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Abstract

Objective

In the first phase of a multicenter study by the International Ovarian Tumor Analysis (I0OTA)
group, 11 mathematical models were developed to distinguish between benign and malignant
adnexal masses: 2 logistic regression models (LR1 and LR2), 3 Least-Square Support Vector
Machines (LS-SVM), 3 Relevance Vector Machines (RVM), 2 Bayesian Multi-Layer
Perceptrons (BMLP) and 1 Bayesian Perceptron model (BPER). In phase 2 of the IOTA study
we investigated the optimal number of patients — i.e., those having uncertain classification by
mathematical models or by an ultrasound expert — that might benefit from second stage

testing.

Methods

The outcome of all models is a probability, increasing the uncertainty of diagnosis when
positioned closer to the decision boundary. Each ultrasound expert classified masses as
certainly or probably benign, uncertain, or probably or certainly malignant. The AUC,
sensitivity, and specificity were calculated for each method after different percentages of
patients had been removed either because the calculated probability of malignancy lay close

to the decision boundary or because the ultrasound expert was uncertain about the diagnosis.

Results

19 centers participated in this study and contributed 1938 new cases. When 0% to 25% of the
patients were removed because of uncertain diagnosis, a monotone increase in AUC was
observed from 0.934 to maximum 0.974. According to the subjective aséessment of experts,
5.9% of patients were classified as ‘uncertain’ and 33.9% as ‘probably’ benign or malignant.

Although a higher AUC was achieved when patients were removed based on pattern
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recognition by an expert, the models obtained a higher sensitivity and specificity at the

optimal cut-off levels.

Conclusions

For the models to be applicable in all centers, independent of the expericnce of the ultrasound
examiners, we suggest using a first stage model to decide which subgroup of patients requires
a two-step model for classification. According to global performance and sensitivity, logistic
regression model LR1 is superior to 1.8-SVM, RVM, and BMLP models, while the LS-SVM
models have a higher specificity. Because second stage tests introduce an extra cost, the
number of patients referred to second stage testing should be kept to a minimum. The optimal
percentage of patients to refer to second line testing needs to be determined in combination

with the performance of each individual second stage test.
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Introduction

In the first phase of the study of the International Ovarian Tumor Analysis (IOTA)
group, 1066 patients were gathered from 9 centers in 5 countries. Eleven mathematical
models were developed as first stage tests to preoperatively distinguish benign from
malignant adnexal masses based on ultrasound variables. The output of these models is a
probability on malignancy, for which the cut-off to distinguish benign from malignant was
determined on the training set of 746 patients (i.e. 70% of 1066). An overview of these
models is given in Table 1, Table 2 shows the uitrasound variables included in each of the
models.

In phase 2, 1938 new cases were gathered from 19 centers in 8 countries. This data set
contains 542 malignant masses (28%) and 1396 benign masses (72%). Eight centers were
already involved in phase 1 whereas 12 centers were new,

In IOTA phase 1, one-step models were considered to classify all masses as benign or
malignant, When the outcome of the developed mathematical models however lies too close
to the cut-off probability of the model for distinguishing benign from malignant, this model is
not sufficient enough to classify a mass as benign or malignant. Also the ultrasound experts
had to classify masses as certainly benign or malignant, probably benign or malignant, or
uncertain. Hundred-fifteen masses (5.9%) were classified as uncertain and 657 masses
(33.9%) as uncertain or probably benign or malignant, This subgroup of difficult masses
which is based on uncertain classification by mathematical models or by ultrasound experts
and for which no successful model has been constructed yet require two-step models. In such
models, masses are referred to a reliable second stage test to help even experienced ultrasound
experts. An example of a possible second stage test is proteomics with which each mass is
characterized on molecular level. Such testing has the potential to be more reliable than the

diagnoses performed by experts or by models based on ultrasound observations. A second
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example can be research to combinations of new tumor markers that improve classification of
difficult tumors contrary to the value of serum CA 125.
The goal of this study is to investigate the best criterion for referring patients to second

stage testing to obtain good petforming two-step models.

