
 1 

Substantial underestimation of SARS-CoV-2 infection in the United States due to incomplete 
testing and imperfect test accuracy 

 

Sean L. Wu,1 Andrew Mertens,1 Yoshika S. Crider,1,2 Anna Nguyen,1 Nolan N. Pokpongkiat,1 
Stephanie Djajadi,1 Anmol Seth,1 Michelle S. Hsiang,3,4,5 John M. Colford Jr., 1 Art Reingold,1 
Benjamin F. Arnold,6,7 Alan Hubbard,1 Jade Benjamin-Chung1 
 
1Division of Epidemiology & Biostatistics, University of California, Berkeley 
2Energy & Resources Group, University of California, Berkeley 
3Department of Pediatrics, University of Texas Southwestern Medical Center  
4Malaria Elimination Initiative, Global Health Group, University of California, San Francisco 
5Department of Pediatrics, University of California, San Francisco 
6Francis I. Proctor Foundation, University of California, San Francisco 
7Department of Ophthalmology, University of California, San Francisco 
 
 
Abstract 
 
Accurate estimates of the burden of SARS-CoV-2 infection are critical to informing pandemic 
response. Current confirmed COVID-19 case counts in the U.S. do not capture the total burden 
of the pandemic because testing has been primarily restricted to individuals with moderate to 
severe symptoms due to limited test availability. We used a semi-Bayesian method to perform 
a probabilistic bias analysis on cumulative confirmed COVID-19 counts, incorporating relevant 
prior knowledge from existing studies about SARS-CoV-2 testing probabilities and diagnostic 
accuracy parameters while accounting for uncertainty. We estimate 6,275,072 cumulative 
infections compared to 721,245 confirmed cases (1.9% vs. 0.2% of the population) as of April 
18, 2020. Accounting for uncertainty, the number of infections was 3 to 20 times higher than 
the number of confirmed cases. 86% (simulation interval: 64-99%) of this difference was due to 
incomplete testing, while 14% (0.3-36%) was due to imperfect test accuracy. Estimates of SARS-
CoV-2 infections that transparently account for testing practices and diagnostic accuracy reveal 
that the pandemic is larger than confirmed case counts suggest.  
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The severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) pandemic is reported to 
have caused 721,245 confirmed cases of coronavirus disease 2019 (COVID-19) in the U.S. by 
April 18, 2020. The first known case in the U.S. was confirmed on January 21, 2020. In February, 
SARS-CoV-2 testing remained limited due to flawed test kits. As of mid-April, the U.S. Centers 
for Disease Control and Prevention (CDC) recommended that physicians prioritize testing 
hospitalized patients, who tend to have moderate to severe symptoms. Most state testing 
policies were consistent with this recommendation (Appendix Table 1). Yet, evidence from 
studies that conducted broader testing suggest that 30–70% of individuals who test positive 
have mild or no symptoms2–6 and that asymptomatic and pre-symptomatic individuals can 
transmit SARS-CoV-2.7–9 Thus, a substantial number of mild or asymptomatic infections in the 
U.S. may be undetected. Furthermore, initial evidence suggests that tests based on 
nasopharyngeal and throat swabs may produce false negative results.10–13 Thus, counts of 
confirmed cases are biased due to incomplete testing and imperfect test sensitivity. Accurate 
estimates of the burden of SARS-CoV-2 infection are critical to understanding the course of the 
pandemic and informing public health response.  
 
To date, the majority of studies that have estimated the burden of SARS-CoV-2 infection have 
used mathematical models (e.g., compartmental or agent-based models).14–18 Mathematical 
modeling studies attempt to mimic natural disease transmission systems by modeling age and 
social structure, travel and commuting patterns, and immune dynamics. Such models are 
particularly useful for projecting transmission patterns under hypothetical interventions but can 
be highly complex; when sufficient data do not exist to parameterize such models, results can 
be quite biased.19,20 In addition, model outputs are sensitive to assumed population structure 
and contact patterns, which are difficult to validate, particularly in a novel pathogen setting.   
 
We estimated the total number of SARS-CoV-2 infections in each U.S. state from February 28 to 
April 18, 2020 using probabilistic bias analysis, a semi-Bayesian approach, to correct empirical 
confirmed case counts for bias due to incomplete testing and imperfect test accuracy. This 
method is commonly used to quantify the impact of and correct for measurement bias in 
epidemiologic studies.21 Our objective was to estimate infection burden from empirical data 
rather than forecast future dynamics. While our approach and mathematical models both 
require difficult to verify assumptions for which little evidence is currently available, the 
simplicity of our approach facilitates transparent assessment of model assumptions. 
 
Using the available evidence, we defined prior distributions of testing probabilities among 
individuals with moderate to severe symptoms requiring medical attention or hospitalization 
(e.g., shortness of breath, high fever) vs. those with minimal symptoms (e.g., cough without 
difficulty breathing or shortness of break, low grade fever) or no symptoms (Table 1, Appendix 
Figure 1). The Methods section includes a detailed description for our assumed prior 
distributions. To quantify uncertainty in testing probabilities, we randomly sampled from each 
prior distribution and estimated the total number of infections using a simple model relating 
the number of individuals tested to testing probabilities. We then repeated this process 1,000 
times to obtain a distribution of estimated SARS-CoV-2 infections in each state. We report the 
medians of the distribution of infections in each state and the simulation interval (2.5th and 
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97.5th percentiles). The estimated number of infections included confirmed COVID-19 cases and 
undiagnosed infections among individuals mild or no symptoms.  
  
We defined a prior distribution for the probability of being symptomatic among those tested, 
ranging from 0.6 to 1.0 under the assumption that the vast majority of individuals tested by 
mid-April in the U.S. were hospitalized and/or moderately to severely ill. We assumed that the 
probability of being symptomatic among untested individuals ranged from 0.002 to 0.149. In 
each state, we estimated the probability that untested individuals would have tested positive 
had they been tested. For those with moderate to severe symptoms, we assumed that the 
probability of testing positive was 80% to 99% the empirical proportion of tests that were 
positive in each state. For those who had mild or no symptoms, we assumed that the 
probability of testing positive was 0.2% to 32% the empirical proportion of tests that were 
positive in each state.  
 
