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Abstract
Knee pain and injuries are very common in athletes. Anterior cruciate ligament (ACL) injury is one of the most important reason of knee acute and chronic pains. As ACL plays a significant role in knee stability and due to amount of reported ACL related injuries, much effort has been placed on finding proper and on time diagnosis and treatment of these injuries. Arthrometric methods are the most non-invasive reliable diagnosis option; however they are trusted to distinguish partial injuries from intact joint and instead expensive and more time consuming imaging diagnosis techniques (i.e MRI) are used. Arthromery results can be investigated by quantifying the tests using computer simulations; so far few studies have been conducted toward this goal.
In this study a two dimensional finite flement (FE) model of knee joint under standard arthrometry state (by a KT-2000 arthrometer) was built. This model was then used to evaluate the effect of precise modeling of tibiofemoral contact-surface geometry with considering flexible articular cartilage in the joint. The results revealed that exact modeling of the contact geometry highly influences the simulation results. In the next step, the built model was used in a stochastic modeling with the experimental data obtained from literature in order to simulate a real diagnosis circumstance and to provide a statistical comparison between seven different levels of ACL injury. The result of this simulation shows that although arthrometry may be able to distinguish partial injuries from intact in most cases leading to less ACLD with appropriate treatment, but it is hard to tell anything about the level of injury. To prevent the costs of imaging techniques moving towards introduction of new measuring methods (or newly defined identifiers) or using intelligent processing of current obtained data is suggested.
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Introduction
Anterior cruciate ligament (ACL) is the primary knee restraint to the tibial anterior translation [1-5] which also contributes to the joint’s stability against varus-valgus and internal-external rotations. It has been well demonstrated that knee joint instability caused by ACL injury can make sudden or pivoting movements difficult, and participate in developing arthritis and cartilage tears. [1,6]. 
Diagnosis of ACL injury has been widely discussed in the literature [7-11]. A variety of methods have been proposed and examined based on the experimental and modeling biomechanical studies. Arthrometry is a commonly used approach to check ACL functional integrity, in which the knee joint laxity is measured in accordance with the clinical Lachman test [12-17]. Arthrometric results have been effectively employed to distinguish the complete ACL ruptured knees from normals, however, they are not still applicable for diagnosing ACL partial-injuries. An early diagnosis of ACL partial rupture is of much interest among surgeons since it can prevent from further injury towards a complete rupture [18]. 
A deep understanding of the knee joint mechanical behavior during arthrometry is required to interpret the arthrometry results more useful to assess partial ACL ruptures. Computer simulation can help to provide such an understanding by analyzing the joint’s stability characteristics in more detail. Different levels of ACL functional deficiency can be modeled without ethical and equipment wise concerns and the resulting anterior-posterior (A-P) force-displacement behavior during arthrometry studied.
 In spite of the extensive knee modeling studies in the literature [19-25], there are only few studies concerning simulation of knee arthrometry test. Liu et al [21] developed a mathematical model to study the effects of rupture of individual bundles of the ACL on the arthrometric results. Their model provided an insight into the valuable information embedded in the arthrometric force displacement data. However, it suffered from some major simplifications, e.g., the restraining effects of the engagement of femoral and tibial articulating surfaces on joint’s stability was not considered due to the assumption of a rigid contact between simplified articular geometries. 
Random valued input parameters has been used in biomechanical modeling studies[REF]. Since deterministic modeling only provides knowledge about clinical test of a single patient and also the anatomical and physiological properties of human knee differs by many factors such as age [REF] and gender [REF], etc., a stochastic modeling technique seems a good tool to understand differences in population test results for different injury levels. It is also useful to replicate knees with injury cases (partial) which are rarely found in the arthrometry data since they are hard to detect. 
If arthrometry dignoses different injury levels easily then the expense and time consumed on imaging technics may substantially reduced. The purpose of this study is to evaluate the arthrometry capability to diagnose partial injuries of ACL by using computer simulation on knee arthrometry. 
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Figure 1. Schematic of the model a) over all model b) Bundle attachment and joint configuration
Methods 

