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Abstract

:

Featured Application


This study provides morphometric data of the Thai distal femur based on the computed tomography data and reversed engineering technique, which can be used for application in knee implant design-included forensic anthropology.




Abstract


This study evaluates the distal femur morphology of the Thai population using a three-dimensional (3D) measurement method, measuring the distance between the triangular point of the femoral 3D model. The 3D model of 360 Thai femoral obtained from 180 volunteers (90 males, 90 females; range 20–50 years, average 32.8 years) was created using reverse engineering techniques from computed tomography imaging data. Using the 3D identified landmark method, the morphometric parameters evaluated included transepicondylar axis length (TEA), mediolateral length (ML), anteroposterior width (AP), medial anteroposterior width (MAP), lateral anteroposterior width (LAP), medial condyle width (MCW), lateral condyle width (LCW), intercondylar notch width (WIN), intercondylar notch depth (DIN), medial posterior condyle height (MPC), lateral posterior condyle height (LPC), femoral aspect ratio (ML/AP), lateral femoral aspect ratio (ML/LAP), and medial femoral aspect ratio (ML/MAP). The measured data were summarized for the analysis of an average value and standard deviation. Statistical analysis was performed using the independent samples t-test, unequal variances t-test, and linear regression. A p-value less than 0.05 (<0.05) was regarded as statistically significant and indicates strong evidence of the hypothesis. Additionally, the K-means clustering analysis of Thai distal femoral to the optimum size of the prosthesis with the correlation between ML length and AP width was performed. The results found that the morphometric parameters of the Thai male distal femur were significantly different and higher than those of Thai females, except for the ratio of ML/AP and ML/MAP. Comparatively, there was a significant difference between the specific size of Thai distal femur and that of the Korean population, which was also smaller than that for Caucasians. In addition, there was a mismatch between the distal femoral component sizing of knee prosthesis and what is available and commonly used in Thailand. At least six sizes of ML and/or AP should be recommended for the reasonable design of distal femoral prosthesis for covering the anatomy of Thais. These data are useful for predicting the morphometric parameters in forensic anthropology and provide basic data for the design of knee prostheses suitable for the Thai population.
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1. Introduction


The largest bone in the human body is a femur, which is widely researched in fields such as forensic anthropology and orthopedics. For forensic anthropology research, the femur’s morphology, both proximal and distal parts, was investigated to determine differences in the femur concerning populations and sex [1,2]. The orthopedics research involves an analysis of the proximal femur, including a femoral head, neck, and the proximal femoral medullary canal for hip joint studies [2,3,4]. The dimensions of the distal femur are important, especially in the prostheses or implants design for a knee joint such as total knee arthroplasty (TKA) [5,6,7]. Generally, the femur’s morphometric studies could be conducted by direct measurements based on a dry bone using Vernier calipers or rulers [8,9,10,11]. Alternatively, the indirect method was performed using a reversed engineering technique based on the data from radiography, computed tomography scans (CT), and magnetic resonance imaging (MRI). The advantage of this method is the investigation in a digital format that is non-destructive of the specimen, and the useful assessment identified anatomical landmarks and included the automatically calculated measurement [12]. Computed tomography data can be measured in both two-dimensional (2D) and three-dimensional (3D) formats [13,14,15,16]. Based on three-dimensional measurement, the femoral 3D models were created by a reverse engineering technique, which involves returning the physical product to virtual models that can be considered as two phases, including a digitization and reconstruction phase. The digitization phase relates data acquisition from physical objects, a sample part or prototype, using various forms of a scanner. The data from scanning have been collected as images or a 3D coordinates representation of the object’s surface (point cloud data). Then, in the reconstruction phase, the data are transferred to Computer-Aided Reverse Engineering (CARE) software for the reconstruction of the three-dimensional model in which the surface is represented as a polygonal mesh [3,17,18,19,20]. In addition, the morphological evaluation based on 3D models is an adequate accurate dimension and convenient measurement. Moreover, the models can be configured such as rotation, translation, and clipping [21,22].



