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SUMMARY

Assessment of equivalence or non-inferiority in accuracy between two diagnostic procedures often
involves comparisons of paired areas under the receiver operating characteristic (ROC) curves. With
some pre-speci�ed clinically meaningful limits, the current approach to evaluating equivalence is to
perform the two one-sided tests (TOST) based on the di�erence in paired areas under ROC curves
estimated by the non-parametric method. We propose to use the standardized di�erence for assessing
equivalence or non-inferiority in diagnostic accuracy based on paired areas under ROC curves between
two diagnostic procedures. The bootstrap technique is also suggested for both non-parametric method
and the standardized di�erence approach. A simulation study was conducted empirically to investigate
the size and power of the four methods for various combinations of distributions, data types, sam-
ple sizes, and di�erent correlations. Simulation results demonstrate that the bootstrap procedure of the
standardized di�erence approach not only can adequately control the type I error rate at the nominal
level but also provides equivalent power under both symmetrical and skewed distributions. A numer-
ical example using published data illustrates the proposed methods. Copyright ? 2005 John Wiley &
Sons, Ltd.
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1. INTRODUCTION

For a new diagnostic procedure that is less invasive, less expensive or easier to administer,
it is extremely critical to determine whether its diagnostic accuracy is equivalent or non-
inferior to the current standard procedure. As a result, if the objective of diagnostic trials is
to demonstrate that the diagnostic accuracy of the new diagnostic procedure is within a pre-
speci�ed margin of the current standard procedure, it is referred to as equivalence trials. On
the other hand, if the purpose is to show that the diagnostic accuracy of the new procedure
is not worse than that of an existing diagnostic procedure within some pre-determined limit,
it is then referred to as non-inferiority trials or one-sided equivalence studies. To reduce
the variability between subjects, similar to bioequivalence studies [1], a matched-pair design
is often employed to evaluate the new and the standard diagnostic procedures in the same
subjects. It follows that the endpoints for assessing diagnostic accuracy are correlated. Current
statistical methods for evaluation of equivalence or non-inferiority are based on paired binary
endpoints such as sensitivity, speci�city or proportion of correct diagnosis. These methods
include those proposed by Liu et al. [2], Hsueh et al. [3] for the di�erence in proportions of
correct diagnosis or that proposed by Tang et al. [4] for the ratio of proportions of correct
diagnosis.
However, sensitivity, speci�city, and proportion of correct diagnosis depend upon some

speci�ed decision thresholds and cannot provide an overall characterization of the accuracy
for the diagnostic procedure. On the other hand, the receiver operating characteristic (ROC)
curve is a summary measure for the accuracy of diagnostic procedures. An ROC curve is
a plot of the sensitivity (or true positive rate) on the y-axis versus its false positive rate
(1-speci�city) on the x-axis in the unit square. The curve is constructed by changing the
decision thresholds that de�ne positive and negative test results. Therefore, a ROC curve
incorporates both of sensitivity and speci�city and accounts for the inherent trade-o�s between
them as the decision thresholds change [5]. De�ne X and Y as the random variable of the
measurements for the diseased patients and non-diseased subjects, respectively. Therefore, the
ROC curve area can be formulated as

� = P(X ¿ Y ) (1)

It follows that the ROC curve area is the probability that a randomly selected diseased patient
has a test result indicating greater suspicion than that of a randomly chosen normal subject [6].
Obuchowski [7] and Zhou et al. [8] applied the two one-sided tests (TOST) to evaluate the
two-sided equivalence of two diagnostic procedures based on the non-parametric estimates
of the paired ROC curve areas proposed by Delong et al. [9]. However, its performance
in terms of size and power was not thoroughly investigated. On the other hand, one might
accept a new diagnostic procedure if it can provide a diagnostic accuracy no worse than the
standard but at the same time it is safer, easier to administer or costs less. Therefore, the
one-sided non-inferiority hypothesis is more relevant in assessment of equivalence between
diagnostic procedures. Since the ROC curve area is a measure for separation of the distri-
bution of the diseased patients from that of the non-diseased subjects, therefore, we propose
to use the standardized di�erence for evaluation of equivalence and non-inferiority between
diagnostic procedures. In addition, a simulation study was conducted to empirically investi-
gate and compare the size and power of the non-parametric and proposed methods and their
respective bootstrap versions. In Section 2, the non-parametric method for evaluation of the
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equivalence and non-inferiority hypotheses is reviewed. The standardized di�erence approach
is given in Section 3. In addition, a bootstrap method is also suggested for the non-parametric
method and standardized di�erence approach in this section. Simulation results are presented in
Section 4. In Section 5, a numerical example using a published data set illustrates the proposed
method. Discussion and �nal remarks are provided in Section 6.

2. EQUIVALENCE AND NON-INFERIORITY HYPOTHESES

Let �1 and �2 be the paired ROC curve areas for the new and the standard diagnostic tests,
respectively. The hypothesis for testing equivalence based on the ROC curve areas between
the two diagnostic procedures is given as

H0 : �1 − �2¿�U or �1 − �26�L versus H1 : �L ¡ �1 − �2 ¡ �U (2)

where �L ¡ �U are some pre-determined clinically meaningful equivalence limits.
This hypothesis can be further decomposed into two one-sided hypotheses:

H0l : �1 − �26− �L versus H1l : �1 − �2 ¿ −�L (3)

and

H0u : �1 − �2¿�U versus H1u : �1 − �2 ¡ �U (4)

Because the one-sided hypothesis (3) is to verify the ROC curve area of the new diagnostic
test is not smaller than that of the standard test within a pre-speci�ed limit, it is referred to
as the non-inferiority hypothesis. Similarly, the one-sided hypothesis (4) is referred to as the
non-superiority hypothesis.
Suppose a sample of N (N =NA + NN ) individuals undergo a new and the standard diag-

nostic procedures for predicting a disease and that the test results are based on continuous
measurements. We follow the convention that for both tests, higher values of the results are
assumed to be associated with the disease of interest. Also suppose that NA of these individ-
uals truly have the disease and the other NN (=N − NA) individuals do not have the disease.
Denote Xhi as the values of the measurements of diagnostic test h from the diseased patients,
i=1; : : : ; NA; h=1(new), 2(standard). Yhj are similarly de�ned for the non-diseased subjects,
j=1; : : : ; NN ; h=1(new), 2(standard).
A non-parametric consistent estimate of the ROC curve area for a diagnostic procedure

based on Mann–Whitney U statistic is given as [9, 10]

