivity remained inversely associated with 213 

CT value for Delta (Table S3). Specifically, for every 1-cycle increase in CT value, the odds of 214 

having a positive Calu-3 result decreased by 28% (95% CI: 14%-42%) for Delta samples. Again, 215 

there was no association between Calu-3 infectivity and antigen concentration for either Delta or 216 

Omicron samples.  217 
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Thus, Omicron samples in this study had less antigen-per-RNA and less infectivity than 218 

Delta samples, and there was no association between RNA level (as measured by CT) and 219 

infectivity for Omicron samples. 220 

 221 

DISCUSSION  222 

Overall, we found that most commercially available RATs had similar sensitivity in 223 

detecting Omicron and Delta when antigen concentration was used as a comparator. However, 224 

when CT value was used as a comparator, most RATs had a lower sensitivity for Omicron than 225 

Delta.  226 

These findings are largely consistent with prior studies showing lower sensitivity of 227 

RATs in detecting Omicron than Delta when using CT value as a comparator, especially for 228 

samples with low RNA concentration. Osterman et al. found a 10-100-fold higher LoD for 229 

Omicron compared to Delta among nine RATs in Germany (these tests did not overlap with the 230 

tests used in our study) (2). Bayart et al. found lower sensitivity for Omicron (0%-23%) than 231 

Delta (32%-80%) across 6 RATs in Belgium for clinical samples with CT>25 (4). In recent 232 

preprints, Bekliz et al. found lower sensitivity for Omicron than Delta across 7 RATs (4 of which 233 

were statistically significant), and Landaverde et al. found low sensitivity of BinaxNOW for 234 

detecting Omicron especially with CT>23 (5, 6). Only one recent study has shown a high 235 

sensitivity of BinaxNOW for Omicron, using clinical samples with CT up to 30 (3). A few other 236 

studies reported similar sensitivity for RATs in detecting Omicron and Delta, but these were 237 

based on serially diluted, cultured virus, not clinical samples. For example, Deerain et al. 238 

reported high sensitivity for both variants up to CT=25 and essentially no detection at CT=28 for 239 

10 RATs (mostly non-overlapping with ours) (7). Stanley et al. found decreased sensitivity for 240 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted February 10, 2023. ; https://doi.org/10.1101/2023.02.09.23285583doi: medRxiv preprint 

https://doi.org/10.1101/2023.02.09.23285583
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11

Delta compared to Omicron and WA1 (8). All these prior studies used CT value or RNA 241 

concentration as a comparator, and none reported antigen concentration. Thus overall, there is 242 

accumulating evidence that many RATs demonstrate lower sensitivity for Omicron than Delta 243 

for primary clinical samples when using CT value as a comparator, consistent with our findings. 244 

Our study using clinical samples offers a potential explanation for the apparent lower 245 

sensitivity of RATs for Omicron, by investigating variant-specific discrepancies in antigen 246 

concentration versus CT value. Specifically, the Omicron samples in this study had a lower 247 

amount of antigen-per-RNA than the Delta samples, and because RATs detect antigen rather 248 

than RNA, they appear less sensitive for Omicron when CT value is used as a comparator. By 249 

contrast, when we used antigen concentration as a comparator (an “apples to apples” 250 

comparison), we found that most RATs had similar sensitivity for Omicron and Delta.  251 

We considered several technical factors that could account for differences in 252 

measurement of RNA and antigen concentration between variants in this study. Whereas Delta 253 

clinical samples underwent RNA and protein concentration testing after two freeze-thaw cycles, 254 

Omicron clinical samples were tested fresh. Results from our freeze-thaw experiment suggest 255 

that this difference in sample handling could account for some, but not all, of the observed 256 

variant-specific differences in the ratio between RNA (Ct value) and antigen concentration. 257 

Furthermore, RCS pools, which had undergone the same handling conditions for both Delta and 258 

Omicron (i.e. samples in both variant pools had the same number of freeze-thaws), also showed a 259 

discrepancy in results when antigen versus RNA concentration was used as a comparator. 260 

Because our results were consistent across two different RT-PCR assays (Xpert Xpress CoV-261 

2/Flu/RSV plus assay (Cepheid) for individual RCS and CDC N2 assay for RCS pools), 262 

differences in RT-PCR efficiency are unlikely to account for our findings.  263 
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We also considered whether Omicron-specific mutations may have affected the 264 

performance of diagnostic antibodies used in these assays. A recent study mapped the N protein 265 

epitopes recognized by antibodies in many SARS-CoV-2 antigen tests and identified escape 266 

mutations using deep mutational scanning (9). The key amino acid positions identified 267 

considering both antibodies used by the Simoa SARS-CoV-2 N Protein Antigen Test (Quanterix) 268 