There are several studies featuring the morphometric analysis of Thai femoral such as a study of morphological parameters of the proximal femur with a three-dimensional measurement technique [4], a measurement of the anteroposterior and mediolateral length of distal femur based on MRI [23], and intraoperative anthropometric measurement of resected Thai distal femurs during surgery [24]. However, a morphometric study of the Thai distal femur has reported some parameters that may be insufficient for the application, such as the sexual prediction in forensic science or knee prosthesis design. For the design of the knee implant, the dimension of implant geometry is one factor that affects the durability of the prostheses. The optimization of the implant dimension coverage surface area between bone and implant component is one approach to improving the longevity of the prostheses because it can reduce stress around the bone and wear in the tibial insert [25]. In addition, the biomechanics of the knee joint should be considered in the designing process of the knee implant. Finite Element Analysis (FEA), the process of simulating the behavior of a physical problem using a numerical mathematic technique, is the method that is used to analyze the biomechanics of various knee prosthesis designs [26]. This method allows the modeling of complex geometry and system of loads such as forces, pressure, and movement that corresponding to activities in daily life. Therefore, FEM can be efficient in simulating various situations to improve the design of various implants [25,27,28]. This study aims to provide only fundamental morphometric data of the Thai distal femur. Therefore, this study aimed to evaluate the morphometric parameters of the Thai distal femur based on a three-dimensional imaging data reconstructed from computed tomography using a reverse engineering technique. All the morphometric parameters were collected via a non-invasive technique used for any medical examination or treatment that does not cut the skin or enter any of the body’s spaces—for example, diagnosis or anatomical measurement using magnetic resonance imaging or computed tomography images. This study used measurements based on a 3D model, which was a rapid, cost-effective, and non-invasive approach to accomplish the morphometric parameters. Then, the morphometric data of the Thai distal femur was compared to the distal femoral prosthesis available and used commercially. In addition, the K-means clustering analysis was performed to the determination of the number of clusters for the distal femur parameter. The anteroposterior width and mediolateral length data were used to classify the numbers of femoral component sizing for Thais. The proper sizes were determined by the elbow method, which was one method for validating the number of clusters [29]. In this way, we hypothesized that the measurement data between males and females differed, and the Thai distal femur studied had no differences from other nationalities. The available distal femoral prosthesis size is not suitable for Thais.




2. Materials and Methods


In this research, three hundred and sixty Thai femora were used. These data were collected from CT-scanning and reconstructed three-dimensional models to determine the morphometric parameters. Accordingly, this section has four parts, including data acquisition, 3D CT reconstruction, measurement of morphometric parameters, and statistical analysis.



2.1. Data Acquisition


The acquired data are CT scan images of the human knee, which were stored in the Digital Imaging and Communications in Medicine (DICOM) format. This research has been approved by the ethics committee for research involving human subjects, Suranaree University of Technology (EC59-60). Subjects who participated were recruited from healthy Thai adult volunteers who had an average age of 32.8 years (in the range of 20–50 years). A total number of 360 Thai femora were obtained from 180 volunteers: 90 males and 90 females. All participants have been informed of the study and signed the consent form. The selection criteria for each subject included normal lower limb appearance, normal alignment, and no clinical history of knee arthritis. They were excluded if they were underage, suspected pregnant by loss of menstruation of more than 1 month or pregnant, refusal to undergo CT, and claustrophobia.




2.2. CT Scans and 3D Reconstruction


All participants were set up in the supine position and the foot was in a neutral position with the use of a 64-slice spiral computed tomography (CT) scanner (Optima CT660, GE Healthcare, Chicago, IL, USA). The CT protocol was defined with the following parameters: 120 kVp with automatic value in the range of 50 to 320 mA, the dose reduction of 20%, and the slice thickness of 2.5 mm with the reconstruction of 0.625 mm in the scan length of 90 to 30 cm. Next, the CT images were imported into the medical imaging processing software (MIMICS, Materialise N.V., Leuven, Belgium) for the reconstruction of 3D surface models. CT image data were segmented for selecting the required tissue type by MIMICS software as shown in Figure 1. The Hounsfield scale threshold was used to control and correct the segmentation of the CT image; the Hounsfield value depended on density. The higher Hounsfield value indicates high-density objects such as cortical bone, while the lower Hounsfield value represents low-density objects such as muscles and soft tissue. This study selected a lower limit of 226 Hounsfield units (HU) and an upper limit of 3071 HU to separate bone from soft tissue. When the segmentation had finished, there is an integrated function to calculate the 3D model from these CT images that were exported in stereolithography (STL) format. The surface of the reconstructed 3D model was meshed by a triangle. For measurement based on 3D models, the distance was measured between the triangular points. The adaptive remeshing function in Materialise 3-Matic (Materialise N.V., Belgium) was used to improve the quality of the triangular element. Since the triangle size influenced the accuracy of measurement on the 3D models, the maximum edge length of 0.2 mm (the edge length in the software ranges from 0.10 to 3.00 mm) was used in this study.



