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Low sensitivity of BinaxNOW® RSV in infants.
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Abstract
Background: Respiratory syncytial virus (RSV) is a major cause of hospitalisation in infants. Early detection of RSV can optimise clinical management and minimise use of antibiotics. BinaxNOW® RSV (BN) is a rapid antigen detection test (RADT) which is widely used. We aimed to validate the sensitivity of BN in hospitalised and non-hospitalised infants against the gold standard of molecular diagnosis. 
Methods: We evaluated the performance of BN in infants with acute respiratory tract infections (ARTIs) with different degrees of disease severity. Diagnostic accuracy of BN test results were compared to molecular diagnosis as reference standard.
Results: 162 respiratory samples from 148 children from October 2017 to February 2019 were studied. Sixty-six (40.7%) samples tested positive for RSV (30 hospitalisations, 31 medically attended episodes not requiring hospitalisation and five non-medically attended episodes). Five of these samples tested positive with BN, leading to an overall sensitivity of BN of 7.6% (95% CI 3.3-16.5%) and a specificity of 100% (95% CI 96.2-100%). Sensitivity was low in all subgroups.
Conclusion: We found a low sensitivity of BN for point-of-care (POC) detection of RSV infection. BN  should be used and interpreted with caution.
Clinical Trials Registration: NCT03627572, NCT03756766
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Background
Respiratory syncytial virus (RSV) is the most common pathogen identified in young children with acute lower respiratory tract infections (ALRI) [1]. RSV is a major cause of hospital admissions with an estimated hospitalisation rate of 19.19 per 1000 children under the age of one year worldwide [2][3][4]. 
Reliable rapid diagnostic tests are needed to improve patient management regarding unnecessary use of antibiotics [5,6] and to enable cohorting of hospitalised children in the RSV season. An evolving role for rapid tests is as a companion diagnostic for the development of novel RSV antivirals and evaluation of efficacy of new RSV vaccines, for which it will be important to have both a reliable and rapid RSV test.
[bookmark: _Hlk29393348]Currently, the gold standard for RSV diagnosis is laboratory based reverse transcriptase polymerase chain reaction (RT-PCR). This technique is highly sensitive and specific, but is time-consuming, relies on trained laboratory staff and typically has a long lag to provide results to clinical teams (24-48 hours), negating its clinical value. Whilst in recent years point-of-care tests (POCTs) utilising molecular methods have been developed, they remain expensive and consequently are not widely adopted in clinical practice. A range of alternative POCTs are available and used in clinical practice which are fast, easy to use by non-laboratory personnel, and often less expensive compared to routine RT-PCR. The turnaround time of most POCTs is less than one hour. RSV rapid antigen detection tests (RADTs) are POCTs with high specificity, but a wide range in sensitivity, partially depending on viral load [7,8]. Two recent meta-analyses showed a pooled sensitivity of 81% (95% CI, 78% to 84%)[9] and 75.9% (95% CI, 73.1% to 78.5%) for RSV RADTs in general in children compared with RT-PCR[10]. There is large heterogeneity in these studies, which are often sponsored by the tests’ manufacturer. In addition, many studies are performed retrospectively and in hospitalised children, while diagnostics are not evaluated at point-of-care. As a result, sensitivity of individual studies vary considerably from 41.2%[11] to 83% [12].
The aim of the current study was to evaluate for the first time the performance of the RADT BinaxNOW® RSV (BN; Alere Inc., Waltham, MA, USA) [13]  to diagnose RSV infection in infants with acute respiratory tract infection (ARTI) in different clinical settings in a large international prospective clinical study.

