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A B S T R A C T   

Background: Percutaneous puncture is an important means of tumor diagnosis and treatment. At 
present, most puncture operations are still based on imaging location and clinical experience, and 
quantitative and accurate targeted puncture cannot be achieved. How to improve the accuracy of 
percutaneous tumor puncture, avoid errors to the greatest extent, reduce the occurrence of 
complications, and improve the overall clinical diagnosis and treatment quality and curative 
effect, are scientific problems worthy of further study. 
Method: In the present study, mathematical modeling was first used to construct the tumor 
puncture path, determine the needle entry angle, and define the relevant limited parameters and 
the substitution formula. Secondly, relevant parameters were extracted from CT and other im-
aging data and substituted into formulas, the deviation angle and puncture path were determined, 
and the personalized tumor puncture scheme was carried out. Third, targeted puncture was 
precisely implemented under the guidance of B-ultrasound. Compared with the traditional 
empirical puncture, our model improved the accuracy, decreased the puncture time, and reduced 
the pain of diagnosis and treatment for patients. 
Results: A tumor-targeted puncture model was established based on mathematical theory and 
imaging data. By extracting clinical data, such as tumor radius, projection distance of tumor 
center and projection distance from puncture point to body surface, the optimal puncture devi-
ation angle was modeled and calculated and a personalized puncture scheme was established. 
Compared with the conventional method, our model markedly increased the puncture accuracy 
rate by ~30%. The puncture number was decreased by ~50% using our model. Furthermore, our 
model shortened the operation time by 20% to ease pain of patients and guarantee greater se-
curity for patients. Doctor satisfaction and patient discomfort scores were examined. Our model 
improved doctor satisfaction by ~20% and reduced subjective discomfort of patients by ~25%. 
These data revealed that the model could markedly improve the accuracy and efficiency of 
puncture, clinical efficacy and accuracy of tumor diagnosis. Additionally, the confidence of 
doctors in the operation was greatly enhanced and patient discomfort was greatly reduced. 
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Conclusion: The present study analyzed in detail how to find the best puncture path using a 
mathematical model. Based on the mathematical model of cognitive fusion puncture, combined 
with clinical personalized data and mathematical calculation analysis, accurate puncture was 
effectively realized. It not only greatly improved the effectiveness of puncture, but also ensured 
the safety of clinical patients and reduced injury, which means it may be worthy of clinical 
application.   

1. Introduction 

Image-guided percutaneous biopsy is the cornerstone of histological diagnosis of tumors. Furthermore, the ability to safely sample 
tissue in locations that previously required surgery or necessitated empiric therapy has allowed for more personalized treatment 
options. Percutaneous tumor puncture allows clinicians to quickly extract tumor samples from patients, identify pathological types, 
detect tissue genes and analyze molecular biology, and enables local targeted therapy. Therefore, mastering the percutaneous tumor 
puncture technique and reasonably planning the puncture path can greatly improve the clinical efficacy. 

Percutaneous tumor puncture generally requires imaging assistance, including brightness modulation (B-mode) ultrasound and an 
X-ray machine such as computed tomography and C-arm X-ray. There are several requirements for radiological equipment: 1. Help 
define the location of the tumor and examine the local prolife; 2. Assure the relationship with the tumors or anatomical markers 
around; 3. Find the optimum puncture target and escape important tissue such as vessels; 4. Most importantly, select the optimum 
puncture route [1,2]. 

