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ABSTRACT

Magnetic resonance imaging (MRI) is useful for the detection of abnormalities affecting maternal and fetal health. In this
study, we used a fully convolutional neural network for simultaneous segmentation of the uterine cavity and placenta on
MR images. We trained the network with MR images of 181 patients, with 157 for training and 24 for validation. The
segmentation performance of the algorithm was evaluated using MR images of 60 additional patients that were not
involved in training. The average Dice similarity coefficients achieved for the uterine cavity and placenta were 92% and
80%, respectively. The algorithm could estimate the volume of the uterine cavity and placenta with average errors of less
than 1.1% compared to manual estimations. Automated segmentation, when incorporated into clinical use, has the potential
to quantify, standardize, and improve placental assessment, resulting in improved outcomes for mothers and fetuses.
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INTRODUCTION

The human placenta is a critical and complex organ that plays a key role in a successful pregnancy. It provides oxygen
and nutrition to the growing fetus and vital maternal-fetal exchanges, as well as barriers. Three-dimensional (3D)
delineation of the placenta and uterus volumes with magnetic resonance imaging (MRI) has the potential to be useful in
studying conditions that result in complications during pregnancy and delivery such as placenta accreta spectrum (PAS),
fetal growth restriction, and rarely, intrauterine fetal death'*. Manual segmentation of the placenta MRI to obtain volumes
is time-consuming and subject to high inter- and intra-observer variability®.

As an extension of our previous study on semiautomatic segmentation of the placenta and uterine cavity on MR images®
7, here we have expanded to automated segmentation of the placenta and uterine cavity. We used a multi-class segmentation
for uterine cavity and placenta segmentation in pregnancy. Previous efforts for developing computerized algorithms for
placenta segmentation in MRI® ° presented report low segmentation accuracy with a Dice coefficient ° of about 72%°.
Other algorithms need intense computation (e.g., up to two minutes per 3D image volume on average) or require multiple
magnetic resonance (MR) image volumes (e.g., sagittal and axial acquisitions) to provide accurate segmentation®. Another
limitation of the previous study was the small data size®. Algorithms presented in the literature for uterine MR segmentation
of non-pregnant women** 2 have been evaluated as well, when the volumes are smaller than in the 3 trimester of
pregnancy.

Deep learning has demonstrated its strength in fast and relatively accurate segmentation of multiple organ systems from
medical images'® !4, In this study, our objective is to present an automatic, multi-label segmentation algorithm for fast,
accurate, and repeatable 3D segmentation of the uterine cavity and placenta in axial T2-weighted MRI. We used a modified
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U-Net architecture as a 3D end-to-end fully convolutional neural network to implement our 3D image segmentation
algorithm.

METHODS
2.1 Data

Our dataset contained 241 T2-weighted MR image volumes of the uterus from 241 pregnant women. MR imaging datasets
were obtained from both normal and pregnancies with PAS in the second and third trimesters of pregnancy. Each image
volume had 28 to 62 two-dimensional (2D) transverse slices. Each slice was originally 256 x 256 pixels in size except for
three cases. For those three cases, we resized that image to 256 x 256 by zero-padding to make the slice size consistent
across the dataset. The physical size of the image voxels ranged from 1.05 x 1.05 x 7.0 mm?3 to 1.95 x 1.95 x 7.0 mm?.
The labeled images of the uterine cavity and placenta were manually segmented by an expert radiologist.

2.2 Data preparation and preprocessing

For all the images in the dataset, we applied a 2D median filter to all the axial image slices under a 3 x 3 window to reduce
the image noise while preserving the edges. Then, to reduce the effect of background voxels and makes the intensity
distribution more consistent across the image dataset, we used Equation (1) to truncate and normalize the voxel intensity
distribution of each image.

0 Ii(x,y,2z) < ps(1;)
J. = 1 1;(%,¥,2) > Pogo(l;)
liGay.2) L;(xy.2)-ps() ' (1)

otherwise
P99.o(I{)—Ps(I;)

where I;(x,y, z) is the i image volume in the dataset, and ps (I;) and pog o (I;) are the 5 and 99.9" percentiles of the voxel
intensities in the image volume, respectively. [;(x, y, z) is the normalized image volume.