�̂h =
1

NNNA

NN∑
j=1

NA∑
i=1

 (Xhi; Yhj) (5)

where

 (X; Y ) =

⎧⎪⎪⎨
⎪⎪⎩
1 X ¿ Y
1
2 X = Y

0 X ¡ Y
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An asymptotic estimated variance of �̂1 − �̂2 is given as [8, 9]

vâr(�̂1 − �̂2) =
1
NA
[s1;110 + s2;210 − 2s1;210 ] +

1
NN
[s1;101 + s2;201 − 2s1;201 ]

where

sh;h
′

10 =
1

NA − 1
NA∑
i=1
[Vh
10(Xi)− �̂h][Vh′

10 (Xi)− �̂h′]; h; h′ = 1; 2

sh;h
′

01 =
1

NN − 1
NN∑
j=1
[Vh
01(Yj)− �̂h][Vh′

01 (Yj)− �̂h′]; h; h′ = 1; 2

Vh
10(Xi) =

1
NN

NN∑
j=1

 (Xhi; Yhj); i = 1; : : : ; NA; h = 1; 2

and

Vh
01(Yj) =

1
NA

NA∑
i=1

 (Xhi; Yhj); j = 1; : : : ; NN ; h = 1; 2

Zhou et al. [8] suggested that the non-inferiority of the new diagnostic procedure is concluded
at the � signi�cance level if

Zl =
�̂1 − �̂2 − �L√
vâr(�̂1 − �̂2)

¿z�

where z� is the upper 100� percentile of the standard normal distribution.
Similarly, the non-superiority hypothesis (4) is rejected if

Zu =
�̂1 − �̂2 − �U√
vâr(�̂1 − �̂2)

6− z�

It follows that by the intersection–union principle [11], the two-sided equivalence between the
new and standard diagnostic procedures is concluded at the � signi�cant level by the TOST
if both non-inferiority and non-superiority hypotheses are rejected at the � signi�cance level.

3. THE STANDARDIZED DIFFERENCE APPROACH

As shown in (1), the ROC curve area depends upon the ability of a diagnostic procedure
to separate the distribution of the measurements of the diseased patients from that of the
non-disease subjects. Therefore, the ROC curve area is a function of the distance in location
between the distributions of X and Y . To take into consideration the variation of X and Y , a
measure for the distance in location between the distributions of X and Y is the standardized
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di�erence de�ned as below:

� =
�A − �N√
�2A + �2N

where �A; �N and �2A; �
2
N are the means and variances of the distributions of the measure-

ments from the diseased patients and the non-diseased subjects, respectively. Theoretically, the
value of the ROC curve area is between 0.5 and 1 and the possible range of the standardized
di�erence can be from −∞ to ∞. However, in practice, for some aberrant diagnostic
procedure, an observed ROC curve area smaller than 0.5 is possible. On the other hand,
for most of diagnostic tests, the standardized di�erences are some �nite quantities. Therefore,
assessment of equivalence and non-inferiority in the ROC curve areas between two diagnostic
procedures could be based on their corresponding standardized di�erences. In other words,
if two diagnostic procedures have equivalent ROC curve areas, then the di�erence of their
standardized di�erences should be close and is within some clinically meaningful limits.
Let Xi=(X1i ; X2i)′ be a 2 × 1 vector for the results of the new and standard diagnostic

procedures of diseased patient i from the new and standard diagnostic tests, i=1; : : : ; NA.
We also assume that Xi follows a bivariate normal distribution with mean vector (�A1; �A2)′

and covariance matrix �A with elements �2A1; �
2
A2; �A�A1�A2,where �A is the correlation between

measurements of the new and standard diagnostic tests in the diseased patients. Similarly,
denote Yj=(Y1j; Y2j)′ as the 2 × 1 vector for the results of the new and standard diagnos-
tic tests for non-diseased subject j with mean vector (�N1; �N2)′ and covariance matrix �N

with elements �2N1; �
2
N2, �N�N1�N2, where �N is the correlation between measurements of the

new and standard diagnostic tests in the non-diseased subjects, j=1; : : : ; NN . In addition, Xi

and Yj are assumed to be mutually independent. It follows that the standardized di�erence
for diagnostic procedure, h, is de�ned as

�h = (�Ah − �Nh)
/√

�2Ah + �2Nh; h = 1; 2

Under normal assumption, it follows that

�h = P(Xh ¿ Yh)

= P(Xh − Yh ¿ 0)

= P

⎧⎨
⎩Xh − Yh − (�Ah − �Nh)√

�2Ah + �2Nh

¿
−(�Ah − �Nh)√

�2Ah + �2Nh

⎫⎬
⎭

Since Xh − Yh follows a normal distribution, it follows that

�h =�

⎛
⎝Z ¿ − �Ah − �Nh√

�2Ah + �2Nh

⎞
⎠
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=�

⎛
⎝Z ¡

�Ah − �Nh√
�2Ah + �2Nh

⎞
⎠

=�(Z ¡ �h)

and �h = �−1(�h), h=1; 2, where �(:) is the cumulative standard normal distribution.
The relationship between �h and �h is well known for the normal distribution, see Hauck

et al. [12] and Reiser and Guttman [13]. As a result, the di�erence in the ROC curve areas
between the new and standard diagnostic procedures can be transformed into the di�erence
in standardized di�erences as

�1 − �2 = �−1(�1)−�−1(�2) (6)

The above relationship between �h and �h in (6) is true for a location-scale family of dis-
tributions of the di�erence. The two-sided equivalence hypothesis based on the standardized
di�erence can therefore be formulated as follows:

H0 : �1 − �2¿�U or �1 − �26�L versus H1 : �L ¡ �1 − �2 ¡ �U (7)

where �L ¡ �U are some pre-determined clinically meaningful equivalence limits which
can be determined from �L and �U by the relationship �L=[�−1(�2 + �L) − �−1(�2)] and
�U =[�−1(�2 + �U )−�−1(�2)].
Similarly, the one-sided non-inferiority hypothesis based on the standardized di�erence is

given as

H0l : �1 − �26�L versus H1l : �1 − �2 ¿ �L

�h can be consistently estimated by replacing the population moments by their corresponding
sample moments as

�̂h =
�Xh − �Yh√
s2Ah + s2Nh

; h = 1; 2

Furthermore, the estimated asymptotic variances and covariance of �̂1 and �̂2 are given as

vâr(�̂1) =
1

s2A1 + s2N1

(
s2A1
NA
+

s2N1
NN

)
+
( �X 1 − �Y1)2

2(s2A1 + s2N1)3

(
s4A1

NA − 1 +
s4N1

NN − 1
)

vâr(�̂2) =
1

s2A2 + s2N2

(
s2A2
NA
+

s2N2
NN

)
+

( �X 2 − �Y2)2

2(s2A2 + s2N2)3

(
s4A2

NA − 1 +
s4N2

NN − 1
)

côv(�̂1; �̂2) =
1√

(s2A1 + s2N1)(s
2
A2 + s2N2)

(
�̂AsA1sA2

NA
+

�̂N sN1sN2
NN

)

+
( �X 1 − �Y1)( �X 2 − �Y2)

2
√
(s2A1 + s2N1)3(s

2
A2 + s2N2)3

[
NA�̂

2
As
2
A1s

2
A2

(NA − 1)2 +
NN �̂

2
N s
2
N1s

2
N2

(NN − 1)

