
Journal of Clinical Virology Plus 3 (2023) 100138 

Contents lists available at ScienceDirect 

Journal of Clinical Virology Plus 

journal homepage: www.elsevier.com/locate/jcvp 

Analytical and clinical performances of seven direct detection assays for 

SARS-CoV-2 

Yasufumi Matsumura 

a , ∗ , Wataru Yamazaki b , Taro Noguchi a , Masaki Yamamoto 

a , Miki Nagao 

a 

a Department of Clinical Laboratory Medicine, Kyoto University Graduate School of Medicine, 54 Shogoin-kawaharacho, Sakyo-ku, Kyoto, 6068507, Japan 
b Center for Southeast Asian Studies, Kyoto University, 46 Yoshida Shimoadachi-cho, Sakyo-ku, Kyoto, 6068501, Japan 

a r t i c l e i n f o 

Keywords: 

SARS-CoV-2 

RT-PCR 

Lateral flow antigen assay 

Direct detection 

a b s t r a c t 

Background: Direct detection tests for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that bypass 

complicated nucleic acid/antigen purification steps are promising tools for the rapid diagnosis of coronavirus 

disease 2019 (COVID-19). 

Methods: To determine the analytical and clinical diagnostic performances of the direct detection assays, we com- 

pared 6 direct molecular detection assays, including two loop-mediated isothermal amplification (LAMP) assays 

and one lateral flow antigen assay, against the reference extraction-based RT-PCR assay using 183 respiratory 

samples (87 nasopharyngeal swabs, 51 saliva samples, and 45 sputum samples). 

Results: Analytical sensitivity analysis showed that the direct RT-PCR assay of Toyobo exhibited the lowest LOD 

of 1,000 copies/mL. Compared with the 80 positive and 103 negative samples based on the reference assay, the 

Toyobo assay had the highest positive percent agreement (PPA) of 96.3%, followed by the two direct RT-PCR 

assays of Takara and Shimadzu and one LAMP assay of Eiken (86.3–87.5%). The Fujirebio antigen assay had the 

lowest PPA of 44.7% among the assays tested. The negative percent agreement of these direct detection assays 

was 100%, except for the Eiken assay (96.3%). 

Conclusions: Large differences in PPA existed among the direct detection tests. Laboratories need to take these 

characteristics into consideration before implementing these assays. 
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. Introduction 

The use of reliable detection tests for severe acute respiratory syn-

rome coronavirus 2 (SARS-CoV-2) is important for the diagnosis of

oronavirus disease 2019 (COVID-19) [1] . Molecular tests using viral

ucleic acid extraction/purification and reverse transcription-PCR (RT-

CR) can provide highly sensitive and specific results and remain the

old standard [2] . However, we have experienced challenges in response

o the massive demand for RT-PCR testing under global supply shortages

nd the need for skilled laboratory professionals [3] . 

Molecular detection assays based on RT-PCR or reverse

ranscription-loop-mediated isothermal amplification (RT-LAMP),

hich directly utilize patient samples in their reactions and bypass viral

ucleic acid extraction/purification steps (hereinafter referred to as

irect assays), use less plastics and reagents and can decrease the time,

abor, and cost [4] . Lateral flow immunoassays also detect SARS-CoV-2

ntigen directly from specimens and can be easily performed and

mployed as point-of-care testing without the need for trained techni-
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ians [5] . However, concerns exist for their diagnostic performances; a

alse-positive result can significantly limit social and personal activities,

nd a false-negative result allows for the potential spread of COVID-19.

t is also important to understand the differences in the diagnostic

erformances of the available assays to utilize them in appropriate

ettings or to switch them when a shortage occurs. Current data for

omparison of analytical sensitivities and/or diagnostic performances

mong available direct detection assays are lacking or insufficient due

o different methods used to evaluate each assay (e.g., type and usage

f positive control material [e.g., inactivated virus in negative sample

atrix that simulates clinical specimen or synthetic RNA template in an

T-PCR], type of negative sample matrix, and number of replicates for

nalytical sensitivity analysis and clinical samples for clinical studies).

