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How to evaluate diagnostic tests

K. S. REDDY

INTRODUCTION
The assessment of diagnostic tests is a major component
of medical decision making, both for good patient manage-
ment as well as for ensuring cost-effective health care.
This article outlines the various stages in the evaluation of
diagnostic tests, highlights their design requirements, and
discusses the features of diagnostic accuracy studies.
These guidelines should help readers to critically appraise
published articles on diagnostic tests and to design
methodologically sound studies.

CRITERIA OF EVALUATION
There are several criteria for concluding that a diagnostic
test is ready for widespread use.' The criteria which form
a hierarchy- of progressively more rigorous evaluation are
1. Technological capability: Can the test be done in a

.laboratory setting?
2. Range of possible use: Does the test provide important
diagnostic information in a number of different clinical
situations?
3. Diagnostic accuracy: Does the test provide information
which allows a more accurate assessment of the presence
or severity of a disease?
4. Impact on doctors: Does the result of the test make us
more confident of our diagnosis?
5. Therapeutic impact: Will the result of the test alter our
therapeutic decisions?
6. Patient outcome: Does the patient benefit from the
result of the test, in terms of altered morbidity or mortality?

STUDY DESIGNS
Diagnostic techn1ques can be evaluated and compared-
depending on whether they have followed certain design
stages. These are:

1. Pilot studies
These studies assess the feasibility of the new technique,
its acceptability by the patients and hospital staff, the
quality of the results and the training required to interpret
the results. These are mostly descriptive studies whose
statistical content is often negligible. They merely serve
to project the new test into the arena of clinical research
where it will be subjected to more rigorous assessment.'
The sole objective of pilot studies should be to identify the
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range of clinical settings in which a test may be useful.
However, they are often either projected or interpreted
to be the definitive proof of diagnostic accuracy, During
this exploratory phase, the clinician should have a clear
idea of what the underlying disease is. 'In fact, the greater
the amount of clinical information the better, for this is a
learning phase in which unexpected correlations are
discovered, interpretations refined and important hypo-
theses for subsequent tests generated.'?

2. Diagnostic accuracy studies
Several guidelines have been proposed for evaluating the
quality of studies that assess the accuracy of diagnostic
tests.>" A clinically useful diagnostic test should be able
to distinguish, with a high degree of accuracy, between
individuals with a disease from those without it. Preferably,
it should also be able to quantify the severity of the disease.

COMPARISON WITH A GOLD STANDARD

The accuracy of a new test can be best established by
'independent' comparison with a 'gold standard'. Where
no single gold standard exists a 'composite gold standard'
of several measures or an expert consensus based on the
results of several types of tests is used. However, care
should be taken to ensure that the observers interpreting
the test are blinded to the results of the 'gold standard'
and vice versa. It is also essential that a test which is being
evaluated is not a part of the composite gold standard, as
this will produce a bias towards an increased agreement
between the results of the two tests.

The results of the test also should not influence, in any
manner, the extent to which the gold standard test is likely
to be applied. 'Verification bias' or 'work-up bias' occurs
when a test efficacy study is restricted to patients in whom
the disease status is known and the magnitude of the bias
is directly proportional to the association between selection
for verification and the result of the test under study. For
example, a study by Borow et al.? on patients who were
referred for valve surgery on the basis of echocardiographic
assessment reported excellent diagnostic agreement
between the findings at echo cardiography and at surgery.
However, this study ignored the fact that since surgery
was performed only in those selected by echocardiography,
it may have denied surgery to some deserving patients
(false negatives not identified). Freedman has commented
that allowing the technique to contribute to the final 'gold
standard' diagnosis is no different from allowing a candidate
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to mark some of his own examination papers.? It is also
imperative that the gold standard be uniformly applied to
all persons in the study. Goldschlager et al. 10 studied the
accuracy of treadmill tests in the diagnosis of coronary
artery disease using coronary angiography as the 'gold
standard'. They included 80 'healthy' male volunteers,
who were presumed normal on the basis of clinical
evaluation and treadmill testing, in their category of true
negative patients. This erroneous assumption that all
unverified patients are disease-free leads to false negatives
being classified as true negatives.