(5, 36-41, 51-53, 56, 62, 66, 71-73, 82-87, 95, 98-101, 108-117, 128-133, 143, 158-161, 167, 269 

171-173) are not canonically mutated in Omicron, and were not specifically mutated in the 270 

samples from this study.  The same study assessed antibodies for several RATs included here 271 

and found no overlap between variant specific mutations and antibody escape mutations. Thus, 272 

variant-specific mutations are unlikely to account for differences in the measurement of antigen 273 

concentration in this study. 274 

Overall, we infer that the Omicron samples in this study truly had a lower amount of 275 

antigen-per-RNA than the Delta samples. There are several potential explanations for this based 276 

on viral dynamics over the course of infection. Early studies of SARS-CoV-2 showed that viral 277 

load generally peaks around day 3 of viral shedding, just before or at the time of symptom onset, 278 

and clears after 7-10 days (10-13). Antigen detection peaks later, generally several days after 279 

symptom onset (14), and thus antigen detection frequently lags behind RNA detection (15). 280 

Individuals in our study infected with Omicron presented for testing sooner after symptom onset 281 

than individuals infected with Delta, and thus our Omicron samples may have been collected at a 282 

time when antigen levels may still have lagged behind RNA levels.  283 

In addition, there may be variant-specific differences in viral dynamics, because of either 284 

intrinsic biological differences in viral replication and pathogenesis, and/or differences in the 285 

characteristics of individuals who are infected with each variant. For example, due to the timing 286 
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of vaccine booster rollouts, individuals infected with Omicron are likely to have been vaccinated 287 

more recently (and with more doses) than individuals infected with Delta. Consistent with this, 288 

individuals in our study infected with Omicron had been vaccinated more recently than 289 

individuals infected with Delta. In a recent study, boosted individuals infected with Omicron 290 

were slower to clear viral RNA than unboosted individuals infected with Delta or Omicron, but 291 

the effect on antigen dynamics remains unknown (16). Finally, there may be variant-specific 292 

differences in the viral lifecycle that lead to differences in RNA and antigen concentration, such 293 

as differential sgRNA transcription, gene expression, protein degradation, or protein aggregation. 294 

Compatible with our findings, a recent report demonstrated a decrease in the sensitivity of RATs 295 

over time since the start of the pandemic, including during the Omicron era (17). The authors 296 

posited that increased immunity, including through vaccination, led to early symptom onset and 297 

early testing, before epithelial cell shedding had generated high concentrations of nucleocapsid 298 

protein.  299 

Together with these prior studies, our results support a model in which individuals 300 

infected with Omicron presented for testing earlier in the course of infection, when antigen 301 

concentration lagged behind RNA concentration, leading to an apparent decrease in rapid antigen 302 

test sensitivity when CT value is used as a comparator. There are likely multiple factors 303 

contributing to the earlier presentation for testing of individuals infected with Omicron, one of 304 

which may be a more rapid and robust symptom onset due to recent/boosted vaccination. 305 

Interestingly, we also found that the Omicron samples in this study had lower infectivity 306 

than the Delta samples and there was no correlation between CT value and infectivity for 307 

Omicron samples. These findings may be explained by recent observations that Omicron cell 308 

entry has a greater dependence on receptor-mediated endocytosis than TMPRSS2-mediated spike 309 
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cleavage and fusion (18) and Omicron replicates less well in TMPRSS2 expressing cells 310 

(19)(20).  311 

This study has several limitations. First, due to the necessary logistical constraints of 312 

comparing contemporary to banked samples, the individual RCS tested in this study had 313 

undergone different handling for Omicron versus Delta samples. This was mitigated to some 314 

extent by also testing pooled RCS, and by explicitly testing the effects of freeze-thaw cycles. In 315 

addition, while we tested eight commercially-available RATs using pooled RCS, we were only 316 

able to test individual RCS against two RATs, given constraints in sample volume. Finally, the 317 

marked differences we observed in infectivity between Omicron and Delta samples must be 318 

interpreted in light of recent studies showing important variant-specific differences in cell entry 319 

and cell biology. 320 

Nevertheless, our results have important implications for clinical practice and public 321 

health. First, we show that the choice of comparator assay plays an important role in interpreting 322 

