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Abstract 

Background: 

We propose and evaluate the approximation formulae for the 95% confidence intervals (CIs) 

of the sensitivity and specificity and a formula to estimate sample size in a validation study 

with stratified sampling where positive samples satisfying the outcome definition and 

negative samples that do not are selected with different extraction fractions.  

Methods: 

We used the delta method to derive the approximation formulae for estimating the sensitivity 

and specificity and their CIs. From those formulae, we derived the formula to estimate the 

size of negative samples required to achieve the intended precision and the formula to 

estimate the precision for a negative sample size arbitrarily selected by the investigator. We 

conducted simulation studies in a population where 4% were outcome definition positive, the 

positive predictive value (PPV)=0.8, and the negative predictive value (NPV)=0.96, 0.98 and 

0.99. The size of negative samples, n0, was either selected to make the 95% CI fall within ± 

0.1, 0.15 and 0.2 or set arbitrarily as 150, 300 and 600. We assumed a binomial distribution 

for the positive and negative samples. The coverage of the 95% CIs of the sensitivity and 

specificity was calculated as the proportion of CIs including the sensitivity and specificity in 

the population, respectively. For selected studies, the coverage was also estimated by the 

bootstrap method. The sample size was evaluated by examining whether the observed 

precision was within the pre-specified value. 

Results: 

For the sensitivity, the coverage of the approximated 95% CIs was larger than 0.95 in most 

studies but in 9 of 18 selected studies derived by the bootstrap method. For the specificity, 

the coverage of the approximated 95% CIs was approximately 0.93 in most studies, but the 

coverage was more than 0.95 in all 18 studies derived by the bootstrap method. The 

calculated size of negative samples yielded precisions within the pre-specified values in 

most of the studies. 

Conclusion: 

The approximation formulae for the 95% CIs of the sensitivity and specificity for stratified 

validation studies are presented. These formulae will help in conducting and analysing 

validation studies with stratified sampling. 
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Background 

In studies constructed to evaluate the validity of an outcome definition implementing chart 

reviews as the gold standard, the chart review is the most time-consuming part of the study. 

This is one of the main reasons why many validation studies estimate the positive predictive 

value (PPV) only when using chart reviews as the gold standard [1]. For example, in a 

recent review of 14 validation studies on dementia diagnoses, McGuinness stated, “Most 

reported only the positive predictive value (PPV)” [2]. In a paper published in the 

FDA-funded Mini-Sentinel pilot programme, the authors stated, “It was determined that 100 

charts would be sufficient to obtain a reasonable PPV and establish the validation process” 

[3]. There are, however, several validation studies where many charts are reviewed to 

estimate not only the positive predictive value (PPV) but also other measures of validity 

(negative predictive value (NPV), sensitivity and specificity). For example, Widdifield et al. 

used as many as 9,500 random samples to identify 107 patients with rheumatoid arthritis 

(RA): 7,500 random samples of patients aged ≥20 years to identify 69 RA patients and an 

additional 2,000 aged ≥65 years to identify 38 RA patients [4]. Instead of employing the 

random sampling strategy, one may use the stratified sampling strategy, where positive 

samples obtained among patients who satisfy the outcome definition and negative samples 

obtained from patients who do not satisfy the definition are selected with different extraction 

fractions. In validation studies using the stratified sampling strategy, however, there seems 

to be no generally accepted approach to estimate measures of validity. For example, in a 

validation study published in 2014 by Husain et al. on nonalcoholic fatty liver disease, the 

sensitivity and specificity were estimated in a "population" of 600 patients, consisting of 450 

who satisfied the outcome definition and 150 who did not [5]. One reason why the measures 

of validity were estimated in this artificial "population" but not in the original population may 

be that there was no generally accepted approach to estimate the sensitivity and specificity 

and their confidence intervals (CIs) in the original population when the stratified sampling 

strategy was employed. 

One valid approach to obtaining these estimates is the use of the bootstrap method to 

estimate the CIs of the sensitivity and specificity as in a validation study of preeclampsia in 

Norway published in 2014 by Klungsøyr et al. [6]. In this study, all (i.e., 100%) of the 3,500 

women in a pregnancy cohort registered with preeclampsia (positive samples) and 1,840 

(2.4%) random samples from 75,311 women without registered preeclampsia (negative 

samples) were examined utilizing antenatal charts and hospital discharge codes used as the 

gold standard. The CIs of the sensitivity and specificity in the original population of 78,811 

women were estimated by the bootstrap method rather than the CIs in the artificial 
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“population” of 5,340 women [6]. 

In the current study, we present approximation formulae for the CIs of the sensitivity and 

specificity in the original population in a validation study with stratified sampling. The 

formulae may be useful when the standard statistical package for the bootstrap method is 

not readily available. We also propose a relevant formula to estimate the size of negative 

samples required to achieve the intended precision or to estimate the size of the precision 

when an arbitrary negative sample size is used, provided that the PPV has already been 

estimated from positive samples. 

 

Methods 

Approximated 95% confidence intervals (CIs) of the sensitivity 

and specificity from a validation study with stratified sampling 
The approximated 95% CIs of sensitivity and specificity were derived using the formula for 

the logarithm of the risk ratio [7] and the delta method (see Additional file 1 for the 

derivation) as follows. 

The 95% CI of the sensitivity, 95%𝐶𝐼𝑠𝑒, is approximated as: 

 95%𝐶𝐼𝑠𝑒 = 𝑠�̂� ∙ 𝑒𝑥𝑝 [±1.96(1 − 𝑠�̂�)√1𝑎 − 1𝑛1 + 1𝑐 − 1𝑛0]               (1) 

 

Similarly, the 95% CI of the specificity, 95%𝐶𝐼𝑠𝑝, is approximated as: 

 95%𝐶𝐼𝑠𝑝 = 𝑠�̂� ∙ 𝑒𝑥𝑝 [±1.96(1 − 𝑠�̂�)√1𝑏 − 1𝑛1 + 1𝑑 − 1𝑛0]               (2) 

 

In Equations (1) and (2), „a‟ is the number of true positives (TPs) and „b‟ is the number of 

false positives (FPs) among positive samples of n1 subjects (n1=a+b), while „c‟ is the number 

of false negatives (FNs) and „d‟ is the number of true negatives (TNs) among negative 

samples of n0 subjects (n0=c+d). The expected point estimate of the sensitivity (𝑠�̂�) in 

