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Abstract

[bookmark: _Hlk532392649]Thorough preoperative planning in total knee arthroplasty is essential to reduce implant failure by proper implant sizing and alignment. The “gold standard” in conventional preoperative planning is based on anterior-posterior long-leg radiographs. However, the coronal component alignment is still an open discussion in literature, since studies have reported contradictory outcomes on survivorship, indicating that optimal individual alignment goals still need to be defined. Two-dimensional biomechanical models of the knee have the potential to predict joint forces and, therefore, objectify therapy planning. Previously published two-dimensional biomechanical models were evaluated and validated for the first time in this study by comparison of model predictions to corresponding in vivo measurements obtained from telemetric implants for a one- and two-leg stance. Model input parameters were acquired from weight-bearing anterior-posterior long-leg radiographs and statistical assumptions for patient-specific model adaptation. The overall time from initialization to load prediction was in the range of 7-8 minutes per patient for all models. However, no model could accurately predict the correct trend of knee joint forces over patients. Two dimensional biomechanical models of the knee have the potential to improve preoperative planning in total knee arthroplasty by providing additional individual biomechanical information to the surgeon. Although integration into the clinical workflow might be performed with acceptable costs, the models’ accuracy is insufficient for the moment. Future work is needed for model optimization and more sophisticated modelling approaches.   
Introduction
Preoperative planning in total knee arthroplasty (TKA) is increasingly relevant to reduce intraoperative errors related to implant sizing and bony resections, and provides the opportunity to prepare the surgical instrumentation and access to the implant system . The global “gold standard” in clinical preoperative planning in TKA is based on the two-dimensional (2D) geometrical analysis of anterior-posterior (AP) standing long-leg radiographs . References, such as the anatomical and mechanical axes, are measured and implant templates are aligned in a neutral or anatomical mechanical alignment. The templating has been traditionally performed on radiographic films, whereas computer-assisted orthopaedic templating software packages are increasingly available using computed and digital radiography. However, optimal individual alignment goals are still being discussed controversially . Thereby, mechanical factors play an important role in the clinical success of the prosthesis, effecting, for example, wear, loosening and instability and, consequently, implant durability and patient satisfaction .

The mechanical alignment tries to establish mechanical equilibrium of the medial and lateral compartment in the coronal plane, minimizing shear forces at the prosthetic surface and, thus, theoretically maximizing longevity. However, the medial load share in the normal and prosthetic knee is usually greater than the lateral . An equal loading in an asymmetric tibial component might even be unintended. The analysis of 6,070 TKAs showed optimal survivorship for a total of anatomical knee alignment between 2.4° to 7.5° of valgus . Kim et al.  reviewed 3,048 knees and defined a similar target zone of 3° to 7.5° of valgus alignment. This is supported by other studies that correlated increased revision rates with coronal malalignment, particularly in varus . Bellemans et al.  questioned whether neutral mechanical alignment in TKA is normal for all patients after discovering that natural alignment  is at least 3° varus at  the  end  of  growth for a quarter of the population. Additionally, recent studies have shown that indoctrinated neutral mechanical alignment is probably insufficient . Nowadays, patients with severe varus deformity are often left in slight varus and valgus patients vice versa. However, the surgeon usually has no information on acting joint forces during preoperative planning, thus, the procedure depends greatly on the expert’s experience. 

Validated computer-based modelling approaches have the potential to predict joint forces and, thus, optimize preoperative planning . Three-dimensional numerical models can be classified into two main categories: finite element (FE) and multibody simulation models. The FE models are commonly used to predict joint contact stresses. However, this approach is rather unsuitable for clinical application because of the input data required, such as external load and motion profiles , segmented bony surfaces and soft tissues, and their intensive computational costs, which can be in the range of a few days . Multibody simulation models are computationally efficient, but typically idealized joint kinematics are used  and the patient-specific adaptation process, for example, based on gait lab data, is also very expensive . Alternatively, 2D analytical models are efficient and robust, and patient-specific adaptation can be performed based on radiographs. A lot of such models have been described in the literature during the last few decades. However, their broad application in preoperative TKA planning is missing. The major reasons are their simplification and lack of validation . 