Methods
Study population 
[bookmark: _Hlk28944256][bookmark: _Hlk29390099]The study population consisted of infants (<1 year old) with an acute respiratory tract infection (ARTI) who were participating in the REspiratory Syncytial virus Consortium in EUrope (RESCEU) [14] birth cohort study or the case-control study during two RSV seasons between 1 October 2017 and 28 February 2019. RESCEU is an EU-funded consortium study aiming to define RSV burden of disease in Europe. The current study was performed in the Netherlands, Spain and the United Kingdom. The birth cohort study consists of healthy infants prospective followed up from birth. In their first year of life,  during the RSV season(s), a RSV test was performed each time they experienced any symptoms of an ARTI. Infants were tested by a trained member of the study team at home or at the clinic and could be tested during more than one separate episode. The case-control study is a cross-sectional study performed in infants admitted to hospital, attending emergency departments (ED) or general practitioners (GP) with symptoms of ARTI. Details of the study design and procedures can be found at clinicaltrials.gov (NCT03627572, NCT03756766). Informed consent was obtained from the parents of all study participants. All children with ARTI were eligible for RSV POC testing. For practical reasons not all children could be tested with both the BN and the reference test. For this analysis we included only samples on which both BN and a molecular reference test were performed (Figure 1).
Data on age, sex, comorbidities, duration of symptoms of ARTI and level of medical care needed (hospitalised, MA-ARTI and non-MA ARTI) were obtained by completing questionnaires and case report forms (CRF). We defined 3 levels of medical care: infants with ARTI who were hospitalised (including a subgroup of infants who were admitted to the pediatric intensive care unit (PICU), infants with medically attended (MA) ARTI, defined as infants who were seen at the ED or GP, but were not admitted to the hospital, and infants with non-MA ARTIs who did not see any doctor during the entire ARTI episode. In addition the ReSViNET score was used to determine disease severity. (Supplementary Table 1)[15].

Study procedures
[bookmark: _Hlk29390478]A nasal flocked swab (FLOQSwab™, Copan diagnostics) was collected by a trained member of the study team and directly stored in one of the following viral transport media: MicroTest™ M4RT® (Remel, 3 ml) or UTM™ (Copan diagnostics, 3 ml). A maximum of 400 μl of the viral transport medium was used for POC testing. Samples were transported at room temperature. BN test was performed within four hours. The remaining sample was stored in aliquots at −80 °C or discarded if RSV was negative (infant case-control study). The molecular reference test was either Xpert® Xpress Flu/RSV assay (Cepheid, Sunnyvale, CA, USA)[16] or Alere™ i RSV assay (Alere Inc., Waltham, MA, USA)[17] depending on availability of the tests at participating sites. The staff had hands-on-training on how to sample patients and how to use the available POC tests before the start of the studies.
[bookmark: _Hlk29390666]All tests were performed according to the manufacturer’s instruction. In short, for the BN assay 100 μl of the viral transport medium mixed with the swab was aspirated with the included transfer pipette. The BN card was opened and the entire content of the filled pipette was slowly expelled onto the sample pad of the device. A timer was set at 15 minutes to avoid inaccurate test results. After these 15 minutes test results were read immediately from the BN test card, by visual inspection (Supplementary text).
[bookmark: _Hlk8071106]Statistical analysis
[bookmark: _Hlk8072168][bookmark: _Hlk8072348]A positive molecular test for RSV was defined as the reference outcome. BN results were compared with the reference test to measure diagnostic accuracy. Dichotomous variables were compared using chi-square or Fisher’s exact test as appropriate. P values <0.05 were considered statistically significant. Univariate logistic regression analysis was used to determine whether false negative BN tests results were associated with age, duration of symptoms, or ReSViNET score. Statistical analyses were conducted using IBM SPSS Statistics for Windows, Version 25.0 (IBM corp., Armonk, NY, USA).