n this study, we aimed to determine the analytical sensitivities and

linical diagnostic performances of six direct molecular detection assays

nd one lateral flow antigen assay, which will enable direct comparison

f the performances among assays. 
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. Material and methods 

.1. Clinical specimens 

We included 183 respiratory samples (nasopharyngeal swab, n = 87;

aliva, n = 51; sputum, n = 45) collected from patients who were sus-

ected to have COVID-19 between March and July 2020 at Kyoto Uni-

ersity Hospital and Kyoto City Hospital. We performed studies in par-

llel with different methods using the same samples. Further details are

iven in Supplementary material. 

.2. Direct detection assays 

Table 1 shows a summary of the direct detection assays used in this

tudy. Only acceptable specimen types for each assay were tested. All

ommercial kits were used according to the manufacturers’ instructions.

e included four commercial direct RT-PCR kits: 2019 Novel Coron-

virus Detection kit (Shimadzu, Kyoto, Japan; hereinafter referred to as

himadzu), SARS-CoV-2 gene detection kit (Kyokuto Pharmaceutical In-

ustrial; Kyokuto), SARS-CoV-2 Direct Detection RT-qPCR Kit (Takara

io, Otsu, Japan; Takara), and SARS-CoV-2 Detection Kit -Multi- (Toy-

bo, Osaka, Japan; Toyobo). These kits use a similar workflow of mixing

aw respiratory samples with sample treatment reagents, followed by

eating, addition of RT-PCR reagents, and detection of fluorescent sig-

als on real-time PCR machines. The QuantStudio® 5 Real-Time PCR

ystem (Thermo Fisher Scientific, Waltham, MA, USA) was used for all

f the assays except for the Takara kit, in which the LightCycler® 480

ystem II was used (Roche, Basel, Switzerland). The Toyobo kit was

lso tested using 5 μL of extracted RNA in a 25 μL reaction volume be-

ause it officially supported a workflow using extracted RNA. RNA was

xtracted from 140 μL of the sample using the QIAamp® Viral RNA

ini Kit (Qiagen, Hilden, Germany) and was eluted in a final volume

f 60 μL, following the manufacturer’s protocol of “Purification of Viral

NA (Spin Protocol) ”. 

Two LAMP assays were performed: Loopamp® SARS-CoV-2 detec-

ion kit (Eiken Chemical, Tokyo, Japan; hereinafter referred to as Eiken)

nd an in-house colorimetric assay developed by Yamazaki et al. [6] (see

upplementary material for details). For the Eiken kit, the reaction was

onitored using a LoopampEXIA® real-time turbidimeter (Eiken Chem-

cal). For Yamazaki’s in-house assay, the reaction was monitored using

uantStudio5. 

A commercial lateral flow immunoassay kit for antigen testing, ES-

LINE® SARS-CoV-2 (Fujirebio, Tokyo, Japan; hereinafter referred to

s Fujirebio), was also included. The test line of the strip was observed

y the naked eye. 

.3. Reference assays 

The National Institute of Infectious Disease in Japan (NIID) N2 and

he US Centers for Disease Control and Prevention (CDC) N1/N2 RT-

CR assays were regarded as the reference standards ( Table 1 ). The ref-

rence assays were performed as described previously [7] . Results of the

eference assays were blinded to the performers of the direct detection

ssays. Further details are given in Supplementary material. 