The goal of this study was to evaluate the suitability of 2D biomechanical models for radiograph-based preoperative planning in TKA and validate their predictions based on in vivo measurements of nine patients treated with instrumented knee implants.
Materials and methods
2D biomechanical models
An extensive literature research on 2D biomechanical models was performed following Hefzy and Grood . The models of Maquet , Kettelkamp , and Minns  showed a high potential for application based on the requirements to use data available in the conventional clinical workflow for patient-specific model adaptation and allow an easy integration into preoperative planning. All of them focus on the tibiofemoral joint (TF) (Fig 1). Maquet’s model uses one-leg stance AP long-leg radiographs, including pelvis, as input and predicts the resultant knee joint force, its orientation and a lateral muscle force. Kettelkamp’s model was intended to calculate the force distribution on the tibial plateau in the context of proximal tibial osteotomy. However, Kettelkamp stated that it is not only restricted to this application. It simulates a two-leg stance based on two-leg stance AP long-leg radiographs and the outputs are medial and lateral knee joint forces and their orientation. Minns developed an analytical model to investigate the effect of anatomical variations on the medial and lateral knee contact forces. Similar to Maquet, the adaptation process relies on AP long-leg radiographs in a one-leg stance, but it also considers the patient’s anatomy in the sagittal plane. A one-leg stance AP long-leg radiograph and a sagittal radiograph are required for Minn’s model. The medial and lateral knee joint forces are then calculated. 
[bookmark: _Ref8049324]Fig 1: (A) Maquet’s model. (B) Kettelkamp’s model. Minns’ model (modified)  in frontal view (C) and sagittal view (D). Joint forces (blue), external and body forces (red), soft-tissue and muscular forces (green). Abbreviations of the forces: (A) L = lateral muscular force; R = knee joint force; P = partial body weight; (B) P = lateral ligament force; Q = medial ligament force; F1 = lateral knee joint force; F2 = medial knee joint force; W = gravity force of the leg; R = ground reaction force; (C) PLL = lateral ligament force; PLM = medial ligament force; PFTL = lateral knee joint force; PFTM = medial knee joint force; PT = patellar ligament force; R = ground reaction force; (D) PT = patellar ligament force; PFT = knee joint force; PHAM = hamstring force; R = ground reaction force.       
The model provisions were transferred, where possible, to a one-leg stance and a two-leg stance vice versa to make the predictions comparable. Additionally, the models vary slightly in terms of the in- and output data required. Weight-bearing two-leg long-leg radiographs, covering the areas of the hip and ankle joint centres, were assumed as standardized input to acquire model-specific geometrical parameters for patient-specific adaptation. Therefore, minor model adaptations were partly inevitable. The modifications and assumptions made in this study are summarized in Table 1. All models have been implemented in MATLAB (The MathWorks, Inc., USA).
[bookmark: _Ref452736550]Table 1: Assumptions made for modelling.
	Parameter
	Maquet
	Kettelkamp
	Minns

	Partial body weight
	(two-leg) 
and
 (one-leg) 

	Tibia
 
	Tibia
 

	Ground reaction force
	
	(two-leg)
and
 (one-leg)
	 (one-leg)
and
 (two-leg)

	Force magnitudes
	
	
	Patella ligament tension
  

	Force orientations
	
	
	 
 

	Angles
	
	
	  

	Distances
	 
	
	


[bookmark: _Ref530382718]
Experimental data
Published data from the public OrthoLoad database (www.orthoload.com) containing loads acting in orthopaedic implants have been used to evaluate and validate the models presented. No additional measurements were performed for this study. All clinical studies were approved by the ethics committee of Charité Universitätsmedizin Berlin. Postoperative weight bearing AP long-leg radiographs were available for a total of nine patients treated with instrumented knee implants for in vivo joint force measurements. Patient information and anthropometric data are listed in Table 2. Predominantly elderly (mean age 67.89 years) patients participated and the leg alignment was in slight varus (7 of 9). The telemetric implants are based on the INNEX knee system (Zimmer GmbH, Winterthur, Schweiz), which is designed with an ultra-congruent tibia inlay, sacrificing the cruciate ligaments .
[bookmark: _Ref452737486]Table 2: Anthropometric data of the TKA patients.
	Patient
	Gender
	Body weight [kg]
	Body size [cm]
	Age at implantation [years]
	Tibiofemoral angle [°]

	K1L
	Male
	105
	177
	63
	3.0 (Varus)

	K2L
	Male
	92
	171
	71
	5.0 (Varus)

	K3R
	Male
	97.9
	175
	70
	3.5 (Varus)

	K4R
	Female
	100.6
	170
	63
	4.5 (Valgus)

	K5R
	Male
	96
	175
	60
	1.0 (Varus)

	K6L
	Female
	83
	174
	65
	4.0 (Valgus)

	K7L
	Female
	69.1
	166
	74
	6.5 (Varus)

	K8L
	Male
	79
	174
	70
	4.0 (Varus)

	K9L
	Male
	109.1
	166
	75
	7.0 (Varus)


Patient-specific model adaptation
Model-specific geometrical parameters for the patient-specific model adaptation were acquired from the appropriate postoperative radiographs. Therefore, landmarks were manually measured in the radiographs by a single trained observer based on a self-developed program in MATLAB (Fig 2). A rule-based protocol was used to ensure a systematic and reproducible data acquisition (Fig 3). Each landmark was visualized in an example dataset with corresponding definitions. The template consisted of a total of 15 landmarks for all models, covering a one- and two-leg stance (Table 3). Several test trials were performed by the observer before data acquisition to minimize learning curve effects. Model input parameters were calculated after the measurements.
[bookmark: _Ref452738645]Fig 2: Parameter acquisition for patient-specific model adaptation (exemplary). (A) Long-leg radiograph, (B) knee region, (C) hip region, and (D) ankle region. The nomenclature is presented in Table 3.
[bookmark: _Ref458173511]Fig 3: Rule-based protocol for the modelling process. At least three test cycles were performed to reduce learning curve effects.
The MATLAB program can import, calibrate and anonymize DICOM images and different tools, such as measure points, distances, circles and angles, are available. Three points were clicked around the femoral head and a circle was fitted to determine the hip joint centre (Fig 2, C). The same tool was used to identify the centres of curvature of the two articular surfaces for Kettelkamp’s model to obtain the lines of action of the medial and lateral contact forces (Fig 2, B). The ankle joint centre was measured as the mid-width of the talus (Fig 2, D). Since some model input parameters correspond to each other, they have been determined only once.
[bookmark: _Ref455569612]Table 3: Landmark template for the calculation of model-specific input parameters. The circle tool was used for H, CA and CB and the point tool for all other landmarks.
	Landmark
	Definition
	Maquet
	Kettelkamp
	Minns

