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Abstract: CT image-guided lung biopsy surgery is the gold standard for lung tumor diagnosis. The 
preoperative path planning of the surgery is necessary, which aims to find some optimal needle 
insertion points on the patient’s skin. The traditional path planning method is that the surgeons 
estimate the puncture paths by observing the patient’s CT images, which is highly dependent on the 
experience of surgeons and affects the success rate of the surgery due to improper path selection. In 
this work, we proposed an intelligent lung biopsy surgery path planning method, which solved a 
multi-objective optimization problem. We segmented some chest important organs based on CT 
images, and quantitatively analyzed multiple clinical criteria. The concept of Pareto optimization 
was introduced to solve the multi-objective optimization problem in the method. Finally, some 
optimal surgery paths were provided for the surgeons. The retrospective evaluation of clinical data 
was performed, which was proved that the proposed method could be accepted in lung biopsy 
surgery. 

1. Introduction 

As one of common malignant tumors, lung cancer has the highest morbidityandmortality [1]. CT 
image-guided lung biopsy is the main approach to diagnose lung cancer ([2], [3]). Lung biopsy 
requires inserting the needle into the skin to obtain a small amount of lung tissue for analysis [4]. 
Because there are many important organs around the lung, and a plenty of clinical criteria have to 
be considered in lung biopsy surgery, it is of great significance to carry out preoperative surgery 
path planning. The traditional method for clinicians to plan a surgery path highly depends on their 
experiences, and they usually observe the patient’s CT images and design the surgery paths 
manually. If the planning path is not reasonable, especially for young surgeon, the success rate of 
the lung biopsy surgery would be affected. Therefore, it is necessary to design an intelligent surgery 
path planning method. Based on the preoperative CT images of patients, several optimal surgery 
paths can be designed automatically and provided for surgeons, which could improve the surgery 
success rate and reduce the burden on surgeons [5].  

Several related methods have been proposed in the past few years. However, most of them focus 
on the brain and abdominal surgery ([6], [7]), and few of them research on the lung biopsy surgery 
path planning. Furthermore, in these methods, the multi-objective optimization problem is usually 
solved based on the weight optimization ([8], [9]). They have to select some of all clinical criteria 
and give them higher weight values based on the experience, which is always dominated by the 
subjectivity and diversity. These methods have higher requirements for surgeons' clinical 
experience, so it is difficult to ensure the accuracy and objectivity of the surgery path planning. 
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In this paper, we propose an intelligent multi-objective surgery path planning method based on 
the clinical criteria of lung biopsy. In order to avoid the distortion caused by the man-made weight, 
we introduce Pareto optimization method to calculate the optimal paths. Firstly, all the important 
chest organs around the surgery paths are segmented. Then the surgical criteria are quantitatively 
analyzed based on the segmentation results. Finally, the optimal surgery paths are calculated based 
on Pareto optimization method, which does not need surgeons to set the weights artificially. The 
proposed method considers each clinical criterion synthetically, and obtains several optimal paths 
for surgeons, which are more accurate and robust. 

This paper is organized as follows: First, we segment chest organs, quantify the surgical criteria 
and utilize the concept of Pareto optimization to find the optimal surgery path in the process of lung 
biopsy surgery (section 2); second, we compare the obtained paths with that of the surgeons for 
evaluation (section 3); finally, the conclusions of the study are shown in section 4. 

2. Methods 

2.1 Chest Organs Segmentation Based on CT Images 

According to the anatomical structure of human chest and the clinical requirements, we need to 
segment some important organs based on chest CT images for lung biopsy surgery path planning, 
including skin, vertebrae and ribs, trachea and bronchus, pulmonary vessels, mediastinumand 
interlobar fissures.  

In this paper, we comprehensively considered the features of all the organs segmented, and 
designed the segmentation strategy. After pre-processing and denoising the CT images, the chest 
area was segmented and the skin area was obtained by morphological operation. Then, in the chest 
area, the trachea and bronchus, vertebrae and ribs, and lung parenchyma were segmented. Based on 
these results, the structures of the pulmonary blood vessels and mediastinum were identified. 
Finally, the pulmonary lobes and interlobar fissures were extracted based on the classification of 
bronchus and blood vessels in the lung parenchyma. Using the strategy, all chest organs are 
segmented fast, and the results meet the clinical requirements. 

2.2 Quantitative Analysis of Clinical Criteria for Lung Biopsy 

Lung biopsy surgery has its unique clinical criteria, including three clinical constraints and six 
objectives. In order to make the surgery path much safer and calculate the optimal surgery paths, 
these clinical criteria have to be analyzed quantitatively. 

There are three clinical constraints: (1) Chest Important Organs Avoidance Constraint: the 
surgery path and its extension line cannot cross the important organs including the vertebrae and 
ribs, the interlobar fissures and the mediastinum area; (2) Puncture Needle Length Limit Constraint: 
the length of the surgery path has to be within the effective working range which is less than 21cm.; 
(3)Insertion Angle Constraint:  the puncture needle should not be too inclined during the lung 
biopsy surgery. In order to improve the success rate, the insertion angles between the surgery 
path and the two surfaces should set to be greater than 20°. 

There are six clinical objectives: (1) Surgery Path Length Sub-objective: the total length of the 
surgery path and the length of the surgery path in the lung parenchyma are needed to be shorter. 
(2) Surgery Path Distance Sub-objective: the distance between the chest important organ and the 
surgery path, and the distance between the chest important organ and the extension line of the 
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surgery path are needed to be farther.(3)Path Insertion Angle Sub-objective: the insertion angle 
between the surgery paths and the skin, and the angle between the surgery paths and the surface of 
the lung parenchyma are needed to be closer to90°.  

