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The results of many clinical tests are quantitative and are provided on a continuous scale. To help
decide the presence or absence of disease, a cut-off point for ‘normal’ or ‘abnormal’ is chosen. The
sensitivity and specificity of a test vary according to the level that is chosen as the cut-off point. The

receiver operating characteristic (ROC) curve, a graphical technique for describing and comparing the
accuracy of diagnostic tests, is obtained by plotting the sensitivity of a test on the y axis against
1-specificity on the x axis. Two methods commonly used to establish the optimal cut-off point include
the point on the ROC curve closest to (0, 1) and the Youden index. The area under the ROC curve
provides a measure of the overall performance of a diagnostic test. In this paper, the author explains

how the ROC curve can be used to select optimal cut-off points for a test result, to assess the

diagnostic accuracy of a test, and to compare the usefulness of tests.

Conclusion: The ROC curve is obtained by calculating the sensitivity and specificity of a test at every possible
cut-off point, and plotting sensitivity against 1-specificity. The curve may be used to select optimal cut-off values
for a test result, to assess the diagnostic accuracy of a test, and to compare the usefulness of different tests.

INTRODUCTION

In the two previous articles of the series (1,2), the results of
tests were simply considered as being positive (‘abnormal’)
or negative (‘normal’). However, the results of many clinical
tests, for example blood glucose measurement or erythrocyte
sedimentation rate are quantitative and are provided on a
continuous scale. To help decide the presence or absence
of disease, a cut-off point is chosen. Results which are on
one side of this cut-off point, say above, may be considered
abnormal while results which are below the cut-off point
are regarded as normal. However, we know that in such a
situation, not all patients whose results are above the cut-off
point will necessarily have disease and not all those whose
results fall below the cut-off will be free of disease.

The accuracy of a diagnostic test is characterized by its
sensitivity and specificity. The sensitivity and specificity of
a test, however, depends on the level that has been chosen
as the cut-off point for normal or abnormal. The receiver
operating characteristic (ROC) curve is widely accepted as
a method for selecting an optimal cut-off point for a test
and for comparing the accuracy of diagnostic tests (3,4). The
curve is generated by plotting sensitivity of all possible cut-off
points for the test on the y axis as a function of 1-specificity
on the x axis.

SENSITIVITY, SPECIFICITY AND THE CUT-OFF POINT

As mentioned earlier, the sensitivity and specificity of a test
depend on the level that has been chosen as the cut-off
point for normal or abnormal, that is they depend on the
definition of what constitutes an abnormal test. In a re-
cent study, Brown et al. investigated the diagnostic accu-
racy of the peripheral white cell count (WCC) in identifying
bacterial infections in febrile neonates (5). The sensitivity
and specificity at various WCC count cut-offs is shown in
Table 1.

You can see from this table that the sensitivity and speci-
ficity of the WCC in identifying bacterial infections in febrile
neonates change according to what level was taken as the
cut-off for normal or abnormal. For example, the sensitivity
and specificity at a cut-off of 5 x 10° cells/l was 100% and
2%, respectively, while at a cut-off of 17 x 10° cells/l, sensi-
tivity and specificity were, respectively, 38% and 89%. It is
also clear from Table 1 that as the cut-off level of normal is in-
creased, the sensitivity of the test decreases while specificity
increases. This illustrates an important point: sensitivity and
specificity are inversely related according to the choice of
cut-off value. When increasing values of a test result are
associated with disease, higher cut-off values are generally
associated with lower sensitivities and higher specificities,
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Table 1 Sensitivity and specificity of peripheral WCC for diagnosing bacterial
infections in febrile neonates at different thresholds (5)

WCC threshold (x 10° cells/l) Sensitivity (%) Specificity (%)
5 100 2

10 100 31

12 75 53

15 50 74

17 38 89

20 0 93

22 0 97

25 0 98

while lower cut-offs are associated with higher sensitivities
and lower specificities (6). Thus changing the cut-off point
to try and increase the sensitivity or specificity of a test will
result in a reduction of the other.

This relationship between sensitivity and specificity has
important implications. First, for any diagnostic test, we
would like to select a cut-off value such that the optimal sen-
sitivity and specificity are achieved, that is the cut-off point
at which the test is most useful in helping to make the diag-
nosis. Second, it is obvious that sensitivity and specificity at
a single cut-off value do not describe the test’s performance
at other potential cut-off values. Third, the selected cut-off
value should be taken into account when comparing differ-
ent diagnostic tests. One way of addressing all these issues
is to use the ROC curve.

THE ROC CURVE

The ROC curve is a graphical technique for assessing the
ability of a test to discriminate between those with disease
and those without disease (3,7). ROC curves allow visual
analyses of the trade-offs between the sensitivity and the
specificity of a test with regard to the various cut-offs that
may be used (8). The curve is obtained by calculating the
sensitivity and specificity of the test at every possible cut-off
point, and plotting sensitivity against 1-specificity.

Description of the ROC curve

A typical ROC curve is shown in Figure 1. By convention,
sensitivity (the proportion of true positive results) is shown
on the y axis, going from 0 to 1 (0-100%) and 1-specificity
(the proportion of false positive results) is shown on the x
axis, going from 0 to 1 (0-100%) (9,10).

