

[image: image1]
Computer-assisted design model to evaluate the outcome of combined osteotomies in Legg-Calvé-Perthes disease













	 
	

	TYPE Original Research
PUBLISHED 08 August 2022
DOI 10.3389/fped.2022.920840





Computer-assisted design model to evaluate the outcome of combined osteotomies in Legg-Calvé-Perthes disease

Hao Li1,2†, Zhiqiang Zhang3†, Changyou Li4, Zhenpeng Liang5, Zhu Liu6, Hai Li2* and Ziming Zhang7*

1Department of Orthopedics, Shanghai Sixth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China

2Department of Pediatric Orthopedics, Xinhua Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China

3Department of Orthopedics, National Children’s Medical Center & Children’s Hospital of Fudan University, Shanghai, China

4Department of Orthopedics, Taizhou Hospital of Traditional Chinese Medicine, Linhai, China

5Department of traumatic Orthopedics, Guangxi Zhuang Autonomous Region People’s Hospital, Nanning, China

6Department of Pediatric Orthopedics, Shanghai Children’s Medical Center, Shanghai Jiao Tong University School of Medicine, Shanghai, China

7Department of Orthopedics, Children’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China

[image: image]

OPEN ACCESS

EDITED BY
Hoon Park, Gangnam Severance Hospital, South Korea

REVIEWED BY
Sanja Srzentic Drazilov, University of Belgrade, Serbia
Sophie Rosa Merckaert, Center Hospitalier Universitaire Vaudois, Switzerland
Jennifer Laine, Gillette Children’s Specialty Healthcare, United States

*CORRESPONDENCE
Hai Li, lihai@xinhuamed.com.cn
Ziming Zhang, zhangziming@xinhuamed.com.cn

†These authors have contributed equally to this work

SPECIALTY SECTION
This article was submitted to Pediatric Orthopedics, a section of the journal Frontiers in Pediatrics

RECEIVED 15 April 2022
ACCEPTED 12 July 2022
PUBLISHED 08 August 2022

CITATION
Li H, Zhang Z, Li C, Liang Z, Liu Z, Li H and Zhang Z (2022) Computer-assisted design model to evaluate the outcome of combined osteotomies in Legg-Calvé-Perthes disease.
Front. Pediatr. 10:920840.
doi: 10.3389/fped.2022.920840

COPYRIGHT
© 2022 Li, Zhang, Li, Liang, Liu, Li and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Objective: The current study aims to conduct a quantitative dynamic analysis of hip morphology using a computer-assisted design (CAD) model to evaluate the combined pelvic and femoral osteotomies in the treatment of Legg-Calvé-Perthes disease (LCPD).

Materials and methods: CAD models of patients with unilateral LCPD treated by combined pelvic and proximal femoral osteotomies were established based on the data of CT scan, on which morphological parameters were measured. Shape difference analysis of normal hips was adopted to locate the most apparent displacement and the main strain on the surface of the proximal femur.

Results: Fifteen patients were included, and the mean age of receiving operation was 6.63 years old. There were 10 hips rated as Herring type C, and the rest were type B. Compared with the normal side, the affected hip joints have a longer distance between femoral head and acetabular sphere. The difference of coverage area of the femoral head surface and femoral head volume between the affected and normal sides was bigger compared with the preoperative model, respectively. The changes in the acetabular radius and the area of the surface were not apparent, pre-, and post-operatively. The displacement was mainly on superior and lateral superior portions of the femoral head where the stresses were concentrated.

Conclusion: Combined pelvic and femoral osteotomies could effectively improve the superior and superior–posterior area of acetabulum containment with increased femoral head volume. CAD model and shape difference analysis can provide a better understanding of deformations of LCPD and more information for surgical planning and evaluation of treatment outcomes.
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Introduction

The clinical onset of Legg-Calvé-Perthes Disease (LCPD) is usually between 4 and 8 years old (1, 2). The severity, complications, and prognosis vary significantly among patients (3). There are four stages of LCPD, which are avascular necrosis (AVN), fragmentation, reconstitution, and the healed stage (4). The evolution of the disease, however, may be altered by treatment (5, 6). Containment surgery aims at increasing the coverage of the femoral head, restoring the congruency, and biomechanical environment (7, 8), and it should be performed before the advanced stage of fragmentation (9).