We also defined a prior for the probability of having minimal or no symptoms among those who 
tested positive; because five studies published estimates of this probability,2–6 we considered 
this prior to be more reliable than others. We thus used Bayesian melding to constrain the 
other prior distributions such that the probability of having minimal or no symptoms among 
those who tested positive ranged from 0.25 to 0.70, consistent with published studies.22 Priors 
were the same across states except for the probability of testing positive conditional on 
symptom status, which was a function of the empirical proportion of tests that were positive in 
each state (Appendix Table 2).   
 
We quantified the SARS-CoV-2 testing rate per 1,000 using daily counts of tests in each state 
and 2019 projected state populations from the 2010 U.S. Census.23 By April 18, 2020, the SARS-
CoV-2 testing rate was 11 per 1,000 in the U.S. However, there were large discrepancies in 
testing between states, with state-level testing rates of 6 per 1,000 in Kansas to 31 per 1,000 in 
Rhode Island (Figure 1). Generally, testing rates were higher in the Northwest and Northeast 
and lower in the Midwest and South.  
 
When correcting for incomplete testing and imperfect test accuracy, we estimated that the 
total number of SARS-CoV-2 infections in the U.S. by April 18, 2020 was 6,275,072 (19 per 
1,000) – an estimate 9 times larger than the 721,245 confirmed cases (2 per 1,000) reported 
during this period. These results imply that 89% of infections in the US were undocumented. 
This finding is consistent with a mathematical modeling study that reported that 86% of 
infections were undocumented using data from Wuhan, China.17 The simulation interval for the 
number of estimated infections in the U.S. was 2,193,224 to 14,187,611 (Appendix Figure 2). 
This corresponds to an estimated number of SARS-CoV-2 infections 3 to 20 times higher than 
the number of confirmed cases. Nationally, we estimate that 86% (simulation interval: 64-99%) 
of the difference between confirmed cases and estimated infections was due to incomplete 
testing, and 14% (simulation interval: 0.3-36%) of the difference was due to imperfect test 
accuracy.  
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Disparities between confirmed SARS-CoV-2 infections and estimated total infections varied 
widely by state and geographic region. In each state, confirmed COVID-19 case counts ranged 
from 0.4 to 12.2 per 1,000, while estimated total infections ranged from 3.0 to 63.0 per 1,000 
(Figure 2a, Appendix Figure 2). Compared to confirmed COVID-19 case counts, expected 
infections were 5 to 19 times larger (Figure 2b). COVID-19 incidence was highest in the 
northeast, Midwest, and Louisiana using confirmed case counts (Figure 3A) or estimated 
infections (Figure 2A). However, underestimation of SARS-CoV-2 infections was more common 
in California, the Midwest, and some Southern states (Figure 3B). In 32 states, the number of 
infections was at least 10 times larger than the number of confirmed cases. Differences in state-
specific results are driven by observed differences in transmission, testing rates, and test 
positivity rates in each state rather than our modeling assumptions. In states with the largest 
underestimates of SARS-CoV-2 infections, public health responses based on confirmed cases 
may be inadequate to reduce transmission.  
 
Our findings reveal underestimation of the complete burden of the SARS-CoV-2 pandemic in 
the U.S. We have illustrated the importance of adjusting estimates of COVID-19 infections for 
testing rates and diagnostic accuracy during a period of low testing rates. A strength of our 
approach is that it quantifies the contribution of incomplete testing vs. imperfect test accuracy 
to under-estimation of the burden of COVID-19, demonstrating that the majority was due to 
incomplete testing. Our methods are not specific to the diagnostic test used and can be applied 
to serological studies to account for the imperfect diagnostic accuracy of serological tests and 
non-random sampling strategies used in some serological studies. 
 
Little is known about whether infection with SARS-CoV-2 confers lasting immunity, and if so, for 
how long. Even in a best-case scenario in which SARS-CoV-2 infection produces immunity for 
one to two years, as is common for other betacoronaviruses,24 our results suggest that a very 
small proportion of the population has developed immunity and that the U.S. is not close to 
achieving herd immunity.  
 

Our findings are broadly consistent with other studies using different methods to estimate the 
total SARS-CoV-2 infections. A mathematical modeling study projected 560 cumulative 
infections per 1,000 in the U.S. in 2020 if social distancing had been implemented population-
wide.15 In comparison, we estimated 19 infections per 1,000 over a 25-day period in an early 
stage of the pandemic prior to peak transmission. Other studies from countries where time-
indexed district-level hospitalization and mortality data are readily available estimated the 
proportion of the population infected with SARS-CoV-2 in Italy and France, where testing rates 
are higher.25,26 These studies estimate that the number of infections is at least twice the 
number of confirmed cases, consistent with our findings.  
 
A limitation of this study is that our prior distributions are based on limited initial evidence 
about SARS-CoV-2 testing probabilities. Though we used the best available evidence at this 
early stage of the pandemic, it is possible that our priors do not reflect true testing 
probabilities. For example, our testing priors were informed by state-level testing guidelines, 
which typically prioritize groups for testing and allow physician discretion in ordering tests. In 
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late March, at least eight states expanded their testing eligibility criteria to include outpatients 
with mild symptoms, and at least four states expanded eligibility to include asymptomatic 
individuals who had close contact with a confirmed case (Appendix Table 1). These changes 
may imply different priors in these states, however, severe test supply shortages have been 
widely documented in news reports and in state-level guidance to health professionals, 
suggesting that testing of low priority groups during this study was minimal.  
 
Another limitation is that our model used state-specific estimates of the probability of testing 
positive among individuals who were tested. In states with very low testing rates, empirical test 
positive probabilities may not accurately reflect incidence in the general population due to 
prioritized testing of the severely ill and special populations. Nevertheless, our wide simulation 
intervals reflect these uncertainties in our prior distributions. Even using the lower bound of the 
simulation interval for the U.S. as a conservative estimate suggests that confirmed case counts 
underestimate total infections by a factor of 3. Results from future studies that rigorously 
estimate the incidence of symptomatic and asymptomatic SARS-CoV-2 infection can be used to 
update our priors and improve the precision and accuracy of our estimates.  
 
State-level data on SARS-CoV-2 positive tests may mask meaningful geographic variation at a 
smaller scale. Unfortunately, county-level estimates of the number of individuals tested were 
not readily available at the time of this study. In addition, our model did not account for state-
specific variation in data quality due to incomplete reporting of testing in some states 
(Appendix Table 3). 
 
