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Chapter I 

Introduction 

An intra-articular reconstruction of the anterior cruciate ligament (ACL) of the knee is a rather 

complex operative procedure with many factors still to be studied. It requires selection of a 

graft with appropriate mechanical properties, a meticulous surgical technique, correct fixation 

of the graft, correct adjustment of the graft pretension, postoperative protection of the graft 

allowing time for remodeling, and a careful and detailed rehabilitation program. Although there 

is much debate about the best procedure for an ACL reconstruction, consensus exists on the 

ultimate goal that has to be reached: full restoration of the function of the ACL and of the knee 

joint kinematics.2·5·9'12-14·27-29·37·44·45 

As replacements of the ACL, biological autografts and allografts and synthetic ligaments are 

used. Suitable grafts are selected on the basis of mechanical characteristics measured in tensile 

testing experiments and of tissue properties analysed in histologic examinations.3·4,8'9'38,46 Most 

ACL grafts are stronger and stiffer than the natural ACL in order to compensate for strenght 

loss after implantation. After the implantation, autografts and allografts undergo a remodeling 

process with degredation of the inserted graft, ingrowth of connective tissue and rebuilding 

towards a ligamentous structure that resembles the ACL.1'3,32 As a result of this, both the 

mechanical characteristics and the tissue properties change dramatically after the ACL 

reconstruction. ' The synthetic ligaments that function as prostheses may allow tissue 

ingrowth but, in contrast to the other grafts, are not dependent on it for strength and therefore 

provide a mechanically stationary situation after ACL reconstruction. 

The successful restoration of ACL function is strongly dependent on the operative procedure. 

With regards to this procedure, four variables are important: (1) placement of the graft and 

isometry i.e no change in the distance between the attachment sites of the graft over the range 

of motion, (2) knee flexion angle at graft fixation, (3) fixation method, and (4) pretension of the 

graft before fixation. The surgical variable that has received by far the most attention is the graft 

placement. Numerous studies have been devoted to the best position of the tibial and femoral 
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tunnel positions of which, after closure of the bone tunnels, the internal openings become the 

attachment sites of the graft5'6·10·11·15"1722·24·37·39·42 i>rill guides have been developed to aid the 

surgeon in the placement of the bone tunnels.15,20,40 In addition, isometers have been developed 

to check for isometry.15,22 A drill guide that ensures an isometric tunnel placement is the uni-

tunnel drill guide developed by Odensten and Gillquist. The flexion angle at which the knee is 

positioned during graft fixation has also been recognized as an important variable, especially 

when the graft is fixed with a high pretension.10 The fixation methods that are available in ACL 

reconstruction procedures differ in their ability to withstand forces induced by the pretensioned 

graft and forces induced by the postoperative rehabilitation program of the patient. 

Pretensioning, i.e. the application of a tension to an ACL graft before its fixation, should be 

distinguished from preconditioning which precedes the pretensioning and the graft fixation. In 

the preconditioning procedure, the graft, the graft fixation sites and the tissues of the knee that 

interface with the graft are loaded in order to minimize the amount of stress relaxation.23. 

Preconditioning procedures often consist of a cycling of the knee through the entire range or 

part of the range of motion with a manually or instrumentally applied load to the graft that is 

inserted in the knee and fixed to the bone at one side. 

In descriptions of ACL reconstruction techniques, the pretension applied to the graft generally 

receives little attention. In often vague and undefined terms the application of a firm tension or 

the application of as much tension as possible are used to describe the amount of pretension.26,30 

Moreoften, the issue of pretensioning is just ignored or a remark is simply made that some 

tension was applied to restore the laxity of the knee to normal.44 In 1983, Grood et al. for the 

first time acknowledged the importance of pretension in ACL reconstructions. They showed 

that an increase in the pretension of a flexible cable simulating an ACL graft resulted in a 

decrease in joint laxity. Burks and Daniel (1984) observed that there exists a direct relationship 

between increasing graft pretensions and anterior knee laxity and they determined that a 

pretension of 6 to 10 pounds (27 to 45 N) of an anatomically positioned semitendinosus graft 

was sufficient to restore anterior laxity. Since the material properties of synthetic ACL grafts 

are known and ACL prostheses are not subjected to a remodeling proces after implantation, 

manufacturers are able to prescribe pretensions for ACL prostheses. In 1985, Gillquist 

described the application of a 60 N pretension to a Dacron ligament prosthesis with a tensioning 
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instrument. More and Markolf (1988) determined in an in vitro study that, after an extensive 

preconditioning procedure, a tension of 200 N applied to a Gore-Tex prosthesis is sufficient to 

restore the anterior knee laxity to normal. In a dog model, Yoshiya et al. (1987) showed that 

application of a 39 N pretension to a patellar tendon autograft had deleterious effects on the 

graft: three months postoperatively, degenerative changes due to poor revascularisation were 

observed, whereas in grafts pretensioned with only 1 N no such degeneration occurred. In a 

human cadaver study, Burks and Leland (1988) found that the pretension required to restore the 

normal anterior laxity of the knee, measured with an arthrometer, was tissue-specific, i.e 

different autografts required different pretension levels to achieve this goal. Daniel et al., in 

1988, mentioned that in order to achieve an anterior laxity in the operated knee within 2 mm of 

that of the normal knee, as measured with an arthrometer, the pretensions applied to autografts 

must range from 1 to 15 lbs (4.5-67.5 N). In fresh knee specimens Schabus et al. (1989) 

observed that, after isometric autograft ACL reconstruction and application of a high pretension 

(147 N), the tibial articular cartilage contact stresses were much higher than with application of 

a more physiological pretension (98 N). In 1990, Daniel was among the first to define for two 

autografts specific pretensions that were based on objective, instrumented measurements: after 

positioning of the knee in the flexion angle with the greatest distance between graft attachment 

sites, as determined with a tension-isometer, a 22.5 N force for a patellar tendon graft and a 45 

N force for a hamstrings graft were applied. For surgeons who want to apply a specific, 

prescribed pretension or want to monitor the graft tension intra-operatively tensioning 

instruments are available. These instruments often consist of springloaded mechanisms 

combined with isometers.15 

Despite the fact that in recent years more attention has been given to the pretension as a surgical 

variable, the importance of this variable in the outcome of the ACL reconstruction is still 

unclear. In in vitro studies on knee specimens, the effects of graft pretension variation on 

anteroposterior knee laxity, knee kinematics and forces in the cartilage and in the other knee 

ligaments have been analysed.2·8'10,16'21'24·33'35'43 In animal models, histologic changes in biologic 

grafts and connective tissue ingrowth in prosthetic ligaments have been studied.1'3·4'32·41,46 

Recently, knee models have been used to simulate ACL reconstructions and the effects of 

pretension variation. ' However, the relationships between the pretension and the other 
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surgical variables of the operative procedure are not well understood and it is further unclear 

whether observations made in in vitro studies and in computer model simulations apply to 

ACL-reconstructed patients. Moreover, these observations apply solely to the immediate 

postoperative situation, whereas only animal studies can help to predict what the long term 

effects are of specific pretensions applied in patients. At the start of this study, no studies had 

been reported in which patients that were reconstructed with different pretensions applied to the 

ACL graft were compared. 

The present thesis is an approach to integrate clinical, in vitro and knee model studies to analyse 

the effects of pretension in ACL reconstructions. To meet this goal, two conditions have to be 

fulfilled. Firstly, the operative technique must be standardized and the other surgical variables, 

i.e. graft placement, isometry, knee flexion angle at fixation, and the graft fixation method must 

be carefully controlled. Secondly, the ACL replacement should not be subject to a remodeling 

proces with changing and unknown material properties. Both conditions are met when the 

standardized reconstruction technique, as described by Odensten and Gillquist, and the Dacron 

ligament prosthesis (Stryker Corporation, Kalamazoo) as replacement of the ACL are used. 

The reconstruction technique consists of an isometric uni-tunnel drill guide and an additional 

isometry-check with a tension-isometer. The flexion angle at graft fixation is 30 degrees of 

knee flexion and the graft is fixed by means of staples on the tibia and the femur. The Dacron 

ligament prosthesis is not subject to a remodeling proces after implantation 4'41 and, because of 

this, the long term effects of pretension application to ACL grafts can be studied. Another, and 

even more important reason to choose the Dacron ligament prosthesis is that to this ACL 

substitute two different pretensions have been applied; a pretension level of 60 N, originally 

prescribed by the distributor, was later changed to 40 N.18'19 These two pretensions, 60 N and 

40 N, were used in clinical, biomechanical and computer model studies to analyse the effect of 

pretension in ACL reconstructions. 

In chapter II, an in vitro study is presented on the effects of ACL reconstructions with a 

pretensioned artificial ligament. This can be considered as a preliminary study for the 

experiments in chapter IV. Chapter III is a clinical study in which 2 patient groups of which the 

ACL was reconstructed with 40 N and 60 N pretensions are compared to analyse the long term 
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effects of pretension application on the function of the knee. In Chapter IV, in vitro experiments 

are presented in which four knee specimens were subjected to loading and quadriceps 

tensioning in order to determine the effects of pretensioning (40N and 60N) of Dacron ligament 

prostheses on knee kinematics, anterior and rotatory laxity, and graft forces. Chapter V 

provides knee model simulations of four different strategies for pretensioning the Dacron 

ligament prosthesis and the resulting changes in the laxity and the force balance of the knee, as 

compared to the knee with intact ACL. Chapter VI concludes the thesis with summaries of 

chapters II-V and a general discussion in which a diagram is presented that explains the effects 

of pretension in ACL reconstruction based on the findings of the present thesis. 

References 

1. Amiel D, Kleiner JB, Roux RD, et al (1986) The phenomenon of "ligamentization": Anterior 

cruciate ligament reconstruction with autogenous patellar tendon. J Orthop Res 4: 162-172. 

2. Amis A (1989) Anterior cruciate ligament replacement. Knee stability and the effects of implants. J 

Bone Jt Surg 71B: 819-24. 

3. Arnoczky SP, Tarvin GB, Marshall JL (1982) Anterior cruciate ligament replacement using 

patellar tendon: An evaluation of of graft revascularization in the dog. J Bone Jt Surg 64A: 217-224. 

4. Arnoczky SP, Warren RF, Minei JP (1986) Replacement of the anterior cruciate ligament using a 

synthetic prosthesis: An evaluation of graft biology in the dog. Am J Sports Med 14: 1-6. 

5. Beynnon В (1991) The in vivo biomechanics of the anterior cruciate ligament, reconstruction, and 

application of a mathematical model to the knee joint. Dissertation, University of Vermont, Vermont, 

USA. 

6. Blankevoort L (1991) Passive motion characteristics of the human knee joint: experiments and 

computer simulations. Dissertation, University of Nijmegen, Nijmegen, The Netherlands. 

7. Burks RT, Daniel D (1984) Anterior cruciate graft preload and knee stability. Orthop Trans 8: 52. 

8. Burks RT, Leiand R (1988) Determination of graft tension before fixation in anterior cruciate ligament 

reconstruction. Arthroscopy 4: 260-266. 

9. Butler, DL (1989) Anterior cruciate ligament: Its normal response and replacement. J Orthop Res 7: 

910-921. 

13 



Chapter I 

10. Bylski-Austrow DI, Grood ES, Hefey MS, et al (1990) Anterior cruciate ligament replacements: A 

mechanical study of femoral attachment location, flexion angle at tensioning, and initial tension. J Orthop 

Res 8: 522-531. 

11. Daniel D, Penner DA, Burks R ( 1988) Anterior cruciate ligament gran isometry and tensioning. In: 

Friedman MJ, Ferkel RD (eds) (1988) Prosthetic ligament reconstruction of the knee. WB Saunders 

Company, Philadelphia: 17-21. 

12. Daniel D (ed) (1990) Knee ligaments: Structure, Function, Injury and Repair. Raven Press, New York. 

13. ESKA (1990) Treatment of acute knee injuries with anterior cruciate lesions. Report from the 

consensus conference during the fourth ESKA congress, Stockholm, June 25-30. 

14. Friedman MJ, Ferkel RD (eds) (1988) Prosthetic ligament reconstruction of the knee. WB 

Saunders Company, Philadelphia. 

15. Flandry F, Terry GC, Montgomery RD et al (1992) Accuracy of clinical isometry and preload 

testing during anterior cruciate ligament reconstruction. Clin Orthop 279: 214-222. 

16. Fleming B, Beynnon B, Howe J, et al (1992) Effect of tension and placement of a prosthetic anterior 

cruciate ligament on the anteroposterior laxity of the knee. J Orthop Res 10:177-186. 

17. Gillquist J (1985) Isometric placement of ACL substitutes. Seminar on ligament replacement using 

Dacron at the Meeting of the International Society of the Knee, Salzburg, Austria. 

18. Gillquist J, Odensten M (1988) Arthroscopic reconstruction of the anterior cruciate ligament. 

Arthroscopy 4: 5-9. 

19. Gillquist J, Odensten M (1993) Reconstruction of old anterior cruciate ligament tears with a Dacron 

prosthesis. A prospective study. Am J Sports Med 21: 358-366. 

20. Good L, Odensten M, Gillquist J (1987) Precision in reconstruction of the anterior cruciate ligament. 

A new positioning device compared with hand drilling. Acta Orthop Scand 58: 658-661. 

21. Good L, Askew MJ, Boom A, et al (1993) Kinematic in-vitro comparison between the normal knee 

and two techniques for reconstruction of the anterior cruciate ligament. Clin Biomech 8:243-249. 

22. Graf В (1987) Isometric placement of substitutes for the anterior cruciate ligament, in: Jackson 

DW, Drez D (eds) (1987) The anterior cruciate deficient knee. New concepts in ligament repair. CV 

Mosby Company, St Louis. 

23. Graf BK, Vanderby R, Ulm MJ et al (1994) Effect of preconditioning on the viscoelastic 

response of primate patellar tendon. Arthroscopy 10: 90-96. 

24. Grood ES, Hefzy MS, Butler DL, et al (1983) On the placement and the initial tension of anterior 

cruciate ligament substitutes. Trans Orthop Res Soc 8: 92. 

25. Hewson GF (1983) Drill guides for improving accuracy in anterior cruciate ligament repair and 

reconstruction. Clin Orthop 172: 119-124. 

14 



Introduction 

26. Insali J. Joseph DM, Aglietti Ρ et al (1981) Bone-block iliotibial band transfer for anterior 

cruciate ligament insufficiency. J Bone Jt Surg 63A: 560-569. 

27. Jackson DW (ed) (1993) The anterior cruciate ligament. Current and future concepts. Raven Press, 

New York. 

28. Jackson DW, Drez D (eds) (1987) The anterior cruciate deficient knee. New concepts in ligament 

repair. CV Mosby Company, St Louis. 

29. Johnson RJ, Beynnon BD, Nichols CE, et al (1992) Current concepts review: The treatment of 

injuries of the anterior cruciate ligament. J Bone Jt Surg 74-A: 140-151. 

30. Jones RG (1963) Reconstruction of the anterior cruciate ligament: a technique using the central one-

third of the patellar ligament. J Bone Jt Surg 45 A: 925-932. 

