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Abstract

Purpose—The knowledge of the function of the collateral ligaments – i.e., superficial medial 

collateral ligament (sMCL), deep medial collateral ligament (dMCL) and lateral collateral 

ligament (LCL) – in the entire range of knee flexion is important for soft tissue balance during 

total knee arthroplasty. The objective of this study was to investigate the length changes of 

different portions (anterior, middle and posterior) of the sMCL, dMCL and LCL during in vivo 

weightbearing flexion from full extension to maximal knee flexion.

Methods—Using a dual fluoroscopic imaging system eight healthy knees were imaged while 

performing a lunge from full extension to maximal flexion. The length changes of each portion of 

the collateral ligaments were measured along the flexion path of the knee.

Results—All anterior portions of the collateral ligaments were shown to have increasing length 

with flexion except that of the sMCL which showed a reduction in length at high flexion. The 

middle portions showed minimal change in lengths except that of the sMCL which showed a 

consistent reduction in length with flexion. All posterior portions showed reduction in lengths with 

flexion.

Conclusions—These data indicated that every portion of the ligaments may play important roles 

in knee stability at different knee flexion range. The soft tissue releasing during TKA may need to 

consider the function of the ligament portions along the entire flexion path including maximum 

flexion.
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Introduction

Soft tissue balance is a critical procedure during the total knee arthroplasty (TKA) surgery 

where the minimal tensions in the medial and lateral collateral ligaments (MCL and LCL) 

are evenly maintained intra-operatively at full extension and 90° of flexion [6,7,9,26,31,32]. 

Soft tissue balancing beyond 90° of flexion has not been indicated in previous TKA 

procedures [8,33]. Most contemporary TKAs could result in knee flexion, in average, 

between 100 to 130° [20,24,34]. High flexion TKAs have been pursued over decades that 

are aimed to accommodate knee flexion up to 150° [14,15,21]. However, how to balance the 

soft tissues in high flexion has not been clearly reported in literature.

Numerous investigations have been reported on the biomechanics of the knee ligaments 

[1,16,17,19,31,35]. In situ forces of the MCL and LCL during high flexion have been 

reported using cadaveric knees [35]. Park et al. [31] studied the in vivo elongation of the 

MCL and LCL from full extension to 90° flexion of the knee by dividing the MCL and LCL 

into three functional portions using MRI and dual fluoroscopic system. Bergamini et al. [2] 

described the relevant lengths of cruciate and collateral ligaments from 0° to 90° of flexion 

using skin markers and stereophotogrammetry in movement analysis of cadaver knees. 

However, the in vivo functions of the collateral ligaments during full range of weightbearing 

flexion and especially in high flexion are not reported in literature.

The objective of this study is to investigate the length changes of different portions of the 

superficial MCL (sMCL), deep MCL (dMCL) and LCL of the knee during weightbearing 

flexion from full extension to maximal knee flexion in living subjects. The length changes of 

the collateral ligaments at high flexion angles were specifically examined. It was 

hypothesized that during high flexion of the knee, different portions of the collateral 

ligaments have different patterns of length changes and may play a significantly different 

role in knee stability. This study emphasizes that every portion of the colateral ligaments 

may play different roles in knee stability in whole flexion range of the knee and may be 

useful for addressing biomechanical restrictions to the knee in high flexion.

Materials and Methods

Eight right knees from eight healthy subjects (mean ± SD age: 32±11.8 years; mean ± SD 

body mass index: 24.2±3.5 Kg/m2; 6 males and 2 females; all right legged) with no history 

of knee injuries or chronic knee pain were recruited with institutional review board (IRB) 

approval. One knee of each subject was imaged using a 3.0T MR scanner (Siemens, 

Malvern, PA) with a fat suppressed 3D spoiled gradient recalled sequence. Sagittal and 

coronal images with a 1 mm thickness were captured in a 180 mm × 180 mm field of view 

and a resolution of 512 × 512 pixels. These images were used to create 3D anatomical 

models of the femur, tibia and fibula in a solid modeling software (Rhinoceros©, Robert 

