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a  b  s  t  r  a  c  t

The  task  of  microscopy  cell  detection  is of  great  biological  and  clinical  importance.  However,  existing
algorithms  for  microscopy  cell  detection  usually  ignore  the  large  variations  of  cells  and  only  focus  on
the  shape  feature/descriptor  design.  Here  we  propose  a new  two-layer  model  for  cell  centre  detection
by  a two-layer  structure  prediction  framework,  which  is respectively  built  on  classification  for  the  cell
eywords:
icroscopy cell detection

ayered models
tructural prediction
omputer vision

centres  implicitly  using rich  appearances  and  contextual  information  and  explicit  structural  information
for  the  cells.  Experimental  results  demonstrate  the  efficiency  and  effectiveness  of  the  proposed  method
over  competing  state-of-the-art  methods,  providing  a  viable  alternative  for microscopy  cell detection.

©  2014  Elsevier  Ltd. All  rights  reserved.
achine learning

. Introduction

With the development of bioimage informatics, there has been
n increasing focus on the cell detection studies, which come
ver the problem of the traditional microscopy studies that only

 few cells are detected, providing a more powerful statistical
ool for experiments and medical diagnosis [1,2]. Studying the
mount, types, morphological shape, and configuration of the
ells in microscopic images has significant biological and clinical
ignificance in e.g. cancer diagnosis and cancer treatment [3–7].
erforming cell segmentation is mostly based on certain families
Please cite this article in press as: Xu Y, et al. A two-layer structure p
Imaging Graph (2014), http://dx.doi.org/10.1016/j.compmedimag.201

f morphological descriptors, which can also be viewed as a struc-
ural prediction problem. For example, the auto-context algorithm
as adopted to perform membrane segmentation with supervised
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(machine learning) method, see [8]. One could also follow the
procedure for object detection as in the recent computer vision
literature to perform cell detection by a layout processing step [9].
However, as we  will see later in the experiment results, adopting
the state-of-the-art vision approaches does not provide satisfac-
tory results in the task of microscopic cell centre detection. Since
the Conditional Random Fields (CRFs) [10] model can only detect
the structure of cells from one layer, thus may not satisfactorily
grasp the full knowledge representation and achieve the requested
detection accuracy due to the ignorance of complex information
of the cell with much subtle and variable structure. The examples
like derivative formulas of the CRFs model, or auto-context, can
not achieve the approving performance of the serious demanding
for complicated cell detection goal with the ignorance of various
size, colour, deformation, and structural dependence more or less.
Here, we study the problem from a structured learning perspective
and emphasize on the representation issue.

Existing approaches for microscopy cell detection consist of
the segmentation and detection steps, which are usually based
rediction framework for microscopy cell detection. Comput Med
4.07.001

on geodesic active contour, watershed, gradient vector diffusion
or Hessian matrix [5–7,11,12]. In many cases, some of the above-
mentioned methods are combined for a better performance of
microscopic cell detection. One of the typical examples is using the
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idge measures for cell shape detection, which is widely applied
ore or less in the field of image segmentation. Ersoy et al. com-

ined the shape feature of cells with the curve evolution model
xploiting the halo effect to perform the human cancer cell image
etection, which was based on Hessian matrix and directional
erivatives [7]. Yeo developed automated image segmentation and
lassification for separation of clusters of cell nuclei into individual
bjects, mixing the adaptive two pass threshold-based segmenta-
ion, clustered nuclei using segmentation (including operations of
he fill hole, noise removal, distance, adaptive h-minima transform
ncorporated with edge information and watershed transform) and
he supervised process with the labelling ground truth for shape
escriptors, emphasizing the accuracy of cell nuclei counts from
he supervised process [11]. The evaluation of the performance by
mal et al. for the purpose of quantitative analysis of biological
mage data gave a detailed comparison utilizing seven unsuper-
ised methods and two supervised methods with the same ground
ruth given by the experts, effectively emphasizing the high accu-
acy of the machine learning methods [5].

