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96  Methods

97
gg A phased evaluation of available SARS-CoV-2 antigen LFDs was undertaken.
%8(1) Department of Health and Social Care evaluation (Phase 1 evaluation)

102 The DHSC identified manufacturers supplying SARS-CoV-2 antigen LFDs that could enable mass testing at a
103 population level. A desktop review was performed to ensure there were appropriate instructions for use and to
104 assess manufacturers’ claimed performance and manufacturing capabilities.16

106  Pre-clinical evaluation (Phase 2 evaluation)
108  Pre-clinical evaluation of candidate LFDs was performed by trained laboratory scientists at Public Health England

109 (PHE) Porton Down. LFDs were evaluated against SARS-CoV-2 spiked positive controls and known negative
controls, consisting of saliva collected from healthy adult staff volunteers.

)

Pre-defined and publically available “prioritisation” criteria to pass on to the next evaluation phase had to be met
for LFDs, consisting of (i) a kit failure rate of <10%; (ii) an analytical specificity of 297%, and (iii) an analytical
LOD of >9 of 15 (60%) at 10 pfu/mL, corresponding to a RT-PCR cycle threshold (Ct) of approximately 25
(~100,000 RNA copies/ml); and (iv) lack of cross-reactivity with seasonal coronaviruses to further test analytical
specificity.

Retrospective secondary care evaluation (Phase 3a evaluation)

Evaluation using patient samples retrospectively was started in August 2020 at PHE Porton Down. Samples were
obtained from a secondary healthcare setting (Oxford University Hospitals NHS Foundation Trust).
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= 1,000 SARS-CoV-2 negative samples: fresh samples held refrigerated were supplied the day after they
121 were tested negative by RT-PCR by the laboratory service at the John Radcliffe Hospital, Oxford, UK.

122 = 200 SARS-CoV-2 positive samples: swabs collected in VTM from patients admitted to hospital during
123 the first wave of the UK pandemic (March-June 2020)."” These were diluted 1:4 SARS-CoV-2 RT-PCR
124 negative saliva, aliquoted and frozen at -20°C for later use. For each positive sample, in addition to the
125 original diagnostic RT-PCR Ct value, a confirmatory RT-PCR was performed at PHE Porton Down on the
126 diluted sample to determine the new Ct value.

127  Community research evaluation (Phase 3b evaluation)

128 We undertook a field evaluation using samples from volunteers in the community in collaboration with the
129  National Institute for Health Research (NIHR) funded CONDOR Platform “COVID-19 National Diagnostic
130 Research and Evaluation Platform”. This was performed within the FALCON-C19 study (Facilitating Accelerated
131 Clinical validation Of Novel diagnostics for COVID-19, 20/WA/0169, IRAS 284229), between 17" September and
132 23" October 2020. This involved the recruitment and re-testing of consenting adults with a RT-PCR-confirmed
Bi diagnosis of SARS-CoV-2 infection within 5 days of the original PCR result.

135 For the Innova SARS-CoV-2 Antigen Rapid Qualitative Test, testing was additionally performed for a subset of
136 samples on-site at four COVID-19 testing centres by trained research staff using the “dry swabs” to evaluate

137 “real-life”/diagnostic performance. Dry swabs are those that are not placed into viral transport medium prior to
138  performing the LFD test.

139

%2(1) Community field service evaluation (Phase 4 evaluation)

142 Wider field service evaluations were performed within a number of UK institutions and settings. These
143 evaluations utilised the Innova SARS-CoV-2 Antigen Rapid Qualitative Test. These institutions included a
144 secondary healthcare setting (John Radcliffe Hospital, Oxford), PHE Porton Down, armed forces members
145 (following an outbreak) and in secondary schools (pupils aged 11-18). Evaluations were also undertaken at
146 regional COVID-19 testing centres as part of an NHS Test and Trace service evaluation involving the general
147 public. The John Radcliffe Hospital, Oxford performed an evaluation as part of their asymptomatic staff screening
148 service using the Respiratory Diagnostic Kit Evaluation (‘Red Kite’) study (Research Ethics Committee reference:
149  19/NW/0730; North West-Greater Manchester South Research Ethics Committee).