The femoral 3D models as shown in Figure 2 were adjusted for alignment before measurement by Materialise 3-Matic [1,20,30]. Firstly, the mechanical axis, a line from the center of the femoral head to the apex point of the intercondylar notch, was aligned in a sagittal plane. Secondly, the line between the most medial posterior points and the most lateral posterior points of femoral condyles were aligned in a coronal plane. Finally, the transverse plane was defined as the line connecting the most inferior points of both femoral condyles.




2.3. Measurement of Morphometric Parameters


In this study, the anatomical landmarks as shown in Figure 3 were defined from previous reports for morphometric measurement of the distal femur [1,14,31] as follows: the most prominent point of lateral epicondyle (LE), the most prominent point of medial epicondyle (ME), the most anterior cortex point (AC), the most anterior point of medial condyle (MAC), the most posterior point of medial condyle (MPC), the most anterior point of lateral condyle (LAC), the most posterior point of lateral condyle (LPC), the most medial point of medial condyle (MMC), the most lateral point of medial condyle (MLC), the most lateral point of lateral condyle (LLC), the most medial point of lateral condyle (LMC), the apex of intercondylar notch (DIN), the most inferior point of lateral condyle (HLC1), the most superior point of lateral condyle (HLC2), the most inferior point of medial condyle (HMC1), and the most superior point of medial condyle (HMC2).



The abbreviation and definition of the morphometric parameters of the distal femur shown in Table 1 were investigated as follows: two lengths, six widths, one depth, two heights, and three ratios. To assess the accuracy of the measurement, the intra-rater and inter-rater reliability were evaluated before measurement [32]. Two observers measured morphometric parameters including transepicondylar axis length (TEA), mediolateral length (ML), anteroposterior width (AP), medial anteroposterior width (MAP), lateral anteroposterior width (LAP), medial condyle width (MCW), lateral condyle width (LCW), intercondylar notch width (WIN), intercondylar notch depth (DIN), MPC, and LPC by the selection of landmark point for distance measurement with three replicates on 20 random femora, and one of the observers measured the same femur twice with a two-week interval. Measured values from two observers were analyzed by statistical software SPSS (SPSS Inc., Chicago, IL, USA).




2.4. Statistical Analysis


The reliability must be established before any measurement and instrument or assessment tool is used for research or clinical applications. The intra-class correlation coefficient (ICC) is a common statistic performed to assess reliability such as inter-rater, test-retest, and intra-rater reliability, which are usually found to have a value between 0 and 1. A high ICC value close to 1 indicates that values in the same group are highly similar. The measurement data were presented in terms of the mean ± standard deviation (SD). A comparison of means between gender was analyzed with an independent t-test. The investigation of different morphometric parameters between other nationalities and Thai studies was analyzed with Welch’s t-test or unequal variances t-test. A p-value of less than 0.05 (p < 0.05) was considered as a statistically significant difference. The linear regression analysis was used to determine correlations of morphometric parameters. Additionally, the K-means clustering analysis and elbow technique were used to classify the number of sizes of the femoral prosthesis for Thais using anteroposterior width and mediolateral length data.





3. Results


After measuring the morphometric parameters was completed, these data were analyzed, and the results from this research were reported, which consists of the following six sections: reliability analyses, morphological parameters in Thais, comparing morphometric with Thai studies, comparing morphometric with other nationalities, linear regression analysis, and application of morphometric data. However, morphometric information from this study can be used for other purposes.



3.1. Intra-Rater and Inter-Rater Reliability Analyses


According to the statistical analysis, the ICC values of morphological parameters can be shown in Table 2. The intra-rater reliability showed that all parameters were highly reliable in the range between 0.85 and 0.98. Similarly, the value of inter-rater reliability was revealed in the range between 0.84 and 0.98.




3.2. Measurement of Morphological Parameters in Thai Male and Female


Table 3 shows the result of morphometric parameters of Thai distal femur obtained from 3D models that summarized of mean ± SD (mm) in the gender groups. The results show that the morphometric parameters in the male group were significantly higher than those in the female group (p < 0.05), except for the ML/AP and ML/MAP ratio. It means the ML/AP or ML/MAP ratio of the Thais was approximately 1.26 and 1.18, respectively.




3.3. Comparison of the Morphometric Parameters with Thai Studies


The morphometric parameters of the Thai population were compared with previous studies as shown in Table 4, which studied morphometric data of the Thai distal femur. The results of the comparison showed that the majority of the morphometric parameters except for the femoral aspect ratio (ML/AP, ML/MAP, and ML/LAP) were higher than those of the previous study. Those differences may arise as a result of different definitions of the measured parameters and measurement techniques. However, some parameters of previous studies have not been reported in comparison with the current study.




