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ABSTRACT

Medical image segmentation has improved with deep-learning methods, especially for tumor segmentation.
However, variability in tumor shapes, sizes, and enhancement remains a challenge. Breast MRI adds fur-
ther uncertainty due to anatomical differences. Informing clinicians about result reliability and using model
uncertainty to improve predictions are essential. We study Monte-Carlo Dropout for generating multiple pre-
dictions and finding consensus segmentation. Our approach reduces false positives using per-pixel uncertainty
and improves segmentation metrics. In addition, we study the correlation of model performance to the per-
ceived ease of manual segmentation. Finally, we compare the per-pixel uncertainty with the inter-rater variabil-
ity as segmented by six different radiologists. Our code is available at https://github.com/smriti-joshi/
uncertainty-segmentation-mcdropout.git.
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1. INTRODUCTION

Breast cancer is now the most common cancer worldwide.! It is responsible for almost 30% of all cancers in
women. The latest reported statistics in 2023 indicate that the rate of incidence increases by 0.5% every year in
the US. However, the increasing awareness and screening programs have decreased the mortality rates by 43%
from 1989 to 2020. With the emergence of deep learning-based techniques, we are observing vast progress in
the development of automatic methods for the diagnosis and treatment of this disease. One such task is the
automated segmentation which is critical for expediting the localization of the tumor and numerous downstream
tasks such as the use of radiomics for patient’s treatment response®® or recurrence prediction.®

In the literature, it is common to assume a one-to-one mapping between the tumor and the corresponding
automated segmentation. However, many emerging studies” ® show high inter-rater variability in the manual
segmentation of tumors. This is also demonstrated in our work in Figure 1. Therefore, predicting one segmen-
tation with a deep learning model, without accounting for any ambiguity, gives a false sense of certainty to the
end-user. Several techniques have been proposed in the literature to quantify the uncertainty including Ensem-
bling!?,1! Bayesian Neural Networks'? and Monte-Carlo Dropout'® (MCDropout). However, we rarely analyze
the sources of these uncertainties and whether it concurs with the perceived difficulty of manual segmentation
in clinical practice. In this work, we provide a deep analysis of MCDropout as a method to capture real-world
uncertainty in segmentation. More specifically, our contribution is as follows:

1. Pixel-wise uncertainty estimation of predicted segmentation and its comparison with real inter-annotator
variability.

2. Comparison of different combinations of the model predictions to obtain highly certain consensus segmen-
tation and boost the performance by reducing false positives.

3. Analysis of correlation between segmentation performance and perceived difficulty of manual segmentation
of breast tissue in magnetic breast resonance images (MRI).
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2. METHOD

This section elaborates further on the dataset and methods used for training the segmentation network, estimating
uncertainty, and using it to obtain improved segmentations.

2.1 Dataset

We use the publicly available Duke-Breast-Cancer MRI dataset'* for the segmentation task. The description of
the dataset and corresponding annotations is as follows:

Imaging data: This dataset contains MRI scans of 922 patients, with one non-fat saturated T1 sequence
and three to four phases of dynamic contrast-enhanced (DCE) T1 sequences per case. In this work, we only use
the first phase for the DCE series for 254 cases for which the segmentation masks were available. The MRI have
voxel dimensions of 448 x 448 or 512 x 512, with different numbers of slices along the third axis and variable
pixel resolutions. These images are acquired from two vendors with magnetic field strength of 1.5 T and 3 T,
respectively.

Segmentation masks: The ground truth (GT) segmentations are provided by the authors of a related work?
and were segmented for the purpose of extracting radiomics features from the tumor to predict its response
to neoadjuvant chemotherapy. The MRI (DCE phase one) were automatically segmented with fuzzy means
algorithm in MATLAB, corrected by a medical physicist and visually assessed by a radiologist (with 20 years of
experience).

Inter-observer variability experiment: We requested six breast radiologists to segment one mass and
one non-mass tumor to analize their differences. This task was performed using the software tool ITKSnap
(version 3.8.0).