150

151  statistical analyses

152 Fisher's exact and chi-squared tests were used to determine non-random associations between categorical
153 variables. Statistical analyses and data visualisation were performed using R version 4.0.3. Sensitivity and
154 specificity and 95% confidence intervals were calculated using the exact Clopper-Pearson method.
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155 Results

156

157  Phase 1

158 A total of 132 suppliers of SARS-CoV-2 antigen detection LFDs were identified and referred to the DHSC for
159  initial Phase 1 review. Among these, at the time of publication, 64 were selected by the DHSC for further
160  evaluation by the UK lateral flow oversight group.

161

162  Phase 2

163 As part of Phase 2 evaluations, 9,692 LFD tests were performed at PHE Porton Down across the 64 candidate
164  devices as of the 3™ December 2020. 5 LFDs had a kit failure rate above the pre-specified threshold for
165 exclusion (>10%), 17 kits had a false-positive rate below the pre-defined specificity threshold (<97%) and 28 kits
166 a false-negative rate below the LOD threshold (<60% at 10° pfu/m). In total, across all three criteria, nineteen kits
167 performed at a level in accordance with the UK Lateral Flow Oversight Group’s a priori “prioritisation criteria”. All
%gg nineteen kits also passed cross-reactivity analyses against seasonal human coronaviruses.

170  Phase 3

171 To date, eight LFDs have passed Phase 3a evaluation, namely: Innova SARS-CoV-2 Antigen Rapid Qualitative
172 Test (Innova), Zhejiang Orient Gene Biotech Co. Coronavirus Ag Rapid Test Cassette (Swab) (Orient Gene),
173 Anhui Deepblue Medical Technology COVID-19 (Sars-CoV-2) Antigen Test kit (Colloidal Gold) (Deepblue),
174 Fortress Diagnostics Coronavirus Ag Rapid Test (Fortress), Roche SD Biosensor Standard Q COVID-19 Ag Test
175 (SD Bio swab), Surescreen Diagnostics SARS-CoV-2 Antigen Rapid Test Cassette (Nasopharyngeal swab
176 (Surescreen) and LFD x (the manufacturer had not given consent to be named). (Supplementary Table 1). Three
177 LFDs did not pass 3a evaluation and the remaining LFDs are currently undergoing evaluation. Four LFDs
178 (Deepblue, Innova, Orientgene, LFD x) have passed Phase 3b evaluation (Table 1, Supp Figure 1), one LFD did
179  not pass and the remainder have not been evaluated.

89

Innova LFD x Orient Gene Deepblue
R~ A @ Number Number Number Number
fraltoa verage tested/number tested/number tested/number tested/number
positive (%) positive (%) positive (%) positive (%)
>10million <18 5/5 (100) 1/1 (100) - 3/3(100)
1-10 million 18-215 23/23(100) 12/13(92) 17/17 (100) 19/19 (100)
0.1-1 million 21.5-25 52/54(96) 19/21(91) 18/18 (100) 43/44(98)
10,000-100,000 25-28 37/42(88) 13/13 (100) 18/19 (95) 38/38 (100)
1,000-10,000 28-31 25/33(76) 17/19 (90) 14/18 (78) 18/29 (62)
100-1,000 31-345 11/33(33) 10/26 (39) 11/19 (58) 8/36 (22)
<100 >34.5 2/7(29) 1/6 (17) 0/4(0) 0/8(0)
Overall na 155/197 (79) 73/99 (74) 78/95 (82) 129/177(73)
}%% Table 1. Results of the Phase 3b evaluations showing viral antigen detection/sensitivity of four LFD tests using dry-swab samples from
community sampling. Tests were performed by laboratory scientists. Ct — cycle threshold on RT-PCR.

184

185  Extended Innova LFD evaluation (Phases 2-4)

186 The limit of detection of the Innova LFD (Table 2) was determined as part of Phase 2 evaluations for the Innova
187  test. This analysis consisted of saliva spiked with SARS-CoV-2 with stock of SARS-CoV-2 with a standardised
188 PFU. Under these ideal concentrations, at an estimated PFU of 390/mL, which corresponds to a Ct of ~25, the
189  LFD identified all samples.