the results of sensitivity evaluations for RATs. Future studies will benefit from the use of well-323 

characterized and standardized reference materials to use in assay testing, as well as careful 324 

consideration of duration of symptoms at the time of sample collection. Interestingly, based on 325 

our findings, the BinaxNOW assay seems to be the most adversely affected by the Omicron 326 

variant relative to its performance against Delta variant, which has practical public health 327 

implications given its wide use and large market share in the US. By contrast, most 328 

commercially-available RATs have similar sensitivity for detecting Omicron and Delta, when 329 

antigen concentration is used as a comparator. This reinforces the effectiveness of existing tests, 330 

while also emphasizing the point that a negative RDT early in SARS-CoV-2 infection may have 331 

low negative predictive value, and RDT testing should be repeated over time. However, within-332 
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patient viral dynamics are evolving throughout the pandemic, likely due to changes in both the 333 

virus and the host (e.g., vaccination). Further work is needed to investigate the causes and 334 

mechanisms of variant-specific differences in RNA concentration, antigen concentration, 335 

infectivity, and viral dynamics, particularly as new variants continue to emerge. 336 

 337 

MATERIALS AND METHODS 338 

All methods are described in detail in Supplementary Materials, below are brief descriptions. 339 

Study Design: 340 

We used sequence confirmed Delta and Omicron BA.1 individual and pooled remnant 341 

clinical samples to compare the performance of EUA RATs in detecting these two variants. The 342 

N protein content, PCR CT values (as a proxy for RNA concentrations) and ability of individual 343 

samples to infect cells in in vitro infectivity assays were also measured to comprehensively 344 

evaluate differences between Delta and BA.1 variants. 345 

 346 

Preparation of Delta and Omicron RCS Pools: 347 

As part of the NIH Variant Task Force, in collaboration with participating labs, we 348 

obtained low CT, sequence-verified Delta and Omicron remnant clinical samples that remained 349 

after diagnostic testing. The N2 CT and N protein concentrations in these remnant clinical 350 

samples (RCS) were determined at ACME POCT (The Atlanta Center for Microsystems-351 

Engineered Point-of-Care Technologies) as part of our internal quality control (QC). The CDC 352 

N2 PCR assay CT value was used as a proxy for RNA concentration (details in Supplementary 353 

Methods); N protein concentrations were measured by Simoa (Supplementary Methods). 354 

Between 4-21 low N2 CT RCS with N protein > 4000pg/mL were pooled to generate each Delta 355 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted February 10, 2023. ; https://doi.org/10.1101/2023.02.09.23285583doi: medRxiv preprint 

https://doi.org/10.1101/2023.02.09.23285583
http://creativecommons.org/licenses/by-nc-nd/4.0/


 16

and Omicron pool. These pools were serially diluted, N2 CT and N protein quantified, and used 356 

to compare eight EUA RATs. 357 

 358 

Collection and Storage of Individual RCS: 359 

We utilized a hospital and community-based approach for enrolling eligible COVID-19 360 

symptomatic patients. For samples collected from July to November 2021 (Delta predominant), 361 

mid-turbinate (MT) swabs were collected in 1mL saline and frozen at -80°C. For use in the 362 

current study, samples were thawed, 2mLs sterile saline added, frozen, re-thawed, and then 363 

analyzed by Cepheid and Quanterix assays. Subsequently, these samples were thawed and 364 

utilized for Binax and QuickVue testing and in vitro infectivity assays. MT swab samples 365 

collected after January 7, 2022 (Omicron predominant) were collected in 3 mL saline,  analyzed 366 

fresh by Cepheid and Quanterix assays, and frozen at -80°C. After one freeze thaw, they were 367 

used for Binax testing, QuickVue testing and infectivity assays. 368 

 369 

Antigen testing using Quanterix Simoa Assay: 370 

Each pool dilution and every clinical sample used in the current study was analyzed for N 371 

protein concentration using the Quanterix HD-X Simoa SARS-CoV-2 N Protein Antigen (RUO) 372 

assay (Catalog # 103806), according to manufacturer’s instructions.  373 

 374 

PCR testing of remnant clinical samples using Cepheid: 375 

All individual remnant clinical samples used for this study underwent PCR testing using 376 

the Cepheid GeneXpert Dx Instrument system with either Xpert Xpress CoV-377 

2/Flu/RSV plus cartridges (EUA 302-6991, Rev. B., October 2021) or Xpert Xpress SARS-CoV-378 
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2 cartridges (EUA 302-3562, Rev. F January 2021) according to manufacturer’s instructions. For 379 