The deterministic model- During knee arthrometry test, the patient is positioned in supine with the thigh supported by pads so that the knee is kept flexed at a constant angle of approximately 25° of flexion. The Arthrometer is fixed to the tibia by straps and a position sensor measures the relative motion between the tibia and femur, when the tibia is subjected to an increasing anteriorly directed force [26]. A 2-dimensional sagittal plane finite element (FE) model was developed in ANSYS based on Liu et al [21] model. 
he model included the femur, tibia and foot bones and in between joints (Fig. 1). The bones were considered to be rigid bodies and the ankle was assumed to be a simple hinge joint. The femoral articulating contour was represented by an ellipse. Tibial plateau was represented by a 65 mm radius [22] circular arc and a 2 mm thickness layer of articular cartilage was considered over the tibial contour using plane stress elements. The articular cartilage was assumed to be a linear isotropic material with a module of elasticity of 12MPa and Poisson ratio of 0.45 [22].
Four major knee ligaments including the anterior cruciate ligament (ACL), posterior cruciate ligament (PCL), lateral collateral ligament (LCL), medial collateral ligament (MCL) and medial capsule were included in the knee model. Individual bundles were considered for each of these when appropriate. This resulted in a sum of 12 bundles, including anterior and posterior ACL, anterior and posterior PCL, anterior, posterior and superior LCL, anterior, posterior and inferior MCL and anterior and posterior medial capsule. Each bundle was modeled as a non-linear tensile spring. The nonlinear properties and implementation and also ligament bundle attachment point was adopted from Liu et al. 2002 [21].
In order to simulate the knee arthrometry test, the femur was assumed fixed and the foot was forced to rest on the ground, i.e., its vertical translation was restricted while all other degrees of freedom left free. The external forces acting on the tibia during arthrometry were considered to include the anterior drawer force and the weights of the tibia and the arthrometer. The weight of the tibia was represented by a 35 N applied to the tibial center of mass. The weight of the arthrometer device was estimated to be 20 N acting at a point about 15 mm proximal to the tibial center of mass. The anterior drawer force was applied perpendicular to the tibia at a point 85 mm proximal to the tibial center of mass. The force magnitude increased from 50 up to 140 N with 10 N increments. This range was chosen for better stability. At each force increment, the finite element model was analyzed and anterior translation of the tibia was obtained.

Stochastic modeling - After model was validated against experimental and previous model design; random virtual patients were generated with different levels of injury. We hypothesized that there will be no difference in mean anterior displacement of partial and intact injury levels measured by arthrometer.
Stiffness of each of the ligaments and the medial capsule was estimated by averaging the stiffness values (assuming they are normal distributed) in literature along with a standard deviation. Assuming that the bundles show the same mechanical behavior each mean stiffness value (for each ligament or the medial capsule) was divided by the number of the bundles to calculate the mean bundle stiffness. The standard deviation for each bundle was obtained by dividing standard deviation for each ligament or the medial capsule the square root of number of the bundles (Table 1).
Table 1 Bundle stiffness used for stochastic modeling 
	Ligament
	Bundle Stiffness (KN/m)* 

	
	Anterior
	Posterior
	Superior
	Inferior

	ACL
	86(40)
	86(40)
	-
	-

	PCL
	90(46)
	90(46)
	-
	-

	MCL
	22(8)
	22(8)
	22(8)
	-

	LCL
	20(24)
	20(24)
	-
	20(24)

	Medial Capsule
	28(14)
	28(14)
	-
	-

	* Mean(Std Dev)


Then Monte-Carlo Latin Hypercube procedure was used to generate random stiffness values for the bundles from a normally distributed population based on the mean and standard deviation of that bundle. Mean stiffness and standard deviation maintained the values in table 1 for intact bundles, “zero” for ruptured bundles and a half mean stiffness value along with a bundle standard deviation divided by square root of two for half ruptured bundles. 
In order for the random virtual subjects to be representative of their normally distributed population ANSYS suggested that at least 110 cycles (normal virtual patients) should be run for each force level (here again for stability force levels between 60 N to 140 N in 10 N steps) . 
Seven levels of injury was stochastically modeled,
· Level 0 : Intact
· Level 1-a: Half rupture of ACL-anterior bundle (25% ACL rupture)
· Level 1-p: Half rupture of ACL-anterior bundle (25% ACL rupture)
· Level 2-ap: Half rupture of both ACL-anterior and ACL-posterior bundles (50% ACL rupture)
· Level 2-a: Full rupture of ACL-anterior bundle (50% ACL rupture)
· Level 2-p: Half rupture of ACL-anterior bundle (50% ACL rupture)
· Level 3: ACL deficient (ACLD)
Analysis and Results

Deterministic model - To validate the model, simulations for intact and fully ruptured states were conducted. The results were then compared to Liu et al [22] model and experimental results from 63 patients [REF] (fig. 2). The current model fits well with the clinical data in intact state and correlates fairly with Liu et al. model. In ACLD state neither current model nor Liu et al model fit in the range of clinical data.
Before running the stochastic study, compliance index and side to side difference [see 22 for detailed description] was calculated for deterministic models with bundle stiffness values equal to mean values in the seven levels of injury in study A of stochastic modeling (table 2). Here again compliance index seems to be a better index for injury showing higher differences.