Percutaneous tumor biopsies have achieved good accuracy in diagnosing cancer based on clinical trials, systematic review and 
meta-analysis of multiple organs. In a systematic review and meta-analysis of the diagnostic accuracy of percutaneous renal tumor 
biopsy (RTB) in 57 studies including 5228 patients, the overall median diagnostic rate of RTB was 92%. The sensitivity and specificity 
of diagnostic percutaneous core biopsy or fine-needle aspiration were 99.1% and 99.7%, and 93.2% and 89.8%, respectively. RTB has 
good accuracy in diagnosing renal cancer and its subtypes, and it appears to be safe [3]. However, there are reports about misdiagnosis, 
technical failure cases and secondary puncture of percutaneous tumor biopsy. A study of quantitative pre-operative pancreatic biopsy 
data reported that the mean accuracy of diagnosis was 95.76% (range, 91–100). Furthermore, the procedure had a high negative 

Fig. 1. A. Schematic of puncture route based on the mathematical model. The projection of point A1 on the kidney plane is A, the direction of the 
OA line is defined as the x-axis, the direction of the oo1 line is defined as the z-axis, and the angle between the needle and the positive direction of 
the z-axis is ψ (i.e., elevation angle). Suppose that the insertion point of the needle in the kidney is B, and the angle between the line AB and the 
positive direction of the x-axis is θ (that is, azimuth). B. Value of the upper limit of the elevation angle ψmax for different azimuth angles θ; C. 
Relationship between azimuth θ and the upper limit of high and low angles ψmax for different deviation distances a; D. Relationship between azimuth 
θ and the upper limit of high and low angles ψmax for different skin-kidney distances h. 

Y. Luo et al.                                                                                                                                                                                                             



Heliyon 9 (2023) e12742

3

predictive value of ~76.26%. Of the 13 reported studies, 7.3% were inadequate or technical failure cases. The mean rate of com-
plications was 2.08% [4]. Therefore, how to improve the accuracy of percutaneous tumor puncture, avoid errors to the greatest extent, 
reduce the occurrence of complications, and improve the overall clinical diagnosis and treatment quality and curative effect are 
scientific problems worthy of further study. 

Traditional percutaneous tumor puncture requires the help of B-mode ultrasound or X-ray. Our current model is based on both 
mathematical calculations and B mode-guided cognitive fusion targeted tumor biopsy. In the present study, we presented the tumor as 
the model of cognitive fusion puncture. The concept mainly builds on 3D-model construction and mathematical calculation and fo-
cuses on noninvasive and precise puncture. Compared with conventional puncture, the technique markedly increased successful rates 
of pinpoint attack, decreased puncture times and iatrogenic injury, and better controlled operation and post-operation complications. 
The approach on cognitive fusion tumor-targeted puncture was proposed based on radiological data, space analytic geometry and 
mathematical modelling [5,6]. 

2. Mathematical model 

In order to standardize precise puncture well, a mathematical model was used to explain the puncture route and angle range. 

2.1. Model description 

As shown in Fig. 1A, there are skin and kidney in the vertical direction. Suppose that the horizontal section of the kidney is a circle 
with the radius being r. The center of the kidney is denoted by O, and the projection of the O on the skin plane is O1. The distance 
between the skin and the kidney is |O1O| = h. If a needle is used to pierce from the skin to the kidney, the insertion point (A1) of the 
needle on the skin deviates from the O1 with the distance |O1A1| = a. How to adjust the angle of the needle so that the needle can 
finally reach the kidney. 

2.2. Model establishment 

The coordinate system was established, and the needle insertion angle was defined. As shown in Fig. 1A, assuming that the pro-
jection of point A1 on the kidney plane is A, the direction of the OA line is defined as the x-axis, the direction of the OO1 line is defined 
as the z-axis, and the angle between the needle and the positive direction of the z-axis is ψ (i.e., elevation angle). Suppose that the 
insertion point of the needle on the kidney is B, and the angle between the line AB and the positive direction of the x-axis is θ (that is, 
azimuth angle). 

Suppose that the azimuth angle θ is determined first when inserting the needle, ask what the range of the elevation angle ψ should 
be in order to ensure that the needle can reach the kidney. 

