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ABSTRACT

The accuracy of a diagnostic test should be evaluated before it is used in clinical situations.
The sensitivity, specificity, and the trade-off between the 2 need to be considered. Sensitivity
and specificity in diagnostic tests depend on the selection of cut-off values, and appropriate
cut-off values can be arrived at by analyzing the receiver operating characteristic curve.

In actual clinical setting, it is often difficult to obtain an appropriate gold standard for
diagnosis, and in this case, consent is required as well. In this article, we summarize the basic
concepts and methods for evaluating the performance of diagnostic tests.
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INTRODUCTION

With the rapid spread of the severe acute respiratory syndrome coronavirus 2, the Food and
Drug Administration has reported that the pandemic is disrupting healthcare system and
social stability worldwide and that rapid detection of cases and contacts, appropriate clinical
management and infection control, and implementation of community mitigation efforts
are necessary to effectively respond to coronavirus disease 2019 outbreak. In the context of
a public health emergency, all clinical trials or diagnostic studies should be validated before
use. It is very important to verify diagnostic accuracy because false results can negatively
affect not only individual patient's health but also public health in general.)

Diagnostic tests play an important role in identifying the patient's disease or condition, and
the accuracy of diagnostic tests must be determined using comparisons and statistical tests.
There is a screening test involved in the process of identifying the diseases that are present.
It is important not to miss the individuals suffering from the disease when conducting the
screening test. Therefore, the sensitivity must be increased. It would be ideal to have both
high sensitivity and high specificity, but in the same test, higher sensitivity would result in
lower specificity. Thus, there is a trade-off between sensitivity and specificity that affects the
accuracy of diagnosis in diagnostic studies.

There are several methods for evaluating the performance of a diagnostic test. The sensitivity
and specificity of the test are well known parameters with known disease status based on the
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gold standard. Toft et al. explored methods using simulations without latent class analysis to
assess the sensitivity and specificity of a diagnostic test.? It can be problematic to evaluate
the accuracy of diagnostic test because there is no “gold standard” for diagnostic testing in
many fields of medical research.? For a diagnostic test, sensitivity and specificity vary with
the choice of cut-off value, and the analysis of receiver operating characteristic (ROC) curve
can help one arrive at an appropriate cut-off value.?

It can estimate some statistics for accuracy, precision, and recall by defining “true disease”
or using “gold standard.” If there are no pre-informative results using “true disease” or “gold
standard,” it is hard to confirm accuracy, although estimating an agreement is still possible.
The purpose of this review is to introduce the basic concepts and methods of performance to
evaluate the accuracy of a diagnostic test.

TYPES OF TEST RESULTS

There are various measures of the accuracy of diagnostic tests, and the choice of method of
comparison depends on the nature of the test results. The results can be classified as either
qualitative, such as binary-scale or ordinal-scale data, or quantitative, such as continuous-
scale data. This review considers the simplest type of dichotomous test with only 2 possible
results (positive and negative). There are 4 subgroups of diagnostic results of patients: D+
means patients who have the disease, D- means without the disease, and T+ and T- mean
test positive and negative, respectively.

Gold standard

A gold standard is important for decision-making by the medical staff when it comes to
applying evidence-based medicine.” It is also known as the “reference standard,” and it is
considered to be the best available method for evaluating the presence or absence of the
target condition (or disease). In other words, it is a source of information that is completely
different from the test or tests under evaluation and shows the true condition status (D+,

D-) of the patient. The selection of the gold standard is often the most difficult step in the
planning phase of the study. If it exists, the study for diagnostic accuracy tests is easier to
carry out. However, there is no reasonable gold standard available at present, and some argue
that this issue should be resolved before beginning the study.

Bias

It is well known that diagnostic accuracy tests are subject to biases of various types, such
as verification, errors in the reference spectrum, and test interpretation bias. Estimates
of the diagnostic performance, including sensitivity and specificity, can also be biased.
Biased estimates do not provide the true sensitivity and specificity values, thereby causing
inaccuracy. There has been some debate about bias in diagnostic tests.”)

Definition of measures for diagnostic tests

There are 2 basic measures of diagnostic accuracy: sensitivity and specificity. In Table 1,

the rows summarize the test results, whereas the columns illustrate the data according to
the status of true condition using the gold standard or standard reference. Other important
definitions are included in the footnote of the table.
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Table 1. A 2x2 count table for comparing a new test result to a reference standard (using gold standard)

Test result Condition (disease) Total
Positive (D+) Negative (D-)

Positive (T+) ny Ny, n,

Negative (T-) Ny Ngy N,.

Total n, Ny N

Data are represented as below: n,, number of true positive events; n,,, number of false positive events; ny,
number of false negative events; ny,, number of true negative events.