For each image, there is an overlap between the manual segmentation label of the placenta and that of the uterine cavity.
We made the segmentation labels independent from each other using one-hot encoding. We used the portion of the uterus
that was not covered by the placenta as the uterine cavity channel and made a three-channel label that included background,
uterine cavity (with no overlap with placenta), and placenta labels.

We assumed that the inferior and superior slice of the uterine cavity is known. This could be helpful to limit the size of
the data used for training and test. In a clinical setup, defining these slices could be a straightforward process that can be
done by the operator. The number of axial slices across the datasets was variable. Therefore, to make the input size
consistent across the training and test sets and reduce the size of the network input, we extracted a set of 3D image blocks
(BF) from each 3D volume (f;(x,, z)) each contains five sequential 2D axial slices as the 3D input patches. Figure 1
illustrates the image block extraction process from a 3D image volume. For image block extraction, only slices with uterine
cavity were selected. For each image, every two adjacent blocks were defined with an overlap of four slices (see Figure
1).

We randomly divided the patients into groups of 157 training (65% of the data), 24 validation (10% of the data), and 60
test cases (25% of the data). Exploiting the left-right symmetry of the images, we used the left-to-right reflection of the
image volumes to make two versions of each test image; the original image and the flipped one. We use the average of the
output probability maps for both versions to have a more accurate segmentation for each test image.

2.3 Fully convolutional neural network architecture

For this study, we adopted a U-Net * architecture which is a fully convolutional neural network (FCNN). We modified
the architecture to make it 3D and used that for multi-label image segmentation. Figure 2 shows the network architecture
used in this study. The network had four resolution levels with 21 layers including 18 convolutional and three max pool
layers in total. We zero-padded the input channels of each convolution/deconvolution layer to keep the size of the output
channels the same as the input channels. The input was a 3D image block of the MRI and the output had three channels;
one for the background, one for the uterine cavity, and one for the placenta.
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Figure 1. Image blocks extraction from a 3D MR image volume.

We used a Dice similarity coefficient'® (DSC)-based loss function defined by Equation (2) to address the imbalance
between the number of background and foreground (placenta and uterus) voxels:

L=1— 2¥x 2y Zz[p (Ix,y,z)-Gx,y,z] (2)
Yx Xy Zz[P (Ix,y,z)] +Zx 2y ZZ[GX.J/.Z]7

where p(I, ) is the probability value of the output probability map corresponds to the input image (I, ,, ;) at (x, y, z) and
Gy, is the value of the reference binary mask at (x,y, z). To mitigate the potential network performance bias toward
placenta or uterine cavity segmentation, we calculated two separate loss values, one for the uterine cavity (L, ¢erys) and
one for the placenta (Lpiqcentq) and used the average of the two losses as the total loss. During training, the loss was
calculated in block-level. We ran training using the Adadelta® gradient-based optimizer for optimization.
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Figure 2. The FCNN architecture (3D U-Net). The number above each layer shows the number of feature maps on that
layer. The size of feature maps in each resolution level is mentioned at the lefthand side of the level.
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2.4 Implementation details

We implemented the 3D U-Net model in TensorFlow’ machine learning system using Python platform. We used a high-
performance computer with 512 GB of memory and NVIDIA TITAN Xp GPU. We used a batch size of five and an initial
learning rate of 1.0, with a dropout rate of 40%, and the decay rate and epsilon conditioning parameter for Adadelta
optimizer to 0.9 and 1x10°,

2.5 Post-processing and evaluation

The network was trained and tested on the 3D image blocks extracted from the MR images. To integrate the block-level
results and generate the segmentation result for a 3D test image, we got the voxel-wise average of the block-level
probability maps over the overlapped slices and measured a 3D probability map for the whole image volume. We applied
the same process to the flipped version of each test image and used the average of the output probabilities corresponding
to that image and the flipped image as the final probability map for the test image volume. Thresholding was applied to
build output binary masks out of the probability maps. We compared the test results against manual segmentation labels
using region-based and volume-based segmentation error metrics including DSC and signed volume difference (AV):

AV = V;eg — Vrefs (3)

where V., is the volume of the object of interest (either placenta or uterine cavity) on the algorithm segmentation label
and V,..¢ is the volume of the object of interest on the manual segmentation label. We reported DSC in percent and AV in
cm?® and percent:

Vs

AV (%) j;vff x 100. (4)
RESULTS
3.1 Training and testing results

We trained the network for up to 500 epochs and chose the model associated with the highest validation accuracy when
the validation accuracy trend was plateaued. Figure 3 shows the training and validation accuracy. We reached the highest
validation accuracy at epoch number 420 (shown with a dashed line in Figure 3). For the chosen model, the block-level
training and validation DSCs were 93.9% and 84.2%, respectively.
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Figure 3. Training results. (a) Block-level training and validation accuracy trends during training based on the average
DSCs of the placenta and uterus. The dashed line shows the validation accuracy used to choose the best model. (b) Separate
training accuracy trends of the placenta and uterine cavity.
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We segmented the test image datasets using the best-trained model and we achieved DSC (mean + standard deviation) of
91.7 £ 3.7% and 80.2 + 10.2% for the uterine cavity and placenta, respectively. The boxplot in Figure 4 shows the
distribution of the achieved DSC values on the test data for the uterine cavity and placenta. Table | shows the average
image-level segmentation error across the test set. The table also compares the results to our previously reported results
based on the semi-automatic segmentation algorithm®. Using t-test with a =0.05, we did not detect any significant
difference between automatic and semiautomatic algorithms in terms of DSC. We measured the volume of the uterine
cavity and placenta in the test set using the manual segmentation labels provided by the radiologist as a reference. The
uterine cavity volume ranged from 1079 cm? to 10096 cm?® and the volume of the placenta ranged from 161 cm?® to 2239
cm?®. The total computational time for segmenting a 3D image volume was about 14 seconds on average including the
integration of the image and its flipped version.
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Figure 4. 3D image-level accuracy of the uterine cavity and placenta segmentation in terms of (a) DSC and (b) AV.

Table I. Test results for the uterine cavity and placenta (mean + standard deviation).

Uterine cavity Placenta
Method N DSC AV AV DSC AV AV
(%) (cm?) (%) (%) (cm?) (%)
Automatic 60 91.7+£3.7 -77 £ 583 0+12 80.2+10.2 20+£198 11+£23
Semiautomatic’ 50 875+57 -247 + 589 -4 +14 825+538 -12 + 151 0+15

DISCUSSION AND CONCLUSIONS

The proposed multi-class, deep learning segmentation technique could automatically segment the uterine cavity and
placenta in 3D MRI volumes with relatively high segmentation accuracy using a single fully convolutional network model.
We incorporated minimal observer input (two clicks) for initializing the segmentation with uterine cavity bounding slices.
It minimized the search space and made the algorithm more reliable in potential adaptation for clinical use. We also used
a 3D block-based segmentation approach for improving the performance (through averaging over the overlapped regions)
with a model flexible, employed when the number of axial slices in the input image volumes is variable.

The DSC value for placenta segmentation is lower than that of the uterine cavity because of the higher inter-subject
variability of size, shape, location, and MRI appearance of the placenta in comparison with the uterine cavity. However,
Figure 4 shows that the average accuracy is affected by a few outliers. For example, for one patient the size of the uterine
cavity and placenta (10.1 Liter and 2.2 Liter, respectively) are about two times larger than the largest ones observed in the
training set. Figure 4b shows that on average the algorithm could estimate the placenta and uterine cavity accurately,
excluding the outliers (median AV of about zero for both regions of interest).
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In summary, we proposed a fully convolutional deep learning model for automatic segmentation of uterine cavity and
placenta in MRI, simultaneously. The method is an expansion of our semiautomatic segmentation algorithm to an
automatic deep learning algorithm for simultaneous 3D segmentation of the placenta and uterine cavity in T2-weighted
MRI. To the best of our knowledge, our multi-class segmentation model is state-of-the-art in terms of accuracy and speed
trade-off as well as clinical adaptability for placenta MR imaging. Comparing the results of the proposed automatic
segmentation to our previous study on a semi-automatic approach showed that the algorithm could achieve a similar
accuracy level in 3D segmentation of the placenta and uterine cavity with no statistically significant difference. The
segmentation algorithm was able to measure placenta size and estimate its location. This first step has important clinical
applications which, combined with textural and functional radiomics within the segmentation, will result more
quantitiative and reliable evaluation of placenta abnormalities. Future work will focus on automatic initialization and
testing the segmentation results in the settings of placental insufficiency and abnormal implantation.
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