As shown in Fig. 1A, line AB intersects the circle at point C. We know that |OC| = r， |OA| = a， ∠OAC = π − θ。 Supposing a ≤ r 
and according to the cosine theorem for ΔOAC, we can obtain that: 

|OC|2 = |AC|2 + |OA|
2
− 2|AC| · |OA| · cos(π − θ) (1) 

Substituting |OC| = r and |OA| = a into equation (1), we get: 

r2 = |AC|2 + a2 − 2|AC| · a · cos(π − θ) (2) 

By solving equation (2), we can get the following results calculated based on equation (3): 

|AC| = − a · cos θ +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 · cos2 θ − a2 + r2

√
(3) 

The distance |AB| can be obtained by the following equation (4): 

|AB| = |AA1| · tan ψ = h · tan ψ (4) 

To ensure that the needle can reach the kidney, |AB| ≤ |AC| should be satisfied, that is: 

h · tan ψ ≤ − a · cos θ +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 · cos2 θ − a2 + r2

√
(5) 

Considering 0 ≤ ψ ≤ π
2 and equation (5), we can get the value range of ψ when the needle can reach the kidney: 

0≤ψ ≤ arctan
− a · cos θ +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 · cos2 θ − a2 + r2

√

h
(6)  

2.3. Model validation 

Several points need to be defined before the operation: 1. The indication confirmation for nephrostomy; 2. CT-scan used for 
evaluating primary anatomical structure and seeking suitable puncture locations; 3. Building a pre-constructed structure chart for 
mathematical calculation; 4. Combination of CT data and the puncture azimuth to ascertain a, r, θ and h, and substitution of these data 
into equation (6) to obtain the range of ψ ; 5. After defining the range, performing cognitive fusion tumor-targeted puncture with the 
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help of ultrasound. 

Example 1. When |O1A1| = a = 0, what should the range of the elevation angles ψ be to ensure that the needle could reach the 
kidney 

Analysis: When |O1A1| = a = 0, the insertion point of the needle on the skin is just located above the center O of the kidney. 
According to equation (6), it can be obtained that no matter what the azimuth value θ, 0 ≤ ψ ≤ arctan r

h should be satisfied. 

Example 2. Supposing r = 5 cm, a = 1 cm, h = 3 cm, the value range of elevation angles ψ for different azimuth angles θ can be 
obtained. According to equation (6), it is known that the lower limit of ψ is always equal to 0. In fact, we are concerned about the upper 
limit of ψ , which is expressed as: 

ψmax = arctan
− a · cos θ +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 · cos2 θ − a2 + r2

√

h  

Fig. 1B shows the value of the upper limit of the elevation angle ψmax under different azimuth angles θ. When the azimuth angle is θ =

180◦, the value range of the elevation angle ψ to ensure that the needle can reach the kidney is the largest (i.e., 0◦ ≤ ψ ≤ 63.4◦); when 
the azimuth angle is θ = 0◦ or θ = 360◦, the value range of the elevation angle ψ to ensure that the needle can reach the kidney is the 
smallest (i.e., 0◦ ≤ ψ ≤ 53.1◦). 

In the following, the sensitive analysis of parameters a and h on the ψmax is carried out. Fig. 1C shows the relationship between the 
azimuth angle θ and the upper limit of the elevation angle ψmax for different deviation distances a. It can be seen that the larger the 
deviation distance a is, the larger the variation range of the upper limit of the elevation angle ψmax is. 

Fig. 1D shows the relationship between the azimuth angle θ and the upper limit of the elevation angle ψmax for different skin-kidney 
distances h. It can be seen that the change trend between the azimuth angle θ and the upper limit of the elevation angle ψmax is the same 
for different skin-kidney distances h. As h increases, the upper limit of the elevation angle ψmax decreases. 

3. Clinical data, validation and analysis of model accuracy 

In the present study, mathematical modeling was first used to construct the tumor puncture path, determine the needle entry angle, 
and define the relevant limited parameters and the substitution formula. Secondly, relevant parameters were extracted from CT and 
other imaging data, substituted into formulas, the deviation angle and puncture path were determined, and the personalized tumor 
puncture scheme was generated. Third, targeted puncture was precisely implemented under the guidance of B-ultrasound. Compared 
with traditional empirical puncture, our model improved the accuracy, decreased the puncture time and reduced the pain of diagnosis 
and treatment for patients. 