Results
In total, 162 nasal swabs from 148 infants with symptoms of ARTI were tested with BN and the reference test. 134 infants were tested once and 14 infants were tested twice during two separate ARTI episodes. Of the 162 samples, 36 (22.2%) were from hospitalised infants, 83 (51.2%) from infants who had a MA ARTI, 41 (25.3%) from infants who had a non-MA ARTI, and two samples were from infants with missing data about level of care. Baseline characteristics are summarised in Table 1. Median age at moment of ARTI was 84 days (IQR, 39 to 178 days). 98 (78.4%) of the swabs were taken within five days after the start of symptoms. Four infants had comorbidities, including: prematurity, cardiomyopathy and congenital bronchomalacia. 
[bookmark: _Hlk8130855]There were 66 RSV infections detected in 162 nasal swabs (40.7%) of which five (7.6%) tested positive by BN (Figure 1). All BN positive samples also tested positive by the reference test. One infant had two RSV positive episodes (of which one episode was BN positive). Test characteristics of BN are shown in Table 2. Sensitivity was not significantly related to age, duration of symptoms, disease severity or level of care required (Table 3). Sensitivity was higher in the subgroup of infants admitted to a PICU compared to other infants (22.2% versus 5.3%), although this difference was not statistically significant (p=0.134). Univariate logistic regression analysis confirmed low sensitivity of BN in all subgroups.
Test procedure 
Because sensitivity of BN was lower than previously published, we carefully analyzed our procedures. Uniform standard operating procedures (SOP) regarding sample collection and POC testing with BN was written and distributed to all participating centers prior to the start of the study. In the course of the study, BN test procedure was thoroughly evaluated, including a careful analysis by employees from the manufacturer (Supplementary text). No technical explanation was found for the low sensitivity of BN.

Discussion
In this study we have shown that the overall sensitivity of BN was only 7.6% (95% CI, 3.3% to 16.5%) in infants with ARTIs of varying clinical severity (hospitalised, MA-ARTI and non-MA ARTI). Highest sensitivity was seen in infants admitted to the PICU, although this was still only 22%. The sensitivity of BN in the current study is remarkably lower than previously reported. Two recent meta-analyses showed a pooled sensitivity of BN of 81% (95% CI, 74% to 87%)[9] and 72.2% (95% CI, 65.2% to 79.1%) [10], respectively. Individual studies showed a sensitivity varying from 41.2% to 83% in children when compared to RT-PCR [7,11,12,18–21]. Characteristics of these studies are shown in Table 4. The sample size of the studies varied between 66 and 720 participants with various age limitations. The 4 larger studies were all performed in children under the age of 3 years with nasopharyngeal aspirate (NPA) or nasal wash (NW) and showed a sensitivity of 63-83% compared to RT-PCR. The 3 other studies were smaller and mainly used nasopharyngeal swab (NPS) as sampling method. The sensitivity of these studies varied between 41% and 80% compared to RT-PCR. The sample size of our study was 162, which is comparable but still smaller than the 4 larger studies. The low sensitivity in our study compared with the other studies is striking and necessitated a thorough analysis of the differences with the other studies and other possible explanations for the low sensitivity observed in our study. One of the differences between our study and the other studies is that we also included infants with non-MA ARTI while other studies evaluated the performance of BN mainly in hospitalised children.
We reflected on possible explanations for the low sensitivity observed in our study. We considered that reduced disease severity could be linked to lower viral loads in infants recruited [22] and subsequently a lower sensitivity. However, even in the group of infants with severe disease who were admitted to hospital, sensitivity was less than 10%. Other factors that might influence sensitivity are age and duration of symptoms as both are probably related to viral load. False negative results are more often seen with an increasing age [20] or longer duration of symptoms [7,20,21,23]. However, all children in our study were younger than 1 year of age and the majority (78.4%) were tested within 5 days after the start of symptoms, thus this could not explain the low sensitivity.
We also considered sampling methods as a cause of the low sensitivity in our study. Compared to the other published studies we used nasal flocked swabs in 3 ml UTM or M4RT instead of NPS in 1 or 1.5 ml viral transport medium or NW/NPA. We have previously shown that nasal aspirates are associated with higher sensitivity than non-flocked swabs to detect RSV by PCR [24]. Other studies have shown that sensitivity was comparable between NW or NPA, and NPS with flocked swabs for detection of viruses by PCR [25,26]. In addition, Blaschke et al. [27] showed that midturbinate (nasal) flocked swabs are comparable to NPS for quantitative detection of RSV in infants, showing similar viral loads. While no studies have previously compared the performance of rapid antigen testing in nasal swabs compared to aspirates or washes, we do not think that sampling methods fully explain the low sensitivity of BN. Temporal evolution of the binding site of the RSV fusion protein may have changed over time with loss of binding to the BN antibody, ultimately resulting in decreased sensitivity. We have limited information on viral sequences in our patient population. Since most of the known antigenic sites of the RSV fusion protein are generally well conserved we believe this explanation for the low sensitivity of BN is unlikely[28]. Taken together, we have not found a methodological or biological explanation for the low sensitivity of BN in our study compared to previous reports. 