Typically, structured labelling studies the problem of predicting
 vector output from an input vector, which is common since struc-
ured inputs and outputs are in a wide range of applications. There
re many different approaches in which such kind of application
ith structured labelling has been applied. For example, Markov
andom Field (MRF) and Conditional Random Fields (CRFs) [10]
ave been widely used to model the correlations of the structured

abels. However, due to the heavy computational burdens in their
raining and testing (inference) stages, MRF  and CRFs are usually
imited to capturing a few neighbourhood interactions only, which

ill thus limit their modelling capabilities. Structural support vec-
or machine (SVM) [13–15] models the correlation in a way similar
o the CRFs but tries to specifically maximize the prediction margin.
evertheless, the high computational demand just makes it firmly

ely on the range of contexts.
Considering of the limitations of the above approaches, we  pro-

ose a new two-layer structural prediction framework for detecting
icroscopic image cells, which focuses on the representation issue

o propose a model to effectively capture the rich contextual infor-
ation. The contribution of the approach includes: (1) we tackle the

roblem of microscopic image cell detection from structure learn-
ng perspective; (2) the second layer takes the output of the first
ayer as knowledge abstraction and propagation.

. Related work

With the wide application of the biomedical cell detection,
arious methods have been applied for cell segmentation, which
s aiming to segment the objects into their constituent objects
nd a background [12,6,16–23]. Therefore, the cell segmentation
roblem can be very difficult, depended by the type of the given
pecimen. For example, in [18], the aim of segmentation was  to dis-
inguish the cell nuclei with a positive staining reaction and other
ell nuclei in the field of immunohistochemistry, with a robust clas-
ifier and built-in metric corresponding to the colour space. Except
he cell nuclei segmentation, there have also been many segmenta-
ion algorithms for other cell structures. The paper [24] by Nguyen
t al. proposed a rapid cell detection algorithm, providing the Adap-
ive Boosting baseline as cell candidate rules, optimizing the global
arameters from the input image by integration, which had highly
ccelerated the training process of machine learning for cell detec-
ion. Yang et al. [21] utilized the level set methods to acquire the
Please cite this article in press as: Xu Y, et al. A two-layer structure p
Imaging Graph (2014), http://dx.doi.org/10.1016/j.compmedimag.201

xtended-time live cell image, which performed the cell cluster
eparation and mitotic cell detection steps after identifying the cell
rajectories, providing a method to solve the cell analysis problem,
ncluding the detection of numbers, locations, borders, areas and
 PRESS
g and Graphics xxx (2014) xxx–xxx

states of cells. In [6], the hierarchical model was combined with
three operators of edge detection (Sobel, Prewitt and Laplace) to
perform the multiple cell image segmentation, in addition, the false
removal algorithm was  used to increase the accuracy of the cell
detection.

In our task, the first layer takes the auto-context algorithm,
basing on the detection of the contextual information from the
whole image, which is in widespread use in the object recognition
[8,25–28]. Jurrus et al. [8] adopted the idea of structural labelling
with a neuro-network implementation to perform membrane seg-
mentation, which meant the ignorance of the complex information
of the cells with only one layer of cell. The system developed by
Yang et al. [28] aimed to perform multi-class segmentation to
define shape priors from the output of object detectors.

There have been various graphical models for image segmenta-
tion. The Markov Random Field (MRF) is a typical one with a set of
random variables including a Markov property [29]. Following the
Markov property, the Conditional Random Fields (CRFs) directly
generates the posteriori probability distribution model of the ran-
dom variables from the given observation image input [30–33],
which has been widely used in many image segmentation prob-
lems. For example, in [32], Bauer et al. combined the powerful
SVM based on the features of multispectral intensities and tex-
tures with subsequent hierarchical CRFs regularization to delineate
the brain tumour boundaries. The CRFs model was also used for
the prostate cancer localization in the multispectral MRI image
segmentation when combined with a cost-sensitive framework in
[33], which boosted the performance significantly. Our algorithm
utilizes a probability model Event Detection Conditional Random
Field (EDCRF), which is related to the work of mitosis detection
[34] with the use of phase-contrast time-lapse microscopy. How-
ever, the input for the second layer they use is a hidden layer in the
model whereas our second layer also looks back at the original data.

