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mask R-CNN using xception
regression model
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'Department of Radiology, Guangzhou Twelfth People’s Hospital, Guangzhou, China, 2Department of
Radiology, The Fifth Affiliated Hospital of Guangzhou Medical University, Guangzhou, China, *Department of
CT/MRI, The Second Affiliated Hospital of Fujian Medical University, Quanzhou, China

Background and Objective: Bone age detection plays an important role in medical
care, sports, judicial expertise and other fields. Traditional bone age identification and
detection is according to manual interpretation of X-ray images of hand bone by
doctors. This method is subjective and requires experience, and has certain errors.
Computer-aided detection can effectually enhance the validity of medical diagnosis,
especially with the fast development of machine learning and neural network, the
method of bone age recognition using machine learning has gradually become the
focus of research, which has the advantages of simple data pretreatment, good
robustness and high recognition accuracy.

Methods: In this paper, the hand bone segmentation network based on Mask R-CNN
was proposed to segment the hand bone area, and the segmented hand bone region
was directly input into the regression network for bone age evaluation. The
regression network is using an enhancd network Xception of InceptionV3. After
the output of Xception, the convolutional block attention module is connected to
refine the feature mapping from channel and space to obtain more effective features.

Results: According to the experimental results, the hand bone segmentation
network model based on Mask R-CNN can segment the hand bone region and
eliminate the interference of redundant background information. The average Dice
coefficient on the verification set is 0.976. The mean absolute error of predicting
bone age on our data set was only 4.97 months, which exceeded the accuracy of
most other bone age assessment methods.

Conclusion: Experiments show that the accuracy of bone age assessment can be
enhancd by using the Mask R-CNN-based hand bone segmentation network and the
Xception bone age regression network to form a model, which can be well applied to
actual clinical bone age assessment.

KEYWORDS

hand bone X-ray images, bone age assessment, deep learning, mask R-CNN, Xception

1 Introduction

Bone age can reflect the level and maturity of human growth and development. Bone
age detection is widely used in clinical medicine (Wilson, 1999), forensic medicine, sports
medicine and other fields. In clinical medicine, endocrine, developmental and nutritional
disorders can be diagnosed by assessing skeletal development. Through bone age, we can
determine the development stage of adolescents and children, determine the appropriate
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time for orthopaedic surgery such as teeth or nasal cavity, and
provide a basis for predicting height. In forensic science, bone age
can estimate the real birth time of an individual and provide legal
basis for criminal identification. In addition, according to the
individual development determined by bone age, we can guide
the selection of athletes more scientifically. The research on
children’s bone development has a history of more than
100 years since the discovery of roentgen rays. In this long
research process, in order to find the part that can best
represent the individual’s age, people have conducted extensive
research on the ossification law of the ossification center of each
joint of the human body, and put forward various bone evaluation
methods according to the ossification law of different parts.
Because the bone development of the wrist can represent the
whole body bone, and the radiation damage to the human body
is the least when taking X-rays, it has become the main part of the
application of bone age evaluation. The traditional bone age
recognition method - bone age standard atlas and scoring
method is an evaluation method using wrist bone analysis.

By observing the shape, size and closure of different bones, the
bone age can be estimated using the corresponding evaluation
methods. There are many traditional bone age assessment
methods, generally including counting method, Atlas method
and scoring method, among which the most commonly used are
GP Atlas method (Radiographic Atlas, 1959), TW2 scoring method
(Paul, 1986) and TW3 scoring method (Carty, 2002). The counting
method first needs to count the time when the ossification center
appears and the number of bones mature. By comparing with the
standard number, we can infer the bone age, but the application
range is narrow and the error is large, so it has been rarely used at
present. The atlas law requires comparing the X-ray film of the
detector’s hand with the standard bone age atlas to infer the bone
age. The advantage of Atlas method is that it pays attention to the
number, shape and size of bones at the same time, but the X-ray
films of some testers are quite different from the standard atlas,
which is easy to be affected by subjectivity, resulting in poor
The to divide the
development status of each bone in the hand into different
grades, and then evaluate the corresponding grades and scores

accuracy; scoring method is mainly

of different bones. The sum of the scores of all bones is the final
score of the hand X-ray film. Finally, the bone age can be inferred
according to the median curve of bone maturity score. At present,
TW3 scoring method is recognized as one of the more accurate
methods. These methods require high professional skills of
orthopedic doctors, require doctors to analyze and calculate
quantitative indicators for a long time, and are very vulnerable
to subjective factors, resulting in excessive operator error. As a
result, research on automated bone age assessment method has
been increasing.

With the popularization and development of computer
technology, the emergence of computer-aided bone age prediction
technology solves the problems of great influence and randomness by
doctors’ subjective factors in the traditional bone age prediction, and
correspondingly reduces the time of bone age prediction. However, the
early computer-aided bone age prediction method has some
disadvantages, such as large error and small scope of application
(Thodberg et al., 2009a). In recent years, computer vision and image
recognition technology have developed rapidly. Especially with the
disclosure of a large number of hand bone X-ray datasets and the
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remarkable improvement of computer performance, machine
learning-based bone age prediction has also become a research
hotspot in recent years.

