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Abstract

Objective: Many proposals for the comparison of diag-
nostic devices refer to the computation of ROC curves
or sensitivity / specificity-based parameters, thereby
strictly assuming the presence of a reliably parame-
trized clinical reference method. When none of the de-
vices under consideration can be regarded as a refer-
ence, Cohen’s kappa coefficient for assessing the
methods’ relative agreement becomes increasingly
popular. If, however, not only the agreement between
two diagnostic devices, but also the devices’ reliability
must be taken into account (for example, if multiple
parallel readings are obtained from one or both of the
devices), no corresponding coefficients can be ob-
tained from standard software. Bearing the recent
modifications in the German Medicinal Devices Law
(Medizinproduktegesetz) in mind, such methods will
soon become necessary and strongly demanded for
the sake of immediate re-evaluation of previously cet-
tified medicinal devices.

Methods: Generalizations of Cohen’s kappa (K) for
complex multi reader designs can be found by estimat-
ing weighted averages of the observed and expected
agreement among subsets of parallel readings. A flexi-
ble, although instructive, strategy for designing kappa
coefficients in the context of method comparison tri-
als is proposed, which measures the two methods’
overall agreement while correcting for each method’s
undetlying inter / intra observer reliability. Cluster al-
gorithms will be outlined, which allow to identify
(in)compatible clusters of readings. Their application
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will be illustrated by means of the intraindividual com-
parison of two different strategies in radiographical
imaging, where none of the underlying imaging meth-
ods can be regarded as a reference.

Results: The algorithms are illustrated by the compari-
son of two radiological imaging devices R and F,
where none of these imaging methods could be con-
sidered as a valid reference, i.e. replicate readings by
three independent radiologists were taken from each
device, respectively. The setting allowed for intraindi-
vidual comparison of the imaging methods, since each
of the three involved radiologists took one reading
from both devices on each of 120 individuals. The al-
gorithm identifies a subset of compatible reading pat-
terns with an overall agreement of K = 0.83 (95% con-
fidence interval 0.78 — 0.88) despite the fact, that the
underlying readings arose from two different imaging
devices. An obvious interpretation suggests, that the
gradient in experience between the readers was more
relevant to their reading patterns’ outcome than any
difference between the imaging devices.

Conclusions: The generalized K coefficients can be
modified according to the study design at hand to in-
structively identify (in)compatible clusters of multiple
parallel reading patterns; the relative agreement of
imaging methods can be estimated as well as each
imaging method’s internal reliability as assessed by
parallel readings from the respective methods.

Key words: Cohen’s kappa, agreement analysis, parallel
readings, clinical imaging

1. INTRODUCTION

The need for minimum invasive, but still maximum
valid and reliable diagnostic procedures encouraged
the development of clinical imaging methods through
the past decades. As soon as an imaging procedure
was proven to show sufficient diagnostic quality, its in-
tegration into routine procedures could be enforced.
Meanwhile a lot of such clinical imaging strategies are
available and are still under further development con-
cerning, for example, cost and time effectiveness.
However, introduction of an improvement of estab-
lished imaging procedures into clinical routine affords
an appropriate evaluation of its diagnostic potential as
well as the assurance of sufficient agreement with a di-
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agnostic reference. If both the diagnostic novum and
the reference are already parameterized to derive bina-
ry findings (e.g. “positive” versus “negative”) from the
imaging procedures’ output, a standard strategy of
method comparison is the computation of sensitivity,
specificity and predictive values. If at least the refer-
ence provides binary results, an additional ROC analy-
sis can be applied instead to evaluate the novum’s di-
agnostic potential.

Cohen’s kappa coefficient (K), however, has been
established for those method comparison settings,
which derive categorical findings from both imaging
procedures, but where none of these procedures can
be regarded as a fully valid and reliable standard. Rela-
tive agreement between two imaging methods is then
estimated by comparison of the observed order of
reader agreement with the corresponding order of
agreement, which would have been expected by
chance. A lot of generalizations of Cohen’s original
proposal for the comparison of two binary parallel
readings have then been proposed (Landis and Koch
1977, Davies and Fleiss 1982, Dunn 1992, Kraemer
1992, Shoukri 2003) to provide kappa point and inter-
val estimates for more complex multi reader designs.
Whereas these strategies can be applied to several par-
allel readings in one imaging method to estimate its
imaging reliability, these approaches can hardly be ex-
tended to the problem of imaging method compari-
son, when both imaging methods involve parallel read-
ings.

To achieve such a multi-reader kappa estimate for
method comparison, which estimates the imaging
methods’ relative agreement after adjustment of the
respective methods’ inter / intra reader reliability, a
more flexible approach to estimator construction
seems necessary. Bearing the recent modifications in
the German Medicinal Devices Law (Medizinproduk-
tegesetz) in mind, such methods will soon become
necessary and strongly demanded for the sake of im-
mediate re-evaluation of previously certified medicinal
devices.