	CL
	Lateral point talus plateau
	X
	X
	X

	CM
	Medial point talus plateau
	X
	X
	X

	G
	Centre knee joint
	X
	X
	X

	H
	Centre hip joint
	X
	X
	X

	F
	Midpoint of distal femoral shaft
	
	
	X

	CA
	Centre of curvature lateral femoral condyle
	
	X
	

	CB
	Centre of curvature medial femoral condyle
	
	X
	

	A
	Lateral contact point
	
	X
	

	B
	Medial contact point
	
	X
	

	PTM
	Most medial point tibial plateau
	
	X
	X

	PTL
	Most lateral point tibial plateau
	
	X
	X

	PFL
	Most lateral point femur condyle
	
	
	X

	PFM
	Most medial point femur condyle
	
	
	X

	TL
	Most proximolateral point tibial plateau
	X
	X
	X

	TM
	Most proximomedial point tibial plateau
	X
	X
	X



The time was recorded for every measurement and the mean was calculated to assess additional expenses potentially required due to the incorporation of mathematical models of the knee in the TKA preoperative planning process. This was done after the following steps: initialization of the program (import and calibration of radiograph, load of landmark template, etc.), identification of landmarks and final model application (including figure export for documentation).
Model validation
The three models were adapted to the patient-specific situations and the computational results were compared to the corresponding in vivo measurements of a one- and two-leg stance for validation. Thereby, representative reference values were obtained separately. 

Regarding a one-leg stance, the data published in the OrthoLoad database under “Standard Loads Knee Joint” have been used . These contain averages of several trials of eight subjects, excluding K4R. Reference values were calculated by averaging the resultant force data Fres over the load cycle with clearly static conditions for each subject (Fig 4). . The two-leg stance data were collected from representative two-leg stance where corresponding ground reaction forces of a single leg showed a maximum deviation of 5 % from half of the body weight. Here, averages of the resultant knee joint force Fres were calculated from three trials.       
[bookmark: _Ref469386712]Fig 4: Exemplarily calculation of the average in vivo force in a one-leg stance.
All joint forces were stated as a percent of the patient’s body weight (%BW) to allow a standardized comparison. The root-mean-square errors (RMSEs) were calculated to measure the accuracies between the three model predictions and the average experimental observation for each subject. In the following, the errors are listed in %BW and, additionally, the absolute difference in percent of the average in vivo forces. 

Furthermore, correlation and regression analysis were performed between implant alignment, in terms of varus/valgus angles, and medial force ratio, defined as the percentage of the knee joint force that is transferred via the medial compartment.   
Results 
All radiographs could easily be imported into the MATLAB program developed. The time for initialization was in the range of 2 min, landmark measurement in the range of 3 to 4 min and model application in the range of 2 min, resulting in a total duration of 7 to 8 min for the entire process. These values already consider minor corrections, for example, in the identification of landmarks.
Two-leg stance
The comparison of the simulated and measured knee joint forces for a two-leg stance are presented in Fig 5. Minns’ model shows values of similar magnitudes, whereas Kettelkamp’s model underestimates by around half of the actuals in vivo measurements. Looking at the reference measurements, K1L particularly stands out due to its high value of 137.26 %BW. As mentioned in the model description, Maquet’s model was excluded because of the fixed model definitions for a one-leg stance. Looking at the numerical values (Table 4), the RMSE was 21.47 %BW for Minns’ and 68.70 %BW for Kettelkamp’s model, underlining the graphical representation. The percentage deviations revealed similar results with 14.99 % and 60.17 %, respectively. The force distribution for the medial and lateral side is also noticeable. Patients K4R and K6L in Minns’ model showed a lift off on the medial side, indicated by a medial contact force of zero. There was a lift off in Kettelkamp’s model of patients K4R and K7L on the medial and lateral side, respectively. 
[bookmark: _Ref455672125]Fig 5: Resultant knee joint forces calculated for nine patients, based on the mathematical models of Kettelkamp and Minns with corresponding average in vivo force measurements for a two-leg stance. The error indicators demonstrate the minimum/maximum values. Forces in %BW.
The resultant knee joint forces for both models were mainly of the same order of magnitude for all subjects of 44 %BW and 90 %BW, respectively. K4R and K6L were exceptions only in Minn’s model, with knee joint forces higher than 100 %BW. However, large variations were observed looking at the medial/lateral load distribution. Furthermore, similar model output in %BW means different calculations in the absolute force due to patient-specific differences in body weight.
[bookmark: _Ref456088529]Table 4: Calculated and observed in vivo values during two-leg stance, split into medial, lateral and resultant contact forces F1, F2 and FR. Differences between FR and the average reference values are expressed in terms of RMSE. Forces in %BW, RMSE in %BW and mean differences in % of the average in vivo forces.
	Patient
	 
	K1L
	K2L
	K3R
	K4R
	K5R
	K6L
	K7L
	K8L
	K9L
	

	OrthoLoad Fres [%BW]
	137.26
	110.84
	112.67
	122.65
	97.35
	111.72
	115.07
	98.12
	99.41
	

	Kettelkamp
	F1 (lateral) [%BW]
	11.60
	15.96
	20.41
	44.52
	11.50
	41.58
	0.00
	28.27
	7.67
	

	
	F2 (medial) [%BW]
	31.30
	26.96
	22.50
	0.00
	31.51
	3.60
	48.89
	14.66
	35.33
	

	
	FR [%BW]
	42.90
	42.92
	42.91
	44.52
	43.01
	45.18
	48.89
	42.93
	43.00
	

	
	Residuals [%BW]
	94.36
	67.92
	69.76
	78.13
	54.34
	66.54
	66.18
	55.19
	56.41
	

	
	RMSE [%BW]
	
	
	
	
	
	
	