Easy vs. Hard tumors: We requested two breast radiologists, with experience of 104 years, to rank the
ease of delineating the boundaries of the tumor on a scale of one to five, where one and five indicate very easy
and very hard respectively. Furthermore, with each case, we also requested them to describe the tumor in various
aspects, e.g. (i) is the tumor localized?, (ii) is the boundary of the tumor defined or fuzzy? and (iii) is there
uneven enhancement within or around the tumor? We use this information to analyze the performance and
limitations of the method in Section 3.

2.2 Evaluation

Overlap-based metrics are widely used in the literature for evaluating segmentation tasks due to ease of inter-
pretability and usage. However, they are shape-unaware and limited when the structures are small and show
high size variability.!®> Therefore, it is recommended to complement them with a boundary-based metric. We use
a combination of dice coefficient (overlap-based) and modified Hausdorff distance (boundary-based) to evaluate
our method. Finally, we use Wilcoxon signed rank test to verify the statistical significance of our results. They
are detailed in the following sections:

Dice coefficient indicates the extent of spatial overlap between the prediction and the ground truth. The
range of this metric is [0, 1], where 0 indicates no overlap and 1 indicates complete overlap. This can be

mathematically expressed as:
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where A and B represents the predicted and ground truth segmentations, respectively.

Modified Hausdorff distance(MHD) indicates how close is a point in P to a point in @, where P and
@ are the coordinates of the contours of the prediction and GT segmentations. This can be mathematically
expressed as:

MHD = mazx(h(P,Q),h(Q, P)), (2)
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where d(p;; q;) represents the Euclidean distance between two points p; and ¢;. For this metric, lower values
indicate a higher level of agreement between the prediction and GT segmentations.

Wilcoxon signed-rank test!® is used to evaluate the statistical significance of our results. It is a non-
parametric method that tests if two paired samples come from the same distribution. The minimum number of
samples required is 6. In our analysis, we use it to test a maximum of 30 and a minimum of 10 cases. If the
p-value is less than 0.05, then we consider the result statistically significant.

2.3 Segmentation

To obtain the baseline method for the tumor segmentation, we use a 3D UNet!'” with dropout inspired by the
nnunet framework.'® After each convolutional block, we added a 3D dropout layer with a probability of 0.2. The
value p = 0.2 is chosen empirically, p = 0.3 showed similar results while p = 0.5 overfit on the training dataset.
We do not use any post-processing techniques (e.g. selecting the largest prediction) or model ensembling (of
2D, 3D low resolution, and 3D networks) inherent in the framework so that we can fairly evaluate the utility of

incorporating uncertainty-based post-processing.
Train-test split: We have 153 cases for training, 38 cases for validation, and 30 cases for testing.

Preprocessing: Before feeding the data into the preprocessing pipeline of the nnunet framework, we convert
the data to NIfTi from DICOM and perform bias field correction.!® Furthermore, the GT in our dataset only
contains a segmentation mask for the main lesion. As a result, the segmentations for bilateral and multifocal
cases are not available. To reduce the ambiguity in the training set, we excluded the multifocal cases (33 cases)
and use only single breast for which the tumor is segmented.

2.4 Uncertainty Estimation

The dropout layers?® are commonly used to reduce overfitting in models by multiplying the output of each neuron
by a binary mask that is drawn following a Bernoulli distribution, randomly setting some neurons to zero in
the neural network, during training time. During inference, the full model without dropouts is used to predict
the result. Gal and Ghahramani'?® showed that using dropout during test-time can act as an approximation of
probabilistic Bayesian models in deep Gaussian processes and can help to quantify the uncertainty of the models.
Following this idea, we activated the dropout layer during inference to drop neurons with a specified probability
and predict a segmentation mask along with pixel-wise probabilities. This was repeated as many times as the
number of distinct predictions were required.
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Figure 2. Method of combining predictions obtained from n different runs of MCDropout. The above example demon-
strates these techniques with n=3. In each case, two pixels are marked for reader’s understanding where ’#’ and *’
represent the pixels which are classified as foreground and background respectively in the resulting prediction. The
lighter to darker blue indicates low to high predicted probability per pixel. The lighter to darker green indicates high
(low) to low (high) standard deviation (certainty).