One of the most promising approaches is based on
the appropriate pairwise comparison of readers
(Schouten 1980, 1982). Instead of averaging pairwise
kappa estimates, which might introduce severe bias
(Dunn 1992), this paper seeks to point out an applica-
tion of Schouten’s approach to the method compari-
son of clinical imaging devices, when both devices af-
ford multiple parallel readings and therefore consider-
ation of intra and inter device reliability (where the in-
tra reliability will usually be determined by the agree-
ment between parallel clinical readers).

2. METHODS
2.1 KAPPA COEFFICIENTS

For a formal parameterization of kappa and its esti-
mators the reader is refered to Schouten’s model
(Schouten 1980, 1982). Unformally, if two readers
are compared along a nominal binary outcome
variable, and o and e denote their observed and ran-
domly espected agreement, kappa can be estimated as
K = (0—e)/ (1 —e¢). The observed agreement term o
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descibes the order of concordant findings between the
parallel reading patterns, whereas the randomly ex-
pected agreement term e describes the order of agree-
ment between two parallel clinical readers, which must
already be expected by chance. The above K coefficent
then measures the order of “competence” based
agreement between two parallel readers, i.c. the order
of agreement not only due to randomly concordant
findings. K = O indicates only random agreement
(since o = e), the larger K becomes, the more evidence
for inter reader agreement and thereby diagnostic reli-
ability can be established.

If r > 2 parallel observers are asked to derive binary
readings (“negativ”’ or “positive” finding) on a subset
of individuals, these observers’ pairwise observed and
expected agreement can be estimated accordingly; the
estimates shall be denoted 0@ and e@b for two ob-
servers a and b. The overall kappa coefficient for this
team of parallel readers is then estimated by first aver-
aging the pairwise observed agreement estimates o®b),
then the pairwise expected estimates e@b), and then in-
troducing the resulting averaged estimates o and e into
the above kappa expression. Asymptotic interval esti-
mation now becomes feasible by strict application of
the delta method (Schouten 1980, 1982). Details for
this estimation strategy in the setting under considera-
tion are presented by Krummenauer (Krummenauer,

2005).

2.2 CLUSTER ALGORITHMS FOR MULTI-READER
DESIGNS

It is straight-forward to apply the idea of averaging
kappa ingredients to the previously outlined setting of
method comparison under adjustment for multi reader
reliability in both imaging devices under consideration.
If r, parallel readings are taken from imaging method 1
and r, from method 2, then the total set of 1;+ 1, par-
allel readings can be introduced into a stepwise cluster
algorithm to identify incompatible reading patterns: In
a first step an overall agreement of the r;+ r, readings
/ readers is estimated according to the above pairwise
averaging procedure; then each of the 1;+ r, readers is
contrasted to the remaining ones, respectively, and a
pairwisely averaged kappa is estimated by pairwise
comparison of all r;+ r, — 1 readers with the index
reader. If the resulting overall agreement estimate and
the contrasting one differ significantly, an indication
for removal of this index rater from the overall team is
found.

A sequential algorithm would then eliminate this
one reader, whose contrasting agreement kappa shows
maximum deviation from the overall kappa: It is easy
to show, that the agreement of the remaining team of
r;+ 1r,— 1 readers shows larger overall agreement than
the previous team, as soon as the contrasting agree-
ment kappa turns out smaller than the overall agree-
ment kappa. This eliminating strategy can be based on
the above a significance test for kappa estimator com-
parison and therefore presents a basis for a step-down
cluster algorithm (Krummenauer 2005). This algo-
rithm will reduce the reader team, as long as there are
readers with statistically significant deviation between
the actual overall and their actual contrasting agree-
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ment K estimate. If the algorithms stops, the resulting
reading patterns can be regarded as no longer signifi-
cantly incompatible. If the remaining readings all
emerged from the same imaging method and the read-
ings based on the other were eliminated, an explorato-
ry interpretation of method disagreement is at hand.

A corresponding step-up analogue of this proce-
dure would start with pairwise comparison of readers
and “cluster” those readers, whose reading patterns
show maximum inter-reader agreement. Of course,
this algorithms is of an even more exploratory nature
than the previous step-down formulation.

3. EXAMPLE

The step-up and step-down algorithms based on pair-
wisely averaging kappa estimators will be briefly illus-
trated by the compatison of two radiological imaging
devices R and F. The example is based on real data.
However, since the underlying clinical data is unpub-
lished yet, the imaging devices will not be further
specified,; the data will only be used for the sake of il-
lustration.

None of the imaging methods could be considered
as an error-free reference, i.e. replicate readings by
three independent radiologists were taken from each
device, respectively. The setting allowed for intraindi-
vidual comparison of the imaging methods, since each
of the three involved radiologists took one reading
from both devices on each of 120 individuals. Reader
1 had a 15 years experience in clinical imaging, readers
2 and 3 could be considered quite less experienced.

Table 1 presents the results of the step-down elimi-
nating algorithm, which first (at a local significance
level 5%) deleted the readings of reader 1 based on de-
vice R, and then on device F. Afterwards the algorithm
stopped with a remaining set of reading patterns,
which included two parallel readings from device R
and E, respectively; these four readings did not differ
significantly in terms of the kappa comparison out-
lined above. The remaining subset of readings shows a
reliability of kK = 0.83 (asymptotic 95% confidence in-
terval 0.78 — 0.88) — despite the fact, that the underly-
ing readings arose from two different imaging devices!