3.1. Extraction of clinical data 

Extraction of clinical data was based on the CT scan. A 64-slice spiral CT was used to check potential tumors. Conventional plain 
and contrast-enhanced CT scanning were performed to localize tumors according to the manufacturer’s instructions. The tumor data 
were positioned, qualitatively determined and further identified by professional physician and experienced clinician combined with 

Fig. 2. Schematic model of puncture route (A) and CT-guided puncture route (B). Based on the previous proposed model, the schematic model of 
the puncture route was designed. The parameters r, a and h are required to obtain ψmax. In the CT image, the values of three parameters were 
calculated by defining the puncture point and route. r represents the tumor radius; a represents the distance between the puncture point and body 
surface projection of the tumor center; h represents the distance between the body surface projection and tumor center. 

Y. Luo et al.                                                                                                                                                                                                             



Heliyon 9 (2023) e12742

5

multidisciplinary cooperation [7]. 
The puncture path, which met certain conditions, including avoiding organs and barriers, and having a low puncture difficulty, was 

first designed based on CT imaging. Based on our model, data, including the values of r, a and h, were extracted from the CT image 
analysis. The θ value was further calculated based on the puncture azimuth. Fig. 2A and B indicate how to define the puncture angle 
and path based on model calculation and imaging. 

3.2. Mathematical calculation 

According to r, a, h and θ, the ψmax value can be obtained via the calculation formula: 

ψmax = arctan
− a · cos θ +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 · cos2 θ − a2 + r2

√

h 

In other words, puncture within this angle is sure to succeed. An angle larger than this angle will lead to puncture of the area outside 
the tumor. If we locate the skin puncture point and choose different puncture azimuths s to puncture or fine tune, we will get different θ 
values. Thus, different ψmax values will be obtained based on the aforementioned formula. Therefore, accurate puncture path design 
and puncture angle calculation will greatly improve the success rate of puncture and minimize errors. 

3.3. B-mode ultrasound-guided puncture 

Ultrasound measurements can be made using B-mode. B-mode scans produce a two-dimensional image of the underlying tissue. 
Routine scans are done at 3.5–5 Mhz in abdominal examination (The model has also been considered for use in percutaneous puncture 
of multiple organs, including the thyroid gland and mammary gland, and in patients with weak muscle. Therefore, the choice of high or 
low frequency B-ultrasound should be determined according to the actual situation). A convex probe is usually used for visualization in 
the abdomen. A linear probe should be mainly used in the chest, thyroid and blood vessels. The B-mode uses high-resolution images to 
determine the subcutaneous depth [8]. Therefore, knowledge of the technical piece based on computational model construction will 
not only largely improve operation ability and accuracy but also benefit patients. 

According to the aforementioned methods and calculated values, tumor puncture was performed under the guidance of B-ultra-
sound. A total of 19 cases were punctured based on our model with accurate calculation, while 19 cases were punctured with con-
ventional methods based on clinical experience alone. The values of various parameters are listed in SupplementalTable through 
calculation based on our model. The study was approved by the Research Ethics Committee of Daping Hospital, Army Medical Center, 
Army Medical University and Traditional Medicine Hospital of Jiangjin district. Informed consent was obtained from all patients/ 
participants for your experiments. The images were provided by the Department of Medical Imaging. 