.4. Analytical sensitivity 

We determined the limit of detection (LOD) using a minimum

f six replicates of twofold or tenfold serial dilutions of phosphate-

uffered saline with the heat-inactivated SARS-CoV-2 strain (ATCC®

R-1986HK 

TM ) starting from 1000 genome copies/mL sample. The LOD

as defined as the lowest concentration at which 19 of 20 (95%) repli-

ates were positive. Phosphate-buffered saline was used since a negative

atrix that mimics clinical samples could not be employed due to the

bsence of specimen types that were common to all assays ( Table 1 ). 
2 
.5. Statistical analysis 

The agreement of the assays was assessed by Cohen’s kappa concor-

ance coefficient. The positive percent agreement (PPA) and negative

ercent agreement (NPA) were compared using the McNemar test. The

PA of different specimen types was compared using Fisher’s exact test.

he Ct values were compared using the Kruskal–Wallis test or a Mann–

hitney U test. A p-value < 0.05 was considered statistically significant.

ll statistical analyses were performed using SAS® Studio 3.8 (SAS Insti-

ute Inc., Cary, NC). Visualization of the Ct values was conducted using R

 https://cran.r-project.org ) and ggplot2 ( https://ggplot2.tidyverse.org ).

. Results 

.1. Analytical sensitivity 

The analytical sensitivity analysis showed that among the seven

irect detection assays, Toyobo exhibited the lowest LOD of 1000

opies/mL ( Table 2 ). The other three RT-PCR assays showed LODs be-

ween 2500–50,000 copies/mL and the two RT-LAMP assays showed

igher LODs between 50,000–100,000 copies/mL. The larteral flow im-

unoassay Fujirebio had a much higher LOD of 2500,000 copies/mL.

hen purified RNA was used instead of raw sample, the Toyobo assay

howed a twofold lower LOD. 

.2. Reference assays 

The results of the reference NIID N2 and CDC N1/N2 assays were

oncordant, except for one nasopharyngeal sample. The discordant sam-

le was inconclusive on the CDC assay (N1 negative and N2 positive)

nd was positive on the NIID N2 assay. The chart review revealed that

he patient had a history of close contact with a COVID-19 patient, pre-

ented with pneumonia, and was treated for COVID-19. Therefore, this

ample was considered a true positive. The Ct values of the NIID N2

ssay indicated that the sputum samples had lower viral loads than the

aliva samples ( Fig. 1 ). 

.3. Diagnostic performance 

The diagnostic performances of the direct detection assays used to

valuate the clinical samples are summarized in Table 3 . The Toyobo

ssay had the highest PPA of 96.3%, followed by the Takara (87.5%),

iken (87.5%), and Shimadzu (86.3%) assays. The Kyokuto assay had a

PA of 71.9%; however, as many as 28% of the samples were judged in-

alid due to the absence of amplification of the internal control. Invalid

esults were not observed in any of the other assays. The Yamazaki and

ujirebio assays had low PPAs of 58.8% and 44.7%, respectively. The

PAs varied according to the specimen types ( Table 4 ). For testing the

asopharyngeal swabs, the Toyobo and Shimadzu assays showed excel-

ent PPAs of ≥ 97.4%, followed by the Takara assay (89.5%). For testing

he saliva samples, the Toyobo, Shimadzu and Takara assays showed

 95.8% PPAs and that of Eiken (87.5%) was lower. The Yamazaki as-

ay had a similar PPA (83.3%) to the Eiken assay. For testing the sputum

amples, all of the assays (Shimadzu, Takara, and Yamazaki) except the

oyobo assay showed significantly lower PPAs (33.3%–66.7%) than the

eference standard. All of the assays exhibited an NPA of 100%, except

he Eiken assay, which had one false-positive result (96.3% NPA). The

oyobo assay that utilized extracted RNA showed 100% concordant re-

ults with the reference. 

. Discussion 

We performed a manufacturer-independent evaluation of direct

olecular and antigen detection assays. The analytical sensitivities var-

ed according to the assays. The LODs of all of the direct detection assays

 Table 2 ) were higher than those of the reference assays (NIID N2, 391

https://cran.r-project.org
https://ggplot2.tidyverse.org
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Table 1 

Summary of the detection assays used in this study. 

Assay principle, name, 

manufacturer, regulatory 

status Detection target 

Applicable 

respiratory 

specimens 

Internal control 

included? 

