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Abstract: (1) Background: The segmentation of cell nuclei is an essential task in a wide range of
biomedical studies and clinical practices. The full automation of this process remains a challenge due
to intra- and internuclear variations across a wide range of tissue morphologies, differences in staining
protocols and imaging procedures. (2) Methods: A deep learning model with metric embeddings such
as contrastive loss and triplet loss with semi-hard negative mining is proposed in order to accurately
segment cell nuclei in a diverse set of microscopy images. The effectiveness of the proposed model
was tested on a large-scale multi-tissue collection of microscopy image sets. (3) Results: The use of
deep metric learning increased the overall segmentation prediction by 3.12% in the average value
of Dice similarity coefficients as compared to no metric learning. In particular, the largest gain was
observed for segmenting cell nuclei in H&E -stained images when deep learning network and triplet
loss with semi-hard negative mining were considered for the task. (4) Conclusion: We conclude
that deep metric learning gives an additional boost to the overall learning process and consequently
improves the segmentation performance. Notably, the improvement ranges approximately between
0.13% and 22.31% for different types of images in the terms of Dice coefficients when compared to no
metric deep learning.

Keywords: nuclei detection; image segmentation; deep learning; metric embeddings; digital pathology

1. Introduction

The ongoing digitisation in pathology allows for computer-aided diagnosis in a wide spectrum
of applications. In fact, the development of image recognition techniques enables the quantitative
analysis of digital images with a high throughput processing rate. Automation continues to be
widely applied in clinical practice since it both reduces the need for manual assessments, which are
labor intensive and time consuming, while also reducing intra- and interobserver variability among
pathologists [1,2]. Furthermore, automation can easily provide reproducible measurements and
standardisation for follow-up evaluations and comparative studies used, for example, in personalised
medicine. Quantitative information such as cell size, shape and spatial distribution are generally used
by pathologists for cancer diagnosis [3]. For example, detecting nuclei enables the computer-aided
assessment of immune cell infiltrates, which has a clear advantage due to its prognostic potential and
use in immunotherapy trials [4,5]. Once accurately segmented, nuclear morphometric and appearance
features can be beneficial for assessing cancer grades and also predicting treatment response [6]. Thus,
a robust and generalised technique that accurately segments nuclei in a diverse range of images could
be integrated into the computer-aided assessment technology used by pathologists.
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The detection and segmentation of cell nuclei is one of the core operations in computer-aided diagnosis;
it serves as a basis for cell counting and the study of subcellular morphology, such as investigations into
the shape, size and textural properties [7]. This task is particularly challenging in histopathology image
analysis, since the target cells, which are in many cases very small, are surrounded by background
clutter made up of histological structures (capillaries, collagen, etc.) with irregular visual aspects, as
well as artefacts which appear during image acquisition (see Figure 1). Second, significant variations
in the appearance of cells are observed in different phases of mitosis development, which complicates
the cell nuclei detection task. In particular, the amount of cells may range from tens to thousands
in a typical high-resolution microscopy image, so the overlap of cells is a common phenomenon.
Furthermore, the problem becomes more challenging because of the diversity of nuclear morphology,
different staining conditions and different imaging technology applied. These challenges related to
cell nuclei detection remain to be solved [2,5,8].

Figure 1. A diverse set of images and their proportions in the set: (A,B) Typical cases with a clear view;
(C,D) rare instances surrounded by histological structures; (E) heavily clustered nuclei; (F) blurriness
and a high level of overlapping; (G) an extremely high level of blurriness; and (H) an extremely high
level of overlapping.

During the last few decades, many attempts have been made to improve the efficiency and
accuracy of automatic nuclear segmentation techniques in digital pathology, with a special focus
on histopathological image analysis. Recent comprehensive reviews of the nuclei segmentation
literature [2,9] showed that image analysis techniques applied in this domain have evolved from
classical approaches with hand-crafted features to deep learning-based techniques that typically
yield superior accuracy. The most compelling advantage of deep learning is the ability to generalise
and automatically learn problem-specific features directly from the original data. As such, deep
convolutional neural networks (CNNs) demonstrated advancements in image recognition tasks and
achieved state-of-the-art results in many medical imaging applications [8,10]. U-Net and DeepCell are
examples of models that were designed specifically for cell or nuclei segmentation. Recently published
results show that these architectures outperformed classical image processing algorithms in various
segmentation tasks [11–14]. For example, the CNN architecture, called the comparison detector, is
proposed for the detection of cervical cancer in small datasets [15]. In [16], a CNN-based algorithm
is developed to perform cell segmentation from single channel images using different stain markers
and magnifications. An original solution regarding how to achieve more accurate segmentation
performance was provided in the paper [17], in which CNN was used to classify between the cell
centre, cell body, and cell border. The Dice index, Jaccard coefficient and modified Hausdorff distance
were used in the paper to evaluate the separation of overlapping cells.

Typically, most CNN architectures use cross-entropy loss function. Comparatively, discriminative
metric learning loss functions have a better generalisation ability and are superior in solving few-shot
learning problems. Therefore, they are highly likely to surpass the learning capabilities of traditional
classification approaches for a small number of training samples. For example, in [18], a framework
based on distance metric learning was proposed to classify mitotic v/s interphase patterns. The authors
relied on the metric learning methodology since the mitotic staining patterns are rather rare as
compared with other interphase patterns. The distance metric computation was integrated with deep
convolutional neural networks, which aimed to learn useful embeddings by distance comparisons of
similar and dissimilar samples. Comparatively, in [19], a technique was presented to learn a distance
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metric from the labeled data, which was locally adaptive to account for heterogeneity in the data.
Additionally, a label propagation technique was used to improve the quality of the learned metric by
expanding the training set using unlabelled data. Unlike other loss functions, such as mean square
error loss or cross-entropy loss, metric learning aims to predict relative distances between samples.
If the contrastive loss function is used, then the losses are computed by contrasting same-class or
different-class pairs. Comparatively, the loss function computed using triplets of training data samples
can be also used, which simultaneously increases the distances between the embeddings of the query
and the negative sample (different samples) and at the same time reduces the distance between the
positive and query samples (similar samples). The use of the above-mentioned loss functions in
convolutional neural networks has proven to be very successful in various applications, such as face
recognition [20], verification [21], fingerprint recognition [22], video separation [23] and clustering [24].