The radius of the tumor and the distance from the skin were determined based on images. These data can be substituted into the 
formula for mathematical calculation. A rough range of two types of angles, Ψ and θ, can be obtained. According to the angles, we 
combined with intraoperative ultrasound localization to design an appropriate puncture path. When determining the puncture angle 
and route during the operation, the assistant usually assists the chief surgeon to determine the puncture route using an angle measurer. 
At present, 19 operations have been completed based on our model with 19 negative control cases as a general model. The clinical 
outcomes of our model have been demonstrated based on our assessment of model accuracy and patient benefits. The mathematical 
model is explained in the methods section and the clinical experience is reported in the results section as previously described. We 

Fig. 3. Accuracy rate (A), puncture number (B), operation time (C), degree of satisfaction (D) and the degree of discomfort (E) were compared 
between the conventional method group and the proposed model group. Comparisons between two groups were conducted using unpaired Student’s 
t-test. A value of P < 0.05 was considered to be statistically significant. * indicates P < 0.05. 
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agree that it is important to know how the angles were executed. In the model, the best deviation angle Ψ was obtained based on 
mathematical modeling, parameter extraction and formula calculation. During the operation, the angle and puncture path were 
selected with the help of an angle gauge and some fixtures. 

4. Results 

Several indexes were used to evaluate the clinical efficacy and benefits: Puncture accuracy rate, puncture number, operation time, 
uncomfortable symptoms scores and satisfaction degree of doctors. Compared with the conventional method, our model markedly 
increased the puncture accuracy rate by ~30% (Fig. 3A). These data are mainly based on cross reference with postoperative histo-
pathological diagnosis. Furthermore, the puncture number was decreased by ~50% using our model (Fig. 3B). These data indicated 
that the model could improve the accuracy and efficiency of puncture. These improve clinical efficacy and accuracy of tumor diagnosis. 
Furthermore, our model shortened the operation time by 20% to ease pain of patients and guarantee greater security for patients 
(Fig. 3C). In order to further demonstrate the superiority of our model, doctor satisfaction and patient discomfort scores were 
examined. Based on the acquired results, our model improved doctor satisfaction by ~20% (Fig. 3D)and reduced the subjective 
discomfort of patients by ~25% (Fig. 3E). These subjective scoring data indicated that the puncture path based on model construction 
and data calculus was more accurate and confident, which greatly increased the uncertainty of relying solely on clinical experience. 
Additionally, based on the accurate puncture path, the number of puncture needles with low error and the doctors’ determination to 
operate, the discomfort of patients and the inevitable damage caused by iatrogenic diagnosis and treatment could be greatly reduced 
(Fig. 3). 

Fig. 4 shows a schematic diagram of our workflow including the clinical application of the mathematical model and the assessment 
of clinical outcome. In the present study, the mathematical model was first proposed, then the required data were extracted from 
images and mathematical calculation was performed, and finally clinical data, validation and analysis of the model accuracy were 
provided. 

5. Discussion 

Percutaneous tumor puncture is applied in both clinical diagnosis and treatment. It has the advantages of easy operation, less 
trauma and rapid diagnosis. At the same time, it has clear indications for tumors with insufficient clinical evidence, unclear imaging 
examination and alternative treatment options. Therefore, it has always been the first-line standard of tumor diagnosis and treatment. 
However, in operations in clinical settings, the problems of unsuccessful puncture and false positive and false negative errors are 

Fig. 4. Schematic of our proposed model. A puncture model was first constructed based on trigonometric function and analytic geometry, then the 
calculation formula of the best puncture angle and the necessary indicators were clarified to obtain the best angle, the best puncture angle was 
calculated based on the image extraction data, and then targeted precise tumor puncture was performed according to the puncture angle. Finally, 
the clinical application potential of the model was evaluated according to the puncture efficiency, clinical benefit and subjective score. 
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encountered. Therefore, the implementation of standardized, individualized and accurate percutaneous tumor puncture can minimize 
the error rate, failure rate and repeated puncture rate, minimize the pain of patients and obtain accurate pathological evidence, which 
has great clinical benefits [9,10]. In the present study, it was analyzed in detail how to find the best puncture path using a mathe-
matical model. Based on the mathematical model of cognitive fusion puncture combined with clinical personalized data and math-
ematical calculation analysis, the accurate puncture was effectively realized. It not only greatly improved the effectiveness of puncture, 
but also ensured the safety of clinical patients and reduced injury, which suggests that it is worthy of clinical application [11]. 