Equation (1) is approximated as: 

 𝑠�̂� ~ 𝑁1𝑎/𝑛1𝑁1𝑎/𝑛1:𝑁0𝑐/𝑛0 = 𝑃𝑃�̂�𝑃𝑃�̂�:(1;𝑁𝑃�̂�)𝑁0/𝑁1                            (3) 

 

Similarly, the expected point estimate of the specificity (𝑠�̂�) in Equation (2) is approximated 
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as: 

 𝑠�̂� ~ 𝑁0𝑑/𝑛0𝑁1𝑏/𝑛1:𝑁0𝑑/𝑛0 = 𝑁𝑃�̂�𝑁0/𝑁1(1;𝑃𝑃�̂�):𝑁𝑃�̂� 𝑁0/𝑁1                            (4) 

 

In Equations (3) and (4), 𝑃𝑃�̂� is the estimate of the positive predictive value in positive 

samples, given as 𝑃𝑃�̂�= a/n1, 𝑁𝑃�̂� is the negative predictive value in negative samples, 

given as 𝑁𝑃�̂�= d/n0=(1- c/n0), N1 is the number of subjects who satisfy the outcome 

definition, and N0 is the number of subjects who do not in the original population. 

Alternative formulae for 95%𝐶𝐼𝑠𝑒 and 95%𝐶𝐼𝑠𝑝 worth exploring are given as: 

: 95%𝐶𝐼𝑠𝑒 = 𝑠�̂�  ± 𝛿𝑠𝑒   

  

     where 𝛿𝑠𝑒 is given as 𝛿𝑠𝑒 = 𝑠�̂� ∙ (𝑒𝑥𝑝 [1.96(1 − 𝑠�̂�)√1𝑎 − 1𝑛1 + 1𝑐 − 1𝑛0] − 1)             (5) 

and 95%𝐶𝐼𝑠𝑝 = 𝑠�̂�  ± 𝛿𝑠𝑝   

  

     where 𝛿𝑠𝑝 is given as 

           𝛿𝑠𝑝 = 𝑠�̂� ∙ (𝑒𝑥𝑝 [1.96(1 − 𝑠�̂�)√1𝑏 − 1𝑛1 + 1𝑑 − 1𝑛0] − 1)             (6) 

 

When comparing the calculation of 95%𝐶𝐼𝑠𝑒 with Equations (1) and (5), the upper limit is 

the same, but the lower limit in Equation (5) is lower than that in Equation (1). Similarly, the 

upper limit of 95%𝐶𝐼𝑠𝑝 in Equation (2) is the same as that in Equation (6), but the lower limit 

in Equation (6) is lower than that in Equation (2). 

 

 

Estimation of the negative sample size and precision in a 

validation study with stratified sampling 
We assume a validation study where the primary interest is to estimate the PPV of the 

outcome definition. When the PPV estimated by chart reviews of positive samples (𝑃𝑃�̂�) is 

promising (e.g., 𝑃𝑃�̂� is higher than 0.7 or 0.8 [8-10]), it is hoped that some information is 

obtained for other measures of validity, particularly for the sensitivity but also for the NPV 

and specificity, even if the precision for some of those measures may be lower than that for 

the PPV. In the current article, we define the first stage, in which the PPV is estimated from 
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positive samples, as „Stage I‟ and the next stage, in which the NPV, sensitivity and specificity 

are estimated, as „Stage II‟. In the proposed method, the chart reviews in Stage I should be 

completed and „a‟ and 𝑃𝑃�̂� should be estimated before the negative samples are selected 

in Stage II. The size of negative samples (n0) in Stage II is calculated (see Additional file 1 

for the derivation) as follows: 

 

𝑛0 = (𝑁0𝑁1 1𝑃𝑃�̂� 𝑠𝑒∗1;𝑠𝑒∗ − 1) [(log(1:𝛿𝑠𝑒∗𝑠𝑒∗ )1.96(1;𝑠𝑒∗))2 − 1𝑎 (1 − 𝑃𝑃�̂�)];1
                  (7) 

 

In Equation (7), N0/N1 is obtained from the information on the population, the values of „a‟ 

and 𝑃𝑃�̂� are obtained in Stage I, 𝛿𝑠𝑒∗ is the precision of 𝑠�̂� that must be obtained (i.e., 

the 95%𝐶𝐼𝑠𝑒 obtained at the end of the study will be 𝑠�̂� ± 𝛿𝑠𝑒∗ or narrower) and 𝑠𝑒∗ is the 

sensitivity used to calculate the size of negative samples (n0). If good information on the 

sensitivity (e.g., the sensitivity estimated in a past study conducted in a similar population) is 

available, a likely value of the sensitivity may be used as 𝑠𝑒∗ in Equation (7). However, if no 

good information on the sensitivity is available, one may use 𝑠𝑒∗, which produces the 

possible largest value of n0 (defined as n0max). The value of n0max can be determined 

numerically. Alternatively, 𝑠𝑒∗ in Equation (7) may be fixed as 0.7 because n0 in Equation 

(7) varies with 𝑠𝑒∗ but is maximal (or n0max) when 𝑠𝑒∗ is approximately 0.7 (see Additional 

File 1). The approximated largest value of n0, defined as 𝑛0(0.7), is given as: 

 𝑛0(0.7) = 2.33𝑁0𝑁1 1𝑃𝑃�̂� 
 ; 1[2.89(log (1:𝛿𝑠𝑒∗0.7 ))2;1𝑎(1;𝑃𝑃�̂�)]                                     (8) 

 

Conversely, when the size of negative samples, n0, is arbitrarily specified by the 

investigator (defined as n0
*), the precision δ𝑠𝑒 can be predicted as (see Additional file 1 for 

the derivation): 

 𝛿𝑠𝑒 = 𝑠𝑒∗∗ (𝑒𝑥𝑝 [1.96(1 − 𝑠𝑒∗∗)√1𝑎 (1 − 𝑃𝑃�̂�) + ( 𝑠𝑒∗∗ 1;𝑠𝑒∗∗ 𝑁0𝑁1 1𝑃𝑃�̂� − 1) 1𝑛0∗] − 1)      (9) 

 

