Evaluation of Objective Similarity Measures for Selecting Similar
Images of Mammographic Lesions
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The purpose of this study was to investigate four
objective similarity measures as an image retrieval tool
for selecting lesions similar to unknown lesions on
mammograms. Measures A and B were based on the
Euclidean distance in feature space and the psychophys-
ical similarity measure, respectively. Measure C was the
sequential combination of B and A, whereas measure D
was the sequential combination of A and B. In this
study, we selected 100 lesions each for masses and
clustered microcalcifications randomly from our data-
base, and we selected five pairs of lesions from 4,950
pairs based on all combinations of the 100 lesions by
use of each measure. In two observer studies for 20
mass pairs and 20 calcification pairs, six radiologists
compared all combinations of 20 pairs by using a two-
alternative forced-choice method to determine the sub-
jective similarity ranking score which was obtained from
the frequency with which a pair was considered as more
similar than the other 19 pairs. In both mass and
calcification pairs, pairs selected by use of measure D
had the highest mean value of the average subjective
similarity ranking scores. The difference between mea-
sures D and A (P =0.008 and 0.024), as well as that
between measures D and B (P =0.018 and 0.028) were
statistically significant for masses and microcalcifica-
tions, respectively. The sequential combination of the
objective similarity measure based on the Euclidean
distance and the psychophysical similarity measure
would be useful in the selection of images similar to
those of unknown lesions.
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INTRODUCTION

I n the interpretation of medical images, radiol-
ogists attempt to make diagnostic decisions
based on the medical knowledge derived from
viewing many clinical images over the years
through education, training, and clinical practice.
It is commonly known that, when a radiologist
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may encounter a new, unknown case in daily
clinical work, he/she may occasionally search for
clinical images with known pathology similar to
that of the unknown case by reviewing images in
previous clinical cases, teaching files, and text-
books. Therefore, the presentation of similar
images would be useful and would have the
potential to improve radiologists’ performance in
the differential diagnosis of lesions in clinical
images.'™

In order to develop a useful tool for selecting
similar images to be used as a diagnostic aid, many
investigators have studied content-based or feature-
based image retrieval methods.”'” However, these
retrieval methods did not take into account
radiologists’ subjective impression of similarity
when two images are compared. If retrieved
images were not really similar to an unknown
lesion visually for clinical purposes, they would
not be useful for radiologists in the differential
diagnosis of the unknown lesion. Therefore, Li et
al.'® and Muramatsu et al.'” > have studied a
psychophysical similarity measure, as an image
retrieval tool, which was determined by use of an
artificial neural network (ANN) for learning the
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relationship between radiologists’ subjective sim-
ilarity ratings and the objective features of lesions.
They showed that the correlation coefficients (r=
0.72, 0.74, and 0.71 for nodules on low-dose CT
and masses and clustered microcalcifications on
mammograms, respectively) between radiologists’
subjective similarity ratings and psychophysical
similarity measures were greater than those (r=
0.60, 0.60, and 0.58 for nodules on low-dose CT
and masses and clustered microcalcifications on
mammograms, respectively) between radiologists’
subjective similarity ratings and objective similar-
ity measures based on the Euclidean distance in
feature space that was frequently used in many
studies. Their results indicated that similar images
selected based on the psychophysical similarity
measures would be more similar in terms of
radiologists’ visual perception than those selected
based on feature space. However, it appears that the
psychophysical similarity measures were not
highly accurate as a reliable objective similarity
measure for selecting similar images because the
correlation coefficients were less than 0.80, i.e.,
they were not extremely high.

In this study, therefore, we investigated new
objective similarity measures based on both the
Euclidean distance in feature space and the
psychophysical similarity measure. In order to
evaluate the usefulness of these measures, we
selected pairs of masses and pairs of clustered
microcalcifications on mammograms by using four
different measures. We conducted two observer
studies based on a two-alternative forced-choice
(2AFC) method®* for mass pairs and for calcifica-
tion pairs, for comparison of subjective similarities
in terms of radiologists’ visual perception on pairs
of images selected by use of different measures.

MATERIALS AND METHODS

The use of the following database and the
participation of radiologists in the observer study
were approved by the Institutional Review Board
at our medical center. Informed consent for this
observer study was obtained from all observers.

