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ABSTRACT

Recent advances in microscopy enable the capture of temporal sequences during cell development stages. How-
ever, the study of such sequences is a complex and time consuming task. In this paper we propose an automatic
strategy to address the problem of semantic and instance segmentation of mouse embryos using NYU’s Mouse
Embryo Tracking Database. We obtain our instance proposals as refined predictions from the generalized Hough
transform, using prior knowledge of the embryo’s locations and their current cell stage. We use two main ap-
proaches to learn the priors: Hand-crafted features and learned features. Our strategy increases the baseline
jaccard index from 0.69 to 0.71 using learned features.
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1. INTRODUCTION

Tissue development and function, along with some pathological processes such as tumorige nesis, are driven by
complex developmental mechanisms in which cells undergo several processes, among them, cell division, migra-
tion, changes in morphology, and death; all of them are critical for tissue formation."? A better understanding
of these mechanisms would require to quantitatively analyze individual cells during their development process,
in their natural tissue environment. To examine cell behavior over time, researchers have devised strategies that
enable the capture of temporal sequences during several cell developmental stages.®> However, the analysis of
such image sequences is complex and time consuming, as even simple measurements require manual, frame by
frame inspection of long video sequences that contain a large amount of targets.! To tackle this problem, several
strategies have been proposed in the literature! > to segment, detect or track cells during the division process.

In this paper, we explore two fundamental problems for the analysis of video sequences from the developmental
process of mouse embryos, namely semantic segmentation and instance detection. We approach these tasks by
first establishing a baseline segmentation for the mouse embryos based on local features. Then we address the
detection task by refining proposals from the generalized Hough transform, using prior knowledge of the embryos
locations and their current cell stage.

The rest of this paper is organized as follows. In Section 2, we present a brief overview of current approaches
in mouse embryo cell segmentation. Then we outline the selected representations and overall experimental setup
in Section 3. Details and preliminary analysis of the experimental procedures are included in Section 4 along
with the design details of the proposed convolutional encoders. Finally we present our conclusions and most
relevant findings in Section 5.

2. RELATED WORK
6-8

Traditionally works on cell segmentation focus on the identification of nuclei locations or boundaries,”® some
recent works also address the task of cell segmentation including both the nuclei and the cytoplasm. Dow et.
al.” initialize the segmentation process by first identifying, the cell nuclei, and then creating boundaries by
region growth. A similar method is presented by Ortiz et. al.” where an initial seed inside the cell is used to
approximate an snake over its boundary. The strategy proposed by Baggett et. al® approaches the boundary
segmentation by estimating an optimal border whose local average intensity per unit length is greater than any
other possible boundary. Approaching both the segmentation and tracking problems, Meseguer et. al.'® use
static cell models and a particle filter to locate and identify cells in the temporal sequence, finally Cicconet et.
al'l use an extension of the hough transform where the votes are calculated over weighted wavelet kernels.
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Figure 1. Our method refines the instance cell segmentation by first establishing a segmentation mask and then establishing
the number of cells to be segmented. The final evaluation is performed using the jaccard index.

3. MATERIALS AND METHODS

Given the circular patterns of our detection targets, the generalized Hough Transform'? is a natural baseline
method for the semantic and instance segmentation tasks. However, this approach can be limited given the nature
of the time lapse images, where cells overlap, divide, change sizes and position during the division process. To
overcome these limitations, we propose to first use local features to approximate the location of the mouse
embryo, thereby approaching the semantic segmentation task. Then we estimate the current number of cells and
use this information, along with the location prior, to improve the performance of the Hough Transform on the
instance segmentation task.