Volume of 

template/reaction 

(μL) 

Positive interpretive 

criteria Reagent cost a Reaction time (min.) 

Direct RT-PCR 

2019 Novel Coronavirus 

Detection kit 

(241–09560–91), Shimadzu 

(Kyoto, Japan), RUO-C 

Two regions in N 

gene (CDC N1/N2 

primer/probe sets) 

All b Yes 5/20 Ct < 40 for either N1 

or N2 

$2250/100 tests 5 c + 88 

SARS-CoV-2 gene detection 

kit (551–69460–4), Kyokuto 

(Tokyo, Japan), RUO 

Two regions in N 

gene (NIID N/N2 

primer/probe sets) 

Nasopharyngeal 

swabs 

Yes 2/17 Ct < 40 for either N or 

N2 

$900/50 tests 5 c + 80 

SARS-CoV-2 Direct Detection 

RT-qPCR Kit (RC300a), 

Takara, RUO-C 

Two regions in N 

gene (NIID N/N2 

primer/probe sets) 

in one channel 

All b No 8/50 Ct ≤ 40 for N/N2 $1200/100 tests 5 c + 66 

SARS-CoV-2 Detection Kit 

-Multi- (NCV-403), Toyobo, 

RUO-C 

Two regions in N 

gene (modified CDC 

N1/N2 primer/probe 

sets) 

All b Yes 8/51 Ct < 40 for either N1 

or N2 

$980/100 tests 5 c + 66 

Direct RT-LAMP 

Loopamp® SARS-CoV-2 

detection kit (LMP403), 

Eiken, IVD 

RdRP and N genes Saliva No 0.24 d /25 Increase in the 

turbidity within 

35 min (interpreted by 

a turbidimeter) 

$968/48 tests 35 

Yamazaki, in-house, RUO ORF1ab, S, and 

ORF7 genes 

All b No 10 e /50 Increase in the 

fluorescence within 

25 min 

$3/test 5 c + 25 

Lateral flow immunoassay 

ESPLINE® SARS-CoV-2 

(260319), Fujirebio, IVD 

SARS-CoV-2 antigen Nasopharyngeal 

swabs 

Yes 13 f /20 Visual detection of test 

lines 

$72/10 tests 5 f + 30 

RT-PCR 

SARS-CoV-2 Detection Kit 

-Multi- (NCV-403), Toyobo, 

RUO-C 

Two regions in N 

gene (modified CDC 

N1/N2 primer/probe 

sets) 

All b Yes 5 g /25 Ct < 40 for either N1 

or N2 

$980/200 tests 66 

NIID N2, in-house, RUO-C N gene (NIID N2 

primer/probe set) 

All b No 5 g /20 Ct < 40 $2/test 68 

CDC N1/N2, in-house, RUO Two regions in N 

gene (CDC N1/N2 

primer/probe sets) 

All b Yes (separate 

reaction) 

5 g /20 Ct < 40 for both N1 

and N2 h 
$6/test 88 

RUO-C, research use only but approved for clinical diagnostic use in Japan; RUO, research use only; RT-LAMP, reverse transcription loop-mediated isothermal 

amplification; IVD, in-vitro diagnostics in Japan; NIID, National Institute of Infectious Disease in Japan; CDC, Centers for Disease Control and Prevention. 
a Calculated at an exchange rate of 100 yen = $1. Only the cost for each reaction reagent was included. 
b Includes nasopharyngeal swabs in viral transport media, as well as saliva and sputum specimens. 
c Time of the heat treatment before the reactions. 
d 100 μL of saliva was mixed with 4 mL of proprietary extraction reagent (Loopamp® viral RNA extraction reagent for influenza; LMP801), 10 μL of which was 

used for the reaction (10 μl of 41-fold diluted sample was used.). 
e Ten microliters of saliva or sputum or 5 μL of nasopharyngeal swabs diluted with 5 μL of TE buffer (pH 8.0) were heated at 95 °C for 5 min and mixed with the 