A targeted tumor puncture model was constructed through space analytic geometry and trigonometric function, and then 
personalized imaging data were extracted and substituted into the model to determine the three-dimensional puncture path. The key 
point is to determine the value range of the two core angles in the puncture path. Different angle combinations were selected to 
complete the operation of percutaneous tumor puncture with the cooperation of assistants [12,13]. In the verification in clinical cases, 
our model was more accurate than traditional puncture, with fewer complications and better clinical benefits. In fact, certain types of 
tumors in exogenesis and endogenesis are also applicable in the method because of accuracy. The technique is used to obtain path-
ological evidence to distinguish original and metastatic tumors, as well as benign and malignant tumors. With the help of ultrasound, 
the puncture range can be defined and easily escape blood vessels supplying tumor growth. 

How to accurately analyze the objective data calculated from the model and minimize the error in practical operation is the key to 
accurate puncture. The number of puncture cases, learning curve, clinical experience of the chief surgeon and the accurate cooperation 
of assistants are all key factors for the success of puncture. Therefore, the integration of mathematical modeling and cognition is 
required for smooth operation. The presentation of cognitive fusion tumor-targeted puncture. 

The perspective of cognitive fusion tumor-targeted puncture was proposed based on radiological data, space analytic geometry and 
mathematical modelling. The puncture route uses cartesian coordinates (polar coordinates) or valid transformation of coordinates in 
the description of geometric shapes. Cognitive fusion puncture helps urologists diagnose various diseases, including prostate cancer 
and other types of cancer, based on cognitive fusion MRI-guided prostate puncture and CT-guided tumor puncture. Furthermore, 
cognitive fusion tumor-targeted puncture for nephrostomy achieves maximal accuracy and minimal injury, and may potentially be 
applied in urological obstruction. Previously, cognitive fusion puncture has been successfully applied in urological systems, including 
MRI-guided prostate cancer puncture. The presentation of the tumor as the model of cognitive fusion puncture is novel. The concept 
mainly builds on 3D-model construction and mathematical calculation and focuses on noninvasive and precise puncture. Compared 
with conventional puncture, the technique markedly increased successful rates of pinpoint attack, decreased puncture times and 
iatrogenic injury, and better controlled operation and post-operation complications. At present, cognitive fusion targeted tumor 
puncture is still in the preliminary stage of combining clinical experience with imaging. The model system we proposed is based on 
actual data extracted from imaging and combined with actual clinical work experience to design a personalized puncture path. This 
work effectively improves the participation of cognitive fusion in targeted puncture and makes the puncture path design more sci-
entific, accurate and efficient. However, there is still a long way to go to fully integrate cognitive fusion and other artificial intelligence 
fields into clinical operations. 

The model design proposed is the modeling of three-dimensional space. Modeling-based simulation biology design and medical 
equipment development are potential directions in the future. The current application of ultrasound-guided equipment is not enough 
to achieve accurate puncture. The two-dimensional puncture without modeling guidance has certain errors in theory and has the 
limitations of clinical experience [14]. Thus, doctors without clinical puncture experience require a long learning curve. Therefore, the 
design of simulated puncture medical equipment based on imaging can accurately assist puncture and greatly reduce the threshold of 
clinical operation [15]. Our design idea is based on imaging evaluation and calculation, data extraction and mathematical modeling, 

Fig. 5. Concept map of a connecting rod ultrasonic equipment that can adjust the puncture angle. Based on the proposed puncture model and the 
clinical benefit verification, a concept map of a connecting rod ultrasonic equipment that can adjust the puncture angle was generated. 
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and puncture parameters (angle and distance, etc.) are determined and combined with simulated biological equipment for accurate 
puncture. This requires interdisciplinary cooperation and collaborative research by clinicians, mathematicians and bioengineers 
(Fig. 5). Based on the proposed puncture model and the clinical benefit verification, a concept map of a connecting rod ultrasonic 
equipment that can adjust the puncture angle was generated. 
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