31. Kurosaka M, Yoshiya S, Andrish J (1987) A biomechanica! comparison of different techniques of 

graft fixation in anterior cruciate ligament reconstruction. Am J Sports Med 15: 225-229. 

32. Lane JG, McFadden P, Bowden К et al (1993) The ligamentízation process: A 4 year case study 

following ACL reconstruction with a semitendinosus graft. Arthroscopy 9: 149-153. 

33. Lewis JL, Lew WD, Hill JA, et al (1989) Knee joint motion and ligament forces before and after 

ACL reconstruction. J. Biomech Eng 111: 97-106. 

34. Loch DA, Luo Z, Lewis JL, et al (1992) A theoretical model of the knee and ACL: Theory and 

experimental verification. J. Biomechanics 25: 81-90. 

35. Melby A, Noble JS, Askew MJ, et al (1991) The effects of graft tensioning on the laxity and 

kinematics of the anterior cruciate ligament reconstructed knee. Arthroscopy 7: 257-266. 

36. More RC, Markolf KL (1988) Measurement of stability of the knee and ligament force after 

implantation of a synthetic anterior cruciate ligament. In vitro measurement. J Bone Jt Surg 70A: 1020-

1031. 

37. Müller, W. (1983) The Knee - Form, Function and Ligament Reconstruction, Springer, Berlin. 

38. Noyes FR, Butler DL, Grood ES et al (1984) Biomechanical analysis of human ligament grafts used 

in knee ligament repairs and reconstructions. J Bone Jt Surg 66A: 344-352. 

39. Odensten, M. and Gillquist, J. (1985) Functional Anatomy of the Anterior Cruciate Ligament and a 

Rationale for Reconstruction. J. Bone Jt Surg 67A: 257-262. 

40. Odensten M, Gillquist J (1986) A modified technique for anterior cruciate ligament (ACL) surgery 

using a new drill guide for isometric positioning of the ACL. Clin Orthop 213: 154-158. 

41. Park JP, Grana WA, Chitwood JS (1985) A high-strenght Dacron augmentation for cruciate 

ligament reconstruction: A two-year canine study. Clin Orthop 196: 175-185. 

42. Sapega AA, Moyer RA, Schneck C, et al (1990) Testing for Isometry during reconstruction of the 

anterior cruciate ligament. J Bone Jt Surg 72A: 259-267. 

15 



Chapter I 

43. Schabus R, Fuchs M, Kwasny О (1989) The effect of ACL-graft preload on the static pressure 

distribution in the knee joint. Trans Orthop Res Soc 14: 517. 

44. Sisk TD (1992) Knee injuries. In: Crenshaw AH (ed): Campbell's Operative Orthopaedics. Eight 

edition. St. Louis, Mosby-Year Books: 1487-1732. 

45. Strover AE (ed) (1993) Intra-articular reconstruction of the anterior cruciate ligament. 

Butterworth-Heineman, Oxford. 

46. Van Rens TJG, Van den Berg AF, Huiskes R et al (1986) Substitution of the anterior cruciate 

ligament: A long-term histologic and biomechanica! study with autogenous pedicled grafts of the 

iliotibial band in dogs. Arthroscopy 2: 139-154. 

47. Yoshiya S, Andrish JT, Manley MT, et al (1987) Graft tension in anterior cruciate ligament 

reconstruction. An in vivo study in dogs. Am J Sports Med 15: 464-469. 

16 



Chapter II 

The effect of the replacement of the anterior cruciate ligament 

(ACL) on translation and kinematics of the knee joint 

R.J. van Heerwaarden, T.N.M. Lek, J.J. de Bruijne, A.H.M. Lohman, 

L. Poliacu Prosé 

Department of Anatomy and Embryology 

Free University of Amsterdam 

Amsterdam, The Netherlands 

Published in: 

Reilly T, Clarys J, Stibbe A (eds): 

Science and Football II 

London, E&FN Spon 

1993, pp. 345-350 

17 



Chapter II 

Abstract 

The aim of this study is to evaluate the effect of replacement of the ACL with an artificial 

ligament on the anterior translation of the tibia and the kinematics of the knee joint. In 10 

embalmed human cadaver knees, the attachment sites and the distances between the centres of 

attachment of the ACL were 3-dimensionally recorded at knee joint angles ranging from 0-140 

degrees of flexion, before and after the replacement of the ACL. The artificial ligament was 

inserted with a pretension of 4 lbs (18 N) between the centres of the attachment sites of the 

ACL. It was assumed that the lenght-pattem of the artificial ligament should reproduce that of 

the central bundle of the natural ligament during knee joint movement. In addition, anterior 

loads of 8 and 16 lbs were applied to measure the anterior displacement of the tibia during a 

simulated Lachman test in the knees with intact ligaments, after the cutting of the ACL and 

after replacement of the ACL. 

The results of the present study show that the artificial ligament inserted with 4 lbs pretension 

restores the anterior tibial translation in all knees to normal. By contrast, the kinematics of the 

"stabilised" knees changes dramatically. There is an increased compression of the articular 

surfaces and the femur endorotates and displaces medially and anteriorly at all flexion angles. 

Moreover, during flexion the artificial ligament shows an isometric pattern in contrast to the 

length of the central bundle of the ACL that decreases with flexion. Although the anterior laxity 

was succesfully restored to normal, all reconstructed knees were over-corrected which may be 

caused by the stiffness of the artificial ligament and the pretension that was applied before 

fixation of the ligament. As presently in ACL reconstruction techniques artificial ligaments with 

comparable stiffness characteristics are implanted with twice the pretension used in the present 

study, we expect that large changes in knee kinematics will be present in these patients. 
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Introduction 

Seventy percent of knee instabilities (grade II and III) caused by sport activities are the result of 

injuries to the anterior cruciate ligament (ACL); football and soccer account for 25 % of the 

pathologic anterior tibial translation due to acute rupture of the ACL (Hirshman et al., 1990). 

This is in accordance with the notion that the ACL functions mechanically as the primary 

restraint of anterior tibial displacements (Hsieh and Walker, 1976; Markolf et al., 1976; Piziali 

et al., 1980) and that in almost all cases of ACL-insufficiency an instability of the knee joint 

develops (Müller, 1983). The anterior displacement of the tibia is best measured by means of 

the Lachman test with the knee positioned at 20°-30° of flexion (Donaldson et al, 1985, Askew 

et al. 1990, Daniel, 1990). 

According to Biden et al. (1990), the significant role played by the knee ligaments in gait 

justifies the development of surgical procedures to repair or replace injured ligaments in order 

to restore the normal muscle-ligament interactions that guide knee motion. 

The aim of this study is to evaluate the effect of replacement of the ACL with an artificial 

ligament (placed between the centres of the attachment sites of the ACL, according to the 

findings of Odensten and Gillquist, 1985) on the anterior translation of the tibia and the 

kinematics of the knee joint. It is assumed that the length-pattern of the artificial ligament 

should reproduce that of the central bundle of the initial ligament during knee joint movement 

(Poliacu Prose et al., 1993). The attachment sites and the distances between the centres of 

attachment of the ACL (ACL-length) were three-dimensionally (3-D) recorded at knee joint 

angles ranging from 0°-140° similar to the studies of Poliacu Prose et al. (1987, 1989). 

Material and Methods 

Ten embalmed human cadaver knees were used. The knees were excised approximately 15 cm 

above and below the joint line and were then dissected, leaving intact the menisci and the 

collateral and cruciate ligaments. In each femur and tibia, two steel pins of 100 mm length were 
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drilled into the shafts of the bones. The pins represent the local orthogonal axis systems of the 

bones. 

At 10 knee joint angles, ranging from 0° to 140° of flexion, the positions of the femur against 

the fastened tibia (given by the local orthogonal axis system) were recorded three-

dimensionally (3-D) by means of a measuring frame (Figure I) consisting of a Sony LM12S-

31T Magnescale Computer Digital System with three perpendicular oriented axes, each formed 

by a SR-1711 scale of 450 mm effective length (accuracy ± 0.01 mm). By measuring the 

positions of the pins, 3-D data were collected, offering the possibility to reconstruct three-

dimensionally the positions of the femur relative to the fastened tibia. 

Figure I. Measurement frame. F = femur, Τ = tibia (both with 2 pins representing the local 
orthogonal axis systems), a. tibia clamp; b. pulley-rope clamped to femur; с pulley; 
d. clamp for fixation of femur flexion position. 

In addition, the magnitude of the anterior displacement of the tibia against a fastened femur was 

measured. An apparatus was constructed to simulate the clinical Lachman test. The femur was 

fixed at 30° of flexion and the tibia was clamped to a sliding frame which enabled antero-
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posterior displacement in the sagittal plane only (Figure II). Two forces, 8 lbs (36 N) and 16 lbs 

(72 N), were applied to the tibia by means of a Tension Isometer (MEDmetric Corporation, San 

Diego). This isometer was also used for measuring the anterior displacement with an accuracy 

of 0.25 mm. After cutting the ACL, the anterior translation of the tibia relative to the femur was 

again measured. 

Figure II. Lachman test simulation apparatus. F = femur, Τ = tibia, a. tibia clamp; b. femur 
clamp; с sliding frame; d. Tension isometer. 

After the measurements, the ACL was removed and replaced by an artificial ligament whereby 

the femoral and tibial bone tunnels were positioned at the geometrical centres of the attachment 

sites of the ACL. A "Dyneema" artificial ligament with a cross-section area of 40 mm2 and 

approximately twice the stiffness of the ACL was inserted with a pretension of 4 lbs (18 N) at 

0° of flexion. This pretension level was determined in one knee during anterior laxity tests. The 

pretension of 4 lbs represents the tension level at which the anterior laxity in the reconstructed 

knee was similar to that of the intact knee. After the reconstructions, the knees were first placed 

in the Lachman test simulation apparatus and the anterior translation was measured with the 

same procedure as described above. The positions of the femur against the fastened tibia were 

then recorded with the "Sony" measurement frame, again at 10 knee angles ranging from 0° to 

140° of flexion. 
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Finally, the attachment sites, the geometry of the articular surfaces defined by the coordinates 

of arbitrarily chosen points at the femur and tibia contours, and the location of the drill holes 

were recorded relative to the coordinate systems of the femur and tibia with the "Sony" 

measurement frame. From the 3-D coordinates, the positions of the bones were reconstructed 

and the magnitudes of the attachment sites and the geometric midpoints of the attachments 

together with the distances between the drill-holes were calculated for each position of the knee 

joint. In addition, the cross-section area of the ACL was measured (IBAS system). 

Results 

The mean value of the anterior displacement of the tibia in the 10 knees with intact ligaments is 

1.4 mm (SD 0.3) at 8 lbs and 3.0 mm (SD 0.6) at 16 lbs (Figure IH-A). In correspondence to 

the observation of Donaldson et al. (1985), all knees were considered to be stable. Cutting the 

ACL results in an increase of the anterior displacement of the tibia of 3.5 mm (SD 2.3) at 8 lbs 

and of 9.2 mm (SD 3.8) at 16 lbs (Figure III-B). The replacement of the ACL with the artificial 

ligament placed between the geometric midpoints of the attachment sites with a pretension of 4 

lbs results in an anterior displacement of the tibia which is comparable to the anterior 

displacement measured in the knees with intact ligaments: 1.7 mm (SD 0.8) at 8 lbs and 3.9 

(SD 1.2) at 16 lbs (Figure III-C). 
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Figure III. The mean anterior displacement of the tibia measured at 8 lbs and 16 lbs in 10 
knees. A. knees with intact ligaments; B. knees with cut ACL; С knees in which 
the ACL is replaced by an artificial ligament. 
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In all knees with intact ligaments, the distance (Lo) between the drill holes is maximal (29.5 

mm; SD 3.6) at 0° of flexion. As shown in Figure IV-A, the distance decreases during flexion, 

being minimal (about 90% of Lo) between 105° and 140° of flexion. In knees in which the ACL 

is replaced by an artificial ligament, the distance (Lo) between the drill holes is also maximal 

(27.9 mm; SD 3.2) at 0° of flexion. This distance behaves isometrically between 0° and 90° and 

decreases to a small extent (maximal 5% of Lo) between 105° and 140° of flexion (Figure IV-

B). 
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Figure IV. Graph representing the relative distances (L/Lo) between the drill holes at 
different knee joint angles in 10 knees with intact ligaments (A) and in the same 
10 knees in which the ACL is replaced by an artificial ligament (B). 

The positions of the femoral and tibial condyles at different knee joint angles was studied by 

recording the coordinates of the arbitrarily chosen points on the contours of the femur and the 

tibia and by projecting these values in the sagittal, transversal, and frontal planes. As shown in 

Figure V-B and D (0° flexion), the intra-articular placement of the artificial ligament through 

the bone runnels drilled approximately at the geometric midpoints of the attachment sites with a 

pretension of 4 lbs results in a compression of the articular surfaces and an anterior 

displacement of the femur relative to the fastened tibia. 
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Not shown in Figure V is that the femur displaces medially and endorotates. The cross-section 

area of the ACL (measured in the midpart) was 38.0 mm2 (SD 0.16) 

Figure V. Plot-drawing illustrating the effect of the replacement of the ACL by an artificial 
ligament on the position of the femur against the fastened tibia projected in the 
sagittal plane at 0° of flexion. 
A. the position of the drill holes (·) and the reference points on the medial femoral 
(F) and tibial (T) condyles in knees with intact ligaments; 
B. the position of the drill holes (·) and the reference points on the medial femoral 
(F) and tibial (T) condyles in knees in which the ACL is replaced by an artificial 
ligament; 
С the position of the drill holes (#), the geometric midpoints (A) and the reference 
points on the lateral femoral (F) and tibial (T) condyles in knees with intact 
ligaments; 
D. the position of the drill holes (#), the geometric midpoints (A) and the reference 
points on the lateral femoral (F) and tibial (T) condyles in knees in which the 
ACL is replaced by an artificial ligament. 
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Discussion 

In this study we have made two simplifications. Firstly, the ACL was represented by one line 

element connecting the centres of the attachment sites of the ligament. This representation of 

the ACL is often used because of the inaccessibility of the ACL for direct measurements in 

intact knees. Secondly, for defining the positions of the bones we measured the coordinates of 

the contours of the bones in the middle of the femoral and tibial condyles. Because we only 

measured the position of the femur relative to the tibia this simplification of the geometry of the 

bones was considered by us to be permitted. 

When the ACL is replaced by an artificial ligament, the graft should preferably have approxi

mately the same cross-sectional area as the ACL because of bending of the ACL over bone 

structures during flexion of the knee (Poliacu Prose et al., 1989, 1993). The cross-sectional area 

of the graft we used was 40 mm2. We measured a cross-sectional area of 38 mm2 of the ACL in 

the 10 knees used in this study. 

Detenbeck (1974) found in his study on the function of the cruciate ligaments in knee stability 

that the anterior cruciate ligament remains taut during flexion of the knee. The lower limit of 

tension was 4 pounds. We applied 4 lbs pretension on the artificial ligament before fixation 

which resembles this lower limit of tension of the ACL as found by Detenbeck (1974). It 

should be noted that in ACL reconstructions artificial ligaments with comparable stiffness 

characteristics are sometimes pretensioned with twice the pretension used by us. 