BLINDING

Should those interpreting the test be blinded to clinical
or other laboratory data? Most methodologists believe,
that for purposes of diagnostic accuracy, this is necessary
as a knowledge of this data can influence the result, if the
test involves interpretation.f The remarkable rise in dia-

, gnostic sensitivity from 16% to 72% in the interpretation
of chest radiographs by the same radiologist, on being
provided with a suggestive history!' and the influence of
anginal symptoms on the interpretation of stress electro-
cardiogramsv-!' are clear evidence of such a bias. Thus
interpreting a test in isolation would permit the measure-
ment of its independent contribution. Begg remarks that
it is not clear that this represents a meaningful study in
circumstances where clinical factors play an important
role in assisting the interpretation of a test. 8 However, this
raises the question as to whether the test has an incremen-
tal diagnostic value over pre-existing clinical information.
Since diagnostic accuracy studies (as distinct from the
'clinical value' studies) seek to determine the inherent
accuracy of the test per se, blinding of the observers to the
clinical data should be mandatory.

CONSTRUCT VALIDITY- -There are many clinical situations in which no gold stan-
dard exists and adequate substitutes are not available. In
such a situation, Guyatt et al. recommend the use of
'construct validity', where one 'examines the relation
between a new test and existing measures and looks at
whether the new test relates to other variables in the way
one would expect if it is really measuring what it is supposed
to measure'. 2 The construction of an index like the revised
Jones' criteria-" for the diagnosis of rheumatic fever (RF)
would involve construct validation as no gold standard as
yet exists for the diagnosis of RF.

MEASURES OF DIAGNOSTIC ACCURACY-------_.-----
When a gold standard is available, the caTegorization of
test results into 'true positives' (disease present by both
tests), 'false positives' (disease present only by the test but
not by the gold standard), 'true negatives' (disease absent
by both) and 'false negatives' (disease absent by the test
but present by the gold standard) is best done by construct-
ing a 2 x 2 table (Fig. 1).

From this table the following statistics relating to test
characteristics are derived:
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Disease (by Gold Standard)

Test

+ -

True False
+ positive positive a + b

a b

c d
- False True c + d

negative negative

a + c b + d
N= Tot
(a+ b

al number
+ c + d)

FIG. 1.

Sensitivity (positivity in disease, i.e. the ability of the test
to correctly diagnose disease when present)

True Positive a
~--~~~--~~~~~-- =----'
True Positive + False Negative a + c

Specificity (negativity in 'health', i.e. the ability of the test
to correctly identify the absence of disease under investi-
gation)

True Negative d
True Negative + False Positive d + b

Positive predictive value (probability of a patient with a
positive test having the disease)

True Positive~--~~~--~~--=-~~- - ----
True Positive + False Positive a + b

a

Negative predictive value (probability of a patient with a
negative test having absence of the disease)

True Negative d
- ----

True Negative + False Negative d + c

Likelihood ratio of a positive test result (the ratio of the
proportion with a positive test result in'those with disease
to the proportion with a positive test result in those with-
out disease, i.e. the odds that a positive test result would
be expected in a patient with disease as opposed to one
without)

a b Sensitivity
a + c -;- b + d = 1 - Specificity

Likelihood ratio of a negative test result (the ratio of the
proportion with a negative test result in those with disease
to the proportion with a negative test result in those with-
out disease, i.e. the odds that a negative test result would
be expected in a patient with disease as opposed to one
without)

c d 1 - Sensitivity
a-tC -;-b +-'"d = Specificity

a + c
Prevalence of the disease = --~:---------:--

a+b+c+d
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RECEIVER OPERATING CHARACTERISTIC CURVE

When th;-test result is expressed as aCOiitJnuousvariable
(mg% or international units), there are obviously varying
sensitivity and specificity rates for differing values of the
test. Lower values tend to be more sensitive (very few
false negatives) while higher values tend to be more
specific (very few false positives). The choice of the cut-off
points usually depends on the relative merits of sensitivity