	
	
	68.70

	 
	Mean [%]
	
	 
	 
	 
	 
	 
	 
	 
	 
	60.17

	Minns
	F1 (lateral) [%BW]
	37.31
	41.17
	46.64
	109.51
	35.26
	105.35
	18.58
	51.00
	33.55
	

	
	F2 (medial) [%BW]
	52.99
	49.08
	43.75
	0.00
	54.89
	0.00
	71.63
	39.43
	56.86
	

	
	FR [%BW]
	90.30
	90.25
	90.37
	109.51
	90.14
	105.35
	90.21
	90.43
	90.40
	

	
	Residuals [%BW]
	46.96
	20.59
	22.30
	13.14
	7.21
	6.37
	24.86
	7.69
	9.01
	

	
	RMSE [%BW]
	
	
	
	
	
	
	
	
	
	21.47

	 
	Mean [%]
	
	 
	 
	 
	 
	 
	 
	 
	 
	14.99



The correlations between the implant alignment and the predicted compartment forces for a two-leg stance are shown in Fig 6. It can be seen that the medial force ratio was higher for larger tibiofemoral angles, and vice versa. The Pearson’s correlation coefficient was 0.85 for Kettelkamp’s and 0.90 in Minns’ model, indicating a high correlation. Looking at the linear regression lines, an equilibrium of the predicted medial and lateral contact forces was established at varus angles of 1.8° for Kettelkamp’s model and 3.2° for Minns’, respectively. 
[bookmark: _Ref23409753]Fig 6: Correlation and regression analysis between tibiofemoral angle and medial force ratio during static two-leg stance based on the models of Kettelkamp and Minns.      
One-leg stance
The results of the predicted versus the in vivo measured joint forces for a one-leg stance are presented in Fig 7. Looking at the predictions, the values depend strongly on the different models. Kettelkamp’s model tendentially underestimates knee joint forces (approximately -17 to +128 %BW). By comparison, Minns’ model is in the same range as the reference forces (-55 to 80 %BW) and Maquet’s model (approximately -80 to +50 %BW). The limits demonstrate a large fluctuation in the results. The RMSE was smallest for Minns’ model (43.49 %BW) and highest for Kettelkamp’s model (70.15 %BW) (Table 5). The absolute percentage deviations of 22.24 % (Kettelkamp), 19.73 % (Maquet) and 13.43 % (Minns) between in silico and in vivo reflect these findings. Looking at the medial/lateral load distributions of Kettelkamp and Minns, all lateral forces are zero. Hence, a correlation analysis was omitted.
[bookmark: _Ref456088555]Fig 7: Calculated resultant knee joint forces based on the models of Maquet, Kettelkamp and Minns with corresponding in vivo forces for a one-leg stance. The error indicators demonstrate the minimum/maximum values. Forces in %BW.
[bookmark: _Ref456092508]Table 5: Calculated resultant forces from the three models during one-leg stance including medial/lateral load distributions and in vivo measurements from the OrthoLoad database. Forces in %BW, RMSE in %BW and mean differences in % of the average in vivo forces. 
	Patient
	 
	K1L
	K2L
	K3R
	K4R
	K5R
	K6L
	K7L
	K8L
	K9L
	

	OrthoLoad Fres [%BW]
	308.04
	256.72
	244.53
	224.09
	234.58
	231.54
	321.29
	309.67
	188.10
	

	Maquet
	FR [%BW]
	273.26
	265.80
	287.87
	291.26
	276.11
	299.87
	270.16
	278.17
	266.66
	

	
	Residuals [%BW]
	34.78
	-9.08
	-43.34
	-67.17
	-41.53
	-68.33
	51.13
	31.50
	-78.56
	

	
	RMSE [%BW]
	
	
	
	
	
	
	
	
	
	51.48

	 
	Mean [%]
	
	 
	 
	 
	 
	 
	 
	 
	 
	19.73

	Kettelkamp
	F1 (lateral) [%BW]
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	

	
	F2 (medial) [%BW]
	200.04
	207.70
	195.39
	170.62
	208.38
	194.83
	242.15
	181.74
	205.13
	

	
	FR [%BW]
	200.04
	207.70
	195.39
	170.62
	208.38
	194.83
	242.15
	181.74
	205.13
	

	
	Residuals [%BW]
	108.00
	49.02
	49.14
	53.47
	26.20
	36.71
	79.14
	127.93
	-17.03
	

	
	RMSE [%BW]
	
	
	
	
	
	
	
	
	
	70.15

	 
	Mean [%]
	
	 
	 
	 
	 
	 
	 
	 
	 
	22.24

	Minns
	F1 (lateral) [%BW]
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	

	
	F2 (medial) [%BW]
	243.80
	240.37
	228.82
	211.53
	248.98
	220.00
	273.19
	229.00
	243.47
	

	
	FR [%BW]
	243.80
	240.37
	228.82
	211.53
	248.98
	220.00
	273.19
	229.00
	243.47
	

	
	Residuals [%BW]
	64.24
	16.35
	15.71
	12.56
	-14.40
	11.54
	48.10
	80.67
	-55.37
	

	
	RMSE [%BW]
	
	
	
	
	
	
	
	
	
	43.49

	 
	Mean [%]
	
	 
	 
	 
	 
	 
	 
	 
	 