2.3 Optimal Surgery Path Calculation with Multiple Objectives 

In this paper, based on the quantitative analysis results of the clinical criteria, the surgery path 
optimization method with multiple constraints and sub-objectives is proposed. The path 
optimization aims to minimize the surgery risk under the premise of obeying the three constraints, 
and find some optimal paths for the six sub-objectives. Generally, all of the sub-objectives in 
multi-objective optimization problem are constrained by decision variables. It is impossible to 
achieve the optimal values of all sub-objectives simultaneously, and some compromise solutions 
have to be found. Pareto optimization method is introduced to solve the optimal path calculation of 
the lung biopsy surgery. The six sub-objectives of surgery path risk are used as the six sub-objective 
functions of Pareto optimization, which can optimize and evaluate the paths without setting 
man-made risk weights. Pareto optimization was first introduced in econometrics [10]. 

First of all, we removed all candidate surgery paths which did not obey the three constraints 
including chest important organs avoidance constraint, puncture needle length limit constraint and 
insertion angle constraint. The remaining paths were effective in the lung biopsy surgery. Then, a 
Pareto coordinate system was established with each two sub-objectives, and the effective paths were 
projected on it. For instance, we projected the insertion points of all effective paths into the Pareto 
coordinate system in blue dots shown as Figure 1, whose horizontal axis is the risk function value 
of the skin insertion angle objective, and the vertical axis is the risk function value of the path 
length objective. According to the definition of the Pareto optimization, we calculated and 
obtainedP1, P2, P3, P4, P5 as the set of Pareto Front, which were the compromise solutions of the 
two sub-objectives. The paths represented by the five points are the optimal paths under the two 
sub-objectives. 

 

Figure 1. Pareto coordinate system of the path length and insertion angle sub-objectives 

The above procedure was repeated on the other sub-objectives until we got 15 sets of Pareto 
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Front. Then, they are intersected to obtain the final insertion points considered as the optimal 
surgery paths.  

3. Results 

3.1 Experimental Evaluation Method 

This paper uses retrospective evaluation method to verify the path optimization method, 
involving six sets of patient’s chest CT data (1 mm slice thickness, 512×512 in-plane resolution) 
which was scanned before and after the successful lung biopsy surgery. The effective insertion areas 
of the skin are found by the following steps. Firstly, all important organs were segmented in the 
preoperative CT images, and the skin insertion points of the surgery paths disobeying the three 
constraints were removed.  

Then, the path planning method was performed, and we obtained some optimal surgery paths. We 
registered the preoperative and postoperative CT images, and projected the surgeon’s clinical paths 
using in the lung biopsy surgery on the postoperative CT images to the preoperative CT images. 
The clinical paths and the optimal paths calculated by our proposed method are all marked. Two 
experienced lung biopsy surgeons evaluated these surgery paths without knowing the truth to avoid 
the impact of subjective factors. 

3.2 Comparison with Clinical Path and Calculated Paths 

We compared the clinical path and calculated paths in the six sub-objectives shown in Figure 2. 
The top of each histogram is the corresponding sub-objective function values of the effective paths 
with the lowest risk, which is represented by green; the bottom red area is the corresponding 
sub-objective function values of the effective paths with the highest risk. So, in the histogram of 
each sub-objective, the path risk increases from top to bottom. The surgery risk sub-objective 
function value of clinical path is shown as a black horizontal line in the six sub-objective 
histograms.  

 

Figure 2. The risk comparison on the six sub-objectives 

It can be seen that the clinical path was not all optimal with regard to six sub-objectives, and even 
performed poorly in some objectives. Among them, the clinical path has a better score in terms of 
the sub-objectives of the total length and the length in the lung. It is indicated that surgeons pay 
more attention to the length of the path, and the path lengths are easier to be observed in the CT 
images. Meanwhile, the scores of the other four sub-objectives are relatively poor. Because 
surgeons planned the surgery paths by observing the two-dimensional slicers of the CT image, it is 
difficult to consider all sub-objectives simultaneously. Therefore, it is necessary to study the 
intelligent surgery path planning method. 
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3.2 Comparison with Clinical Path and Calculate Paths in Pareto Coordinate System 

The Pareto coordinate systems were established based on the sixsub-objective functions. The 
insertion points of the clinical path and all effective paths are projected in the Pareto coordinate 
system. For instance, threePareto coordinate systems using one set of patient’s CT image data are 
shown in Figure 3. The effective paths are represented by blue dots, and the clinical paths are 
represented by red dots. We can see that the insertion point of the clinical path is not on Pareto 
Front in the three coordinate systems, so it can be further optimized. 

 
Figure 3. The risk comparison in three Pareto coordinate systems 

3.3 Comparison with Clinical Path and Calculate Paths by Surgeons 

The calculated paths and the clinical paths were displayed on the preoperative CT images, 
which were evaluated by two clinicians who have many years of experiences in the lung puncture 
surgery. The results of clinicians' evaluation showed that all the optimal paths met surgery 
requirements. Moreover, the calculated paths performed better than 75% when the clinician selected 
the best optimal path, and they are consistent with 17%of the clinical paths. 

4. Conclusions 

Preoperative path planning is the basis of a successful surgery. In this paper, we have proposed 
an intelligent optimal path planning method in the lung biopsy surgery based on the quantitative 
analysis of the clinical criterion. The Pareto optimization has been introduced to solve the 
multi-objective problem without setting man-made weights to obtain the optimal surgery paths for 
the surgeons. The retrospective evaluation results have shown that the optimal paths calculated 
based on the proposed method meet the requirements of the surgery, and most of their performance 
are equal to or even better than the clinical paths used in surgery. In future, we will use more 
clinical data to verify and improve our proposed method.  
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