2.5 Combining predictions with high certainty

As explained in the previous section, we use MCDropout to obtain n different predictions for the same case. To
combine these predictions and obtain the final segmentation, we use three different techniques, as demonstrated
in Figure 2. In hard voting, if the pixel is predicted as foreground in the majority of the models, then it is assigned
as foreground in the final prediction. In soft voting, predicted probabilities are averaged over n predictions per
pixel. If the average is more than 0.5, the pixel is assigned foreground in the final segmentation. In uncertainty-
aware voting, the standard deviation is also calculated per pixel along with the average pixel probability. If the
average probability is more than 0.5 and the standard deviation is lower than a specified threshold, then the
pixel is assigned as foreground in the final segmentation.

3. RESULTS
3.1 Inter-annotator segmentations vs. network outputs

In this section, we analyze the sources of variability in different segmentations in manual as well as automated
annotations and evaluate if they model similar behaviour.

3.1.1 Variability in real practice:

Figure 1 shows segmentations of one mass and one non-mass tumor by six different radiologists (Rs). Usually,
tumors present as high-intensity areas due to the injection of contrast agent during imaging. Considerable
differences between the segmentations are observed and can be divided into the following categories:

(a) Coarse vs. fine: Some annotators precisely mark the boundaries of the tumor while others tend to follow
it more loosely. This can be seen in Figure 1a between R1 and R6.

(b) Conservative vs. complete inclusion: Segmenting non-mass cases is a bit tricky because the tumor is
highly unlocalized. In these cases, some annotator only mark the enhanced areas while others include the
whole region affected by cancer in the segmentation. An example can be seen in Figure 1b between R5
and R6.

(c) Excluded areas: Tumors usually present in various shapes, sizes, and characteristics. In addition to
being localized or scattered, they can also have necrosis and cysts which present as darker areas within the
tumor. The annotators deal with these cases differently. An example can be seen in Figure la. where R4
excludes the necrosis area in the middle while R6 includes it in the region of interest.



3.1.2 Variability in network outputs:

We study the variability generated with MCDropout in comparison with the manual annotation variability in
the previous section.

(a) Fixed Dropout: We generate six different predictions with a fixed dropout probability of 0.2 (same as
training) during test time. Unlike manual annotations, the network depends on only one ground truth label
for learning the segmentations. Therefore, the sources of uncertainty are limited to various representations
of tumors and additional structures in the image as opposed to the techniques and underlying hypotheses
of the multiple manual annotators. The results can be seen in Figure 3 (column 3). For the mass case,
all predictions are quite certain and show very low disagreement. This is in contrast to the radiologist’s
segmentations (column 2) which show higher uncertainty in the middle due to necrosis and on top due to
ambiguous breast tissue. For the non-mass case, the largest area annotated as the tumor shows agreement
for both radiologist and network predictions. However, similar to radiologists, the network shows higher
uncertainty for smaller undefined regions containing cancer on the right.

(b) Variable Dropout: In addition to using the fixed dropout probability of 0.2, we generate predictions
by five different dropout probabilities (0.1, 0.2, 0.3, 0.4, and 0.5) during inference to see evolution in the
prediction capability of the network as we decrease its capacity. The results can be seen in Figure 3
(columns 4 to 7). In the mass case, with dropouts of 0.1 and 0.3, it segments the whole area of the tumor
with only slight differences at the pixel boundaries. However, with a high dropout of 0.5, it segments
the tumor without the darker pixels in the middle, which indicates the network is more certain about the
enhanced areas of the tumor when used at about half of its capacity. Similarly, for the non-mass case, we
see that as we decrease the capacity by increasing dropout, the network predicts the largest tumor with
clearly defined boundaries and does not overestimate the region of interest. Using variable dropouts is
arguably a better way to model the manual inter-annotator variability as it represents different levels of
knowledge and understanding of the task. This can be seen in the last column of the figure where the
agreement maps show similar behavior as column 2.