	13.43


Discussion
The 2D biomechanical models of Maquet, Kettelkamp, and Minns able to predict knee joint forces have been individualized based on standard AP long-leg radiographs for a total of nine patients and evaluated and validated for the first time by comparing model predictions to corresponding in vivo force measurements. 
Model predictions
Minns’ model showed the lowest deviations to the corresponding in vivo measurements. The RMSEs were 21.47 %BW for a static two-leg stance and 43.49 %BW for a one-leg stance and the percentage deviations were 14.99 % and 13.43 %, respectively. In contrast, Stylianou et al.  reported a force difference in the superior-inferior direction of 44.9 %BW during dynamic squatting compared to in vivo joint force measurements of a single patient. In a similar study by the same authors, the RMSE values were <29 %BW for the medial/lateral contact forces over an accelerating gait cycle . Marra et al.  found an RMSE during a gait cycle of <30 %BW, Chen et al.  of 44.7 %BW, and Lin et al.  of <40 %BW. A low RMSE in the magnitude of 2.4 %BW was achieved by Eskinazi et al. . Eschweiler et al.  reported RMSEs from 41 to 454 %BW for different 2D mathematical models of the hip for the prediction of the resultant hip joint force during a one-leg stance, considering the in vivo data of three patients.

Varus/valgus deformities were correctly interpreted in Minns’ model, especially in a two-leg stance, so that higher medial forces occurred in varus cases and vice versa. Looking at the activity intended, Kettelkamp’s model represents a two-leg stance, whereas Minns’s model was designed for a one-leg stance. Therefore, angle definitions might be inadequate and revised in the future. Comparing Kettelkamp’s predictions to the in vivo measurements, the model underestimates the joint forces in all situations, except for K9L in a one-leg stance. In a calculation example of Kettelkamp the resultant joint force for a 60 kg patient in one of Kettelkamp’s calculation examples was 27 kg, meaning 45 %BW . Although this confirms our computational results, it differs from reality . Maquet’s one-leg stance model showed fluctuating results regarding the in vivo measurements. Thereby, a simple offset in the model output could be precluded. Although it is the simplest of the models, the calculations seem to be more reasonable than Kettelkamp’s. A major limitation of the model is that only one resultant joint force is calculated without information regarding the medial and lateral distribution, which is highly relevant for prostheses . 