Figure 2  Validating model against clinical data (with 95% confidence interval) and Liu et al model 2002 a) Intact b) ACLD
Stochastic modeling – Since the data points are collected for individual randomly generated sample only once and each point is independent of the other points and force is categorized in different levels, a two factor CRD ANOVA was done for this study (table 3). Investigating the data showed there are no outliers and variations in different groups are fairly similar. In this fully factorial study, the data in unbalanced as a result of missing data at random. Missing is guessed to be related to convergence criteria chosen for each treatment and therefore will not introduced a bias in results; however it might cause a decrease in precision.
The ANOVA results shows there is strong evidence of difference in mean anterior displacement for different injury levels (p < 0.001) or force (p < 0.001). There is also strong evidence of interaction between force and injury level. In this study we are only interested in difference(s) between different injury levels. In order to see where this difference(s) lays a Tukey’s test was done to study differences in mean anterior displacement for injury levels (table 4). The study shows that there is no evidence of difference in mean displacement of injury levels “0” and “1-a” for levels; this is also true about levels “1-a”, “1-p” and “2-ap”. There was evidence that these two groups and levels “2-a”, “2-p” and “3” are all different in mean displacement. 
At 140 N force level (diagnosing level) a logistic curve was fit for intact and partial injury status to provide information on probability of partial injury with respect to different mean anterior displacement measured (figure 3). The logistic curve suggests that with an anterior displacement of about 5.7 mm at 140 N level there is 50% chance of having a partial injury.
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Figure 3 Logistic curve for probability of partial injury 

Power analysis – Root mean square error (RSME) of two factors CRD ANOVA was considered as the standard deviation. Smallest difference in least square means was chosen to be the effect size as we want to distinguish all seven injury levels for each other. With 6846 samples, power of the study at 0.05 alpha level was calculated to be at least 93%.

 

Table 2 Standard indexes for current model
	Injury Level
	Side to Side Difference*
	Compliance Index**

	
	 Displacement(mm)
	Difference with Intact % 
	 Index(mm)
	Difference with Intact % 

	Level 0
	5.2
	-
	1.08
	-

	Level 1-a
	5.5
	6
	1.14
	6

	Level 1-p
	5.6
	7
	1.28
	19

	Level 2-ap
	5.8
	12
	1.30
	21

	Level 2-a
	6.1
	18
	1.54
	43

	Level 2-p
	6.3
	20
	1.73
	63

	Level 3
	10.4
	100
	2.37
	120

	* 90 N is used.
	
	
	
	

	** Instead of 67 N and 89 N force levels in calculating original index 70 N and 90 N levels is used.




Table 3 Mean and standard error  for all treatment groups
	Injury Level (p <0.001)*
	Force ( p < 0.001)*

	
	60
	70
	80
	90
	100
	110
	120
	130
	140

	
	n
	Mean(SE)
	n
	Mean(SE)
	n
	Mean(SE)
	n
	Mean(SE)
	n
	Mean(SE)
	n
	Mean(SE)
	n
	Mean(SE)
	n
	Mean(SE)
	n
	Mean(SE)

	Level 0
	107
	2.6(0.01)**
	108
	4.0(0.04)
	107
	4.6(0.05)
	108
	5.2(0.06)
	107
	5.3(0.07)
	106
	5.6(0.06)
	105
	5.7(0.06)
	105
	5.7(0.06)
	105
	5.9(0.08)

	Level 1-a
	106
	2.9(0.07)
	106
	4.3(0.09)
	106
	4.9(0.11)
	98
	5.8(0.12)
	102
	5.9(0.14)
	103
	6.3(0.16)
	104
	6.7(0.20)
	105
	6.9(0.22)
	103
	7.1(0.22)

	Level 1-p
	103
	3.2(0.04)
	110
	4.4(0.05)
	108
	4.9(0.05)
	106
	5.5(0.05)
	106
	5.7(0.06)
	100
	5.9(0.07)
	105
	5.9(0.08)
	104
	6.2(0.11)
	103
	7.3(0.08)

	Level 2-ap
	106
	3.3(0.05)
	103
	4.6(0.07)
	107
	5.4(0.14)
	104
	6.1(0.15)
	104
	6.5(0.18)
	103
	6.8(0.21)
	102
	7.0(0.20)
	102
	7.3(0.21)
	101
	8.2(0.21)