In Equation (9), as in Equations (7) and (8), N0/N1 is obtained from the information on the 

population, 𝑃𝑃�̂� and „a‟ are obtained in Stage I and 𝑠𝑒∗∗ is the sensitivity used to estimate 𝛿𝑠𝑒. In Equation (9), the value of 𝛿𝑠𝑒is maximized when 𝑠𝑒∗∗ is approximately 0.7 (defined 
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as 𝛿𝑠𝑒_𝑚𝑎𝑥) and δ𝑠𝑒(0.7), the value of 𝛿𝑠𝑒 obtained when 𝑠𝑒∗∗ is fixed as 0.7, can be used 

as an estimate of 𝛿𝑠𝑒_𝑚𝑎𝑥 (see additional File 1). The value of δ𝑠𝑒(0.7) is given as: 

 𝛿𝑠𝑒(0.7) = 0.7 (𝑒𝑥𝑝 [0.588√1𝑎 (1 − 𝑃𝑃�̂�) + (2.33 𝑁0𝑁1 1𝑃𝑃�̂� − 1) 1𝑛0∗] − 1)         (10) 

 

Numerical examples 
  To evaluate the formulae proposed in the preceding two sections, 36 fictitious validation 

studies were examined (Tables 1 and 2). We assumed that in the original population, N1 

outcome definition-positive subjects accounted for 4% and N0 outcome definition-negative 

subjects accounted for the remaining 96% of the population (N0/N1=24). Among the N1 

definition-positive subjects, 80% were TPs and 20% were FPs (the positive predictive value 

in the population (PPV) is 0.8). We considered 3 different values (0.99, 0.98 and 0.96) for 

the proportion of TNs (the negative predictive value (NPV)) in N0 definition-negative subjects 

in the population). When SE and SP are defined as the sensitivity and specificity in the 

population, SE=0.769 and SP=0.992 when NPV=0.99 (Studies 1-9 in Table 1 and Studies 

28-30 in Table 2), SE=0.625 and SP=0.992 when NPV=0.98 (Studies 10-18 and Studies 

31-33), and SE=0.455 and SP=0.991 when NPV=0.96 (Studies 19-27 and Studies 31-33). 

We simulated two-stage validation studies with stratified sampling. In Stage I of all studies, 

100 (n1) random positive samples were selected from N1 definition-positive subjects and 

evaluated by chart reviews. After the completion of chart reviews, 𝑃𝑃�̂� was estimated as 

a/n1. Then, the size of negative samples (n0) in Stage II was determined by one of the 

following 4 options. In Option A, n0max, or the largest value of n0 that can achieve the 

pre-specified precision (𝛿𝑠𝑒∗), is calculated by Equation (7); in Option B, n0(0.7) (where 𝑠𝑒∗ 
is fixed as 0.7) is obtained by Equation (8); in Option C, n0 is calculated by Equation (7), 

where the information on the population sensitivity (SE) available from the previous study is 

used as 𝑠𝑒∗; and in Option D, n0 is arbitrarily selected by the investigator. For Options A-C, 

the size of negative samples (n0) was selected to attain 𝛿𝑠𝑒∗=0.2, 0.15 and 0.1 in Equation 

(7) or (8). In Option C, it was assumed that based on the information from the previous study, 𝑠𝑒∗ in Equation (7) was set as 0.8 in Studies 3, 6 and 9, where SE=0.769, 𝑠𝑒∗ was set as 

0.6 in Studies 12, 15 and 18, where SE=0.625 and 𝑠𝑒∗ was set as 0.5 in Studies 21, 24 and 

27, where SE=0.455. In Option D, it was assumed that the investigator had selected 150, 

300 or 600 random negative samples, or 𝑛0∗=150, 300 or 600, in Equation (9) or (10). 

In all the studies, the number of TPs (a) among 100 (n1) positive samples and the number 

of FNs (c) among n0 negative samples were assumed to follow a binomial distribution. In 

Stage I, the distribution of „a‟ was a ~ B(100, 0.8), and in Stage II, the distribution of „c‟ was c 
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~ B(n0, 0.01) in Studies 1-9 and 28-30, c ~ B(n0, 0.02) in Studies 10-18 and 31-33 and c ~ 

B(n0, 0.04) in Studies 19-27 and 34-36. 

We used the RAND function of SAS 9.4 with 10,000 iterations for each of the 36 studies. 

The sensitivity and specificity were estimated by Equations (3) and (4), and their 95% CIs 

were estimated by Equations (1) and (2). We also estimated the alternative 95% CIs in 

Equations (5) and (6). We estimated the coverage of 95%𝐶𝐼𝑠𝑒 as the proportion of 10,000 

iterations in which SE was within 95%𝐶𝐼𝑠𝑒 in Equation (1) or (5). Similarly, we estimated the 

coverage of 95%𝐶𝐼𝑠𝑝 as the proportion of 10,000 iterations in which SP was included within 95%𝐶𝐼𝑠𝑝 in Equation (2) or (6). When the upper limit of 95%𝐶𝐼𝑠𝑒 in Equation (1) or (5) 

exceeded 1, the upper limit was set to 1. When c=0, both 𝑠�̂� and the upper limit of 95%𝐶𝐼𝑠𝑒 

were set to 1, and the lower limit of 95%𝐶𝐼𝑠𝑒 was calculated as 𝑃𝑃𝑉/(𝑃𝑃𝑉 + (3/𝑛0)(𝑁0/𝑁1)). The formula 𝑃𝑃𝑉/(𝑃𝑃𝑉 + (3/𝑛0)(𝑁0/𝑁1)) was derived from Equation (3), where 3/n0 

was used as c/𝑛0 (= 1 − 𝑁𝑃�̂�) according to the “rule of three” [11]. 
We also examined the coverage of 95%𝐶𝐼𝑠𝑒  and 95%𝐶𝐼𝑠𝑝  by using the bootstrap 

method for Studies 1, 4, 7, 10, 13, 16, 19, 22, and 25 (Option A) and Studies 28, 29, --, and 

33 (Option D). In the bootstrap method, we selected 1,000 resamples with SAS 9.4 

SURVEYSELECT for each of 10,000 iterations. For the bootstrap method, the coverage was 

estimated as the proportion of 1,000 resamples in which SE was included in the 2.5th-97.5th 

percentile range of 𝑠�̂� estimated by equation (3) and as the proportion of 1,000 resamples 

in which SP was included in the 2.5th-97.5th percentile range of 𝑠�̂� estimated by equation 

(4). 