As shown in Figure 1, the diagonal line on the graph go-
ing from the lower left-hand corner (0, 0) to the upper right-
hand corner (1, 1) serves as a reference line, and represents
the characteristics of a test which is completely useless at
differentiating between those with disease and those without
disease. Points along this line indicate that the test detects an
equal number of true and false positives, that is it does not
discriminate between those with disease and those without
disease (9). A test that perfectly discriminates between dis-
eased and non-diseased patients would yield a ‘curve’ that
coincided with the left and top sides of the plot (3,11). In
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Figure 1 A typical ROC curve.

practice, however, it is unusual to have such a curve, and
ROC curves usually lie between these extremes.

Uses of the ROC curve
The ROC curve may be used for three purposes:

1. it allows the determination of the cut-off point at which
optimal sensitivity and specificity are achieved

2. it allows an assessment of the diagnostic accuracy of a
test and

3. it allows the comparison of the usefulness of two or more
diagnostic tests.

Determining the optimal cut-off point

A perfect medical test would have 100% sensitivity and 100%
specificity, and such a test will identify all people with disease
and all those without disease. The point on the ROC curve
which corresponds to this perfect scenario (100% sensitivity
and 100% specificity) would be at the upper left-hand corner
(0, 1). In practice, however, few tests are perfect, and one has
to strike a balance between sensitivity and specificity. Gen-
erally speaking, the closer the ROC curve gets to the upper
left-hand corner (0, 1), the better the test is at discriminating
between cases and non-cases (11).

Two methods for identifying optimal cut-off points using
sensitivity, specificity and the ROC curve are commonly used
(12,13). The first method assumes that the best cut-off point
for balancing the sensitivity and specificity of a test is the
point on the curve closest to the (0, 1) point. In this method,
optimal sensitivity and specificity are defined as those yield-
ing the minimal value for (1 — sensitivity)? + (1 — speci-
ficity)?. The cut-off point corresponding to these sensitivity
and specificity values is the one closest to the (0, 1) point
and is taken to be the cut-off point that best differentiates
between people with disease and those without disease (12).

The second method that may be used to determine the op-
timal cut-off point for a test is the Youden index (J) (12,13).
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J is defined as the maximum vertical distance between the
ROC curve and the diagonal or chance line and is calcu-
lated as ] = maximum {sensitivity + specificity —1}. Using
this measure, the cut-off point on the ROC curve which cor-
responds to J, that is, at which (sensitivity + specificity —
1) is maximized, is taken to be the optimal cut-off point. An
intuitive interpretation of J is that it corresponds to the point
on the curve farthest from chance (12).

Assessing diagnostic accuracy

The ROC curve is also important because the area under the
curve (AUC) is a reflection of how good the test is at distin-
guishing between patients with disease and those without
disease. The AUC serves as a single measure, independent
of prevalence, that summarizes the discriminative ability of
a test across the full range of cut-offs (14). The greater the
AUC, the better the test.

A perfect test (as described earlier) will have an AUC of
1.0, while a completely useless test (one whose curve falls
on the diagonal line) has an AUC of 0.5. The AUC of many
tests used in clinical practice fall between these two values.
In general the closer the AUC is closer to 1, the better the
overall diagnostic performance of the test, and the closer it
is to 0.5, the poorer the test.

Figure 2 shows an ROC curve which is adapted from
the afore-mentioned peripheral WCC count study by Brown
et al. (5) The sensitivity and specificity values which were
used to derive this curve at various cut-off points are shown
in Table 1. As shown in the figure, the area under this curve
was 0.723.

One way of interpreting the area under the ROC curve is
that a test with an area greater than 0.9 has high accuracy,
while 0.7-0.9 indicates moderate accuracy, 0.5-0.7, low ac-
curacy and 0.5 a chance result (14).
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(95% CI 0.5665 to 0.8797)

Figure 2 ROC curve for peripheral WCC for diagnosing bacterial infections in
febrile neonates at different thresholds (5).
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Figure 3 ROC curves comparing procalcitonin (PCT), C-reactive protein (CRP)
and leucocyte count (WCC) for prediction of septic shock (15).

Comparing the usefulness of tests

The ROC curve is also very helpful when we want to com-
pare the diagnostic accuracy of two or more tests. It helps
in deciding which of the tests is better for the purpose for
which they are being used. The optimal ROC curve is the
one connecting the points highest and farthest to the left.
The rationale for the optimal ROC curve is that one wants
the highest true-positive rate (sensitivity) for the lowest false-
positive rate (1-specificity).

In a study to evaluate diagnostic markers of infection
in critically ill children, Hatherill and colleagues compared
procalcitonin, C-reactive protein and WCC in a paediatric
intensive care unit (15). ROC curves obtained for these three
tests are shown in Figure 3. As you can see from this figure,
the curve for procalcitonin is closer to the upper left-hand
corner suggesting that it was a better test for predicting sep-
tic shock than C-reactive protein which in turn was a better
test than WCC. You may also note from Figure 3 that the
AUC for procalcitonin (0.96) was greater than the AUC for
the other two tests (083 for C-reactive protein, and 0.51 for
WCCQ).

WHAT CUT-OFF POINT SHOULD BE USED IN PRACTICE?

Ideally, one would want to have a test which is both highly
sensitive and highly specific but this is not always possible.
As earlier discussed, when the cut-off point between nor-
mal and abnormal is changed to increase either sensitivity
or specificity, there is usually a concomitant decrease in the
other.

In general, when it is very important not to miss a diagno-
sis (for instance, when there is a disease with high mortality
but for which a cure is available), a test with high sensitiv-
ity is needed. On the other hand, when the consequences of
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