. and specificity for the diagnosis of the disease in question.
'If the benefits of therapy are very high and risks of therapy
or wrong labelling are very low, clinicians would prefer to
choose values which enhance sensitivity at the expense of
specificity. On the contrary, if the risks of therapy and the
hazards of wrong labelling (physical and or emotional
morbidity or social stigmata) are high, then the wise
clinician would choose test values (as 'cut-off points' for
making a diagnosis) which maximize specificity at the
expense of sensitivity. The ideal cut-off values are those
with the greatest net benefits of making a diagnosis and
instituting therapy. In order to evaluate the performance
of a test over a range of possible cut-off values and also to
compare different diagnostic tests employing different
continuous variables, the Receiver Operating Charac-
teristic (ROC) curve is a very useful mode of analysis.
The ROC curve plots sensitivity (true positive rate) on
the Y-axis and 1 - specificity (false positive rate) on the
X-axis. Fig. 2 shows ROC curves of three hypothetical
tests for the same disease with values expressed differently
(IV for test A, mg% for test Band fLg%for test C). Obvi-
ously, the curve which goes closest to the upper left-hand
corner of the diagram represents the ideal combination of
sensitivity and specificity characteristics for a succession
of cut-off values. The curve which goes diagonally across
is a very poor test. In Fig. 2, test A has the characteristics
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FIG. 2. ROC curves for three different tests plotted for various
cut-off values of each test in the diagnosis of the same disease.
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of a very good test, test C is a very poor test and test B is
intermediate. In comparing two different tests for the
same disease the areas under the respective curves should
be compared for assessing relative diagnostic accuracy.
Comparison of likelihood ratios computed at various
levels of test results is however, a more powerful method.?

EFFECT OF DISEASE PREVALENCE

The importance of relating predictive va ues-to,prevalence
of the disease cannot be overemphasized. Consider the
hypothetical example of a test performed for the diagnosis
of the disease in a clinical setting where the prevalence of

Disease

Test

+ -

+ 53 8 61
a b

c d
- 47 92 139

100 100 .N = 20o

Positive predictive value = 0.87
Negative predictive value = 0.66
Prevalence = 0.5

FIG.3.

the disease is 0.5 (Fig. 3). This is usually what happens
when the test is applied in a tertiary care hospital. The
positive predictive value for the test is 0.87. Consider the
performance of the test in a community setting, for possible
use as a screening test for the disease, when a larger
number of people are tested. The prevalence of the disease
in the community is 0.1 (Fig. 4). Assuming that the sensitiv-
ity and specificity of the test remain the same as in the
earlier setting, the positive predictive value now is 0.42.

Sensitivity = 0.53
Specificity = 0.92

Disease

Test

+ -

+ 53 72 125
a b

c d
- 47 828 875

100 900 N = 1000

Sensitivity = 0.53
Specificity = 0.92

Positive predictive value = 0.42
Negative predictive value = 0.94
Provnlonco = 0.7

FIG. 4.
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The post-test probability of disease (positive predictive
value) is thus greatly influenced by the pre-test likelihood
(prior probability or prevalence). This is in accordance
with the Bayes' theorem of conditional probability. 15

While predictive values are quite susceptible to preval-
ence, sensitivity and specificity are usually not affected by
varying prevalence rates. Though sensitivity and specificity
have been considered to be absolutely stable characteristics
of a test, it is now believed that they too may be affected
by prevalence, though much less so than the predictive
values. For example, in a situation where a disease is very
rare, it is likely that the clinical diagnostic threshold is
high and hence only severe forms of the disease are likely
to be picked up and referred for the test, while the milder
forms remain clinically undiagnosed. Sensitivity will be
inflated when assessed in those with severe disease and
specificity will be inflated when tested in normal controls. 3

When the prevalence is low, referral of the patients who
cross the high clinical suspicion threshold will result in
enhanced sensitivity. In most clinical situations sensitivity
and specificity are stable. However, predictive values are
far more relevant to clinical decision-making as they are
patient-oriented and 'focus attention on the probability of
disease in a given patient rather than the probabilities of
different test results'. 8 A clinician is, therefore, more
likely to use predictive values and hence should be clear
about the manner in which the prevalence of the disease in
different clinical settings alters them. Likelihood ratios are
also patient-oriented but are even more stable than sens-
itivity and specificity' and are therefore likely to become
more popular as diagnostic test evaluation statistics.