In this study, we investigated four objective
similarity measures (A, B, C, and D) based on the
Euclidean distance in feature space and the
psychophysical similarity measure determined by
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the ANN. In our previous studies,'>**** 50 images
including 25 benign and 25 malignant lesions were
first selected as representative lesions for both
mass and calcification studies by an attending
breast radiologist to include various sizes and
types of lesions. Three hundred pairs were created
by the combination of each representative lesion
and six images (three benign and three malignant
lesions) selected subjectively by consensus of three
investigators to include pairs with a wide range of
similarities. Ten breast radiologists provided their
subjective similarity ratings for the 300 mass pairs
and the 300 calcification pairs. For specific image
features considered in both the Euclidean distance
and the ANN, we employed the combination of six
and seven objective features for masses and
clustered microcalcifications, respectively, which
provided the highest correlation coefficients
between the average subjective similarity ratings
and psychophysical similarity measures.'’~*?
The six features for masses included the degree
of irregularity, the full width at half maximum of a
cumulative modified radial gradient histogram, the
radial gradient index, the minor-to-major axis ratio
of an ellipse fitted to the outline of the mass, the
edge contrast, and the standard deviation of pixel
values.'”?* On the other hand, the seven features
for clustered microcalcifications included the cir-
cularity of the cluster, the number of micro-
calcifications per unit area, the mean effective
diameter of microcalcifications, the standard devi-
ation of the effective diameters of microcalcifica-
tions, the mean contrast of microcalcifications, the
standard deviation of contrasts of microcalcifica-
tions, and the standard deviation of the shape
irregularities of microcalcifications.”*** Measures
A and B were based on the Euclidean distance in
feature space and the psychophysical similarity
measure, respectively. Measure C was the sequen-
tial combination of B and A, which was derived
first based on the psychophysical similarity mea-
sure and then the Euclidean distance in feature
space, whereas measure D was the sequential
combination of A and B, which was derived based
on the Euclidean distance in feature space and then
the psychophysical similarity measure.

Databases

To compare the usefulness of four different
measures as an image retrieval tool, we used pairs
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of masses and pairs of clustered microcalcifica-
tions on mammograms which were obtained from
the Digital Database for Screening Mammography
developed by the University of South Florida.?
Our database for masses consisted of 1,568 regions
of interest (ROIs), including 840 benign and 728
malignant masses.”> The size of the ROI was 5x
5 cm (pixel size 100 pm), centered at each mass.
On the other hand, our database for clustered
microcalcifications consisted of 1,101 ROlIs,
including 644 benign and 457 malignant clustered
microcalcifications.”® The size of the ROI was 3
3 cm (pixel size 50 pm), centered at each clustered
microcalcification. All lesions were proved by
biopsy. The contrast and the density level in each
ROI were manually adjusted to an appropriate
level by an attending breast radiologist.

Selection of Pairs of Images

The pairs of images for masses and those for
clustered microcalcifications were selected for
each of the observer studies by use of the method
described below. We first removed 300 ROIs used
for training the ANN,'”?*? which was then
applied to the determination of psychophysical
similarity measures for all of pairs of images used
in this study. One hundred ROIs were selected
randomly from the remaining ROIs (1,268 and 801
for masses and clustered microcalcifications,
respectively) such that only one ROI would be
selected from the same patient. For the selected
100 ROIs, 4,950 pairs were created by all possible
combinations of two different ROIs. Pairs of ROIs
with the highest similarity measures were then
selected for an observer study by use of four
different measures. For measure A, five pairs with
the five highest similarity measures based on the
Euclidean distances in feature space were selected
from the 4,950 pairs. For measure B, five pairs
with the five highest psychophysical similarity
measures were selected from the 4,950 pairs. For
measure C, a pair with the highest psychophysical
similarity measure was preselected in 99 pairs
created by the combinations of one ROI and the
other 99 ROIs. This procedure was repeated for all
of the selected 100 ROIs. Subsequently, five pairs
with the five highest similarity measures based on
the Euclidean distances were selected from the
preselected 100 pairs. For measure D, a pair with
the highest similarity measure based on the
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Euclidean distance was preselected in 99 pairs
created by the combinations of one ROI and the
other 99 ROIs. This procedure was repeated for all
of the selected 100 ROIs. Subsequently, five pairs
with the five highest psychophysical similarity
measures were selected from the preselected 100
pairs. Here, five pairs for each measure were
selected such that the same ROI would not be
selected again as another ROI in different pairs
obtained with the same measure.