in-house LAMP reagent. 
f A 20 μL mixture was obtained from 20 μL of nasopharyngeal samples and 10 μL of proprietary concentrated sample treatment solution (20 μl of 1.5-fold diluted 

sample was used), which was incubated at room temperature for 5 min before application onto the cassette. 
g Five microliters of extracted RNA template, which corresponded to approximately 11.7 μl of raw sample, was used for the RT-PCR. The raw sample volume 

was calculated by the fact that 140 μl of raw sample underwent extraction and was eluted in 60 μl. 
h Samples were defined as positive when both the N1 and N2 assays were positive with Ct values < 40. Samples were defined as negative when both the N1 and 

N2 assays were negative and the RNaseP assay (control reaction) was positive. Samples were defined as inconclusive when either N1 or N2 was positive and the 

other was negative. 
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opies/mL and CDC N1/N2, 256 copies/mL) that were quantified using

he same SARS-CoV-2 strain by our group [7] . The LODs of the Toyobo

nd Shimadzu assays were 1000–2500 copies/mL and were superior to

hose of the other direct RT-PCR assays and RT-LAMP assays (one to two

rders of magnitude higher copies/mL). At least three possible factors

ay be associated with the higher LODs compared with the reference

ssays and the variations in the LODs of these direct assays. First, a lower

ample volume was used for the direct molecular assays. Approximately

1.7 μl of sample was used for the reference RT-PCR when 140 μl of

ample underwent extraction and was eluted in 60 μl, and 5 μl of elute

as used for the reaction. In contrast, 2–10 μl was used for direct RT-

CR, and 0.24 μl or 10 μl was used for RT-LAMP ( Table 1 ). Second, the
3 
pecimen lysis methods (heat, enzymatic, chemical lysis, or combination

f these) were different among the assays. The heating conditions, the

ddition of proteinase K treatment or polyvinylsulfonic acid can influ-

nce the detection sensitivity [ 4 , 8 , 9 ]. Third, the mastermixes, primers,

robes, and thermal cycling conditions of the RT-PCR may be associ-

ted [ 10 , 11 ]. Of these, the primers and probes may not explain the

ifference in the 4 direct RT-PCR assays evaluated in this study. These

ssays utilized the CDC or NIID primer/probe sets that were used in the

eference assays, and genetic variations that may compromise detection

ensitivities have rarely been observed [10] . The antigen assay Fujirebio

howed an LOD that was four orders of magnitude higher for copies/mL

2.5 million copies/mL) than those of the reference assays. This value is
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Fig. 1. Ct values of the reference NIID N2 assay for the 

80 true positive samples. 

Box-and-whisker plots are shown with individual val- 

ues, according to the specimen types. Statistical com- 

parison of the Ct values among the three specimen 

types found significant differences ( p = 0.02). The Ct 

values of the sputum samples were significantly higher 

than those of saliva. 

Table 2 

Analytical sensitivity of the direct detection assays. 

Assay principle, 

manufacturer 

Limit of detection a , 

genome copies/mL 

sample (95% CI) 

Viral genome copies/mL sample, positive rate (no. of replicates, positive/tested) 

Dilution 1 Dilution 2 Dilution 3 Dilution 4 

Direct RT-PCR 

Shimadzu 2500 5000, 100% (10/10) 2500, 100% (20/20) 1000, 90% (18/20) 500, 80% (8/10) 

Kyokuto 50,000 100,000, 100% (10/10) 50,000, 95% (19/20) 25,000, 73% (8/11) 10,000, 36% (4/11) 

Takara 10,000 25,000, 100% (10/10) 10,000, 87% (19/20) 5000, 80% (16/20) 2500, 40% (4/10) 

Toyobo 1000 2500, 100% (10/10) 1000, 100% (20/20) 500, 63% (12/19) 250, 33% (3/9) 