We did not estimate the infection fatality ratio because COVID-19 deaths outside hospitals are 
likely to be underreported, and death registrations may not be up to date. COVID-19-specific 
death reporting rates likely differ between tested and untested individuals, but the extent of 
this difference is difficult to quantify. In addition, accurate estimation of the infection fatality 
ratio would account for age, but age-stratified counts of COVID-19 deaths in each state are not 
readily available.  
 
Underestimates of the number of SARS-CoV-2 infections jeopardize the success of pandemic 
response policies: they suggest to the public that the threat of the pandemic is smaller than it 
is, making it difficult to justify stringent social distancing policies. Our results highlight the 
urgent need to systematically expand SARS-CoV-2 testing across the U.S. to provide an accurate 
evidence base for pandemic response policies.   
 
Methods 
 
Data 
We obtained 2019 projected state populations (N) from the 2010 U.S. Census and observed 
daily counts of tests (Ntested) and confirmed SARS-CoV-2 positive tests (𝑁tested

+ ) in each state 
from February 28 to April 18, 2020. Data was collected by the COVID Tracking Project,23 which 
assembles data on a regular basis primarily from state, district, and territory public health 
departments. National case counts from this source were comparable with those from the CDC 
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on April 18 (COVID Tracking Project: 721,245; CDC: 720,630). State-level reporting of tests 
completed and the number of positive tests by date varied; COVID Tracking Project assigned 
each state a data quality grade based on whether 1) reporting positives reliably, 2) reporting 
negatives sometimes, 3) reporting negatives reliably, and 4) reporting all commercial tests. 
Thirty-five states and the District of Columbia met all of these criteria, 14 states met three 
criteria, and one state met only two criteria (Appendix Table 3). We assumed that all test 
results included in this data source were done using polymerase chain reaction because during 
the study period, alternative tests (e.g., antibody tests) were not approved for diagnosis of 
SARS-CoV-2 infection by the U.S. Food and Drug Administration (such tests were only used for 
research purposes and are not likely to have been included in case counts). In addition, we 
assumed that the vast majority of samples collected were nasopharyngeal swabs, which were 
recommended by the CDC as the preferred choice of swab.27   
 
Correction for incomplete testing 
To correct for incomplete testing, we defined the following formulas to estimate the number of 
SARS-CoV-2 infections among individuals who were not tested had they been tested 
(𝑁untested

+ ). Below, S1 is an indicator for having moderate to severe COVID-19 symptoms, and S0 
is an indicator for having minimal to no COVID-19 symptoms.  
 

𝑁untested,𝑆1

+ =  P(𝑆1|untested) × P(test + |𝑆1, untested) × 𝑁untested            (1) 

 
𝑁untested,𝑆0

+ =  (1 − P(𝑆1|untested)) × P(test + |𝑆0, untested) × 𝑁untested               (2) 

 

where P(S1|tested) is the probability of being symptomatic if tested, and P(S1|untested) is the 
probability of being symptomatic if not tested, P(test +|S1, untested) is the probability of 
testing positive among the untested who had moderate to severe symptoms had they been 
tested, and P(test +|S0, untested) is the analogous probability among the untested who had 
mild or no symptoms.  
 
Equations 1 and 2 can be interpreted probabilistically by noting that 𝑁untested is proportional to 
P(untested), the probability that a random individual in the population has not been tested. 
Writing 𝑁untested,𝑆1

+ = 𝑁 × P(test +, 𝑆, untested) and 𝑁untested = 𝑁 × P(untested), where N is 

the total population size, dividing by N we are left with P(test +, 𝑆1, untested) = P(test +
|𝑆1, untested) × P(𝑆1|untested) × P(untested), and likewise for Equation 2. Thus, we can 
reinterpret these equations as giving the joint probability that an untested individual with 
moderate or severe symptoms (mild or no symptoms) tested positive factorized as the marginal 
probability of being untested multiplied by the two conditional probabilities. Scaling by 
population size (interpreting probabilities as proportions) we arrive at Equations 1 and 2. 
 
For untested individuals who had moderate to severe symptoms, we assumed that the 
probability they tested positive was 80% to 99% the empirical probability of testing positive 
among tested individuals in a state (P(test +|tested)). For untested individuals who had mild or 
no symptoms, we assumed that the probability they tested positive was 0.2% to 32% P(test 

+|tested). Accordingly, we defined   such that 0 < P(test + |S1, untested)/P(test +|tested) < 
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1 , with0 = 80% and 1 = 99% and  such that  0 < P(test + |S0, untested)/P(test +|tested) <  

1 , with  0 = 0.2% and  1 = 32%, where the distribution of  is truncated to lie within the 

interval (0, 1) (likewise for ). 
 
We calculated P(test+ | tested) as the cumulative number of cases divided by the cumulative 
number of tests in each state by April 18, 2020. We chose not to vary this quantity by date 
because the low testing rates per state resulted in unstable estimates of P(test+ | tested), 
particularly when less than 1% of the population was tested, which was the case in most states 
until early-mid April (Appendix Figure 3). Furthermore, when restricting to dates when at least 
0.6% of the population was tested in each state, P(test+ | tested) was relatively stable within 
each state over time, suggesting that at least over the period considered, this quantity did not 
change significantly over time (Appendix Figure 4). 
 
Because P(test + |tested) varied by state, P(test +|S1, untested) and P(test +|S0, untested) also 
varied by state. Otherwise, priors were the same across all states.  
 
Correction for imperfect test accuracy 
To estimate the number of infections (N*) correcting for imperfect test accuracy (i.e., sensitivity 
(Se) or specificity (Sp) <1), we used the following formula:28 

 
𝑁∗ = (𝑁+  − ((1 –  𝑆𝑝) × 𝑁))/(𝑆𝑒 +  𝑆𝑝 –  1)                (3) 

 
where N+ is the sum of the number of confirmed cases (𝑁tested

+ ) and the estimated number of 
infections among untested individuals correcting for incomplete testing (𝑁untested

+ ).  
 