3.4. Comparison of the Morphometric Parameters with Other Nationalities


Table 5 showed the comparison result of morphometric parameters with other ethnic groups, including the Korean and Caucasian populations. The morphometric parameters consisting of ML, MAP, and LAP were significantly smaller than the Caucasian population but similar to the Korean population. However, there were also significant differences in the Korean population between the parameters MCW, LCW, WIN, and DIN. In addition, the ML/AP ratio of the Thai distal femur was lower than that of the Caucasian population.




3.5. Correlation and Linear Regression Analysis of Morphometric Parameters


The correlation coefficient and linear regression analysis of morphometric parameters in male and female groups are presented in Table 6 and Table 7, respectively. The highest correlation coefficient (r) value was observed for the relationship between AP and MAP, which are 0.958 and 0.931 in the male and female groups, respectively. Other high correlation coefficients in which r > 0.7 included ML and TEA, MAP and LAP, AP and LAP, ML/MAP and ML/AP, MAP and TEA, LAP and TEA, ML/LAP and ML/AP, and LPC vs. MPC for the male group, while for the female group, they included LPC and MPC, LAP and TEA, and LPC vs. LAP. For the rest of the pairs of parameters, they had a definite relationship in which the r value falls in the range of 0.3 to 0.7. In addition, high and strong correlation pairs of parameters were presented as linear regression equations.




3.6. Application of Morphometric Data to Analyze the Knee Prostheses for Thais


In addition, this study provides essential data for improving the design of knee prostheses for the Thai population—for instance, to improve the design of the femoral component for total knee arthroplasty based on the morphometry of the Thai knee. Significant factors leading to the effectiveness of complete knee arthroplasty were sufficient for the prosthetic selection, precise sizing, and proper placement of the components. Two variables used to select the femoral implant sizing are anteroposterior width (AP) and mediolateral length (ML). Thus, a mismatch analysis between these variables and the femoral component sizing that is commonly used in Thailand including the DEPUY (Sigma), ZIMMER (Nexgen), SMITH & NEPHEW (Genesis II), and STRYKER (Scorpio) [34] was evaluated. The correlation between anatomical and implant dimension was analyzed and is shown in Figure 4. The result was that the size distribution of four implants at the same anteroposterior width appears to undersize the mediolateral length of Thais. To improve the design of knee prostheses for Thais, the size of the femoral component, particularly mediolateral length, should be improved.



To determine the optimum size of the femoral component, the correlation between the femoral mediolateral length (ML) and the medial anteroposterior width (AP) shown in Figure 4 was classified as femoral component size for Thais by K-means clustering analysis. In this study, the number of clusters was evaluated with variations from three to 12 clusters, finding the cluster centroid for each group. To determine the optimal numbers of the cluster, the total within-cluster sum of squares (WSS) for each cluster was computed. Then, the WSS according to the number of clusters were plotted as curves, as shown in Figure 5. The location of a bend in the graph is generally regarded as an indicator of the number of appropriate clusters [35]. When the bending point was not visible obviously, the largest distance of a line that is perpendicular from a straight line drawn between the point of the first cluster and the last cluster indicated the optimal number of clusters.



In Figure 5, the range of optimal clusters for sizing the Thais’ femoral component was six to eight clusters. The centroid data for each group shown in Table 8 represented the dimension of mediolateral length (ML) and the medial anteroposterior width (AP), which suggests for sizing of the femoral component for the Thai population.





4. Discussion


The morphometric parameters of the distal femur are used for various applications, such as sex determination, racial and ethnic identification, and fundamental data for the design of knee prostheses [1,4,6,18]. From a systematic review, the author found that the favorite method for the morphometric study is a measurement based on 3D models reconstructed by computer software in which most of the parameters were measured, including AP, ML, and ML/AP. Therefore, this study evaluated the morphometric of Thai distal femur based on 3D models reconstructed from computed tomographic (CT) data by reverse engineering techniques, which gave more accuracy and convenience than other methods [21,22].



The reliability of measurement was examined by the intra-class correlation coefficient analysis. It was found that the intra- and inter-rater reliability coefficients were quite high (in a range of 0.84 to 0.98), indicating the excellent reproducibility of the measurement [36]. The result found that the intra-rater reliability for most parameters was higher than the inter-rater reliability. The main reason for the lower inter-rater correlation coefficients seems to be due to inconsistent identification of anatomical landmarks. However, the inter-rater reliability can be enhanced by clarifying the anatomical landmark descriptions, additional practice, and increased experience of the observers.