Observer Study

We conducted two observer studies for 20 mass
pairs and for 20 calcification pairs, for comparison
of subjective similarities in terms of radiologists’
visual perception on pairs of ROIs selected by use
of the four different measures. The 2AFC method,
known as a paired comparison method, was
employed in the observer study because it is a
sensitive method for the distinction of a small
difference in the comparison of two similar
patterns.”* In the observer study, two pairs of
lesions were displayed on a high-resolution liquid
crystal display monitor (MES11L/P4, 21.3 in.,
2,048 x2,560 pixels, 410 cd/m? luminance; Totoku
Electric Co., Ltd.) with one pair above and another
pair below, as shown in Figure 1. The observer
was asked to compare the similarity of the two
pairs and to select the pair considered more similar
than the other pair. During the observer study,
each pair was compared to all of the other 19 pairs
one by one. The frequency with which a pair was
selected as the more similar pair was considered as
the subjective similarity ranking score for the pair;
the maximum and the minimum score would be 19
and 0, respectively. The subjective similarity
ranking scores indicate the relative rankings of
similarities among the 20 pairs selected by four
different measures.

Six observers, including three attending breast
radiologists and three breast-imaging fellows,
participated independently in the observer study.
The instructions to the observers were the follow-
ing: (1) the purpose of this study is to obtain
experimental data for subjective impression of
similarity for pairs of masses (and pairs of
clustered microcalcifications in the second session)
on mammograms selected by four computerized
methods. (2) Two pairs of images are displayed on
a monitor. You are asked to compare the similarity
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Case 12/182

Instructions

Fig 1. Observer interface for obtaining subjective similarity ranking scores based on the 2AFC method.

of one pair above with that of another pair below,
regarding the overall impression for diagnosis.
Click on the one pair that is more similar than the
other. (3) A training session including two com-
parisons of pairs of lesions is provided at the
beginning of the study. (4) There is no time limit.

RESULTS

Figure 2 shows the relationship between the
objective similarity measures based on the Euclid-
ean distance and the psychophysical similarity
measures for 20 mass pairs selected by the four
different measures. The mass pairs selected by use
of measure A tended to have high objective
similarity measures based on the Euclidean dis-
tances and relatively low psychophysical similarity
measures, whereas those by measure B tended to
have relatively low objective similarity measures
based on the Euclidean distances, but high psy-
chophysical similarity measures. The pairs selected
by use of measures C and D were distributed
between the pairs for measures A and B. The pairs
for measure C were distributed near the pairs for
measure A, whereas the pairs for measure D were

distributed near the pairs for measure B. It should
be noted that there is a noticeable difference
among four groups of pairs of masses selected as
“most similar” based on the four different meth-
ods. Figure 3a, b shows the relationships for the
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Fig 2. Relationship between objective similarity measure
based on the Euclidean distance in feature space and psycho-
physical similarity measure for 20 mass pairs selected by four
different measures.
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Fig 3. a Relationship for average similarity ranking score of each mass pair by six radiologists with objective similarity measure based
on the Euclidean distance. b Relationship for average similarity ranking score with psychophysical similarity measure.

average subjective similarity ranking score of mass
pairs by six radiologists with the objective sim-
ilarity measure based on the Euclidean distance
and also with the psychophysical similarity mea-
sure, respectively. Table 1 shows the mean values
and the standard deviations of the average sub-
jective similarity ranking scores for four groups of
mass pairs selected by use of different measures.
Although there was a large variation in the average
similarity ranking scores for each measure, the
mean value of the average similarity ranking
scores for measure D was greater than those for
the three other measures. On the other hand, the
mean value of the average similarity ranking
scores for measure A was lower than those for
the other measures. These results indicated that the
mass pairs selected by measure D were more
similar, on average, in terms of radiologists’ visual
perception, than those by the other measures.
Table 2 shows P values for the difference in the

Table 1. Mean Values and Standard Deviations of Average
Subjective Similarity Ranking Scores of Mass Pairs by Six
Radiologists for Each Measure

Mean + SD
Measure A 8.23 +£1.30
Measure B 8.30+£1.88
Measure C 9.63 + 3.47
Measure D 11.83+1.89

average similarity ranking scores obtained by use
of two different measures. A statistical analysis
was performed with use of Student’s ¢ test based
on the average similarity ranking score for each
pair obtained by six radiologists. The difference
(P=0.008) between measures D and A and that
(P=0.018) between measures D and B were
statistically significant. Figures 4 and 5 show the
20 mass pairs obtained by use of the four different
measures, together with the average subjective
similarity ranking score in bold (ranking on
objective similarity measures based on the Euclid-
ean distance in 4,950 pairs/objective similarity
measure and also ranking on psychophysical
similarity measures in 4950 pairs/psychophysical
similarity measure) for each pair. The first pair for
measure D in Figure 5 had the highest average
similarity ranking score, whereas the fifth pair for
measure C had the lowest average similarity
ranking score.