The jump-diffusion process provides an optional method for our
second layer algorithm, which has been an effective method for
a range image segmentation [35–37]. The paper [35] focused on
the segmentation of the objects of various types and sizes in the
complex-real world scenes, which jumped between the parameter
subspaces of differing dimensionality, providing a good perfor-
mance for the object segmentation.

3. Method

This section attempts to give the details of our two-layer model
for cell centre detection/segmentation in microscopic images.

We describe cell detection as a structural prediction problem
[38–40], which tries to introduce a two-layer structural framework
for detecting microscopy cells, with the two probability models
to approximate the true cell locations. In the first layer, the auto-
context model is performed to capture the structural information
of the cells, passing on the results combined with the original cell
images as the input for the second layer for segmentation. In addi-
tion, some related algorithms are briefly discussed for comparison.

3.1. A Conditional Random Fields approach for the problem

The Conditional Random Fields (CRFs) have been applied a lot
in machine learning, with a classifier trained from the given sets
X and Y, which are respectively the observed and output variables,
to predict a classifier from a given sample for structured prediction
[10]. The conditional distribution is an undirected graphical model
rediction framework for microscopy cell detection. Comput Med
4.07.001

related to X and Y, which is denoted by p(Y|X) and modelled from
them.

We derive the cell centre classification results from the first layer
using the seminal CRFs models (such as auto-context [41]), whereas

dx.doi.org/10.1016/j.compmedimag.2014.07.001
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Table  1
The evaluation of the various methods.

Precision Accuracy F-measure DisErr1,px DisErr2,px

Classification model [46] 0.8734
Direct regression 2.97
Object detection + layout [41] 0.7693 0.9281 0.8413 2.49 2.21
First-layer (auto-context) 0.8031 0.9457 0.8686 2.37 2.12
Auto-context + NMS  [47,9] 0.8912 0.9007 0.8959 2.31 2.01
Two-layer method with belief propagation 0.9279 0.9255 0.9267 2.20 1.91
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Two-layer method with jump-diffusion 0.9465 

he use of bold values is to highlight the accuracy of our method.

he results imply it with not satisfied performance of dealing with
he complexity in the structural cell images (Table 1).

.2. Formulation

In the two-layer structural model, a set of training images with
he corresponding ground truth label maps as S = {(xk, lk), k = 1, . . .,
} are given for training. Considering of denotation simplicity, we
onsider with a view to one training image: for each image, we
igorously define the data by x = {x1, x2, . . .,  xm}, where xi denotes

 patch (pixel i is the centre of the patch) with the corresponding
round truth labels l = {l1, l2, . . .,  lm}. li ∈ { +1, − 1}, among which

i = +1 indicates pixel i being on the centre of a cell and li = −1 to the
ontrary. So we can directly get the random variables as y = {y1, y2,

 . .,  ym}. yi ∈ { +1, − 1} (Fig. 1).

.2.1. First layer
In the first layer, we aim at learning a discriminative function to

inimize the training error as

 =
∑
i

1(li /= Fi(x)), (1)

here 1(·) is an indicator function and Fi(x) is a prediction on
he label y . A direct patch-based classification throws away the
Please cite this article in press as: Xu Y, et al. A two-layer structure p
Imaging Graph (2014), http://dx.doi.org/10.1016/j.compmedimag.201

i

ther patches to have Fi(x) = sign
(∑T

t=1˛i,t · hi,t(x)
)

using e.g.

s a boosting approach. Considering the rich contextual informa-
ion, the auto-context algorithm [41] further learns a recursive

ig. 1. Graphical representations of an existing hidden CRF approach [42] and our propos
ssigned on xi . Y represents a class label. (b) Our two-layer model. xi and p̂i respectively re
he  class label for pixel i.
3 0.9459 1.91 1.51

function as

p̂(t)(yi|x) ∝ exp

{
−yi

T∑
t=1

˛i,t .hi,t(x, p(t−1)(y))

}

for Fi(x) = sign(p̂(t)(yi = 1|x) − 0.5), (2)

where p(t−1) is the classification map. The auto-context algorithm
implicitly fuses a large amount of structural information but reports
unsatisfactory results (shown in Fig. 2(d)), since the cell centre
detection problem is not only a segmentation task and the auto-
context almost only uses the implicit information.