Markolf et al. (1978) reported that the forces manually applied by the clinical examiner during 

a Lachman test vary from 45 to 90 N. Therefore, we have chosen to put an anterior load of 8 

and 16 lbs to cause anterior displacement of the tibia relative to the fastened femur in the 

simulation of the clinical Lachman test. 

According to Donaldson et al. (1985) and Daniel (1990), the anterior displacement of the tibia 

in the sagittal plane, measured with the instrumentalised Lachman test at 30° of flexion, shows 

that all knees with intact ligaments are stable. Cutting of the ACL resulted in all knees studied 

by us in an increased anterior displacement of the tibia (Grade II and III instability). The 

artificial ligament that was inserted with 4 lbs pretension completely restores the anterior tibial 
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translation to the level found in the knees with intact ligaments and thus restores the stability of 

the knees. 

The length-pattern of the central bundle of the ACL, represented in this study by means of the 

distance between the holes drilled approximately in the geometric midpoints of the attachment 

sites of the ACL, is not isometric in knees with intact ligaments. This is similar to the results 

reported recently by Sapega et al. (1990) and Poliacu Prose et al. (1993). By contrast, the length 

of the artificial ligament placed between the same points with a pretension of 4 lbs shows an 

isometric pattern. 

In this study, an important observation was made as regards the effect of replacement of the 

ACL on the positions of the bones. It appears that the kinematics of the "stabilised knees" 

changes to a great extent after ligament replacement. We found not only a compression of the 

articular surfaces at all knee joint angles but, in addition, the femur endorotates and translates 

medially and anteriorly. Lewis et al. (1989) reported similar findings in their reconstructions of 

the ACL with two autologous grafts. After loading, the tibia of some of the reconstructed knees 

was positioned posterior and was rotated externally relative to the normal knee (= knee with 

intact ACL). They introduced the term "over-corrected knees" for this group of reconstructed 

knees. We found the same changes when describing the position changes of the femur (antero-

medial translation and endorotation of the femur). Lewis et al. (1989) stated that the over

correction of the knees was probably due to variations in the relative position of the tibia and 

femur at the moment of graft fixation, which in rum changes the initial graft length. We used an 

artificial ligament and propose that the following factors influence the over-correction: the 

stiffness characteristics of the artificial ligament compared to the stiffness of the intact ACL, 

and the pretension applied to the ligament. 

We conclude that a reconstructed knee may exhibit normal anterior displacements (as we found 

in the Lachman-test that we applied; the anterior translation of the tibia was completely 

restored) but that the kinematics of the knee has changed considerably. This implies that the 

status of a replaced ACL, tested with the usual clinical laxity examinations, is an insensitive 

measure for assessing the status of an ACL reconstruction. 
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Abstract 

To study the effect of the pretension level in reconstructions of the anterior cruciate ligament 

(ACL) we examined 26 patients with isolated ACL insufficiency and intact Dacron ligament 

prosthesis at 4 year follow-up. The patients were divided into two groups of 13 each based on 

pretension level applied at the reconstruction: in group I the ligament was pretensioned to 60 N 

and in group II to 40 N. 

The patients were evaluated by the Tegner and Lysholm scores, KT-1000 arthrometer 

measurements, and isokinetic muscle performance testing and were assessed by the Knee 

Ligament Standard Evaluation Form of the International Knee Documentation Committee. At 

follow-up there were no differences between the two groups in any of the evaluated parameters 

except for squatting ability. The two groups differed significantly (P< 0.01) with regard to the 

squatting score: 11 patients in group I had decreased squatting ability, and 6 of these were not 

able to squat beyond 90° of flexion. In contrast, only 4 patients in group II had slightly 

impaired squatting ability. 

It is likely that this difference between the two groups is related to the magnitude of the 

pretension applied to the ligament prosthesis, and that the pretension exerts its influence 

through a change in the knee kinematics introduced at the time of the reconstruction. 
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Introduction 

In reconstructions of the anterior cruciate ligament (ACL) a pretension is applied to the gran to 

restore normal anteroposterior laxity. In vitro studies, simulating the immediate postoperative 

situation have shown that the pretension level of the graft affects anteroposterior laxity3'7'5'17 

and that increases in pretension result in considerable changes in the kinematics of the 

reconstructed knees.17,22 Although reestablishing normal kinematics after an ACL 

reconstruction is recognized as an important objective in the successful treatment of ACL 

injuries,6 there are as yet no studies comparing patients with different pretensions of ACL 

grafts. 

The Dacron ligament prosthesis (Stryker Corp. Kalamazoo, Mich.) was introduced for ACL 

reconstructions in 1982. Initially, a pretension of 60 N before fixation of the graft was 

recommended by the distributor. In 1988, the recommended pretension was changed to 40 N. 

In the present study, we compared two groups of patients in whom the ACL was reconstructed 

with a Dacron ligament: one with graft pretension of 60 N and the other with that of 40 N. The 

aims of the present study were to analyze the effect of pretension level on the function of the 

knee and to determine whether higher pretension of the ligament prosthesis leads to abnormal 

joint kinematics. 

Materials and methods 

Selection of patients 

A total of 48 patients underwent ACL reconstruction with a Dacron ligament prosthesis from 

January 1987 to August 1990. As we were especially interested in the differences between 

patients with grafts pretensioned either to 60 N or to 40 N pretension level, we selectively chose 

26 patients with an isolated ACL injury. Among the 22 patients excluded from the present 

study 18 had concomitant ligament laxities in the operated knees or injuries of the noninvolved 

knees and 4 an arthroscopically confirmed rupture of the Dacron ligament after ACL recon

struction. The patients were divided into two groups of 13 patients each: in group I the ligament 
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was pretensioned to 60 N and, according to revised recommendations of the distributor of the 

prosthesis, in group II to 40 N. 

Table 1. Profiles of the two patient groups 

Parameter 

η 

Sex (males/females) 
Age (years) 
Injured knee 
Time from injury to 

operation (months) 
Associated injuries 

Group I 

13 
9/4 
26 (19-31) 
7 left, 6 nght 
31 5 (3-144) 

6 MM (c) 
1 LM (c) 
1 MM (c) + LM (c) 

Group II 

13 
7/6 
28 (18^0) 
7 left, 6 nght 
30 0 (8-52) 

5 MM (c) 
2LM (1/3) 

MM, Medial meniscus; LM, lateral meniscus, c, complete, 1/3, 1/3 
removed 

Patient groups 

The profiles of the two patient groups are shown in Table 1. The groups were comparable with 

regard to the preinjury and preoperative activity levels, median time from injury to surgery, and 

preoperative status of the menisci. Average follow-up time was 4 years in each group and the 

follow-up evaluations were carried out 40-65 months after the operations. The etiology of the 

ACL ruptures was contact sport (predominantly soccer) injuries (n = 15), pivoting noncontact 

sport injuries (n = 5), traffic accidents (n = 4), and ADL activities (n = 2). Chronic ACL 

insufficiency had been diagnosed previously in almost all patient through manual examination 

or arthroscopy. The indication for surgery was instability of the knee: 5 patients had 

experienced giving way one to five times after the injury, and the other 21 patients had 

experienced more than 5 times giving way and subsequent swelling. On pre-operative 

examination all knees had a Lachman score of 2+ or more and a positive pivot shift test was 

found in most of the patients. Each patient had participated in a preoperative rehabilitation 

program consisting of muscle strengthening and functional training exercises but, without 

exception, failed to regain satisfactory knee function. 
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Operative procedure and rehabilitation 

The ACL reconstructions were performed by the second author. At surgery, the knee was 

positioned in 90° of flexion and was opened through a medial arthrotomy. The intercondylar 

notch was widened to at least 20 mm during the notch plasty. The drill guide described by 

Odensten and Gillquist11'18 was used for anatomic positioning and, after isometry testing, for the 

drilling of the tibial and transcondylar femoral bone tunnels. Isometry was tested with a tension 

isometer (Stryker) and a displacement of less than 3 mm of a trial ligament was accepted. The 

inner openings of the tunnels were beveled to prevent abrasion of the graft. A Dacron ligament 

(Stryker Corp., Kalamazoo, ultimate strength 3,6 KN) was led through the bone tunnels and 

fixed with one staple on the femur just above the tunnel exit site. The tibial end of the ligament 

was inserted into the tension isometer, and the ligament was pretensioned to 60 N (group I) or 

to 40 N (group II) in 30° of knee flexion. Anteroposterior laxity was tested before securing the 

ligament to the tibia. The knee was extended to check for impingement, and flexion and 

extension cycles were carried out to precondition the ligament. When the ligament tension 

during cycling remained constant, the pretension level was adjusted to 60 or 40 N, and the 

ligament was then fixed with one or two staples on the tibia in 30° of flexion and in neutral 

rotation position of the lower leg. 

Immediately after the operation, continuous passive motion and active nonweightbearing 

training at 0°-90° of knee flexion were started. The rehabilitation program consisted of 

functional muscle strengthening and closed kinetic chain exercises. Six months postoperatively 

all patients could return to work or resume sports activities, although they were advised not to 

participate in strenuous and pivoting knee activities. After the rehabilitation period two patients 

underwent a partial one-third meniscectomy of the medial meniscus, and two patients had an 

arthroscopic inspection of their reconstructed knee following a trauma during pivoting sports. 

In all knees, the ligament was found to be intact and under tension and there were no signs of 

synovitis. Five months before evaluation one patient in group I developed increasing knee 

instability following a trauma. Arthroscopic inspection revealed a ligament that was stretched 

but not ruptured. 
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Evaluation methods 

Results of the ACL reconstructions were evaluated according to the Knee Ligament Standard 

Evaluation Form of the International Knee Documentation Committee (IKDC). At the start of 

the present study, we used a preliminary version of this form (A. Van Kampen, 1991-1993, 

personal communication). Later the information was updated with regard to group 

qualifications and newly introduced problem areas. 

The physical examinations of the patients were performed by the second author who also had 

examined all patients before the operation. The examinations were supervised and graded by 

the first author to reduce experimenter bias. The anteroposterior laxity at 30° and 70° of flexion 

was measured with a KT-1000 knee ligament arthrometer. The difference in anterior 

displacement of the operated and the nonoperated leg was measured when a 30 lbs (134 N) 

force was applied as recommended by the IKDC (A. Van Kampen, 1991-1993, personal 

communication). Side-to-side differences in medial (valgus) and lateral (varus) joint opening 

were measured with a caliper. Our X-ray examinations differed from those recommended by 

the IKDC: we used non-weight-bearing roentgenograms and a standard axial patellar view to 

enable comparison with the preoperative roentgenograms of our patients. As a result of this 

choice it was not possible to measure joint space narrowing. 

Additional information was collected with the Tegner and Lysholm scores to evaluate work and 

sports activities and subjective knee function.21 Since difficulty in squatting was noticed in the 

early set of examined patients, all patients had to perform a squat before they were asked 

whether they had any problems with this movement. This was done with the purpose of 

objectively evaluating this parameter of the Lysholm score. The squatting angle of the 

reconstructed knee was measured with a goniometer in the patients who were unable to perform 

a full squat. 

The performance of quadriceps and hamstrings muscles was compared in the operated and the 

nonoperated legs. The patients were tested in a concentric isokinetic mode with a Biodex II 

isokinetic dynamometer. All patients but one (who objected to the testing) were tested by the 

third author at angular velocities of 60°, 180°, and 270° per second. The peak torque, defined as 

the highest force level produced at the tested angular velocity, was used for the calculations of 

the isokinetic data. The quadriceps index, defined by Daniel et al.4 as the ratio of the peak 
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torque of the involved leg divided by the uninvolved leg and multiplied by 100, was used to 

grade the quadriceps performance at the angular velocity of 60° per second. The quadriceps 

performance at higher testing velocities and the hamstrings performance at the three tested 

angular velocities were graded according to the recommendations of Sapega. 

Data analysis 

The overall test results of the two patient groups were compared. The Student's /-test was used 

for parametric data analyses and the Wilcoxon rank sum test for the nonparametric data. A 

statistical value of Ρ < 0.05 was taken as the level of significance. 

Results 

IKDC Knee Ligament Standard Evaluation 

The subjective assessment demonstrated that 18 knees out of the 26 operated knees were 

normal (Table 2). Four patients in group I and two in group II judged their knee function as 

nearly normal, and one patient in group I judged her knee function as abnormal. Five patients in 

group I and two patients in group II felt that their activity level was comprised by their knee 

function. The main reasons for this were lack of confidence in use of the operated knee and fear 

of injuring the knee again. 

On symptom scoring, one patient of group I after a new trauma of the operated knee, 

experienced pain with sports activities (activity level II), and one patient had patellofemoral 

pain with strenuous activities (activity level I). During strenuous activities, one patient in group 

I experienced total giving way of the knee, one patient in group II experienced partial giving 

way, and three in group II experienced swelling of the knee. 

Physical examinations of the standing patients revealed that none of them had varus or valgus 

knees. Four patients had a lax morphotype; there were no patients with a tight morphotype. 

Measurements of the passive range of motion showed a flexion deficit of 6°-15° in two group I 

patients and one group II patient. No extension deficits were observed. In KT-1000 

measurements (134 N at 30° of flexion), two knees in group I and five knees in group II 
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showed a 3-5 mm side-to-side difference. One patient in group I with a difference of 8 mm was 

considered abnormal. No patient had an overtightened knee. The mean side to side difference in 

anterior displacement between group I (1,85 mm ± 2.27) and group II (2,31 mm ± 2,06), was 

not significant. In each patient, a firm end point was felt at the manual Lachman test. 

Side-to-side differences in anteroposterior (AP) translation in 70° of knee flexion, measured 

with the KT-1000 arthrometer, were nearly normal (3-5 mm) in two patients of group I and in 

four patients of group II. Abnormal side-to-side difference in AP translation (6-10 mm) was 

found in one patient of group I. None of the patients had a positive posterior sag in 70° of knee 

flexion, and all were considered normal on the reversed pivot shift tests. Positive pivot shift 

tests were observed in two patients of group I (1+), in two of group II (1+), and in one of group 

I (2+). A side-to-side difference in the lateral joint opening of 3-5 mm was found in two 

patients of group I and in one patient of group II. One group I patient had a lateral joint space 

opening difference of 6-10 mm. Although moderate patellofemoral crepitations were felt in 

three patients (two in group I and one in groupll), no pain was felt by these persons at weight-

bearing flexion. Because there were no autograft harvest sites, all patients were considered 

normal in this problem area. No complaints were reported with respect to the scar tissue of the 

arthrotomy. The non-weight-bearing X-ray examination revealed no signs of degenerative joint 

disease in group II. One patient in group I, who had a traffic accident with a tibial plateau 

fracture 6 years before the ACL reconstruction, had moderate degenerative changes and was 

considered abnormal. No progression of the observed changes was seen compared to the 

pre-operative X-ray. In two patients of group I, who had both had a complete medial 

meniscectomy a slight progression of the joint degeneration was seen compared to the 

preoperative situation. On the one-leg hop test, two patients in group I scored 75-90 % of the 

opposite side distance and one in group I was considered abnormal with a score of 50-75 %. 