McNeel & Assoc., Seattle, WA) [4], together with the femoral, tibial and fibular attachment 

areas of the sMCL, dMCL and LCL [22,23,31] (Fig. 1a). The collateral ligaments were each 

evenly divided into three portions: the anterior (AP), middle (MP) and posterior portions 

(PP) [3,31] (Fig. 1b) by dividing each attachment width in to 3 equal parts, and connecting 

the centroids of corresponding femoral and tibial (or fibular) segments with a line.
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After MR scanning, each subject performed a quasi-static single-legged lunge from full 

extension to maximal flexion in the field of view of two orthogonally positioned 

fluoroscopes (BV Pulsera, Philips, Bothell, WA). The subjects were instructed to hold the 

knee position for one second at each selected flexion angle (~ every 30° from full extension 

to maximal flexion of 145°) and allowed to use the contralateral leg and a handrail to keep 

their body stable if necessary (Fig. 2a). Flexion angles of the knee were monitored using a 

goniometer. The orthogonal fluoroscopic images and the 3D model of the knee were 

imported into a virtual space that replicated the dual fluoroscopic imaging system in the 

solid modeling software (Fig. 2b) [4,17]. The outline of each bone was extracted from the 

fluoroscopic images. The projections of the 3D femur, tibia and fibula models were matched 

to their corresponding outlines on the fluoroscopic images to reproduce the 3D positions of 

the knee joint bones at each tested flexion angle (Fig. 3). The attachment areas of each 

ligament were therefore determined along the flexion path of the knee.

An optimization procedure was implemented to find the shortest 3D wrapping path of each 

ligament portion around the bones at each tested flexion angle of the knee and the lengths of 

each portion were determined (Fig. 3). This technique has been described in previous studies 

for measurements of ligament kinematics [4,13,17,29,31]. The initial length of each 

ligament portion was defined as the length measured at the full extension position. The 

length change of the portion was calculated as the length change relative to that of measured 

at full extension position (i.e., (l - l0) / (l0); where l0 is the initial length at full extension) and 

reported in percentage (%). Data Interpolation was used to determine exact values at each 

exact flexion angle during data analysis.

The accuracy of the above procedure for reproducing knee joint kinematics has been 

extensively evaluated [5,12,18]. Using standard geometries, the system has an accuracy of 

0.1 mm in translation and 0.1° in rotation [18]. For human knee joint, the system has an 

accuracy of 0.1 mm in translation and a repeatability of 0.3° in rotation [5].

Statistical analysis

A two-way analysis of variance (ANOVA) with repeated measures and Newman-Keuls post 

hoc test were used to detect statistically significant differences in the change of the length of 

each ligament’s portion at each tested flexion angle. The dependent variables were defined 

as the length changes of the AP, MP and PP of the sMCL, dMCL and LCL. The flexion 

angle and the ligament portion were independent variables. The length changes of the 

ligament portions were analyzed along the flexion path. A statistically significant difference 

was obtained when p < 0.05.

Based on preliminary data on the length change patterns of the collateral ligaments along the 

knee flexion path from 0° to 90° of flexion [31], with an alpha of 5%, and power of 85%, 8 

subjects were needed. The statistical analysis was performed using Statistica® (StatSoft, Inc, 

Tulsa, OK).
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Results

sMCL

The AP length increased from full extension to 60° of flexion by about 2.2% (Fig. 4a). 