Figure 3. Difference in inter-segmentation variability in mass (top) and non-mass (bottom) tumors. From left to right,
cropped MRI 2D slice with tumor; agreement map between radiologists; agreement map with six models with fixed
dropout probability of 0.2; prediction with dropout of 0.1; prediction with dropout of 0.3; prediction with dropout of 0.5;
agreement map with five models with variable dropouts. In the agreement maps, blue and red regions indicate agreement
and disagreement between segmentations respectively.

3.2 Improving uncertainty and comparison for different cohorts

In this section, we look at the results of using uncertainty to improve our predictions with methods discussed
in Section 2. Additionally, we also see how the results differ in easy and challenging cohorts, as annotated by
two radiologists on a scale of 1 (very easy) to 5 (very hard). We average the scores by the two radiologists and



Table 1. Metrics obtained by combination methods on all cases, easy cases only and hard cases only. A fixed value of
p = 0.2 is used. "*” denotes statistically significant results (p < 0.05) compared to the baseline model (predictions without
any dropout). For Dice, higher values are better while for MHD, lower values are better.

. . . Uncertainty
Number of Baseline model Hard voting Soft voting ] ]
Cohorts Std. dev: 0.05 Std. dev: 0.02
predictions . . } . .
Dice MHD Dice MHD Dice MHD Dice MHD Dice MHD
5 0.795%  7.4398%  0.7924  8.5293*  0.7973  5.0867*  0.7987  4.3075*
All cases 10 0.7867 11.1653 0.796* 7.2835* 0.7935% 8.5961*  0.7981  4.5294* 0.799 4.3187*
15 0.7952*  7.5031* 0.7935* 8.6* 0.7974  4.5896*  0.7979 4.3472
5 0.8368*  7.4423* 0.8329*% 8.9212* 0.8415*  4.953%  0.8449* 4.0955%*
Easy cases 10 0.8223  12.0801 0.8364* 7.3994* 0.8325* 9.1633*  0.845  4.1131%* 0.845 4.1131*
15 0.8353* 7.62*  0.8326% 9.1765* 0.8423*% 4.2325*%  0.8446 4.1381*
5 0.7113  7.4347  0.7116  7.7456  0.7087  5.3542 0.7063 4.7315
Hard cases 10 0.7155 9.3357  0.7152  7.0516  0.7156  7.4617  0.7091 5.2162 0.7069 4.7299
15 0.7151 7.2693  0.7152  7.4469  0.7078  5.3038 0.7046 4.7652

consider 3 and above to be hard tumors to delineate. With a total of 30 test cases, there are 20 cases in the easy
and 10 cases in the hard cohorts.

(a)

Combining predictions: Table 1 shows the segmentation metrics for baseline as well as combination
methods as compared with the ground truth. Baseline prediction is generated without any test-time
dropout. With MCDropout, we generate 5, 10, and 15 predictions and combine them using hard voting,
soft voting, and uncertainty-aware voting. For uncertainty-aware voting, we choose two different standard
deviations, 0.05 and 0.02, where the former allows pixels with higher uncertainties. We see that for all test
cases, we see an improvement over dice (0.7867 — 0.796) and MHD (11.1653 — 4.3075). The best results
are obtained with 5 and 10 predictions and increasing the number to 15 does not improve the metrics
any further. Figures 4 and 5 show these methods in action. Figure 4a shows a case where there is an
enhancement around the tumor. The baseline method includes it in the foreground while the combination
methods remove it without affecting the actual tumor segmentation. Similarly, Figure 5a. shows a case
with a lot of enhancement in the non-tumor area which is considered as foreground in the baseline while
combination methods reduce these false positive segmentations to a great extent.