In 2007, Hsieh et al. (2007) pointed out that bone age can be
evaluated according to the geometric characteristics of carpal
bones. The shape and area of wrist bone are extracted manually,
and the bone age classification of image is realized by using linear
classifier, radial basis function and principal component analysis.
The feasibility of bone age recognition by segmenting wrist region
is preliminarily proved. In 2010, (Chi-Wen et al., 2010) used
morphological methods to extract the shape of wrist bone, and
used fuzzy classifier and principal component analysis to infer bone
age. Bone age is calculated by considering the geometrical features
of the carpal bones. The main characteristics include the area and
proportion of each bone of carpal bone, as well as the contour
information of carpal bone. Thodberg et al. (2009b) developed a
bone age evaluation system called bonex PERT by combining G & P
method and TW2 method. It was tested on 1559 X-ray private data
sets of hand bones of children aged 7 to 17, and its mean square
error (MSE) was 9.6 months. Lee et al. (2017) developed a system
for dividing bone age in units of age. Tested on private data sets, the
MAE of women and men reached 11.16 months and 9.84 months
respectively. SpampinatoPalazzoGiordano et al. (2017) used Bonet,
an end-to-end convolutional neural network with an MAE of
9.48 months, in the DHA (digital handatlas) public dataset.
Larson et al. (2018) proposed a new ResNet-50-based method
for skeletal age estimation. The MAE on RSNA (Radiological
Society of North America) children’s bone age challenge test set
was 7.2 months, and the MSE (Halabi et al., 2019) on DHA subset
was 8.76 months. Sung et al. (2019) used a Faster R-CNN network
to detect regions of interest (ROI) in TW3 and converted
13 maturity predictions into bone age. The MAE on its internal
test set was 5.52 months. Bui et al. (2019) also used Faster R-CNN
network to detect ROI in TW3, and then trained a support vector
regression model to predict bone age, which was tested on DHA
data set, and its MAE was 7.08 months. Baoyu et al. (2019) uses the
FasterR-CNN network to measure the ossification centers of the
epiphysis and carpal bones, replaces the convolutional part in
Bonet with ResNet-50, and conducts experiments on DHA. Its
MAE was 6.12 months. Xu et al. (2020) first extracted local
binarized features from the image, and then used SVM for
classification. The MAE tested on the private data set was
5.46 months.

Although the above method can reduce the workload of
manual work to a certain extent and achieve the purpose of
bone age assessment, there are still three problems: 1) Some
methods are to evaluate the X-ray image of the entire hand
bone, resulting in too much background information in the
image, resulting in serious errors; some inspection methods are
to extract the clinical Rol of the hand bone in advance, so it is
difficult to avoid manual operation; 2) For some detection
methods, the first part is to preprocess bone X-rays, and the
second part is to use feature information to evaluate bone age,
which greatly restricts the automatic evaluation of bone age; 3)
The evaluation error is high.

To solve the above problems, this paper proposes a composition
model of hand bone segmentation network based on Mask R-CNN
and xception bone age regression network to evaluate bone age,
overcomes the limitations and complexity of traditional manual
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FIGURE 1

Deep neural network classification structure.

extraction techniques, improves the accuracy of bone age, and is more
suitable for clinical bone age evaluation than other evaluation
methods.

2 Methodology
2.1 Deep learning

The concept of deep learning was first proposed by Hinton from
the University of Toronto, Canada. Deep learning emerges from
human neural networks. It simulates how the human cerebral
cortex and visual nervous system process information, analyzes and
interprets data (Hu et al., 2017).

Deep learning is an algorithm that uses complex structures or
multiple non-linear neural networks to represent and learn the
provided data by setting perceptrons with different numbers of
hidden layers, so as to automatically obtain the appropriate link
weights, and apply them to classify and identify the original data,
so that the computer can simulate the human brain to realize
hierarchical processing and understanding of data. The “depth” of
deep learning is relative to the “shallow” methods such as support
vector machine, lifting method and maximum entropy method
(Hatcher and Yu, 2018). The shallow learning method mainly
extracts the sample features manually, which can only obtain the
image representation features. The deep neural network obtains
the features of the original data layer by layer through multiple
non-linear network structure, and obtains the hierarchical feature
expression in the way of automatic learning.

Deep learning has shown its unique advantages in search
data
translation, natural language processing, multimedia learning

technology, mining, machine learning, machine
and so on. According to the different characteristics of depth
learning algorithm, it is divided into feedforward depth network
(FFDN), feedback depth network (FBDN) and bidirectional depth
network (BDDN). According to the network structure division,
the current main deep neural networks are roughly classified as
shown in Figure 1. Feedforward depth network refers to the one-
way data input through one or more hidden layer perceptrons to
the output layer, including multi-layer perceptron (MLP) and
convolutional neural network (CNN) (Hu et al., 2017). CNN
network came out earlier and has been widely used in

computer vision tasks.
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2.2 Convolutional neural network

Convolutional neural networks (CNN) is a kind of feedforward
neural networks with depth structure and convolution calculation. It is
one of the representative algorithms of deep learning.