In this paper, we propose a deep learning-based model to segment cell nuclei from images. In fact,
the developed model must be able to generalise across a wide range of tissue morphologies due to
intra- and internuclear variations, where the overlap of cells is a common phenomenon. Furthermore,
it must take into account the differences in staining protocols and imaging procedures. Therefore,
we challenged the algorithm with a large-scale multi-tissue collection of microscopy image sets [25].
First, the algorithm was implemented using state-of-the-art CNN architectures, such as the dense
convolutional network (DenseNet) and residual neural network (ResNet). Then, the metric embeddings
were introduced in the model by adding additional terms into the loss function. Unfortunately,
metric learning requires an a priori defined distance metric on the input space. In particular, standard
metrics may ignore some important properties available in the dataset, thus resulting in the learning
process being suboptimal. The search for a distance metric that brings similar data as close as possible
(minimising intraclass variation), while moving nonsimilar data away (maximising interclass distance),
can significantly increase the performance of these algorithms. To the best of our knowledge, this is the
first attempt to segment cell nuclei via the deep metric learning technique.

2. Materials and Methods

We used image set BBBC038v1, available from the Broad Bioimage Benchmark Collection [25].
The dataset contains 670 images, which are highly varied because they came from many contexts:
different organisms (humans, mice, flies), different nuclei treatments, different imaging conditions
(fluorescent, histology stains), several magnifications and varying qualities of illumination, different
states of nuclei including monolayers, tissues, embryos, cell division, genotoxic stress and
differentiation (for example, see Figure 1). The dataset was constructed to challenge newly developed
algorithms be able to generalise across these variations. As such, the dataset represents true variability,
which is faced at biotechs, hospitals and by research groups at universities. Therefore, it was desirable
to have a segmentation method with capacity enough to learn various aspects of each type of image in
the dataset.

In the current study, two different state-of-the-art CNN architectures—ResNet and
DenseNet—were implemented to build the customised deep neural network. These architectures
included the typically used building blocks, but the composition of the layers was modified by
introducing metric embeddings such as contrastive loss and triplet loss with semi-hard negative mining.
In particular, we designed ResNet-68, ResNet-104 and DenseNet-71 architectures (see Section 2.1) and
used them in the experimental study for multi-tissue cell nuclei segmentation. The implementation
code can be found in the reference provided in the subsection “Supplementary Materials”. It is
important to note that the metric embedding was used as an addition to the cross-entropy and Dice
losses. Therefore, in total, we implemented 9 models: 3 architectures × (2 metric embeddings + no
metric embedding). Comparatively, in our recent study [26], we investigated a few more architectures,
including DenseNet-27, DenseNet-71, ResNet-68, ResNet-104 and Vanilla UNet-54; however, some of
them demonstrated a poor performance in segmenting the images, and therefore were not considered
in the current paper.
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Notably, some adjustments in the learning strategy were made in order to use the selected metric
embeddings, i.e., contrastive loss and triplet loss with semi-hard negative mining. First, for each image,
200 pixels that included the nucleus and 200 pixels from the background were selected (400 pixels in
total). This sampling was made randomly at each training iteration. Then, the predicted embeddings
were extracted from the 12th network layer for those 400 pixels and fed into the metric learning loss
function. Lastly, the results from the metric learning loss function were combined with the classical
metrics used for the segmentation, such as Dice loss and cross-entropy loss. In other words, the final
loss functionLoss was constructed from three different subfunctions: metric learning loss LMetricLearning
(which encourages clustering of pixels), Dice loss, and cross-entropy loss with equal weights, which is
given by

Loss (y, ŷ, yM, ŷM) =− 1
n N2

n

∑
i=1

N2

∑
j=1

[
yij log ŷij +

(
1− yij

)
log
(
1− ŷij

) ]
+

1
n

n

∑
i=1

1−
2 ∑N2

j=1
(
yij ŷij

)
∑N2

j=1 yij + ∑N2

j=1 ŷij

+ LMetricLearning (yM, ŷM ) ,

where y is a true mask matrix with each column representing one mask of images (of size N × N)
reshaped into a column, in which there exist n such columns for n images in a single batch; ŷ denotes
the predicted segmentation for the entire batch; yM represents M mask pixels, which were randomly
selected to calculate the metric learning loss function value; ŷM are embeddings of those M pixels from
the 12th layer.

Each architecture was trained with the Adam optimiser. The learning rate schedule was set to
100 epochs with a learning rate equal to 0.001 and 100 epochs with learning rate equal to 0.0005. In total,
200 epochs were enough to converge for each architecture.

2.1. Deep Learning Approach

The classical CNN architectures such as AlexNet, VGG and InceptionNet have a few layers
stacked up on top of each other. In general, assumptions that deeper networks are better for
image recognition and segmentation tasks are not absolutely true, because deeper networks become
difficult to optimise, they encounter either vanishing or exploding gradient problems, as well as
degradation problem (accuracy saturates and then degrades very fast). In order to overcome these
problems, a novel architecture—ResNet—was proposed, which includes connections and adopted
batch normalisation [27]. Actually, the architectures of the plain and residual networks are identical
except for the skip connections added to each pair of filters. In particular, these connections do not
require either an extra parameter or computational complexity. The main idea is to adjust the network
so that it does not have to learn identity connections, but rather includes the inbuilt explicitly into
the overall design. If new layers can be constructed as the identity mappings, a deeper model should
have a training error no greater than its shallower parts. Therefore, the proposed ResNet architecture
allowed for the development of even deeper networks (up to 152 layers) without compromising the
model’s accuracy and efficiency. These ultradeep architecture models with recurrent computations
have shown excellent performance for recognition tasks.

To improve parameterisation and computational efficiency, the new architecture DenseNet [28],
an extension of ResNet, was proposed. Similar to ResNet, DenseNet leverages skip connections
between layers. In both ResNet and DenseNet, the input to a particular layer is formed by passing the
output of all previous layers. However, different from Resnet, DenseNet outputs are concatenated
rather than added. Furthermore, the layers in DenseNet do not receive a single output produced by
the summation as it is in Resnet, but all the outputs of the previous layers, which are concatenated in
the depth dimension.
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To facilitate the down-sampling in the architecture, DenseNet is composed of multiple dense
blocks. DenseNet contains a convolutional layer, dense blocks, and transition layers between
neighbouring dense blocks. The layers between these dense blocks perform convolution and pooling.
Similar to ResNet, the number of convolutional layers used in each dense block can be optionally
chosen. Furthermore, the features in DenseNet are used from all complexity levels, thus giving
smoother decision boundaries. This also explains why DenseNet does not suffer from the underfitting
problem and provides high performance results with a small training set. Compared with ResNet,
DenseNet reduces the number of parameters to be estimated during the learning stage and at the same
time can achieve better performance results with less complexity.