the CoV-2/Flu/RSV plus assay, the resulted SARS-CoV-2 Ct value reflects the first of three gene 380 

targets (E, N2, or RDRP) to amplify; for the SARS-CoV-2 assay, both E and N2 Ct values are 381 

resulted.  To determine whether the CT values from the two Xpert assays could be combined for 382 

analysis, the laboratory performed a bridging study to confirm that the SARS-CoV-2 assay E 383 

target Ct value correlated tightly with the CoV-2 Ct value from the CoV-2/Flu/RSV plus assay. 384 

The samples were thawed, split, and run on both assays in parallel according to manufacturer’s 385 

instructions (Supplementary Table S4). 386 

 387 

SARS-CoV-2 genome sequencing: 388 

All RCS pools and individual RCSs underwent sequencing at ACME POCT, where 389 

libraries were generated using SuperScript First Strand Synthesis kit (Thermo Fisher) followed 390 

by Swift Amplicon SARS-CoV-2 Research Panel (Swift Biosciences). Illumina MiSeq was used 391 

for sequencing, and viralrecon was used for genome assembly. 392 

 393 

Rapid antigen test testing using pools and individual clinical samples:  394 

All rapid antigen testing (pool and individual samples) was performed blinded using the 395 

direct swab method where sample was spiked onto the swab and manufacturers’ instructions 396 

followed for testing. 20µl sample (as described in the IFU for BinaxNOW TM COVID-19 Ag 397 

CARD) was used for BinaxNOW, while 50µl was used for all other RATs tested. After 398 

completion, results were unblinded. 399 

 400 
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Evaluation of infectious SARS-CoV-2 in individual RCS using Calu-3, Vero-TMPRSS-2, 401 

and Vero cells: 402 

For in vitro infectivity studies, 50µl of each individual RCS was used to inoculate (by 403 

spinoculation) cells that were 80-90% confluent growing on a 96-well plate. After two hours, 404 

sample was removed, and 50µl Opti-MEM and 150µl methycellulose overlay media were added. 405 

This portion of the assay was conducted in the BSL3 facility as live lab-propagated SARS-CoV-406 

2 (Delta and BA.1) of known TCID50/ml were used as positive controls. After 3-6 days of 407 

incubation (depending on the cell line used), cells were washed with 1XPBS, fixed with chilled 408 

1:1 methanol acetone, permeabilized with 0.2% TritonX, blocked with 1% milk, and then 409 

assayed for focus forming units (FFU) by staining with anti-nucleocapsid antibody. Stained foci 410 

were read using an ELISpot CTL reader.  411 

 412 

Statistics: 413 

Some CT values were above the limit of detection and were therefore set to 50, above the 414 

highest recorded CT value. Likewise, some antigen concentrations were below the limit of 415 

detection by Simoa and were therefore set equal to zero (0), below the lowest detected antigen 416 

concentration. For all analyses, any observations that required imputation were removed in 417 

subsequent sensitivity analyses. To meet normality and homoskedasticity assumptions for the 418 

linear regression analysis and because there were some values set equal to zero, we used a 419 

log(n+1) transformation on antigen concentrations. 420 

We calculated the clinical sensitivity of BinaxNow and QuickVue as well as their 421 

corresponding 95% confidence intervals for Delta and Omicron samples overall and by CT or 422 

antigen concentration thresholds. Clinical sensitivity was calculated by dividing the number of 423 
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positive tests by the number of positive participants (samples). The sensitivity of Delta and 424 

Omicron samples on the same platform were statistically compared through chi-square or 425 

Fisher’s exact tests.  426 

Additionally, we examined and quantified the relationship between CT values and antigen 427 

concentration in COVID-19 positive samples from both the Delta and Omicron dominant eras. 428 

We calculated Pearson’s correlation coefficient between CT value and antigen concentration, and 429 

performed a linear regression analysis, predicting CT value from antigen concentration. In the 430 

base model, we controlled for variant status. In the full model, we additionally adjusted for 431 

vaccine status and symptom duration. Any individual who was unsure of their vaccine status in 432 

any capacity was removed from the appropriate regression analyses. 433 

We also evaluated the association between having a positive result for Calu-3 or Vero-434 