In the final evaluation based on the first four problem areas, six patients in group I were 

considered to have a normal knee (A), four a nearly normal knee (B), and three an abnormal 

knee (C). In group II, seven were classified as A and six as B. 
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Statistical analyses of the distributions per problem area and of the final evaluation showed no 

significant differences between the two groups. 

Activity level assessment 

The preinjury mean Tegner score in group I was 8,5 (7-9) and that in group II 8,3 (6-10). 

Immediately before the operation the score in each group was 3. At follow-up, the mean Tegner 

score in group I was 7 (5-9) and in group II 7,5 (4-10). A survey of the Tegner scores and the 

IKDC activity gradings are presented in Table 3. Most patients reported that their change in 

activity level was not related to the function of the operated knee. Their activity level had been 

lowered to protect their knees. Statistical analyses of the activity levels showed no significant 

differences between the two groups. 

Table 3. Activity level assessment preinjury (PI), preoperative 
(PO), and at follow-up (FU) 

Tegner 
0-3 
4-6 
7-10 

IKDC 
I 
II 
III 
IV 

Group I 

PI 

0 
1 

12 

10 
3 
0 
0 

PO 

11 
2 
0 

0 
0 
5 
8 

FU 

0 
6 
7 

4 
7 
2 
0 

Group 

PI 

0 
1 

12 

10 
3 
0 
0 

II 

PO 

10 
3 
0 

0 
0 
5 
8 

FU 

1 
2 

10 

3 
9 
1 
0 

Lysholm score 

The mean Lysholm score improved in group I from 41 (11-57) points preoperatively to 94 

(71-99) points at follow-up. In group II, the mean preoperative score was 53 (26-85) points and 

the follow-up score 96 (81-100) points. It is important to emphasize that in group I the majority 

of the patients achieved a low score at squatting (Tables 2, 4): six were unable to squat beyond 

90° of flexion, with squatting angles of 75° - 90°. Moreover, in five patients of group I 

squatting was slightly impaired, with squatting angles of 105° - 120°. The two patients with full 
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squatting ability in this group had also the highest AP laxity (Table 2) but AP displacement and 

squatting angle were not related with regard to the entire group. In four patients of group II 

squatting was slightly impaired, with squatting angles of 110° - 120°. Two of these patients 

(numbers 24 and 26) both with a 5 mm AP displacement experienced partial giving way during 

squatting. However AP laxity and squatting angle were also not related in this group. 

Almost all patients remembered having a decreased squatting ability preoperatively due to 

giving way sensations in the injured knee. At follow-up patients with squatting problems in 

group I and patients 17 and 23 in group II experienced a tight feeling in the knee. In these 

patients we observed a shift of the body weight to the nonoperated knee which enabled them to 

squat deeper. The squatting score was significantly lower in group I than in group II (P < 0.01), 

while none of the other Lysholm score parameters or the overall score were significantly 

different. 

Table 4. Lysholm score: squatting (s) and muscle performance 
deficits > 20% in quadriceps (Q) and hamstring (H) 

Group I Group IIa 

No problems (5) 
Slightly impaired (4) 
Not Beyond 90° (2) 
Impossible (0) 
Maximum score 

S 

2 
5 
6 
-
-23* 

Q 

1 
1 
3 
-

H 

2 

2 
2 
-

S 

9 
4 
0 
-
-4* 

Q 

4 
0 
0 
-

H 

2 
3 
0 
-

* P<00\ 
0 η = 12 for muscle performance 

Isokinetic tests 

One patient in group II objected to isokinetic testing because she feared reinjuring her knee 

again. We did not expect to find large deficits in this knee because of the normal score on the 

one-leg hop test and the classification as having a normal knee in the IKDC overall evaluation. 

The mean quadriceps index in group I was 84 and that in group II 90. In each group nine 

patients had a muscle performance of less than 80% compared to the nonoperated knee (Table 

4). At none of the tested velocities were there significant differences in quadriceps and 

hamstrings muscle performance between the two groups. 
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Discussion 

The most important finding of the present study is the significant difference in the ability to 

squat between the two patient groups. Of the 13 patients in group I 11 had decreased squatting 

ability and 6 were unable to squat beyond 90° of flexion (Figure 1). In group II there were 4 

patients with only a slight impairment of the squatting movement. No other significant 

differences were found between the two groups. 

The pretension, applied to the graft in ACL reconstructions is a surgical variable that has 

seldom been studied. Three studies in which the patient knees were reconstructed with a similar 

prosthetic ACL documented the pretension of the Dacron ligament. Andersen et al. applied a 

pretension of 60-80 N, and Gillquist and Odensten applied pretensions of 60 N10 and 40 N. 

These authors reported no specific problem related to the magnitude of the pretension of the 

grafts and made no specific remarks with regard to the squatting score. However, Dr. 

Sondergaard-Petersen, one of the authors of the study by Andersen et al , recently reported a 

high incidence of a decreased squatting ability in their patients (1994, personal 

communication).21 This observation, together with the present findings in the patients of group 

I, showes the increased likelyhood of pretension greater than 40 N to a Dacron ligament 

prosthesis postoperatively decreasing the patient's ability to squat. 

The present study excluded patients with concomitant ligament laxities at the time of the ACL 

reconstruction and patients with arthroscopically confirmed graft ruptures. Because such 

selection inevitably influences the evaluations of the ligament reconstructions, we cannot 

compare our results directly with those of the three studies mentioned above. In 1991 Andersen 

et al.2 published a preliminary report on 44 patients from the population evaluated in their 1992 

study. All 44 patients had isolated ACL injuries. At 3 year follow-up there were no ruptures of 

the prostheses in 33 patients. The mean Tegner and Lysholm scores (5 and 91 points, 

respectively) of these patients were somewhat lower than those of group I and group II of the 

present study (7 and 94 points and 7.5 and 96 points, respectively). A major difference was 

found in the Lachman score. In the study by Andersen et al.2, only 11 out of the 33 patients 

were graded as normal, whereas of the 26 patients in the present study 10 in group I and 8 

patients in group II, all with anterior displacements of less than 3 mm, 
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Figure 1. 
Decreased squatting ability of one 
of the patients in group I. 

'aix 

were classified as normal. This difference can probably be attributed to the high pretension that 

Andersen et al.2 applied to the ligaments. This may have resulted in a lengthening of the grafts. 

Regarding the laxity of the operated knees, it must be emphasized that the results of the present 

study are comparable to those of ACL reconstructions with a patellar tendon. In a study by 

Friederich et al.8, 17 of 25 patients with isolated ACL ruptures had at 2-year follow-up side-to-

side difference of less than 3 mm. In the present study this was the case in 18 of 26 patients. 

Another similarity between the results of Friederich et al. and those of the present study is the 

final rating of the patients who were operated on by means of an isometric drill guide - in 9 

patients in the Friederich et al. study and in all 26 of our own study. Using a preliminary 

version of the Knee Ligament Standard Evaluation Form, Friederich et al. graded four patients 

as A, four as В and one as С This distribution is similar to that in the present study. 

The results of the isokinetic tests revealed that at the three velocities tested nine patients in 

group I and nine in group II had a difference in muscle performance between the operated and 

non-operated legs of more than 20 % (Table 3). According to Daniel et al. and Sapega20, the 

minimum score for the performance of the quadriceps and hamstrings muscles in the operated 

leg must be 80 % ofthat in the uninvolved leg. We therefore advised the 18 patients to follow a 

rehabilitation program including muscle strengthening exercises. 

Squatting problems following ACL reconstruction are seldom specifically documented, and 

since usually only the total of the Lysholm score is reported, no insight is gained into this 

41 



Chapter III 

parameter. In a heterogenous population as regards reconstruction technique and rehabilitation 

protocol Daniel et al. observed in 36 of the 79 patients an impairment of kneeling or squatting 

ability 2-5 years postoperatively. All patients in the present study were operated by the same 

surgeon, and the operative procedure in placing the graft was highly reproducible because of 

the use of an isometric drillguide" and a tension-isometer and the standardized control of the 

other surgical variables.18 This is the reason that the differences between the groups cannot be 

attributed to surgical variables other than the pretension applied to the grafts. Furthermore, the 

rehabilitation protocol was similar in all patients, and at follow-up no significant differences 

between the two groups were found in any of the other parameters that were evaluated. 

In addition to the level of pretension, there are three other causes for the squatting problems in 

our patient population: decrease of knee stability, patellofemoral problems and deficit in the 

eccentric muscle performance of the quadriceps on the operated side. Although no correlation 

was found in either of the two groups between squatting angle and AP laxity measured with the 

KT-1000, instability may have been the cause of the decreased squatting ability in the two 

patients of group II who both experienced partial giving way during squatting and in whom a 5 

mm AP displacement difference was found. Patellofemoral problems might have interfered 

with the squatting ability in one patient of group I who had problems with both squatting and 

stair climbing, which is another parameter of the Lysholm-score, and had moderate 

patellofemoral crepitus in the operated knee. As a measure for the eccentric performance of the 

quadriceps we used the concentric quadriceps action at 60°/sec angular velocity, because 

Lakomy and Williams have reported that at this velocity there is no difference between 

eccentric and concentric quadriceps actions. We correlated the calculated quadriceps index with 

the squatting score and determined for the two patient groups the Spearman correlation 

coefficient. This coefficient was 0.08 in group I and 0.1 in group II, which indicates that the 

observed squatting problems are not related to muscle action. 

Kinematics 

In a previous in vitro study22, we performed ACL reconstructions in ten embalmed human 

cadaver knees. The ACL was removed and replaced by an artificial ligament pretensioned to 18 

N. In all operated knees we observed a posterolateral translation and external rotation of the 
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tibia relative to the femur and a compression of the articular surfaces in the tibiofemoral joint. 

Lewis et al.15 found similar changes in the tibial position in some specimens of a knee 

population reconstructed with autologous grafts. They introduced the term "over-corrected 

knees" for these specimens. Melby et al.17 confirmed the findings of Lewis et al.15 and stated 

that abnormal joint stiffness in ACL reconstructed knees results in excessive long-term joint 

wear. Bylski-Austrow et al.3 and Fleming et al.7 found that increasing pretensions of the 

artificial ligaments cause increased posterior shifts of the tibia. It was further observed by 

Melby et al.17 that, when five different pretensions are applied to a prosthetic ligament, the 

anteroposterior laxity is at all pretension levels restored to normal. By contrast, the magnitude 

of the tibial subluxations increases with increasing pretensions. Recently, Good et al. 

compared the kinematical behavior of eight knees before and after ACL reconstructions with a 

Dacron prosthesis. They observed an abnormal external tibial rotation in 90° of flexion, a less 

than normal external rotation in the screw-home mechanism, and an increased varus-valgus 

laxity of the operated knee. 

On the basis of the results of the above in vitro studies, we hypothesize that also in in vivo ACL 

reconstructions the pretension level of the prosthesis exerts an effect through changes in the 

positions of the bones of the knee: these changes become larger as the pretension increases. At 

present, it is not known which symptoms indicate a change in the kinematics of the operated 

knee. However, the decreased squatting ability that we observed in the patients of the present 

study, especially in those of group I with a relatively high pretension of the ACL prosthesis, 

suggests overcorrection of the knee. This means that the changes in the positions of the bones, 

introduced at the time of the ACL reconstruction, are maintained after the operation. It also 

implies that no changes occur in the material properties of the implanted prosthesis. Park et al.19 

found no changes in material properties in cyclic loading stress performed with the Dacron 

ligament prosthesis under simulated implantation circumstances and in Dacron ligaments tested 

in dogs after implantation up to 36 weeks. 

When the passive range of motion is investigated in the supine patient, the tibia is able to 

reduce the overcorrected kinematic situation by compensatory translations and rotations. As a 

result of this no flexion or extension deficit is found (Figure 2). During squatting the tibia 

cannot compensate for the change in kinematics because the feet are fixed to the ground. The 
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compensatory movements should therefore be carried out by the femur. However, the body 

weight and the knee muscles acting together produce a stabilizing effect on the tibiofemoral 

motions and thus limit the compensatory translations and rotations. Because of this the femur 

performs during squatting a constrained rolling and gliding motion which leads to a deficit in 

the range of motion. This is felt by the patients as a tight feeling in the knee that prevents 

deeper squatting. Deep squatting can be achieved only by shifting the body weight to the 

contralateral normal leg and in this way enables the tibia of the operated leg to carry out 

compensatory movements (Figure 2). 

Figure 2. left: Full passive flexion of the operated knee, right: Shift of the body weight to 
the normal leg to enable deeper squatting. 

In conclusion, it can be stated that in the present population of patients with isolated ACL 

ruptures reconstructed with a Dacron ligament prosthesis, the decrease in squatting 

performance observed at follow-up is the effect of higher pretension, 60 N vs 40 N, applied at 

the time of the reconstruction. The higher pretension leads to abnormal joint kinematics in the 

operated knee that cannot be compensated for by compensatory movements of the tibia during 

squatting. Since we consider that a decreased squatting ability without knee instability, 

patellofemoral problems or quadriceps weakness is a clinical manifestation of a change in the 

kinematics in the operated knee, we advise that in the future more attention be given to this 

important parameter of knee function. 
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Abstract 

The objective of the present in vitro study was to determine the mechanisms by which, after 

anterior cruciate ligament (ACL) reconstructions, the pretension of the graft controls the laxity 

and the motion characteristics of the knee. For this purpose, four fresh knee specimens were 

reconstructed using Dacron ligament prostheses pretensioned to 40 N and 60 N. The results 

were compared with data from the same knees with intact ACL's. 

The intact and reconstructed knees were tested in a specially designed motion and loading rig. 

Relative position and orientation of the tibia and femur at each loading configuration were 

measured by means of an electromagnetic tracking system. Graft forces were recorded with a 

force transducer inserted in the femoral bone tunnel. 

The knees were subjected to unloaded flexion from 0 to 120 degrees of flexion and to flexion 

with 3 Nm internal and external torques applied, both with and without quadriceps loading. 

Anterior loads of 50 N and 100 N were applied at 15, 30, 60 and 90 degrees of flexion, with 

and without constraining tibial axial rotation. 

In both the 40N and 60N reconstructed knees there are position errors, i.e. a large posterior 

subluxation (2-18 mm) and an external rotation (3-15 degrees) of the tibia, and a significant 

decrease of the internal rotatory laxity (13-20 degrees). The normal anterior laxity, that was 

found, is most probably the result of the mechanical properties of the graft together with the 

applied pretension. In the pretensioned prostheses, abnormal force patterns were found with 

peak forces of 210 N (40 N knees) and 240 N (60 N knees) between 60 and 105 degrees of 

flexion. The decrease in squatting ability, that was observed in 60 N patients in a previous 

clinical study (Van Heerwaarden et al. 1996), can be attributed to the narrowing of the motion 

envelope of the knee following the ACL reconstruction. This is amplified by quadriceps 

loading. 
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Introduction 

The application of a pretension to a graft in reconstructions of the anterior cruciate ligament 

(ACL) of the knee was only recently recognized as a variable that affects the result of the 

reconstruction (Amis 1989, Lewis et al. 1989, Bylski-Austrow et al. 1990, Melby et al. 1991, 

Fleming et al. 1992). Together with other ACL-reconstruction variables such as graft 

insertion sites and graft stiffness, the pretension that is applied to the graft prior to fixation 

controls the immediate postoperative laxity and motion characteristics of the knee. 