Direct RT-LAMP 

Eiken 100,000 250,000, 100% (10/10) 100,000, 100% (20/20) 50,000, 79% (11/14) 25,000, 71% (10/14) 

Yamazaki b 50,000 100,000, 100% (10/10) 50,000, 100% (20/20) 25,000, 60% (6/10) 10,000, 50% (3/6) 

Lateral flow immunoassay 

Fujirebio 2500,000 5000,000, 100% (10/10) 2500,000, 100% (20/20) 1000,000, 0% (0/6) 

RT-PCR 

Toyobo 500 1000, 100% (10/10) 500, 100% (20/20) 250, 90% (18/20) 100, 50% (3/6) 

RT-LAMP, reverse transcription loop-mediated isothermal amplification; CI, confidence interval. 
a The copy numbers per reaction for the direct assays can be calculated by multiplying the values of template volume (e.g., 0.005 for the SHIMADZU 

assays). For the Toyobo assay using purified RNA (RT-PCR), the copy numbers per reaction for the direct assays can be calculated by multiplying the values 

by 0.0117 (140 μL sample, 60 μL elution in RNA purification step, and 5 μL of purified RNA for reaction). 
b Five microliters of template (test condition for the nasopharyngeal swabs) was used for the analysis. 

4 
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Table 3 

Overall diagnostic performance of the direct detection assays. 

Assay principle, manufacturer Number of positive/negative samples tested PPA (95% CI) NPA (95% CI) Kappa (95% CI) 

Direct RT-PCR 

Shimadzu 80/103 86.3% 

a (76.7–92.9%) 100% (96.4–100%) 0.88 (0.80–0.95) 

Kyokuto 38/49 b (nasopharyngeal swabs only) 71.9% 

a (53.2–86.3%) 100% (88.7–100%) 0.72 (0.55–0.89) 

Takara 80/103 87.5% 

a (78.2–93.9%) 100% (96.4–100%) 0.89 (0.81–0.96) 

Toyobo 80/103 96.3% (89.4–99.3%) 100% (96.4–100%) 0.97 (0.92–1) 

Direct RT-LAMP 

Eiken 24/27 (saliva only) 87.5% (67.6–97.4%) 96.3% (81.0–100%) 0.84 (0.69–1) 

Yamazaki 80/103 58.8% 

a (47.1–69.7%) 100% (96.4–100%) 0.62 (0.50–0.73) 

Lateral flow immunoassay 

Fujirebio 38/49 (nasopharyngeal swabs only) 44.7% 

a (28.6–61.7%) 100% (92.7–100%) 0.48 (0.31–0.65) 

RT-PCR 

Toyobo 80/103 100% (95.4–100%) 100% (96.4–100%) 1 c 

RT-LAMP, reverse transcription loop-mediated isothermal amplification; PPA, positive percent agreement; NPA, negative percent agree- 

ment; CI, confidence interval. 
a P < 0.05 in comparison with the defined reference standard. 
b Tests for 24 samples (27.6%; 6 true positive and 18 true negative samples) were invalid due to the absence of positive signals for 

the internal control target. Repeat testing yielded the same results. If these samples were included in the calculation, the PPA was 60.5% 

(43.3–76.0%), the NPA was 63.3% (48.2–76.6%), and the Kappa coefficient was 0.24 (0.03–0.45). 
c 95% CI could not be calculated. 

Table 4 

Diagnostic performance of the direct detection assays according to the specimen types. 