190

Positive LFD

tests/total
PFU/mI Ct equivalent LFD tests % positive
100000 16 20/20 100
10000 19 25/25 100
1000 23.7 65/65 100
390 25.2 5/5 100
100 25.5 63/65 96
40 28.5 3/5 60
20 29.3 0/5 0
10 30.2 0/5 0
5 31 0/5 0
25 31.7 0/5 0
1.2 32.5 0/5 0

{8}’ Table 2. Limit of sensitivity for SARS-CoV-2 detection by the Innova LFD for antigen detection using saliva sample spiked with SARS-CoV-2. Ct -
cycle threshold. PFU - plaque forming units.
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193
194 Our phase 4 evaluation focused on field testing of the Innova LFD, for which we had a sufficient supply of kits
195 available for wider testing at the time. Device specificity was determined through an analysis of 6954 tests from
196 evaluation phases 2-4. The percentage of false-positives ranged from 0.00-0.49%, with an overall specificity of
197 99.68%. The false-positive rate was centre-dependent (p=0.014, Fisher’'s exact test). These evaluations noted
198  that where there were challenges in interpreting the results when the test result was “weak” (i.e. the test line was
199  very faint) (Table 3).
200
False
Evaluation Phase positives/total | False positives and 95% confidence interval
number

Phase 2 evaluation 0/72 0.0% (0.0-5.0)

Phase 3a evaluation- negative samples 0/940 0.0% (0.0-0.4)

Phase 4 evaluation- hospital staff 1/329* 0.3% (0.01-1.7)

Phase 4 evaluation- armed forces 0/105 0.0% (0.0-3.5)

Phase 4 evaluation- PHE staff 0/209 0.0% (0.0-1.8)

Phase 4 evaluation- school 1 9/1855** 0.5% (0.2-0.9)

Phase 4 evaluation- school 2 + 3 + 4 7/2130* 0.3% (0.1-0.7)

Phase 4 evaluation- COVID-19 testing centre | 5/1314*** 0.4% (0.1-0.9)

TOTAL 22/6954 0.3% (0.2-0.5)

*This was 1 weak positive result that was also a weak positive on repeating; ** Weak positives result were negative on retesting with Innova; ***
Not photographed or repeated. Taken in a setting of prevalence of 14% LFD positive results.

562
364

Table 3. Number of false positives in negative samples in each evaluation stage for the Innova LFD. 95% confidence intervals presented in each
case.

205 Across Phase 2-4 evaluation stages, 8,951 Innova LFD tests were performed, including a diverse cohort of
206 populations as part of Phase 3b and Phase 4 testing, namely out-patient SARS-CoV-2 cases, healthcare staff,
207 armed forces personnel and secondary school children. The overall kit failure rate for the Innova LFD was 5.6%
208  (502/8951, 95% Cl: 5.1-6.1) (Table 4). The most common reason for kit failure was poor transfer of the liquid
209  within the device from the reservoir onto the test strip.

210

513

Innova LFD evaluation phase

LFD failures (%)

Phase 2 negatives

Phase 2 positive dilution series

Phase 2 positive extended dilution series
Phase 2 Swab comparison

0/72 (0.0%)
0/60 (0.0%)
0/155 (0.0%)
0/187 (0.0%)

Phase 3a positives

Phase 3a negatives

Phase 3b FALCON (Dry swabs- field)
Phase 3b FALCON (Dry swabs- lab)
Phase 3b FALCON (VTM swabs)

13/191 (6.8%)
50/990 (5.1%)
27/267 (10.1%)
9/212 (4.2%)
9/157 (5.7%)

Phase 4 hospital staff

Phase 4 armed forces

Phase 4 PHE staff

Phase 4 school 1

Phase 4 school 2 + 3 + 4

Phase 4 COVID-19 testing centre

17/358 (4.7%)
6/157 (3.8%)
19/212 (8.9%)
311/1855 (16.8%)
14/2132 (0.7%)
27/1946 (1.4%)

502/8951 (5.6%)

Table 4. Evaluations of the Innova LFD across Phases 2-4. The table demonstrates the kit failure rate.

213

214 Viral antigen detection/sensitivity in individuals with confirmed SARS-CoV-2 infection using the Innova LFD was
215  assessed in the Phase 3b evaluation as part of the FALCON-C19 research study. Optimal viral antigen
216 detection/sensitivity when performed by laboratory scientists, was 78.8% (95% CIl 72.4-84.3%; 156/198 cases
217 where a paired PCR was performed; see below for differing performance by test operator category). Subgroup
218 analyses showed there were no discernible differences in viral antigen detection/sensitivity in those without
219  symptoms vs. symptomatic individuals (27/41 [65.9%] vs. 95/344 [72.4%], p=0.38). We did not find any evidence
220 of associations between LFD positivity and symptoms or past medical history, with the exception of presence of
%%% headache (Supplementary Table 2).