Considering all of this evidence, in the current study, we designed three CNN models: ResNet-104,
ResNet-68, DenseNet-71 (see Table 1). Each of the architectures consisted of 13 building blocks.
However, these blocks had different inner constructions and were iterated a different number of times
depending on the architecture. The features from the 12th layer were fed into the contrastive loss or
triplet loss with semi-hard negative mining. Then, the features from the last layer (13th) were used to
calculate the value of Dice loss and cross-entropy loss. Finally, all three metrics were added together to
give the final loss value. Both ResNet-104 and ResNet-68 consisted of blocks with an inner structure
specified by a 1 × 1 convolution followed by a 3 × 3 convolution, and then again followed by a 1 × 1
convolution with the filters doubled. The results were then added to the previous layer using the
simple identity function. DenseNet blocks consisted of 1× 1 and 3 × 3 convolutions followed by the
results being stacked on top of the features from the previous iteration. The same decoder structure
was used for each of the architectures.

Image segmentation is usually treated as a pixelwise classification problem. In many cases, it is a
binary classification with the label “0” being background and the label “1” indicating object pixels.
Segmentation task (especially if considered within the deep learning framework) presupposes a metric
(loss function) for checking how well the prediction from the deep artificial neural network agrees
with the true segmentation. Over the years, many metrics have been proposed, but the most frequently
used are cross-entropy loss, Dice loss, intersection over union loss, focal loss, and Tversky loss, as well
as their combinations or generalisations [29].

Suppose y refers to the true label, while ŷ defines the prediction from the deep network. Then,
the cross-entropy loss CEL function is defined as

CEL (y, ŷ) = − (y log (ŷ) + (1− y) log (1− ŷ)) .

A generalisation of cross-entropy is a focal loss, which tries to down-weight the contribution of
examples that are easy to predict, while ensuring more focus on harder examples [30]. As such, focal
loss FL is given by

FL (y, ŷ) = −
(
α (1− ŷ)γy log (ŷ) + (1− α) ŷγ (1− y) log (1− ŷ)

)
,

where γ ≥ 0 is a focusing parameter that smoothly adjusts the rate at which easy examples are
down-weighted; and α ∈ [0; 1] is a weighting factor. Note that the focal loss is equivalent to
cross-entropy loss when γ = 0.

The two most frequently used measures of overlap—Dice loss DL and intersection over
union loss IoUL—allow us to determine how accurate a predicted segmentation is, compared to a
known/ground-truth segmentation. These loss functions are given by

DL (y, ŷ) = 1− 2yŷ + 1
y + ŷ + 1

and
IoUL (y, ŷ) = 1− yŷ + 1

y + ŷ− yŷ + 1
.
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Table 1. Layers of convolutional neural network (CNN) architectures used for experiments.

Resnet-104 ResNet-68 DenseNet-71

Input layer: 256×256×1 grayscale image

L1 [3× 3, 16] Conv1 [3× 3, 16] Conv1 [3× 3, 16] Conv1

L2

 1× 1, 8
3× 3, 8
1× 1, 16

× 2 Conv2:
3*2=6
layers

 1× 1, 8
3× 3, 8
1× 1, 16

× 1 Conv2:
3*1=3
layers

[
1× 1, 32
3× 3, 16

]
× 2 Conv2:

2*2=4
layers

Conv2+1 layer. Max pool [1× 1, 32]

L3

 1× 1, 16
3× 3, 16
1× 1, 32

× 2 Conv3:
3*2=6
layers

 1× 1, 16
3× 3, 16
1× 1, 32

× 1 Conv3:
3*1=3
layers

[
1× 1, 32
3× 3, 16

]
× 2 Conv3:

2*2=4
layers

Conv3+1 layer. Max pool [1× 1, 64]

L4

 1× 1, 32
3× 3, 32
1× 1, 64

× 4 Conv4:
3*4=12
layers

 1× 1, 32
3× 3, 32
1× 1, 64

× 2 Conv4:
3*2=6
layers

[
1× 1, 32
3× 3, 16

]
× 4 Conv4:

2*4=8
layers

Conv4+1 layer. Max pool [1× 1, 128]

L5

 1× 1, 64
3× 3, 64
1× 1, 128

× 4 Conv5:
3*4=12
layers

 1× 1, 64
3× 3, 64
1× 1, 128

× 2 Conv5:
3*2=6
layers

[
1× 1, 32
3× 3, 16

]
× 4 Conv5:

2*4=8
layers

Conv5+1 layer. Max pool [1× 1, 256]

L6

 1× 1, 128
3× 3, 128
1× 1, 256

× 6 Conv6:
3*6=18
layers

 1× 1, 128
3× 3, 128
1× 1, 256

× 3 Conv6:
3*3=9
layers

[
1× 1, 32
3× 3, 16

]
× 6 Conv6:

2*6=12
layers

Conv6+1 layer. Max pool [1× 1, 512]

L7

 1× 1, 256
3× 3, 256
1× 1, 512

× 6 Conv7:
3*6=18
layers

 1× 1, 256
3× 3, 256
1× 1, 512

× 3 Conv7:
3*3=9
layers

[3× 3, 512]× 3 Conv7:
3 layers

Upsampling layers

L8 Deconvolution[2× 2, 512]. Add L6 output before max pooling [3× 3, 256]× 4. 1+4 = 5 conv
layers

L9 Deconvolution[2× 2, 256]. Add L5 output before max pooling [3× 3, 128]× 4. 1+4 = 5 conv
layers.

L10 Deconvolution[2× 2, 128]. Add L4 output before max pooling [3× 3, 64]× 4. 1+4 = 5 conv layers

L11 Deconvolution[2× 2, 64]. Add L3 output before max pooling [3× 3, 32]× 4. 1+4 = 5 conv layers

L12 Deconvolution[2× 2, 32]. Add L2 output before max pooling [3× 3, 16] × 4. 1+4 = 5 conv
layers. Metrics are included.