TMPRSS-2 culture and CT value, antigen concentration (pg/mL), symptom duration, vaccine 435 

status, and age (years) through unadjusted and adjusted logistic regression analyses. There were 436 

no asymptomatic individuals included in this analysis, so symptom duration was treated as a 437 

continuous variable to better understand the relationship between days of symptoms and 438 

infectivity.    439 

All hypotheses’ tests were 2-sided and a p-value below 0.05 was considered significant. 440 

Graphs, correlation calculations, and regression modeling were conducted in R v(4.2.0). The 441 

sensitivity of RATs and comparisons between sensitivities were calculated and conducted in R 442 

v(4.1.3). Tables were created using the gt and gtsummary package and plots were created with 443 

the ggpubr, stringr, and ggplot2 package in R (21-25). 444 

 445 

Study approval: 446 
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The study protocol was approved by the Emory Institutional Review Board and 447 

Children’s Healthcare of Atlanta (IRB#00001082). Written informed consent was received prior 448 

to participation. 449 
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Figures  554 

555 

Fig. 1. Results of testing 8 commercially available rapid antigen tests against remnant 556 

clinical sample pools. Each of eight commercially available rapid antigen tests (RATs) was 557 

tested using sequence-confirmed, serially diluted and quantified (N2 CT CDC Assay and 558 

Quanterix Simoa SARS-CoV-2 N Protein Antigen Test) pools generated from remnant clinical 559 

samples (RCS) of the same variant. Panels A and B show each RAT’s limit of detection, which 560 

is the lowest antigen concentration (A) or highest CT value (B) that was detected in five out of 561 

five replicates. When testing was repeated with independent RCS pools, or independent lots of 562 

tests, they are presented as separate data points.   563 

 564 

 565 
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567 

 568 

Fig. 2. Results of testing 2 commercially available rapid antigen tests against individual 569 

remnant clinical samples for Delta (A and B) and Omicron (C and D). Sequence-verified 570 

residual mid turbinate samples from 75 individuals with Delta infection and 84 individuals with 571 

BA.1 infection underwent RT-PCR testing using the Xpert Xpress CoV-2/Flu/RSV plus & Xpert 572 

Xpress SARS-CoV-2 assays (Cepheid), protein quantification using the Simoa SARS-CoV-2 N 573 

Protein Antigen assay (Quanterix), and rapid antigen testing (QuickVue or Binax) according to 574 

the manufacturer’s instructions. Y-axes reflect natural log(n+1) transformed antigen 575 

concentration. Abbreviations: Cycle threshold (CT) 576 

 577 

 578 

 579 
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 580 

Fig. 3. Correlation between antigen concentration and CT value for individual remnant 581 

clinical samples. Sequence-verified residual mid turbinate samples from 163 individuals with 582 

Delta infection and 169 individuals with BA.1 infection underwent RT-PCR testing using the 583 

Xpert Xpress CoV-2/Flu/RSV plus & Xpert Xpress SARS-CoV-2 assays (Cepheid) and protein 584 

testing using the Simoa SARS-CoV-2 N Protein Antigen assay (Quanterix), according to the 585 

manufacturer’s instructions. Y-axes reflect natural log(n+1) transformed antigen concentration. 586 

The red circle signifies 41 Delta samples whose CT values were above the assay detection limit 587 

and antigen concentrations were below the assay detection limit. Abbreviations: Cycle threshold 588 

(CT). 589 

 590 

 591 
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Tables 593 

Table 1. Demographics of patients with Delta (N=163) and Omicron (N=171).  

  Delta, n (%)  Omicron, n (%)  

Sex   

Female 98 (60.9%) 91 (53.2%) 

Male 63 (39.1%) 80 (46.8%) 

Race   

White 79 (47.9%) 80 (44.9%) 

Black/African American 73 (44.2%) 75 (42.1%) 

Asian 3 (1.8%) 8 (4.5%) 

Other 10 (6.1%) 11 (6.2%) 

Refuse to Answer 0 (0%) 4 (2.3%) 

Ethnicity   

Hispanic 12 (7.4%) 26 (15.2%) 

Non-Hispanic 149 (92.6%) 144 (84.2%) 

Refuse to Answer 0 (0%) 1 (0.6%) 

Vaccine Status   

Unvaccinated/Not Fully Vaccinated 65 (40.9%) 83 (48.5%) 

Fully Vaccinated/Boosted 94 (59.1%) 88 (51.5%) 

Days Since Last Vaccine   

Within The Last 90 Days 17 (17.7%) 41 (43.1%) 

Between 91 and 180 Days 22 (22.9%) 16 (16.8%) 