The results of this study found that the important morphometric parameters, such as the average of mediolateral length (ML), medial anteroposterior width (MAP), and lateral anteroposterior width (LAP) of all subjects were as follows: 71.00 ± 5.30 mm, 60.57 ± 4.83 mm, and 63.10 ± 4.48 mm, respectively. According to the comparison between genders, most of the male distal femur parameters were significantly higher than the female distal femur parameters. These results were consistent with the previous studies [23,24]. However, there was no significant gender difference in the ML/AP and ML/MAP ratio. This means that the ML/AP and ML/MAP ratio for Thais are approximately 1.26 and 1.18, respectively. It was confirmed that the mediolateral length was greater than the anteroposterior width.



According to the comparison of Thai morphometric studies, the distal femur morphometric data of this study were quite different from those previously reported [23,24]. In particular, the value of the femoral aspect ratio as shown in Table 4 was different. This may be a result of different definitions of measured parameters and measurement methods—for example, the measurement of distal femurs based on MRI images by simulation of distal femoral bone cut or intraoperative anthropometric measurement of resected Thai distal femora using a sterile Vernier caliper [23,24], whereas this study used measurements based on a 3D model without resection of the distal femur. In addition, the results also showed that the Thai distal femur was different from those of other nationalities. Several studies reported that the morphology of the Caucasian distal femur was larger than that of the Asian distal femur, which is consistent with previous studies [20,37,38]. Most of the morphometric parameters in this study found that there was a significant difference compared to the Korean population [1,2]. The distal femur of Thais was slightly different from that of the Chinese and Japanese populations as well [5,6,7,8]. However, they were smaller than those of the Indian femur [30].



To analyze the relationship between each parameter, the morphometric data of distal femur in males and females were investigated using linear regression and correlation analysis. This is due to the statistically significant difference in morphology between males and females. Correlation pairs of morphometric parameters found differences between males and females. The high correlation coefficients occurred in medial anteroposterior width (MAP) and anteroposterior width (AP) both males and females. The correlation between each pairwise is a strong linear relationship if it falls within the range between 0.7 and 1.0. The equation that is a clear linear relation can be used to estimate the dependent variable precisely. For example, a linear regression equation is used to predict morphometric parameters in forensic anthropology.



Using morphological data for the design of prosthetic knee, such as mediolateral (ML) and anteroposterior (AP), the size of Thais distal femur was compared to the commercially used prosthesis in Thailand. The results showed that there was a mismatch between the distal femur of Thai and the knee prosthesis, which is consistent with other studies [6,23,24,30]. In the prosthesis design of a distal femoral component, at least six sizes should be available to cover Thais’ anatomy, especially the ML and AP values. Femoral component overhang leads to soft tissue impingement, which causes painful irritation of the knee tendons and ligaments, while the undersized femoral component leads to increased blood loss through exposed cancellous bone, and the fit between a femoral component and a femur was also considered [39].



The limitation of this study is that the volunteers in this study were healthy and between 20 and 50 years old. The morphometric data from the normal femur may differ from the osteoarthritic femur. Moreover, most volunteers who participated in this study lived in Nakhon Ratchasima province. The difference in residence of volunteers may also affect the average values of morphometric data in the Thai population. Morphometric data of the distal femur were measured based on 3D models, the accuracy of which depends on the threshold value and mesh quality. In addition, measurements based on 3D models of the femur did not include cartilage thickness.




5. Conclusions


The morphometric study on the Thai distal femur was performed based on a 3D reconstructed model from computed tomography data and the reverse engineering technique. The results showed that the morphometric parameters of Thai males were significantly different and higher than those of Thai females, except for the ratio of ML/AP and ML/MAP. By comparison, there was a significant difference between the size of the distal femur of Thai and Asian subjects, and it was also smaller than those measured from Caucasian subjects. Most of these parameters are highly correlated. There was also a mismatch between the distal femur in Thais and the commonly used prosthetic knee. The proper design of distal femoral prosthesis should include at least six sizes of ML and AP to cover the anatomy of the Thai population. These data are also useful in that they provide fundamental data for the design of knee prostheses suitable for Thais and the prediction of morphometric parameters in forensic anthropology.
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Figure 1. Three-dimensional model reconstruction: (a) a series of raw computed tomography (CT) image, (b) segmentation of CT images, and (c) 3D model. 
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Figure 2. The alignment of the 3D femur models: (a) the mechanical axis was aligned in a sagittal plane, (b) the most posterior point of both condyles was aligned in a coronal plane, and (c) the most inferior points of both condyles were aligned in a transverse plane. 
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Figure 3. The anatomical landmarks on the distal femur: (a) in inferior view and (b) in posterior view. 
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Figure 4. Correlation analysis between the femoral mediolateral length (ML) and the medial anteroposterior width (AP) among four implants. 
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Figure 5. The relation between the total within-cluster sum of squares and number of clusters. 
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Table 1. Abbreviation and definition of morphometric parameters of the distal femur.
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	Abbreviation
	Measurement
	Definition