]
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where

�̂A =
∑NA

i=1(X1i − �X 1)(X2i − �X 2)√∑NA
i=1(X1i − �X 1)2

√∑NA
i=1(X2i − �X 2)2

; �̂N =

∑NN
j=1(Y1j − �Y1)(Y2j − �Y2)√

�NN
j=1(Y1j − �Y1)2

√
�NN

j=1(Y2j − �Y2)2

s2Ah =
1

NA − 1
NA∑
i=1
(Xhi − �Xh)2 and s2Nh =

1
NN − 1

NN∑
i=1
(Yhi − �Yh)2; h = 1; 2

An estimated asymptotic variance of �̂1 − �̂2 is then given as

vâr(�̂1 − �̂2)=vâr(�̂1) + vâr(�̂2)− 2 côv(�̂1; �̂2)

By Slutsky theorem [14], asymptotically, [(�̂1 − �̂2) − (�1 − �2)]=
√
vâr(�̂1 − �̂2)] follows a

standard normal distribution.
The non-inferiority of the new diagnostic procedure is concluded at the � signi�cance

level if

Z ′
l =

�̂1 − �̂2 − �L√
vâr(�̂1 − �̂2)

¿z�

Similarly, the non-superiority hypothesis is rejected at the � signi�cance level if

Z ′
u =

�̂1 − �̂2 − �U√
vâr(�̂1 − �̂2)

6− z�

The equivalence of the new diagnostic procedure to the standard is declared at the �
signi�cance level if both non-inferiority and non-superiority hypotheses are rejected at the
� signi�cance level.
Both non-parametric method and standardized di�erence approach are asymptotic proce-

dures. Normal approximation might not be adequate even with a moderately large sample
size. Therefore, we suggest using bootstrap technique [15, 16] to empirically obtain the sam-
pling distributions of test statistics for the two methods. In addition, TOST is operationally
equivalent to the con�dence interval approach [1] which also provides a probable range for
the parameters of interest, i.e. di�erence in the ROC curve areas and standardized di�erences.
As a result, the con�dence interval approach is employed for the bootstrap method. The
following is the outline for the bootstrap procedures applied to the non-parametric method
and the standardized di�erence approach for evaluation of equivalence and non-inferiority of
diagnostic accuracy based on the ROC curve areas:

1. Generate B-independent bootstrap samples of size NA by sampling with replacement
from bivariate vectors of the observed measurements of the diseased patients. Similarly,
generate B-independent bootstrap samples of size NN by sampling with replacement from
bivariate vectors of the observed measurements of the non-diseased subjects.

2. Calculate the estimated di�erence in the areas under ROC �̂1 − �̂2 or standardized dif-
ference �̂

∗
1 − �̂

∗
2 .
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3. Repeat (1) and (2) for a large number of times, say 2000 times or more.
4. Compute the lower and upper limits of the (1 − 2�) 100 per cent bootstrap con�dence
interval as the � 100 per cent and the (1 − �)100 per cent quantiles of the bootstrap
distribution.

5. Equivalence between the new and standard diagnostic tests is concluded at the � signi�-
cance level if the lower and upper limits of the (1−2�)100 per cent bootstrap con�dence
interval is completely contained either within (�L; �U ) for the ROC curve area or (�L; �U )
for the standardized di�erence, Non-inferiority of the new diagnostic test is reached
if the lower limit of the (1 − 2�)100 per cent bootstrap con�dence interval is greater
than �L(�L).

4. SIMULATION STUDY

The design for the simulation study is a 2 × 2 factorial design. The two factors considered
in the simulation study are method (with levels standardized di�erence and non-parametric)
and con�dence interval procedure (with levels asymptotic and bootstrap). FORTRAN 90 and
IMSL’s STAT/LIBRARY FORTRAN subroutines were used in the simulation study to inves-
tigate and compare empirically the size and power of four methods. Symmetrical equivalence
limits of ±0:1 were chosen throughout the study for the di�erence in the ROC curve areas
between the new and standard diagnostic tests. The equivalence limits for the standardized
di�erence approach were then obtained by the relationship between �h and �h given in (6).
To investigate the impact of the symmetric and skewed distributions of the measurements, the
data were generated from the bivariate normal and bivariate exponential distributions. How-
ever, the ordinal data are commonly recorded measurements of diagnostic procedures. As a
result, the ordinal data of 5 categories were also generated.
For the normal data, NA + NN vectors were generated from bivariate normal distribution

with mean vector (0; 0) and covariance matrix of equal variance of 1 and covariance �.
Then the �rst NN bivariate normal vectors represent the measurements of the two diagnostic
tests from the non-diseased subjects with mean vector (0; 0) and covariance matrix of equal
variance of 1 and covariance �. The other NA bivariate normal vectors represent the mea-
surements of the two diagnostic tests from the diseased subjects with the same covariance
matrix and mean vector (

√
2�−1(�1),

√
2�−1(�2)), where �1 and �2 are the desired ROC

curve areas for the new and standard diagnostic tests, respectively. For the ordinal data, bi-
variate normal variates were �rst generated. The possible range of the normal variates was
divided into 5 intervals of equal length. The intervals represent the ordered categories and
the score from 1 to 5 was assigned according to the ascending order of the intervals. Ordinal
data were then generated and assigned to the score according to the interval into which the
normal variates fall. The method proposed by Moran [17] was used to generate correlated
exponential data.
Real examples given by Zhou et al. [8], Obuchowski [18], Parker and Delong [19], and

Pepe [20], suggest a range of the ROC curve areas from 0.52 to 0.85. Therefore, for the normal
distribution, the ROC curve areas of the standard diagnostic procedure are selected from 0.6
to 0.85 by an increment of 0.05 for the simulation. We assume that the correlations between
the measurements of the new and standard diagnostic tests are same for the diseased patients
and the non-disease subjects. Three values of �A=�N =�=0:1; 0:5; 0:9 were chosen to study
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the impact of low, moderate, and high correlations on the four methods. The health regulatory
agencies of some countries request that for marketing approval of in vitro diagnostic tests, the
results of diagnostic accuracy such as sensitivity, speci�city and the ROC curve area based
on 200 samples from each of 3 medical centres for a total of 600 samples be submitted.
Therefore, to investigate the size and power of the proposed methods, four di�erent total
samples of 70, 150, 200, and 400 with an equal number of the diseased patients and non-
diseased subjects are selected. We believe that these combinations of the ROC curve areas,
correlations, and sample sizes cover most situations for evaluation of equivalence and non-
inferiority between the new and standard diagnostic tests. With respect to the exponential
distribution and the ordinal data, the combinations of 0.7 and 0.8 for the ROC curve area
with correlations of 0.5 and 0.9 and the sample size of 200 are investigated in the simulation.
For each of the combinations, 2000 random samples were generated. The number of the
bootstrap samples is set to be 2000. For a 5 per cent nominal signi�cance level, a simulation
study with 2000 random samples implies that 95 per cent of empirical sizes evaluated at the
equivalence limits will be within 0.04513 and 0.05487 if the proposed methods can adequately
control the size at the nominal level of 0.05.
Table I presents the empirical sizes for the equivalence and non-inferiority hypotheses

under normal distribution. From Table I, the empirical sizes of one-sided non-inferiority test
are larger than those of the two-sided equivalence test. However, for evaluation of equivalence
hypothesis, when the total sample size is 70, correlation is 0.1, and the ROC curve area of
the standard diagnostic test is smaller than 0.80, the empirical sizes of all methods are either
close to 0 or very lower. The same situation is also observed when correlation is 0.5 and
the ROC curve area is smaller than 0.70. Therefore, for evaluation of equivalence, all four
methods are extremely conservative when sample size is 70. On the other hand, for the same
combinations, the empirical sizes for evaluation of non-inferiority hypothesis remain quite
close to the nominal level of 0.05.
The empirical sizes greater than 0.05487 are highlighted in bold in Tables I, III and IV.