An obvious interpretation suggests, that the gradi-
ent in experience between reader 1 and the others was
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more relevant to their reading patterns’ outcome than
any difference between the imaging devices. Table 2
confirms this impression by presenting interim results
of the step-up algorithm, where clusters were aggre-
gated, when the kappa point estimate between them
was larger than 0.50: After two clustering steps the F
and R readings of reader 1 gather with an inter-device
kappa estimate of 0.81 (0.76 — 0.87), whereas the “in-
ter-cluster” kappas between the other reading patterns
suggest aggregation of reading clusters R,, Fj; first
with F, and then with R;. The algorithm stopped with
the clusters Ry, F; versus R,, Rs, F,, F; and respective
“intra-cluster” kappa estimates of 0.81 (0.75 — 0.806)
and 0.75 (0.71 — 0.79). These clusters show an “intet-
cluster” kappa estimate of 0.32 (0.28 — 0.37) and there-

fore were not aggregated in a further step.

Table 2. Interim results of a step-up cluster algotithm to iden-
tify compatible reading patterns among six parallel readings
on 120 subjects: inter-team kappa estimates for the respective
subset of 6 parallel readings; Ry — R3 and F; — F5 denote the
readings based on imaging devices R and F by three indepen-
dent clinical readers, respectively.

Rl’ Fl RZ’ F3 R3 FZ
R, F, 0.81 0.32 0.23 0.35
R,, F; 0.78 0.62 0.69
R, 0.56

4. DISCUSSION

The pairwise agreement concept of Schouten (1980,
1982) was applied to implement step-up and step-
down selection algorithms for an exploratory compari-
son of two clinical imaging devices, when both show
restrictions in reliability and therefore call for parallel
readings. The algorithms gather or eliminate single
readings from an overall reading pattern of multiple
parallel readings by local significance tests (step-down)
and by descriptive interpretation of point estimates

(step-up).

Table 1. Results of a step-down cluster algorithm to identify compatible reading patterns among six parallel readings on 120
subjects: kappa estimates for the complete set of readings (last column) and inter-team kappa estimates for each reading versus
the remaining ones (columns 2 — 7), p values derived from asymptotic tests for the compatison of the total kappa estimate and
the respective inter-team estimates; Ry — R; and F; — F5 denote the readings based on imaging devices R and F by three inde-

pendent clinical readers, respectively.

R, R, R, F, F, F, total i€
® (%) 51 66 66 71 64 59 64
P 0.01 0.42 0.42 0.16 0.90 0.19

K (%) 72 67 73 66 68 72

P 0.61 0.55 0.57 0.20 <0.01

K (%) 85 79 85 80 83

P 0.90 0.41 0.85 0.37
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The above proposals can surely be improved in sev-
eral directions: First it is not only important, whether
single readings differ significantly from the others (i.e.
tests on differences are used); it would be desirable to
decide about elimination of raters by means of one-
sided equivalence tests (i.e. not any loss, but rather a
clinically relevant loss in agreement could be used as a
rationale for reading comparisons). In the same sense,
the step-up algorithm should not only be based on the
exploratory interpretation of “inter-cluster” point esti-
mates, but rather on tests for clinically relevant in-
crease in kappa estimates by aggregation of clusters
(note that cluster condensation will become quite lib-
eral by means of the above approach).

It must be emphasized that any kappa based ap-
proach to the analysis of multi reader data is only an
exploratory, but not a modelling one (Becker and
Agresti, 1991): The results of the example in section 3
can only be regarded as results obtained on a test data
set, i.e. result validation on an independent data set is
still necessary. Furthermore the interpretation of
analyses such as described in section 3 is only based
on the results of optimization along the remaining
reading patterns’ overall agreement. It is possible, that
the most experienced reader, whose findings are most
valid, becomes eliminated first, since his results differ
from those of the other readers just because of his
higher competence in clinical reading. This could be
an explanation of the separation result in section 3,
where the most experienced readet’s findings from
both devices are more compatible among each other
than with readings from the respective devices. There-
fore the optimization of reliability as achieved by the
cluster algorithms can imply a notable loss in validity
of the remaining readings. Unfortunately, there was no
clinical “external” reference available for the imaging
data in section 3; ie. the “experience” conclusion
mentioned there could not be confirmed by introduc-
tion of a reference reading as a 7t parallel reading into
the step-down algorithm.

CONCLUSION

The kappa estimators according to Schouten’s pair-
wisely averaging construction principle can instructive-
ly identify (in)compatible clusters among multiple par-
allel readings; the relative agreement of imaging meth-
ods can be estimated as well as each imaging method’s
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respective reliability as characterized by parallel read-
ing from the underlying imaging device. However, in-
terpretation of these estimates must sensitively consid-
er the underlying nature of the data. Several possibili-
ties to improve the selection algorithms strongly moti-
vate further method comparison research based on

this approach.
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