L13 [1× 1, 1] Softmax. 1 convolutional layer

∑ 104 68 71

The value of these two measures ranges between 0 and 1, with 0 indicating complete disagreement
and 1 complete agreement between the true segmentation and the prediction.

Tversky loss TL is a generalisation of the Dice coefficient [31] given by

TL (y, ŷ) = 1− yŷ + 1
yŷ + β (1− y) ŷ + (1− β) y (1− ŷ) + 1

,

where β ∈ [0; 1] is a weighting factor.
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Typically, the full network is trained according to a selected loss function. Different loss functions
will produce different errors for the same prediction, and thus might change the performance of the
model. On the other hand, every loss function has its own merits and pitfalls. Therefore, one might
ask the following question: is possible to also learn the metric while training the deep network? There
is now extensive literature regarding this metric learning task. However, it was mostly formulated as a
classification task, as it is understood in a classical way, i.e., prescribing a label for an entire image.

2.2. Deep Metric Embeddings

In its general form, the metric learning problem considers similarities between different pairs or
triplets of samples coming from the dataset X = (x1, x2, . . . , xN), where xi ∈ Rn is i-th training sample
and N is the total number of samples in the dataset. As was reported in [32], these similarities are
determined by the sets S, D, R given by

S =
{(

xi, xj
)
∈ X× X : xi and xj are similar

}
,

D =
{(

xi, xj
)
∈ X× X : xi and xj are not similar

}
,

R =
{(

xi, xj, xk
)
∈ X× X : xi is more similar to xj than to xk

}
.

The problem then consists of finding a distance d ∈ D that best fits the criteria specified by the
similarity sets S, D, R. With respect to a certain loss function L, the distance is found by optimising
the problem

min
d∈D
L (d, S, D, R) ,

where D is a family of distances. Under the supervised learning setting with the true labels known
(y1, y2, . . . , yN), the similarity sets are reformulated as follows:

S =
{(

xi, xj
)
∈ X× X : yi = yj

}
D =

{(
xi, xj

)
∈ X× X : yi 6= yj

}
,

R =
{(

xi, xj, xk
)
∈ X× X : yi = yj 6= yk

}
.

Loss function is one of the most important functions in deep feature learning. In general,
the models presented in the the domain of deep metric learning can be categorised as minimising
either the contrastive loss or the triplet loss [33,34]. If the contrastive loss LC [35] function is selected,
the model is penalised differently based on whether the classes of the samples are the same or different.
Specifically, if the classes agree, the loss function encourages the network to output feature vectors
that are more similar, whereas if the classes differ, the loss function encourages the models to output
feature vectors that are less similar. As such, contrastive loss LC is given by

LC =
1
2
(1−Y) D2

W +
1
2

Y {max(0, m− DW)}2 ,

where m is a margin value, which has to be selected manually; Y indicates whether those two features
come from the same class or not; DW(G(X1), G(X2)) is a distance metric for a pair of input samples,
where X1 and X2 is a pair of inputs in the training set, while G(X1) and G(X2) are two vectors
generated as a new representation of paired samples in the embedding space. In the current paper,
the distance metric DW is specified with a Euclidean metric for further analysis. Optionally, a more
general metric, Mahalanobis distance, can be also considered. The function G denotes the results of a
next-to-last convolutional layer. For the case considered in this paper, this function refers to the results
of a 12th layer.

Another metric considered in the current work is the triplet loss with semi-hard negative
mining [20,34]. Instead of calculating the loss based on two examples, triplet loss LT involves three
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inputs: an anchor example X, similar to anchor input XS and dissimilar to anchor input XD. As such,
triplet loss LT is given by

LT = max (0, D2
W1
− D2

W2
+ α),

where α is the margin value; DW1 = DW(G(X), G(XS)) and DW2 = DW(G(X), G(XD)) are distance
metrics for two vectors of new representations G(X), G(XS) and G(XD)), respectively. As one can
see, triplet loss function penalises the model such that the distance between the matching examples is
reduced and the distance between the nonmatching examples is increased.

3. Results

This section reports the validation results and main outcomes for all deep learning models
considered in this paper. Table 2 compares the values of the area under the receiver operating
characteristics (ROC) curve (area under the ROC curve (AUC)) obtained from a fivefold cross-validation
performed on the dataset containing 670 images.

Table 2. Area under the receiver operating characteristics (ROC) curve (AUC): average ±
standard deviation.

DenseNet-71 ResNet-68 ResNet-104

No metric learning 0.97952 ± 0.00198 0.97176 ± 0.00394 0.98312 ± 0.00272
Contrastive loss 0.98703 ± 0.00458 0.98678 ± 0.00351 0.98873 ± 0.00199
Triplet Loss 0.98817 ± 0.00225 0.98902 ± 0.00229 0.99089 ± 0.00150

In Table 2, we can observe that in terms of mean and deviation of the AUC, the most
promising result was achieved by the ResNet-104 architecture using triplet loss with semi-hard
negative mining, while the poorest performance was demonstrated by the ResNet-68 architecture
without metric learning. Surprisingly, the metric embeddings in the DenseNet architecture led
to the increased variation of prediction performance over different folds compared to no metric
learning. On the other hand, the overall AUC achieved over different folds is very high for each
model. Therefore, it becomes very difficult or even impossible to improve this performance measure.
Correspondingly, Table 3 reports the summary of Dice coefficient values achieved during the fivefold
cross-validation experiment.

Table 3. Dice coefficient values: average ± standard deviation.

DenseNet-71 ResNet-68 ResNet-104

No metric learning 0.8118 ± 0.0043 0.8109 ± 0.0057 0.8175 ± 0.0098
Contrastive loss 0.8233 ± 0.0083 0.8327 ± 0.0048 0.8401 ± 0.0027
Triplet Loss 0.8308 ± 0.0065 0.8357 ± 0.0029 0.8461 ± 0.0034

As shown in Table 3, the average values of Dice coefficient range from 0.8109 to 0.8461, with the
highest result achieved by the Resnet-104 model using triplet loss with semi-hard negative mining.
The performance demonstrated by the considered models corresponds with the results illustrated in
Table 2. Here, we observe the same tendency, i.e., the use of metrics in the deep learning model enabled
it to achieve a better segmentation performance compared to no metric learning. Notably, the variation
among folds decreased when using ResNet metric learning, while DenseNet with embedded metrics
demonstrated a larger deviation in the values of Dice coefficient. On the whole, cross-validation
results give us assurance that the performance of a classifier is stable since the standard deviation is
comparatively low.

