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Brief summary: Biased seroprevalence estimates can result from using serological assays optimized 

using validation sets that do not represent disease spectrum in the general population. Correct 

interpretation of SARS-CoV-2 serosurveys requires quantifying how assay sensitivity varies with 

disease severity and over time. 
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Serosurveys are needed to understand how many people have been infected by SARS-CoV-2 and 

where we are in the epidemic curve. Unprecedented serosurveillance efforts have been launched 

(e.g., Solidarity II, NIH) to generate local and global infection estimates to guide social distancing 

policies. Recently published results suggest that the proportion of the population that has been 

infected, even in places with explosive outbreaks such as Spain or New York City, is low and far from 

the levels required for herd immunity [1–3]. 

 

Multiple serological assays and rapid tests are now available and, as of July 16th, the Food and Drug 

Administration has authorized the use of twenty-nine, which report a range of test performance 

characteristics (i.e., sensitivity and specificity, as well as positive and negative predictive values) [4]. 

Assay validation requires samples from individuals with known infection status in order to determine 

test performance characteristics. Due to potential cross-reactivity of antibody responses to seasonal 

coronaviruses, much of the focus of assay development has been on ensuring near perfect 

specificity, to minimize the risk of false positive results. This is particularly important during early 

stages of the epidemic, when the number of true positives is expected to be very low. However, if 

the purpose of deploying a serological assay is to quantify the proportion of the population that has 

been infected by SARS-CoV-2 (i.e., serosurveillance), adequate characterization of assay sensitivity to 

detect prior infection in the general population is important as well. We raise this issue because in 

the absence of such characterization, it will not be possible to generate accurate estimates of 

population-level exposure to this novel pathogen [5]. 

 

A growing body of evidence suggests that asymptomatic and mild SARS-CoV-2 infections, together 

making up over 95% of all infections, may be associated with lower antibody titers than more severe 

infections [6–16]. Similarly, it is known that antibody levels peak a few weeks after infection and 

https://paperpile.com/c/eNDtRN/LWLfy+CF1Ed+niwjz
https://paperpile.com/c/eNDtRN/Pmvdh
https://paperpile.com/c/eNDtRN/lq8TF
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then decay gradually [17–19]. Yet, positive controls used for assay optimization and validation are 

usually limited to early convalescence samples from hospitalized patients with severe disease, 

leading to what is commonly known as spectrum bias. Sensitivities estimated from these sample sets 

may therefore overestimate the actual sensitivity that the assay would have when applied to the 

general population, leading to underestimates of the true seroprevalence. 

 

To illustrate this point, we quantified the amount of bias in estimating population seroprevalence 

potentially introduced by the choice of positive controls used to evaluate assay sensitivity. We 

evaluated the impact of: (a) using validation sets with different proportions of severe, mild, and 

asymptomatic infections (Figure 1A), and (b) using validation sets with samples from recent 

infections only (Figure 2A and 2B). While the relationship between disease severity and assay 

sensitivity has yet to be quantified for most assays, we assumed that sensitivity was highest for 

severe infections and considered a range of values for asymptomatic and mild infections. Similarly, 

we assumed that sensitivity peaked early after infection and then decayed over time (Figure 2C). For 

simplicity, we fixed test specificity at 100%. 

 

Assays with imperfect sensitivity lead to underestimates of the true seroprevalence (Figure 1B, grey 

line), but can be easily corrected for if the actual sensitivity of the assay in the sampled population is 

known (Figure 1B, purple line) [20]. However, if test sensitivity has been determined from positive 

control sets skewed towards those with severe clinical outcomes (high antibody levels), the 

estimated prevalence, even after correction, will still underestimate the true prevalence (Figure 1B, 

cyan and gold lines). The magnitude of the underestimate will depend on how biased the 

distribution of positive controls is relative to the population, and on how much assay sensitivity 

varies with disease severity (Figure 1C). Similarly, corrected estimates of prevalence will only equal 

https://paperpile.com/c/eNDtRN/f7eZ9+3GDph+d9r7
https://paperpile.com/c/eNDtRN/y8kwG
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the true prevalence if decreases in sensitivity due to waning antibody responses over time can be 

accounted for (Figure 2C). If spectrum bias stemming from clinical outcomes as well as times since 

infection are both present, underestimation of the true prevalence will be greater. 

 

These results have important implications for assay development and for the interpretation of SARS-

CoV-2 seroprevalence studies. First, they highlight the need to quantify the extent to which the 

sensitivity of the assays used in ongoing serosurveillance studies varies with disease severity and 

over time, and possibly differentially over time by disease severity. Incorporating loss of sensitivity 

with increasing time since infection will gain importance as the pandemic progresses. More 

importantly, these results highlight the need for long term studies characterizing kinetics of antibody 

responses to SARS-CoV-2 across the severity spectrum. If antibody responses are significantly lower 

in milder cases, or if there is significant waning in the months following infection, assays for 

seroprevalence studies should be optimized to detect these lower titers. Finally, these results 

caution against accepting aggregate sensitivities and specificities reported by assay manufacturers at 

face value. Ideally, sensitivities and specificities should be stratified by disease severity and time 

since infection, and the characteristics of the validation set should be reported at a minimum. 