As the coverage of 95%𝐶𝐼𝑠𝑒 or 95%𝐶𝐼𝑠𝑝 in Equations (1), (2), (5) and (6) was often 

found to be less than 0.95 (see Results), we conducted post hoc studies to simulate a total 

of 10,560 fictitious studies with different combinations of 𝛿𝑠𝑒∗, PPV, NPV, N0/N1 and n1 and 

calculated n0 in Equation (7) with Option A and examined the coverage of 95%𝐶𝐼𝑠𝑒 in 

Equations (1) and (5) and the coverage of 95%𝐶𝐼𝑠𝑝 in Equations (2) and (6). We used {0.1, 

0.15, 0.2, 0.25} for 𝛿𝑠𝑒∗, {0.5, 0.6, 0.7, 0.8, 0.9, 0.95} for PPV, {0.8, 0.9, 0.93, 0.96, 0.98, 

0.99, 0.995, 0.9975} for NPV, {9, 19, 24, 49, 99} for N0/N1 and {60, 80, 100, 120, 150, 200, 

300, 500, 800, 1000, 2000} for n1. 

Last, we compared 95%𝐶𝐼𝑠𝑒 calculated from Equations (1) and (5) as well as 95%𝐶𝐼𝑠𝑝 

calculated from Equations (2) and (6) with the bootstrap percentiles shown in the study by 

Klungsøyr et al. [6]. 

The current study investigates formulae and designs in validation studies where only 

simulation data are used. Therefore, no ethics review was needed for the study. 
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Results 

Table 1 shows the medians and 2.5th-97.5th percentile ranges of 𝑠�̂� and 𝑠�̂� obtained over 

10,000 iterations. The medians of 𝑠�̂� and 𝑠�̂� are close to SE and SP, respectively. Table 1 

also indicates that a larger negative sample size (n0) is required to attain higher precision 

(smaller 𝛿𝑠𝑒∗), and additionally, the largest possible n0 from Option A is close to n0(0.7) from 

Option B. Table 2 shows that as the size of negative samples (𝑛0∗)used in Option D 

increases, the predicted precision (𝛿𝑠𝑒_𝑚𝑎𝑥  or 𝛿𝑠𝑒(0.7)) decreases. It also shows that 𝛿𝑠𝑒_𝑚𝑎𝑥 is close to 𝛿𝑠𝑒(0.7). 

Table 3 shows the medians of 𝑠�̂�, the lower and upper limits of 95%𝐶𝐼𝑠𝑒, and the values 

of 𝛿𝑠𝑒 for 18 studies (Options A and D). The median 𝛿𝑠𝑒 (the value calculated in Equation 

(5) for 95%𝐶𝐼𝑠𝑒 or 1- 𝑠�̂� when the upper limit is set to 1 in Equations (1) and (5), and the 

difference between the 97.5th percentile and the median 𝑠�̂� among 1,000 resamples in the 

bootstrap method) is similar to but smaller than the intended size of the precision (𝛿𝑠𝑒∗) from 

Option A (Studies 1, 4, ---, 25). Likewise, the median of 𝛿𝑠𝑒 is smaller than 𝛿𝑠𝑒_𝑚𝑎𝑥 from 

Option D (Studies 28, 29, ---, 36), particularly in Studies 28, 31 and 34, where 𝑛0∗=150. The 

coverage of 95%𝐶𝐼𝑠𝑒 calculated in Equation (1) is less than 0.95 in 15 of 18 studies, while 

the coverage of 95%𝐶𝐼𝑠𝑒 calculated in Equation (5) is less than 0.95 in 3 of 18 studies. The 

coverage of the 2.5th-97.5th percentile range of 𝑠�̂� estimated by the bootstrap method is 

less than 0.95 in 9 of 18 studies. In one study where 𝑛0∗=150 (Study 28), the coverage of 

the bootstrap method is as low as 0.778. Table 4 shows the medians of 𝑠�̂�, the lower and 

upper limits of 95%𝐶𝐼𝑠𝑝  and 𝛿𝑠𝑝  (the value calculated in Equation (6) for 95%𝐶𝐼𝑠𝑝 

calculated in Equations (2) and (6) or the difference between the 97.5th percentile and 

median 𝑠�̂� among 1,000 resamples calculated in the bootstrap method) for 18 studies. The 

coverage of 95%𝐶𝐼𝑠𝑝 estimated by Equations (2) and (6) is less than 0.95 (approximately 

0.93) in all 18 studies, and there is no substantial difference in the coverage of 95%𝐶𝐼𝑠𝑝 

between Equations (2) and (6). On the other hand, the coverage of the 2.5th-97.5th 

percentile range of 𝑠�̂� estimated by the bootstrap method is larger than 0.95 in all 18 

studies. The 2.5th-97.5th percentile range in the bootstrap method of 𝑠�̂� is wider than 95%𝐶𝐼𝑠𝑝, and the precision of 𝑠�̂� (difference between the 97.5 percentile and the median) 

in the bootstrap method is larger than that of 𝛿𝑠𝑝 from Equation (6). 

Table 5 shows the coverage of 95%𝐶𝐼𝑠𝑒 and 95%𝐶𝐼𝑠𝑝 from 10,560 post hoc studies. The 

coverage of 95%𝐶𝐼𝑠𝑒 is larger than 0.95 in 38.5% of the 10,560 studies when Equation (1) 

is used but is larger than 0.95 in 84.2% when Equation (5) is used. On the other hand, the 

coverage of 95%𝐶𝐼𝑠𝑝 is larger than 0.95 only in 2.5 and 3.4% of the studies, respectively, 
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when Equation (2) and Equation (6) are used. However, 95%𝐶𝐼𝑠𝑝 from Equation (2) or (6) is 

larger than 0.93 in more than 80% of the 10,560 studies. 

Last, for the data presented by Klungsøyr et al. [6], Equations (1) and (2) gave a sensitivity 

of 43.0 (95% CI: 38.5, 48.1)% and a specificity of 99.2 (99.2, 99.3)%, while Equations (5) 

and (6) gave a sensitivity of 43.0 (37.9, 48.1)% and a specificity of 99.2 (99.2, 99.3)%. 

Those estimates are close to the bootstrap estimates, 43.0 (38.7, 48.2)% for the sensitivity 

and 99.2 (99.2, 99.3)% for the specificity, presented in study [6]. 