3.2.2. Second layer
Therefore, we  propose a hierarchical representation in this

paper by propagating the cell centre detection information from
the first layer into a further process. In the second layer, we use
p̂(yi|x) = p(t) (abbreviated as p̂) learned from the first layer as aug-
mented information and apply an explicit model as to minimize the
same error function in Eq. (1):

e =
∑
i

1(li /= y∗
i ), (3)

where y∗ = {y∗
1, y∗

2, . . .,  y∗
m}, and can be obtained by:

y∗ = arg max  p(y|x, p; �) = e (y,x;�1)e (y,p̂;�2)

Z(x, p)
, (4)
rediction framework for microscopy cell detection. Comput Med
4.07.001

in which Z(x, p) is the partition (normalization) function as

Z(x, p) =
∑

y′
[e (y′,x;�1)e (y′,p̂;�2)] (5)

ed two-layer model. (a) xi and hi represent the ith observation and the hidden state
present the ith observation and context-based discriminative model. yi represents

dx.doi.org/10.1016/j.compmedimag.2014.07.001
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In addition, we have

(y, x; �1) =
m∑
j=1

∑
l

f 1
1l(j, yj, x)�1

1l +
∑

(j,k)∈E

∑
l

f 2
1l(j, k, yj, yk, x)�2

1l

(6)

nd the same for  (y, p; �2):

(y, p; �2) =
m∑
j=1

∑
l

f 1
2l(j, yj, p)�1

2l +
∑

(j,k)∈E

∑
l

f 2
2l(j, k, yj, yk, p)�2

2l

(7)

here � = {�1, �2} are the parameters of the model, and f 1
1l and f 1

2l
re a state function, while f 2

1l and f 2
2l are a transition function. �1

1l , �2
1l ,

1
2l , and �2

2l are the corresponding parameters of state and transition
unctions, respectively.

.3. Model learning and parameter estimation

.3.1. First layer
The training process in the first layer uses the constructed labels,

hich is similar to that of the auto-context [41], with the goal of
Please cite this article in press as: Xu Y, et al. A two-layer structure p
Imaging Graph (2014), http://dx.doi.org/10.1016/j.compmedimag.201

inimizing Eq. (1), thus we can get the training set recursively
onstructed as:

(t) = {(yi, (x, p(t−1))), i = 1, . . .,  m}  (8)
ection + layout. (d) Results by the auto-context. (e) Results of our method with belief
alse detection; green: missed detection; white: true detection. (For interpretation
of the article.)

where p(t−1) is the classification map  for each round of the
auto-context algorithm by minimizing the error as Eq. (1).
The parameters of the above Eq. (8) are the coefficients in
p̂(t)(yi|p̂(t−1)

, x). For example, if the SVM is adopted, then the param-
eters are the SVM weights; otherwise, they are the weights and
thresholds in the weak classifiers for boosting; and the tree splitting
nodes for random forest. The classifier we  get from the training pro-
cess is used to compute p(t−1) for each training image x, which will
generate a sequence of classification probabilities as the outputs,
see the auto-context algorithm [41].

3.3.2. Second layer
In the second layer, the parameter values are obtained from the

regularized log-likelihood features consistent to Eq. (1).

L(�) =
n∑
i=1

{log[e (y,x;�1)e (y,p̂;�2)] − log Z(x, p)} − 1
2ı2

||�||2 (9)

where ı is the variance of a Gaussian prior, and n is the number of
rediction framework for microscopy cell detection. Comput Med
4.07.001

∂L(�)

�1
1l

=
∑
j=1

f 1
1l(j

(i), y(i)
j
, x(i)) −

∑
l=1

�1
1l

ı2
−

∑
y′
f 1
1l(j

(i), y′, x(i))p(y′|x(i))

(10)

dx.doi.org/10.1016/j.compmedimag.2014.07.001
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∂L(�)