A convolutional neural network usually consists of input layer,
hidden layer and output layer. The input layer of a convolutional
neural network can handle multidimensional data. The structure and
working principle of the output layer are similar to the traditional
feedforward neural network. In an image classification problem, the
output can be a classification label. In the object recognition problem,
the output can be the center coordinates, size and classification of the
output object. . Hidden layers usually include convolutional layers,
pooling layers and fully connected layers, which are introduced as
follows:

The main function of the convolutional layer is to extract the input
data. The number of convolution kernels determines the number of
convolution output channels in advance. On the feature map output
by the previous convolutional layer, translate and slide according to
the set step size, multiply and sum the position elements
corresponding to the convolution kernel, and finally output the
feature map of the next layer. The activation function layer in the
convolution layer can non-linear map the convolution operation
results, and map the convolution or pooled output results to a
specific range, generally between 0 and 1. Therefore, it is often
used in combination with convolution operation. The most
frequently used activation functions include sigmoid function,
hyperbolic tangent function, corrector linear unit (relu), leaky relu
(Irelu), etc.

The pooling layer is also called the lower sampling layer. The most
important thing is the pooling function. The result of a single point in
the characteristic graph can be replaced by the characteristic graph
statistics of its adjacent regions. Because the feature map after
convolution layer obtains a large number of features with local
correlation, if these features are directly used for training, it will
cause the phenomenon of over fitting. Through the pooling layer, the
large-size feature map can be represented by the small-size feature
map, so as to remove the unnecessary redundant features for
identifying objects, reduce the feature dimension and simplify the
network calculation complexity.

The full connection layer connects each network node with each
node of the previous field. Thus, the features extracted from the front
can be integrated to form a feature vector. According to the difference
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FIGURE 2
Structure of hand bone segmentation network.

between feature vectors and the comparison of distance, the final result
can be classification operation or regression task.

2.3 Traditional methods of bone age
assessment

The traditional assessment methods of bone age mainly use two
methods: Greulich & Pyle (1959) (G&P) and Tanner-Whitehouse
(TW2). Doctors usually use the first GP method to diagnose bone age.
The GP method is also called the G-P atlas method. The target X-ray
film was compared with the reference map to draw the conclusion.
Although it is convenient, it has obvious shortcomings. It is very
subjective and has high requirements for reference maps. Reference
maps of different countries and races cannot be used universally (Berst
et al,, 2001). Tanner ] and Whitehouse R developed the TW2 method
to reduce the influence of human subjective factors in the evaluation of
bone age. The TW2 method, also known as the Bone Age Score, differs
from the previous overall comparison by comparing bones by bone.
According to the development degree of each skeleton and its
corresponding score, the final conclusion is calculated, and it has a
higher accuracy than the G-P atlas method (King et al., 1994).
Although the TW method is more objective than the G-P method,
it also takes longer to evaluate once, and it does not completely escape
the subjective perception of humans (comparison by skeleton still
requires human effort). Helen (2002) enhancd the TW2 method and
proposed the TW3 method, which made it take a little less time. In the
21st century, Heyworth B E has further shortened the time required
for an evaluation using these two methods (Heyworth et al., 2013),
since its main improvement is to define some shorthand methods for
specific hand bone evaluation, so it still does not get rid of the human
hand intervention.

In the study of automatic bone age evaluation methods, BoneXpert
is the first influential automatic bone age assessment method for
children in recent years, and it also has a considerable high accuracy
rate. BoneXpert requires an active appearance model (AAM) that can
be used to quantify shape. The earliest AAM was used for statistical
modeling of human faces (Cootes et al., 2001). In BoneXpert, AAM
was used to find and extract the 15 required bones in the hand bones
and then score them (G-P atlas or TW scoring) using shape, strength
and texture features. Compared with the traditional bone age
evaluation method, this method is free from the constraints of
manpower and has high accuracy. But its judgment needs to rely
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on some connection between real age and bone age, and because of
this, it does not belong to direct judgment. Since then, many other
methods of automatic bone age evaluation have emerged. For
example, the carpal bones are extracted by edge detection, a model
function is established, and the bone age is evaluated according to the
characteristics of the carpal bones. As children grow older, the changes
in carpal bone characteristics are not obvious, so this method is only
useful in the evaluation of bone age in children 7 years old and
younger (Zhang and GertychLiu, 2007; Somkantha et al., 2011).
Other methods include fully connected neural networks using
fixed-size feature vectors for description screening by means of
SVD (Seok et al, 2012), and automatic carpal region extraction
using support vector regression (KashifDesernoHaak and Jonas,
2016) or random forest regression (Adeshina et al, 2014). Make
predictions. These methods take BAA to a new level, which is the
full development of automated bone age assessment methods.
However, their development is limited by data. Without enough
data, they cannot have good training results, and the validation is
also lacking in robustness and convincing.