Autografts and allografts, that are implanted to replace the ACL, are subject to a remodeling 

process that may change the initially applied graft tension. In case of the implantation of a 

synthetic ACL prosthesis, there is no graft remodeling and the direct postoperative effects of 

pretensioning can be expected to last over time. In a recent clinical study, two ACL 

reconstructed patient groups with 40 and 60 N pretensions applied to a Dacron prosthesis 

were compared (Van Heerwaarden et al. 1996). It was found at 4 years follow-up that the 

higher pretension group had an impairment of the squatting ability and it was hypothesized 

that a change in the knee kinematics introduced at the time of the reconstruction is 

responsible for this effect. 

In only a few studies, the effects of variations of the pretension level on the laxity and the 

kinematics of the reconstructed knee have been analysed (Amis 1989, Bylski-Austrow et al. 

1990, Melby et al. 1991, Fleming et al. 1992). Consistent relationships were found between 

the pretension level and the anteroposterior (AP) laxity of the knee as well as between the 

pretension level and forces in the graft. In contrast, little is known about the relation between 

graft pretension and quadriceps forces and about the effects of pretension variations on the 

rotatory laxity of the knee. Knowledge on these subjects is important for three reasons: 

firstly, to identify knee loading states in which the graft is loaded beyond a level that is 

normal for the ACL in the intact knee, secondly to identify potential injury situations and to 

help in developing postoperative rehabilitation protocols avoiding high graft forces, and, 

thirdly, to provide guidelines for pretension application. 
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Starting point of the present study was the comparison of knees reconstructed with 40 N and 

60 N pretensions applied to a similar Dacron ligament prosthesis as was used in the previous 

patient study (Van Heerwaarden et al. 1996). The objective of this was to study the 

mechanisms responsible for the squatting impairment with higher pretension. A more 

general aim is to determine the mechanism by which the pretension of the graft controls the 

laxity and motion characteristics of the knee. For these purposes, the knees in the present 

study were studied in the ACL intact , ACL cut, and the 40N and 60N reconstructed knee 

states while motions and loadings were applied to define (1) the motion characteristics of the 

knees, specifically the rotatory laxity patterns, (2) the AP laxity under various loads, (3) the 

motion characteristics in quadriceps-loaded knees, and (4) the forces in the ACL prosthesis 

under different loading conditions. 

Materials and Methods 

Knee Specimens 

Initially, seven fresh knee joints from donors ranging in age at the time of death from 65 to 

85 years were available for the experiments. Three specimens were lost due to poor bone 

quality which caused collapse of the bone under the experimental loading conditions: in two 

knee specimens a cutting of the prosthesis into the bone occurred at the entrance of the tibial 

bone tunnel and in one other specimen there was cutting into the bone adjacent to the 

femoral bone entrance. The latter resulted in a migration of the inserted force transducer and 

loss of graft tension. The experiments on the remaining four knees were evaluated. 

All knee joints used in the present study were obtained from autopsy and were kept frozen 

until the time of use. Prior to preparation, each knee was radiographically and manually 

examined for abnormalities. The bones were cut approximately 15 cm from the joint line. 

All soft tissues, including the skin, were left intact. The femur and the tibia together with the 

fibula were mounted in plastic cylinders with PMMA (Fastacryl®). The knee joint was 

opened by means of a medial parapatellar arthrotomy which allowed an inspection of the 

joint cartilage surfaces. A tissue clamp was sutured on the quadriceps tendon 1 cm proximal 
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to the patella. The arthrotomy incision was then sutured. This was also done after resection 

of the ACL and the subsequent ACL reconstruction performed through the same opening. In 

this way, the arthrotomy was excluded as a variable which affects the measurements. 

Eighteen spherical markers (tantalum, 1 mm in diameter) were rigidly fixed to the bones and 

the plastic cylinders. During preparation and experimentation the knees were kept moist with 

a Ringer solution. After the experiments the specimens were further dissected. Following the 

inspection of the ACL prosthesis to check for ruptures caused by the experiments, the tibia 

and the femur were separated by cutting all the connecting ligaments and the prosthesis. 

Subsequently, the intra-articular position of each bone tunnel exit was measured with a 

caliper and quantified as a percentage of the anteroposterior length of the bones according to 

the recommendations of Good et al. (1994). The bone adjacent to the bone tunnel entrances 

was examined for cutting in of the prosthesis. 

Load application and motion recording 

During the experiments the knees were subjected to different loads and the motions were 

recorded. This was done with a specially designed motion and loading apparatus that was based 

upon a previous apparatus (Blankevoort et al. 1988). For the purpose of the present study, the 

flexion-extension range of motion of the apparatus was increased from 90 to 120 degrees of 

flexion, and a mechanism for the application of quadriceps muscle load was added. A knee 

specimen, potted in the tibial and femoral cilinders was mounted in the apparatus in a 

horizontal position (Figure I) and the tibial shaft was aligned with the tibial rotation axis of the 

apparatus. The femur was positioned in such a way that during flexion the proximal-distal 

translation of the tibia is minimal. Balancing weigths were attached to the opposite sides of the 

cardan axes to compensate for the weight of the knee. 

The loading apparatus allows the tibia six degrees of freedom-of-motion relative to the femur of 

which the flexion angle is variable between 0 and 120 degrees. Except for small friction forces 

of the ball-bearings, there are no constraints with respect to the remaining five degrees of 

freedom. The three rotation axes of the apparatus enable flexion, tibial rotation and varus 

valgus rotation. Axial translation is possible through linear bearings in the medial and lateral 

sides of the frame. The medial-lateral and anterior-posterior translations are possible through 
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rotations around two cardanic axes located distally on the tibial side, relatively far from the 

joint. 

Figure I. Knee joint motion and loading apparatus. F = femur, Τ = tibia, Q = quadriceps-
clamp. Movabilities: 1. flexion-extension; 2. anterior-posterior translation; 
3.internal-external rotation; 4. varus-valgus rotation; 5. medial-lateral trans
lation; 6. proximal-distal translation. Loading configurations: A. axial force; B. 
internal torque; С external torque; D. anterior force; E. Quadriceps force. 
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Loading of the knee is achieved by applying dead weights to those parts of the apparatus that 

corresponded with the respective motions. The axial force is applied to the femur but remains 

directed approximately along the tibial axis. Rotatory torques are applied through a pair of 

sheaves on the tibial side. AP-forces are applied on the tibial side, independent of tibial rotation 

and torques. The quadriceps-force is applied by a wire and sheave system to the clamp that is 

sutured to the quadriceps tendon 1 cm proximal to the patella. The force pull is directed along 

the line of action of the rectus femoris muscle. 

The motions of the tibia relative to the femur were recorded with the 3Space Isotrak electro

magnetic tracking system (Polhemus Navigation Sciences, Colchester, VT, USA). This 

system consists of a source attached to the femoral cilinder, a sensor attached to the tibial 

cilinder and an electronic unit connected to a PC for data acquisition. 

Experimental procedure 

The experiment on a knee specimen started with the knee set in the reference position. This 

position was defined as the 0 degrees flexion position according to visual observation with 

the knee subjected to no other loads than a 50 N axial compressive load and with the source 

of the Isotrak system fixed to the cilinder of the femur. The axial load was applied in order to 

give some base-loading preventing condylar lift-off or pivot-shifting during load application 

which may lead to sub-luxation, in particular for the ACL deficient joint. In the reference 

position, the positions of the 18 markers, 9 on each side, were recorded with a three-

dimensional digitizer consisting of a stylus upon which the sensor of the Isotrak system was 

mounted. The digitizer was also used to record the position of the posterior apex of the tibial 

anterior cruciate insertion region, defined as the origin of the coordinate systems relative to 

which the rotations and translations were calculated (Blankevoort 1988). After these 

measurements, the sensor of the Isotrak system was rigidly fixed to the cilinder of the tibia 

and the position and orientation of the bones in the reference position were recorded. All 

bone positions during the subsequent experiments were recorded as positions of the sensor 

relative to the source. From these positions the bone positions relative to the reference 

position were reconstructed. 
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The knee specimens were tested in a number of flexion series without and with a specific 

loading configuration. A flexion series consists of 4 to 10 flexion positions from extension to 

approximately 120 degrees of flexion. At the start of a flexion series, the loads ofthat 

Loading 

unloaded flexion 

3Nm internal torque 

3Nm external torque 

SON anterior shear 

50N anterior shear 
rotations restricted 

100N anterior shear 

10ON anterior shear 
rotations restricted 

unloaded flexion 
+ 1O0N Quadriceps 

3Nm internal torque 
+ 100N Quadriceps 

3Nm external torque 
+ 100 N Quadriceps 

Flexion angles 

0-120" (15° steps) 

0-120° (15° steps) 

0-120° (15° steps) 

15-30-60-90° 

15-30-60-90° 

15-30-60-90° 

15-30-60-90° 

0-120° (15° steps) 

0-120° (15° steps) 

0-120° (15° steps) 

Table I. Loading program 

After the experiments on the intact knee, the ACL was cut and the experiments were repeated. 

Subsequently, the knee specimens were removed from the loading apparatus and an ACL 

reconstruction was performed. After the reconstruction, the knee was again mounted in the 

loading apparatus with the plastic cilinders holding the femur and tibia at the identical 

position as before the knee was removed. This could be checked with the help of relative 

marker positions orientations on the cilinders and the reference frame on the loading 

apparatus. The experiments were repeated in two sets of series, the first with a pretension to 

the prosthesis of 40N and the second with a pretension of 60N. 

As the ACL replacement a Dacron ligament prosthesis (Stryker Corp., Kalamazoo, type 130-

25) was used. This prosthesis is two times stiffer than the normal ACL (Park et al 1985) and 

approximately 1.5 times stiffer than a bone-patellar-tendon-bone graft at the time of 

implantation. It was inserted with a pretension that was applied with a tension ¡someter 

remained unaltered for all subse

quent flexion steps. 

After each load application the 

knee was first cycled three times 

through a full range of flexion 

before the measurements were 

started. Time dependent effects 

were neglected. 

The position measurements were 

made after several seconds. The 

loading configurations of the 

flexion series are eiven in Table I. 
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(Stryker Corp.) mounted on the tibia. The surgical technique described by Odensten and 

Gillquist (1986) was used. This includes an isometric drill guide for drilling the bone tunnels 

in the tibia and the femur and a guide pin for aiming at the centers of the original ACL 

attachments. These attachment locations were verified on a lateral X-ray (Good et al. 1987). 

After removal of the drill guide, a tunnel of 6 mm diameter was drilled allowing passage of 

the graft. Subsequently, the femoral tunnel was reamed to a diameter of 10 mm. In this 

tunnel, a force transducer was inserted (Figure II). 

f 

Figure II. top: A knee specimen positioned at 30 degrees of 
flexion in the motion and loading apparatus. The pretension 
is adjusted from 40N to 60N by rotating the adjustable 
tension cylinder of the force trans ducer with an inserted rod. 

right: Force transducer: a. outer casing for fixation in the 
femoral bone tunnel; b. adjustable tension cylinder; 
с U-shaped frame with two 2 mm strain gauges; 
d. clamp for fixation of the graft; e. graft. 
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With the prosthesis fixed in the force transducer on the femoral side and clamped in the 

tension isometer mounted at the entrance of the tibial bone tunnel, the tension was set to 40N 

on the tension isometer scale at 30 degrees of flexion. Adjustment of the pretension level 

from 40N to 60N was performed by rotating an adjustable tension cylinder outwards, 

thereby straining the graft until a 60 N reading was reached at 30 degrees of knee flexion 

(Figure II). After setting the pretension level and before the experiments were started, the 

knee specimens were preconditioned by means of repeated cycling from extension to flexion 

until consistent readings were produced. 

Precision and reproducibility 

The precision of the force transducer was determined by a calibration procedure. For force 

values between 0 and 700 N, the root mean square (RMS) error between applied force and 

measured force was 2%. In one knee specimen, 10 flexion series were repeated four times, 

without moving the joint from the loading apparatus, for the 40N and 60N reconstructions, 

with internal and external rotatory torques of 3Nm and with anterior loading of 50 and 100 

N. Three of the four repeated measurements were performed for stepwise motions from 

extension to flexion; the fourth was for the reversed motion direction, i.e. from flexion to 

extension. For the three repeated flexion series, the standard deviation (SD) of the force 

measurement relative to the mean was 7 N. For the motion from flexion to extension, the 

RMS difference relative to the mean of the flexion motion was 20 N. This difference 

between alternate motion directions was attributed to friction of the Dacron prosthesis in the 

tibial bone tunnel. 

The precision of the Isotrak system for measuring position (x,y,z-translation) was reported to 

be better than 0.2 mm SD; for the three rotation angles, the precision is better than 1.5 

degrees SD (An et al., 1988). The reproducibility in the repeated flexion series was 0.3 mm 

SD for the translations and 0.3 degrees SD for the rotations. The RMS difference between 

the extension series relative to the flexion series was 0.6 mm for the translations and 0.6 

degrees for the rotations. 
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Data analysis 

The data comprise the anterior/posterior, medial/lateral and superior/inferior translations and 

the internal/external and varus/valgus rotations of the tibia as functions of knee flexion and 

of the applied forces and moments during each of the loading series as well as the graft 

forces measured with the force transducer during each of the loading series of the 

reconstructed knees. Of these data, the internal/external rotations and the anterior/posterior 

translation of the tibia relative to the femur and the graft forces were further analysed. 

Although efforts were made to minimize the effects of interspecimen variations and to 

maximize the reproducibility of the measurements, i.e. the loading configurations along the 

envelope of passive motion, a reproducible operation technique and extensive 

preconditioning before measurements were recorded, no claim of a normal distribution of 

the data can be made because of the small number of knee specimens. Mean data and 

standard deviations were calculated for the analysis and interpretation of the average effects 

and for comparison with previous studies. 

Results 

Inspection of the knee joints after conclusion of the experiments revealed that the bone 

tunnels were positioned at the centers of the ACL attachment sites on the femur and the tibia. 

On a line parallel to the Blumensaats line drawn from the anterior to the posterior margin of 

the lateral condyle, the position of the femoral tunnel centers were at 67, 66, 69 and 70 % 

for knees 1 to 4, respectively. These positions were within the recommended margins of 66 ± 

5% as recommended by Good et al. (1994) indicating that the femoral tunnel placement in 

all knees was at the aimed isometrical position. In all specimens, there was no cutting of the 

intra-articular edges of the bone tunnels by the ligament prosthesis. 

Kinematics with and without Quadriceps loading 

For the unloaded flexion motion, the largest differences between the intact, the ACL-cut and 

the reconstructed (40N and 60N) knees were recorded in the anteroposterior position of the 
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tibia; there occurs an anterior shift of the tibia during flexion in the ACL-cut knees as 

compared to the intact knees and a high posterior shift of the tibia in the reconstructed knees. 