LIKELIHOOD RATIOS A1:1PPQS-'!:1:§~LLIXY

The variable probability that a patient who has a positive
test actually has the disease, as a function of disease pre-
valence, should caution clinicians against simplistically
interpreting the test result in an individual patient and
treating a positive or negative test as an absolute indicator
of the presence or absence of disease respectively. The
likelihood ratio, which is a stable property of any test, can
also help the clinician in converting the pre-test odds for
having the target disorder into post-test odds for having
it.6 A simple nomogram for converting pre-test probability
into post-test probability has been provided by Fagan
(Fig. 5).16 If we have estimates of the prevalence of the
disease in a population of patients with clinical charac-
teristics similar to our patients (relatively precise estimates
based on well-designed studies in the literature or in their
absence at least crude estimates based on our past
experience) we can affix a value for the pre-test probability.
The likelihood ratio for a positive test may be available
from the literature or at least can be computed from the
data provided for the sensitivity and specificity estimates
in these studies. The nomogram can then be used to apply
the likelihood ratio to the pre-test probability and to derive
the post-test probability. While mathematical equations
can be used for deriving probabilities from odds," the
nomogram simplifies the task of the clinician. When we
realize that in a patient with atypical clinical features and
a pre-test probability of disease around 10%, a positive
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NOMOGRAM" FOR INTERPRETING
DIAGNOSTIC TEST RESULTS
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FIG. 5. A nomogram for estimating post-test
probabilities from pre-test probabilities using
likelihood ratios-modified from Fagan 16 by
Sackett et al. 6

test result with a likelihood ratio of 2 will increase the
post-test probability to only 19%, we are less likely to be
willing to surrender our clinical judgement to a seemingly
decisive 'positive' or 'negative' test result. Different
grades of positivity ofa test may have different likelihood
ratios and the post-test probability would be different for
each pre-test probability depending on the type of positive
test response. For example, for the same pre-test probab-
ility of coronary artery disease in a person with atypical
chest pain, the up sloping, horizontal and down sloping
nature of the ST segment depression would have different
likelihood ratios and consequently a down sloping ST
segment depression would result in a far greater post-test
probability of disease than an up sloping ST segment
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depression. It is thus better to relate the post-test probab-
ilities in terms of both pre-test probabilities and the likeli-
hood ratios of each individual test rather than mechanically
accept test results as absolutely diagnostic.

C~M.IX

What should be the appropriate case mix in which the test
should be evaluated? The prevalence-dependency of
predictive values and the sensitivity-related effects on
sensitivity and specificity make this an important issue.
Some studies cite 'normal controls' as part of the test
population, ignoring the fact that the test is hardly ever
likely to be applied to absolutely healthy people. The test
should ideally be evaluated in a case-mix of mild as well as
severe disease and the study population should include
conditions clinically overlapping or confused with the
disease in question. The realistic case-mix would, therefore,
comprise consecutive patients clinically suspected to have
the disease or where it is a plausible differential diagnosis.
In other words, a test should be studied in the clinical
spectrum where it is likely to be applied in the future.

RANDOMIZATION OF TEST SEQUENCE

It is important that the test and the gold standard follow a
randomized sequence of administration. This tends to
offset the diagnostic-suspicion bias that may creep in,
despite attempts at blinding, when the gold standard is
always applied and interpreted last. Even more important,
it will balance any effect of time on rapidly increasing
severity of the disease and thereby avoid a bias towards
more positives in the test which is performed later.

REPRODUCIBILITY

It is also essential to~;~uate the reproducibility of test
interpretation by many different obse~ve.rs. If th~re is a
wide disagreement between observers m mterpretmg.the
same set of test results, it renders the test useless for WIde-
spread clinical application. Two of more ob~ervers sho~ld
independently evaluate the test results WIt~out having
access to the clinical data. If the results are dichotomous,
a chance-corrected index of agreement like Kappa should
be calculated. If the data are continuous (like in a scoring
system), intra-class correlation co-efficients are the pre-
ferred method.l ROC curves for different observers, at
various cut-off levels, may also be compared.f