Table 2. P values for the Difference in the Average Subjective
Similarity Ranking Scores of Mass Pairs Selected by Two
Different Measures

Measure A Measure B Measure C
Measure B <0.950
Measure C <0.423 <0.472
Measure D <0.008 <0.018 <0.248
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Measure A: 9.00 ( 4/0.91, 466/0.74)

R ot

Measure A: 8.17 ( 1/0.95, 320/0.77)

Measure A: 6.83 ( 5/0.91, 164/0.80)
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3/0.92)

Measure B: 10.00 (1644/0.64, 6/0.88)

Measure B: 8.50 ( 820/0.71,

2/0.92)

Measure B: 7.00 (1683/0.64, 7/0.86)

Measure B: 5.83 (1245/0.67,

1/0.94)

Fig 4. Mass pairs for measures A and B and the average subjective similarity ranking score in bold (ranking on objective similarity
measures based on the Euclidean distance in 4,950 pairs/objective similarity measure, ranking on psychophysical similarity measures in

4,950 pairs/psychophysical similarity measure) for each pair.

Figure 6 shows the relationship between the
objective similarity measure based on the Euclid-
ean distance and the psychophysical similarity
measure for 20 calcification pairs selected by the
four measures. Although there was a small overlap
in the distributions of calcification pairs among the

four measures, the calcification pairs for each of
the measures tended to be distributed in a way
similar to those for the mass pairs in Figure 2.
Figure 7a, b shows the relationships for the
average subjective similarity ranking score of
calcification pairs to the objective similarity
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Measure C: 13.33 ( 36/0.86, 122/0.82)

Measure C: 4.67 ( 71/0.84, 176/0.80)
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Measure D: 14.67 ( 362/0.76,

5/0.90)

4/0.90)

Measure D: 12.00 ( 544/0.74. 16/0.87)

-~

Measure D: 10.67 ( 489;"0.74, 17/0.87)

Meésure D: 9.67 (622/0.73, 14/0.88)

Fig 5. Mass pairs for measures C and D and the average subjective similarity ranking score in bold (ranking on objective similarity
measures based on the Euclidean distance in 4,950 pairs/objective similarity measure, ranking on psychophysical similarity measures in

4,950 pairs/psychophysical similarity measure) for each pair.

measure based on the Euclidean distance and to
the psychophysical similarity measure, respec-
tively. Table 3 shows the mean values and the
standard deviations of the average subjective
similarity ranking scores of calcification pairs for
each measure. The calcifications pairs for measure
D had the highest average subjective similarity

ranking scores, whereas those for measure A had
the lowest average similarity ranking scores; these
results were the same as those for masses. Table 4
shows P values for the difference in the average
similarity ranking scores obtained by use of two
different measures. The difference (P=0.024)
between measures D and A and that difference
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Fig 6. Relationship between objective similarity measure
based on the Euclidean distance in feature space and psycho-
physical similarity measure for 20 calcification pairs selected by
four different measures.

(P=0.028) between measures D and B were
statistically significant. Figure 8 shows calcifica-
tion pairs with the highest average subjective
similarity ranking score in each objective similar-
ity measure, together with the average subjective
similarity ranking score in bold (ranking on
objective similarity measures based on the Euclid-
ean distance in 4,950 pairs/objective similarity
measure and also ranking on psychophysical
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similarity measures in 4,950 pairs/psychophysical
similarity measure) for each pair. The pairs with
very high objective similarity measures both for
the Euclidean distance and the ANN tended to
have high average subjective similarity ranking
scores in measures C and D.

DISCUSSION

In both observer studies for mass pairs and
calcification pairs, the mean values of the average
subjective similarity ranking scores for measure B
were greater than those for measure A, although
the difference between measures A and B was not
statistically significant in this study. This result
tended to be consistent with the results presented
by Li et al.'"® and Muramatsu et al.,'>**** where
the correlation coefficient of radiologists’ subjec-
tive similarity ratings with psychophysical simi-
larity measures was greater than that with objective
similarity measures based on the Euclidean dis-
tance. These results may indicate that the psycho-
physical similarity measure is a better tool in
retrieving similar images than is the objective
similarity measure based on the Euclidean distance.