From Table I, the empirical size increases either as correlation between the new and standard
diagnostic tests increases or as the ROC curve area of the standard test increases. On the other
hand, the empirical sizes of non-parametric method and its bootstrap version in general are
larger than those of the standardized di�erence approach. Furthermore, for both non-parametric
method and the standardized di�erence approach, the empirical sizes of the bootstrap proce-
dure are smaller than those of its asymptotic counterpart. For the non-parametric method, there
are a total of 131 out of 288 empirical sizes (45.49 per cent) greater than 0.05487. The max-
imum empirical size for the non-parametric method can reach as high as 0.0930 and 0.0760,
respectively for the asymptotic method and bootstrap procedure. However, the maximum em-
pirical size for the standardized di�erence approach is 0.0670 and 0.0615, respectively, for the
asymptotic method and bootstrap procedure. When the correlation is 0.5 and the ROC curve
area of the standard test is above 0.75, most of empirical sizes of the non-parametric method
and its bootstrap version for both equivalence and non-inferiority hypothesis are larger than
0.05487. This indicates that when the correlation between the new and standard diagnostic
tests is at least 0.5 and the ROC curve area is large, the non-parametric method is liberal in
testing the equivalence and non-inferiority hypotheses. On the other hand, 88.9 per cent of
the empirical sizes of combinations provided by the bootstrap version of the standardized dif-
ference approach are below 0.05487 and only one empirical size (0.7 per cent) is above 0.06
while 32 empirical sizes (22.2 per cent) of the bootstrap version of the non-parametric method
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Table I. Empirical sizes of equivalence and non-inferiority testing under normal distribution with
equivalence limit of 0.1 based on the ROC curve area.

ROC curve area for the standard diagnostic test

Hypothesis � N Method 0.60 0.65 0.70 0.75 0.80 0.85

Equivalence 0.1 70 Nonpar 0.0000 0.0000 0.0000 0.0045 0.0280 0.0705
BNP 0.0000 0.0000 0.0050 0.0035 0.0290 0.0630
SD 0.0000 0.0005 0.0000 0.0005 0.0155 0.0520
BSD 0.0000 0.0005 0.0000 0.0005 0.0170 0.0445

150 Nonpar 0.0090 0.0255 0.0390 0.0470 0.0610 0.0615
BNP 0.0090 0.0285 0.0405 0.0470 0.0580 0.0590
SD 0.0135 0.0310 0.0435 0.0500 0.0515 0.0435
BSD 0.0115 0.0290 0.0400 0.0495 0.0470 0.0410

200 Nonpar 0.0320 0.0510 0.0425 0.0500 0.0540 0.0685
BNP 0.0325 0.0510 0.0435 0.0485 0.0540 0.0660
SD 0.0360 0.0535 0.0425 0.0440 0.0510 0.0650
BSD 0.0335 0.0490 0.0410 0.0440 0.0480 0.0615

400 Nonpar 0.0535 0.0460 0.0465 0.0595 0.0605 0.0620
BNP 0.0540 0.0470 0.0455 0.0565 0.0605 0.0610
SD 0.0570 0.0455 0.0480 0.0525 0.0580 0.0470
BSD 0.0565 0.0450 0.0450 0.0515 0.0550 0.0440

0.5 70 Nonpar 0.0050 0.0100 0.0190 0.0410 0.0665 0.0820
BNP 0.0060 0.0115 0.0195 0.0400 0.0610 0.0710
SD 0.0050 0.0125 0.0185 0.0355 0.0580 0.0480
BSD 0.0055 0.0105 0.0195 0.0370 0.0520 0.0450

150 Nonpar 0.0410 0.0465 0.0520 0.0600 0.0550 0.0680
BNP 0.0425 0.0425 0.0510 0.0585 0.0510 0.0640
SD 0.0380 0.0530 0.0485 0.0885 0.0475 0.0620
BSD 0.0395 0.0510 0.0485 0.0565 0.0465 0.0585

200 Nonpar 0.0525 0.0485 0.0600 0.0545 0.0570 0.0775
BNP 0.0515 0.0480 0.0595 0.0530 0.0540 0.0700
SD 0.0515 0.0470 0.0575 0.0490 0.0450 0.0555
BSD 0.0500 0.0440 0.0560 0.0480 0.0405 0.0510

400 Nonpar 0.0535 0.0520 0.0515 0.0500 0.0550 0.0610
BNP 0.0515 0.0510 0.0500 0.0480 0.0520 0.0575
SD 0.0470 0.0515 0.0510 0.0480 0.0480 0.0465
BSD 0.0445 0.0495 0.0510 0.0450 0.0460 0.0485

0.9 70 Nonpar 0.0490 0.0540 0.0685 0.0760 0.0850 0.0930
BNP 0.0455 0.0480 0.0610 0.0605 0.0615 0.0760
SD 0.0540 0.0520 0.0500 0.0540 0.0630 0.0625
BSD 0.0435 0.0433 0.0430 0.0435 0.0445 0.0425

150 Nonpar 0.0565 0.0580 0.0575 0.0626 0.0625 0.0765
BNP 0.0525 0.0520 0.0490 0.0550 0.0535 0.0655
SD 0.0545 0.0550 0.0530 0.0545 0.0555 0.0545
BSD 0.0475 0.0415 0.0450 0.0420 0.0465 0.0425

200 Nonpar 0.0615 0.0555 0.0600 0.0650 0.0730 0.0625
BNP 0.0570 0.0525 0.0560 0.0590 0.0650 0.0590
SD 0.0620 0.0495 0.0475 0.0600 0.0570 0.0670
BSD 0.0565 0.0445 0.0405 0.0450 0.0465 0.0490

400 Nonpar 0.0455 0.0565 0.0550 0.0605 0.0520 0.0600
BNP 0.0445 0.0520 0.0510 0.0565 0.0470 0.0555
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Table I. Continued.