Methods

The mathematical models assign a probability between O and I to each mass for being
malignant. Using the trained model cut-offs tabulated in Table 1, this continuous outcome can
be transformed into a binary label “benign’ or ‘malignant’. The uncertainty on this label
increases when the outcome for a mass lies closer to the decision boundary (i.e. cut-off) of the
model, For the logistic regression models for example, the optimal cut-off to distinguish
benign from malignant was found to be a probability of 0.10. The closer the outcome of a
mass to the decision boundary of 0.10, the higher the uncertainty on its label. Therefore, the
rule for the order of patients to be removed from the data set will be based on the distance of
the outcome to the decision boundary on a scale from 0 to 1. The decision boundaries of the
models are asymmetrically located between 0.10 and 0.20, and the prevalence of benign is
higher in this data set. This results in much more patients lying between 0 and the decision
boundary x (0.10 to 0.20) than between x and 1. To account for this asymmetry, the steps
along the probability axis with which patients are removed from the data set need to be (1-x)/x
times larger in the upper part of the axis above the decision boundary compared to the lower
part. This results in an equal number of steps from x to 1 and x to 0. When the decision
boundary is for example equal to 0.1, the upper part is 9 times larger than the lower part and
therefore the steps should be 9 times larger. The AUC values (area under the ROC curve) ate
calculated for percentages of patients ranging from 0 to 50%, removed from the data set

according to the uncertainty of the models.
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The ultrasound experts on the other hand indicated their degree of confidence when
classifying a mass. This lead to a subjective likelihood of diagnosis given by the experts,
defined as certainly benign or malignant, probably benign or malignant, and uncertain, The
AUC for all models is calculated when removing patients classified as ‘uncertain’ by the
expert (5.9%) and when including only patients which were classified by the expeit as

‘certainly’ benign or malignant (33.9%).

Results

In this study we focus on determining the best criterion for referring patients to second
stage tests as a trade-off between performance and number of patients to be referred. Patients
can be removed according to two criteria: based on the uncertainty of the model (i.e. the
distance of the probability defined by the model to the decision boundary of the model) and
by subjective assessment of the expert. We left out different percentages of patients from the
data set according to these two criteria. The area under the ROC curves (AUC), the
sensitivity, and specificity were calculated and compared for all the models on these reduced
data sets. For the sensitivity and specificity, the optimized cut-off levels shown in Table 1
were used.

In Table 3 and Figure 1, the AUC for the models are shown against different
percentages of patients referred to second stage tests based on the uncertainty of the models.
Figure 1 shows a larger increase in AUC for small percentages of patients referred to second
stage testing compared to percentages over 30%. Table 4 compares the AUC values at
percentages 5.9% and 33.9% when referral of patients is based on subjective assessment of
the experts with referral based on the models’ uncertainty. When classifying for example all
masses with the logistic regression model LR1, this model has an AUC of 0.951. When

removing 115 masses (5.9%) for which experts were uncertain, the AUC increases to 0.959.
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When removing the same amount of masses for which the model was most uncertain, the
AUC increases to 0.957. When removing all masses classified by the experts as uncertain or
as probably benign or malignant (33.9%) and applying LR1 on the remaining patients, the
AUC increases to 0,981, When removing the same amount of masses based on the outcome of
the model, the AUC increases to 0.978.

Tables 5, 6, and Figure 2 show the results for the sensitivity, while the results for the
specificity are summarized in Tables 7, 8, and Figure 3. Both sensitivity and specificity
increase when removing a rising number of patients, although the increase in specificity is
larger. For all models the sensitivity is better when removing all masses for which the
experienced ultrasound examiners were uncertain. However, when removing also the masses
that were classified by the experts as probably benign or malignant, the sensitivity was better
when the models’ outcomes were used as criterion to remove 33.9% of masses, except for the
models LR2, RVM 2 and BMLP 2. For the specificity, referring patients based on the
uncertainty of the models outperformed subjective assessment for all models at both
percentages 5.9 and 33.9.

The optimal number of patients to be referred to second stage testing depends on the
performance of these second stage tests. Due to the current lack on knowledge about second
stage performances, Figure 4 shows the performance of logistic regression model LR1 for
possible, but cutrently unknown AUC values for the second stage tests, ranging from 0.84 to
1. The percentage of patients that need to be classified in first line increases when the
performance of second line testing decreases. For second stage performances between 0.84
and 1, the optimal percentage of patients that should be referred to second stage testing can be
determined to obtain globally the best performance.