Beyond 90°, the AP length decreased consistently and reached −7.6% at maximal flexion 

(p<0.001). The MP length was slowly reduced with flexion to −8.3% at 90° of flexion 

(p<0.001). Beyond 90°, the MP length decreased sharply and reached −16.9% at maximal 

flexion (p<0.001). The PP length was reduced consistently along the flexion path and 

reached −20.6% at maximal flexion (p<0.001). The relative length changes of the sMCL 

portions (AP vs. MP vs. PP) were statistically significantly different at all flexion angles 

from full extension to maximum knee flexion- except for PP between 120° and maximum 

flexion, Fig. 4a. During the path of knee flexion, the greatest length reduction was observed 

in the posterior portion of the SMCL (−20.6%, Fig. 4a).

dMCL

The AP length increased from full extension to 90° of flexion by 17.1% (p<0.05) (Fig. 4b). 

Thereafter, the AP length was rather constant until 135°. At maximal flexion, the AP length 

slightly increased to 19.3% (p<0.01). The MP length was close to isometric along the 

flexion path with a variation within ±3.2%. The PP length decreased consistently to −19.4% 

from full extension to 120° of flexion (p<0.001). Thereafter, it slightly increased back to 

−16% at maximal flexion. The relative length changes of the dMCL portions (AP vs. MP vs. 

PP) were statistically significantly different at all knee flexion angles. The AP showed the 

greatest elongation along the knee flexion path, while the PP showed a significant length 

reduction.

LCL

The patterns of the relative length change of the LCL portions (AP vs. MP vs. PP) were 

statistically significantly different at all knee flexion angles with maximum elongation in the 

anterior portion and maximum length reduction in the posterior portion of the LCL (Fig. 4c). 

The AP length did not apparently change from full extension to 120° of flexion (Fig. 4c). At 

maximal flexion, the AP length slightly increased 6.2% (p<0.01). The MP length 

consistently decreased to −6.7% from full extension to 90° of flexion (p<0.01). Thereafter, 

the MP length slowly increased and reached −2.7% at maximal flexion. The PP length 

consistently decreased to −15.6% from full extension to 90° of flexion (p<0.001). 

Thereafter, it slightly increased back to −11.8% at maximal flexion.

Discussion

The most important finding of the present study was that different portions of the collateral 

ligaments had distinct functional roles along the in vivo knee flexion path from full 

extension to maximal knee flexion. The anterior portions were shown to have increasing 

length with flexion except that of the sMCL showing reduction in length at high flexion. The 

middle portions had minimal changes in lengths except that of the sMCL showing consistent 

reduction in length with flexion. The posterior portions showed reduction in lengths with 

flexion.
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Few studies have studied the function of the collateral ligaments in knee joint stability 

[30,34,35]. In a cadaveric study, Yang et al. measured a peak force in the MCL at 60° of 

knee flexion and minimal forces at higher flexion angles. This is consistent with our 

observation on elongation patterns of the sMCL where the AP was elongated the most at 60° 

of flexion. Park et al. reported length changes of the collateral ligaments from full extension 

to 90° of flexion that were similar in trend with our data at low flexion range of the knee 

(i.e., in the MCL, the AP length increased from full extension to 90° of flexion, the MP 

length was close to isometric, and the PP length decreased consistently. In the LCL, the AP 

length did not considerably change, while the PP length consistently decreased).

The length change patterns of the collateral ligament may provide important implications to 

soft tissue balancing during TKA. The AP of the sMCL reached the longest at 60° and then 

consistently decreased till maximal flexion. Therefore, releasing the AP of the sMCL may 

affect the knee before 120° of flexion as the AP is rather evenly elongated in this range of 

flexion. However, as both MP and PP showed consistently decreasing in length with flexion, 

releasing the MP and PP may be more efficient to release the medial tightness of the knee in 

low flexion angles and may not affect the knee at high flexion angles.

The length of the AP of the dMCL peaked at 90° of flexion and the length reached the 

maximum at maximal flexion. Meanwhile, the length change pattern of the PP was opposite 

to the AP from full extension to 90° of flexion where the length of the AP peaked at 

maximal flexion and the PP peaked at full extension. The length of the MP of the dMCL 

retained consistently from full extension to maximal flexion of the knee. It is unclear in 

contemporary TKAs if the dMCL is completely resected due to joint opening and medial 

meniscus removal. Based on the data of normal knees, removing the AP could affect the 

knee in mid- and high-ranges of flexion. The PP can affect the knee at low flexion angles. 