ROC curve area for the standard diagnostic test

Hypothesis � N Method 0.60 0.65 0.70 0.75 0.80 0.85

SD 0.0515 0.0420 0.0505 0.0500 0.0495 0.0480
BSD 0.0425 0.0370 0.0460 0.0460 0.0435 0.0405

Non-inferiority 0.1 70 Nonpar 0.0475 0.0480 0.0510 0.0490 0.0600 0.0745
BNP 0.0470 0.0515 0.0515 0.0495 0.0600 0.0670
SD 0.0440 0.0520 0.0515 0.0480 0.0545 0.0550
BSD 0.0430 0.0510 0.0500 0.0445 0.0515 0.0485

150 Nonpar 0.0485 0.0615 0.0545 0.0545 0.0620 0.0615
BNP 0.0485 0.0605 0.0560 0.0545 0.0590 0.0590
SD 0.0475 0.0620 0.0570 0.0550 0.0525 0.0435
BSD 0.0465 0.0595 0.0535 0.0560 0.0485 0.0410

200 Nonpar 0.0435 0.0600 0.0440 0.0520 0.0545 0.0685
BNP 0.0440 0.0590 0.0450 0.0505 0.0545 0.0660
SD 0.0445 0.0590 0.0450 0.0460 0.0510 0.0650
BSD 0.0425 0.0555 0.0430 0.0460 0.0485 0.0615

400 Nonpar 0.0535 0.0460 0.0465 0.0595 0.0605 0.0620
BNP 0.0540 0.0470 0.0455 0.0565 0.0605 0.0610
SD 0.0570 0.0455 0.0480 0.0525 0.0580 0.0470
BSD 0.0565 0.0450 0.0450 0.0515 0.0550 0.0440

0.5 70 Nonpar 0.0520 0.0470 0.0485 0.0650 0.0715 0.0820
BNP 0.0530 0.0470 0.0500 0.0640 0.0670 0.0710
SD 0.0520 0.0485 0.0470 0.0565 0.0595 0.0485
BSD 0.0460 0.0460 0.0485 0.0545 0.0580 0.0455

150 Nonpar 0.0470 0.0485 0.0525 0.0600 0.0550 0.0680
BNP 0.0480 0.0455 0.0520 0.0590 0.0510 0.0640
SD 0.0430 0.0540 0.0495 0.0585 0.0475 0.0620
BSD 0.0450 0.0520 0.0455 0.0585 0.0465 0.0585

200 Nonpar 0.0525 0.0485 0.0605 0.0545 0.0570 0.0775
BNP 0.0515 0.0480 0.0600 0.0530 0.0540 0.0700
SD 0.0515 0.0470 0.0575 0.0490 0.0450 0.0555
BSD 0.0500 0.0440 0.0560 0.0480 0.0405 0.0510

400 Nonpar 0.0535 0.0520 0.0515 0.0500 0.0550 0.0610
BNP 0.0515 0.0510 0.0500 0.0480 0.0520 0.0575
SD 0.0470 0.0515 0.0510 0.0480 0.0480 0.0465
BSD 0.0445 0.0495 0.0510 0.0450 0.0460 0.0485

0.9 70 Nonpar 0.0490 0.0540 0.0685 0.0760 0.0800 0.0930
BNP 0.0455 0.0480 0.0610 0.0605 0.0615 0.0760
SD 0.0540 0.0520 0.0500 0.0540 0.0630 0.0625
BSD 0.0435 0.0435 0.0430 0.0435 0.0445 0.0425

150 Nonpar 0.0565 0.0580 0.0575 0.0620 0.0625 0.0765
BNP 0.0525 0.0520 0.0490 0.0550 0.0535 0.0655
SD 0.0545 0.0500 0.0530 0.0545 0.0555 0.0545
BSD 0.0475 0.0415 0.0450 0.0420 0.0465 0.0425

200 Nonpar 0.0615 0.0555 0.0600 0.0650 0.0730 0.0625
BNP 0.0570 0.0525 0.0560 0.0590 0.0650 0.0590
SD 0.0620 0.0495 0.0475 0.0600 0.0570 0.0670
BSD 0.0565 0.0445 0.0405 0.0450 0.0465 0.0490
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Table I. Continued.

ROC curve area for the standard diagnostic test

Hypothesis � N Method 0.60 0.65 0.70 0.75 0.80 0.85

400 Nonpar 0.0455 0.0565 0.0550 0.0605 0.0520 0.0600
BNP 0.0445 0.0520 0.0510 0.0565 0.0470 0.0555
SD 0.0515 0.0420 0.0505 0.0500 0.0495 0.0480
BSD 0.0425 0.0370 0.0460 0.0460 0.0435 0.0405

Note: �: Common correlation coe�cient of the measurements between the new and standard diagnostic test. Nonpar:
Non-parametric method. BNP: Bootstrap procedure of the non-parametric method. SD: Standard di�erence approach.
BSD: Bootstrap procedure of the standard di�erence approach.

are at least 0.06. Therefore, simulation results demonstrate that the bootstrap version of the
standardized di�erence approach can adequately control the type I error rate at the nominal
level.
Table II provides the empirical powers under normal distribution when the di�erence of the

ROC curve areas is 0.05. From Table II, the empirical powers of one-sided non-inferiority
hypothesis are greater than those of the two-sided equivalence hypothesis. In addition, the
empirical power increases as either the sample size increases or the correlation between the
new and standard diagnostic tests increases. On the other hand, all four methods provide com-
parable powers for these combinations. When the correlation between the new and standard
diagnostic tests is 0.1, the maximum empirical power of the four methods for equivalence
and non-inferiority hypotheses is only about 0.68 provided by a total sample of 400. On the
other hand, su�cient power (¿0:8) can be provided with a total sample size of 150 when
the correlation between the new and standard diagnostic tests is 0.9 and the ROC curve area
of the standard test is at least 0.75. Figures 1 and 2 present the power curves of the two-sided
equivalence and non-inferiority hypotheses, respectively, when the total sample size is 200,
the correlation is 0.9, and the ROC curve area of the standard diagnostic test is 0.7. For the
two-sided equivalence hypothesis, the power curves increase monotonically as the di�erence
in the ROC curve area increases from −0:15 to 0. They reach the maximum at 0 and then
decrease monotonically as the di�erence in the ROC curve area increases from 0 to 0.15.
The power curves almost overlap each other in most of range from −0:15 to 0. However,
at equivalence limits of ±0:1, the size of the non-parametric method is larger than 0.05. In
addition, the empirical power curve of equivalence hypothesis is symmetrical about 0. On
the other hand, for the one-sided non-inferiority hypothesis, the power curves are monotonic
increasing functions of the di�erence in the ROC curve areas.
Table III presents the empirical sizes at � = 0.1 and empirical powers at �1 − �2 = 0:05

for the exponential distribution when the total sample size is 200. As shown in Table III, the
empirical sizes of the asymptotic non-parametric method and its bootstrap version for both
equivalence and non-inferiority hypotheses range from 0.1145 to 0.5090 and the empirical
sizes of the standardized di�erence approach range from 0.075 to 0.127. Therefore, neither
the asymptotic and bootstrap procedures of the non-parametric method, nor the standardized
di�erence approach can control the size at the 5 per cent nominal level when the distribution
is skewed. On the other hand, the empirical sizes of the bootstrap version of the standardized
di�erence approach are all below 0.05. Therefore, the bootstrap method of the standardized
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Table II. Empirical powers of equivalence and non-inferiority testing under normal distribution with
equivalence limit of 0.05 based on the ROC curve area.