Finally, we compared the masses for which the experts were uncertain with the ones

referred to second stage testing by the models to reveal the difficulty of each pathology. Table



ONE- V8. T'WO-STEF MODELS 9

9 shows the number and percentage of benign, borderline, and malignant masses that were
classified by the experts as uncertain as well as the characteristics of the 115 masses for which
the models were most uncertain. Table 10 shows the results when considering the masses for
which the experts were uncertain or probably certain, corresponding to 657 masses, Tables 11
and 12 show the overlap and discrepancy for the 115 and 657 masses, respectively,
considered as difficult by the ultrasound examiners versus the models LR1, LS-SVM 1, RVM
1, and BMLP 1. For the 115 masses experienced as difficult by the ultrasound examiners,
there is a large discrepancy in masses with the mathematical models (Table 11). For only 9.6
to 18% of these masses, the models are as uncertain as the experts, Table 13 shows more in
detail the uncertainty of the models on the 115 masses for which the ultrasound experts were
uncertain, Around half of these masses (43 to 63) appear in the 20% most difficult masses
based on the models’ uncertainty. For the 657 masses for which the ultrasound examiners
were uncertain or probably certain, slightly more than half of the masses appeared in the top
33.9% of most difficult masses according to the models (Table 12). We also compared the
115 most difficult masses of LR1 with the ones of the other models (for simplification, only
the comparison with LR2, LS-SVM 1, RVM 1, and BMLP 1 are shown in Table 14). From
this table, it seems that rather different masses are considered as difficult by the models.
Therefore, a combination of multiple models that encounter other subsets of masses as
difficult can improve the global performance for distinguishing malignant from benign

IMASSES.

Discussion

We can conclude that the performance of the models increases when leaving out the

most difficult tumors determined by the models or by subjective assessment of the ultrasound
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experts. Classification of these tumors becomes possible with one of the proposed second
stage tests.

For the majority of models, refetral of patients based on subjective assessment lead to
a larger AUC value at percentages 5.9 and 33.9. Also at the cut-off levels for which the
models performed best in the training set of IOTA phase 1, the sensitivity was better at 5.9%
using subjective assessment. However when removing patients based on the models’
outcome, the sensitivity was better for the majority of the models at 33.9% and the specificity
was better for all models at both percentages. Gynecologists with a high to excellent level of
experience were operative in the centers involved in this study. When these models would be
applied in centers with less experienced ultrasound examiners, the percentage of masses
classified as uncertain would increase. Although we do not have data of less experienced
centers, we believe that, at percentages above 5.9%, not only the specificity but also the
sensitivity will be better when referring patients based on the uncertainty of the models. Only
counting on a model has as extra advantage the ability to choose freely the number of patients
to refer to a second stage test, for example the percentage of patients that would lead to the
best performance combining classification by the first stage model and a second stage test.
Therefore, we suggest using a first stage model to decide which subgroup of patients requires
a two-step model for classification.

To know which masses are most difficult according to the ultrasound examiners and
the models, we compared the masses referred to second stage testing by the uitrasound
examiners with the ones referred by the models. Clinical interpretation tables 9 to 147

In the next phase of the IOTA study we will select up to 20% of patients for second
stage testing. Not more patients will be referred because this will never become the standard
in hospitals due to the extra costs associated with these tests. The second stage tests that will

be investigated are iniravenous contrast agents, proteomics, new tumor markers, 3D color
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Doppler and new models for difficult tumors. We will determine the global performance of
the first stage models together with the second stage tests to finally end up with the second
stage tests that provide reliable classifications in cases where the presently developed first
stage models result in uncertain diagnoses as well as with an uncertainty level for the first

stage models above which patients should be referred to these second stage tests.
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Table 1: Eleven mathematical models developed in IOTA phase 1

Model Description Number of Cut-off Publication
variables robabilit

Van Calster et al.,
2007

1L8-SVM 2 Bayesian LS-SVM with RBF kernel 12 0.12 Van Calster et al.,
2007

15-SVM 3 Bayesian LS-SVM with additive RBF 12 0.i2 Van Calster et al.,
kernel 2007

20

BMLP 1  Bayesian Multi-Layer Perceptron model; 11 0.15 Van Calster ef al.,
ARD with 10 hidden neurons 2006

BMLP2  Bayesian Multi-Layer Perceptron model; 11 0.15 Van Calster et al.,
ARD with 2 hidden neurons | 2006