Several studies (6, 10–12) reported satisfying outcomes of proximal femoral varus osteotomy (PFVO) when treating Perthes diseases. However, PFVO might cause complications, such as limb length discrepancy (LLD), hip abductors insufficiency, and coxa vara. Salter innominate osteotomy (SIO) was designed to increase anterior coverage by 20–30° and lateral coverage by 10–15°, respectively (13). SIO is an effective surgical treatment that alters the natural course of LCPD in children with growth potential (12). However, some studies stated that performing SIO alone probably cannot improve the coverage and it might increase the pressure on the femoral head (14, 15). Consequently, Craig et al. (16) came up with the combination of pelvic and proximal femoral osteotomies to treat LCPD for the first time. They concluded that the combined surgery can minimize the possibility of LLD. At the same time, the pressure within the acetabulum remains normal which is vital to decrease the potential risk for AVN. Since then, several studies (14, 17–21) reported the effect of the combined surgery. Vukasinovic et al. (21) recommended that the combined surgery is valuable for the treatment of more severe cases of LCPD, especially for patients with older age (22), thus preventing the establishment of early secondary hip arthrosis. Javid et al. (14) used combined osteotomies in 20 older patients with LCPD and reported that outcomes improved with the combined osteotomies at skeletal maturity when compared to the natural history of untreated hips. However, it still remains controversial about what the proper indications are and what evaluation system should be applied in clinical practice.

The anteroposterior pelvic radiograph is the most commonly used evaluation of femoral head coverage and morphology. The two-dimensional image would provide inadequate information because the quality of the plain films depends on the projection angle and the experience of the physicians at radiographic measurement. Pioneer studies (23, 24) has already focused on the applications of 3D simulation and computer-assisted model in the diagnosis of diseases and evaluation of treatment outcomes, but it is still difficult nowadays to make the method as a routine use in clinical practice for technical and economic reasons. However, the computer-assisted design (CAD) model is definitely a promising technique in analyzing complicated anatomical structures. This study built the CAD models of the hip joints for LCPD patients, comparing with normal side, to evaluate the deformity of the affected hip and to provide enough information about the morphological changes after combined pelvic and proximal femoral osteotomies using CAD models. We hypothesize that the deformity of the hip joint is the root problem of the progressive development of the disease, and the CAD model can provide enough information to assist the doctor to determine preoperative planning.



Materials and methods

With the institution’s Ethics Committee approval (XHEC-D-2021-007), a retrospective review was performed for 15 pediatric patients (2 women and 13 men) with the diagnosis of LCPD from March 2013 to November 2017, who met our inclusion criteria. The inclusion criteria were: (1) the LCPD patients were at the stage of fragmentation stage; (2) the LCPD patients received the combined surgeries; (3) the osteotomy site has already healed, and the implants were removed; (4) the CT scans were performed preoperatively and at the last follow-up; (5) there are no other conditions related to hip joint and the patients didn’t receive other hip operations and patients with pathological or other secondary hip diseases were excluded. The Herring classification (25) was used to evaluate the femoral head deformity. The medical records, demographic data, the age of receiving the surgery, and the duration of the implants in the body are also collected.

All patients underwent 64-detector row CT scans with 1.0 mm slices when the implants were removed. The raw datasets were reconstructed into a 3D STL model using MIMICS 17.0 (Materialize, Leuven, Belgium). The STL model was then imported into Geomagic Studio 11.0 (Geomagic, United States) to get a solid model (Figure 1).
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FIGURE 1
A solid model was established using the STL model in the software Geomagic Studio 11.0.


The pelvic and bilateral hip joints models were imported into UG NX 10.0 (Siemens PLM Software, Charlotte, NC, United States) to measure the morphological parameters.