ROC curve area for the standard diagnostic test

Hypothesis � N Method 0.60 0.65 0.70 0.75 0.80 0.85

Equivalence 0.1 70 Nonpar 0.0000 0.0000 0.0005 0.0025 0.0285 0.1195
BNP 0.0000 0.0000 0.0010 0.0025 0.0305 0.1160
SD 0.0000 0.0000 0.0000 0.0000 0.0005 0.0255
BSD 0.0000 0.0000 0.0000 0.0000 0.0020 0.0325

150 Nonpar 0.0160 0.0405 0.0830 0.1510 0.2550 0.3695
BNP 0.0155 0.0465 0.0865 0.1505 0.2505 0.3640
SD 0.0220 0.0425 0.0655 0.1250 0.1990 0.2650
BSD 0.0210 0.0415 0.0605 0.1170 0.1860 0.2540

200 Nonpar 0.1205 0.1575 0.1940 0.2570 0.3425 0.4530
BNP 0.1245 0.1560 0.1995 0.2565 0.3440 0.4490
SD 0.1310 0.1510 0.1890 0.2265 0.2780 0.3315
BSD 0.1220 0.1450 0.1850 0.2240 0.2745 0.3250

400 Nonpar 0.3655 0.4115 0.4550 0.4800 0.5695 0.6780
BNP 0.3650 0.4090 0.4520 0.4775 0.5660 0.6790
SD 0.3615 0.3850 0.4165 0.4285 0.4725 0.5200
BSD 0.3605 0.3845 0.4145 0.4220 0.4650 0.5150

0.5 70 Nonpar 0.0055 0.0120 0.0335 0.0785 0.1490 0.2850
BNP 0.0080 0.0125 0.0340 0.0815 0.1445 0.2730
SD 0.0055 0.0165 0.0220 0.0535 0.1015 0.1890
BSD 0.0065 0.0120 0.0190 0.0555 0.0880 0.1660

150 Nonpar 0.2120 0.2655 0.2975 0.3355 0.4245 0.4735
BNP 0.2115 0.2670 0.2970 0.3355 0.4190 0.4620
SD 0.2320 0.2755 0.2765 0.3030 0.3510 0.3660
BSD 0.2225 0.2645 0.2655 0.2920 0.3360 0.3580

200 Nonpar 0.3265 0.3355 0.3870 0.4330 0.5010 0.6045
BNP 0.3240 0.3370 0.3845 0.4315 0.4925 0.5945
SD 0.3280 0.3250 0.3625 0.3795 0.4160 0.4660
BSD 0.3190 0.3205 0.3505 0.3685 0.4110 0.4475

400 Nonpar 0.5575 0.5835 0.6125 0.6540 0.7530 0.8480
BNP 0.5565 0.5845 0.6170 0.6525 0.7465 0.8375
SD 0.5655 0.5620 0.5690 0.5965 0.6480 0.7130
BSD 0.5645 0.5530 0.5630 0.5890 0.6395 0.7010

0.9 70 Nonpar 0.4470 0.4765 0.4985 0.5385 0.5830 0.6475
BNP 0.4185 0.4505 0.4710 0.5120 0.5465 0.6045
SD 0.4905 0.5050 0.5145 0.5500 0.5610 0.6095
BSD 0.4500 0.4685 0.4755 0.5095 0.5140 0.5420

150 Nonpar 0.7050 0.7510 0.7785 0.8100 0.8450 0.9090
BNP 0.6900 0.7340 0.7630 0.8000 0.8335 0.8930
SD 0.7500 0.7740 0.7935 0.8035 0.8340 0.8800
BSD 0.7230 0.7400 0.7735 0.7840 0.8115 0.8550

200 Nonpar 0.8255 0.8490 0.8705 0.8910 0.9245 0.9590
BNP 0.8170 0.8410 0.8615 0.8795 0.9175 0.9530
SD 0.8570 0.8565 0.8740 0.8790 0.9175 0.9385
BSD 0.8440 0.8380 0.8615 0.8665 0.9035 0.9260

400 Nonpar 0.9795 0.9850 0.9890 0.9930 0.9985 0.9980
BNP 0.9770 0.9840 0.9895 0.9925 0.9985 0.9980
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Table II. Continued.

ROC curve area for the standard diagnostic test

Hypothesis � N Method 0.60 0.65 0.70 0.75 0.80 0.85

SD 0.9885 0.9920 0.9895 0.9915 0.9965 0.9960
BSD 0.9860 0.9890 0.9880 0.9915 0.9960 0.9950

Non-inferiority 0.1 70 Nonpar 0.1245 0.1425 0.1455 0.1415 0.1585 0.1745
BNP 0.1230 0.1395 0.1395 0.1425 0.1595 0.1730
SD 0.1165 0.1425 0.1505 0.1560 0.2010 0.2370
BSD 0.1205 0.1435 0.1530 0.1635 0.2035 0.2355

150 Nonpar 0.2080 0.1965 0.2200 0.2305 0.2600 0.2870
BNP 0.2045 0.1955 0.2190 0.2210 0.2515 0.2780
SD 0.2050 0.2040 0.2350 0.2490 0.3055 0.3825
BSD 0.2045 0.2080 0.2365 0.2485 0.3010 0.3780

200 Nonpar 0.2360 0.2535 0.2760 0.3045 0.3525 0.4560
BNP 0.2360 0.2510 0.2790 0.3030 0.3535 0.4520
SD 0.2330 0.2500 0.2670 0.2815 0.2930 0.3350
BSD 0.2285 0.2445 0.2650 0.2800 0.2910 0.3290

400 Nonpar 0.3690 0.4165 0.4580 0.4810 0.5700 0.6780
BNP 0.3685 0.4150 0.4555 0.4785 0.5665 0.6790
SD 0.3640 0.3920 0.4195 0.4295 0.4730 0.5200
BSD 0.3630 0.3930 0.4175 0.4230 0.4655 0.5150

0.5 70 Nonpar 0.1845 0.1930 0.1815 0.2095 0.2055 0.2490
BNP 0.1770 0.1870 0.1765 0.2075 0.1955 0.2335
SD 0.1720 0.1960 0.1970 0.2395 0.2450 0.3340
BSD 0.1755 0.1955 0.1965 0.2400 0.2405 0.3255

150 Nonpar 0.2875 0.3165 0.3025 0.3225 0.3610 0.3665
BNP 0.2785 0.3090 0.2945 0.3140 0.3455 0.3585
SD 0.2755 0.3185 0.3245 0.3550 0.4305 0.4740
BSD 0.2745 0.3190 0.3245 0.3545 0.4255 0.4625