LS-SVM, Least Squares Support Vector Machine; RBF, Radial Basis Function; RVM,
Relevance Vector Machine; ARD, Automatic Relevance Determination
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Table 2: Overview of the ultrasound variables included in the
mathematical models

1,2and 3
RVM1,2
and 3

LS-SVM

Variables

LR1
LR2
| BMLP 1

i BMLP2
BPER

Age (years)
Ascites (0-1)

14



ONE- VS, TWO-STEP MODELS 15

Table 3: Performance (AUC) of the mathematical models against different
percentages of patients referred to second stage tests based on
uncertainty of the models

LS-SVYM 1

LS-SVM 3

RVM1
RVM2
RVM 3
BMLP1I
BMLP 2
BPER

% patients E
P =

LR2

(4]
:
3

j32.5 0977 0959 0.969 0973 0969 0973 0.974 0.968 00978 0977 0.975
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Table 4: Comparison of the performance (AUC) of the mathematical

models when leaving out masses based on the expert’s or model’s
uncertainty

Model Subj. assessment Uncertain ~ Model 599%  Subj. assessment Uncertain / Model 33.9%
Probably benign or malignant

LS-SVM
2 0.953 0.974
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Table 5: Sensitivity of the mathematical models against different
percentages of patients referred to second stage tests based on
uncertainty of the models

LS-SVvM 1

LS-SVM 2
1LS-SVM 3

% patients >
|

LR2

17
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Table 6: Comparison of the sensitivity of the mathematical models when
leaving out masses based on the expert’s or model’s uncertainty

Model Subj. assessment Uncertain ~ Model 5.9% Subj. assessment Uncertain / Model 33.9%
bably beni lignant
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Table 7: Specificity of the mathematical models against different
percentages of patients referred to second stage tests based on
uncertainty of the models

LS-SVM 1

% patients

R
LR2

19
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Table 8: Comparison of the specificity of the mathematical models when
leaving out masses based on the expert’s or model’'s uncertainty

Model Subj. assessment Uncertain ~ Model 5.9%  Subj. assessment Uncertain / Model 33.9%
benign or malignant
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Table 9: Characteristics of the 5.9% (115) masses diagnosed as uncertain
by the ultrasound examiner or by the models

=] -

gg X : % % %

%4 a3 A
N N % N % N % N % N % N %

rir

Borderline
Borderline
serous stage [ 55 9 164 8 145 4 73 11 200 9 {64 4 73
Borderline
serous stage 11 3 1 333 I 333 | 333 b 333 1 333 ¢ 0.0
Borderline
serous stage 111 8 ¢ 00 O 00O 2 250 O 00O 1 125 0O 00
Borderline

mucinous stage I 41 9 220 3 73 2 49 5 122 o6 46 6 I46
Borderline ,

mucinous stage IV i ¢ 60 0 00 O 00 O 00 O 00 O 00
Borderline

Endometroid
stage I | 0 0.0 1 160 0 0.0 1 100 1 160 g 00
Rare Borderline 2 1 500 ¢ 006 O 00 © 00 O 00 O 00

= Invasive
Metastatic 58 4 69 3 52 5 86 5 86 2 34 § 86
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Table 9 (cont.): Characteristics of the 5.9% (115) masses diagnosed as
uncertain by the ultrasound examiner or by the models

BPER

BMLP 1

- 1 g:
;& :
N N N %

N %

[
2
N

Borderline 111 15 135 , 0 16 144 12 108 6 354
Borderline

serous stage 1 55 9 164 6 109 4 173 7 127 6 109 4 13
Borderline

serous stage 11 3 1 333 f 333 0 60 0 00 i 333 ¢ 00
Bordetline

serous stage 111 8 0 00 1 125 0 00 { 125 0 00 O 0.0
Borderline

mucinous stage [ 41 5 122 2 49 6 146 6 146 4 98 2 4.9
Borderline

mucinous stage IV 1 6 00 0O 00 0 00 1 100 0 00 O 0.0
Borderline

Endometroid

stage [ . . . i
_Rare Borderline

0 00

6 103 3 52 4 69 3 52 1 17 4 69
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Table 10: Characteristics of the 33.9% (657) masses classified by the
ultrasound examiner as uncertain or probably certain or diagnosed as
most uncertain by the models