Easy vs. difficult cohorts: Table 1 shows the results separately for easy and difficult cohorts. We see that
for the easy cohort, we get higher improvement over dice (0.8223 — 0.8449) and MHD (12.0801 — 4.0955).
The best results are obtained with 5 predictions and increasing the number to 10 or 15 does not improve
the metrics any further. Figure 4 shows the performance on easy cases. Figure 4b. shows a case where the
baseline model falsely predicts an area of enhancement as foreground while the combination methods remove
it from the segmentation while keeping the tumor area intact. On the other hand, Figure 4c. represents an
case with well-defined boundaries and the baseline prediction is already very certain. Therefore, minimal
improvement is seen with the combination methods. For the hard cohort, we do not see improvements
in segmentation metrics, rather there is a decrease in dice. We investigated further into the cause and
we see some explanations in Figure 5 where 5b. shows a very undefined tumor with low enhancement.
Therefore, the predictions are not certain at the boundaries and the combination methods actually push
it further away from the GT. Similarly in Fig.5c, the predictions are only certain about the biggest lesion
but removes the smaller cancerous areas.

4. DISCUSSION

Firstly, we compare the variability in manual segmentation and predictions generated by MCDropout. We observe
that there is higher variability in the former due to differences in techniques and underlying assumptions. When
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Figure 4. Segmentations obtained by baseline and combination methods are shown for the easy cases. The tumor is
usually seen as an area with higher intensity values due to the injection of a contrast agent. (a) Some enhanced areas
are seen close to the tumor (2.5; easy to medium). All methods identify the tumor as foreground. The baseline method
overestimates the region of interest while the combination methods (iv) - (vii) reduce the false positives and predict areas
with high certainty only. (b) A defined enhanced area is seen close to the tumour which is misidentified in the baseline.
All combination methods set it as background (2; easy) (c) This is a localized tumor with well defined boundary (1.5;
very easy to easy). The combination methods do not show any improvement over the baseline as the predicted areas are
highly certain.
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Figure 5. Segmentations obtained by baseline and combination methods are shown for the hard cases. The tumor is
usually seen as an area with higher intensity values due to the injection of a contrast agent. (a) A lot of enhancement around
the tumor makes it challenging to find its boundaries (5; very hard). All methods identify the tumor as foreground. The
baseline method overestimates the region of interest while the combination methods (iv) - (vii) reduce the false positives
and predict areas with high certainty only. (b) This tumor has low enhancement and fuzzy appearance increasing the
model’s uncertainty close to the boundaries. The baseline is closest to the GT while combination methods (iv) - (vii)
underestimate the region of interest (4; hard). (c) This tumor is scattered across the breast and presents as a non-mass
tumor (4; hard). The baseline is closest to ground truth while combination methods (iv) - (vii) eliminate the small regions
of interest because of low certainty.



using the same dropout probability as used in the training, the uncertainties are mainly caused by structures
that resemble the enhancement patterns of a tumor. For example, we see that the radiologists’ segmentations
are uncertain in necrosis region (Figure 3(top)) but as the model sees GT segmentation from only one radiologist
while training, which includes necrosis area as part of foreground, it tends to include it in its predictions as well
(Figures 4b. and 4c.). While using larger dropouts compared to the model training, the model relies more on the
enhancement and shape information and gets uncertain about more complicated representations of the tumor.
Secondly, we evaluate different methods of combining MCDropout predictions for improving segmentation. We
obtain an overall improvement over the testset, with higher improvement on the cohort of easy cases.

One major limitation of our work is that the improvement of segmentation is only attributed to the reduction
in false positives as the baseline usually overestimates the region of interest. We cannot handle cases of false
negatives as the methods rely on high probability values of the foreground pixels. Furthermore, we only compare
MCDropout for estimating the uncertainty. It would be interesting to evaluate other methods of uncertainty
also demonstrate similar advantages and shortcomings.
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