Assay, 

manufacturer 

Nasopharyngeal swab, 38/49 a Saliva, 24/27 a Sputum, 18/27 a 

PPA (95% CI) NPA (95% CI) Kappa (95% CI) PPA (95% CI) NPA (95% CI) Kappa (95% CI) PPA (95% CI) 

NPA (95% 

CI) 

Kappa (95% 

CI) 

Direct RT-PCR 

Shimadzu 97.4% 

(86.1–100%) 

100% 

(92.7–100) 

0.98 (0.93–1) 95.8% 

(78.9–99.9%) 

100% 

(87.2–100) 

0.96 (0.88–1) 50.0% 

b 

(26.0–74.0%) 

100% 

(87.2–100) 

0.55 

(0.30–0.79) 

Kyokuto 71.9% 

b , c 

(53.2–86.3%) 

100% 

c 

(88.7–100%) 

0.72 c 

(0.55–0.89) 

NA NA NA NA NA NA 

Takara 89.5% 

(75.2–97.1%) 

100% 

(92.7–100) 

0.91 (0.81–1.00) 100% 

(86.2–100) 

100% 

(87.2–100) 

1 d 66.7% 

b 

(40.9–86.7%) 

100% 

(87.2–100) 

0.71 

(0.49–0.92) 

Toyobo 100% 

(90.7–100) 

100% 

(92.7–100) 

1 d 100% 

(86.2–100) 

100% 

(87.2–100) 

1 d 83.3% 

(58.5–96.5%) 

100% 

(87.2–100) 

0.86 

(0.70–1) 

Direct RT-LAMP 

Eiken NA NA NA 87.5% 

(67.6–97.4%) 

96.3% 

(81.0–100%) 

0.84 (0.69–1.00) NA NA NA 

Yamazaki 55.3% 

b 

(38.3–71.4%) 

100% 

(92.7–100) 

0.58 (0.42–0.75) 83.3% 

(62.6–95.3%) 

100% 

(87.2–100) 

0.84 (0.69–0.99) 33.3% 

b 

(13.3–59.1%) 

100% 

(87.2–100) 

0.38 

(0.13–0.62) 

Lateral flow immunoassay 

Fujirebio 44.7% 

b 

(28.6–61.7%) 

100% 

(92.7–100) 

0.48 (0.31–0.65) NA NA NA NA NA NA 

RT-PCR 

Toyobo 100% 

(90.7–100) 

100% 

(88.7–100) 

1 d 100% 

(86.2–100) 

100% 

(87.2–100) 

1 d 100% 

(81.4–100) 

100% 

(87.2–100) 

1 d 

PPA, positive percent agreement; NPA, negative percent agreement; CI, confidence interval; NA, not applicable. 
a Number of true positive/total samples. 
b P < 0.05 in comparison with the defined reference standard. 
c Tests for 24 samples (27.6%; 6 true positive and 18 true negative samples) were invalid due to the absence of positive signals for the internal control target. 

Repeat testing yielded the same results. If these samples were included in the calculation, the PPA was 60.5% (43.3–76.0%), the NPA was 63.3% (48.2–76.6%), 

and the Kappa coefficient was 0.24 (0.03–0.45). 
d 95% CI could not be calculated. 
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r  
oncordant with a previous study that found that the LOD of Fujirebio

1.2 million copies/mL) was one of the best among the 19 lateral flow

ntigen assays studied [12] . 

The differences in the LODs correlated with the PPAs for clinical

pecimens ( Table 3 ), but they differed according to the specimen type

 Table 4 ). Some direct detection assays only can evaluate limited spec-

men types, and we examined only valid specimen types ( Table 1 ) in

his study. The PPAs for testing the sputum with these assays were gen-

rally low, which made the overall PPAs of the applicable assays for

putum samples (Toyobo, Shimadzu, Takara, and Yamazaki) lower. The

ow PPAs of the assays are considered to be associated with the lower

iral loads in sputum samples ( Fig. 1 ), and it is difficult to speculate

he suitability of sputum for direct detection. For nasopharyngeal swabs

nd saliva, the direct RT-PCR assays of Toyobo and Shimadzu had a
5 
ood performance of > 95% PPAs, and the performance of Takara fol-