�2
1l

=
∑

(j,k)∈E
f 2
1l(j

(i), k(i), y(i)
j
, y(i)
k
, x(i)) −

k∑
l=1

�2
1l

ı2

−
∑

(j,k)∈E,y,y′
f 2
1l(j

(i), k(i), y, y′, x(i))p(y, y′|x(i)) (11)

∂L(�)

�1
2l

=
m∑
j=1

f 1
2l(j

(i), y(i)
j
, p(i)) −

k∑
l=1

�1
2l

ı2
−

∑
y′
f 1
2l(j

(i), y′, p(i))p(y′|p(i))

(12)

∂L(�)

�2
2l

=
∑

(j,k)∈E
f 2
2l(j

(i), k(i), y(i)
j
, y(i)
k
, p(i)) −

k∑
l=1

�2
2l

ı2

−
∑

(j,k)∈E,y,y′
f 2
2l(j

(i), k(i), y, y′, p(i))p(y, y′|p(i)) (13)

.4. Inferences

In the testing process, the probabilities are computed by using
he trained classifiers, assigning each pixel i with the label in Eq.
4) given an image x.

First layer: A sequence of trained classifiers is used to generate
 probability map  pT , where T is the number of iteration times. The
lassification result is obtained by applying a series of classifiers,
he same for the auto-context algorithm [41].

Second layer: Here we propose two optimization methods for
he inference: (1) belief propagation [39] and (2) jump-diffusion
43]. As belief propagation is a common inference method, we will
ot elaborate much on this topic. Then, we will give the details
f the jump-diffusion algorithm which has been less adopted in
tructured labelling but with excellent performance in our task here
s following.

.4.1. The auto-context using
As is mentioned above, auto-context is firstly used in the first

ayer of the cell detection, as it is with the ability of CRFs to support
ontext information with flexible sizes, offering a feasible alter-
ative for propagating knowledge and generating a probability
apping image from the original input with high accuracy; and

herefore, can well fit the cell detection with no limit of structure
nd dimensions, which requires especially accurate demanding for
icroscopic and variable objects detection.
For the subtle structure of the cells we detect, a change from

he use of the traditional auto-context algorithm for the detec-
ion of natural image (e.g. the horse) that we should point out is
hat the levels (the circulation times of the optimization for global
arameters in the training process to generate a classifier) of the
uto-context we utilize for detecting the cells is changed from 4
evels to 10, which means the time for iterations of the training
rocess may  become longer, aiming to achieve the higher compu-
ational demanding of the cell feature classification, giving a more
uitable descriptors for the generation of classifier. More specifi-
ally, the classifier generated based on the connection between the
round truth Yi = {yi1, . . .,  yin} and the given image xi with the use
f training set Eq. (8) should be iterated for more times. Also, the
ecision Random Tree is relatively changed from 3 to 100 for the

ame purpose, giving more details to the classifier to judge whether
he pixels of the input images are positive or negative.

Except attempting to select context information and the appear-
Please cite this article in press as: Xu Y, et al. A two-layer structure p
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nce of the cell image in a unified framework for the auto-context
lgorithm in the first layer, the scale-invariant feature transform
SIFT) algorithm [44] is combined with it to detect the subtle shape.
he SIFT algorithm insures the invariance property of rotation and
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scale expansion, and is partially invariant to illumination changes
and robust to local geometric distortion. We  rigorously set the
parameters (spacing size and grid size) of three different values,
which are (30,2), (60,6) and (100,8).

3.4.2. Basics of jump-diffusion
The stochastic jump-diffusion process [43,45] is used in the

second layer of the model. In the process, the solution X lies in a het-
erogeneous space (mixture spaces of different dimensions), which
consists of different dimensions  ̋ =

⋃N
n=0˝

(n); where n denotes
the number of cells and N is the maximum amount of possible cells.
Each ˝(n) is the space of the fixed number n cells. Considering that
we do not know the number of cells, a union of different spaces is
assumed for confirmation. For n cells, the process to optimize Eq.
(4) is considered as a diffusion process; also, switching between the
different spaces means to give birth to a cell or kill an existing one,
which represents the jumping process between different spaces.