Sensitivity and specificity are the parameters for estimating how often the test result is
positive when the target condition is present (+) and how often the test is negative when the
target condition is absent (=), respectively. When both estimates are close to 1, they perform
well in terms of diagnostic ability. Most results are reported in a 2x2 table, as exemplified by
Table 1. Estimated sensitivity and specificity are the proportions of subjects with and without
the condition of the reference standard (or gold standard), respectively. Predictive values
(positive predictive value [PPV], negative predictive value [NPV]) define the probability of
being ill for a subject with a positive or negative result. Likelihood ratios (LR+, LR-) are the
ratios of sensitivity to specificity.” From Table 1, some estimates, including sensitivity and
specificity, are calculated as follows.

n
Sensitivity (Se): n_l (true positive rate)

i N2z .
Specificity (Sp): P (true negative rate)

Ny +ny;  Se+Sp

A :
ccuracy N N

ppy; 11

ny,

n
NPV: —22
ny,

Se
1-Sp

LR +:

1-—Se
Sp

LR —:

Agreement

When a non-reference standard is used for evaluating a new diagnostic test, sensitivity

and specificity are no longer adequate estimates. In this case, agreement is used for the
comparison of information on the correctness. In a 2x2 table for comparing a new test result
to a non-reference standard (Table 2),

Ny + Ny

Overall percent agreement: N

n
Positive percent agreement (PPA): f
1

n
Negative percent agreement (NPA): %
2
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Table 2. A 2x2 count table for comparing a new test result to a non-reference standard

Test result Non-reference standard Total
Positive (D+) Negative (D-)

Positive(T+) ny Ny, n,

Negative(T-) Ny, Ny ny.

Total n, N,y N

Data are represented as below: n,, number of true positive events; n,,, number of false positive events; ny,
number of false negative events; ny,, number of true negative events.

The counts in the table (m, m, 121, and 1) no longer represent true positive, false positive,
false negative, and true negative because the non-reference standard may be wrong. They
only provide information on how often the test results agree with a non-reference standard.
In this case, PPA and NPA are more useful in describing their agreement.”

ROC curve

In the ROC curve with specificity on the x-axis and sensitivity on the y-axis, the area under
the curve (AUC) is useful for evaluating how high the discriminative power of the test is. The
closer the AUC value is to 1, the higher the diagnostic accuracy. If it is less than 0.5, then the
diagnostic accuracy is low.

Trade-off between sensitivity and specificity

When choosing for a positive diagnosis, there is a trade-off between sensitivity and specificity
depending on the cut-off value.? Unfortunately, it is difficult to have both 100% sensitivity
and 100% specificity when deciding the cut-off value. There is no mathematical relationship
between sensitivity and specificity; however, as one increases, the other tends to decrease.
Therefore, achieving the optimal balance between the 2 is very important. To achieve higher
sensitivity, a trade-off must occur between the 2. In Figure 1, the true and false positive

values are to the right of the dotted line since this distinguishes “without disease” from “with
disease.” High cut-off values make diagnostic tests highly specific but reduce sensitivity.

Criterion value

Negative (-)

Without disease

FP
C X
Test=negative Test=positive Test value
“—
x<c then don't  x>c then has
have disease disease

Figure 1. The trade-off between sensitivity and specificity.
FN = false negative; FP = false positive; TN = true negative; TP = true positive.
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In contrast, low cut-off values for disease mean that more test cases are considered “with
disease”; therefore, the test evaluates more diseases.

Sample size estimation for diagnostic test

In diagnostic research, sample size calculation plays an important role in ensuring validity
and reliability. The right sample size is calculated based on the study objective. There are
several objectives of a diagnostic study for accuracy, including the following: 1) estimating
the accuracy of a diagnostic test, 2) determining whether 2 diagnostic tests have different
accuracies, 3) evaluating whether 2 different diagnostic tests have equivalent accuracies,”
and 4) identifying an appropriate cut-off value for the test. For the first objective, the sample
size must be calculated to ensure that the accuracy is estimated to a pre-specified precision.
For the second objective, the sample size must be large enough to test whether the accuracies
of the 2 tests are different, and the study must prove that they have a high enough power

to detect differences. For the third objective, the sample size needs to be large enough to
ensure that if the accuracies are truly equivalent, the study will have a high enough power for
determining the equivalence. For the fourth objective, it should be ensured that the chosen
cut-off value reaches the minimum requirements for sensitivity and specificity. The sample
size for diagnostic accuracy studies is calculated based on the measures of accuracy, such as
sensitivity, specificity, ROC curve, and sensitivity at a fixed false positive rate.

LIMITATIONS

There may not exist a consensus reference standard, or the reference standard might be error
prone because of the non-negligible percentage of the population in need. In these cases,

it would be better to consult before planning the study on the choice of reference standard

or statistical methods. To reduce the bias of estimates of sensitivity and specificity for
diagnostic research, simply increasing the total sample size for the study will not be helpful.
However, choosing the “right” subject during the planning phase, designing to eliminate
bias in the study, and performing the “right” data analysis procedures are more helpful in
eliminating or reducing bias.

CONCLUSION

The first step in a diagnostic study for accuracy is to set up the primary objective. When the
objective is clearly stated, “right” subjects can be selected and a well-designed study can

be carried out. In addition, it is very important to understand how to select and interpret
diagnostic tests based on statistical methods.
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