This position error, defined as the AP-error (Blankevoort, 1991), ranges in the reconstructed 

knees from 1.3 ± 0.9 mm in the 40N knees and 2.1 ± 1.7 mm in the 60N knees at extension 

to 15.1 ± 3.4 mm (40N) and 18.5 ± 3.5 mm (60N) at 120 degrees of flexion (Table II). 

\ flexion angles [degrees] 

0 15 | 30 45 , 60 75 L 9 0 105 | 120 

AP-error after 40N reconstruction [mm] \ ' \ 
Knee 1 
Knee 2 

2,6 
0,4 I 

5,1 

1.0 

5,6 

5,1 
КпееЗ , 1,5 j 2,8 4,8 
Knee 4 | 0,7 3,6 
mean \ 1,3 , 3.1 
s.d. ' 0,9 1,5 

3.6 

5,5 , 6,6 ; 11,0 , 16,0 17,5 20,9 
7,5 
6,4 

9,3 11,0 ; 13,5 
7,3 I 8,7 j 

[ 4,8 7,6 
4,8 χ 6,1 , 7,7 

^0,8, 1,0\ 1,0 

AP-error after 60N reconstn 

Kneel 4,5 

Knee 2 1 0,0 

КпееЗ , 2,7 
Knee 4 
mean 
sd. 

1,3 
2,1 

7,4 
2,6 
4,5 
4,4 
4.7 

U\ 1,7 

8,1 
6,2 
6,8 
5,2" 

6,6 

iction [mm] 
8.41 10,6 
9,2 

Γ 8,5 
7,0 

11,6 

9,9 

16,7 1 13,4 

12,7 12,1 

10,2 10,3 12,4 , 14,2 

10.2 u12,5 14,8 \ 15,1 

2,5 ; 2.3 3,4 

15,1 19,4 

13,1 

I 9,2 10,7 

10,81 

8.3 10,5 

1,1 0,8\ 0,9 

Rotatory-error after 4 

Knee 1 1.3| 0,9 

Knee 2 0,2 0,9 

КпееЗ ! 8,21 8,1 
Knee 4 1,1 ! 3,4 
mean 2,7 \ 3.3 
s.d. 3.2 
Rotatory-error 
Kneel ι 2,6 

Knee 2 1 1,2 

Щ 

ON reo 

1,2 
4,0 

8,1 
3,5 
4,2 
2,5 

after 60N ree 
2,4' 2,9 
2,4 

КпееЗ i 9,11 9,1 
Knee 4 
mean 
s.d. 

2,3 
3,8 

3,1 

4,4 
4,6 
2.7 

5,2 

9,1 

16,3 
12,9 

13,0 14,7 

1 

23,2 24,4 

ι 19,7 

16,0 

17,0 

І 5,2 
Г 15,5 17,5 

13,0, Í5,8 18.6 18,5 
1.6\ 2,4\ 3.1 

cmstrui 
1,7 
5,8 
8,5 
3.5 

:tion [c 
3,0 
6,6 
8,8 
6,0 

leg rees 
7,8 
7,1 
9,2 

Γ 5,9 

3,5 

>] j ¡ 

11,4 15,1 
8 i i] 

11,4 
7,9 

4,8 6,11 7,5 9,7 
2,6, 2,1 

DnStrUI 
3,5 
7,1 
9,1 

4,3 5,3 
5,41 6,3 
2,3 2,1 

:tion [c 
6,6 
8,2 
9,9 
9,2 

9,6 
17,3 
8,4 

13,8| 14,2 
8,9 10,5 

f" 11,9] 12,6 
Г 7,21 1,7 2,6 3,4 
legrees] 

10,9 
8,9 

10,7 
11,5 

8,5 10,5 

14,5 
10,0 
12,8 
11.6 
12,2 

1.3\ 1.0\ 1,7 

18,2 

11,5 
15,9 

19,9 
11,5 
17,3 

12,0 13,0 
14.41 15,4 

2,8 3,4 

Table II. Position errors after 40N and 60N reconstructions as compared to the intact knee. 
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The differences that were recorded during unloaded flexion in the other directions were also 

defined as "errors". For axial rotation, 2.7 ± 3.2 degrees and 3.8 ± 3.1 degrees errors in 

external rotation were found for the 40N and 60N knees, respectively, in extension and 12.6 

± 3.4 degrees (40N) and 15.4 ± 3.4 degrees (60N) external at 120 degrees flexion. This 

indicates that the tibia is forced into exorotation after pretensioning and preconditioning. The 

position errors in the other directions are small: medial-lateral errors ranging from 0.1 (40N) 

and 0.2 (60N) mm in extension to 3.2 (40N) and 3.5 (60N) mm at 120 degrees of flexion 

indicating that the tibia translates slightly laterally after reconstruction. The errors in varus-

valgus rotation and proximal-distal translation during the entire range of flexion do not 

exceed 1 degree and 1 mm, respectively. 

The position errors result in changes in the AP-position and the rotatory patterns of the tibia 

during flexion of the knee. These changes are illustrated in Figure III for one representative 

knee. In the intact knee, unloaded flexion results in tibial position changes ranging from an 

anterior translation of 5.7 mm at 30 degrees of flexion to a posterior translation of 1.6 mm at 

120 degrees of flexion. In the 40N and 60N knees the AP-errors were found to result in a 

posterior translation of the tibia that increases with flexion. In the intact knee, unloaded knee 

flexion is associated with internal rotation of the tibia. This rotation increases gradually and 

measures about 10 degrees at 120 degrees of flexion. By contrast, both in the 40N and 60N 

reconstructed knees there occures an external rotation of the tibia during unloaded flexion. 

The rotation starts at 60 degrees of flexion in the 40N reconstructed knee and at 45 degrees 

of flexion in the 60N reconstructed knee and amounts in both the 40N and 60N knees to less 

than 10 degrees at 120 degrees of flexion. 

Application of a quadriceps load of 100 N results in the intact knee in an anterior translation 

of about 2.5 mm until 75 degrees of flexion. Subsequently, the tibia translates posteriorly to 

2.5 mm at 120 degrees of flexion. In the reconstructed knees, the tibial translation pattern is 

similar to that in the intact knee resulting in a decrease of the AP-error until 75 degrees of 

flexion and an increase of the AP-error between 75 and 120 degrees of flexion. Quadriceps 

loading also results in the intact knee in 30 degrees of internal rotation of the tibia at the first 

30 degrees of flexion. This value remains constant during the rest of the flexion traject. In 
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the 40N and 60N reconstructed knees, the rotatory laxity pattern of the tibia is the same 

without and with quadriceps loading. 

AP 
posfth 

4 0 -

30 

2 0 -

1 0 -

ü j 

1 0 -

2 0 -
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1 Wtth Q-load 1 
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Figure III. AP-positions (A) and rotatory positions (B) of the tibia in the ACL intact, 
40N and 60N reconstructed knee during unloaded flexion without {left) and 
with (right) quadriceps loading in a representative knee. 

Anterior laxity 

A 100 N anterior shear force results in all knee states in an anterior laxity that first increases 

from 15 degrees to 30 degrees of flexion and, after this, decreases towards 90 degrees 
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flexion (Figure IV). The mean anterior laxity in the intact knee is 7.2 (±0.8) mm at 30 

degrees and 4.8 (±0.5) mm at 90 degrees of flexion. The mean anterior laxity of the 40N 

reconstructed knees is with 7.3 (±1.0) mm at 30 degrees of flexion similar to that of the 

intact knees. However, it must be pointed out that, because of the above-mentioned AP-

error, the tibia is positioned 5 mm more posterior relative to the femur in the reconstructed 

knees. The 60N reconstructions result in decreases of the mean anterior laxity at 30 degrees 

and 90 degrees of flexion of 1mm and 0.4 mm,respectively, as compared to the intact knees. 

The mean difference in anterior laxity between the 40N and 60N knees was found to be 0.9 

and 1.1 at 15 and 30 degrees and 1.7 and 1.2 at 60 and 90 degrees of flexion. 

* bottom of bar = АР-еітог 

Figure IV. Mean anterior laxity, measured from initial AP-position, at 4 flexion angles in 
the ACL intact, ACL-cut, 40N and 60N reconstructed knees during 100 N 
anterior shear force application. 

With 50N anterior shear force the anterior laxity values are not much smaller. The mean 

anterior laxities at the clinically important flexion angles of 30 degrees and 90 degrees are, 

respectively, 6.2 (±0.6) and 4.1 (±0.5) mm for the intact knees, 11.1 (±1.0) and 7.6 (±0.9) 
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mm for the ACL deficient knees, 6.3 (±0.8) and 5.1 (±0.7) mm for the 40N reconstructed 

knees, and 5.3 (±0.7) and 3.8 (±0.2) for the 60N reconstructed knees. Constraining tibial 

rotation with anterior loading results in only a small reduction of the anterior laxity in the 

intact knees (0.6 ±0.3 mm) and the ACL deficient knees (0.8 ±0.4 mm). This indicates that 

the contribution of axial rotation to anterior loading is insignificant. For the reconstructed 

knees the differences in anterior laxity between unconstrained and constrained anterior 

loading are negligible. 

Rotatory laxity 

The application of internal and external torques of 3 Nm result in the intact knees as well as 

in the 40N and 60N reconstructed knees in , respectively, internal rotation and external 

rotation of about 8 degrees near full extension (Figure V). In the intact knee, the rotations 

increase in the first 30 degrees of flexion to about 25 degrees for the internal rotation and to 

12 degrees for the external rotation. From 60 degrees to full flexion there is an additional 5 

degrees increase of internal rotation, whereas the external rotation changes little. Both the 

40N and 60N reconstructions result in a narrowing of the envelope of passive rotatory 

motion. This is due to a decrease in internal rotation to less than 20 degrees in the 40N 

reconstructed knee and to about 10 degrees in the 60N reconstructed knee at 120 degrees of 

flexion as compared to the normal knee. The shapes of the laxity curves are similar in the 

intact and in the 40N reconstructed knee indicating that the amount of rotatory laxity differs 

but that the laxity pattern is unchanged. In the 60N reconstructed knee, however, there is a 

decrease in the internal rotatory laxity between 45 degrees and 105 degrees of flexion which 

indicates that also the laxity pattern is altered. The external rotatory laxity increases little to 

none after ACL reconstruction: only at the higher flexion angles differences are found, but 

these do not exceed 3 degrees. 

Quadriceps loading combined with rotatory torques results in the intact knee only in a small 

increase of the external rotatory laxity of the tibia in the first 30 degrees of flexion. In the 

40N and 60N knees, quadriceps loading has an additional effect on the decrease of the 

rotatory laxity, introduced at the ACL reconstructions. This is mainly due to a further 

decrease in the internal rotatory laxity. During the entire flexion range, the internal rotation 
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measures not more than 10 degrees in the 40N reconstructed knee and only about 5 degrees 

in the 60N reconstructed knee. The external rotation laxity is almost unchanged. 

Figure V. Rotatory laxities during flexion and the application of 3Nm internal and 3Nm 
external rotatory torques in the ACL intact, 40N and 60N reconstructed knee 
without (left) and with (right) quadriceps loading in a representative knee. 

Graft forces after reconstruction 

Mean graft forces of the 4 tested knees are presented in Figure VI. The standard deviations, 

that for reasons of clarity are not presented, vary in the 40N knees during unloaded flexion 

from 4.8 N at 15 degrees to 40.8 N at 120 degrees. In the 60N knees, the standard deviations 

are higher amounting to 80 N at the higher flexion angles with combined rotatory torque 

application and quadriceps loading. 

During unloaded flexion, the graft forces in the 40N and 60N reconstructed knees first 

decrease from extension to 30 degrees of flexion (Figure VI). Further flexion of the knee 

produces an increase of the graft forces which exceeds the force level in extension. The 

highest forces were measured around 75 degrees of flexion. In all knees there was between 

75 and 120 degrees of flexion a decrease of graft force to the level that is found in extension. 
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Figure VI. Mean graft forces in the 40N and 60N knees during unloaded flexion and 
flexion with 3Nm internal (INT) and 3 Nm external (EXT) torque application 
without (top) and with (bottom) quadriceps loading. 

Rotatory torques of 3 Nm result in an increase of graft forces with an internal torque and in a 

decrease of graft forces with an external torque. Over the entire flexion range, the graft 

forces in the 60N reconstructed knees are approximately 50 - 100 N higher than in the 40N 

reconstructed knees, independent of the loading condition. 

Quadriceps loading results in an increase of graft forces in the first 30 degrees of flexion in 

the unloaded knees as well as in the knees loaded with 3 Nm internal torque. With increasing 

flexion, the increase of graft force is higher in the 60N reconstructed knee than in the 40N 

reconstructed knee. As a result of this, the difference in graft force pattern between the 40N 
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and 60N reconstructed knees is larger during quadriceps loading. However, the difference 

decreases when a 3 Nm internal torque is applied on the quadriceps loaded knees. 

Quadriceps loading has little effect on the graft forces when an external rotation torque of 3 

Nm is applied. 

40N 50 N ЕШ SON 50 N • 40N 100 N ШШ 60N 100 N 

Figure VII. Mean graft forces in 40N and 60N reconstructed knees at four flexion angles 
during 50 N and 100 N anterior shear force application. 

The mean graft forces recorded during application of anterior shear forces are displayed in 

Figure VII. The standard deviations in the 60N knees are again higher than in the 40N knees. 

Anterior loading with 50N and 100N results in the 40N knees in a constant graft force level 

at all knee flexion positions. In the 60N knees, small increases of the graft force were 

recorded at the higher flexion angles. Anterior loading combined with the constraining of 

tibial rotation has little effect on the graft forces. 

Discussion 

In the present study, four knee specimens were subjected to loading and quadriceps tensioning 

in order to determine the effects of pretension ing (40N and 60N) of Dacron ligament prostheses 
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on knee kinematics, anterior and rotatory laxity and graft forces. The most important findings 

are the large changes in knee kinematics, the decreases in rotatory laxity and the occurence of 

high graft forces. It is important to note that anterior laxity was restored to normal in both the 

40N and 60N pretensioned knees. The changes in knee kinematics are predominantly caused by 

a posterior shift of the tibia relative to the femur (AP-error) and an external rotation of the tibia 

(rotatory-error), both introduced at the time of reconstruction. This results in abnormal 

tibiofemoral bone positions and increased graft force levels, specifically at higher flexion 

angles. In addition, pretensioning leads to a significant decrease in the internal rotatory laxity 

which is further reduced by quadriceps loading. In the 60N reconstructed knees a further 

decrease in the internal rotatory laxity was found in mid-flexion between 60 and 105 degrees of 

flexion, and at these flexion angles the graft forces were significantly higher than in the 40N 

reconstructed knees. This may well explain the difference in squatting ability that was found by 

us in 40N and 60N patient groups (Van Heerwaarden et al. 1996). 

The anterior laxity measured by us at 30 and 90 degrees of flexion with 100 N anterior force in 

intact knees and ACL deficient knees is comparable to that found in other studies (Lewis et al. 