owed. The Kyokuto assay yielded many invalid results for nasopharyn-

eal samples and was considered unsuitable for clinical tests. The di-

ect RT-LAMP assays of Eiken and Yamazaki had PPAs of approximately

5% for saliva, which were lower than the direct RT-PCR assays. Eiken

T-LAMP is considered less sensitive even if it is used with extracted

NA [ 7 , 13 ], which may explain the lower PPAs of RT-LAMP than the

T-PCR assays. Only one Japanese study evaluated multiple direct de-

ection assays to evaluate the saliva of laboratory confirmed positive

atients, and the samples had been collected a median of seven days

fter hospital admission [14] . Compared with the 80.6% sensitivity of

he NIID N2 reference assay, the Takara, Shimadzu, Eiken and Fujire-

io assays showed sensitivities of 76.7%, 78.6%, 70.9%, and 11.7%,

espectively. These values of the direct RT-PCR assays correspond to an
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pproximately 90% PPA against the reference assay, which is compara-

le to our results. The Fujirebio assay exhibited a lower PPA than our

esults for nasopharyngeal swabs, but it was not approved for saliva.

wo studies that examined the clinical performance of the Fujirebio as-

ay for nasopharyngeal swabs reported PPAs of 39–48% against refer-

nce RT-PCR assays [ 15 , 16 ]. These values are in agreement with the

PA in this study (44%). Overall, the RT-LAMP and lateral flow antigen

ssays showed lower PPAs than the direct RT-PCR assays, but they can

e used for patients who are expected to have high viral loads, such as

ymptomatic patients with early disease. 

The RT-LAMP Eiken assay produced a false-positive result. The RT-

AMP method is challenged by low specificity because of the use of

ultiple primers that are potentially associated with nonspecific am-

lification [1] . The reported pooled specificity of the direct RT-LAMP

ssays was as low as 96% [17] . Concerns for false positives have also

een reported for lateral flow antigen assays. In a screening study with

1,847 tests, the Abbott and BD direct antigen assays showed 30–77%

alse positive rates in a low prevalence setting (0.05%) [18] . Following

hese observations, it may be prudent to perform confirmatory RT-PCR

ests in a low prevalence setting. 

For the quality assurance of molecular detection tests, it is impor-

ant to include internal control reactions to avoid false negatives result-

ng from insufficient extraction and/or PCR inhibition [19] . However,

T-LAMP usually cannot discriminate between the signals of different

argets and thus cannot include internal controls. The Eiken and Ya-

azaki RT-LAMP assays also lacked internal controls ( Table 1 ). This

imits the clinical utility of RT-LAMP assays, especially when they are

ombined with direct detection methods, which have a higher risk of

eaction inhibition. 

The study limitations included a relatively small sample size of each

pecimen type, potential sampling bias, and the lack of paired samples

or all specimen types. We could not evaluate differences in diagnostic

erformance according to the sample type. Additionally, there is a lack

f analytical specificity analysis, clinical information, repeated measure-

ents by multiple investigators, detailed examinations for the samples

hat yielded discrepant results among different assays, and a genomic

ariation analysis in this study. The strengths included the evaluation

f multiple direct detection assays using the same clinical samples in

he absence of manufacturer-independent assessments for several of the

ssays. 

. Conclusions 

We found that large differences in analytical sensitivities and PPAs

or the clinical specimens existed among the seven direct detection as-

ays. Based on our results, the direct RT-PCR assays of Toyobo, Shi-

adzu and Takara were useful for evaluating nasopharyngeal swabs and

aliva. The direct RT-LAMP assays of Eiken and Yamazaki for evaluat-

ng saliva are faster than direct RT-PCR assays and can be used in a

esource-poor setting. However, it is noted that their PPAs were inferior

o direct RT-PCR assays, and they lacked internal controls. The use of

he lateral flow antigen Fujirebio assay may be limited to only high-risk

opulations. These direct detection assays help increase the number of

ests and decrease the turnaround time even under supply shortages, but

linical laboratories need to take these characteristics into consideration

efore implementing these assays. 
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