	TEA
	Transepicondylar axis length
	A distance between the most prominent point of lateral and medial epicondyle (LE–ME)



	ML
	Mediolateral length
	A distance between the most prominent point of lateral and medial epicondyle (LLC–MLC)



	AP
	Anteroposterior width
	A distance between the most anterior cortex point (AC) and a line connecting LPC and MPC point



	MAP
	Medial anteroposterior width
	A distance between the most anterior and posterior point of medial condyle (MAC–MPC)



	LAP
	Lateral anteroposterior width
	A distance between the most anterior and posterior point of lateral condyle (LAC–LPC)



	MCW
	Medial condyle width
	A width from most medial point to lateral point of medial condyle (MMC–MLC)



	LCW
	Lateral condyle width
	A width from most medial point to lateral point of lateral condyle (LMC–LLC)



	WIN
	Intercondylar notch width
	A width of the intercondylar notch (LMC–MMC)



	DIN
	Intercondylar notch depth
	A distance from the line connecting LPC–MPC point to the apex of the intercondylar notch



	MPC
	Medial posterior condyle height
	A distance between the most superior and inferior point of medial condyle (HMC1–HMC2)



	LPC
	Lateral posterior condyle height
	A distance between the most superior and inferior point of lateral condyle (HLC1–HLC2)



	ML/AP
	Femoral aspect ratio
	A femoral aspect ratio on the middle condyle



	ML/LAP
	Lateral femoral aspect ratio
	A femoral aspect ratio on the lateral condyle



	ML/MAP
	Medial femoral aspect ratio
	A femoral aspect ratio on the medial condyle
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Table 2. Intra-class correlation coefficient value of morphometric parameters.
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	Parameters
	Intra-Rater
	Inter-Rater





	TEA
	0.98
	0.98



	ML
	0.90
	0.87



	AP
	0.97
	0.96



	MAP
	0.96
	0.94



	LAP
	0.96
	0.96



	MCW
	0.92
	0.92



	LCW
	0.85
	0.85



	WIN
	0.97
	0.84



	DIN
	0.96
	0.91



	MPC
	0.95
	0.96



	LPC
	0.89
	0.91
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Table 3. Summary of the morphology measurement of the Thai distal femur in mean ± SD (mm).
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	Parameters
	Total (n = 360)
	Male (n = 180)
	Female (n = 180)
	p-Value





	TEA
	79.53 ± 6.54
	84.90 ± 4.04
	74.16 ± 3.38
	<0.001



	ML
	71.00 ± 5.30
	75.10 ± 3.24
	66.89 ± 3.46
	<0.001



	AP
	56.50 ± 4.67
	59.89 ± 3.18
	53.12 ± 3.25
	<0.001



	MAP
	60.57± 4.83
	64.12 ± 3.08
	57.03 ± 3.46
	<0.001



	LAP
	63.10 ± 4.48
	66.36 ± 3.29
	59.85 ± 2.86
	<0.001



	MCW
	25.58 ± 2.56
	27.41 ± 2.02
	23.75 ± 1.52
	<0.001



	LCW
	24.62 ± 2.78
	26.87 ± 1.85
	22.37 ± 1.36
	<0.001



	WIN
	20.06 ± 2.72
	21.45 ± 2.55
	18.67 ± 2.11
	<0.001



	DIN
	27.92 ± 6.48
	33.14 ± 3.69
	22.71 ± 4.00
	<0.001



	MPC
	38.66 ± 3.26
	40.61 ± 2.81
	36.70 ± 2.43
	<0.001



	LPC
	37.10 ± 2.96
	39.07 ± 2.23
	35.13 ± 2.18
	<0.001



	ML/AP
	1.26 ± 0.07
	1.26 ± 0.06
	1.26 ± 0.07
	0.398



	ML/MAP
	1.18 ± 0.06
	1.18 ± 0.05
	1.18 ± 0.07
	0.422



	ML/LAP
	1.13 ± 0.06
	1.13 ± 0.05
	1.12 ± 0.06
	0.016
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Table 4. Comparison of the morphometric parameters with Thai studies in mean ± SD (mm).






Table 4. Comparison of the morphometric parameters with Thai studies in mean ± SD (mm).