(1)Sphere fitting:

Standard spheres representing the femoral head and acetabular was fitted, respectively. The distance between spheres centers (SC) was measured (Figure 2), and the difference between SC (DSC) of both sides was calculated preoperatively and postoperatively according to the following calculation:
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FIGURE 2
Standard spheres representing femoral head and acetabular was fitted, respectively. The distance between centers of the two spheres was measured (red arrow).



Preop. (or Postop.) DSC = SC of the affected side - SC of the healthy side

The difference between the preop. DSC and postop. DSC represented the imbalance of concentric structure of the affected hip joint compared to the one of the healthy side.

(2)Measurements of acetabular coverage:

The acetabulum was divided into 8 sections to measure acetabular coverage (AC) (Figure 3) which was defined as the overlap of the best-fit femoral head sphere and corresponding section. The difference between AC (DAC) of both sides was calculated preoperatively and postoperatively according to the following calculation:
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FIGURE 3
The inner surface of the acetabulum was divided into 8 sections: superior–posterior, posterior, inferior–posterior, inferior, inferior–anterior, anterior, superior–anterior, and superior.



Preop. (or Postop.) DAC = AC of the healthy side - AC of the affected side

The effects of the operation on the acetabular coverage of affected side were assessed by the difference between preop. DAC and postop. DAC.

(3)Evaluation of defects of the femoral head:

The models of the affected and the contralateral joints were imported into Magics 21 (Materialize, Leuven, Belgium). With the volume of the femoral head calculated, defects of the femoral head (DFH) on the affected side could be measured.

Preop. (or Postop.) DFH = Volume of the healthy side - Volume of the affected side

The postop. DFH was compared with the preop. DFH. The difference between the two parameters was used to evaluate the change of femoral head volume of the affected side.

(4)Evaluation of the acetabular morphology:

The acetabular model and the inner surface area of the acetabulum were processed in CAD software UG NX (Unigraphics Solutions, version 10.0). Twenty points on the inner surface were chosen randomly. The local acetabular radius of each point was acquired in the software. The average value of these measurements was defined as the radius of the acetabulum (Figure 4).
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FIGURE 4
Measurements of the area of acetabular inner surface and the radius of the acetabulum.



(5)Shape difference analysis:

On bilateral proximal femoral models of all LCPD patients, some key morphological parameters were acquired (Figure 5). The mean value of the parameters was calculated to establish an average shape model, such as a “standard” model using the data of unaffected joint. To control the difference introduced by age, all cases were divided into 2 groups according to the age of the patients (≥ 6 years old; < 6 years old). Respectively, overlap the average models of both sides and measure the distance between corresponding points on two models to estimate the shape difference.
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FIGURE 5
Key morphological parameters of proximal femur for establishments of average shape model. (P1: Diameter of the femoral head; P2: Diameter of the femoral neck; P3: Length of the femoral neck; P4: Angle between the axes of femoral head and shaft; and P5: Height of the femoral head).


Normality of the data distribution was tested based on the Shapiro–Wilks test. The statistical analysis was carried out with paired t-tests (SPSS version 19.0; SPSS, Chicago, IL, United States), comparing the preoperative parameters and the ones obtained after the removal of internal fixations. The statistical significance was set at p < 0.05. The demographic data were analyzed using Microsoft Excel 16.10 (Microsoft, Washington, United States).



Results

The demographic characteristics were summarized in Tables 1, 2. The results of measurements performed on 3D CAD model demonstrated the detailed changes of hip joint (Tables 3, 4).


TABLE 1    The demographic data of the Legg-Calvé-Perthes disease (LCPD) patients.
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TABLE 2    Summary of demographic data of the Legg-Calvé-Perthes disease (LCPD) patients.
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TABLE 3    Preoperative differences of parameters on computer-assisted design (CAD) models of the hip joint.
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TABLE 4    Changes of parameters on computer-assisted design (CAD) models of the hip joint.
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(1)Evaluation of the concentric structure of the hip joint:

The significant difference was observed between the normal side and the affected side of Preop. SC (p = 0.005). It was found that Preop. DSC was 3.35 mm ± 0.81 mm and Postop. DSC was 1.05 mm ± 0.56 mm, respectively. There was no significant difference (p = 0.056).