2.4 Hand bone segmentation based on mask
R-CNN

In recent years, due to the rapid development of big data, machine
learning and other technologies, it has also been applied in bone age
evaluation. Most hand bone X-ray images contain redundant
etc.),
resulting in the regression network paying too much attention to

background information (identification, artifact, noise,
other parts of the X-ray image except the hand bone, which affects the
bone age evaluation results. It is necessary to segment the complete
hand bone area to eliminate these interferences. Mask R-CNN is one
of the most advanced image segmentation algorithms, so this paper
uses Mask R-CNN to segment the complete hand bone region.
Mask R-CNN has added a branch of prediction segmentation
mask based on the multi category classification and candidate box
regression realized by Faster R-CNN (Ren et al., 2017). Faster R-CNN
first extracts the feature map of the image through ResNet-50 and
feature pyramid networks (FPN), and then generates the detection
frame through regional proposal networks (RPN). Faster R-CNN uses
roipooling to realize the mapping of ROI from the original image area
to the convolution area, pool it into a fixed size, and normalize the size

of the input area into the input size of the convolution network. In the
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FIGURE 3
Schematic diagram of Xception

process of normalization, it is difficult to avoid the problem that the
extracted features do not coincide with ROI, resulting in the loss of
features. In order to solve this problem, Mask R-CNN proposes the
concept of roialign, which uses the roialign layer to correct the
deviation between the extracted features and the input RO], that is,
bilinear interpolation is used to calculate the eigenvalues obtained
from four fixed sampling points in the ROI, and the results are fused to
obtain the position of the center point. In addition, the branch used to
predict the segmentation mask is essentially a full convolutional
networks (FCN). FCN solves the problem of image segmentation at
the semantic level by classifying the image at the pixel level. The mask
obtained from the X-ray image of hand bone segmented by Mask
R-CNN is fused with the original image to obtain a complete hand
bone area without redundant information. Its structure is shown in
Figure 2.

2.4.1 Mask R-CNN loss function

Neural network training is a process of using back propagation
algorithm to optimize the parameters in the network structure to
reduce the loss. Loss is the penalty caused by inaccurate prediction in
the process of neural network training, which describes the gap
between the network prediction results and the actual results. The
loss in the training process is calculated by the loss function. For each
region of interest, the total loss of Mask R-CNN is defined as

L=L.+L,+L, (1)

Where L is the total loss of the network; L, refers to classification loss,
which is used to measure the accuracy of network classification; L, is
the regression loss, which is used to measure the accuracy of frame
positioning; L, is the mask loss, which is used to measure the accuracy
of mask position.

For each detection category u, calculate L. through the logarithm
of softmax loss function

Lc(p,u) = ~log, (pu) )
Calculate L; by smoothy, loss function

Ly (tv) = Z smoothy, (t},v;) 3)

te {x, y,w,h}

In the formula: p = (po, ..., px) is the calculation result of the
SoftMax function; v = (vx, V), Vv, v4) is the real bounding box
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coordinates of the target to be tested; * = (#5, £}, . £};) , which is
the coordinate correction of the bounding box for the u-th target.

The smoothy, loss function is defined as

0.5x° x| <1

4
|x] <0.5 Otherwise @)

smoothy, (x) = {
Similar to L, L, is calculated by averaging binary cross-entropy
loss function.

2.5 Xception regression network

Xception network is a kind of network for image classification,
which is enhancd based on inception V3 (Tao and Mughees, 2021).
Xception network replaces the convolution in the original
inception V3 with deep separable convolution, which increases
the network width and reduces the amount of parameters and
calculations of the model (Chen et al., 2020). By introducing a
residual connection mechanism similar to ResNet, the convergence
of the network is improved, the classification accuracy is improved,
and the detailed characteristics of the network are improved. In this
way, the Xception network can effectively improve the
performance of the model without increasing the network
complexity.

Inception V3 divides 3 x 3 convolutions into 3 groups. If the
feature maps of k; channels obtained from 1x1 of Inception V3 are
completely separated, that is, k; different convolutions are used to
convolve on m channels respectively, Then its number of parameters is
mx ki +k; x3 x 3. If the number of convolution channels of
InceptionV3 is set to k2, that is, the number of parameters is
m x ky + ky x 3 x 3. The number of parameters is 1/k; of ordinary
convolution, and this form is called Extreme Inception, or Xception
for short, as shown in Figure 3:

Xception model is divided into three parts: entry flow, middle flow
and exit flow. There are 14 blocks in total, including 4 input flows,
8 intermediate flows and 2 output flows (Chollet, 2017).

The improvement of Xception is to introduce deep separable
convolution and residual connection. Deep separable convolution
can reduce the amount of model parameters and maintain high
accuracy. Residual connections can solve the vanishing or
exploding gradient problem.
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3 Results
3.1 Evaluating indicator

The hand bone segmentation network uses the Dice coefficient as
the evaluation index of the hand bone region segmentation result. The
Dice coefficient is mainly used to calculate the coincidence degree of
the prediction mask and the label mask. The operation process is
shown in Eq. 5:

21AN Bl

Dice = ——
[Al +|B|

(5)
Among them, A stands for the pixel area of the label mask, and B
stands for the pixel area of the prediction mask. The larger the value of
the Dice coefficient, the better the segmentation effect.
The bone age regression network uses MAE as the evaluation
index of the bone age evaluation results, and the operation process is
shown in Eq. 6:

1 N .
MAE = =% |7 -y 6)

Among them, N indicates the total number of samples, y;
indicates the true value of bone age, and y; indicates the predicted
value of bone age. The lower the MAE value, the better the prediction
effect can be obtained.

3.2 Data set

X-ray films of the hand bones of human subjects were scanned and
consolidated by the Department of Radiology, Guangzhou Twelfth
People’s Hospital, annotated by multiple experts, and finally the
average value of the predicted age of multiple experts was taken as
the label of the data. The data set includes 300 children’s hand X-ray
films, of which the training set contains 250 images, including 146 for
men and 104 for women, 50 for test set, 25 for men and 25 for women
respectively. The data distribution is shown in Figure 4 In the training
set and test set, the data distribution is similar. The age of most
samples is about 6-15years old, and there are few data before
0-6 years old and after 18 years old. The age distribution of male
and female data is shown in Figure 5.