The correlation and regression analysis could only be reasonably performed for Kettelkamp’s and Minns‘ model during two-leg stance. Despite the high correlations observed between implant alignment and medial force ratio, the values are questionable. In vivo force measurements in the static condition of one-leg stance indicated a medial force ratio of 63 % for neutral leg alignment . The regression analysis revealed a medial force ratio of 38 % for Kettelkamp’s and 31 % for Minns’ model during two-leg stance. 
Clinical application
The 2D biomechanical models presented have the potential to provide patient-specific information on the knee loads (magnitude and orientation) and their distribution. This might offer the opportunity to assess the patient’s preoperative loading situation, plan and optimize implant alignment, evaluate the clinical outcome and serve as a basis for an individual rehabilitation programme in TKA. Overall optimization criteria might be the reduction of the magnitude of the resultant knee joint force and to target a predefined medial/lateral load distribution, respectively: from a technical point of view, for example, an equal distribution in order to reduce wear and provide stability. It has been shown that a carefree rectangular alignment of the implant to the mechanical leg axis might not necessarily reflect the patient’s optimum . Due to the consideration of mechanical factors, potentially associated with prosthetic failure, the patient might benefit from higher durability and satisfaction. No additional imaging is needed for model application and the entire adaptation process is in the range of a few minutes. In comparison to in vivo and in vitro studies, they can be used to investigate the effects of changing system parameters efficiently, avoiding human or animal test subjects . 
Limitations
The study comprises some limitations. The models are generally restricted to two-dimensionality (coronal plane), which makes them particularly applicable for coronal alignment in preoperative TKA planning. The models assume static conditions for a one- and two-leg stance, neglecting the dynamic loads acting during activities of daily living. However, dynamic effects in slow and constant motions, such as walking, stair climbing or getting up out of a chair, might play a minor role. The muscles and soft-tissues are very simplified or neglected because of the model’s simplicity, although they have a strong impact on joint loading . Model definitions were partly modified to allow a patient-specific adaption based on AP long-leg radiographs recorded in the standard clinical routine of TKA, which might contradict the original author’s intention. Postoperative instead of preoperative radiographs were used for model adaptation, because in vivo measurements are only available for TKA. This might have also accelerated and simplified the landmark acquisition process. In addition, the landmarks required were manually measured by a single observer representing a source of method error in an otherwise precise model computation . Finally, in vivo joint forces vary between trials and subjects . A one-leg stance is a demanding task, especially for elderly adults  and, consequently, muscle co-contraction due to instabilities might result in high knee joint forces.
Conclusions
In conclusion, 2D biomechanical models of the knee have the potential to improve preoperative TKA planning by providing additional information of the individual loading situation to the surgeon. The patient-specific adaptation process of Maquet, Kettelkamp and Minns’ model can be performed based on AP long-leg radiographs, making them applicable in the conventional clinical workflow with acceptable costs. However, the comparison of load predictions to corresponding in vivo force measurements showed sobering results. Despite Minns’ model predictions being in the same magnitude as the reference, no model was able to accurately predict knee joint forces. Additionally, in one-leg stance Minns’ and Kettelkamp’s model predict unilateral medial loading, which would not occur in vivo. Hence, model optimization and more sophisticated modelling approaches are part of ongoing work, which is expected to increase the overall process time required to predict accurate knee loads. Investigations into intra- and inter-observer variability are necessary to ensure robust and clear model predictions. Finally, the clinical application requires the definition of optimization targets and meaningful clinical trials.  
Acknowledgements
We would like to thank the ‘OrthoLoad’ team of the Julius Wolff Institute for Biomechanics and Musculoskeletal Regeneration, Charité - Universitätsmedizin Berlin, Germany for their support and access to the data of the OrthoLoad project.
References
1.	Ettinger M, Claassen L, Paes P, Calliess T. 2D versus 3D templating in total knee arthroplasty. Knee. 2016; 23: 149–151. doi: 10.1016/j.knee.2015.08.014.
2.	Wirtz DC. AE-Manual der Endoprothetik. Knie. Berlin, Heidelberg: Arbeitsgemeinschaft Endoprothetik; 2011.
3.	Abdel MP, Oussedik S, Parratte S, Lustig S, Haddad FS. Coronal alignment in total knee replacement: historical review, contemporary analysis, and future direction. Bone Joint J. 2014; 96-B: 857–862. doi: 10.1302/0301-620X.96B7.33946.
4.	Kuster MS. Factors affecting polyethylene wear in total knee arthroplasty. Orthopedics. 2002; 25: S235.
5.	Naudie D, Ammeen DJ, Engh GA, Rorabeck CH. Wear and osteolysis around total knee arthroplasty. Journal of the American Academy of Orthopaedic Surgeons. 2007; 15: 53–64.
6.	Schroer WC, Berend KR, Lombardi AV, Barnes CL, Bolognesi MP, Berend ME, et al. Why are total knees failing today? Etiology of total knee revision in 2010 and 2011. J Arthroplasty. 2013; 28: 116–119. doi: 10.1016/j.arth.2013.04.056.
7.	Halder A, Kutzner I, Graichen F, Heinlein B, Beier A, Bergmann G. Influence of limb alignment on mediolateral loading in total knee replacement: in vivo measurements in five patients. J Bone Joint Surg Am. 2012; 94: 1023–1029. doi: 10.2106/JBJS.K.00927.
8.	Kutzner I, Bender A, Dymke J, Duda G, Roth P von, Bergmann G. Mediolateral force distribution at the knee joint shifts across activities and is driven by tibiofemoral alignment. Bone Joint J. 2017; 99-B: 779–787. doi: 10.1302/0301-620X.99B6.BJJ-2016-0713.R1.
9.	Verstraete MA, Meere PA, Salvadore G, Victor J, Walker PS. Contact forces in the tibiofemoral joint from soft tissue tensions: Implications to soft tissue balancing in total knee arthroplasty. J Biomech. 2017; 58: 195–202. doi: 10.1016/j.jbiomech.2017.05.008.
10.	Fang DM, Ritter MA, Davis KE. Coronal alignment in total knee arthroplasty: just how important is it. J Arthroplasty. 2009; 24: 39–43. doi: 10.1016/j.arth.2009.04.034.
11.	Kim Y-H, Park J-W, Kim J-S, Park S-D. The relationship between the survival of total knee arthroplasty and postoperative coronal, sagittal and rotational alignment of knee prosthesis. Int Orthop. 2014; 38: 379–385. doi: 10.1007/s00264-013-2097-9.