We shall rigorously define two types of processes as following:
the first process is a diffusion process, which aims to move a cell
centre (xi, yi) within limits of a domain Di; the second process is a
jump process, in which we  should create or remove a cell centre
(xi, yi).

When the sample N * N images (N is the labelled cell diameter)
are given, we firstly perform the Non-maximal suppression (NMS)
to extract the initial seeds as the cell centres (the overlap step is
INT[2/3 * N] pixels). Then, the initial cell centres are reflected to
the original images as seeds. After the initialization step above, we
perform the jump-diffusion inference to optimize Eq. (4).

4. Experiments

4.1. Data

4.1.1. Datasets
The cell images we detect are the images of stained tissues of

tumour-draining lymph nodes from patients with breast cancer,
which come from a multi-spectral imaging system. The dataset we
use is with 200 images (each 102 × 139 pixels, 100 images for train
data and 100 images for test data), which are randomly picked
up from tiny images that are cut from the big ones with size of
1020 × 1390 pixels (generated from the imaging system), for the
convenience of the cell segmentation. The final result is the same
for the tiny size, and with higher efficiency. With the 200 images,
we finally get the average 151.6 ± 22.1 cells per image. As we can
see from the above, the large images with 1020 × 1390 pixels will
have more than 10,000 pixels, thus the tiny ones can achieve higher
speed for segmentation. Although tissue images can usually see lots
of variation, the problem we focus on is whether the location of the
image is cell centre or not, while the variation is insignificant if the
whole dataset is with the same protocol staining.

4.1.2. Annotations
We  labelled all of the cells in each image. To ensure the accuracy

of the ground truth, images were carefully labelled by well-trained
microscopy experts. Specifically, each image was first annotated by
two experts independently. Then, we  overlapped the labels given
by them in computer for calibration. If the results given by the two
experts were different, a third expert would moderate the discus-
sion until they reached the final agreement.

4.2. Comparison
rediction framework for microscopy cell detection. Comput Med
4.07.001

In order to make a comparison with the two-layer structural
model, six methods are designed in our experiment.

Classification model [46]: Liu et al. proposed a random forest
based classifier with new feature sets to predict the lymph nodes

dx.doi.org/10.1016/j.compmedimag.2014.07.001
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n multi-spectral microscopy images. Since the source code of this
lgorithm is unreachable, we use the result provided in the paper.
n addition, the same raw data is used in the paper.

Object detection [47] + layout [9]: A two-step method is used
ombining the Integral Channel Features detection (ICF) [47] and
he Object Layout Discriminative Model (DLDM) [9]. Both of them
re state-of-the-art methods in the computer vision field, where ICF
s used to detect the cell candidates, and OLDM is used to decide
he final cell locations from the results of ICF.

The settings in ICF are with eight channels, including gradient
agnitude, grey scale, and six gradient histogram channels with

o-pre or post-smoothing. Also, the classifier is the AdaBoost with
000 depth-2 decision trees, with 5000 first-order features being
andomly generated.

The positive instances are the 100 original colour cell images
rom the training data, while the negative instances are the win-
ows from the positive images with no cell part, which leads to a
otal number of negative instances as 12,691, while the range of
egative instances’ size is from 15 × 15 pixels to 24 × 24 pixels.

As for the settings in DLDM, the category is replaced by one (the
nitial value is 21 categories), where the results of ICF are used as
he input. It seems that the algorithm does not perform well as the
verage number of the candidate cells per ICF cell image is 463.5,
hile the gold standard is 151.6 ± 22.1.

Auto-context [41] + non-maximum suppression (NMS):  A
wo-step method is used combining the auto-context algorithm
nd the non-maxima suppression. In auto-context process, the fea-
ures are scale-invariant feature transform features (SIFT), HAAR-
ike features (HAAR), histogram of oriented gradients features
HOG) and LUV colour features (LUV). Based on the classifier built
rom the Decision Random Tree (100 trees), the post-processing is
on-maxima suppression to detect accurate cell centres.

