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ABSTRACT: 

The COVID-19 pandemic raised a question about clinical accuracy of diagnostic tests. This article presents 

a method for estimating the important measures of a diagnostic test without a standard reference. The sensitivity and 

specificity along with prevalence disease are estimated based on experimental probability and latent class model 

analysis. A mathematical model and a computer simulation are developed to test and validate the proposed 

methodology. An example of implementation and evaluation is given. 
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INTRODUCTION 

The COVID-19 pandemic raised a question about clinical accuracy of diagnostic tests. Estimation of 

sensitivity Se and specificity Sp of a diagnostic test is necessary to assess disease prevalence rate DP. The task becomes 

difficult when all these parameters are unknown and the reference standard is not available. 

The traditional method to evaluate the performance of a diagnostic test is to establish a group of individuals 

with known disease status (i.e., classify the individuals as positive or negative by a standard reference method). The 

sensitivity of the test (true positive fraction) is then calculated using the diseased individuals, and the specificity of 

the test (true negative fraction) using the individuals classified by the standard reference test as disease-free. The 

problem with this approach is that the availability of a standard reference method with perfect sensitivity and 

specificity is somewhat questionable for a large group of diseases [1]. However, several other approaches have been 

developed for evaluation of tests in absence of a reference standard, see [2][3] [4] for a review of existing methods. 

The methodology discussed below uses latent class model and simulated experimental observation of the 

events frequencies. The class of models where the disease status of the individuals is unknown are traditionally 

referred to as latent class models as the disease status is latent: existing but not presently evident or realized [1]. The 

first stage of the methodology is essentially a computer simulation of this latent phase of the spread of a disease where 

random persons in the population are marked as having that disease. The second stage simulates an experimental 

examination of a population group with a diagnostic test for which sensitivity and selectivity are not accurately 

determined. The third stage involves finding a theoretical frequency of examination results that is as close as possible 

to the experimental ones in order to find the values of the unknown disease prevalence and sensitivity and specificity 

of the diagnostic test. 
 

 

MATERIALS AND METHODS 

A diagnostic test has two basic characteristics sensitivity and specificity. Sensitivity is the proportion of true 

positives tests out of all patients with a condition [5]. In other words, it is the ability of a test or instrument to yield a 

positive result for a subject that has that disease. The equation for sensitivity Se is [6]: 

 

𝑆𝑒 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑁
 (1) 

  

where TP – true positives and FN – false negatives. 

Specificity is the proportion of true negatives out of all subjects who do not have a disease or condition [5]. 

In other words, it is the ability of the test or instrument to obtain negative results for a person who does not have a 

disease. The formula to determine specificity Sp is as follows [7]: 

 

𝑆𝑝 =
𝑇𝑁

𝑇𝑁 + 𝐹𝑃
 (2) 

 

where TN – true negatives and FP – false positives. 

Disease prevalence DP, sometimes referred to as prevalence rate, is the proportion of persons in a population 

who have a particular disease or attribute at a specified point in time or over a specified period of time [7]. The formula 

to determine prevalence is: 

 

𝐷𝑃 =
𝑇𝑃 + 𝐹𝑁

𝑇𝑃 + 𝐹𝑁 + 𝑇𝑁 + 𝐹𝑃
 (3) 

 



The prevalence DP could be interpreted as the unconditional probability of being diseased D, Se – as the 

conditional probability to test positive being diseased and Sp – as the conditional probability to test negative being 

healthy or not diseased ND.  

The three unknown variables Se, Sp and DP can be estimated by matching the values of observed 

experimental probabilities with the corresponding theoretical probabilities. Theoretical probabilities of events that 

happen in sequence during the diagnostic testing process can be derived from the law of total probability or directly 

form corresponding parts of the event tree (fig.1.). As the unknown variables are three, it is necessary to choose three 

independent equations for calculating the event probabilities. 

The further step that should be taken is to determine an appropriate sample size group of subjects which will 

be tested. Depending on the aimed accuracy of the results n random subjects will be chosen among the population 

target group. Each subject will be tested two or three times. The record of consecutive results for each subject will be 

kept. For the following example tracking of these three consecutive events will be used: 

• Twice positive test PP – the individuals who have two consecutive positive tests 

• Twice negative test NN – the individuals who have two consecutive negative tests 

• Two alternate tests followed by a positive one PNP or NPP further both denoted as PNP – the individuals 

who tested twice with different results are tested third time and the test is positive. 

The tree of observed diagnostic test results yields the theoretical probabilities of the aforementioned events.  