?»'E v [} ey
s QO
88z 3 = = =
1 = % & &
7] - s} -t

N N % N % N % N % N % N %

Borderline 11r 75 676 66 595 59 532 66 595 64 577 59 532
Borderline
serous stage I 55 37 673 33 600 34 618 36 655 31 564 28 509
Borderline
serous stage II 3 1 333 3 100 2 667 3 100 3 100 1 333
Borderline
serous stage 111 8 3 375 4 500 4 500 4 500 4 500 4 500
Borderline

mucinous stage I 4] 31 756 24 585 16 390 21 512 24 585 23 s6.l
Borderline

mucinous siage IV ] {100 I 100 1 100 I 100 1100 1 100
Borderline
Endometroid
stage I 1 1 100 1 100 1 100 l . ! 1 100

Rare Borderline

invasiv ]
Metastatic 58 18 310 26 448 29 S0 28 483 29 500 32 552
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Table 10 (cont.): Characteristics of the 33.9% (657) masses classified by
the ultrasound examiner as uncertain or probably certain or diagnosed
as most uncertain by the models

BPER

-
5
N

Z BMLP1

«
A
2
()

N

%

4

% % %

Borderline 111 64 577 71 64.0 59 8§32 71 64.0 55 495 81 73.0
Borderline

serous stage [ 55 36 655 39 709 32 582 37 673 23 41.8 43 782
Borderline

serous stage II 3 3 100 3 100 2 66.7 2 667 3 100 3 100
Bordertine

serous stage HI 8 4 500 4 500 4 50.0 3 375 4 500 5 625
Borderline

mucinous stage I 41 19 463 23 56.1 19 463 27 659 23 561 27 659
Borderline

mucinous stage 1V i 1 100 i 100 1 100 1100 0 00 1 100
Borderline .

Endometroid

stage [ 1 i 100 1 100 1 100 1 100 1 100 1 100

Rare Borderline 2 0 0 00 0 00 0 i 50.0 { 500

6.3
26 448

" Metastatic 58 28 483 28 483 30 517 31 534 32 552
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Table 11: Comparison of the 115 (5.9%) most difficult masses between
the ultrasound examiners and the models LR1, LS-SVM 1, RVM 1, and
BMLP 1

LR 1 LS-SVYM 1 RYM 1 BMLP 1

3

N overlap*
N mode®
N subj asss
N overlap™
N model”
N subj ass
N overlap*
N subj ass®
N overlap™
N model®
N subj ass®

N model”

g
k!
z

Borderline 111 3 10 17 4 I4 16 4 11 I6 3 13 17
Borderline
serous stage I 55 3 5 6 2 9 7 2 7 7 1 6 8
Borderline
serous stage 11 3 0 1 1 1 0 0 1 0 0 0 0 1
Borderline
serous stage 111 8 0 0 0 0 0 0 0 0 0 0 1 0
Borderline

mucinous stage | 41 0 3 9 I 4 8 | 4 8 2 4 7
Borderline
mucinous stage IV 1 0 0 0 0 0 0 0 0 0 0 | 0
Borderline

Endometroid
stage | 1 0 1 0 0 1 0 0 g 0
i |

_Rare Borderline 2 0 0 I o o 1 0

a3l
Metastatic 58 i 3 4 9 5 4 0 6 4 0 3 4

TOTAL 1938 21 94 94 16 99 99 18 97 97 17 98 98

25
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% number of overlapping masses diagnosed as uncertain by the ultrasound examiners and the
mathematical models, £ number of masses for which only the models are uncertain, $ number
of masses for which only the ultrasound examiners are uncertain
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Table 12: Comparison of the 657 (33.9%) most difficult masses according
to the ultrasound examiners and the modeis LR1, LS-SVM 1, RVM 1, and
BMLP 1

LR1 15-SVYM 1 RVYM 1 BMLP 1
* w1 * o 3 L4 * L3

=X & =7 ] =
. g iogg d gy dogyd
ﬁ @ o Iy @ & ,D @ =] :ﬂ @ = :-ﬂ
2 & & % &% E ® &8 & B & §& &
Z Z Z z Z Z A 4 Z Z Z Z r4