223 The association between Innova LFD viral antigen detection/sensitivity and estimated viral load/Ct value was
224 explored using the paired RT-PCR VTM swab sample taken at the same time as the swab used for LFD. There
225 was a strong association between viral load detection (RNA copies/mL) determined through RT-PCR and viral
226 antigen detection by LFD (Figure 1). Confirming earlier analyses, sensitivity of LFDs is highest in samples with
227  nigher viral loads."®
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228 Within the 3b FALCON-C19 study, LFDs were also assessed by sampling 150uL of viral transport medium (VTM)
229 solution instead of using dry swabs; this was associated with poorer performance rate (Supp Figure 2). The use
230 of dry swabs forms the basis of the manufacturer’s instructions for use. This was likely due to a dilution factor
231  involved in placing the swab first into VTM and then analysing the VTM sample, and highlights potential issues in
232 generating direct comparisons between LFDs and VTM samples (Supp Figure 2).
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233 Ag Negative [l Ag Positive

for dry swabs when performed by trained laboratory scientists and trained healthcare workers. Diamond shows point estimate, with 95%

% Figure 1. Association between viral antigen detection/sensitivity and viral load (RNA copies/mL and Ct) in Phase 3b Falcon-C19 study evaluation
9 confidence intervals, pooling data from all other categories.

238 As part of Phase 3b-4 evaluations, work was performed to report on the effect of the operator on viral antigen
239 detection/sensitivity in RT-PCR-positive cases using the Innova LFD. Tests were classified according to whether
240 they were performed by a laboratory scientist, a fully trained research health care worker or by a self-trained lay
241 individual working at a regional NHS Test and Trace centre. Performance was optimal when the LFD was used
242 by laboratory scientists (156/198 LFDs positive [78.8%, 95% Cl: 72.4-84.3%)]) relative to trained healthcare-
243 workers (156/223 LFDs positive [70.0%, 95% Cl: 63.5-75.9%]) and self-trained members of the public given a
244 protocol (214/372 LFDs positive [57.5%, 95% Cl: 52.3-62.6%]; p<0.0001).

245
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Proportion Ag Positive
=]

o W2
%ﬁé Figure 2. Effect of training and operator on the viral detection/sensitivity of the Innova LFD in COVID-19 PCR-positive patients.
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248  Discussion

249

250 We report on our national evaluation of SARS-CoV-2 viral antigen-detecting LFDs, focussing on the Innova
251 SARS-CoV-2 Antigen Rapid Qualitative Test, which has a viral antigen detection (sensitivity) of 78.8% when
252 performed by laboratory scientists and a specificity of 99.7%, using RT-PCR as ‘gold standard’ for positive and
253 negative status. In our evaluation, test performance was largely maintained across different settings and cohorts;
%gésl however, performance was partly operator-dependent and kit failures are not infrequent.

256 Test performance to detect SARS-CoV-2-positive samples was improved at lower Ct values/higher viral loads,
257 and were >90% at Ct values <25 equating to ~390 pfu/mL (Supplementary Table 3). There is an expanding body
258 of evidence that suggests viral load/antigen is important as individuals with the highest viral loads are the most
259 infectious, 2° and the presence/absence of viral antigens determined by LFDs is more strongly associated with a
%g(l) viral culture than RT-PCR positivity.”’

262 Our experience is that many LFDs entering our national evaluation program do not perform at a level required for
263 mass population deployment and this reflects the literature. To date, an increasing number of evaluations of
264  SARS-CoV-2 antigen-detecting LFD have been published with variable results. A number of LFDs show good®*
265 B3 19 26 27 acceptable sensitivity and specificity28 2 however, many studies have identified tests with poor
266  sensitivities or specificities.® '

267

268 A challenge for most countries during the SARS-CoV-2 pandemic has been the expansion of capacity for
269 diagnostic testing to support the identification of symptomatic and asymptomatic cases. This would aid in offering
270 testing to “contacts” of COVID-19 and enable targeted testing to better safeguard vulnerable populations e.g.
271 care home residents. Reliance on RT-PCR involves significant infrastructural and specialist human resources to
272 implement at increasing scale. Both the World Health Organisation and European commission have issued
273 guidance supporting wider implementation of antigen-targeting LFDs, and in November, Slovakia became the
274 first country in the world to implement entire population testing using LFDs. 1331 The UK has similar aspirations
275 to pursue a strategy of mass testing and has implemented a city wide mass testing in Liverpool using the Innova
276  LFD in this study.”