Probabilistic bias analysis 
To account for uncertainty in our assumed priors, we used a probabilistic bias analysis.21 This 
method is semi-Bayesian because it defines prior distributions for bias parameters but not for 
the outcome (the estimated number of SARS-CoV-2 infections).21 We defined prior distributions 

for P(S1|tested), P(S1|untested), , , P(S0|test +), SARS-CoV-2 test sensitivity, and SARS-CoV-2 
test specificity based on available evidence (Table 1, Appendix Figure 1, Appendix Table 2).  
 
Distribution of P(S1|tested) 
We defined the distribution of P(S1|tested) as a truncated beta distribution with a range from 
56–100% (median: 95%) under the assumption that the vast majority of individuals tested in 
the U.S. in March 2020 had moderate to severe symptoms. March 4, 2020, the CDC instructed 
physicians to use their judgment to determine which patients to test for SARS-CoV-2. Given the 
limited availability of tests in the U.S., they advised that symptomatic patients be prioritized for 
testing. On March 24, 2020, the CDC recommended that testing be prioritized for hospitalized 
patients, symptomatic healthcare workers, patients in vulnerable populations, and individuals 
with mild symptoms in communities experiencing a large number of COVID-19 
hospitalizations.22 State-level testing priorities mostly followed CDC recommendations 
(Appendix Table 1). 
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Distribution of P(S1|untested) 
We defined the distribution of P(S1|untested) as a truncated beta distribution with a range 
from 0.2–15% (median: 5%). A study in Iceland that tested a random sample of individuals for 
SARS-CoV-2 reported that 0.9% individuals reported fever, 3.8% reported cough, and 0.6% 
reported a loss of smell or taste.29 While not directly comparable, studies of influenza 
symptoms, which overlap with COVID-19 symptoms, provide an estimate of the general 
frequency of fever and cough in the population. Since the majority of the population tested for 
SARS-CoV-2 in the U.S. had moderate to severe symptoms, these probabilities provide a 
reasonable estimate of P(S1|untested). Cohort studies of influenza-like illness (fever and cough 
and/or sore throat) in prior years in the U.S. and the Netherlands have found weekly incidence 
of 1-4%.30–32 Studies measuring over the entire influenza season have reported cumulative 
incidence of influenza-like illness ranging from approximately 7% to 17%.33–35   
 

Distribution of  
To allow for state-level variation in P(test +|S1, untested) due to differing transmission 

dynamics in each state, our model allowed this probability to vary by state. We defined  as a 

truncated beta distribution ranging from 80% to 99% (median: 91%) such that 0 < P(test + |S1, 

untested)/P(test +|tested) <  1. We used an empirical state-specific estimate of P(test+ | 
tested) equal to the cumulative number of cases divided by the cumulative number of tests by 
April 18, 2020. The median of state-specific distributions of P(test+|S1, untested) ranged from 
0.02 to 0.46, and in many states the medians were close to 0.1 (Appendix Table 2). This is 
consistent with a study in Iceland, which estimated that P(test+|S1) was 1% among those tested 
in population screening (N=3,579) and 2% among those tested in a random sample (N=271).29  
 

Distribution of  
To allow for state-level variation in P(test +|S0, untested) due to differing transmission 

dynamics in each state, our model allowed this probability to vary by state. We defined   as a 

truncated beta distribution ranging from 0.2% to 32% (median: 5%) such that  0 < P(test + |S0, 

untested)/P(test +|tested) <  1. As described above, we used an empirical state-specific 
estimate of P(test +| tested). The median of state-specific distributions of P(test+|S0, untested) 
ranged from 0.001 to 0.023 (Appendix Table 2). A study in Iceland estimated that P(test+|S0) 
was 0.8% among mild symptomatic/asymptomatic individuals tested in population screening 
and 0.6% (N=10,797) among mild symptomatic/ asymptomatic individuals tested in a random 
sample (N=2,283).29 One study in New York City screening 215 pregnant women admitted for 
delivery, regardless of symptoms, found that 13.7% of women without symptoms tested 
positive.36 However, these estimates may not be representative of the general population 
because of differences in age and immunity of pregnant women. The upper bound of P(test 
+|S0, untested) in states with high test positive probabilities includes this percentage (Appendix 
Table 2).  
 
Distribution of P(S0|test +) 
We defined the distribution of P(S0|test +) as a truncated beta distribution with a range from 
25–70% (median: 49%) because studies that have tested both symptomatic and asymptomatic 
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individuals have found estimated probabilities within this range.2–4,6,29,37 In these studies, it is 
possible that individuals who were asymptomatic at the time of testing developed symptoms 
later. Two other studies provide estimates from less generalizable populations. A study that 
tested the majority of passengers on the Diamond Princess cruise ship found that 17.9% of 
individuals who tested positive were asymptomatic, but the study population and transmission 
dynamics on the ship are not representative of the general U.S.38 One study in New York City 
screening 215 pregnant women admitted for delivery, regardless of symptoms, found that 
87.9% of those who tested positive (N=33) were asymptomatic.36 However, we did not extend 
the maximum of our prior distribution to include this estimate because the study population is 
less representative than those of other studies estimating this quantity.  
 
Distribution of SARS-CoV-2 test sensitivity 
We defined the distribution of SARS-CoV-2 test sensitivity as a truncated beta distribution with 
a range from 65–100% (median: 87%) because the available evidence to date has reported 
clinical sensitivity within this range. The U.S. CDC RT-PCR test has analytical sensitivity ≥95% for 

RNA concentrations ≥1 copy/L.39 A study of 213 RT-PCR-confirmed COVID-19 patients from 
Wuhan reported that the detection rate in the first 14 days since onset was 54–73% for nasal 
swabs and 30–61% for throat swabs.10 Using any RT-PCR as gold standard, another study of 
1,014 patients from three Chinese provinces found that initial RT-PCR pharyngeal sensitivity 
ranged from 65–80%.12 Another small study (N=4) of COVID-19 patients from Wuhan also found 
that some that had been discharged tested positive 5–13 days later, suggesting that initial tests 
produced false negatives.13 
 
Distribution of SARS-CoV-2 test specificity 
We defined the distribution of SARS-CoV-2 test specificity as a truncated beta distribution with 
a range from 99.98%-100% (median: 99.90%). The SARS-CoV-2 RT-PCR diagnostic panel 
developed by the CDC was designed to minimize the chance of a false positive, so test 
specificity assumed to be very high in laboratories that comply with standard best practices, 
such as the use of negative controls.39 Validation of both the CDC and WHO real-time 
polymerase chain reaction (PCR) tests for SARS-CoV-2 found no false positives in cell culture 
samples containing other respiratory viruses.27,40 In one clinical evaluation of diagnostic 
accuracy, PCR testing had a very high specificity for SARS-CoV-2.41 