Overall, our method is outlined in Figure 1. We approach embryo segmentation as a classification problem,
we learn a mapping f3(L) = C, f: R" — R that maps a local descriptor L into a binary label C given the
parameter set ¢. Here, the label set C provides an initial classification for every pixel into the labels cell and
background. For a single frame we will refer to the set of cell pixels as the segmentation mask. We explore
two different strategies to approximate this mapping, their main difference being the feature extraction process.
First, we explore traditional hand-crafted features using the STIP descriptor,'? then we compare its results to
an strategy in which local features are learned using a convolutional encoder.'#

With the approximate location of the mouse embryo, we proceed to estimate the current cell stage as it
provides information regarding the amount of cells on the image. Hence, we learn a second mapping f;(G) =D,

where f? approximates the image’s cell stage given a global descriptor G. For the stage identification we also
explore two strategies, again the fundamental difference is the nature of the extracted features. Our first approach
uses a classic Bag of Visual Words approach, and the second uses global learned features from a convolutional
encoder. As final step we use both the segmentation masks and the amount of cells as prior information for the
Hough transform applied to the instance segmentation task.

Spatio-Temporal Interest Points (STIP) were first presented by Ivan Laptev!? for the task of human
action recognition. STIP is an extension of the Harris corner detector'® for spatio-temporal data. Given an
interest point, its descriptor is extracted from 3D normalized Gaussian derivatives as:

meyntk = Um+n7k(ammyntkg) * X. (1)

Following this formulation, STIPs, at a given scale, can be characterized by the n-th order local jet:'®

X ={Ly,Ly,Lt, Ly gy .- Lttty ooy Lig. 1} (2)
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Figure 2. Sample images from the NYU’s Mouse Embryo Tracking Databases, from left to right embryo cells in stages
1,2,3. The final image corresponds to the intermediate step between stages 2 and 3.

For the mouse embryo segmentation we use the N-th Order Local Jet descriptor, however, unlike Laptev’s
work,'® where the STIP descriptor is used to calculate an inter-class a Mahalanobis distance, we use a Support
Vector Machine (SVM) classifier to discriminate between a cell-pixel and a background-pixel.

Learned Convolutional Features FEncoders are functions that allow the computation of a feature vector h
from an arbitrary input vector x as: h = fs(x). An encoder can be coupled with another function g4, known as
the decoder, whose task is to reconstruct z. Hence the auto-encoder goal is to minimize:

> L(ze, 9s(fo(0)) (3)

Where L is called the loss function, and can be any suitable reconstruction error.'* Still in a supervised learning
scenario, h can be replaced with a label set Y, under this constraint the encoder will try to minimize L by
adjusting its outputs towards the given label set.

In practice, convolutional auto-encoders are multi-layer non-linear convolutional encoders described by:'7

X :’yk(O'k(Wk....’)/Q(O'Q(WQ(’Y1(O’l(Wll‘)))). (4)

Where the function composition ~y; ooy oWy is called a layer,  is the N-dimensional input vector, W}, are matrices
corresponding to convolutional operations, o} are point-wise non-linear functions, and matrices 7y, perform a
down-sampling operation also known as feature pooling.

As consequence, minimizing the loss function equals to optimizing over filters W}, which means the auto-
encoder approximates Y by learning a representation X from an optimal set of convolutional filters Wj. In prac-
tice, L can be minimized in an iterative process using stochastic gradient optimization and back-propagation.'®

Bag of Visual Words In a Bag-of-Words representation, local interest patches are first identified on an image,
either by dense sampling or using a generic interest point detector.'® To efficiently handle these interest points,
a local descriptor is calculated and then quantized according to a global dictionary in order to extract a key-
point descriptor known as wvisual word. An image is then represented by a histogram of these visual words.!?
Classification can then be performed using the histogram as feature vector.

4. EXPERIMENTAL SETUP

For our experiments, we use the NYU Mouse Embryo Tracking Database,'! which contains 101 hand labeled
video sequences of 4 to 6 week old female mice embryos, recorded using an Eclipse T1 inverted microscope for
up to 120 hours, frames were captured every 420 seconds. For most embryos the division process leads up to the
8-cell stage. Labels are provided for embryos up to the 3rd cell stage in each frame. A sample from the database
images and annotations is shown in figure 4.