 : 

 

Fig. 1. Probability tree for the PP, NN and PNP events 

 

 

 
 

 

The equations form a system: 

 

{

𝑃𝑃 = 𝐷𝑃. 𝑆𝑒2 + (1 − 𝐷𝑃)(1 − 𝑆𝑝)2

𝑁𝑁 = 𝐷𝑝(1 − 𝑆𝑒)2 + (1 − 𝐷𝑃)𝑆𝑝2

𝑃𝑁𝑃 = 2(𝐷𝑝. 𝑆𝑒2(1 − 𝑆𝑒) + (1 − 𝐷𝑃)𝑆𝑝(1 − 𝑆𝑝)2)

 (4) 

 

The experimental values of PP, NN and PNP events found in practice or by computer simulation are 

substituted in (4). The unknown values of Se, Sp, and DP are estimated by solving the system (4) with appropriate 

tolerance. The roots of interest are in the interval [0,1] as by definition Se, Sp, DP [0,1]. In this interval the system 

has two roots (Se,Sp,DP) and (1-Se,1-Sp,1-DP).  

 

RESULTS 

To check and validate the mathematical model and computer simulation, the calculated values of Se, Sp and 

DP should be matched to the respective values of known disease prevalence and diagnostic test parameters. 



For the following example is supposed that actual disease prevalence is DP = 5%, the sensitivity and 

specificity of an unknown medical test are Se = 85% and Sp = 95%.  

A sample size of n = 104 individuals are being tested.  

The result of the simulation is: 

 

Table 1. Statistical data of the consecutive diagnostic test events PP, NN and PNP of n = 104 individuals where 

DP = 5%, Se = 85%, Sp = 95% 

Test results (CI = 95%) 
Number of individuals % 

Lower bound Mean Upper bound Relative error 

PP – twice positive 349 385 427 10.6 

NN – twice negative 8518 8585 8656 0.8 

PNP – alternate followed by a positive 133 154 184 17.6 

 

The 876 individuals of the mean value who have been tested as PNN or NPN are not considered as these events 

are not included in (4). The probability of each event obtained in Table 1 is substituted in system (4). This system of 

equations is nonlinear and it is easier to be solved numerically. The solutions of the system on the mean and boundary 

values of the confidence interval are: 

 

Table 2. Estimated disease prevalence, sensitivity and selectivity calculated from PP, NN and PNP events 

Experimental probabilities of the events 
% 

Se Sp DP 

Lower bound, PP = 0.0349, NN = 0.8518, PNP = 0.0133 88.7 94.2 4 

Mean, PP = 0.0385, NN = 0.8585, PNP = 0.0154 84.9 95 5 

Upper bound, PP = 0.0427, NN = 0.8656, PNP = 0.0184 81.2 96 6.2 

Average relative error 4.4 0.9 22 

 

As could be seen the result for the mean is close to the actual values of the parameters. The deviation of the 

boundary solutions is due to the relative error of rare events. In the above sample simulation, the PNP is less frequent 

than both other events PP and NN. The following rare events can occur in sampling phase when trying to estimate a 

highly accurate diagnostic test: 

• P events when the disease prevalence is low 

• N events when the disease prevalence is high 

• Alternate events 

• Any of the events due to small sample size 

In every particular case a rare event can be replaced by supposedly more frequent event. Eventually this can 

be combined with the increase of sample size. 

Let’s look at previous example and try to replace the PNP event in (4) with PPP event which is twice as 

frequent. The equation for the PPP event is 

  

𝑃𝑃𝑃 = 𝐷𝑃. 𝑆𝑒3 + (1 − 𝐷𝑃)(1 − 𝑆𝑒)3 (5) 

The simulated process will give: 

 

Table 3. Statistical data of the consecutive diagnostic test event PPP with three positive results of n = 104 

individuals where DP = 5%, Se = 85%, Sp = 95% 

Test results (CI = 95%) 
Number of individuals % 

Lower bound Mean Upper bound Relative error 

PPP – triple positive 273 308 342 11.2 

 



 

Table 4. Estimated disease prevalence, sensitivity and selectivity calculated from PP, NN and PPP events 

Experimental probabilities of the events 
% 

x y z 

Lower bound, PP = 0.0349, NN = 0.8518, PPP = 0.0273 85.3 94.3 4.4 

Mean, PP = 0.0385, NN = 0.8585, PPP = 0.0308 85.2 95 5 

Upper bound, PP = 0.0427, NN = 0.8656, PPP = 0.042 84 95.8 5.8 

Average relative error 0.8 0.8 14 

 

The average combined deviation of all three parameters in Table 4 is less almost two times compared to the 

deviation of the same parameters in Table 2. 

 

DISCUSSION:  

When trying to apply this method in practice, the following assumptions should be considered: 

1. Disease prevalence, selectivity and specificity remain unchanged during the testing period. Supposedly, 

the selectivity and specificity are constants for a given diagnostic test implemented in similar conditions, 

which cannot be stated for disease prevalence. The prevalence is variable and changes over the time. For 

the oncology diseases the changes are slow but for some infectious diseases the changes are fast, so the 

duration of the testing period should be assessed according to the specific situation. 

2. The demonstrated methodology is appropriate when mass diagnostic testing is affordable as in COVID-

19 pandemic period. 

3. The methodology could be implemented when no other reliable standard test reference is available. 
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