 
Constraining of prior distributions 
We considered estimates of P(S0|test +) to be more reliable than those of P(test +|S1) and 
P(test +| S0) because P(S0|test +) has been estimated in published studies with more 

representative sampling.2–4,37 However, φ = P(S0|test +) is related to the parameters   = 

{P(S1|untested), , } by a function (M :  → φ) given by: 
 

P(𝑆0|test +) =
𝛽(1 − P(𝑆1|untested))

𝛽(1 − P(𝑆1|untested))  +  𝛼 P(𝑆1|untested)
 

 

Mathematically, once a distribution is assigned to  and M is defined, the distribution of φ is 
fully specified. However, because of the availability of reliable data on the distribution of 

(4) 
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plausible values for P(S0|test +), we used Bayesian melding22, a method which combines prior 

distributions on function inputs  and output φ to generate a joint “melded” prior distribution 

on {, φ}. The advantage of this method is that it incorporates all available prior uncertainty as 

well as constraints on plausible output given by M. To sample values of {, φ} to be used as 
input to the probabilistic bias correction, we sampled 105 variates from the melded prior 
distribution using a Sampling-Importance-Resampling algorithm.22 
 
 
 
Probabilistic bias correction 
To estimate the number of SARS-CoV-2 infections accounting for uncertainty in our prior 
distributions, we sampled from the joint prior distributions and estimated the number of SARS-
CoV-2 infections as described above using these randomly sampled prior values. We repeated 
this process 1,000 times to obtain a distribution of the expected case counts each day in each 
state. We used the median of the distribution of expected COVID-19 cases in each state on each 
day as the primary estimate. To assess uncertainty in our model, we report the simulation 
interval (2.5th and 97.5th percentiles of the distribution of total infections). 
 
We calculated the percentage of the difference between observed case counts and the 
estimated number of infections attributable to imperfect test accuracy as the difference 
between N* with Se and Sp set to our prior values and with Se = 1 and Sp = 1 divided by the 
difference between N* and the observed case counts. We calculated the percentage 
attributable to incomplete testing as the 1 – the percentage attributable to imperfect test 
accuracy. To obtain national estimates of these percentages, we obtained the median and 2.5th 
and 97.5th percentiles of the state-specific distributions and weighted by state population. 
 
Data Availability 
 
All data necessary to reproduce the findings of this study have been made publicly available at 
the GitHub repository https://github.com/jadebc/covid19-infections  
 
Code Availability 
 
All code necessary to reproduce the entirety of findings of this study have been made publicly 
available at the GitHub repository https://github.com/jadebc/covid19-infections and a 
permanent archive of the version of the code that accompanied submission of this manuscript 
has been made at https://github.com/jadebc/covid19-infections/releases/tag/InitialSubmission 
 
The file “README.md” in the root directory of the repository contains instructions on how to 
recreate all presented figures and tables in the manuscript. 
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Figure 1. Daily SARS-CoV-2 tests per 1,000 population in the United States by state and region 

 
SARS-CoV-2 testing rates in US states increased from close to 0 in early March to 6 per 1,000 in Kansas to 31 per 1,000 in Rhode Island by April 18, 2020. 
Generally, testing rates were higher in the Northwest and Northeast and lower in the Midwest and South. We estimated the cumulative population tested in 
each state by date by dividing the number of tests performed by 2019 population projections from the U.S. 2010 Census. Line and text colors are based on 
quintiles of the distribution of testing per 1,000 population on April 18, 2020 across all states. In each panel, state names are sorted in descending order by the 
population tested per 1,000. Quality of daily estimates of the number of tests performed varied by state; see Appendix Table 3 for details. See interactive plot 
at https://covid19epi.github.io/stats/ 
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Figure 2. Cumulative confirmed COVID-19 cases vs. estimated SARS-CoV-2 infections correcting for incomplete testing and 
imperfect test accuracy in the United States 

 
In each US state, confirmed COVID-19 case counts ranged from 0.4 to 12.2 per 1,000, while estimated total infections ranged from 3.0 to 63.0 per 1,000. In 
Panel A) the difference between confirmed case counts (yellow) and estimated infections (gray) reveals under-estimation of total SARS-CoV-2 infection burden 
according to our model sorted by the number of confirmed cases per state. In Panel B, ratios in each state are colored by quintile in descending order, with the 
darkest shade of blue indicating the largest quintile, and the lightest shade of green indicating the lowest quintile. Analyses include cumulative confirmed 
COVID-19 case counts up to April 18, 2020. Estimated SARS-CoV-2 infections were from a Bayesian probabilistic bias analysis to correct for incomplete testing 
and imperfect test accuracy. Estimated infections include both symptomatic and asymptomatic infections. Horizontal black lines indicate the simulation 
interval for estimated infections (2.5th and 97.5th percentiles of the distribution of estimated infections for each state). Quality of daily estimates of the number 
of tests performed varied by state; see Appendix Table 3 for details. See interactive plot at https://covid19epi.github.io/stats/ 
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Figure 3. Map of cumulative confirmed COVID-19 case counts and the ratio of expected 
infections correcting for bias due to incomplete testing and imperfect test accuracy to 
confirmed cases in the United States 
 

 
Confirmed COVID-19 cases per 1,000 and estimated SARS-CoV-2 infections per 1,000 varied by US state and region. 
Each panel displays colors defined by quintiles of the distribution of A) confirmed COVID-19 cases per 1,000 and B) 
the ratio of estimated infections to confirmed COVID-19 cases. Analyses include cumulative confirmed COVID-19 
case counts up to April 18, 2020. Estimated infections were from a using Bayesian probabilistic bias analysis to 
correct for incomplete testing and imperfect test accuracy. Estimated SARS-CoV-2 infections include both 
symptomatic and asymptomatic infections. Quality of daily estimates of the number of tests performed varied by 
state; see Appendix Table 3 for details. See interactive plot at https://covid19epi.github.io/stats/ 
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Table 1. Prior distributions for probabilistic bias analysis  
 