The image quality of the hand bone data sets varies greatly, and the
image resolution is inconsistent. The maximum resolution of the
image in the training set reaches 2,970 x 2,460, while the smallest
resolution is only 1,011 x 800, palm posture is also different, and there
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are problems such as rotation, turnover, occlusion and inconsistent
size. Through the observation of X-ray films of hand bones at different
ages, it can be clearly seen that hand bones show different shape and
size characteristics at different ages. In the stage of 1-6 years old, the
gap between metacarpal bone and phalange is large, calcification
points and ossification centers in the wrist have just appeared, a
small number of bones such as cephaloid bone and uncinate bone are
scattered in the wrist area, and ossification centers begin to appear in
the radius. At the age of 7-12 years, the ossification center increases
gradually, all carpal bones are basically mature, and the ulnar epiphysis
has just begun to develop. At the age of 13-18, almost all bones begin
to heal, so the gap between joints becomes smaller and the
morphological differences between bones are smaller.

3.3 Preprocessing and data augmentation

Data preprocessing plays an important role in the method based
on deep learning, because the quality of data directly determines the
upper limit of the final result. The data preprocessing method in this
paper is histogram equalization. Histogram equalization can enhanc
the brightness of dark image and reduce the impact of data quality on
the model. Histogram equalization needs to first calculate the pixel
histogram of the image, then make it evenly distributed in the
appropriate interval through the gray conversion function, and
finally process the original image based on the adjusted histogram
to make the image clearer.

For an image with a gray level of [0, L - 1], the frequency of
occurrence of pixels needs to be counted first:

P(rk):%, k=0,1,2,....L—1 %)
In the Equation: M and N stand for the length and width of the image
respectively, 7y stands for the kth grayscale value, and ; stands for the
number of occurrences of the pixel with the grayscale value ry.

Then we can use Eq. 8 to calculate the original gray level
corresponding to the equalized gray level:

-1k

=T = (L-DY, P(r;) = ?M—

N Lj="?

®)
k=0,1,2,...,L-1

After histogram equalization, the image can more clearly display
the structure and texture of carpal bone, and the distribution of pixels
is more uniform.

In the process, the model is prone to over fitting, which makes the
trained model unable to be generalized to new data. Therefore, data
enhancement technology needs to be used to increase samples. In this
experiment, the input images of each batch are randomly turned
horizontally and rotated by 20°, and the training samples and
verification samples

are expanded to improve the model’s

generalization ability to new data.

3.4 Mask R-CNN segmentation results

The average Dice coefficient of the hand bone segmentation
network model on the validation set is 0.976, and then the optimal
model is used for the hand bone segmentation of the remaining
250 hand bone X-ray images. Part of the segmentation results are
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FIGURE 5

X-rays of hands based on (A) 1-6 years old; (B) 7-12 years old; (C) 13-18 years old.

shown in Figure 6. The hand bone area can be segmented to eliminate
the interference of redundant background information.

3.5 Evaluation results based on xception
regression model

The performance of our method is verified by ablation
experiments. In Model 1, bone age is directly measured using the
original Xception network, resulting in a MAE of 8.18 months. In
Model 2, Mask R-CNN is used to first segment the hand bone area,
and then Xception neural network is used to estimate the bone age,
and the final MAE is 6.03 months. Model 3 first uses Mask R-CNN to
segment the hand bone area, and then uses the modified Xception
network to measure the bone age, and the result is 5.44 months. The
results of bone age determination in the ablation test are shown in
Table 1.

4 Discussion

Bone age is the age description of bone development process,
which stands for the general state of bone development of normal
people of different ages. Bone age has a position that cannot be
underestimated in medical and healthcare, sports, and judicial
appraisal. A method commonly used internationally to assess the

Frontiers in Physiology

physical development level of adolescents is to use X-ray images of the
hands to assess bone age.

Computer-aided detection can effectively enhanc the efficiency of
medical diagnosis, quickly screen and discriminate in huge medical
data, and can reduce the problem of low efficiency of manual
identification and different results for different readers. At the
same time, in addition to the field of sports, in view of the
problem of low detection accuracy caused by the difficulty of data
acquisition and inconsistent standards in small hospitals, judicial
detection and other fields, this paper starts from the preprocessing
of medical images and the improvement of deep detection model
algorithms. Using deep learning, the composition model of the hand
bone segmentation network and Xception bone age regression
network based on Mask R-CNN is proposed. The experiments
show that the method in this paper is simpler and more accurate
than other methods, and has achieved satisfactory results, but there are
still many places to be. Further improvement, follow-up work can be
carried out from the following aspects.

1) Metacarpal, phalangeal, ulnar or radial bones are used for bone age
recognition. This paper mainly studies the bone age recognition of
hand data. The effect of bone age recognition of other local bones
needs further research and experiment.

2) Solve the problem of uneven number of data sets at different ages.
The quality of data set directly affects the results of bone age
prediction model, and the insufficient amount of data will also
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FIGURE 6
Results of hand bone segmentation.