	

	
Present Study

	
Thai [23]

	
Thai [24]




	
Parameters

	
Male (n = 180)

	
Male (n = 81)

	
Male (n = 30)




	
Female (n = 180)

	
Female (n = 119)

	
Female (n = 170)






	
TEA

	
84.90 ± 4.04 (M)

74.16 ± 3.38 (F)

	
-

-

	
-

-




	
ML

	
75.10 ± 3.24 (M)

66.89 ± 3.46 (F)

	
70.15 ± 3.87 (M) *

59.91 ± 3.75 (F) *

	
72.10 ± 4.40 (M) *

64.70 ± 3.60 (F) *




	
MAP

	
64.12 ± 3.08 (M)

57.03 ± 3.46 (F)

	
-

-

	
59.20 ± 3.30 (M) *

53.60 ± 2.60 (F) *




	
LAP

	
66.36 ± 3.29 (M)

59.85 ± 2.86 (F)

	
-

-

	
56.50 ± 3.20 (M) *

51.60 ± 2.40 (F) *




	
AP

	
59.89 ± 3.18 (M)

	
48.55 ± 3.73 (M) *

	
-




	
53.12 ± 3.25 (F)

	
43.32 ± 3.69 (F) *

	
-




	
MCW

	
27.41 ± 2.02 (M)

23.75 ± 1.52 (F)

	
-

-

	
-

-




	
LCW

	
26.87 ± 1.85 (M)

22.37 ± 1.36 (F)

	
-

-

	
-

-




	
WIN

	
21.45 ± 2.55 (M)

18.67 ± 2.11 (F)

	
-

-

	
-

-




	
DIN

	
33.14 ± 3.69 (M)

22.71 ± 4.00 (F)

	
-

-

	
-

-




	
MPC

	
40.61 ± 2.81 (M)

36.70 ± 2.43 (F)

	
-

-

	
-

-




	
LPC

	
39.07 ± 2.23 (M)

35.13 ± 2.18 (F)

	
-

-

	
-

-




	
ML/AP

	
1.26 ± 0.06 (M)

1.26 ± 0.07 (F)

	
1.45 ± 0.11 (M) *

1.39 ± 0.12 (F) *

	
-

-




	
ML/MAP

	
1.18 ± 0.05 (M)

1.18 ± 0.07 (F)

	
-

-

	
1.22 ± 0.08 (M) *

1.21 ± 0.06 (F) *




	
ML/LAP

	
1.13 ± 0.05 (M)

1.12 ± 0.06 (F)

	
-

-

	
1.27 ± 0.07 (M) *

1.26 ± 0.07 (F) *








* Statistical significance p < 0.05.
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Table 5. Comparison of the morphometric parameters with other nationalities in mean ± SD (mm).
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Present Study

	
Korean [2]

	
Caucasians [33]




	
Parameters

	
Male (n = 180)

	
Male (n = 88)

	
Male (n = 500)




	
Female (n = 180)

	
Female (n = 114)

	
Female (n = 340)






	
TEA

	
84.90 ± 4.04 (M)

74.16 ± 3.38 (F)

	
-

-

	
-

-




	
ML

	
75.10 ± 3.24 (M)

66.89 ± 3.46 (F)

	
75.40 ± 2.14 (M)

66.48 ± 2.41 (F)

	
85.90 ± 4.70 (M) *

75.80 ± 3.30 (F) *




	
MAP

	
64.12 ± 3.08 (M)

57.03 ± 3.46 (F)

	
61.22 ± 3.06 (M) *

55.25 ± 3.02 (F) *

	
65.70 ± 3.70 (M) *

59.40 ± 3.30 (F) *




	
LAP

	
66.36 ± 3.29 (M)

59.85 ± 2.86 (F)

	
64.63 ± 3.65 (M) *

58.39 ± 2.76 (F) *

	
67.80 ± 4.10 (M) *

61.40 ± 3.20 (F) *




	
AP

	
59.89 ± 3.18 (M)

	
-

	
61.20 ± 2.90 (M) *




	
53.12 ± 3.25 (F)

	
-

	
55.90 ± 3.30 (F) *




	
MCW

	
27.41 ± 2.02 (M)

23.75 ± 1.52 (F)

	
25.78 ± 1.85 (M) *

23.46 ± 2.39 (F) *

	
-

-




	
LCW

	
26.87 ± 1.85 (M)

22.37 ± 1.36 (F)

	
27.96 ± 1.91 (M) *

24.05 ± 2.00 (F) *

	
-

-




	
WIN

	
21.45 ± 2.55 (M)

18.67 ± 2.11 (F)

	
21.66 ± 2.66 (M)

18.97 ± 2.75 (F) *

	
-

-




	
DIN

	
33.14 ± 3.69 (M)

22.71 ± 4.00 (F)