 

Discussion 

When stratified sampling is employed in a validation study, the measures of validity in the 

original population rather than those in the artificial "population" should be estimated and 

reported to provide useful information. This is because the validated definition is normally 

used in the study conducted with the original population. For example, in the study by 

Klungsøyr et al [6], the sensitivity was 96.8%, and the specificity was 75.6% for the artificial 

"population" of 5,340 women, which was different from the sensitivity (43.0%) and specificity 

(99.3%) estimated for the original population. 

Our study indicated that the 95% CI of the sensitivity and specificity can be approximated 

by Equations (1) and (2), respectively. However, we recommend the use of Equation (5) 

rather than Equation (1) to estimate the 95% CI for the sensitivity because the coverage of 95%𝐶𝐼𝑠𝑒 from Equation (1) is larger than 0.95 in less than half of the studies shown in Table 

3 and Table 5, while the coverage is larger than 0.95 in 15 of 18 studies shown in Table 3 

and in more than 90% shown in Table 5. The coverage of 95%𝐶𝐼𝑠𝑝 was less than 0.95 

when Equation (2) or (6) was used. Table 4 implies that the bootstrap method may give a 

better estimate for the CI of the specificity. However, Equation (2) or (6) may still be of use 

because the coverage was at least 0.93 in more than 80% of the studies shown in Table 5. 

We also presented a formula to calculate the size of negative samples required to attain 

an intended precision once the chart reviews in Stage I are completed before selecting 

negative samples in Stage II. In addition, we presented a formula to calculate the precision 

that would be attained when the investigator uses a predetermined negative sample size. 

The approximation formulae for 95%𝐶𝐼𝑠𝑒 and 95%𝐶𝐼𝑠𝑝 and formulae to calculate the 

size of negative samples and attainable precision may encourage the conduction of 

validation studies with stratified sampling, which can provide some information on sensitivity, 

NPV and specificity even if the primary purpose of the study is to estimate the PPV of the 

outcome definition. 
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Conclusion 

We proposed formulae to approximate the 95% CIs of the sensitivity and specificity for 

validation studies with stratified sampling. We also proposed a formula to estimate the size 

of negative samples required to attain a pre-specified precision. The formulae may help in 

the proper conduction and analysis of validation studies with stratified sampling. 
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Table 1 Validation studies with stratified sampling where the precision of the sensitivity (𝛿𝑠𝑒∗) is specified: Monte Carlo simulations with 10,000 

iterations 

 ＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿ 

Study ID   Option   𝛿𝑠𝑒∗    𝑠𝑒∗    n0            𝑃𝑃�̂�               𝑁𝑃�̂�            𝑠�̂�                      𝑠�̂�  

________________________________________________________________________________________________________________________ 

 N0/N1=24, PPV=0.8, NPV=0.99, SE=0.769, SP=0.992, n1=100 (Study ID= 1-6) 

 

 1    A 0.2 se0  388 (350-434)a 0.800 (0.720-0.880)a 0.990 (0.979-0.998)a 0.764 (0.617-0.929)a 0.992 (0.988-0.995)a  

 2 B 0.2 0.7  383 (346-430) 0.800 (0.720-0.880) 0.990 (0.979-0.998) 0.762 (0.615-0.928) 0.992 (0.988-0.995) 

 3 C 0.2 0.8  371 (340-414) 0.800 (0.720-0.870) 0.990 (0.978-0.998) 0.756 (0.607-0.925) 0.992 (0.988-0.995) 

 4 A 0.15 se0  656 (591-738) 0.800 (0.720-0.880) 0.990 (0.982-0.997) 0.760 (0.648-0.917) 0.992 (0.988-0.995) 

 5 B 0.15 0.7  648 (582-731) 0.800 (0.720-0.880) 0.990 (0.982-0.997) 0.781 (0.660-0.916) 0.992 (0.988-0.995) 

 6 C 0.15 0.8  628 (574-703) 0.800 (0.720-0.870) 0.990 (0.982-0.998) 0.777 (0.655-0.913) 0.992 (0.988-0.995) 

 7 A 0.1 se0 1422 (1267-1622) 0.800 (0.720-0.880) 0.990 (0.985-0.995) 0.771 (0.686-0.872) 0.992 (0.988-0.995) 

 8 B 0.1 0.7 1407 (1248-1611) 0.800 (0.720-0.880) 0.990 (0.985-0.995) 0.769 (0.687-0.871) 0.992 (0.988-0.995) 

 9 C 0.1 0.8 1356 (1232-1532) 0.800 (0.720-0.870) 0.990 (0.985-0.995) 0.765 (0.683-0.882) 0.992 (0.988-0.995) 

 

 N0/N1=24, PPV=0.8, NPV=0.98, SE=0.625, SP=0.992, n1=100 (Study ID= 7-12) 

 10    A 0.2 se0  388 (350-434) 0.800 (0.720-0.880) 0.980 (0.966-0.994) 0.618 (0.498-0.865) 0.992 (0.988-0.995) 

 11 B 0.2 0.7  383 (346-430) 0.800 (0.720-0.880) 0.980 (0.966-0.994) 0.616 (0.495-0.864) 0.992 (0.988-0.995) 

 12 C 0.2 0.6  333 (300-375) 0.800 (0.720-0.880) 0.980 (0.965-0.994) 0.615 (0.482-0.848) 0.992 (0.988-0.995) 

 13 A 0.15 se0  656 (591-738) 0.800 (0.720-0.880) 0.980 (0.969-0.991) 0.627 (0.522-0.784) 0.992 (0.988-0.995) 

 14 B 0.15 0.7  648 (582-731) 0.800 (0.720-0.880) 0.980 (0.969-0.991) 0.624 (0.520-0.782) 0.992 (0.988-0.995) 

 15 C 0.15 0.6  561 (508-636) 0.800 (0.720-0.870) 0.980 (0.968-0.991) 0.629 (0.511-0.790) 0.992 (0.988-0.995) 
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Table 1 --- continued 

 

 16 A 0.1 se0 1422 (1267-1622) 0.800 (0.720-0.880) 0.980 (0.973-0.987) 0.625 (0.547-0.725) 0.992 (0.988-0.995) 

 17 B 0.1 0.7 1407 (1248-1611) 0.800 (0.720-0.880) 0.980 (0.973-0.987) 0.625 (0.547-0.724) 0.992 (0.988-0.995) 

 18 C 0.1 0.6 1217 (1087-1410) 0.800 (0.720-0.870) 0.980 (0.972-0.988) 0.625 (0.543-0.739) 0.992 (0.988-0.995) 

  