 

Based on these results, we propose the following recommendations to improve the optimization, 

validation, and interpretation of SARS-CoV-2 seroprevalence studies. First, we emphasize the need 

for studies measuring antibody levels longitudinally in individuals who have had confirmed SARS-

CoV-2 infection. Such studies should include individuals from a range of disease severity, as 

discussed here, as well as other factors that may affect assay sensitivity such as age and 

immunodeficiency. Second, a set of standards should be established for assay validation. 

Importantly, positive controls should include samples across the spectrum of severity and times 
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since infection. To these ends, a SARS-CoV-2 reference serum bank of well-characterized and 

representative positive control sets could be created. This reference panel would also facilitate 

direct comparability of test performance across assays. Third, we recommend developing a set of 

criteria for reporting the results of assay validation. In particular, characteristics of validation 

samples used to determine test performance should be reported, as well as any heterogeneities in 

performance identified in the validation process. 

 

Correct interpretation of SARS-CoV-2 seroprevalence studies will not be possible until we know the 

sensitivity of serological assays to detect mild and asymptomatic infections and infections occurring 

months beforehand. We urge the FDA to revisit reporting requirements for performance 

characteristics of SARS-CoV-2 serological assays with this in mind. 
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Figure 1 Title: Impact of assay validation set and symptom-dependent sensitivity on estimation of 

seroprevalence 

 

Figure 1 Legend: (A) True distribution of clinical outcomes observed among SARS-CoV-2 infected 

individuals (left bar), classified as asymptomatic (blue), mild (green), or severe (red), and three 

simulated sets of positive controls used in assay validation. (B) For a range of true prevalence (x-

axis), we calculated the prevalence that would be estimated in the population (y-axis) under the 

scenarios of no correction for test characteristics (grey line), and corrections for test sensitivity as 

determined from each validation set (purple, gold, and cyan lines). We assumed values of symptom-

dependent sensitivities (Se) as shown in the panel and a specificity of 100%, leading to crude 

sensitivities of 53.15% (set 1), 76.5% (set 2), and 95% (set 3) in the validation sets. For all of these 

scenarios, the true sensitivity in the general population would be 53.15%. (C) For a range of 

sensitivities in mild (x-axis) and asymptomatic infections (assuming sensitivity in asymptomatic 

infections is ⅔ of the sensitivity in mild infections), we calculated the ratio of estimated to true 

prevalence (y-axis) for each validation set used for correction. The scenarios in Figure 1B are 

highlighted with the corresponding color.
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Figure 2 Title: Impact of assay validation set and time-dependent sensitivity on estimation of 

seroprevalence 

 

Figure 2 Legend: (A) Epidemic curve from an SEIR transmission model with SARS-CoV-2-like 

parameters in a completely susceptible population, with mean latent period of 3.5 days, mean 

infectious period of 7 days, and R0 of 2.1. We simulated cross-sectional seroprevalence surveys 

performed at 60, 180, and 300 days into the epidemic (labeled points on the curve). (B) The 

proportion of the ever-infected individuals that experienced infection within 0-60 days (black), 60-

180 days (medium grey), and 180+ days (light grey) of the serosurveys performed at days 60, 180, 

and 300. The last bar shows a simulated set of positive controls used in assay validation, which 

includes only recent samples taken within 0-60 days after infection. We assume for these 

simulations that the validation controls, and all infections, represent severe infections with a 

baseline test sensitivity of 95%. (C) For a range of true prevalence (x-axis), we calculated the 

prevalence values that would be estimated in the population at days 60, 180, and 300 (y-axis) 

(assuming sensitivity (Se) is reduced to 80% of the baseline level in infections that are 60-180 days 

old, and to 60% of the baseline level in infections that are 180+ days old, and a specificity of 100%), 

correcting for test characteristics using the positive control set from the last bar in Figure 2B. We 

used the procedure described in the Extended Methods section to calculate the estimated 

prevalences. We also considered prevalence values that would be estimated in the population if the 

two sources of spectrum bias (both clinical outcomes and time since infection) are present. For this 

simulation (filled squares), we calculated the prevalence that would be estimated at day 180, now 

assuming that the distribution of true clinical outcomes and their test sensitivities is equal to that in 

Figure 1B (i.e., in terms of severity: 43% asymptomatic, 52% mild, 5% severe, and in terms of 

sensitivity: 95% in severe, 60% in mild, and 40% in asymptomatic), and that the positive controls are 

all severe, recent infections. 
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Code Availability: All R code used for this analysis is available at 

https://github.com/sakitakahashi/COVID-sensitivity 
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