In the following, we compare the segmentation prediction performance of the ResNet-104
architecture using triplet loss with semi-hard negative mining for testing the dataset consisting of
134 images). We relied on the Dice similarity coefficient, which is a preferable performance measure for
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the nuclei segmentation task, since it quantifies the similarity between the model output and reference
mask. In particular, the Dice similarity coefficient was estimated separately for sample groups drawn
up based on the type of image. Recall that the images in the dataset were acquired under a variety
of conditions and vary in cell type, cell spatial distribution, magnification, and imaging modality
(brightfield vs. fluorescence). The obtained results are summarised in Figure 2.

Figure 2. Dice coefficients estimated for one fold of testing samples based on the image type.

From the Figure 2, it is apparent that a 3.12% increase in the average value of Dice similarity
coefficients with deep metric learning was achieved as compared to no metric learning. The largest gain
of 22.31% is observed for the H&E-stained images, which is an appealing result since many authors
found H&E-stained images challenging in terms of segmentation. Comparatively, a slight increase of
3.56% in the average value of Dice similarity coefficients is also seen for the PAP -stained images, while
no significant improvement is observed for the other types of images included in the testing set. On the
other hand, for dark images with a high level of blurriness or images with many overlapping cells,
which seemed to us to be challenging for automated nuclei segmentation, the value of Dice coefficients
achieved by the deep convolutional neural network is comparatively high, and metric embeddings
had no significant effect on model performance. Figure 3 reports the difference in Dice coefficients for
different types of images in the testing dataset, which was computed for every image individually.

Figure 3. Differences in Dice coefficients achieved using the deep metric learning model and using the
deep network model without metric learning for different types of images in the testing dataset.

In Figure 3, the positive differences indicate an improvement in prediction performance when
deep learning with metrics was chosen, while the negative values show worsened performances. It can
be seen that metric embeddings in the deep network model resulted in a similar amount of negative
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and positive Dice coefficients when images with many overlapping cells or very dark images with
a high level of blurriness were under consideration (see Figure 3). This is in line with the average
values of Dice coefficients reported in Figure 2, where the overall improvement was nearly zero, i.e.,
0.624% for images with many overlapping cells and 0.126% for dark images with a high level of
blurriness. Notably, for the latter case, the improvement is slightly larger since we can observe more
cases when the difference is larger than 0.1. A very similar situation can be observed for PAP-stained
images. In fact, the most significant improvement is observed for H&E-stained images, where the Dice
coefficients are in the range [0.001; 1) for a major part of testing images. For this reason, we performed
an in-depth analysis focusing solely on individual H&E-stained images in the testing set (see Figure 4).
The figure plots the differences in Dice similarity coefficients achieved by the deep network model
with metric learning (triplet loss semi-hard mining) and without metric learning.

Figure 4. Dice coefficients estimated separately for individual H&E-stained images in the testing
dataset: green bars show a gain in value, while red bars show a loss.

As one can see in Figure 4, the difference ranges from −0.06 to 0.72. Overall, these results
suggest that metric embeddings used in deep learning enhance cell nuclei segmentation applied to
H&E-stained images. For demonstration purposes, Figure 5 depicts how the predictions differ when
deep metric learning is used compared to when no metrics are embedded.

In Figure 5, the first column displays an example of an untypical image; these made up only
0.69% of the dataset. It can be seen that the embedded metrics produced predictions that are more
consistent with the true mask as compared to no metric learning. On the other hand, the relatively
high accuracy achieved by both models and the nearly unobtrusive effect of embedded metrics are
demonstrated in the second and third columns. This is in line with estimated Dice coefficients for
dark images: 0.937 and 0.936, respectively (see Figure 2). The other three columns are provided to
demonstrate the model performance for H&E-stained images, for which the use of metrics had the
most profound effect in the experimental study. On the whole, one can observe that the use of metrics
in the deep network model enhanced the segmentation prediction for images containing a complex
background and higher variability. These observations hint at the possible use of metric learning for
diverse sets of images containing different types of images.
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Figure 5. From top to bottom: original test image, its true mask, the predictions using the network with
metric learning (triplet loss with semi-hard negative mining), and the predictions using the network
without metric learning.

To summarise, the best prediction results were obtained with the triplet semi-hard metric learning
approach. The use of metric learning in addition to other loss functions (Dice and cross-entropy)
resulted in a better representation of images. For demonstration purposes, the examples of this can
be seen in Figure 6, where the edges are well differentiated and there is a clear distinction between
the nucleus and the rest of the background when metric deep learning is considered (Figure 6, right),
while without metric learning, this distinction is weak or almost nonexistent (Figure 6, left).

Figure 6. (A) RGB images reconstructed from the layer before the last network layer ( i.e., from 16 feature
maps) without metric learning; (B) RGB images reconstructed from the last network layer with metric
learning (triplet loss with semi-hard mining). RGB channels were selected randomly from the 16 feature
maps from the layer before the last layer of the network.

4. Discussion

The concept of deep metric learning was introduced when deep learning and metric learning
were combined [34]. As such, the performance of a deep metric learning model depends not only on
the quality of image dataset and the deep network architecture, but also on the metric loss function
used in the learning. However, the selection of a metric is not always obvious, and no general rules
exist regarding how the metric should be selected to guarantee the best performance of the algorithm.
Therefore, in the current paper, we relied on two state-of-the-art deep network models, DenseNet and
ResNet, embedded with metrics such as contrastive loss or triplet loss with semi-hard negative mining
selected optionally.