 N0/N1=24, PPV=0.8, NPV=0.96, SE=0.455, SP=0.991, n1=100 (Study ID= 19-27) 

 19   A 0.2 se0  388 (350-434) 0.800 (0.720-0.880) 0.960 (0.940-0.979) 0.449 (0.360-0.618)  0.991 (0.988-0.995) 

 20 B 0.2 0.7  383 (346-430) 0.800 (0.720-0.880) 0.960 (0.940-0.979) 0.459 (0.357-0.615)  0.991 (0.988-0.995) 

 21 C 0.2 0.5  252 (229-284) 0.800 (0.720-0.870) 0.961 (0.934-0.983) 0.457 (0.332-0.675) 0.991 (0.988-0.995) 

 22 A 0.15 se0  656 (591-738) 0.800 (0.720-0.880) 0.960 (0.945-0.975) 0.456 (0.374-0.576)  0.991 (0.988-0.995) 

 23 B 0.15 0.7  648 (582-731) 0.800 (0.720-0.880) 0.960 (0.945-0.975) 0.454 (0.375-0.574)  0.991 (0.988-0.995) 

 24 C 0.15 0.5  420 (374-478) 0.800 (0.720-0.880) 0.960 (0.941-0.979) 0.453 (0.359-0.607)  0.991 (0.988-0.995) 

 25 A 0.1 se0 1422 (1267-1622) 0.800 (0.720-0.880) 0.960 (0.950-0.970) 0.454 (0.395-0.530)  0.991 (0.988-0.995) 

 26 B 0.1 0.7 1407 (1248-1611) 0.800 (0.720-0.880) 0.960 (0.950-0.970) 0.455 (0.395-0.531)  0.991 (0.988-0.995) 

 27 C 0.1 0.5  904 (803-1053) 0.800 (0.720-0.870) 0.960 (0.948-0.973) 0.454 (0.383-0.554)  0.991 (0.988-0.994) 

 ＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿ 

a Medians and 2.5th-97.5th percentile range (in parentheses). 

Option: option to select n0 (see text for the details); 𝛿𝑠𝑒∗: intended precision of the sensitivity; 𝑠𝑒∗: value used in Equation (7); n0: size of negative 

samples; 𝑃𝑃�̂�: positive predictive value in the samples; 𝑁𝑃�̂�: negative predictive value in the samples; 𝑠�̂�: sensitivity in the samples; 𝑠�̂�: specificity in 

the samples; N0: size of definition-negative persons in the population; N1: size of definition-positive persons in the population; PPV: positive predictive 

value in the population; NPV: negative predictive value in the population; SE: sensitivity in the population; SP: specificity in the population; n1: size of 
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positive samples; se0: value of 𝑠𝑒∗ that maximizes n0 in Equation (7). 

Table 2 Validation studies with stratified sampling where the size of negative samples (n0) is specified: Monte Carlo simulations with 10,000 iterations 

 ＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿ 

Study ID  Option  𝑛0∗        𝛿𝑠𝑒_𝑚𝑎𝑥        𝛿𝑠𝑒(0.7)       𝑃𝑃�̂�               𝑁𝑃�̂�               𝑠�̂�                  𝑠�̂�  

________________________________________________________________________________________________________________________ 

 N0/N1=24, PPV=0.8, NPV=0.99, SE=0.769, SP=0.992, n1=100 (Study ID= 28-30) 

 

 28    D 150 0.346 (0.326-0.369) a 0.344 0.800 (0.720-0.880) a 0.993 (0.973-1.000) a 0.828 (0.546-1.000) a 0.992 (0.988-0.995) a  

 29 D 300 0.231 (0.218-0.246) 0.229 0.800 (0.720-0.880) 0.990 (0.977-1.000) 0.774 (0.591-1.000) 0.992 (0.988-0.995) 

 30 D 600 0.157 (0.149-0.168) 0.156 0.800 (0.720-0.880) 0.990 (0.982-0.998) 0.769 (0.649-0.952) 0.992 (0.988-0.995) 

  

 N0/N1=24, PPV=0.8, NPV=0.98, SE=0.625, SP=0.992, n1=100 (Study ID= 31-33) 

 31 D 150 0.346 (0.326-0.369) 0.344 0.800 (0.720-0.880) 0.980 (0.953-1.000) 0.631 (0.422-1.000) 0.992 (0.988-0.995) 

 32 D 300 0.231 (0.218-0.246) 0.229 0.800 (0.720-0.880) 0.980 (0.963-0.993) 0.631 (0.470-0.838) 0.992 (0.988-0.995) 

 33 D 600 0.157 (0.149-0.168) 0.156 0.800 (0.720-0.880) 0.980 (0.968-0.992) 0.625 (0.516-0.794)  0.992 (0.988-0.995) 

  

 N0/N1=24, PPV=0.8, NPV=0.96, SE=0.425, SP=0.991, n1=100 (Study ID= 34-36) 

 34 D 150 0.346 (0.326-0.369) 0.344 0.800 (0.720-0.880) 0.960 (0.927-0.987) 0.461 (0.307-0.722)  0.991 (0.988-0.995) 

 35 D 300 0.231 (0.218-0.246) 0.229 0.800 (0.720-0.880) 0.960 (0.937-0.980) 0.458 (0.342-0.631)  0.991 (0.988-0.995) 

 36 D 600 0.157 (0.149-0.168) 0.156 0.800 (0.720-0.880) 0.960 (0.945-0.975) 0.455 (0.371-0.579)  0.991 (0.988-0.995) 

 ＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿ 

a Medians and 2.5th-97.5th percentile range (in parentheses). 