Between 181 and 270 Days 52 (54.2%) 28 (29.5%) 
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More than 270 Days 5 (5.2%) 10 (10.5%) 

Symptom Status   

Asymptomatic 5 (3.1%) 1 (0.6%) 

Symptomatic 156 (96.9%) 170 (99.4%) 

Symptom Duration   

Symptoms for at most 3 days 36 (23.1%) 132 (77.7%) 

Symptoms for between 4 and 7 days 80 (51.3%) 38 (22.3%) 

Symptoms for more than 7 days 40 (25.6%) 0 (0%) 

 594 
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Table 2: Sensitivity of BinaxNOW and QuickVue RATs using individual RCS. Samples 

were stratified by antigen concentration (top panel) or CT value (bottom panel), and the 

sensitivity of detection with corresponding 95% confidence intervals for Delta and Omicron 

was compared within each stratum using chi-square or Fisher’s exact test. The supplementary 

data file contains results of BinaxNOW and QuickVue for each observation.  

  BinaxNow  QuickVue  

  Delta Omicron P-value Delta Omicron P-value 

Overall

  

57.3   

(56.2, 58.4)  

45.7   

(44.7, 46.8)  

0.18  60   

(58.9, 61.1)  

58.5  

(57.5, 59.5)  

0.97  

Antigen Concentration (pg/mL)  

10  0 (0, 0)  0 (0, 0)  --  0 (0, 0)  0 (0, 0)  --  

100  0 (0, 0)  0 (0, 0)  --  
0   

(0, 0)  

7.4   

(0.0, 17.3)  
0.52  

1000  
29.3   

(15.3, 43.2)  

22.0  

(11.46, 32.61)  
0.56  

31.7   

(17.5, 100)  

37.9   

(25.4, 50.4)  
0.67  

10000  
51.5   

(39.5, 63.6)  

35.4   

(24.9, 46.0)  
0.08  

54.6  

 (42.5, 66.6)  

51.3   

(40.2, 62.4)  
0.74  

100000

  

56.8  

(45.5, 68.0)  

44.6   

(34.4, 54.7)  
0.16  

59.5   

(48.3, 70.6)  

58.2   

(48.11, 68.4)  
1  

CT Value  

≤20  100   

(100, 100)  

91.7   

(90.6, 100)  

0.89  100   

(100, 100)  

95.8   

(95.0, 100)  

1  

≤22  95   72.6   0.08  95   92.2   1  
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(94.0, 100)  (71.3, 73.8)  (94.0, 100)  (91.4, 100)  

≤24  93.3   

(92.4, 100)  

58.0   

(56.8, 59.1)  

0.001  93.3   

(92.4, 100)  

76.8   

(75.8, 77.8)  

0.09  

≤26  81.4   

(80.2, 82.6)  

54.4   

(53.3, 55.5)  

0.01  88.4   

(87.4, 100)  

69.6   

(68.6, 70.6)  

0.03  

≤28  70   

(68.8, 71.2)  

48.3   

(47.3, 49.4)  

0.01  73.3   

(72.2, 74.4)  

61.8   

(60.8, 62.8)  

0.16  
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Table 3. Association between CT value and natural log(n+1) transformed antigen concentration 

(pg/ml), variant, vaccine status, and presence of symptoms for 151 Delta and 168 Omicron samples, 

excluding samples with missing information on days since last vaccine or symptom duration.  

 Base Model Full Model 

Variable Beta SE p-value Beta SE p-value 

Log (Antigen Concentration + 1) -2.3 0.079 <0.001 -2.2 0.080 <0.001 

Variant       

Delta Ref —  Ref —  

Omicron -6.8 0.546 <0.001 -6.5 0.569 <0.001 

Vaccine Status       

Not Fully Vaccinated    Ref —  

Fully Vaccinated    0.75 1.34 0.6 

Presence of Symptoms        

Asymptomatic    Ref —  

Symptomatic     -8.0 2.19 <0.001 

Days Since Last Vaccine       

      Unvaccinated    Ref   —    

      Within the Last 90 Days    0.23 1.31 0.9 

      Between 91 and 180 Days Ago    -0.10 1.53 >0.9 

      Between 181 and 270 Days Ago    -0.57 1.49 0.7 

      More than 270 Days Ago    0.86 1.85 0.6 

SE = Standard Error, Ref = Reference Level 

NOTE: Beta coefficients have been rounded but percentage change calculations were computed before 

rounding and therefore may be different. 
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