Borderline 111 46 20 29 45 21 30 44 20 31 51 20 24
Borderline
serous stage | 55 22 1 15 25 11 12 24 12 13 26 11 B!
Borderline
serous stage 11 3 | 2 0 1 2 0 { 2 ] 1 1 0
Borderline
serous stage I11 8 2 2 | | 3 2 1 3 2 0 3 3
Borderline

mugcinous stage I 41 19 5 12 16 5 15 16 3 15 22 5 9
Borderline

mucinous stage IV i 1 0 0 | 0 0 1 0 0 1 0 0
Borderline

Endometroid

stage | 1 l 0 0 { 0 1 0

Rare Borderline 2 0 0 0 0

Metastatic s§ 8 18 18 1 17 7 1 17 7 9 17 9
TOTAL 7938 358 299 299 342 315 315 348 309 309 360 297 297
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* number of overlapping masses diagnosed as uncertain ox probably certain by the ultrasound
examiners and the mathematical models, £ aumber of masses for which only the models are
uncertain, % humber of masses for which only the ultrasound examiners are uncertain or

probably certain
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Table 13: Fraction of 115 masses — classified as uncertain by ultrasound
experts — that appear in the top x% of difficult masses according to the
models

LS-SVM 3

59% 21 12 16 18 1 18 19 12 17 11 2]
10% 30 21 26 28 20 29 27 28 23 24 35
15% 46 35 48 44 35 45 40 39 37 38 48
20% 59 50 54 56 43 55 53 55 48 53 63
0% 76 68 68 68 69 68 70 69 69 70 86
40% 87 8 8 8 74 83 88 82 36 83 98
50% 95 94 98 97 8 94 99 94 9 94 104
60% 101 99 102 99 103 10 108 102 102 105 108
70% 104 105 103 i04 104 109 110 105 107 111 {10
86% 110 110 106 109 105 111 {13 108 §i2 112 112
90%% 113 112 111 111 1i0 114 {14 113 113 113 112
1009% 115 115 115 115 15 115 115 115 115 1§15 115
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Table 13: Comparison of the 115 most difficuit masses between LR1 and
the modeis LR2, LS-SVM 1, RVM 1, and BMLP 1

i
g - ~
¥ % g g
- A & )
*ﬂ-' *Dx *Q- %D-
s f e F R %y 1
SQO [ -] L S5 & &
g % g % & § % 3 g8 % z g &
> w oz 7 oz =z Z =&z Z A 4 Z

Bor,

2 7 11 4 14 9 3 12 10 6 10 7
Borderline :
serous stage [ 55 1 3 7 I 10 7 1 8 7 3 4 5
Borderline
serous stage 11 3 1 0 0 0 1 1 0 1 1 0 0 1
Borderline
serous stage I 8 0 2 0 0 ¢ 0 ¢ 0O 0 0 { 0
Borderline

mucinous stage | 41 0 2 3 2 3 1 2 3 1 2 4 i
Borderline

mucinous stage IV 1 0 0 0 0 0 0 ¢ 0 0 0 1 0
Borderline

Endometroid

stage 1 { 0
Rare Borderline 2 0

Inv;
Metastatic 58 2 3 1 0 5 3 1 5 2 0 3 3
TOTAL 1938 39 76 76 28 87 87 31 84 84 38 77 77
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* number of overlapping masses diagnosed as uncertain by LR1 and the other mathematical
models, £ number of masses for which the other mathematical models are uncertain, $ number
of masses for which only LR1 is uncertain
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Figure 1: Performance (AUC) of the mathematical models against
different percentages of patients referred to second stage tests based on
uncertainty of the models
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Figure 2: Sensitivity of the mathematical models against different
percentages of patients referred to second stage tests based on
uncertainty of the models

98 T T T T T T T T T

sensitivity (%)

84 i i 1 i 1 1 1 I 1
0 5 10 15 20 25 30 35 40 45 50

% patients removed
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Figure 3: Specificity of the mathematical models against different
percentages of patients referred to second stage tests based on
- uncertainty of the models

specificity (%)

84 ¢ BMLP 1 |
—-— — 8MLP 2
"""" BPER
82 i 1 1 1 1 1 | | 1
0 5 10 15 20 25 30 35 40 45 50

% patients removed
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Figure 4: Performance (AUC) of LR1 against different percentages of
patients referred to second stage tests based on the model’s uncertainty,
for possible but unknown performances (AUC) of second stage testing,
ranging from 0.84 to 1
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