(2)Measurements of AC:

There was no obvious difference in AC between the normal side and the affected side, preoperatively. DAC decreased dramatically after the operation (Preop. DAC: 511.12 mm2 ± 97.28 mm2, Postop. DAC: 196.35 mm2 ± 71.40 mm2, p = 0.000). The increase in acetabular coverage mainly occurred in superior and superior–posterior sections (Figure 6).
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FIGURE 6
The paired t-tests were used to compare the area of acetabular coverage on affected side before and after the surgical intervention. A, Anterior; SA, Superior–anterior; S, Superior; SP, Superior–posterior; P, Posterior; IP, Inferior–posterior; I, inferior; IA, Inferior–anterior; Preop., Preoperative; IF, internal fixation. *Statistical significance.



(3)Evaluation of defects of the FH

It was found that Preop. FH on the normal side was significantly larger than the affected side (p = 0.004). The Preop. DFH was 3266.14 mm3 ± 625.74 mm3, while Postop. DFH was 1,462.19 mm3 ± 541.99 mm3. The measurements decreased significantly at the last follow-ups (p = 0.001).

(4)Evaluation of acetabular morphology

The preoperative area of the acetabular inner surface was 2,261.26 mm2, which was 2,519.66mm2 after the removal of the internal fixations. The difference was not statistically significant (p = 0.106). Similarly, acetabular radius did not change significantly (preoperative: 19.50 mm, postoperative: 20.65 mm, p = 0.291).

(5)Shape difference analysis of the femoral head

Nine children were younger than 6 years old whereas six patients were older than six when first diagnosed. Concerning for the shape analysis, there were more shape differences between the affected femoral head (blue silhouette) and contralateral side (red silhouette) before the combined surgeries, compared with the postoperative measurements (Figure 7). Specifically, the shape analysis showed collapse and lateral extrusion of the femoral head. Additionally, as for patients older than 6 years old, the collapse of the femoral head was more obvious. After the removal of the implants, shape difference between both sides of the femoral heads became less obvious. At the final follow-up, femoral head defects of the affected side are mainly located in superior and medial parts. Compared with the preoperative average model, the femoral head had obviously shifted medially.
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FIGURE 7
Shape difference analysis of preoperative femoral computer-assisted design (CAD) models and the ones after removal of the IF. Blue silhouette stands for affected side and red silhouette contralateral side. The illustrated distance is the maximum value of distance between corresponding points on two models.




Discussion

It is still controversial about the treatment options for LCPD. Although it is a self-limited condition, in some patients, LCPD can cause severe joint deformities. It is one of the most important predictive factors for the risk of developing osteoarthritis in the long term. The goal of LCPD treatment is to prevent or minimize the deformity (26). However, there is no consensus treatment protocol yet.

The age of initial onset and receiving operation is one of the factors which can alter the outcome of the treatment and the prognosis of the condition. Several studies (3, 27) found that the earlier onset was closely related to a better prognosis. Rosenfeld SB (28) reviewed 172 patients with a total of 188 affected hips of LCPD who onset before 6 years of age, he found that only children between the ages of 4 and 5 years and 11 months with a B/C or C lateral pillar classification of involvement have a less favorable prognosis. All the cases in this study are Herring group B and group C hips and received the combined surgeries during the fragmentation stage with an average age of 6.63 years old. However, five patients who received the combined surgery are younger than 6 years old because age is not the only indication. The severity of the condition should be also taken into consideration based on the fact that young patients with severely deformed epiphysis have poor prognoses. Oh HS (29) also evaluated the outcomes of patients with LCPD with onset before 6 years of age who were treated with conservative methods. Patients with prolonged initial and fragmentation stages showed worse outcomes and often required more active treatment to shorten the duration of the initial and fragmentation stages. Catterall (30) recommended that surgical intervention can provide a normal mechanical environment for the reconstruction of the affected femoral head, especially for those patients with the pathologies of hips belonging to Catterall groups 2, 3, and 4 or hips with “head at risk” signs.