12.	Berend ME, Ritter MA, Meding JB, Faris PM, Keating EM, Redelman R, et al. Tibial Component Failure Mechanisms in Total Knee Arthroplasty. Clinical Orthopaedics and Related Research. 2004; 428: 26–34. doi: 10.1097/01.blo.0000148578.22729.0e.
13.	Jeffery R, Morris R, Denham R. Coronal alignment after total knee replacement. Bone & Joint Journal. 1991; 73-B: 709–714.
14.	Bellemans J, Colyn W, Vandenneucker H, Victor J. The Chitranjan Ranawat award: is neutral mechanical alignment normal for all patients? The concept of constitutional varus. Clinical Orthopaedics and Related Research. 2012; 470: 45–53. doi: 10.1007/s11999-011-1936-5.
15.	Bonner TJ, Eardley WGP, Patterson P, Gregg PJ. The effect of post-operative mechanical axis alignment on the survival of primary total knee replacements after a follow-up of 15 years. J Bone Joint Surg Br. 2011; 93: 1217–1222. doi: 10.1302/0301-620X.93B9.26573.
16.	Morgan SS, Bonshahi A, Pradhan N, Gregory A, Gambhir A, Porter ML. The influence of postoperative coronal alignment on revision surgery in total knee arthroplasty. Int Orthop. 2008; 32: 639–642. doi: 10.1007/s00264-007-0391-0.
17.	Heller MO, Schröder JH, Matziolis G, Sharenkov A, Taylor WR, Perka C, et al. Muskuloskeletale Belastungsanalysen. Biomechanische Erklärung klinischer Resultate--und mehr. Orthopade. 2007; 36: 188, 190-4. doi: 10.1007/s00132-007-1054-y.
18.	Baldwin MA, Clary CW, Fitzpatrick CK, Deacy JS, Maletsky LP, Rullkoetter PJ. Dynamic finite element knee simulation for evaluation of knee replacement mechanics. J Biomech. 2012; 45: 474–483. doi: 10.1016/j.jbiomech.2011.11.052.
19.	Perillo-Marcone A, Taylor M. Effect of varus/valgus malalignment on bone strains in the proximal tibia after TKR: an explicit finite element study. J Biomech Eng. 2007; 129: 1–11. doi: 10.1115/1.2401177.
20.	Freeman MAR, Pinskerova V. The movement of the normal tibio-femoral joint. J Biomech. 2005; 38: 197–208. doi: 10.1016/j.jbiomech.2004.02.006.
21.	Marra MA, Vanheule V, Fluit R, Koopman, Bart H F J M, Rasmussen J, Verdonschot N, et al. A subject-specific musculoskeletal modeling framework to predict in vivo mechanics of total knee arthroplasty. J Biomech Eng. 2015; 137: 20904. doi: 10.1115/1.4029258.
22.	Hefzy MS, Grood ES. Review of Knee Models. Appl. Mech. Rev. 1988; 41: 1. doi: 10.1115/1.3151876.
23.	Maquet PG, Pelzer GA. Evolution of the maximum stress in osteo-arthritis of the knee. J Biomech. 1977; 10: 107–117. doi: 10.1016/0021-9290(77)90074-4.
24.	Kettelkamp DB, Chao EY. A method for quantitative analysis of medial and lateral compression forces at the knee during standing. Clinical Orthopaedics and Related Research. 1972; 83: 202–213.
25.	Minns RJ. Forces at the knee joint: anatomical considerations. J Biomech. 1981; 14: 633–643.
26.	Richard HA, Kullmer G, Nöcker D. Biomechanik. Grundlagen und Anwendungen auf den menschlichen Bewegungsapparat ; [mit 15 Tabellen]. Wiesbaden: Springer Vieweg; 2013.
27.	van Eijden TM, Boer W de, Weijs WA. The orientation of the distal part of the quadriceps femoris muscle as a function of the knee flexion-extension angle. J Biomech. 1985; 18: 803–809.
28.	Winter DA. Biomechanics and motor control of human movement. 4th ed. Hoboken, N.J: Wiley; 2009.
29.	Bergmann G, Bender A, Graichen F, Dymke J, Rohlmann A, Trepczynski A, et al. Standardized loads acting in knee implants. PLoS One. 2014; 9: e86035. doi: 10.1371/journal.pone.0086035.
30.	Stylianou AP, Guess TM, Kia M. Multibody muscle driven model of an instrumented prosthetic knee during squat and toe rise motions. J Biomech Eng. 2013; 135: 41008. doi: 10.1115/1.4023982.
31.	Guess TM, Stylianou AP, Kia M. Concurrent Prediction of Muscle and Tibiofemoral Contact Forces During Treadmill Gait. J Biomech Eng. 2014; 136: 210321–210329. doi: 10.1115/1.4026359.
32.	Chen Z, Zhang X, Ardestani MM, Wang L, Liu Y, Lian Q, et al. Prediction of in vivo joint mechanics of an artificial knee implant using rigid multi-body dynamics with elastic contacts. Proc Inst Mech Eng H. 2014; 228: 564–575. doi: 10.1177/0954411914537476.
33.	Lin Y-C, Walter JP, Pandy MG. Predictive Simulations of Neuromuscular Coordination and Joint-Contact Loading in Human Gait. Ann Biomed Eng. 2018; 46: 1216–1227. doi: 10.1007/s10439-018-2026-6.
34.	Eskinazi I, Fregly BJ. A computational framework for simultaneous estimation of muscle and joint contact forces and body motion using optimization and surrogate modeling. Med Eng Phys. 2018; 54: 56–64. doi: 10.1016/j.medengphy.2018.02.002.
35.	Eschweiler J, Asseln M, Damm P, Quack V, Rath B, Bergmann G, et al. Evaluation of biomechanical models for therapy planning of total hip arthroplasty - direct comparison of computational results with in vivo measurements. Z Orthop Unfall. 2014; 152: 603–615. doi: 10.1055/s-0034-1383221.
36.	Kutzner I, Heinlein B, Graichen F, Bender A, Rohlmann A, Halder A, et al. Loading of the knee joint during activities of daily living measured in vivo in five subjects. J Biomech. 2010; 43: 2164–2173. doi: 10.1016/j.jbiomech.2010.03.046.
37.	Bargren JH, BLAHA JD, Freeman MA. Alignment in total knee arthroplasty. Correlated biomechanical and clinical observations. Clinical Orthopaedics and Related Research. 1983: 178–183.
38.	Hsu RW, Himeno S, Coventry MB, Chao EY. Normal axial alignment of the lower extremity and load-bearing distribution at the knee. Clinical Orthopaedics and Related Research. 1990: 215–227.
39.	Herzog W, Longino D, Clark A. The role of muscles in joint adaptation and degeneration. Langenbecks Arch Surg. 2003; 388: 305–315. doi: 10.1007/s00423-003-0402-6.
40.	Meere PA, Schneider SM, Walker PS. Accuracy of Balancing at Total Knee Surgery Using an Instrumented Tibial Trial. J Arthroplasty. 2016; 31: 1938–1942. doi: 10.1016/j.arth.2016.02.050.
41.	Robinson M, Eckhoff DG, Reinig KD, Bagur MM, Bach JM. Variability of Landmark Identification in Total Knee Arthroplasty. Clinical Orthopaedics and Related Research. 2006; 442: 57–62. doi: 10.1097/01.blo.0000197081.72341.4b.
42.	Bender A, Bergmann G. Determination of typical patterns from strongly varying signals. Comput Methods Biomech Biomed Engin. 2012; 15: 761–769. doi: 10.1080/10255842.2011.560841.
43.	Jonsson E, Seiger Å, Hirschfeld H. One-leg stance in healthy young and elderly adults: a measure of postural steadiness. Clinical biomechanics. 2004; 19: 688–694.
[bookmark: _GoBack]
Supporting information (model descriptions)
Maquet
Maquet’s model computes a resultant knee joint force R which depends on the force P, representing the weight and accelerations of the partial body weight and the lateral muscular force L, required for counterbalancing the one-leg stance. The centre S7 of the partial body weight is located on the vertical line through the centre of the ankle joint C and determines the location of P. We assessed P at:
	