	Level 2-a
	108
	4.3(0.02)
	109
	4.5(0.02)
	108
	5.5(0.09)
	104
	6.3(0.08)
	106
	6.7(0.12)
	105
	7.1(0.14)
	103
	7.8(0.15)
	103
	8.3(0.19)
	98
	8.8(0.17)

	Level 2-p
	108
	5.0(0.02)
	109
	5.5(0.04)
	109
	5.8(0.06)
	110
	6.0(0.07)
	108
	6.5(0.06)
	109
	6.9(0.10)
	108
	7.2(0.12)
	105
	7.4(0.10)
	107
	7.7(0.11)

	Level 3
	109
	7.8(0.01)
	110
	8.6(0.03)
	108
	9.8(0.03)
	98
	10.4(0.02)
	108
	11.1(0.02)
	109
	12.6(0.04)
	108
	13.6(0.03)
	107
	14.5(0.06)
	108
	15.8(0.05)

	* Two factor CRD ANOVA (n total = 6846)

	** All such data in mm




Table 4 Tukey’s test for injury levels
	Injury Level 
	Least Sq Mean (mm)
	
	Difference with Intact (SE)

	Level 0
	2.6
	A*
	0**

	Level 1-a
	2.9
	A,B
	0.2(0.15)

	Level 1-p
	3.2
	B
	0.5(0.15)

	Level 2-ap
	3.3
	B
	0.6(0.15)

	Level 2-a
	4.3
	C
	1.7(0.15)

	Level 2-p
	5.0
	D
	2.4(0.15)

	Level 3
	7.8
	E
	5.2(0.15)

	* Levels not connected by same letter are significantly different.
	
	
	

	** All column in mm
	
	
	



compliance index and side to side difference in comparable injury levels is a bit smaller compared with Liu et al. [22] model. This is mainly because of the higher stiffness of this model
with curved tibial plateau. The calculated compliance index for intact and ACLD was 1.07 and 2.37 respectively which is close to those measured (1.2 and 2.9) by Daniel et al. [REF, REF]. 
The mean anterior displacement of ACLD state in this study (level 3) is higher than all other groups and Arthrometry is able to detect this level of injury in 95% of any clinical examination. Any mistake in diagnosing ACLD knees is mostly due to installation and personal errors.
The Tukey’s test result (table 4) showed that in most cases but the injury level with half rupture of anterior bundle of ACL, arthrometry is capable of diagnosing between partially injuried and intact knees. As a result, a clinician having the logistic curve of this study (figure 3) in mind should be able to detect if there is a high chance partial injury when testing with arthrometer.
Although arthrometry seems to be able to detect partial injuries, but it is not capable of distinguishing between the types of injury (e.g which bundle is injured) occurred. This shown by Tukey’s test results as there is no difference between the mean displacement of the three levels “1-a”, “1-p” and “2-ap” where none of the bundles is fully ruptured. To deal with this problem someone should either use imaging techniques or new measuring methods (or newly defined identifiers) or intelligent processing of current obtained data should be used.
There are some limitations to this model. This includes the fact that 2D model such as current one don’t consider varus-valgus and internal-external rotations and also midial-lateral movement. 3D models can solve this problem along with correcting bundle attachment sites from a 2D to a 3D  space. Another problem with this model is that patella was not considered and therefore the effect of patellar tendon was neglected. The articular cartilage can be modeled as a nolinear viscoelastic material to represent the real state much better.
Since the experimental data on bundles stiffness are scare using methods based on co-dependence of these values (if available) may be useful in producing random samples.
Muscle forces were neglected since patients are measured in supine and relaxed state, but this might not be true when looking at a population distributions.
In conclusion, the effect of precise joint geometry is very important on knee model response and may affect the arthrometry results as well. The findings of this study suggest that a clinician with knowledge of probability of partial injuries in different anterior displacements can distinguish intact and partially injured knees in most cases; however it seems unlikely to be able to detect the level of partial injury; but if an intelligent system can be used might decreases the chances of misdiagnosis.
Discussion and conclusion

Since current model adopted most parameter values from Liu et al. [22] the results are very similar (figure 2) but it also shows some more stiffness. This is mostly because of curved and flexible tibial plateau. The overlap of model results with clinical data in intact state is very good; however in ACLD this is not the cases. One of the reasons of this difference may be because of trauma inflation stiffness of injured need which is not considered in modeling. 
Compliance index again seems to be more representative of state of injury (table 2). Here both
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