While testing the segmentation prediction on the testing dataset using Dice similarity coefficients,
it was observed that the metric embeddings used in the deep network model allowed us to significantly
improve the cell nuclei segmentation in H&E-stained images within the diverse set of microscopy
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images. It is well known that the visual inspection of H&E-stained images is still a challenging
task and often leads to the over-segmentation phenomenon, because of large variation among
H&E-stained images, uneven intensities of the background regions and heterogeneity of cell nuclei [36].
Furthermore, cell nuclei segmentation, being such as important task in cancer detection, is complicated
because of cells which often touch and overlap, making the separation problem of the cell nuclei
difficult [37,38]. Comparatively, many researchers demonstrated successful segmentation results of
nuclei in H&E-stained images by manipulating colour spaces in the image [39] and then using certain
thresholds [10]. However, most of these algorithms are applicable only for the separation of nuclei,
which have an ellipse-like shape [40]. In general, we infer that the mean value 0.764 of Dice similarity
coefficient achieved in the current paper for the large-scale multi-tissue collection of images is in line
with already published studies, where its value varied from 0.69 to 0.9 when the deep learning model
was applied [6,41,42]. However, the comparison of the obtained results is not trivial because of the
different algorithms applied and the accuracy metrics selected, as well as the different image qualities,
magnifications (40× or 20×) and different staining techniques, etc., in the dataset.

Future work will concentrate on a quantification of cell nuclei in complex tissue images, since
numerous procedures in medical and biological investigations require the counting of cells [43].
The research will be continued using the same image set BBBC038v1 that was used in the current paper.
For comparison, the authors in [44] addressed the question of cell nuclei counting, considering the
same image set as we did. For this purpose, they proposed a technique to automate the quantification
of cell nuclei in histological images. However, the proposed approach failed to count nuclei correctly
for complex images, such as those with no dominant background or that contain large blue or red areas.
Therefore, we believe that we can continue with the use of deep metric learning for the quantification
of histological images.

5. Conclusions

In this paper, we proposed a deep metric learning-based model to segment cell nuclei from
images. The model was designed by customising two deep network models—the DenseNet and
ResNet architectures. Adjustments in the learning strategy were made in order to use the metric
embeddings, by which either contrastive loss or triplet loss with semi-hard negative mining can
be selected.

One of our aims was to explore how the developed model is able to generalise across a wide range
of tissue morphologies due to intra- and internuclear variations, where the overlap of cells is a common
phenomenon, as well taking into account the differences in staining protocols and imaging procedures.
During the experimental investigation, we observed a 3.12% increase in the average value of Dice
similarity coefficients using deep metric learning as compared with no metric learning; with the largest
gain of 22.31% being observed for H&E-stained images when the ResNet-104 model was embedded
with triplet loss with semi-hard negative mining. In fact, the ResNet-68 architecture demonstrated the
poorest performance, while metric embeddings in the DenseNet architecture increased the variation in
the performance over different cross-validation folds compared to no metric learning.

There is a good reason why including metric learning boosts the accuracy of deep learning
methods, i.e., metric learning gives an additional flexibility allowing the model to learn better
representations. Predetermined loss functions alone (dice loss, cross-entropy, etc.) may not be optimal
for a given problem, while enabling the possibility to learn better distance metrics provides the
possibility of better data embeddings, which results in higher accuracy. In this paper, the pixels
selected for metric learning were chosen randomly. However, this strategy could be possibly improved
using some heuristic selection procedures, such as choosing poorly embedded pixels or selecting only
a fraction of a nucleus from the sample pixels. This shall be investigated in more detail in the near
future. Given the fact that images in most biomedical applications have very high variability, and
that large quantities of images for most problems are not available, metric learning may provide a
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chance for higher accuracies with smaller samples of images. As such, we believe that our research
contributes to future studies in the field of biomedical science.

Supplementary Materials: The code developed during this study is available at http://www.mdpi.com/2076-3417/
10/2/615/s1.

Author Contributions: Conceptualisation, A.P.-T. and K.S.; Methodology, A.P.-T., K.S. and T.I.; Software T.I.,
Validation, A.P.-T. and T.I.; Visualisation, A.P.-T. and K.S.; All authors assisted in writing and improving the paper.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by project “R&D of Cell Nucleus Detection Model Based on Artificial
Intelligence”, Kaunas University of Technology, grant number PP-91G/19.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:
AUC Area under the ROC curve
CNN Convolutional Neural Network
DenseNet Dense Convolutional Network
ResNet Residual Neural Network
ROC Receiver Operating Characteristics

References

1. Janowczyk, A.; Madabhushi, A. Deep learning for digital pathology image analysis: A comprehensive
tutorial with selected use cases. J. Pathol. Inform. 2016, 7, 29. [CrossRef]

2. Xing, F.; Yang, L. Robust Nucleus/Cell Detection and Segmentation in Digital Pathology and Microscopy
Images: A Comprehensive Review. IEEE Rev. Biomed. Eng. 2016, 9, 234–263. [CrossRef]

3. Mahmood, F.; Borders, D.; Chen, R.; McKay, G.N.; Salimian, K.J.; Baras, A.; Durr, N.J. Deep adversarial
training for multi-organ nuclei segmentation in histopathology images. IEEE Trans. Med Imaging 2018.
[CrossRef]

4. Aprupe, L.; Litjens, G.; Brinker, T.J.; van der Laak, J.; Grabe, N. Robust and accurate quantification of
biomarkers of immune cells in lung cancer micro-environment using deep convolutional neural networks.
PeerJ 2019, 7, e6335. [CrossRef] [PubMed]

5. Höfener, H.; Homeyer, A.; Weiss, N.; Molin, J.; Lundström, C.F.; Hahn, H.K. Deep learning nuclei detection:
A simple approach can deliver state-of-the-art results. Comput. Med. Imaging Graph. 2018, 70, 43–52.
[CrossRef] [PubMed]

6. Kumar, N.; Verma, R.; Sharma, S.; Bhargava, S.; Vahadane, A.; Sethi, A. A Dataset and a Technique
for Generalized Nuclear Segmentation for Computational Pathology. IEEE Trans. Med Imaging 2017,
36, 1550–1560. [CrossRef] [PubMed]

7. Vu, Q.D.; Graham, S.; Kurc, T.; To, M.N.N.; Shaban, M.; Qaiser, T.; Koohbanani, N.A.; Khurram, S.A.;
Kalpathy-Cramer, J.; Zhao, T.; et al. Methods for Segmentation and Classification of Digital Microscopy
Tissue Images. Front. Bioeng. Biotechnol. 2019, 7, 53. [CrossRef] [PubMed]

8. Xue, Y.; Ray, N. Cell Detection with Deep Convolutional Neural Network and Compressed Sensing. arXiv 2017,
arXiv:1708.03307.