	
30.05 ± 2.05 (M) *

27.16 ± 1.85 (F) *

	
-

-




	
MPC

	
40.61 ± 2.81 (M)

36.70 ± 2.43 (F)

	
-

-

	
-

-




	
LPC

	
39.07 ± 2.23 (M)

35.13 ± 2.18 (F)

	
-

-

	
-

-




	
ML/AP

	
1.26 ± 0.06 (M)

1.26 ± 0.07 (F)

	
-

-

	
1.41 ± 0.06 (M) *

1.36 ± 0.06 (F) *




	
ML/MAP

	
1.18 ± 0.05 (M)

1.18 ± 0.07 (F)

	
-

-

	
-

-




	
ML/LAP

	
1.13 ± 0.05 (M)

1.12 ± 0.06 (F)

	
-

-

	
-

-








* Statistical significance p < 0.05.
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Table 6. The equations for the high pairwise correlation of Thai male morphometric parameters.
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	Parameters
	Linear Regression Equation
	Correlation

Coefficient (r)





	AP vs. MAP
	AP = −3.53 + 0.99 MAP
	0.958



	ML vs. TEA
	ML = 15.77 + 0.64 TEA
	0.798



	MAP vs. LAP
	MAP = 16.47 + 0.72 LAP
	0.766



	AP vs. LAP
	AP = 11.11 + 0.74 LAP
	0.759



	ML/MAP vs. ML/AP
	ML/MAP = 0.35 + 0.66 ML/AP
	0.730



	MAP vs. TEA
	MAP = 17.82 + 0.54 TEA
	0.716



	LAP vs. TEA
	LAP = 17.74 + 0.58 TEA
	0.709



	ML/LAP vs. ML/AP
	ML/LAP = 0.37 + 0.60 ML/AP
	0.705



	LPC vs. MPC
	LPC = 16.39 + 0.56 MPC
	0.702



	AP vs. TEA
	AP = 13.68 + 0.54 TEA
	0.692



	AP vs. ML/AP
	AP = 102.10 − 33.55 ML/AP
	0.636



	LAP vs. ML/LAP
	LAP = 109.00 − 37.61 ML/LAP
	0.588



	ML vs. MCW
	ML = 44.29 + 0.94MCW
	0.586



	MAP vs. ML/AP
	MAP = 101.60 − 29.84 ML/AP
	0.584



	MCW vs. TEA
	TEA = 53.30 + 1.15 MCW
	0.575
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Table 7. The equations for the high pairwise correlation of Thai female morphometric parameters.
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	Parameters
	Linear Regression Equation
	Correlation

Coefficient (r)





	AP vs. MAP
	AP = 3.24 + 0.87 MAP
	0.931



	LPC vs. MPC
	LPC = 8.68 + 0.72 MPC
	0.802



	LAP vs. TEA
	LAP = 10.96 + 0.66 TEA
	0.778



	LPC vs. LAP
	LPC = 2.67 + 0.54 LAP
	0.711



	MPC vs. LAP
	MPC = 2.18 + 0.58 LAP
	0.680



	ML vs. TEA
	ML = 16.48 + 0.68 TEA
	0.664



	TEA vs. MPC
	TEA = 40.42 + 0.92 MPC
	0.661



	LPC vs. TEA
	LPC = 4.17 + 0.42 TEA
	0.646



	AP vs. ML/AP
	AP = 88.06 − 27.64 ML/AP
	0.645



	LAP vs. AP
	LAP = 30.40 + 0.55 AP
	0.630



	MCW vs. LAP
	MCW = 4.00 + 0.33 LAP
	0.621



	ML/LAP vs. ML/AP
	ML/LAP = 0.50 + 0.49 ML/AP
	0.619



	LPC vs. MCW
	LPC = 14.96 + 0.85 MCW
	0.592



	MAP vs. LAP
	MAP = 14.84 + 0.70 LAP
	0.583



	ML vs. ML/LAP
	ML = 29.52 + 33.40 ML/LAP
	0.576
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Table 8. Sizing of the distal femoral component for the Thai population.
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	Size
	AP (mm)
	ML (mm)
	AP (mm)
	ML (mm)
	AP (mm)
	ML (mm)





	1
	53
	63
	52
	64
	52
	63



	2
	58
	68
	56
	62
	54
	67



	3
	62
	72
	58
	70
	56
	72



	4
	62
	76
	60
	67
	58
	72



	5
	67
	75
	62
	74
	60
	67



	6
	67
	79
	64
	72
	63
	72



	7
	-
	-
	66
	78
	63
	77



	8
	-
	-
	-
	-
	67
	78
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