4.1 Semantic Cell Segmentation using Hand-crafted Features

For the semantic cell segmentation task using hand-crafted features, f; will be implemented with an SVM. To
obtain the best possible mapping, we first have to explore the best parameters for the spatio-temporal descriptor,
i.e. find the best combination of voxel size (including its time dimension), and the maximal order of the local
derivative. However, changing the descriptor configuration will also change the nature of the SVM inputs,
therefore the SVM space parameter must be explored jointly with the descriptor’s parameter. This joint search
space grows quickly and therefore must be limited. We limit the search space as shown in Table 1:

’ Parameter H Explored Value Set ‘
Voxel x,y size 15,10,15,20,25,30,35}
Voxel time dimension {1, 2, 3, 5, 10, 15}

Max order local jet descriptor {1,2,3,4}
SVM C parameter {0.1, 1, 10, 100, 1000}
SVM Kernel function {Lineal, Polynomial, RBF}

Table 1. Summary of the explored parameter set for the first and second step of the SVM training using STIP descriptors.

Even after restricting the search space there are 2520 combinations to explore. To further speed up the
process, instead of training a single SVM with N training samples, we train an ensemble of M (N > M) SVMs
with N/M training samples each; The final decision follows a voting scheme. This SVM ensemble greatly reduces
the training time given the O(n?) complexity of the hyper plane optimization algorithm. We also reduce the
amount of videos used to explore these hyperparameters and randomly select 50 videos for this process, out of
them 35 are randomly selected for the Training set, and the remaining 15 for validation.

Under these training scheme we choose M=10, and exploit its highly parallelizable nature to explore the
complete set of parameter in about 24 hours using 40 CPUs. We empirically conclude the best set of parameters
is: Voxel-Size:{x=10,y=10,2=5} , Max Order Derivative=4, and C=1000 using an RBF Kernel.

Using the best parameters, we explore four training schemes, first the SVM ensemble used for parameter
exploration, second a single SVM trained using the complete set of features, third and fourth, are simple exten-
sions of the first two strategies, where the voxel descriptor is enhanced with the normalized pixel coordinates of
its centroid. Table 2 summarizes the results for the cell vs background classification task.

l Hand Crafted Features Semantic Segmentation ‘

Classification Scheme Avg. Precision | Avg. Recall | Avg. F-Measure | Train Time (Seconds)
STIP + Ensemble 0.79 0.79 0.78 33.4
STIP + Single SVM 0.81 0.81 0.81 9650
STIP + Ensemble + Pixel Coordinate 0.94 0.94 0.94 36.10
STIP + Single SVM + Pixel Coordinate 0.94 0.95 0.94 7013

Table 2. Average results obtained for the semantic segmentation task using an SVM classifier and the STIP representation.
For this stage we also evaluate the effectives of including the position prior in the descriptor

As can be seen in Table 2, the average F-Measure significantly improves once the normalized pixel coordinates
are included, hence, we will only use descriptors enhanced with the coordinate prior for the segmentation masks.

4.2 Semantic Cell Segmentation Using Learned Features

We explore two main strategies for this task, one that ignores the temporal information, which we call 2D
Encoder, and one that stacks video frames thereby exploring the optimal size for the temporal dimension, we
call it the 8D FEncoder. Furthermore, we also explore the patch size that enables the best performance in the
segmentation task. Again the parameter space is too large to be explored exhaustively , hence, we try to achieve
a sub-optimal configuration by first exploring the optimal parameters of the 2D Encoder, and fix them during
the exploration of the stack depth of the 3D Encoder. Finally, we also explore the effect of including normalized
pixel coordinates given the large improvements found in the hand crafted feature strategy. This search space
is summarized in table 3. We train both encoders using the TensorFlow framework?® and Keras as frontend.?!



We star the optimization process from a random weight initialization, and use the Adagrad?? optimizer with an
initial learning rate of 0.001 and a decay 0.0001. We train until convergence on the validation loss.