.
SAMPLE SIZE

How precise are the -e;timations of sensitivity .and
specificity and how does one c.a~c~latethe sa~?~e SIze?
These test characteristics (sensitivity and specificity) are
essentially rates or proportions. A 95% confidence interval
should, therefore, be provided for each estimate. The
larger the sample size, the more precise is the estimate.
The required precision may be specified as the standard
error of the estimate acceptable to the investigator and
the sample size calculated accordingly for the expected
values of sensitivity and specificity. Alternatively, the
investigator may set up a clinically unacceptable level ~f
sensitivity (or specificity), propose the null hypothes~s
equating sensitivity to that value, an alternate hypothesis
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stating that the observed value of sensitivity would exceed
that value and proceed to calculate the sample size based
on proportions. 17

3. Clinical value studies
These StUDIeS-usuallyemploy a design in which the clinician
makes two assessments of a patient--one before the test
has been performed and one after. The impact of the test
on diagnostic as well as therapeutic processes can be
examined in this way. These studies are used to evaluate
the extent to which a new diagnostic test provides incre-
mental diagnostic benefit over clinical assessment and
other diagnostic tests which precede this in the test order
sequence. The therapeutic and management decisions
which are influenced or altered by applying this test may
be assessed in comparison with the decisions made prior
to test administration. Similarly alterations in the levels of
confidence that physicians have in their diagnosis or

.management decisions may be evaluated to assess if the
test enhances this confidence. A test may possess excellent
diagnostic accuracy but, if it does not significantly alter
management decisions which have been arrived at on the
basis of other information, it will have little clinical
relevance. Similarly, the incremental cost-effectiveness of
the test may need to be demonstrated before the test is
incorporated into clinical practice. Ideally, the clinical
value study should be prospectively performed by asking
physicians to state their diagnosis and management plans
for each patient prior to performing the test, then giving
them the results and seeing if their plans change. 2

Such clinical value studies avoid the expense and the
logistical difficulties of a randomized controlled trial and,
since all patients are subjected to the test, no patient is
denied the benefit of a potentially beneficial technology.
There are, however, limitations of this design." Changes
in therapy believed to be beneficial may in fact be harmful,
i.e. change itself may not be a good indicator of test
superiority. Since patient outcome is not being assessed,
it is not possible to ascertain whether the management
policy considered optimal is indeed so. Clinicians differ
systematically in their assessment of whether a given test
result contributed to management decisions. The clinicians'
report of what they would do prior to the test result may
differ from what they actually would have done were the
test not available. 2 While all patients receive the potential
benefits of the test, they are also exposed to its known
and unknown hazards.? Such studies are, however, useful
to evaluate the incremental benefit of a test in improving
management decision-making and need to be undertaken
more often. When the proportions of correct decisions are
compared, before arid after the test, as a paired sample
test, the McNemar's Chi-square test is appropriate for
analysis. If Liekert scales are used for measuring levels of
confidence continuously, a paired 't' test would be
appropriate ..
4. Randomized clinical trials
These may eemlJioyetl-to evaluate either the impact of
the diagnostic test on management decisions or an even
later end-point, the influence on patient outcome in terms
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of morbidity and mortality. A randomized, controlled
trial (RCT) ismethodologically the best design as it provides
an unbiased comparison of two diagnostic techniques or
management strategies. Using management policy as the
outcome in an RCT implies that one management decision
is regarded as the intervention of known effectiveness.
The RCT is likely to prove useful for equivalence testing
and would be helpful to find out if a less expensive new
diagnostic test is as good (in terms of correct management
decision-making) as the more expensive conventional test.
The RCT, however, has several potential problems. 18.19 It
has been argued that clinical trials are likely to be too
cumbersome or impractical for regular evaluation of dia-
gnostic tests.l" The large sample size requirements, the
need for preliminary use in practice for clinicians to
develop expertise in interpretation and rapid advances in
technology which make the results of a long term trial
obsolete by the time of its publication have been listed as
limitations of the RCT in this area of clinical research.18.

The ethics of denying some patients the benefit of a poten-
tially useful test are also questionable unless there is a
genuine doubt about the utility of the diagnostic
techniques being compared in the two arms of the trial.
However, even if clinical value study designs are
employed to evaluate the impact on management decision-
making, the ultimate unbiased proof that using a particular
diagnostic test has had a beneficial effect on patient
outcome requires an RCT. In this design, patients are
randomized to a limb in which the diagnostic strategy
incorporates the new test and the other limb follows the
standard diagnostic path and all patients are observed
over an adequate period to observe the clinical outcome.
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