TABLE 1 Comparison of bone age assessment results in ablation experiments (/
means using the model, x means not using the model).

1 v X X 8.18

2 N vV x 6.03

3 N N Ni 5.44

cause many problems. Due to the limitation of the actual scene, the
number of X-rays taken by children and adults is small, resulting in
a small number of low age and high age stages. Therefore, there are
problems of over fitting the data of the middle age group and under
fitting the data of the low age group and high age group. The
accuracy of bone age recognition can be further improved by
designing appropriate data sampling strategies and data
enhancement methods.

3

=

Model pruning. By designing lightweight networks or training
complex networks and then pruning, the time of model testing can
be reduced and the efficiency of bone age recognition can be
further improved.

4) If conditions permit, we can try to deploy the algorithm to the
actual relevant equipment, or package the model as computer
software and put it into clinical application.

In summary, although the research of the paper has achieved the
intended purpose, it still needs to be further improved. At present, the
application of deep learning technology in bone age evaluation is still
in its infancy, but its development potential is still great, requiring the
joint efforts of computer scientists, medical industry experts and
medical institution experts. Volumetric modelling of the hand
structures (Zhao et al, 2022) assists in the analysis of the
orthopedics condition. In addition to the Mask R-CNN deep
learning technique, the consideration of implementing extreme
learning (Lu et al, 2020; Tang et al, 2022) for the image
classification is proposed as future work, and will enhance the
current medical diagnosis, learning the different possible clinical
treatment (Shen et al,, 2015), as well as provide improvement in

Frontiers in Physiology

structural mechanics (Wong et al., 2012) of the bone or related tissues
for research applications.

5 Conclusion

This paper proposes an automatic bone age assessment method
Firstly, the
segmentation network based on Mask R-CNN is used to accurately

based on deep convolutional neural networks.
remove the unnecessary information in the original image and
segment the complete hand bone area, which provides a good data
enhancement effect for the bone age assessment network. The
performance of the bone age prediction model was enhancd, and
the MAE was reduced by 2.15 months compared with the image noise
without image noise removal. Then, the improved Xception regression
network model was introduced, and the final MAE was 5.44 months,
which has a relative reduction of 2.74 months. The experimental
results show that, compared with other methods, this method is
simpler and more accurate, can significantly improve the
recognition rate of bone age, and has good application value in

clinical application.

Data availability statement

The raw data supporting the conclusion of this article will be made
available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by Guangzhou Twelfth People’s Hospital. Written
informed consent to participate in this study was provided by the
participants’ legal guardian/next of kin. All human subjects in this
study gave their consent for the participation of the research. Written
informed consent was obtained from the individual(s), and minor(s)’
legal guardian/next of kin, for the publication of any potentially
identifiable images or data included in this article.

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1062034

Liu et al.

Author contributions

Y-ZL, Z-QL, and Z-JH contributed to conception and design of the
study. Z-QL organized the database. Y-ZL performed the statistical
analysis. Z-QL wrote the first draft of the manuscript. Z-HZ, T-QW,
Y-LT, and G-XY wrote sections of the manuscript. All authors contributed
to manuscript revision, read, and approved the submitted version.

Funding

This work was sponsored by Fujian provincial health technology
project (2021QNA038). We appreciate the support by the Deep Red
AI Analytics Toolbox in providing the machine learning techniques
that are used in this research.

References

Adeshina, S. A, Lindner, C.,, and Cootes, T. F. (2014). “Automatic segmentation of carpal area
bones with random forest regression voting for estimating skeletal maturity in infants,” in
Electronics, computer and computation (ICECCO), 2014 11th international conference on, 1-4.

Baoyu, L., Yunkai, Z., Chao, T., Zhao, J., Li, ., He, X,, et al. (2019). A deep automated
skeletal bone age assessment model via region-based convolutional neural network. Future
Gener. Comput. Syst. 98 (9), 54-59. doi:10.1016/j.future.2019.01.057

Berst, M. J., Dolan, L., Bogdanowicz, M. M., Stevens, M. A., Chow, S., and Brandser, E. A.
(2001). Effect of knowledge of chronologic age on the variability of pediatric bone age
determined using the Greulich and Pyle standards. [J]. Ajr Am. ]. Roentgenol. 176 (2),
507-510. doi:10.2214/ajr.176.2.1760507

Bui, T. D, Lee, J. J., and Shin, J. (2019). Incorporated region detection and classification
using deep convolutional networks for bone age assessment. Artif. Intell. Med. 97 (6), 1-8.
doi:10.1016/j.artmed.2019.04.005

Carty, H. (2002). Assessment of skeletal maturity and prediction of adult height
(TW3 method). J. Bone Jt. Surg. Br. volume 36 (1), 27-47.

Chen, H,, Yang, Y., and Zhang, S. (2020). Learning robust scene classification model with data
augmentation based on xception. J. Phys. Conf. Ser. 1575, 012009.

Chi-Wen, H., Tzu-Chiang, L., Tai-Lang, J., and Tiu, C. M. (2010). A fuzzy-based growth
model with principle component analysis selection for carpal bone-age assessment. Med.
Biol. Eng. Comput. 48 (6), 579-588. do0i:10.1007/s11517-010-0609-y

Chollet, F. (2017). “Xception: Deep learning with depthwise separable convolutions,” in
Hawaii:2017 IEEE conference on computer vision and pattern recognition (CVPR), 1800-1807.