277

278 It is important to note that there are some potential issues with considering RT-PCR as the gold standard test for
279 COVID-19. Many individuals have persisting viral RNA fragments that can linger for weeks-months without any
280 evidence of active viral replication; in this instance a PCR-positive is likely to overcall the “infectious” status of an

281 individual *® Indeed, when compared to the ability to perform viral culture, data suggest that RT-PCR tends to
282 overestimate the presence of replicating or infectious virions.*
283

284  In field testing, performance of the Innova LFD was dependent on the test operator. Individuals who had read a
285 protocol immediately prior to self-sampling did not perform as well as individuals with hands-on training, or
286  clinical laboratory personnel who had performed several hundred LFD tests. Like other operator-dependent
287 procedures, further work is required to determine the duration and content of “training” to derive optimal test
288  performance. We also assume that the use of LFDs to successfully identify individuals with higher viral loads and
%gg enabling an earlier diagnosis will be of benefit in interrupting transmission, however, this remains to be proven.
291 SARS-CoV-2 control will benefit from a variety of testing strategies. This might include those optimised for
292 determining past infection/exposure (e.g. serology), those that are of benefit in determining current/recent
293 infection (e.g. RT-PCR), or those identifying potential infectivity. A combination of approaches incorporating the
294 strengths of each of these tests can be effectively used for individuals and for population-level management of
295 the pandemic. Approaches to testing will remain relevant even when effective vaccines become available as it
%gg may take several months for an appreciable effect on transmission to be fully realised.*®

298 In conclusion, we completed late stage evaluations of seven LFDs. We report sensitivities of 70-80% and
299 specificities 299.7% for each LFD evaluated in phase 3b, which involved testing by laboratory personnel or
300 trained healthcare professionals. To identify patients with higher viral loads (Ct<25), each LFD had >90%
301 sensitivity. Sensitivity was lower in phase 4 evaluations, while specificity was maintained. The simplicity of LFDs,
302 without a requirement for specialist training or equipment, mean that they are an attractive option for mass
303 testing. Future research should focus on post-implementation evaluation of diagnostic accuracy, including the
304 potential benefit of regular serial sampling to improve accuracy and reduce transmission.
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422 Research in Context

423

424  Evidence before the study:

425 Lateral flow devices are a new form of testing for SARS-CoV-2. They differ from RT-PCR tests in that they rely
426 on the detection of viral antigens by immunoassays and their utility has not yet been fully defined. A literature
427 review was performed in PubMed and bioRxiv/medRxiv for all studies using lateral flow devices for the detection
428 of SARS-CoV-2 viral antigen. This used the search terms “COVID-19”, “SARS-CoV-2”, “viral antigen” and “lateral
429 flow devices” and was not limited to English language publications. To date, the majority of studies have been
430 largely single centre studies analysing a single test and there are contrasting results with some LFDs showing

431  good sensitivity and specificity® 2° ' ¥ 26 2718 and others demonstrating poorer performance.? %

432

433  Added value of the study

434  This UK COVID-19 Lateral Flow Oversight group study is the largest national evaluation undertaken of viral
435 antigen LFDs for COVID-19. We have flagged four LFDs with the best performance characteristics from our
436 assessments. The Innova LFD has been tested the most extensively and has high specificity with acceptable
437 sensitivity. Our data has also highlighted the critical importance of training. We also note the need for further
438  clinical studies to demonstrate that the identification of individuals with higher viral loads will be of benefit in

439  interrupting transmission.
440
441 Implications of all the available evidence

442 Our data indicates that LFDs for COVID-19 have performance characteristics attractive for the UK mass testing
443 program. Ongoing iterative evaluation of the population-level roll-out of LFDs in reducing transmission of COVID-
444 19, and the contribution of such tests to reducing the risk of morbidity and mortality for clinically vulnerable
445 individuals, is desirable. Further work is required to determine the amount and content of “training” to derive
446  optimal test performance.
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