Several studies (31, 32) described the deformation of the proximal femur in different ways. Chan et al. (24) found that the deformation mainly occurs in the femoral head and neck instead of the greater trochanter; stress concentration in the anterosuperior portion of the femoral head was observed in their study which made the deformed head shift laterally. Standefer et al. (33) reported that the volume ratios of femoral heads affected with LCPD ranged from 43 to 96% of a perfect hemisphere (n = 33). In our study, based on preoperative shape difference analysis, deformation mainly occurs in the femoral head and the residual head shifted laterally in LCPD. Consequently, the crux of the procedure is to lower the intra-articular pressure, especially on an anterosuperior portion of the femoral head, and to increase lateral coverage which is beneficial for the remodeling of the head.

Usually, the femoral head is collapsed in cases that need surgical intervention, especially for children older than 6 years (34). The results of this study showed that the proximal femoral deformation always occurs in the superior and superolateral portion, which may be the stress concentrated area. Therefore, normal stress distribution may also be a basis for femoral head recovery.

It is still controversial whether the combined surgery is better than femoral or pelvic osteotomy alone. Some studies (35–38) have already reported the drawbacks of the proximal femoral osteotomy alone. Coxa vara, LLD, limping, overgrowth, and impingement of the greater trochanter are not uncommon among patients who received the operations. To solve the problem, several surgeons (14, 18, 39, 40) turned to the combined surgery and evaluated the outcomes to prove the effectiveness of this operative design.

This study established the CAD model, making three-dimensional measurements to evaluate the outcomes of combined osteotomies. The results showed that, after receiving the combined surgeries, the affected hip joint’s coverage had been improved significantly. First, according to the results, the therapeutic goal can be achieved by combined surgery. Then, volume defects decrease significantly after an average duration of 9.3 months with the implants on the site. The restoration of the volume of the femoral head in a short time should be attributed to a normal mechanical environment created by the combined surgeries. To be specific, superior and superior–posterior portion coverage increase significantly, which is exactly the expectation of SIO. The “center-to-center” distance in this study refers to the distance between the centers of acetabulum and femoral head. It has been proved that the difference is smaller after the surgical intervention, however, without statistical significance. It could not be excluded that the concentric structure had not recovered well enough. Finally, postoperative inner surface area and radius of the affected acetabulum did not change with statistical significance compared to preoperative measurements. Overall, the combined surgeries can improve the acetabular coverage. Thus, it might lower the intra-articular pressure produced by single innominate osteotomy and prevents lower limb discrepancy after a single PFVO which could help in gait improvement and balancing muscle strength during the recovery.

There are some limitations in the present study. Firstly, our study only focused on bone structures of the joint. The cartilaginous nature of the femoral head in young patients is also important for morphology evaluation. However, we compared the affected side and the healthy side of the same patient, preoperatively and postoperatively, to reduce the limitation of failure to reconstruct cartilage in children. Ligaments, tendons, and muscles around the joint also play important roles in the normal function of the hip joint. Therefore, a more realistic and practical model should be established involving all kinds of structures of the hip joint. Secondly, due to a retrospective design, the present study did not have a control group which lowers the power of the evidence. Finally, inadequate follow-ups, small sample size, contralateral standard model without age-adjusted, and lack of joint function evaluation are drawbacks of this study.



Conclusion


(1)Deformation mainly occurs in the superior and superolateral portion of the femoral head in LCPD and the residual head protruded and shifted laterally. Inadequate coverage in this area and concentrated stress may be important factors of the deformation.

(2)Restoration of the volume defects of the femoral head in Herring type B and C cases was observed after combined surgeries.

(3)The combined surgeries can increase the superior and superior–posterior portion coverage significantly.

(4)Computer-assisted design model can be used in accurate quantitative measurements of the deformation in LCPD and surgical planning.
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