9. Irshad, H.; Veillard, A.; Roux, L.; Racoceanu, D. Methods for Nuclei Detection, Segmentation, and Classification
in Digital Histopathology: A Review—Current Status and Future Potential. IEEE Rev. Biomed. Eng. 2014,
7, 97–114. [CrossRef]

10. Salvi, M.; Molinari, F. Multi-tissue and multi-scale approach for nuclei segmentation in H&E stained images.
Biomed. Eng. Online 2018, 17, 89. [CrossRef]

11. Caicedo, J.C.; Roth, J.; Goodman, A.; Becker, T.; Karhohs, K.W.; Broisin, M.; Csaba, M.; McQuin, C.; Singh, S.;
Theis, F.; et al. Evaluation of Deep Learning Strategies for Nucleus Segmentation in Fluorescence Images.
BioRxiv 2019, 335216. [CrossRef] [PubMed]

12. Zhou, Z.; Wang, F.; Xi, W.; Chen, H.; Gao, P.; He, C. Joint Multi-frame Detection and Segmentation for
Multi-cell Tracking. arXiv 2019, arXiv:1906.10886.

http://www.mdpi.com/2076-3417/10/2/615/s1
http://www.mdpi.com/2076-3417/10/2/615/s1
http://dx.doi.org/10.4103/2153-3539.186902
http://dx.doi.org/10.1109/RBME.2016.2515127
http://dx.doi.org/10.1109/TMI.2019.2927182
http://dx.doi.org/10.7717/peerj.6335
http://www.ncbi.nlm.nih.gov/pubmed/30993030
http://dx.doi.org/10.1016/j.compmedimag.2018.08.010
http://www.ncbi.nlm.nih.gov/pubmed/30286333
http://dx.doi.org/10.1109/TMI.2017.2677499
http://www.ncbi.nlm.nih.gov/pubmed/28287963
http://dx.doi.org/10.3389/fbioe.2019.00053
http://www.ncbi.nlm.nih.gov/pubmed/31001524
http://dx.doi.org/10.1109/RBME.2013.2295804
http://dx.doi.org/10.1186/s12938-018-0518-0
http://dx.doi.org/10.1002/cyto.a.23863
http://www.ncbi.nlm.nih.gov/pubmed/31313519


Appl. Sci. 2020, 10, 615 14 of 15

13. Hernandez, D.E.; Chen, S.W.; Hunter, E.E.; Steager, E.B.; Kumar, V. Cell Tracking with Deep Learning and
the Viterbi Algorithm. In Proceedings of the 2018 International Conference on Manipulation, Automation
and Robotics at Small Scales (MARSS), Nagoya, Japan, 4–8 July 2018; IEEE: Nagoya, Japan, 2018; pp. 1–7.
[CrossRef]

14. Narayanan, B.N.; Hardie, R. A Computationally Efficient U-Net Architecture for Lung Segmentation in
Chest Radiographs (Preprint). In Proceedings of the 2019 National Aerospace and Electronics Conference
(NAECON), Dayton, OH, USA, 15–19 July 2019.

15. Liang, Y.; Tang, Z.; Yan, M.; Chen, J.; Xiang, Y. Comparison Detector: Convolutional Neural Networks for
Cervical Cell Detection. arXiv 2019, arXiv:1810.05952.

16. Al-Kofahi, Y.; Zaltsman, A.; Graves, R.; Marshall, W.; Rusu, M. A deep learning-based algorithm for 2-D cell
segmentation in microscopy images. BMC Bioinform. 2018, 19, 365. [CrossRef] [PubMed]

17. Nurzynska, K. Deep Learning as a Tool for Automatic Segmentation of Corneal Endothelium Images.
Symmetry 2018, 10, 60. [CrossRef]

18. Gupta, K.; Thapar, D.; Bhavsar, A.; Sao, A.K. Deep Metric Learning for Identification of Mitotic Patterns of
HEp-2 Cell Images. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition
Workshops, Long Beach, CA, USA, 1 July 2019; pp. 1–7.

19. Singh, S.; Janoos, F.; Pecot, T.; Caserta, E.; Leone, G.; Rittscher, J.; Machiraju, R. Identifying Nuclear
Phenotypes Using Semi-supervised Metric Learning. In Proceedings of the Biennial International Conference
on Information Processing in Medical Imaging, Kloster Irsee, Germany, 3–8 July 2011; pp. 398–410.

20. Schroff, F.; Kalenichenko, D.; Philbin, J. FaceNet: A unified embedding for face recognition and clustering.
In Proceedings of the 2015 IEEE Conference on Computer Vision and Pattern Recognition, Boston, MA, USA,
7–12 June 2015; pp. 1–9. [CrossRef]

21. Chopra, S.; Hadsell, R.; LeCun, Y. Learning a similarity metric discriminatively, with application to face
verification. In Proceedings of the 2005 IEEE Computer Society Conference on Computer Vision and Pattern
Recognition (CVPR’05), San Diego, CA, USA, 20–25 June 2005; pp. 1–8. [CrossRef]

22. Dahia, G.; Segundo, M.P. Automatic Dataset Annotation to Learn CNN Pore Description for Fingerprint
Recognition. arXiv 2018, arXiv:1809.10229.

23. Redondo-Cabrera, C.; Lopez-Sastre, R. Unsupervised learning from videos using temporal coherency deep
networks. Comput. Vis. Image Underst. 2019, 179, 79–89. [CrossRef]

24. Zhang, S.; Gong, Y.; Wang, J. Deep Metric Learning with Improved Triplet Loss for Face Clustering in
Videos. In Advances in Multimedia Information Processing; Springer: Cham, Switzerland, 2016; Volume 9916,
pp. 497–508. [CrossRef]

25. Ljosa, V.; Sokolnicki, K.L.; Carpenter, A.E. Annotated high-throughput microscopy image sets for validation.
Nat. Methods 2012, 9, 637. [CrossRef]

26. Paulauskaite-Taraseviciene, A.; Sutiene, K.; Valotka, J.; Raudonis, V.; Iesmantas, T. Deep learning-based
detection of overlapping cells. In Machine Learning in Medical Imaging; Springer International Publishing:
Cham, Switzerland, 2019; pp. 217–220.