	(1)


The muscle force L was assumed to act under an angle of  relative to the tibia axis, independent of any deformities. However, we calculated an individual orientation by referring to a line connecting the most lateral point on the tibia plateau and C. The angle  is formed by the lines of action of L and P. Thus, the static problem for the normal knee is formulated as:
	
	(2)

	
	(3)


Varus/valgus deformities are considered by an angle  of deformity between femur and tibia in the model, however, the authors did not specify any limits to differentiate between the normal and pathological situation. Therefore, we relied solely on the calculations for deformities. The calculation of R is then:
	
	(4)


Taking deformities into account, we also adjusted the calculation of the lateral muscle L:
	
	(5)


Maquet simplified matters by the femur and tibia having approximately the same length, but in this study, the individual lengths of both have been considered. The model adaptation process is originally intended to rely on one-leg stance long-leg radiographs as input. The distance d between the centre of the hip joint H and the vertical line of action of P follows directly as model output. However, one-leg stance radiographs are rarely recorded in the standard clinical routine. Therefore, an artificial one-leg stance was approximated by predefining d. It was calculated based on the hypothesis that the centre of mass in a static one leg-stance is positioned right above the centre of the ankle joint to obtain a minimal energetic posture. We used a constant factor related to overall body height (BH) to approximate the individual d to:
	
	(6)


Despite the approximation of a one-leg stance based on two-leg stance radiographs, the two-leg stance could not be approximated without major model modifications. This is because there is only one lateral muscular force in the model to balance the partial body weight. An additional medial muscle force would need to be introduced to balance the knee in the case of valgus patients in a two-leg stance. Therefore, an implementation of a two-leg stance has been dispensed with. 
Kettelkamp
The medial and lateral knee joint forces, F1 and F2, and the tension forces, P and Q, in the idealized medial and lateral ligaments are the model output. Analogue to Maquet’s model, a distinction is made between severe and mild deformities but in a more differentiated manner due to the extensive model considering patient-specific knee joint geometry. 

There is TF contact on both plateaus (two-point contact) with F1 and F2 in a normal knee. Static equilibrium is ensured by an additional vertically acting ground reaction force R and gravity force of the leg W. We approximated both forces again to:   
	 (one-leg stance)
	(7)

	 (two-leg stance)
	(8)

	
	(9)


Only one plateau surface is in contact (one-point contact) in the case of a severe varus/valgus deformity. Either the medial collateral ligament force Q or the combined lateral collateral and iliotibial tract force P is then introduced. The deformity is initially evaluated as the difference in the mechanical TF angle () for the force calculation. The sign of P is checked in the case of a varus tendency (), expressed as follows:
	
	(10)



A severe varus deformity is assumed for a positive value of P resulting in one-point contact (F1 = 0). The medial force F2 is subsequently obtained by summing the forces in the vertical and horizontal directions:
	
	(11)

	
	(12)

	
	(13)


A negative value of P indicates a mild deformity, meaning two-point contact. The joint contact force is then derived by setting P to zero and contact forces are calculated for each plateau:
	
	(14)



The analysis of valgus () deformities is similar. After checking the sign of Q, a one- or two-point contact is assumed with different calculations. Although the model addresses a two-leg stance, a one-leg stance was implemented. This was achieved by rotating the leg artificially. The angle of rotation was calculated based on the same assumptions used for Maquet’s model and the leg length.    
Minns
Minns investigated the effect of anatomical variations on the medial and lateral knee contact forces PFTM and PFTL. Dimensions are taken in the sagittal plane to calculate the patellar ligament tension PT, which is then transferred to the frontal plane. Referring to the results of subject tests in a one-leg stance, Minns assumed PT to be equal to the subject’s actual body weight:
	
	(15)


We made additional assumptions in order to base the calculation solely on AP radiographs. The angle between the tibial axis and the vertical was estimated as 20° at 45° of knee flexion and the angle between the line of action of the patellar ligament relative to the tibia axis was idealized to 11°. It then follows that:
	
	(16)


Since  it can be seen that the line of action of the patellar ligament relative to the tibia axis has little effect on knee contact forces, as has already been concluded by Minns. The vertical ground reaction force R was assumed, as in Kettelkamp’s model. The weight of the leg W was specified according to Minns to:
	
	(17)


With Minns’ model, analogue to the approach of Kettelkamp, it is possible to distinguish between severe and mild deformities. Two-point-contact with a medial and a lateral contact force is assumed in the case of less distinct deformities. Only one plateau surface is in contact in the case of severe varus/valgus deformity, which enables the calculation of one contact force. It is first necessary to determine the force in the lateral collateral ligament PLL and medial collateral ligament PLM, respectively, for severe deformities (varus/valgus). By taking the moment equilibrium about point M, the ligament force for varus angulation () is expressed through:
	
	(18)


A positive value implies a tension force in the lateral collateral ligament, resulting in one-point contact. By summing the forces acting vertically the medial contact force is calculated as follows:
	
	(19)


The procedure for valgus angulation () is analogous. The resulting one- or two-point contact can be determined by checking the sign of the force in the medial collateral ligament PLM, followed by different calculations. A negative value of PLL and PLM, respectively, indicates a less distinct deformity with two-point TF contact. The force in the corresponding collateral ligament is set to be zero and both contact forces on each plateau are calculated by taking moments about the knee joint centre (O):
	
	(20)


	
	(21)



A one-leg stance was approximated in the same way as that described for Kettelkamp’s model.
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