Distribution Minimum Median Maximum 

P(S1|tested) 0.557 0.947 1.000 

P(S1|untested) 0.002 0.052 0.149 

 0.800 0.909 0.988 

 0.003 0.046 0.318 

P(S0|test +) 0.251 0.488 0.700 

Sensitivity 0.650 0.872 1.000 
Specificity 0.9998 0.999 1.000 

  Detailed descriptions of each prior distribution are included in the Methods section. 
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Appendix Table 1. State-level recommendations for SARS-CoV-2 testing in the general population by symptom 
status 

State 

Individuals 
with 

moderate 
and/or severe 

symptoms 

Individuals 
with mild 
symptoms 

and/or 
asymptomatic Source of information 

Alaska Yes Yes* http://dhss.alaska.gov/dph/Epi/Pages/phan/default.aspx  

Alabama Yes No https://www.alabamapublichealth.gov/covid19/healthcare.html  

Arkansas Yes Yes** 
https://katv.com/news/coronavirus/arkansas-plans-surge-in-covid-19-
testing-deaths-in-state-up-to-45 

Arizona Yes No 

https://www.azdhs.gov/documents/preparedness/epidemiology-
disease-control/infectious-diseases-services/coronavirus/arizona-state-
public-health-laboratory-testing-matrix.pdf 

California Yes Yes** 

https://www.cdph.ca.gov/Programs/CID/DCDC/Pages/COVID-
19/Expanding-Access-to-Testing-Updated-Guidance-on-Prioritization-
for-COVID-19-Testing.aspx 

Colorado Yes No 
https://covid19.colorado.gov/covid-19-in-colorado/do-you-have-
symptoms/testing-for-covid-19 

Connecticut Yes No 
https://portal.ct.gov/-/media/Coronavirus/20200324-
Update_PPE_Testing_Info.pdf?la=en  

District of 
Columbia Yes No https://coronavirus.dc.gov/testing 

Delaware Yes Yes* 

https://coronavirus.delaware.gov/wp-
content/uploads/sites/177/2020/04/Coronavirus-Testing-
FAQ_4.9.20.pdf 

Florida Yes Yes* https://floridahealthcovid19.gov/health-care-providers/  

Georgia Yes Yes* https://dph.georgia.gov/covid-19-guidance-healthcare-professionals 

Hawaii Yes No 
https://health.hawaii.gov/coronavirusdisease2019/for-
clinicians/evaluating-puis/ 

Iowa Yes No 
https://idph.iowa.gov/Emerging-Health-Issues/Novel-
Coronavirus/Healthcare  

Idaho Yes No https://coronavirus.idaho.gov/frequently-asked-questions/ 

Illinois Yes No 
https://www.dph.illinois.gov/sites/default/files/COVID19/COVID-
19_TestingGuidance.pdf 

Indiana Yes No 
https://www.coronavirus.in.gov/files/IN_COVID-
19_testing_4.23.2020.pdf  

Kansas Yes No https://ks-kdhecovid19.civicplus.com/faq.aspx?TID=17 

Kentucky Yes Yes** 

https://www.cincinnati.com/story/news/2020/04/22/coronavirus-
kentucky-governor-andy-beshear-press-conference-covid-
19/3004434001/  

Louisiana Yes Yes* https://www.deq.louisiana.gov/page/covid19-faqs-3182020  

Massachusetts Yes No https://www.mass.gov/doc/covid-19-pui-criteria/download  

Maryland Yes No https://coronavirus.maryland.gov/pages/provider-resources 

Maine Yes No 

https://www.maine.gov/dhhs/mecdc/infectious-
disease/epi/airborne/documents/COVID-19-Prioritization-Of-Testing-
And-Discontinuation-Of-Isolation.pdf 

Michigan Yes Yes* 
https://www.michigan.gov/documents/coronavirus/MDHHS_PUI_For
m_Fillable_v04.09.2020_686599_7.pdf  

Minnesota Yes Yes** 
https://www.health.state.mn.us/communities/ep/han/2020/apr23test
ing.pdf  

Missouri Yes No 
https://health.mo.gov/emergencies/ert/alertsadvisories/pdf/update42
220.pdf  

Mississippi Yes No https://msdh.ms.gov/msdhsite/_static/resources/8502.pdf  

Montana Yes No 
(links to CDC recommendations) 
https://dphhs.mt.gov/publichealth/cdepi/diseases/coronavirusmt 
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https://www.deq.louisiana.gov/page/covid19-faqs-3182020
https://www.mass.gov/doc/covid-19-pui-criteria/download
https://coronavirus.maryland.gov/pages/provider-resources
https://www.maine.gov/dhhs/mecdc/infectious-disease/epi/airborne/documents/COVID-19-Prioritization-Of-Testing-And-Discontinuation-Of-Isolation.pdf
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https://www.michigan.gov/documents/coronavirus/MDHHS_PUI_Form_Fillable_v04.09.2020_686599_7.pdf
https://www.michigan.gov/documents/coronavirus/MDHHS_PUI_Form_Fillable_v04.09.2020_686599_7.pdf
https://www.health.state.mn.us/communities/ep/han/2020/apr23testing.pdf
https://www.health.state.mn.us/communities/ep/han/2020/apr23testing.pdf
https://health.mo.gov/emergencies/ert/alertsadvisories/pdf/update42220.pdf
https://health.mo.gov/emergencies/ert/alertsadvisories/pdf/update42220.pdf
https://msdh.ms.gov/msdhsite/_static/resources/8502.pdf
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North Carolina Yes No 
https://www.ncdhhs.gov/divisions/public-health/covid19/symptoms-
and-testing-covid-19 

North Dakota Yes Yes* 
https://www.health.nd.gov/sites/www/files/documents/Files/MSS/HA
N/Updated_COVID-19_Testing_Guidance.pdf 

Nebraska Yes No 
http://dhhs.ne.gov/Documents/COVID-
19%20Guidance%20to%20Public%20and%20Testing.pdf  

New Hampshire Yes No 
https://www.dhhs.nh.gov/dphs/cdcs/alerts/documents/covid-19-
update12.pdf 

New Jersey Yes No 
https://www.nj.gov/health/cd/documents/topics/NCOV/COVID19_pub
lic_faqs.pdf 

New Mexico Yes Yes* 
https://cv.nmhealth.org/public-health-screening-and-testing/location-
details/ 