Option: option to select the size of negative samples (see text for the details); 𝑛0∗: size of negative samples arbitrarily selected by the investigator; 𝛿𝑠𝑒_𝑚𝑎𝑥: maximum possible precision in Equation (9); 𝛿𝑠𝑒(0.7): approximated maximum precision in Equation (10); 𝑃𝑃�̂�: positive predictive value in the 
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samples; 𝑁𝑃�̂�: negative predictive value in the samples; 𝑠�̂�: sensitivity in the samples; 𝑠�̂�: specificity in the samples; N0: size of definition-negative 

persons in the population N1: size of definition-positive persons in the population; PPV: positive predictive value in the population; NPV: negative 

predictive value in the population SE: sensitivity in the population; SP: specificity in the population; n1: size of positive samples. 
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Table 3 95% confidence interval of the sensitivity (95%𝐶𝐼𝑠𝑒) and coverage: Monte Carlo simulations with 10,000 iterations 
  

                                      Equation (1)                            Equation (5)                         Bootstrap method              

Study ID  𝛿𝑠𝑒∗
  𝛿𝑠𝑒_𝑚𝑎𝑥    𝑠�̂�                  𝛿𝑠𝑒    coverage        𝑠�̂�               𝛿𝑠𝑒   coverage        𝑠�̂�              𝛿𝑠𝑒   coverage 

  

   1 0.2   - 0.764 (0.607-0.963) a 0.189 b 0.893 c  0.764 (0.566-0.963) d   0.189 b 0.893 c   0.773 (0.606-0.937) e 0.181 f  0.900 g 

  4 0.15   - 0.760 (0.635-0.909) 0.148 0.937 0.760 (0.610-0.909) 0.148 0.937 0.768 (0.632-0.916) 0.139 0.952 

  7 0.1   - 0.771 (0.683-0.870) 0.099 0.927 0.771 (0.671-0.870) 0.099 0.955 0.773 (0.673-0.869) 0.096 0.951 

 10 0.2   - 0.618 (0.475-0.806) 0.187 0.931 0.618 (0.431-0.806) 0.187 0.963 0.630 (0.474-0.821) 0.188 0.941 

 13 0.15   - 0.627 (0.511-0.768) 0.142 0.930 0.627 (0.485-0.768) 0.142 0.957 0.631 (0.502-0.777) 0.144 0.947 

 16 0.1   - 0.625 (0.543-0.719) 0.095 0.944 0.625 (0.530-0.719) 0.095 0.961 0.626 (0.529-0.722) 0.100 0.962 

 19 0.2   - 0.449 (0.341-0.590) 0.141 0.948 0.449 (0.308-0.590) 0.141 0.963 0.463 (0.342-0.619) 0.158 0.954 

 22 0.15     - 0.456 (0.369-0.563) 0.107 0.941 0.456 (0.349-0.563) 0.107 0.966 0.458 (0.358-0.576) 0.120 0.964 

 25 0.1   - 0.454 (0.391-0.527) 0.073 0.950 0.454 (0.381-0.527) 0.073 0.965 0.454 (0.376-0.536) 0.081 0.973 

 28 - 0.346 0.828 (0.591-1.000) 0.172 0.991 0.828 (0.497-1.000) 0.172 0.991 0.833 (0.595-1.000) 0.167 0.778 

 29 - 0.231 0.774 (0.599-0.999) 0.218 0.933 0.774 (0.548-0.999) 0.218 0.964 0.791 (0.596-1.000) 0.194 0.936 

 30 - 0.156 0.769 (0.639-0.926) 0.154 0.919 0.769 (0.613-0.926) 0.154 0.922 0.776 (0.633-0.922) 0.150 0.924 

 31 - 0.346 0.631 (0.417-0.955) 0.286 0.956 0.631 (0.306-0.955) 0.286 0.961 0.644 (0.434-1.000) 0.279 0.929 

 32 - 0.231 0.631 (0.470-0.847) 0.216 0.927 0.631 (0.411-0.847) 0.216 0.957 0.639 (0.455-0.906) 0.230 0.943 

 33 - 0.156 0.625 (0.505-0.774) 0.148 0.934 0.625 (0.476-0.774) 0.148 0.957 0.629 (0.497-0.778) 0.153 0.951 

 34 - 0.346 0.461 (0.300-0.705) 0.245 0.926 0.461 (0.213-0.705) 0.245 0.966 0.474 (0.310-0.744) 0.274 0.937 

 35 - 0.231 0.458 (0.337-0.623) 0.164 0.941 0.458 (0.294-0.623) 0.164 0.971 0.461 (0.335-0.679) 0.218 0.967 

 36 - 0.156 0.455 (0.365-0.567) 0.112 0.946 0.455 (0.342-0.567) 0.112 0.968 0.455 (0.361-0.589) 0.134 0.965 
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a Median of 𝑠�̂� from Equation (3) and medians of the upper and lower limits of 95%𝐶𝐼𝑠𝑒 from Equation (1) (in parentheses). 

b Median of 𝛿𝑠𝑒 in Equation (5) or 1-𝑠�̂� when the upper limit of 𝑠�̂� is set to 1. 

c Proportion of 10,000 iterations in which 95%𝐶𝐼𝑠𝑒 includes SE. 

d Median of 𝑠�̂� from Equation (3) and medians of the upper and lower limits of 95%𝐶𝐼𝑠𝑒 from Equation (5) (in parentheses). 

e Median of the 50th percentiles of 𝑠�̂� by the bootstrap method and medians of the 2.5th and 97.5th percentiles of 𝑠�̂� by the bootstrap method (in 

parentheses). 

f Median of the difference between the 97.5th and 50th percentiles of 𝑠�̂� among 1,000 resamples. 

g Proportion of 10,000 iterations in which the 2.5th-97.5th percentile range of 1,000 resamples includes SE. 𝛿𝑠𝑒∗
: intended precision of the sensitivity; 𝛿𝑠𝑒_𝑚𝑎𝑥: maximum possible precision from Equation (9); 𝑠�̂�: sensitivity in the samples; 𝛿𝑠𝑒: the value of 𝛿𝑠𝑒 

from Equation (5) or 1-𝑠�̂� when the upper limit of 𝑠�̂� is set to 1 and the difference between the 97.5th and 50th percentiles of 𝑠�̂� by the bootstrap 

method. 
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Table 4 95% confidence interval of the specificity (95%𝐶𝐼𝑠𝑝) and coverage: Monte Carlo simulations with 10,000 iterations 

  

                         Equation (2)                           Equation (6)                         bootstrap method                   

Study ID     𝑠�̂�                   𝛿𝑠𝑝  coverage     𝑠�̂�                   𝛿𝑠𝑝  coverage     𝑠�̂�                   𝛿𝑠𝑝   coverage 

       

   1 0.9917 (0.9884-0.9949)
 a
 0.0032

 b
 0.933

 c
  0.9917 (0.9884-0.9949)

 d
 0.0032

 b
 0.933

 c
   0.9915 (0.9877-0.9951)

 e 
 0.0034

 f
 0.968

 g
  

  4 0.9917 (0.9884-0.9949) 0.0032 0.932 0.9917 (0.9884-0.9949) 0.0032 0.932 0.9916 (0.9876-0.9951) 0.0033 0.961 