1989, Melby et al. 1991, Good et al 1993). Restoration of the anterior laxity to that of the intact 

knee is often considered the major goal in ACL reconstructive surgery, and for the knees in the 

present study this goal was achieved when the grafts were pretensioned to 40N. The difference 

in anterior laxity between the 40N and 60N knees was as expected; a pretension higher than 

40N results in a lower anterior laxity. 

Although the objective of the present study was to study the effects of 40N and 60N pretension 

levels on the implanted prostheses and no efforts were made to reach an anterior laxity match 

with the normal knee, it is not surprising that the pretension prescribed by the manifacturer for 

the Dacron prosthesis used by us meets this goal. It is also not surprising that the manifacturer 

changed the prescribed pretension from 60N to 40N because, as could be shown in the present 

study, the higher pretension overconstrains the knee. However, the anterior laxities after 

reconstruction with this ACL prosthesis are reached at the cost of posterior subluxations of the 

tibiae of the tested knees. Apparently, the inherent mechanical properties of the graft material 

allow a convenient amount of stretching of the graft at 30 degrees of flexion, while at the same 

time knee motion is dramatically affected and dictated by the implanted prosthesis. The 
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posterior subluxations, as high as 15.1 mm in the 40N knees and 18.5 mm in the 60N knees, 

were not reported in an in vitro study in which knees reconstructed with the Dacron ligament 

prosthesis pretensioned with 20 N were analysed (Good et al. 1993). The anterior laxities in the 

20 N knees were 3.2 mm larger at 30 degrees and 1.0 mm larger at 90 degrees of flexion as 

compared to the intact knees. This indicates that reduction of pretension may lower the 

posterior tibial subluxation at the cost of a higher anterior laxity. 

Of major importance in relation to the pretension level is the knee flexion angle at which the 

pretension is applied. Good et al. (1993) pretensioned the ligament prosthesis in extension and 

concluded that the knee stability probably would have been restored to normal if the prothesis 

had been pretensioned with the same pretension level of 20 N in a semiflexion position of the 

knee. However, other authors (Amis 1989, Bylski-Austrow, 1990, Melby et al. 1991, Fleming 

et al. 1992) concluded that with pretensioning at 30 degrees of flexion the anterior laxity may 

easily be restored but at the cost of an increasing joint stiffness and a posterior subluxation of 

the tibia. Bylski-Austrow et al. (1990) observed that the tibia shifted a mean of 4 mm 

posteriorly at flexion positions between 0 and 90 degrees when the angle, at which the 

pretension was applied, was changed from extension to 30 degrees of flexion. That the 30 

degrees pretensioning angle is not exclusive for the introduction of tibial subluxations may be 

concluded from a previous in vitro study (Van Heerwaarden et al. 1993). In 10 knees 

pretensioned in extension with 18 N applied to an artificial ligament, anterior laxity was 

restored to normal but at the cost of a posterior translation and external rotation of the tibia and 

a compression of the articular surfaces in the tibiofemoral joint. It was then proposed that not 

only the pretension level but also the graft stiffness cause changes in knee kinematics. 

The rotatory errors that were found by us both after the 40N and the 60N reconstructions, i.e. an 

external rotation of the tibia as compared to the rotatory position of intact knees, were also 

found in previous studies; Melby et al. (1991) reported 1.7 degrees and 2.0 degrees of external 

rotatory position error at full passive extension in knees pretensioned with 36N and 54N, 

respectively, whereas Good et al. (1993) observed in knees reconstructed with 20 N pretension 

an external rotatory position error of 6.2 degrees in 90 degrees of flexion. 
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lateral 

Figure VIII. Effects of pretensioning on tibial position (scaled 1:2). top: Rotatory position 
error after 60N reconstruction at 30 degrees of flexion (striped lines: tibial and 
femoral condyle, arrow: graft projected between the bone tunnels), bottom: 
Positions of the tibia at 90 degrees of flexion in the intact knee (striped lines) 
and after 40N (dot-striped lines) and 60N reconstructions. 

Considering the position of the rotatory axis in the intact knee and the short distance of the 

ACL attachment sites to this axis, one would not expect that large rotatory changes in the tibial 

position take place after reconstruction. This is true when the knee kinematics do not change 

after ACL reconstruction. However, the posterolateral subluxation and external rotation of the 

tibia result apparently in a medial shift of the rotatory axis and thus cause a change in the knee 

kinematics (Figure VIII). 
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A factor responsible for this may be a difference in the femoral attachment point between the 

ACL and the graft due to the notch plasty that was performed. Good et al. (1993) state that the 

latéralisation of the femoral insertion of the graft as a result of the notch plasty causes an 

external rotatory moment. They further argue that the location of fixation of the ligament 

prosthesis on the tibia at a point medial to the original ACL insertion will exert an additional 

rotatory moment when the prosthesis is tightened. Both effects will be present in the knees of 

the present study since the reconstruction technique is identical to that of Good et al. (1993), 

with the exception of the pretension level. Good et al. (1993) found a mean external rotatory 

position error of 6.2 degrees in 90 degrees of flexion of the knee. In the 40N knees of the 

present study, the mean rotatory error is 9.7 degrees and in the 60N knees 12.2 degrees, both in 

external rotation. From the results of Good et al. (1993) and our own results, it becomes clear 

that after the ACL reconstructions there exists a gradual scale in the increase of the external 

rotation directly related to the pretension level (Figure VIII). 

The rotatory laxity in the intact knees of the present study is similar to previous measurements 

in which the same amount of rotatory torque was applied (Blankevoort et al., 1988) and also 

corresponds with the results of Matsumoto and Seedhom (1994) who applied 3.5 Nm rotatory 

torques. Both the 40N and 60N knees are overconstrained after the reconstructions, as is shown 

by the narrowing of the rotatory envelope, i.e. the distance between the internal and external 

rotation curves. Because of the externally directed rotatory errors present in the 40N and 60N 

knees it is not surprising that the internal rotatory laxity is decreased. Melby et al. (1991) found 

that graft pretensioning to levels higher than 54 N produced overconstraint to internal rotation. 

Matsumoto and Seedhom (1994) found only a small narrowing of the rotatory envelopes in two 

of the five tested knees that were intra-articularly reconstructed with an artificial ligament 

pretensioned to match the laxity of intact knees. No mention was made by these authors of 

position errors after reconstruction. The artificial ligament that was used by Matsumoto and 

Seedhom (1994) had the same stiffness as the natural ACL whereas the Dacron ligament of the 

present study is two times stiffen It thus appears that in the present study both the applied 

pretension levels and the stiffness of the graft are responsible for the reduction of the rotatory 

laxity after reconstruction. 
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Quadriceps loading results in an anterior displacement of the tibia during the first 75 degrees of 

flexion and a posterior displacement with higher flexion angles. This is in accordance with the 

observations of Hirokawa et al. (1992) who explained these effects by anterior, respectively, 

posterior components of the patellar tendon force-vector that act on the tibia. Similar effects of 

quadriceps loading are present in the ACL-cut and the reconstructed knees. The reduction of 

the internal rotatory laxity as a result of quadriceps loading, as was found by Hirokawa et al. 

(1992), could be confirmed in the present study. 

The forces in the ACL under different loading conditions that were recorded by Markolf et al. 

(1990) provide a reference guide for desired graft forces after ACL reconstructions. In the 

present study, the forces in the natural ACL could not be measured, but the forces in the 

protheses can be compared to the ACL forces from the experiments of Markolf et al. (1990). In 

the first 30 degrees of unloaded flexion, the graft forces of our 40N and 60N knees are similar 

to those recorded by Markolf et al. in natural ACL's. After this, the graft forces in the 

reconstructed knees of the present study increase with higher flexion angles, whereas the forces 

measured by Markolf et al. in natural ACL's remain constant at a low force level. The effects of 

rotatory torque applications to the reconstructed knees of the present study are in accordance 

with the ACL force measurements of Markolf et al.: we found that a 3Nm internal torque 

almost doubles the graft forces and that an external torque of 3Nm generates no increases in 

graft forces. Quadriceps loading produced similar effects in the 40N and 60N reconstructed 

knees of the present study as compared to the forces measured by Markolf et al. in the ACL's 

of intact knees. 

Markolf et al. (1990) also recorded the ACL forces with a 100 N anterior shear force applied to 

the tibia. They found that the ACL force was about 150 N in extension, 115 N in 30 degrees of 

flexion and only 80 N in 90 degrees of flexion. The graft forces in the 40N knees of the present 

study are near extension similar to that recorded by Markolf et al. in intact knees but remain 

constant during flexion. With higher graft forces near extension and an identical force pattern as 

in the 40N knees during flexion the difference with the ACL force behavior becomes even 

greater in the 60N knees. The graft force pattern in the 40N and 60N knees of the present study 

shows great similarity to that of knees in which the femoral bone tunnel is positioned anterior to 

the center of the ACL attachment (Bylski-Austrow et al. 1990). This would mean that the graft 
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force pattern could be explained by wrong tunnel placement. However, the drill guide and 

positioning procedure according to Odensten and Gillquist (1986), the tension ¡someter 

measurements checking the isometricity and the radiographic control of the femoral tunnel 

position (Good et al. 1987) resulted in the central position of the tibial and femoral tunnel in all 

tested knees. The discrepancy between the expected graft force behavior for centrally placed 

ACL grafts (similar to the graft force behavior of the ACL) and the graft force patterns that 

were observed by us in the reconstructed knees can be explained by projecting the effects of 

graft pretensioning on a four bar linkage model (Müller, 1983). Implantation of a relatively stiff 

Dacron ligament graft with 40N and 60N pretensions results in a large posterior translation of 

the tibia thus causing a prestressing of the posterior cruciate ligament (PCL). This means in 

terms of the four bar linkage that the bar representing the ACL becomes shorter and that the bar 

simulating the PCL is forced to elongate. This leads to a mismatch of the femoral and tibial 

geometries and a change in the rolling and gliding mechanism during knee flexion. 

With flexion in the normal knee a rolling of the femur takes place in the first 30 degrees 

combined with an anterior gliding of the femur in a ratio 1:2. After that, the gliding movement 

increases but the rolling is still present resulting in a roll-glide ratio of about 1:4 by the end of 

flexion (Müller 1983). In reconstructed knees, flexion of the knee starts at a more anterior part 

of the tibia due to the posterior subluxation of the tibia (Figure IX). During the first part of the 

flexion rolling and gliding take place in a ratio similar to that in the intact knee. This can be 

concluded from the graft force pattern during unloaded flexion (Figure VI) that is similar to the 

force pattern of natural ACL's as found by Markolf et al. (1990). After 30 degrees of flexion, 

the graft force increases as the stiff graft arrests the rolling of the femur. From then on, the 

femur rotates about the femoral attachment of the graft and only the gliding of the femur 

enables further flexion. Because of the geometry of the femoral condyles which increase in 

diameter posteriorly, the enforced gliding of the femur causes the femoral insertion of the graft 

to move away from the tibia. This requires a lenghtening of the graft and the PCL. However, 

the stiffness of the graft and the viscoelastic properties of the already prestressed PCL will 

prevent a lengthening of these two structures which results in a further increase of the forces in 

the graft and the PCL with higher flexion angles. 
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Figure IX. Kinematical changes after pretensioned reconstruction of the ACL projected on 
a four bar linkage model, top: Intact knee: the anterior cruciate ligament 
(ACL) and posterior cruciate ligament (PCL) remain at constant lenght 
throughout knee flexion (a-d) (ref. 13). bottom: 60N pretensioned Dacron 
reconstructed knee: ACL-bar is replaced by the pretensioned graft that has a 
shorter intra-articular lenght. The PCL is prestressed as it has to elongate 
because of the introduced posterior translation of the tibia (a). With flexion, the 
femoral rolling is arrested by the pretensioned graft (b-d). 

72 



biomechanical analysis 

Towards the end of flexion, the forces in both structures decrease as the distance between the 

attachment sites of the graft becomes shorter. Thus, in conclusion, the increases in graft forces 

during unloaded flexion (Figure VI) and the graft force patterns during anterior loading in the 

40N and 60N pretensioned knees (Figure VII), are the result of the changes in the rolling-

gliding mechanism in the reconstructed knees. 

In a previous clinical study, ACL deficient knees were reconstructed in two patient groups with 

Dacron ligament prostheses pretensioned at 40N and 60N, respectively (Van Heerwaarden et al. 

1996). Evaluation four years postoperatively revealed that in both groups the anterior laxity was 

restored to normal, that is as compared to the contralateral knee. However, a significant 

difference was found in the squatting ability between the two groups with a decrease in 

squatting depth in the 60N patients, and it was hypothesized that this difference is caused by a 

change in the knee kinematics at the time of the ACL reconstruction. 

During the squatting movement, the knees are flexed and the tibiae rotate internally as the feet 

are fixed to the ground. As this movement requires an eccentric quadriceps contraction, the 

knees are loaded with a quadriceps-load which reduces the internal rotatory laxity of the tibia. 

After the 40N and the 60N reconstructions, the tibia is translated posteriorly and rotated 

externally (Figure VIII). As a result of this, the internal rotatory laxity is decreased and, with 

the addition of the constraining effect of quadriceps loading, this leads to a narrowing of the 

rotatory envelope to less than half of that of the normal knee (Figure V). In the present study, 

the highest graft forces were found in the 60N knees in the same flexion range in which the 

patients of the 60N group experienced a tightness of the operated knee that prevents them from 

deeper squatting. Although in the present study no compressive loads were applied and 

quadriceps loading was low as compared to in vivo circumstances (Dahlkvist et al. 1982), the 

changes found in this in vitro study are large enough to explain the squatting problems in the 

60N patient group. It can therefore be concluded that the narrowing of the motion envelope for 

both the anteroposterior translation and the internal-external rotation is responsible for the 

decreased squatting ability in the patients pretensioned with 60N. 

Although the experiments in the present study were performed on only a small number of 

knees, the high precision and reproducibility of the measuring system and the agreement of the 

presented results with other in vitro studies warrant some general conclusions on the application 
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of pretension. Although not visible in the results of the anterior laxity tests, it is obvious, when 

the position errors, rotatory laxity and graft forces are taken into account, that both the 40N and 

the 60N reconstructed knees are overconstrained or over-corrected. In general, overconstraining 

results in continuous loading of the graft during knee motions. This leads in cases of biological 

grafts, to stretching and elongation of the grafts during the remodeling process (Lewis et al 

1989). In case of prosthetic grafts, this results in tibiofemoral position errors, high graft forces 

and increased loading of the PCL (Lewis et al. 1989, Melby et al. 1991, Fleming et al. 1993) 

which reduces the range of knee motions as is shown by the narrowing of the motion 

envelopes. As a result a higher quadriceps force will be needed to extend the knee. Finally, 

overconstrained knees are predestined to develop osteoarthritis because of high tibiofemoral 

compressive forces, abnormal articulation, and reduction of physiologic rotation (Amis 1989 

Melby et al 1991, Fleming 1993, Matsumoto and Seedhom, 1994). 