27. He, K.; Zhang, X.; Ren, S.; Sun, J. Deep Residual Learning for Image Recognition. In Proceedings of the IEEE
Conference on Computer Vision and Pattern Recognition (CVPR), Las Vegas, NV, USA, 27–30 June 2016;
IEEE: Las Vegas, NV, USA, 2016; pp. 770–778. [CrossRef]

28. Huang, G.; Liu, Z.; van der Maaten, L.; Weinberger, K.Q. Densely Connected Convolutional Networks.
In Proceedings of the 2017 IEEE Conference on Computer Vision and Pattern Recognition (CVPR), Honolulu,
HI, USA, 21–26 July 2017; IEEE: Honolulu, HI, USA, 2017; pp. 4700–4708. [CrossRef]

29. Xie, S.; Tu, Z. Holistically-Nested Edge Detection. In Proceedings of the 2015 IEEE International Conference on
Computer Vision (ICCV), Santiago, Chile, 7–13 December 2015; pp. 1395–1403. [CrossRef]

30. Lin, T.; Goyal, P.; Girshick, R.; He, K.; Dollar, P. Focal loss for dense object detection. IEEE Trans. Pattern
Anal. Mach. Intell. 2018, 42, 318–327. [CrossRef]

31. Salehi, S.S.M.; Erdogmus, D.; Gholipour, A. Tversky Loss Function for Image Segmentation Using 3D
Fully Convolutional Deep Networks. In Machine Learning in Medical Imaging; Wang, Q., Shi, Y., Suk, H.I.,
Suzuki, K., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 379–387.

32. Suárez, J.L.; García, S.; Herrera, F. A Tutorial on Distance Metric Learning: Mathematical Foundations,
Algorithms and Software. arXiv 2018, arXiv:1812.05944.

http://dx.doi.org/10.1109/MARSS.2018.8481231
http://dx.doi.org/10.1186/s12859-018-2375-z
http://www.ncbi.nlm.nih.gov/pubmed/30285608
http://dx.doi.org/10.3390/sym10030060
http://dx.doi.org/10.1109/CVPR.2015.7298682
http://dx.doi.org/10.1109/CVPR.2005.202
http://dx.doi.org/10.1016/j.cviu.2018.08.003
http://dx.doi.org/10.1007/978-3-319-48890-5_49
http://dx.doi.org/10.1038/nmeth.2083
http://dx.doi.org/10.1109/CVPR.2016.90
http://dx.doi.org/10.1109/CVPR.2017.243
http://dx.doi.org/10.1109/ICCV.2015.164
http://dx.doi.org/10.1109/TPAMI.2018.2858826


Appl. Sci. 2020, 10, 615 15 of 15

33. Wang, J.; Zhou, F.; Wen, S.; Liu, X.; Lin, Y. Deep Metric Learning with Angular Loss. Comput. Vis. Pattern Recognit.
2017, arXiv:1708.01682.

34. Kaya, M.; Bilge, H.S. Deep Metric Learning: A Survey. Symmetry 2019, 11, 66. [CrossRef]
35. Hadsell, R.; Chopra, S.; LeCun, Y. Dimensionality Reduction by Learning an Invariant Mapping. In Proceedings

of the 2006 IEEE Computer Society Conference on Computer Vision and Pattern Recognition, New York, NY,
USA, 17–22 June 2006; IEEE Computer Society: Washington, DC, USA, 2006; pp. 1735–1742. [CrossRef]

36. Wang, P.; Hu, X.; Li, Y.; Liu, Q.; Zhu, X. Automatic cell nuclei segmentation and classification of breast cancer
histopathology images. Signal Process 2016, 122, 1–13. [CrossRef]

37. Aswathy, M.A.; Jagannath, M. Detection of breast cancer on digital histopathology images: Present status
and future possibilities. Inform. Med. Unlocked 2017, 8, 74–79. [CrossRef]

38. Tosta, T.A.A.; Neves, L.A.; do Nascimento, M.Z. Segmentation methods of H&E-stained histological images
of lymphoma: A review. Inform. Med. Unlocked 2017, 9, 35–43.

39. Piórkowski, A.; Gertych, A. Color Normalization Approach to Adjust Nuclei Segmentation in Images
of Hematoxylin and Eosin Stained Tissue. In Information Technology in Biomedicine; Pietka, E., Badura, P.,
Kawa, J., Wieclawek, W., Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 393–406.

40. Yi, F.; Huang, J.; Yang, L.; Xie, Y.; Xiao, G. Automatic extraction of cell nuclei from H&E-stained
histopathological images. J. Med. Imaging 2017, 4, 027502. [CrossRef]

41. Graham, S.; Vu, Q.D.; Raza, S.E.A.; Azam, A.; Tsang, Y.W.; Kwak, J.T.; Rajpoot, N. HoVer-Net: Simultaneous
Segmentation and Classification of Nuclei in Multi-Tissue Histology Images. Med. Image Anal. 2019, 58, 101563.
[CrossRef]

42. Pan, X.; Li, L.; Yang, D.; He, Y.; Liu, Z.; Yang, H. An Accurate Nuclei Segmentation Algorithm in Pathological
Image Based on Deep Semantic Network. IEEE Access 2019, 7, 110674–110686. [CrossRef]

43. Khalili, E.; Hosseini, V.; Solhi, R.; Aminian, M. Rapid fluorometric quantification of bacterial cells using
Redsafe nucleic acid stain. Iran. J. Microbiol. 2015, 7, 319–323.

44. Lukashevich, M.; Starovoitov, V. Cell Nuclei Counting and Segmentation for Histological Image Analysis.
In Pattern Recognition and Information Processing; Ablameyko, S.V., Krasnoproshin, V.V., Lukashevich, M.M., Eds.;
Springer International Publishing: Cham, Switzerland, 2019; pp. 86–97.

c© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/sym11091066
http://dx.doi.org/10.1109/CVPR.2006.100
http://dx.doi.org/10.1016/j.sigpro.2015.11.011
http://dx.doi.org/10.1016/j.imu.2016.11.001
http://dx.doi.org/10.1117/1.JMI.4.2.027502
http://dx.doi.org/10.1016/j.media.2019.101563
http://dx.doi.org/10.1109/ACCESS.2019.2934486
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Materials and Methods
	Deep Learning Approach
	Deep Metric Embeddings

	Results
	Discussion
	Conclusions
	References