Network Parameter Explored Values
2D Encoder Patch size {9, 11, 13, 15, 17, 19}
3D Encoder Time size {2, 3, 5, 10, 15}

Table 3. Summary of the explored parameters for the convolutional encoder used in the semantic segmentation task

Table 4 summarizes the final results for the 2D and 3D encoders. Again there is a significant contribution on
the average F-Measure when the normalized pixel coordinates are explicitly included. We obtain that patches of
size 11 and 13 were the best for the instance segmentation task with an average F-Measure of 0.97.

For the 3D Encoder, we explore the size of the temporal stack for patches with size 11 and 13, as both
configurations show the same performance without stacking frames. Table 5 shows that adding temporal infor-
mation slightly improves the results for both patch sizes. A temporal stack of only two frames produces the best
improvement, while larger stacks show smaller improvements. For the final results in the semantic segmentation
task, we choose a patch size of 11x11 as its train time is shorter.

Finally, we use the encoder with candidates of patch size 11x11 and time size of 2 to predict the segmentation
mask on the test set. Some qualitative results can be seen in Figure 3

Figure 3. Sample results of the Cell Mask estimation task, from left to right, original image, raw mask using SVM +
Local STIP descriptor, post-processed mask (SVM STIP) using a median filter of 15x15, raw mask using 2d encoder,
post-processed mask (2d encoder) using a median filter of 15x15.

-,

4.3 Cell Instance Segmentation Baseline

Our baseline for the instance segmentation task is also the Hough Transform. Unlike the semantic segmentation
task, we do not use the union of the predicted circles, but rather consider each prediction as a cell instance. We
optimize the parameters of the Hough Transform, empirically we find the best parameter set for the detection
task to be:

e Minimum centroid distance: 10 pixels
e Accumulator threshold: 50

e Maximum Radius: 140 pixels (largest cell in stagel)

Minimum Radius: 70 pixels

As outlined in section 3, we enhance the effectiveness of the baseline by adding prior information of the
embryo’s location and the the amount of cells. The former is already available from the segmentation masks
obtained, the later will be obtained by estimating the embryos current stage.

l 2D Convolutional Auto-encoder Semantic Segmentation ‘

Voxel Size 11 13
Local Information 0.95 0.95
Local Information+ Pixel Coordinate || 0.97 0.97

Table 4. Average F1 measure for the 2D convolutional encoder using only local image information and adding normalized
pixel coordinate



l Convolutional Features Semantic Segmentation

Patch Size/ Stack Size (frames) 2 3 4 5
11x11 0.97 | 0.96 | 0.96 | 0.96
13x13 0.97 | 0.96 | 0.96 | 0.95

Table 5. Results of temporal stack explorations,

4.4 Embryo Stage Classification Using Handcrafted Features

For the embryo stage prediction we establish four different categories according to the cell stage, Stage 1: 1 cell
, Stage 2: 2 cells, Stage 3: 4-cells, we also add an artificial 'stage 0’ which accounts for the transition between
stage 2 and 3 as in this scenario we have 3 cells. The distribution of classes for this division is shown in Table 6.

l Dataset Instance Distribution for Stage Classification ‘

Set Stage 1 Stage 2 Stage 3 Stage 0 Total
Train || 3260 (14%) | 11573 (50%) | 7621 (33%) | 500 (0.02%) | 22954
Test 1482 (15%) | 4959 (50%) | 3112 (32%) | 266 (0.03%) | 9819
Table 6. Distribution of the train and test sets for the stage classification, instance number and percentage per class

For the handcrafted feature approach, we use a classic Bag of Visual Words approach, in which we replace
the interest point detection task, with a dense sampling on a grid with cell size of 32x32 pixels. Each cell on
the grid is then represented by its SIFT descriptor?® which is calculated using 8 directions and 16 subregions.
On the clustering step, we use the K-means algorithm and explore its K parameter to optimize the classification
F-Measure. Empirically we find the best value for K to be 130. Just like in Section 4, we explore the best
parameters for the SVM classifier. Results for the best SVM are shown in Table 7.