A strength of our study is that it is part of a large prospective clinical study with a well-defined study population performed in different centers across Europe. Our study is based on clinical endpoints rather than virological, ensuring a low risk of bias. Another strength is that we evaluated the performance in different clinical settings with a wide range of disease severity. This enabled us to evaluate test performance not only in a hospital setting, but also in primary care and emergency departments. As the availability of POCTs is increasing, these tests might also be introduced into outpatient settings. Our study added valuable information about the sensitivity in different clinical settings, which is important to know before implementing POCTs in these settings. Lastly, we evaluated the test procedure of BN thoroughly during the study period to avoid any bias due to incorrect handling of the tests (see Supplemental text). We also worked closely with the manufacturer of BN to ensure we used the correct procedure. 

There are several limitations to our study. First, we did not compare viral loads between true positive and false negative test results. Alere i and Xpert Xpress are qualitative tests. RADT sensitivity depends on viral load [7,8] while viral load is positively associated with disease severity [22]. In our study, sensitivity in the infants who were admitted to the PICU was higher, but this was still only 22% and not statistically significant higher compared to other clinical settings. Second, in our study we used the Alere i RSV and Xpert Xpress Flu/RSV as reference standards while RT-PCR  has been used as the gold standard in some other studies [7,11,12,18–20]. These new molecular assays are reported to have a sensitivity (93%-100%) and specificity (96%-100%) comparable with RT-PCR[29–34]. Third, we have not subtyped RSV. RSV genotype-B infection has been associated previously with false-negative results of RADT [20]. Fourth, we used nasal swabs and not nasopharyngeal swabs. Viral loads could be lower in this anterior nasal region and thus affect sensitivity. However, midturbinate flocked swabs have shown to be comparable for quantitative detection of RSV in infants [27]. Last, we have not analysed why BN performed sub-optimally. It is possible that both transport media used in this study, although recommended by the manufacturer, had some form of inhibitory effect on the test.

In conclusion, we have performed the first international prospective population-based study to define the sensitivity of a rapid antigen detection test for RSV infection. We showed that BN has low sensitivity in infants with ARTI in different clinical settings when collected with a nasal flocked swab in UTM or M4RT transport medium. Even in infants with most severe disease sensitivity was only 22%. Our study indicates that BN should be used and interpreted with caution. More studies are needed to determine variation in sensitivity with different sampling methods. Physicians should consider using more sensitive molecular assays for RSV POC testing.
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Supplementary data 
Supplementary text (test procedure BinaxNOW® RSV(BN))
[bookmark: _Hlk29394982]Uniform standard operating procedures (SOP) regarding sample collection and POC testing with BN was written and distributed to all participating centers prior to the start of the study. The SOP contained a link to a video with detailed instructions how to use BN[13]. BN kits of different lot numbers were used. Positive and negative control swabs were tested before using tests from a new kit and were clearly positive or negative. All centers used microtipped flocked swabs to collect nasal mucus. The swab was immediately transferred into 3 ml virus transport medium (M4RT of UTM), both volume and type of virus transport medium (VTM) were acceptable according to the manufacturer’s instruction. Swabs were rotated vigorously 3 times before breaking off the long end of the swab and leaving the swab in the medium. BN tests were performed within 4 hours after sample collection by slowly pipetting 100 μl from the medium on the card at the indicated point and sealing the card. Test results were read after 15 minutes, by visual inspection. Even a very faint sample line was interpreted as positive (according to the manufacturer’s instructions). BN tests were performed by various researchers and research nurses at the different sites. BN false negative results were retested by another person for a subset of samples with the same results. Alere was contacted and checked the test procedure at location (UMCU), which they approved as being done according to the manufacturer’s instruction. They were not able to explain the low observed sensitivity.
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