200 Nonpar 0.3470 0.3475 0.3935 0.4350 0.5010 0.6045
BNP 0.3440 0.3485 0.3910 0.4335 0.4925 0.5945
SD 0.3450 0.3365 0.3675 0.3835 0.4165 0.4660
BSD 0.3365 0.3320 0.3550 0.3720 0.4110 0.4475

400 Nonpar 0.5575 0.5835 0.6125 0.6540 0.7530 0.8480
BNP 0.5565 0.5845 0.6170 0.6525 0.7465 0.8375
SD 0.5655 0.5620 0.5690 0.5965 0.6480 0.7130
BSD 0.5645 0.5530 0.5630 0.5890 0.6395 0.7010

0.9 70 Nonpar 0.4915 0.5055 0.5155 0.5500 0.5610 0.6095
BNP 0.4515 0.4690 0.4770 0.5095 0.5140 0.5420
SD 0.4505 0.4770 0.5005 0.5385 0.5830 0.6475
BSD 0.4225 0.4510 0.4735 0.5120 0.5465 0.6045

150 Nonpar 0.7500 0.7740 0.7935 0.8035 0.8340 0.8800
BNP 0.7230 0.7400 0.7735 0.7840 0.8115 0.8550
SD 0.7050 0.7510 0.7785 0.8100 0.8450 0.9090
BSD 0.6900 0.7340 0.7630 0.8000 0.8335 0.8930

200 Nonpar 0.8255 0.8490 0.8705 0.8910 0.9245 0.9590
BNP 0.8170 0.8410 0.8615 0.8795 0.9175 0.9530
SD 0.8570 0.8565 0.8740 0.8790 0.9175 0.9385
BSD 0.8440 0.8380 0.8615 0.8665 0.9035 0.9260
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Table II. Continued.

ROC curve area for the standard diagnostic test

Hypothesis � N Method 0.60 0.65 0.70 0.75 0.80 0.85

400 Nonpar 0.9795 0.9850 0.9890 0.9930 0.9985 0.9980
BNP 0.9770 0.9840 0.9895 0.9925 0.9985 0.9980
SD 0.9885 0.9920 0.9895 0.9915 0.9965 0.9960
BSD 0.9860 0.9890 0.9880 0.9915 0.9960 0.9950

Note: Common correlation coe�cient of the measurements between the new and standard diagnostic test. Nonpar:
Non-parametric method. BNP: Bootstrap procedure of the non-parametric method. SD: Standard di�erence approach.
BSD: Bootstrap procedure of the standard di�erence approach.
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Figure 1. The empirical power curve of equivalence testing under normal distribution when the ROC
curve area of the standard diagnostic test is 0.7, N =200 and �=0:9.

di�erence approach can control the size at the 5 per cent nominal level and is robust to
skewed distributions.
Table IV provides the empirical sizes at �=0:1 and empirical powers at �1−�2 = 0:05 for the

ordinal data with 5 categories when the total sample size is 200. From Table IV, the empirical
sizes of the asymptotic non-parametric method and its bootstrap version for both equivalence
and non-inferiority hypotheses range from 0.0760 to 0.1155. On the other hand, the empirical
sizes of the asymptotic method and bootstrap procedure of the standardized di�erence approach
range from 0.0650 to 0.1115 for both equivalence and non-inferiority hypotheses. Although
the empirical sizes of the standardized di�erence approach are smaller than those of the non-
parametric method, the empirical sizes of all four methods for both two-sided equivalence and
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Figure 2. The empirical power curve of non-inferiority testing under normal distribution when the ROC
curve area of the standard diagnostic test is 0.7, N =200 and �=0:9.

one-sided non-inferiority hypotheses are all above 0.05487. Therefore, the simulation results
indicate that for the ordinal data, no method investigated in the simulation study can control
the size at the 5 per cent nominal level.

5. NUMERICAL EXAMPLE

In a study by Masaryk et al. [21], two radiologists used three-dimensional magnetic resonance
angiography (MRA) to evaluate the degree of arterial atherosclerotic stenosis of 65 carotid
arteries (left and right) in 36 patients. These patients also underwent intra-arterial digital
subtraction angiography (DSA), which is considered the gold standard for characterizing the
degree of stenosis. The goals of the study were to estimate the accuracy of MRA for each
reader using the area under ROC curve as the index of diagnostic accuracy, and to compare the
accuracy of the two radiologists. This data set was used by Obuchowski [22] to illustrate the
analysis of clustered ROC curve data. The past records showed that the average ROC curve
area of experienced readers is 0.98. Therefore, we use this data set solely for the purpose
of illustration of the proposed methods for non-inferiority hypotheses on diagnostic accuracy
between two readers based on the ROC curve areas. The paired measurements of 33 patients
obtained from left carotid arteries were used in the example. Here, reader 2 is considered
to be the experienced reader and served as the so-called ‘active control’ and reader 1 is
the newly trained reader. Therefore, we want to verify whether the diagnostic accuracy of
the new reader is not worse than that of the experienced reader. Because an average ROC
curve area of 0.98 is quite high, a non-inferiority margin of −0:05 in di�erence of the ROC
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Table III. Empirical sizes and powers of equivalence and non-inferiority testing under the exponential
distribution based on the ROC curve area for N =200.

Size at �=0:1 Power at di�erence of 0.05

Hypothesis � Method 0.7 0.8 0.7 0.8

Equivalence 0.5 Nonpar 0.1165 0.2795 0.4560 0.6645
BNP 0.1145 0.2710 0.4490 0.6595
SD 0.0750 0.0925 0.3615 0.4310
BSD 0.0410 0.0370 0.2775 0.3030

0.9 Nonpar 0.2095 0.5090 0.8685 0.9730
BNP 0.1965 0.4815 0.8595 0.9690
SD 0.1030 0.1270 0.8180 0.8495
BSD 0.0455 0.0395 0.7385 0.7330

Non-inferiority 0.5 Nonpar 0.1165 0.2795 0.4660 0.6680
BNP 0.1145 0.2710 0.4595 0.6625
SD 0.0750 0.0925 0.3800 0.4405
BSD 0.0410 0.0370 0.3015 0.3215

0.9 Nonpar 0.2095 0.5090 0.8685 0.9730
BNP 0.1965 0.4815 0.8595 0.9690
SD 0.1030 0.1270 0.8180 0.8495
BSD 0.0455 0.0395 0.7385 0.7330

Note: �: Common correlation coe�cient of the measurements between the new and standard diagnostic test. Nonpar:
Non-parametric method. BNP: Bootstrap procedure of the non-parametric method. SD: Standard di�erence approach.
BSD: Bootstrap procedure of the standard di�erence approach.