l Results of Stage Classification using Bag of Words ‘

class Precision | Recall F-Measure
Stage 0 0.10 0.007 0.08
Stage 1 0.81 0.90 0.85
Stage 2 0.83 0.17 0.28
Stage 3 0.74 0.87 0.80
Weighted Avg. 0.79 0.75 0.72

Table 7. Results for the BOW approach for embryo stage classification

4.5 Embryo Stage Classification Stage Classification Using Learned Features

Global features for the Cell Segmentation task are learned using a convolutional encoder based on the squeeze
net,?* a deep neural network that has a similar performance to the well known AlexNet?® in the ImageNet
challenge, however it contains significantly fewer parameters. The squeeze architecture is composed by ’fire
modules’ that are small ensembles of layers with filters of dimension 1x1 concatenated to two parallel layers,
one with filters of 1x1 and the other with kernels of 3x3. We use a smaller version of the original architecture
with only 6 fire-modules and enhance it with two skip connections as proposed in,?® these connections create
two residual paths which bring a small improvement on the encoder’s performance. We train again from random
weight initialization using the Keras Framework?! using the Adam optimizer with learning rate of 0.001 and
decay of 0.0001. Table 8 summarizes the results for the embryo stage classification task using the proposed
encoder. Results show that the convolutional encoder significantly improves the classification accuracy over the
BOW strategy, nevertheless the stage 0 class remains challenging for any of the proposed strategies.

Finally, we use the stage classification information to improve the detection results of the Hough transform,
we limit the number of cells according to the predicted cell stage and further optimize its remaining parameters
for each stage. Additionally, given the good results for the semantic segmentation, we eliminate predictions that
are located out of the segmentation mask.

The final results show that the proposed strategy improves the average jaccard index for stages 1 and 3 while
remaining comparable with the baseline results at stages 0 and 2. Overall the proposed optimization improves
2% in the global evaluation. Table 9 summarize the results.



l Results of Stage Classification using Convolutional Encoder

class Precision | Recall F-Measure
Stage 0 0.23 0.09 0.13
Stage 1 0.99 0.88 0.93
Stage 2 0.96 0.90 0.93
Stage 3 0.83 1.00 0.96
Weighted Avg. 0.95 0.95 0.95

Table 8. Evaluation of the global learned features on the stage classification subtask

Results of Hough Transform for cell detection ‘

Approach Stage 0 | Stage 1 | Stage 2 | Stage 3 || Weighted Avg.
Hough 0.68 0.77 0.71 0.63 0.69
Hough + BOW Stages 0.63 0.77 0.66 0.60 0.65
Hough + CNN Stages 0.64 0.90 0.69 0.65 0.70
Hough + BOW Stages + STIP Mask 0.63 0.77 0.67 0.60 0.66
Hough + CNN Stages + CNN Mask 0.65 0.90 0.69 0.67 0.71

Table 9. Ablation experiments for the proposed approach using both hand-crafted features and automatically learned
features

5. CONCLUSIONS

We presented a novel strategy to refine the instance segmentation of mouse embryo cells using reliable prior
information from the embryo’s locations and its current cell stage, which we use to approximate the number of
cell instances. Both priors seem to have a significant impact in the cell instance segmentation task as it raises
the baseline Jaccard coefficient from 0.69 up to 0.71.

The two main task were explored using approaches based on handcrafted features and automatically learned
ones. Experimental evaluation shows an improvement of the base performance for one source of features, auto-
matically learned features consistently outperform hand crafted ones in the evaluation of every subtask, and in
the final instance segmentation. This suggest that, while the handcrafted features have are capable of capturing
the relevant information at both local and global scale, the automatically learned features are better choices for
the tasks explored in this paper.

Figure 4. Qualitative results for the instance segmentation task, top row shows some 'Best case scenario’ (little cell overlap
and circular shapes) segmentations across different cell stages. Bottom row shows fail condition for stages 0 and 4 where
the overlap and shape variations yield poor results.
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