Cootes, T. F., Edwards, G. J., and Taylor, C. J. (2001). Active appearance models. IEEE
Trans. Pattern Analysis Mach. Intell. 23 (6), 681-685. doi:10.1109/34.927467

Halabi, S. S., Prevedello, L. M., Kalpathy-Cramer, J., Mamonov, A. B., Bilbily, A., Cicero,
M, etal. (2019). The RSNA pediatric bone age machine learning challenge. Radiology 290
(2), 498-503. doi:10.1148/radiol.2018180736

Hatcher, W. G, and Yu, W. (2018). A survey of deep learning: Platforms, applications and
emerging research trends[J]. IEEE Access 6 (1), 48-59. doi:10.1109/ACCESS.2018.2830661

Helen, C. (2002). Assessment of skeletal maturity and prediction of adult height
(TW3 method). J. Bone Jt. Surg. Br. volume 84-B (2), 310-311. doi:10.1302/0301-620x.
84b2.0840310¢

Heyworth, B. E., Osei, D. A., Fabricant, P. D., Schneider, R., Doyle, S. M., Green, D. W.,
et al. (2013). The shorthand bone age assessment: A simpler alternative to current
methods. J. Pediatr. Orthop. 33 (5), 569-574. doi:10.1097/BPO.0b013e318293e52

Hsieh, C., Jong, T., Chou, Y., and Tiu, C. M. (2007). Computerized geometric features of
carpal bone for bone age estimation. Chin. Med. J. 120 (9), 767-770. doi:10.1097/
00029330-200705010-00006

Hu, T. H,, Wan, L, Liu, T. A, Wang, M. W,, Chen, T., and Wang, Y. H. (2017).
Advantages and application prospects of deep learning in image recognition and bone age
assessment. Fa Yi Xue Za Zhi 33, 629-634. doi:10.3969/j.issn.1004—5619.2017.064013

KashifDesernoHaak, M. T. M. D., and Jonas, S. (2016). Feature description with sift, surf,
brief, brisk, or freak? A general question answered for bone age assessment[]J]. Comput.
Biol. Med. 68 (C), 67-75. doi:10.1016/j.compbiomed.2015.11.006

King, D. G., Steventon, D. M., O’Sullivan, M. P., Hornsby, V. P., Jefferson, I. G., and
King, P. R. (1994). Reproducibility of bone ages when performed by radiology registrars:
An audit of tanner and Whitehouse II versus Greulich and Pyle methods. Br. J. Radiology
67 (801), 848-851. doi:10.1259/0007-1285-67-801-848

Larson, D. B., Chen, M. C,, Lungren, M. P., Halabi, S. S,, Stence, N. V,, and Langlotz, C. P.
(2018). Performance of a deep-learning neural network model in assessing skeletal maturity on
pediatric hand radiographs. Radiology 287 (1), 313-322. doi:10.1148/radiol.2017170236

Frontiers in Physiology

10.3389/fphys.2023.1062034

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Lee, H., Tajmir, S., Lee, ]., Zissen, M., Yeshiwas, B. A., Alkasab, T. K,, et al. (2017). Fully
automated deep learning system for bone age assessment. J. Digital Imaging 30 (4),
427-441. doi:10.1007/s10278-017-9955-8

Lu, Y., Fu, X,, Chen, F., and Wong, K. K. L. (2020). Prediction of fetal weight at varying
gestational age in the absence of ultrasound examination using ensemble learning. Artif.
Intell. Med. 102, 101748. doi:10.1016/j.artmed.2019.101748

Paul, J. (1986). Biological anthropology: Assessment of skeletal maturity and prediction
of adult height (TW2 method). J. M. Tanner. Am. Anthropol. 14 (6), 788-789.

Radiographic Atlas (1959). Radiographic atlas of skeletal development of the hand and
wrist. Am. J. Hum. Genet. 238 (3), 393.

Ren, S., He, K., Girshick, R., and Jian, S. (2017). Faster R-CNN: Towards real-time object
detection with region proposal networks. IEEE Trans. pattern analysis Mach. Intell. 39 (6),
1137-1149. doi:10.1109/TPAMI.2016.2577031

Seok, J., Hyun, B., Kasavubu, J., and Girard, A. (2012). “Automated classification system
for Bone Age X-ray images,” in IEEE international conference on systems (IEEE), 208-213.