Nevada Yes No 
https://nvhealthresponse.nv.gov/wp-content/uploads/2020/03/03.24-
COVID-19-Testing-Information-for-Health-Care-Providers.pdf 

New York Yes No 
https://coronavirus.health.ny.gov/covid-19-testing; 
https://www1.nyc.gov/site/doh/covid/covid-19-data.page 

Ohio Yes Yes** 

https://coronavirus.ohio.gov/wps/portal/gov/covid-19/healthcare-
providers-and-local-health-districts/for-healthcare-providers/updated-
covid-19-testing-guidance-april-22-2020  

Oklahoma Yes Yes* https://twitter.com/HealthyOklahoma/status/1245494904823873538  

Oregon Yes No 
https://sharedsystems.dhsoha.state.or.us/DHSForms/Served/le2267.p
df  

Pennsylvania Yes No 
https://www.health.pa.gov/topics/disease/coronavirus/Pages/Sympto
ms-Testing.aspx 

Rhode Island Yes Yes* https://health.ri.gov/covid/testing/  

South Carolina Yes Yes** 
https://www.scdhec.gov/sites/default/files/media/document/10458-
DHU-04-22-2020-COVID-19_0.pdf  

South Dakota Yes No https://doh.sd.gov/documents/COVID19/covid_faqs.pdf  

Tennessee Yes Yes* https://www.tn.gov/governor/covid-19/get-tested.html 

Texas Yes No 
(links to CDC recommendations) 
https://www.dshs.state.tx.us/coronavirus/healthprof.aspx#eval 

Utah Yes Yes* https://coronavirus.utah.gov/testing-locations/ 

Virginia Yes No https://www.vdh.virginia.gov/coronavirus/covid-19-testing/ 

Vermont Yes Yes* 
https://www.healthvermont.gov/response/infectious-disease/novel-
coronavirus-covid-19-health-care-professionals 

Washington Yes No 
https://www.doh.wa.gov/Emergencies/NovelCoronavirusOutbreak202
0COVID19/TestingforCOVID19  

Wisconsin Yes Yes* https://content.govdelivery.com/accounts/WIDHS/bulletins/286efb3  

West Virginia Yes No 
https://dhhr.wv.gov/COVID-19/Documents/hcp/COVID19-Testing-
Information-for-Healthcare-Providers.pdf 

Wyoming Yes Yes** 

https://health.wyo.gov/wp-
content/uploads/2020/04/Coronavirus_Disease_2019_HAN_10.1_4.22
.20.pdf  

    
Each link was accessed on April 26-27, 2020. PDFs of each site from these dates are available here: 
https://tinyurl.com/ya62kr2q 
  
Recommendations vary for high risk (e.g., 65 and older) and priority groups (e.g., contacts of confirmed COVID-
19 cases, health providers and first responders). These categories reflect state-level testing recommendations as 
of 4/26 for the general population. Some states recommend testing for those with any symptoms, but only if 
supplies are available after testing high risk groups. Therefore, the categories included here may overestimate 
who is tested when testing capacity is limited or underestimate who is tested if health providers refer patients 
who do not meet recommended criteria to commercial or private labs. In general, moderate and/or severe 
category includes hospitalized patients or symptoms requiring medical attention, as noted in testing 
recommendations. In general, mild symptoms include any symptoms or mild symptoms, generally requiring no 
medical attention, as noted in testing recommendations. Very few state testing recommendations include 
asymptomatic individuals. CDC recommendations include any symptomatic individuals as a low testing priority 
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https://www.healthvermont.gov/response/infectious-disease/novel-coronavirus-covid-19-health-care-professionals
https://www.doh.wa.gov/Emergencies/NovelCoronavirusOutbreak2020COVID19/TestingforCOVID19
https://www.doh.wa.gov/Emergencies/NovelCoronavirusOutbreak2020COVID19/TestingforCOVID19
https://content.govdelivery.com/accounts/WIDHS/bulletins/286efb3
https://dhhr.wv.gov/COVID-19/Documents/hcp/COVID19-Testing-Information-for-Healthcare-Providers.pdf
https://dhhr.wv.gov/COVID-19/Documents/hcp/COVID19-Testing-Information-for-Healthcare-Providers.pdf
https://health.wyo.gov/wp-content/uploads/2020/04/Coronavirus_Disease_2019_HAN_10.1_4.22.20.pdf
https://health.wyo.gov/wp-content/uploads/2020/04/Coronavirus_Disease_2019_HAN_10.1_4.22.20.pdf
https://health.wyo.gov/wp-content/uploads/2020/04/Coronavirus_Disease_2019_HAN_10.1_4.22.20.pdf
https://tinyurl.com/ya62kr2q
https://doi.org/10.1101/2020.05.12.20091744
http://creativecommons.org/licenses/by/4.0/


 17 

but also note that individuals with mild symptoms may not need testing; this is categorized as “No” 
recommendation for testing among all mildly symptomatic/asymptomatic individuals. These categories and 
dates are based on the best available information from state coronavirus websites, state press releases or 
related news coverage, health alert networks (HAN), or state government social media accounts. 
 
*Testing was expanded to include this population during the study period. Approximate dates when states 
expanded testing recommendations are as follows: MI (4/14); ND (3/24); NM (4/1); RI (4/1); TN (4/18 for biggest 
expansion to anyone who wants testing); UT (4/10); VT (3/27); DE (3/31); GA (4/15); AK (4/8); FL (early April); LA 
(3/18); OK (4/1); WI (4/16)  
 
** Testing was expanded to include this population after the study period. Approximate dates when states 
expanded testing recommendations are as follows: CA (4/19); AR (4/24); KY (4/27); MN (4/23); OH (4/22); SC 
(4/22); WY (4/22) 
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Appendix Table 2. State-specific prior distributions for probabilistic bias analysis 
 

State P(test+|S1) P(test+|S0) 

 Minimum Median Maximum Minimum Median Maximum 

Alabama 0.088 0.099 0.108 0.000 0.005 0.035 

Alaska 0.026 0.03 0.032 0.000 0.001 0.01 
Arizona 0.074 0.084 0.091 0.000 0.004 0.029 