Regression based cell counting [48]: Although the ultimate
oal of cell detection is to evaluate the number of cells, we  also
ecognize the task as a regression problem, using Random Forest to
redict the number of cells.

In this algorithm, the input is the probability mapping images
enerated from the auto-context algorithm [41], while the output
s the number of cells in each image. While counting the number
f cells in an image, we define the number of a cell as the area per-
entage of this cell in this image. That is, 1 is obtained if the cell is
ompletely within the image; and 0.5 is considered to be fifty per-
entage included in the image. Each image is densely extracted to
8 × 48 sub-images as instances, while the overlap step is 16 pixels.
e finally get the average cell amount per instance as 24.11 ± 4.38.

00 trees are chosen in our random forests, with the features of grey
istogram, mean and variance from the cell probability mapping

mages.
Two-layer method with belief propagation: In the first layer

f the algorithm, the features we use are SIFT, HAAR, HOG and
UV, while the classifier is built from the Decision Random Tree.
n total, 100 trees are used, with 10 pixels structural radius and
00 iterations. In the second layer, belief propagation is used as

nference.
Two-layer method with jump-diffusion: The setting in the

ethod is the same as the above method in the first layer, while
n the second layer, we downsample 5 × 5 images with an overlap
tep of 3 pixels.

. Results

.1. Computational cost
Please cite this article in press as: Xu Y, et al. A two-layer structure p
Imaging Graph (2014), http://dx.doi.org/10.1016/j.compmedimag.201

We  performed the training process in a 64-bit operating sys-
em, with Intel(R) Core(TM)2 Quad CPU Q9400 @2.66 GHz 2.67 GHz
rocessor and 8.00 GB RAM, as well as Microsoft online IT support.
 PRESS
g and Graphics xxx (2014) xxx–xxx

Finally, 30 h was consumed to the first layer of the training pro-
cess for 100 cell images, which contributed a lot to the accuracy of
our ultimate result whereas 18 min  and 20 min were respectively
contributed to the jump-diffusion and belief propagation process
of the second layer. For the testing process, 50 min  was  consumed
to the first layer for 100 cell images, while 18 min and 20 min  were
contributed to the jump-diffusion and belief propagation process,
respectively.

5.2. Evaluation method

We  define TT (true detection) as the number of the predicted cell
centres which are within the labelled cells, TF (missed detection) as
the number of labelled cells with no predicted cell centre included,
and FT (false detection) as the number of the predicted cell centres
which are outside the labelled cells. Thus, the F-measure is used as
the evaluation measurement and formulated as follows:

Precision = TT

TT + FT
(14)

Recall = TT

TT + TF
(15)

F-measure = 2 × Precision × Recall

Precision + Recall
(16)

In addition, DistanceError is also used for evaluation, which is
defined as

DistanceError =

∑K
k=1min

xg∈X
dist(x, xg)

K
(17)

Typically, X denotes the set of gold standard cell centres; xg

denotes a gold standard cell centre; x denotes a predicted cell cen-
tre; and dist denotes Euclidean distance.

Two kinds of DistanceError are computed in our experiment by
defining different types of K. One is denoted as the total amount of
the predicted cell centres, which determines the DistanceError to
be DisErr1; the other is defined as the total amount of the TT, which
results in DisErr2.

5.3. F-measure result

Table 1 summaries the performance of five methods, includ-
ing classification model, auto-context, object detection + layout,
auto-context + non-maxima suppression, our method with belief
propagation and our method with jump-diffusion, along with the
DistanceError of the last four methods. As we can see from Tabel 1,
the performance of object detection + layout is not satisfied, which
is probably because a mere post-processing on detection relies on
the prior configuration only, making the algorithm prone to errors
in the detection stage. Our method with belief propagation is with
a little worse performance DistanceError than the other with the
use of jump-diffusion process, due to its capability of getting the
global optimal solution. The results demonstrate that our methods
are better than other state-of-the-art methods.

In addition, the experiment of regression based cell counting is
conducted, where each image is downsampled into 18 sub-images,
making the prediction of the number of cells in each image feasi-
ble. The results further confirm the advantages of our methods, as
shown in Fig. 2 and Table 1.