  7 0.9917 (0.9884-0.9949) 0.0032 0.932 0.9917 (0.9884-0.9949) 0.0032 0.932 0.9917 (0.9881-0.9954) 0.0033 0.968 

 10 0.9916 (0.9883-0.9949) 0.0033 0.931 0.9916 (0.9883-0.9949) 0.0033 0.931 0.9915 (0.9876-0.9950) 0.0035 0.966 

 13 0.9916 (0.9883-0.9949) 0.0033 0.932 0.9916 (0.9883-0.9949) 0.0033 0.932 0.9916 (0.9875-0.9950) 0.0034 0.964 

 16 0.9916 (0.9883-0.9949) 0.0033 0.927 0.9916 (0.9883-0.9949) 0.0033 0.927 0.9916 (0.9879-0.9953) 0.0034 0.964 

 19 0.9915 (0.9881-0.9948) 0.0033 0.931 0.9915 (0.9881-0.9948) 0.0033 0.931 0.9913 (0.9874-0.9949) 0.0035 0.964 

 22 0.9914 (0.9881-0.9948) 0.0033 0.928 0.9914 (0.9881-0.9948) 0.0033 0.929 0.9914 (0.9872-0.9949) 0.0035 0.958 

 25 0.9914 (0.9881-0.9948) 0.0033 0.927 0.9914 (0.9881-0.9948) 0.0033 0.927 0.9915 (0.9877-0.9952) 0.0034 0.963 

 28 0.9917 (0.9884-0.9949) 0.0032 0.932 0.9917 (0.9884-0.9949) 0.0032 0.932 0.9917 (0.9873-0.9952) 0.0035 0.969 

 29 0.9917 (0.9885-0.9949) 0.0032 0.931 0.9917 (0.9884-0.9949) 0.0032 0.931 0.9918 (0.9881-0.9952) 0.0033 0.966 

 30 0.9917 (0.9885-0.9949) 0.0032 0.932 0.9917 (0.9884-0.9949) 0.0032 0.932 0.9917 (0.9876-0.9951) 0.0034 0.970 

 31 0.9916 (0.9884-0.9949) 0.0033 0.934 0.9916 (0.9884-0.9949) 0.0033 0.934 0.9916 (0.9872-0.9951) 0.0036 0.970 

 32 0.9916 (0.9883-0.9949) 0.0033 0.932 0.9916 (0.9883-0.9949) 0.0033 0.932 0.9917 (0.9880-0.9951) 0.0034 0.965 

 33 0.9916 (0.9883-0.9949) 0.0033 0.932 0.9916 (0.9883-0.9949) 0.0033 0.932 0.9917 (0.9875-0.9951) 0.0034 0.970 

 34 0.9915 (0.9881-0.9948) 0.0033 0.935 0.9915 (0.9881-0.9948) 0.0033 0.935 0.9915 (0.9870-0.9951) 0.0037 0.970 

 35 0.9915 (0.9881-0.9948) 0.0033 0.934 0.9915 (0.9881-0.9948) 0.0033 0.934 0.9916 (0.9877-0.9950) 0.0035 0.965 

 36 0.9914 (0.9881-0.9948) 0.0033 0.929 0.9914 (0.9881-0.9948) 0.0033 0.929 0.9915 (0.9872-0.9950) 0.0035 0.966 
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a Median of 𝑠�̂� from Equation (4) and medians of the upper and lower limits of 95%𝐶𝐼𝑠𝑝 from Equation (2) (in parentheses). 

b Median of 𝛿𝑠𝑝 from Equation (6). 

c Proportion of 10,000 iterations in which 95%𝐶𝐼𝑠𝑝 includes SP. 

d Median of 𝑠�̂� from Equation (4) and medians of the upper and lower limits of 95%𝐶𝐼𝑠𝑝 from Equation (6) (in parentheses). 

e Median of the 50th percentile of 𝑠�̂� by the bootstrap method and medians of the 2.5th and 97.5th percentiles of 𝑠�̂� by the bootstrap method 

(in parentheses). 

f Median of the difference between the 97.5th and 50th percentiles of 𝑠�̂� in 1,000 resamples. 

g Proportion of 10,000 iterations in which the 2.5th-97.5th percentile range of 1,000 resamples includes SP. 𝑠�̂�: specificity in the samples; 𝛿𝑠𝑝: the value of 𝛿𝑠𝑝 from Equation (6) and difference between the 97.5th and 50th percentiles of 𝑠�̂� by the 

bootstrap method. 
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Table 5 Coverage of 95%𝐶𝐼𝑠𝑒 and 95%𝐶𝐼𝑠𝑝: Post hoc studies 

  

                      95%𝐶𝐼𝑠𝑒                        95%𝐶𝐼𝑠𝑝   

              

Coverage     Equation (1)     Equation (5)      Equation (2)   Equation (6) 
 
                N   (%)        N    (%)        N (%)          N (%) 

    
 
  ≥0.95      4,069 (38.5%)   8,887 (84.2%)      267 (2.5%)     355 (3.4%) 
 
 0.93-0.95  4,688 (44.4%)    895 (8.5%)  8,335 (78.9%)  8,292 (78.5%) 
 
 <0.93  1,803 (17.1%)     778 (7.4%)  1.958 (18.5%)  1,913 (18.1%) 
 
 Total 10,560 (100%) 10,560 (100%) 10,560 (100%) 10,560 (100%) 
  
 

The coverage of 95%𝐶𝐼𝑠𝑒  (proportion of studies in which 95%𝐶𝐼𝑠𝑒  includes SE) and 

coverage of 95%𝐶𝐼𝑠𝑝 (proportion of studies in which 95%𝐶𝐼𝑠𝑝 includes SP) are shown. 

Each of the 10,560 studies was conducted with one of 10,560 combinations of N0/N1 (9, 19, 

24, 49, 99), PPV (0.5, 0.6, 0.7, 0.8, 0.9, 0.95), NPV (0.8, 0.9, 0.93, 0.96, 0.98, 0.99, 0.995, 

0.9975), 𝛿𝑠𝑒∗ (0.1, 0.15, 0.2, 0.25) and n1 (60, 80, 100, 120, 150, 200, 300, 500, 800, 

1000, 20000). 
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