The mean values of the average similarity
ranking scores for measures C and D were greater
than those for measures A and B. The mean value
of the average similarity ranking scores for
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Fig 7. a Relationship for average similarity ranking score of each calcification pair by six radiologists with objective similarity measure
based on the Euclidean distance. b Relationship for average similarity ranking score with psychophysical similarity measure.
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Table 3. Mean Values and Standard Deviations of Average
Subjective Similarity Ranking Scores of Calcification Pairs by Six
Radiologists for Each Measure

Mean + SD
Measure A 7.63+2.69
Measure B 7.87+2.62
Measure C 10.00+3.23
Measure D 12.50+2.86

measure D was greater than that for C. For
measure D, the pairs with comparable physical
characteristics were first preselected by use of an
objective similarity measure based on the Euclid-
ean distance, and thus, the subsequent selection
of pairs with high psychophysical similarity
measures would be more reliable because inad-
equate pairs which may not be similar due to a
large difference in physical characteristics were
removed initially. Therefore, we believe that the
pairs selected by measure D would be more
similar in terms of radiologists’ visual perception
than those by measure B because measure B was
improved substantially by the sequential combina-
tion with measure A. With measure C, on the other
hand, the pairs were first preselected by use of a
psychophysical similarity measure, and thus, some
pairs with high objective similarity measures,
which would be located closely in feature space,
would have been removed, and the subsequent
selection of pairs may provide pairs with different
physical characteristics. Therefore, we believe that
the pairs for measure D would be more similar
subjectively than those for measure C.

The implementation of selecting similar images
by use of measure D in clinical situations can be
illustrated in the example described below. When a
radiologist encounters a new, unknown case in
daily clinical practice at a breast clinic, a search
engine would determine first the objective sim-
ilarity measures based on the Euclidean distance in
feature space for all of the combinations for the

Table 4. P Values for the Difference in the Average Subjective
Similarity Ranking Scores of Calcification Pairs Selected by Two
Different Measures

Measure A Measure B Measure C
Measure B <0.893
Measure C <0.244 <0.285
Measure D <0.024 <0.028 <0.231
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Method D: 17.00 ( 13/0.87, 48/0.93)

Fig 8. Calcification pairs with the highest average subjective
similarity ranking score in each objective similarity measure and
the average subjective similarity ranking score in bold (ranking
on objective similarity measures based on the Euclidean distance
in 4,950 pairs/objective similarity measure, ranking on psycho-
physical similarity measures in 4,950 pairs/psychophysical
similarity measure) for each pair.

unknown case with all of the known benign/
malignant cases in the database available in the
clinic, which may include a large number of cases
such as 1,000 benign cases and 1,000 malignant
cases stored in a picture archiving and communi-
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cation system. The search engine would then select
a certain pre-selected number of cases such as the
top 100 pairs, each for benign and malignant cases,
with higher objective similarity measures; these
pairs would be subjected to determination of the
psychophysical similarity measures by use of the
trained ANN. Finally, the radiologist may indicate
a desired number of similar cases to be presented
as an aid to his/her diagnosis, such as five cases
each for benign/malignant cases. The search
engine then could retrieve those cases with the
five highest psychophysical similarity measures in
each category to be presented as similar cases. It is
likely that the cases selected would look more
similar to the unknown case in question for
radiologists in making their diagnostic decision
than other cases which might be selected by the
three other measures, A, B, or C.

There are some limitations in this study. One
limitation is that the number of pairs for each
objective similarity measure was small in the
observer study because the time required for a
radiologist has to be limited to an hour in one
session. Another limitation is that four of six breast
radiologists who participated in the observer study
provided their subjective similarity ratings for the
300 mass pairs and the 300 calcification pairs in our
previous studies. However, we believe that the bias
due to this overlap would be minimal because for
training the ANN, the average subjective similarity
ratings were obtained by ten breast radiologists.

CONCLUSION

In both mass and calcification pairs, pairs
selected by use of measure D, which was the
sequential combination of the objective similarity
measure based on the Euclidean distance in feature
space with the psychophysical similarity measure,
had the highest mean value of the average
subjective similarity ranking scores. Measure D
would be useful in the selection of images similar
to those of unknown masses or clustered micro-
calcifications on mammograms.
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