Arkansas 0.058 0.065 0.071 0.000 0.003 0.023 

California 0.087 0.099 0.107 0.000 0.005 0.034 

Colorado 0.167 0.19 0.206 0.001 0.01 0.066 

Connecticut 0.242 0.275 0.299 0.001 0.014 0.096 
Delaware 0.133 0.151 0.164 0.000 0.008 0.053 

District of 
Columbia 0.161 0.183 0.199 0.001 0.009 0.064 

Florida 0.082 0.093 0.101 0.000 0.005 0.033 

Georgia 0.190 0.216 0.235 0.001 0.011 0.076 

Hawaii 0.020 0.022 0.024 0.000 0.001 0.008 
Idaho 0.080 0.091 0.098 0.000 0.005 0.032 

Illinois 0.170 0.193 0.210 0.001 0.010 0.067 

Indiana 0.150 0.17 0.185 0.000 0.009 0.059 

Iowa 0.088 0.099 0.108 0.000 0.005 0.035 

Kansas 0.081 0.092 0.100 0.000 0.005 0.032 

Kentucky 0.066 0.075 0.081 0.000 0.004 0.026 
Louisiana 0.137 0.155 0.169 0.000 0.008 0.054 

Maine 0.045 0.052 0.056 0.000 0.003 0.018 

Maryland 0.151 0.171 0.186 0.000 0.009 0.060 

Massachusetts 0.186 0.211 0.229 0.001 0.011 0.074 

Michigan 0.247 0.281 0.305 0.001 0.014 0.098 

Minnesota 0.040 0.045 0.049 0.000 0.002 0.016 
Mississippi 0.082 0.093 0.101 0.000 0.005 0.033 

Missouri 0.082 0.093 0.101 0.000 0.005 0.033 

Montana 0.032 0.037 0.04 0.000 0.002 0.013 

Nebraska 0.067 0.076 0.082 0.000 0.004 0.026 

Nevada 0.094 0.107 0.117 0.000 0.005 0.037 

New Hampshire 0.079 0.090 0.098 0.000 0.005 0.031 
New Jersey 0.401 0.455 0.495 0.001 0.023 0.159 

New Mexico 0.038 0.044 0.047 0.000 0.002 0.015 

New York 0.317 0.361 0.392 0.001 0.018 0.126 

North Carolina 0.064 0.073 0.080 0.000 0.004 0.026 

North Dakota 0.033 0.037 0.040 0.000 0.002 0.013 
Ohio 0.101 0.115 0.125 0.000 0.006 0.040 

Oklahoma 0.058 0.066 0.071 0.000 0.003 0.023 

Oregon 0.039 0.045 0.048 0.000 0.002 0.016 

Pennsylvania 0.161 0.183 0.199 0.001 0.009 0.064 

Rhode Island 0.109 0.124 0.135 0.000 0.006 0.043 

South Carolina 0.087 0.099 0.108 0.000 0.005 0.035 
South Dakota 0.106 0.120 0.131 0.000 0.006 0.042 

Tennessee 0.060 0.068 0.074 0.000 0.003 0.024 

Texas 0.083 0.094 0.102 0.000 0.005 0.033 

Utah 0.039 0.044 0.048 0.000 0.002 0.016 
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Vermont 0.051 0.058 0.063 0.000 0.003 0.020 

Virginia 0.123 0.140 0.152 0.000 0.007 0.049 
Washington 0.072 0.081 0.089 0.000 0.004 0.028 

West Virginia 0.032 0.037 0.040 0.000 0.002 0.013 

Wisconsin 0.069 0.079 0.086 0.000 0.004 0.028 

Wyoming 0.037 0.042 0.046 0.000 0.002 0.015 
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Appendix Table 3. Quality of state-level test reports according to COVID Tracking Project 
 

Grade States 

A Alaska, Arkansas, Colorado, Connecticut, District of Columbia, Delaware, Florida, 
Georgia, Hawaii, Iowa, Idaho, Illinois, Kentucky, Louisiana, Maryland, Maine, 
Minnesota, Missouri, Mississippi, Montana, North Carolina, Nebraska, New 
Jersey, New Mexico, Nevada, New York, Oregon, Pennsylvania, South Dakota, 
Tennessee, Texas, Utah, Virginia, Vermont, Wisconsin, Wyoming 

B Alabama, Arizona, California, Indiana, Kansas, Massachusetts, Michigan, North 
Dakota, New Hampshire, Ohio, Oklahoma, Rhode Island, South Carolina, West 
Virginia 

C Washington 
The COVID Tracking Project assigned grades to each state based on four criteria: 1) reporting positives 
reliably, 2) Reporting negatives sometimes, 3) reporting negatives reliably, and 4) reporting all commercial 
tests. States meeting all four criteria received an “A” grade, those meeting three criteria received a “B” grade, 
and those meeting two criteria received a “C” grade.   
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Appendix Figure 1. Static prior distributions for probabilistic bias analysis 

 
We assumed specificity ranged from 0.9998 to 1.000.  
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Appendix Figure 2. Distribution of expected SARS-CoV-2 infections by state correcting for bias 
due to incomplete testing and imperfect test accuracy 

 
Analyses include cumulative confirmed COVID-19 case counts up to April 18, 2020. Estimated infections were from 
a Bayesian probabilistic bias analysis to correct for incomplete testing and imperfect test accuracy. Each box plot is 
colored by log10(median of the distribution for each state). In each box plot, the lower hinge corresponds to the 
25th quantile, the upper hinge corresponds to the 75th quantile, and the vertical line in the box corresponds to the 

median. The lower whisker corresponds to the smallest observation  to the lower hinge - 1.5 * the interquartile 

range (IQR), and the upper whisker corresponds to the largest observation  to the upper hinge - 1.5 * IQR. 
Outlying points are shown individually as black points. 
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Appendix Figure 3. Probability of testing positive among those tested in each state by date 

 
Each line is P(test+ |tested) in a state by date. Prior to late March, 2020, the percentage of the population tested 
was less than 0.6%, and P(test+ |tested) was highly variable over time.  

 
Appendix Figure 4. Probability of testing positive among those tested in each state by date 
restricting to dates when the percentage of the population tested was at least 0.6% 

 
Each line is P(test+ |tested) in a state by date. Starting in late March, 2020, the percentage of the population 
tested was at least 0.6% in each state, and P(test+ |tested) was substantially less variable over time.   
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