6. Discussion
rediction framework for microscopy cell detection. Comput Med
4.07.001

In recent years, there has been increasing interest in the cell
segmentation, especially the quantitative assessment for the med-
ical image, which may  further provide a reference for the choice

dx.doi.org/10.1016/j.compmedimag.2014.07.001
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f therapy. As the code and dataset from [22,23,46] are not pub-
icly accessible, it is quite difficult to directly compare between
ifferent algorithms. Hence, we only list the results of those algo-
ithms as references. In [23], the classification of breast cancer
uclei was conducted by Biopsy Analysis Support System (BASS),
hich extracted four local features (optical density, chromaticity,

nd textures) and two global features from the individual nuclei,
hus resulting in the performance of 72.1% correct classification on
he test dataset. The paper [22] used a robust automated tumour
ell segmentation model to apply on both routine histochemi-
al tissue slides and immunohistochemistry (IHC) images, which
espectively achieved 80% accuracy, 79% precision and 78% accu-
acy, 89% precision. Liu et al. [46] developed a learning based model
ased on a new feature set using the eigenvalues of the Hessian
atrix to capture the elliptic shape around each pixel for the iden-

ification of different types of cells, which was performed on the
ame dataset with ours, but only with an average 87.34% accuracy
Table 1) for the cell detection.1 As we can see from the Table 1, only
sing the auto-context [41] without the further processing of the
econd layer is with 80.31% precision and 94.57% accuracy, which
ets the result by defining the maximum grey scale point in the
eighbourhood as the central point of cell. The ignorance of the
econd layer seems to get a very low precision and a high accuracy,
hich means the overlapping rate is very high (Fig. 2(d)), empha-

izing the importance of the utilization of the second layer model.
lso, the precision of object detection [47] + layout [9] method is
ith good performance but the accuracy is poor, leading to a bad
erformance for the output. As the object detection algorithm (ICF
nd DLDM) does not provide a good identification for the overlap
art of cells, the detection amount is very big before the layout pro-
ess, which may  reject the correct part of the overlap cell centre and
eave the wrong part. Also, negative instances of a big size for a cell
mage is hard to find, which is filled with a large number of cell
entres waiting to be detected, bringing about a bad provision of
egative instances for training process.

The auto-context [41] + non-maximum suppression (NMS)
ethod provides a commonplace result for the microscopic cell

etection, although it is with the first process of the method the
ame to the algorithm we provide. That is, the non-maximum
uppression only restrains the non-maximum value of the auto-
ontext result, which gives no contribution to the cell centre
lassification. As we can observe from the original cell image and
he result of auto-context algorithm, the restriction along the gra-
ient direction on the grey level image does not provide an accurate
etection for microscopy cell centre.

The two-layer model we propose is with the same result from
he first layer auto-context process; however, the second layer pro-
ess we propose is more effective for cell centre detection: learning
he rich information provided from prior step, the belief propaga-
ion and the jump-diffusion algorithm are used respectively. The
lobal optimal solution is obtained in the jump-diffusion process,
hich promotes the optimization for the moving and existence
roblem of microscopic cell centres, thus gains a better perfor-
ance than the belief propagation process.

. Conclusions
Please cite this article in press as: Xu Y, et al. A two-layer structure p
Imaging Graph (2014), http://dx.doi.org/10.1016/j.compmedimag.201

In this paper, we cast the problem of cell detection from an angle
f structural prediction, and introduce a two-layer model, which
an realize knowledge representation and propagation. As we can

1 We have also tried to contact many authors working on medical segmenta-
ion related to our topic to validate our method. Unfortunately, they either did not
nswer our email or cannot share the data with us. Nevertheless, we believe the
xperimental results shown here demonstrate the effectiveness of our method.

[

[

[

[
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see, the advantage of our method is evident with effectiveness and
efficiency over the state-of-the-art methods.

For detecting the cells of irregular shape, there are still some
defects in our result and we  do not classify cell types into detailed
groups such as the T-cell, B-cell or others. We  will use multi-class
prediction and take more explicit structures into account in the
future.
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