Shen, L., Dong, Y., Zhang, C., Guo, Q., Shou, D., Zhang, Y., et al. (2015). Chronic
osteomyelitis treatment: A clinical and pharmaco-kinetic study of vancomycin impregnated
calcium sulphate. J. Med. Imaging Health Inf. 5, 36-42. doi:10.1166/jmihi.2015.1362

Somkantha, K, Theera-Umpon, N., and Auephanwiriyakul, S. (2011). Bone age assessment in
young children using automatic carpal bone feature extraction and support vector regression.
J. Digital Imaging 24 (6), 1044-1058. doi:10.1007/s10278-011-9372-3

SpampinatoPalazzoGiordano, C. S. D., Aldinucci, M., and LeonaRdi, R. (2017). Deep
learning for automated skeletal bone age assessment in X-ray images. Med. Immage Anal. 36,
41-51. doi:10.1016/j.media.2016.10.010

Sung, J. S., Youngmin, S., Namgi, K., Do, Y., Kwak, N., Lee, M. S,, et al. (2019). TW3-
Based fully automated bone age assessment system using deep neural networks. J. IEEE
Access 7 (3), 33346-33358. doi:10.1109/access.2019.2903131

Tang, Z., Wang, S., Chai, X,, Cao, S., Ouyang, T., and Yang, L. (2022). Auto-encoder-
extreme learning machine model for boiler NOx emission concentration prediction.
Energy 256, 124552. doi:10.1016/j.energy.2022.124552

Tao, L., and Mughees, A. (2021). Deep learning for hyperspectral image analysis and
classification[J]. Comput. Mater. Continua 67 (2), 2393-2407.

Thodberg, H. H., Kreiborg, S., Juul, A., and Pedersen, K. D. (2009). The BoneXpert
method for automated determination of skeletal maturity. IEEE Trans. Med. Imaging 28
(1), 52-66. doi:10.1109/TMI.2008.926067

Thodberg, H. H., Kreiborg, S., Juul, A., and Pedersen, K. D. (2009). The BoneXpert
method for automated determination of skeletal maturity. IEEE Trans. Med. Imaging 28
(1), 52-66. doi:10.1109/TMI.2008.926067

Wilson, D. M. (1999). Regular monitoring of bone age is not useful in children treated
with growth hormone. Pediatrics 104 (5), 1036-1039. doi:10.1542/peds.104.55.1036

Wong, K. K. L., Thavornpattanapong, P., Cheung, S. C. P,, Sun, Z,, and Tu, J. Y. (2012).
Effect of calcification on the mechanical stability of plaque based on a three-dimensional
carotid bifurcation model. BMC Cardiovasc. Disord. 12, 7. doi:10.1186/1471-2261-12-7

Xu, C,, Jianjun, L., Yanchao, Z, Lu, Y., and Liu, S. (2020). Automatic feature extraction in
X-ray image based on deep learning approach for determination of bone age. Future Gener.
Comput. Syst. 110 (9), 795-801. doi:10.1016/j.future.2019.10.032

Zhang, A., and GertychLiu, A. B. J. (2007). Automatic bone age assessment for young
children from newborn to 7-year-old using carpal bones. Comput. Med. Imaging Graph. 31
(4-5), 299-310. doi:10.1016/j.compmedimag.2007.02.008

Zhao, C,, Lv, ], and Du, S. (2022). Geometrical deviation modeling and monitoring of
3D surface based on multi-output Gaussian process. Measurement 199, 111569. doi:10.
1016/j.measurement.2022.111569

frontiersin.org


https://doi.org/10.1016/j.future.2019.01.057
https://doi.org/10.2214/ajr.176.2.1760507
https://doi.org/10.1016/j.artmed.2019.04.005
https://doi.org/10.1007/s11517-010-0609-y
https://doi.org/10.1109/34.927467
https://doi.org/10.1148/radiol.2018180736
https://doi.org/10.1109/ACCESS.2018.2830661
https://doi.org/10.1302/0301-620x.84b2.0840310c
https://doi.org/10.1302/0301-620x.84b2.0840310c
https://doi.org/10.1097/BPO.0b013e318293e5f2
https://doi.org/10.1097/00029330-200705010-00006
https://doi.org/10.1097/00029330-200705010-00006
https://doi.org/10.3969/j.issn.1004-5619.2017.06.013
https://doi.org/10.1016/j.compbiomed.2015.11.006
https://doi.org/10.1259/0007-1285-67-801-848
https://doi.org/10.1148/radiol.2017170236
https://doi.org/10.1007/s10278-017-9955-8
https://doi.org/10.1016/j.artmed.2019.101748
https://doi.org/10.1109/TPAMI.2016.2577031
https://doi.org/10.1166/jmihi.2015.1362
https://doi.org/10.1007/s10278-011-9372-3
https://doi.org/10.1016/j.media.2016.10.010
https://doi.org/10.1109/access.2019.2903131
https://doi.org/10.1016/j.energy.2022.124552
https://doi.org/10.1109/TMI.2008.926067
https://doi.org/10.1109/TMI.2008.926067
https://doi.org/10.1542/peds.104.s5.1036
https://doi.org/10.1186/1471-2261-12-7
https://doi.org/10.1016/j.future.2019.10.032
https://doi.org/10.1016/j.compmedimag.2007.02.008
https://doi.org/10.1016/j.measurement.2022.111569
https://doi.org/10.1016/j.measurement.2022.111569
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1062034

	Bone age recognition based on mask R-CNN using xception regression model
	1 Introduction
	2 Methodology
	2.1 Deep learning
	2.2 Convolutional neural network
	2.3 Traditional methods of bone age assessment
	2.4 Hand bone segmentation based on mask R-CNN
	2.4.1 Mask R-CNN loss function

	2.5 Xception regression network

	3 Results
	3.1 Evaluating indicator
	3.2 Data set
	3.3 Preprocessing and data augmentation
	3.4 Mask R-CNN segmentation results
	3.5 Evaluation results based on xception regression model

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