The MP will affect the knee from full extension to maximal flexion of the knee. The data 

indicated that dMCL functions in the entire range of knee flexion. To retain the normal 

function of the knee after surgery, it may be important to maintain the dMCL function.

The length of the AP of the LCL consistently increased from full extension to maximal 

flexion and the lengths of MP and PP decreased from full extension to 90° of flexion and 

slightly increased from 90° to maximal flexion. Therefore, releasing of the AP during 

surgery could affect the knee at entire flexion range, especially at high flexion angles. Both 

the MP and the PP of the LCL can affect the lateral tightness at low flexion angles.

It should be noted that this study was based on the in vivo weightbearing quasi-static single-

legged lunge. The reference length of each ligament is unknown. Therefore, the length 

change of each ligament with respect to its length at full extension was calculated. This 

could provide the ligament length change patterns along the flexion path, but it is technically 

challenging to determine in vivo ligament strains. As the knee kinematics is loading 

dependent, future studies should investigate the functions of the collateral ligaments during 

various dynamic flexion-extension activities of the knee, especially in high flexion activities. 

It is shown that body mass index (BMI) as well as body fat alter the kinematics of dynamic 

activities such as gait [28]. MBI can affect the muscular strength and static balance control 

[10]. BMI and body fat may affect knee kinematics in high knee flexion. Therefore, it is 
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interesting to investigate the effect of body mass index on the high flexion of the knee. 

Gender and race may also have an influence on knee kinematics in high flexion due to 

different bone anatomy [11,25], different patterns of muscle recruitment and muscle 

activation [27], and different daily activities/habits (such as kneeling and squatting in 

Asians). It is warranted to recruit more subjects in future to analyze the gender and race 

effect on collateral ligaments of the knee in high flexion angles. Despite these limitations, 

this study provided quantitative data on the path dependent length change patterns of the 

collateral ligaments during a weightbearing high flexion of the knee joint. The data may 

have useful implications for development of knee replacement surgical procedures that are 

aimed at addressing the biomechanical restrictions to the knee in high flexion. Future 

investigations should validate these conclusions using intra observations or cadaveric 

experimental setups.

Conclusion

Understanding of the in vivo length change patterns of the knee ligaments is essential for 

optimizing soft tissue balancing during TKAs in order to achieve full range of flexion after 

the surgery. The data of this study indicated that different portions of the collateral ligaments 

function differently along the flexion path of the knee. Clinically, the soft tissue releasing 

during TKA may need to consider the effect of the ligament portions along the entire flexion 

path, not only at full extension and 90° of flexion.
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Figure 1. 
(a) Coronal plane MR images of the knee were digitized and used to create the femoral and 

tibial attachment areas of the MCL and LCL. (b) Anterior view (left) and medial view 

(right) of a 3D knee model created using Sagittal plane MR images. The knee model 

includes the 3D surface of the femur, tibia and fibula (yellow), and the attachments of the 

medial and lateral collateral ligaments. Each Ligament was evenly divided into 3 portions 

(blue curves), by connecting the centroids of corresponding segments (red circles).
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Figure 2. 
(a) A subject performing a quasi-static deep lunge (right knee) in the dual fluoroscopic 

imaging system. (b) Reproduction of kinematics of the knee in a virtual DFIS. Each bony 

model was individually matched to the corresponding fluoroscopic images, viewed from two 

different directions.
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Figure 3. 
Anterior and medial view of the length changes of the collateral ligaments for a typical knee 

from full extension to maximal flexion. The lengths of each portion were measured along 

the path of flexion.
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Figure 4. 
The length changes of the (a) sMCL, (b) dMCL and (c) LCL normalized in to their initial 

lengths at full extension. Means and standard deviations are shown.
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