curve area is considered in the example. Under normal assumption and a non-inferiority
margin of −0:05 based on the ROC curve area, because �−1(0:98)=2:05375 and �−1(0:93)
is 1.47579, the corresponding non-inferiority margin for the standardized di�erence approach
is 1:48579− 2:05375= − 0:57796.
The non-parametric estimates of the ROC curve area are 0.988 for reader 1 and is 0.984 for

reader 2. The standard deviation of �̂1− �̂2 is estimated to be 0.0056. It follows that Zl=9:64,
which is greater than Z0:05 = 1:645. Therefore, as compared to reader 2, the non-inferiority of
reader 1 with respect to diagnostic accuracy based on the ROC curve area can be concluded
at the 5 per cent signi�cance level with respect to the non-inferiority limit of −0:05. The 95
per cent lower bootstrap con�dence limit for the di�erence in the ROC curve areas based on
the non-parametric method is 0 which is greater than −0:05. Therefore, the same conclusion
for the non-inferiority hypothesis is also reached at the 5 per cent signi�cance level.
On the other hand, under normal assumption, �̂1 = 1:86948 and �̂2 = 1:63863. The estimated

standard deviation of �̂1−�̂2 is 0.2452. Therefore, for �L=−0:57796(�L=−0:05), Z ′
L=3:30 that

is greater than Z0:05 = 1:645 too. As compared to reader 2, the non-inferiority of reader 1 can
be concluded at the 5 per cent signi�cance level with the non-inferiority margin of −0:57796.
The 95 per cent lower bootstrap con�dence interval for �1 − �2 based on the standardized
di�erence is −0:080610, which is greater than the non-inferiority margin of −0:57796. It
follows that the same conclusion for non-inferiority hypothesis is also reached at the 5 per
cent signi�cance level by the bootstrap version of the standardized di�erence approach.
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Table IV. Empirical sizes and powers of equivalence and non-inferiority testing under the ordinal data
based on the ROC curve area for N =200.

ROC curve area for the standard diagnostic test

Size at �=0:1 Power at di�erence of 0.05

Hypothesis � Method 0.7 0.8 0.7 0.8

Equivalence 0.5 Nonpar 0.0875 0.0775 0.4380 0.5430
BNP 0.0885 0.0760 0.4360 0.5405
SD 0.0720 0.0765 0.3690 0.4435
BSD 0.0670 0.0650 0.3440 0.4150

0.9 Nonpar 0.1155 0.1125 0.8115 0.8805
BNP 0.1115 0.1090 0.8055 0.8765
SD 0.0830 0.1115 0.7110 0.7890
BSD 0.0730 0.0925 0.6895 0.7685

Non-inferiority 0.5 Nonpar 0.0875 0.0775 0.4480 0.5445
BNP 0.0885 0.0760 0.4465 0.5420
SD 0.0720 0.0765 0.3820 0.4455
BSD 0.0670 0.0650 0.3580 0.4180

0.9 Nonpar 0.1155 0.1125 0.8115 0.8805
BNP 0.1115 0.1090 0.8055 0.8765
SD 0.0830 0.1115 0.7110 0.7890
BSD 0.0730 0.0925 0.6895 0.7685

Note: Common correlation coe�cient of the measurements between the new and standard diagnostic test. Nonpar:
Non-parametric method. BNP: Bootstrap procedure of the non-parametric method. SD: Standard di�erence approach.
BSD: Bootstrap procedure of the standard di�erence approach.

6. DISCUSSION

The technology of diagnostic tests for disease identi�cation and staging advanced rapidly.
In particular, after completion of the Human Genome Project, tests based on gene chips or
biochips may provide quick, inexpensive, non-invasive and easy-to-use tools for diagnosis of
diseases. Furthermore, importance of diagnostic tests increases as more targeted clinical trials
will be conducted for the individualized treatment of patients in the genomic era [23, 24].
However, the diagnostic accuracy of any newly developed diagnostic technology must be rig-
orously evaluated and approved by the health regulatory agencies before their routine use.
One approach is to verify whether the diagnostic accuracy of the new diagnostic procedure is
equivalent or is not worse than that of the current standard procedure due to the other advan-
tages o�ered by the new procedure. Because the ROC curve area is a measure for separation
of the distribution of the measurements of the diseased patients from that of the non-diseased
subjects, we proposed to use the standardized di�erence for evaluation of equivalence and
non-inferiority between the new and standard diagnostic procedures. A FORTRAN program
for computation of all four methods is from the authors upon request.
Simulation results indicate that the non-parametric method may in�ate the size considerably

when the underlying distribution is skewed. On the other hand, in terms of size and power,
the standardized di�erence approach is a very competitive alternative to the non-parametric
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method. In particular, the bootstrap method of the standardized di�erence approach not only
controls the size at the nominal level for both normal and exponential distributions but also
provides su�cient power. Therefore, simulation results suggested that the bootstrap method of
the standardized di�erence approach is quite robust to the skewedness of the distribution and
selection of the equivalence limits under the skewed distributions. As a result, we recommend
the bootstrap method of the standardized di�erence approach to evaluate the two-sided equiv-
alence and one-sided non-inferiority hypotheses based on the paired areas under the ROC
curves between the new and standard diagnostic procedures when the measurements of both
procedures are continuous.
However, all four methods, including the non-parametric method, fail to adequately control

the size for the ordinal data. One of the possible reasons for the poor performance of the
four methods with respect to ordinal data is that the variance of the ordinal (categorical)
data is a function of the mean. The restricted maximum likelihood estimator (RMLE) of the
variance of categorical data obtained at the equivalence limit should be used for testing the
equivalence or non-inferiority hypotheses. Wald-type asymptotic methods for evaluation of
equivalence or non-inferiority for categorical data generally will in�ate the size [2]. As a
result, extreme caution should be taken when to evaluate the equivalence and non-inferiority
based on the ROC curve areas computed from the ordinal data. Further research on assessment
of equivalence for the ordinal data is warranted since they are the most commonly recorded
form of data in diagnostic procedures.
Equivalence limits should be determined jointly by clinicians, radiologists, and statisticians

and pre-speci�ed in the study protocol before the conduct of the study. Furthermore, de-
termination of equivalence limits is not an easy task and many factors such as the usage of
diagnostic tests and the accuracy of the standard diagnostic test, feasibility of the required sam-
ple size and many others should be considered. Because any equivalence or non-inferiority
diagnostic study includes the standard diagnostic test, it is also an active control equiva-
lence study. Therefore, the issues of assay sensitivity, constancy assumption, and reasons for
selection of equivalence limits should be adequately addressed in the protocol [25]. Popula-
tion bioequivalence and individual bioequivalence [26–29] have been suggested to evaluate
bioequivalence for approval of generic drugs and to assess equivalence between diagnostic
technologies [30, 31]. However, both population and individual bioequivalence are based on
aggregate criteria of population average, intra-subject variability and variance of the subject ×
formulation interaction. It turns out that two totally di�erent distributions with di�erent aver-
ages and variances can be concluded individual bioequivalent [32]. Because of this drawback
and other issues, the US FDA [33] and other health regulatory agencies in the world still
employ the average bioequivalence as the criterion for approval of generic drugs. There-
fore, we also focus on average accuracy for assessment of equivalence between diagnostic
tests. However, equivalence or non-inferiority on variability between diagnostic procedures is
equally important and requires further research.
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