Conclusions 

Based on the data obtained from this study, we conclude that: 

1. Pretensioning the graft to 40N and 60N results in large changes in the kinematics of knees 

reconstructed with a Dacron ligament prosthesis. 

2. Normal anterior laxity of the knee after ACL reconstruction masks the presence of large 

position errors. 

3. Increase of graft pretension results in an increase of posterior subluxation and external 

rotation of the tibia. 

4. Stiff grafts that are highly pretensioned affect the rolling-gliding mechanics of the knee 

resulting in high graft forces. 

5. The decrease in squatting ability found in 60N patients can be explained by a narrowing of 

the motion envelope of the knee following reconstruction. This is amplified by quadriceps 

loading. 
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Abstract 

The pretension applied to a graft at the time of fixation is one of the variables that 

determines the result of an anterior cruciate ligament (ACL) reconstruction. In this study, 

different pretensioning strategies were compared with the aim to analyse the effects of 

pretension application on the kinematics and the force balance of the knee, with emphasis on 

the mechanisms involved. A three dimensional computer model of the knee was used in 

which a standardised ACL reconstruction with a Dacron ligament prosthesis was simulated. 

At 30 degrees flexion, the prosthesis was pretensioned with 40 N and 60 N, both with central 

placement and anterior femoral placement of the prosthesis, and pretensioned to match the 

ACL force (force match, FM) and to match the anterior knee laxity (laxity match, LM) 

during anterior loading. For all pretensioning strategies, the kinematics and the knee force 

balance were evaluated by means of anterior laxity and tibiofemoral contact migration as 

functions of knee flexion angle and by means of forces in the ACL, the graft, the posterior 

cruciate ligament (PCL) and the tibiofemoral contact. 

In the 40N and 60N pretensioned knees, the anterior laxity was reduced with posterior shifts 

of the tibia (AP-errors); the tibiofemoral migration patterns reflected the posterior shifts. 

Abnormally high graft forces near extension and abnormal PCL forces and cartilage forces 

during flexion were found. With anterior graft placement, the changes in the kinematics and 

in the force balance decreased near extension, but they increased with flexion to 90 degrees. 

Both the FM and the LM pretensioning strategies produced near normal knee force balances, 

however, in the FM knees abnormal anterior laxity and large AP-errors were found, whereas 

in the LM knees these were closer to normal. 

The AP-error affecting the anterior laxity and the tibiofemoral migration pattern and the 

graft force balanced by the PCL and the joint cartilages were identified as the mechanisms 

by which pretension exerts its effects on the knee kinematics and the knee force balance. 
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Introduction 

The anterior cruciate ligament is the primairy restraint to the anterior translation of the tibia 

relative to the femur (Butler et al. 1989). After ACL rupture, the anterior laxity of the knee is 

increased. In ACL reconstructions, grafts are used to replace the ACL with the aim to restore 

normal anterior laxity. The success of such a restoration depends on the attachment locations of 

the graft, the material properties of the graft and the pretension on the graft at the time of 

fixation. The remodeling process in biological grafts determines the long term outcome. 

Numerous ACL reconstruction techniques with different graft materials to replace the ACL 

have been documented, but the ideal reconstruction technique has not yet been found (Sisk 

1992). In an effort to control the variability of graft placement, drill guides and isometers were 

developed to assist the surgeon in isometric graft placement (Odensten and Gillquist 1986, 

Daniel 1990). By contrast, recommendations on the level of graft pretension usually specify 

only that firm tension is required (Sisk 1992) and, if quantified, recommended pretension levels 

vary widely (Gillquist 1986, 1988, Daniel 1990, Wallace 1997, Yasuda 1997). 

Several methods were proposed to control the variability of pretension. The first, the rule of 

thumb in surgical practice, is an anterior laxity match with the normal opposite knee. With this 

laxity match method, the pretension of the graft can be adjusted manually or with the help of 

intra-operative arthrometer (KT1000) measurements until the desired anterior laxity is achieved 

(Daniel 1990). A second approach is the graft force-setting technique described by Hunter et al. 

(1990). With this force match method, a tensioning device enables the adjustment of the graft 

tension while an anteriorly directed force of 90 N is applied to the tibia. Compared to the 

situation in which no anterior force was applied to the tibia, these authors found that 

pretensioning with an anterior force returned all ligament forces closer to normal and reduced 

variability in outcome between knees. In contrast to the laxity match method, with the force 

match method no efforts are made to reproduce the normal anterior laxity. Thirdly, only few 

authors specifically reported the pretension that was applied to autografts (Daniel 1990, 

Wallace 1997, Yasuda 1997) and ACL-prostheses (Gillquist 1985, Gillquist and Odensten 

1988), which means that in the majority of ACL reconstructions the pretension is not applied in 

a reproducible manner. 
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In the ACL reconstruction technique described by Odensten and Gillquist (1986), isometric 

graft placement and graft pretension of a Dacron ligament prosthesis are controlled by a drill 

guide and a tension-isometer, respectively. For the Dacron ligament prosthesis (Stryker Corp., 

Kalamazoo) a pretension level of 60 N, prescribed at the time of introduction, was later 

changed to 40 N. The effects of these two pretensions on clinical outcome, graft force, and the 

motion characteristics of the knee were analysed in previous studies (Van Heerwaarden et al. 

1996, 1998). In these studies, changes in the knee kinematics causing squatting problems were 

found together with abnormal graft force patterns that were typical for a graft placement that 

was anterior to the center of the femoral ACL attachment. However, it was verified that the 

femoral bone tunnels had been positioned at the centers of the femoral ACL attachments. The 

question rises which mechanisms are responsible for the changes in the force balance of the 

knees and the knee kinematics after pretensioned ACL reconstructions. More specifically, what 

are the effects of pretension on the forces in the graft, in the posterior cruciate ligament (PCL) 

and in the tibiofemoral contact areas, and what are the effects of pretension on the anterior knee 

laxity and tibiofemoral joint kinematics. These questions are addressed in the present study. 

The effects of pretension application were analysed by means of comparison of 40N and 

60N Dacron ligament reconstructions relative to the ACL intact knee. Reconstructions with 

centrally placed grafts were compared to reconstructions with grafts positioned anterior of 

the center of the femoral ACL attachment site. Besides that, the 40N and 60N pretension 

reconstructions were compared to the above mentioned laxity match and force match 

pretensioning strategies. A three dimensional computer model of the knee joint (Blankevoort 

1991, Mommersteeg 1994) was used to evaluate the relative effects of the variation of the graft 

pretension and graft attachment site on the total force balance in the knee. 

Methods 

Description of the knee model 

The knee model used in the present study is a three dimensional mathematical model of the 

knee joint (Blankevoort, 1991). In this model, the quasi-static behavior of the tibial-femoral 
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joint for moderate loading conditions is described. The model features the geometry of the 

articular surfaces, non-linear elastic line elements representing the ligaments and is based on the 

equilibrium of internal and external forces. It takes into account deformable articular contact 

surfaces and ligament-bone interactions (Blankevoort 1991). The geometry of the articular 

surfaces and the geometry of the ligament insertions were obtained from one knee joint 

specimen (Mommersteeg 1994). The properties of the ligaments were based on tensile tests 

performed by Mommersteeg (1994). The menici are not included in this model. Motion is 

simulated by series of subsequent joint positions. 

The model calculates the position of the femur relative to the tibia for a given configuration of 

external loads and kinematic constraints. This position is determined by solving the equilibrium 

equations for forces and moments acting on the femur. The total forces and moments are the 

results of the kinematic constraint loads, ligament forces, contact forces and externally applied 

forces and moments. Each ligament is described by several non-linear elastic line-elements 

which connect the femur and the tibia. Six line-elements represent the posterior cruciate 

ligament (PCL), seven line elements represent the ACL, three line-elements represent the 

medial collateral ligament (MCL) and the lateral collateral ligament (LCL). The MCL runs over 

the bony edge of the tibia represented by a spatial curve, whereas all the other ligaments run in 

a straight line between the two insertions. The number of line-elements representing the 

ligament bundles were based on anatomical dissections of the knee ligaments in which fiber 

bundles were identified using the fiber bundle orientation as a guide (Mommersteeg, 1994). 

Knee model representation of ACL reconstruction 

A standardised ACL reconstruction technique (Odensten and Gillquist, 1986) with a Dacron 

ligament prosthesis was simulated. As described in this drill guide-assisted reconstruction 

technique, the attachment sites of the prosthesis were positioned at the centers of the original 

ACL attachment sites. For the simulation of the ACL prosthesis, the line-elements representing 

the anterior cruciate ligament were replaced by a single line element positioned between the 

centers of the ACL attachment sites. The effect of a long prosthesis running through femoral 

and tibial bone tunnels was accounted for by a virtual extension of the line element through a 

point on the tibia to a distal insertion (Figure I). 
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Figure I. Representation of the knee model with intact ligaments (from ref. 13) and the 
knee model after ACL reconstruction with the graft positioned between the 
centers of the ACL attachments. 

The nearly linear force-strain relationship of the prosthesis was determined from load-

elongation data (Dürselen, 1990) and expressed in the knee model by: F = к E, in which F is 

the tensile force, E the strain of the graft and к the stiffness constant valueing 21.5 kN. 

Subsequently this force-strain relationship was incorporated in the parameters describing the 

single line element simulating the ACL prosthesis. The zero-load length of the prosthesis (L0) 

was initially 154 mm, similar to the length between the staple-fixation site on the tibia just 

outside the tibial bone tunnel and the graft fixation clamp of the force transducer inserted in the 

femoral bone tunnel in previous in vitro experiments (Van Heerwaarden et al. 1998). This 

length was chosen because it enables comparison with the in vitro experimental data and 

because of the fact that the effects of bony ingrowth on the material properties of the prosthesis 

after reconstruction are unknown. 
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Model analysis 

Pretension application was started with the ACL reconstruction model in a 30 degrees of 

flexion position. The variation of pretension in the graft was simulated through alterations of 

the zero-load lenght L0 with invariable insertions at 30 degrees knee flexion whereby the axial 

rotation was restrained at the level of the intact knee model. 

There were four different pretensioning strategies, the laxity match (LM), the force match 

(FM), 40 N pretension (40N) and 60 N pretension (60N). In the LM simulation, the relative 

position in anterior-posterior direction with an anterior force of 100 N was leveled with that of 

the intact knee model with the same load by adjusting the graft tension at 30 degrees flexion. In 

the FM simulation, an anterior force of 90 N was applied and the force in the graft was leveled 

with the total force in the ACL of the intact knee model at 30 degrees flexion. This was the 

procedure recommended by Hunter et al. (1990). In the 40N and 60N simulations the graft 

tension was set to 40 N and 60 N, respectively, at 30 degrees of flexion. For the evaluation of 

the relative effect of anterior femoral placement, the graft insertion was moved 5 mm anterior 

of the original graft insertion, after which the graft tension was set to 40 N and 60 N ( 40NA , 

60NA ). 

For all pretensioning strategies, the outcome was evaluated at 30 degrees knee flexion by 

anterior and posterior loading tests stepwise increasing to 150 N, resulting in force-

displacement data. Knee kinematics and anterior laxity were analysed from 0 to 90 degrees of 

flexion with an anterior shear force of 100 N applied on the tibia. Axial rotations of the tibia 

were restrained. The model calculates the position of the tibia relative to femur (or of femur 

relative to tibia), the forces in the graft and the other knee ligaments, and the location and total 

forces in the contacts between tibia and femur. 

Results 

The force-displacement data at the knee angle used for pretensioning, i.e. 30 degrees flexion, 

showed two major effects of the 40N reconstruction relative to the ACL intact knee: a posterior 
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shift of the the tibia at the unloaded flexion position, the so called AP-error and a decrease of 

the anterior laxity (Figure H). 

displacement [mm] 

-150 -100 
posterior AP-force [N] 

150 
anterior 

Figure II. Force-displacement curves at 30 degrees flexion, as obtained from the intact knee 
model and the 40N pretension reconstruction model. 
For the 40N pretension reconstruction the anterior laxity at 100 N anterior loading 
is lower than for the intact ACL. There is an AP-error, indicating that after 40N 
pretension reconstruction the tibia is subluxated posteriorly relative to the femur. 
Posterior loading of the 40N pretension reconstruction produces a loading curve 
similar to the intact knee. 

The anterior laxity was determined with 100 N anterior directed load applied on the tibia. As 

the AP-error is the direct result of the pretensioned reconstruction, the anterior translation starts 

from the tibial position that results from the AP-error. 

The force match pretensioning strategy showed the largest differences in anterior laxity with the 

intact knee model at both 30 and 90 degrees flexion. Although the anterior laxity was smaller at 

30 degrees flexion, the knee remained undercorrected at both flexion angles because of the 

large positive AP-errors. The anterior laxity differences were the smallest in the laxity match 
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knee but the tibia was anteriorly subluxated about 1 to 2 mm at both flexion angles. After the 

40N and 60N reconstructions, the knees were overcorrected at 30 degrees flexion as shown by 

the reduced anterior laxity and the negative AP-errors. Translation of the femoral graft 

attachment site 5 mm anterior and retensioning to 40 and 60 N, reduced the anterior laxity 

difference with the intact knee at 30 and 90 degrees flexion, however, the posterior AP-error 

increased at 90 degrees flexion. 
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Figure III. AP-error relative to the intact knee model (A) and anterior laxity with 100 N 
anterior loading at 30 and 90 degrees flexion (B) for the different 
pretensioning strategies; intact = ACL intact knee, FM = force match, LM = 
laxity match, 40N = 40 N pretension, 60N = 60 N pretension, 40N* = 40 N 
pretension and anterior graft placement, 60N* = 60 N pretension and anterior 
graft placement. 
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With 100 N anterior loading, the forces in the ACL were as high as 200 N in extension, and 

decreased to 110 N with knee flexion to 90 degrees (Figure IV). In the laxity match and force 

match reconstructions, the graft forces and the graft force patterns were similar to those of the 

ACL intact knee. However, in the 40N and 60N knees, the graft-forces near extension were two 

times higher than the intact ACL-force. The difference between the 40N and 60N 

reconstructions was small. Repositioning of the femoral attachment site to 5 mm anterior and 

retensioning to 40 and 60 N, resulted in a change of the graft-force pattern; a decrease of about 

90 N in extension and an increase of about 80 N at 90 degrees flexion for both the 40NA and 

60N reconstructions. 
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Figure IV. ACL and graft forces as functions of knee flexion angle with 100 N anterior 
load; FM = force match, LM = laxity match, 40N = 40 N pretension, 60N = 
60 N pretension, 40NA = 40 N pretension and anterior graft placement, 60NA 

= 60 N pretension and anterior graft placement. 
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After pretension application at 30 degrees flexion, the pretensioning angle, the graft force in 

the laxity match knee was only slightly higher than the ACL force in the intact knee (Table 

I). This graft force was the result of the calculations of the knee model when aiming at a 

laxity match, wheras the graft forces in the other knee models were pre-set as part of the 

pretensioning strategies. Pretensioning resulted in force changes in the posterior cruciate 

ligament (PCL) and force changes at the tibiofemoral contact surfaces (Table I). The 60N 

and 60ΝΛ reconstructions produced the largest changes in the joint force equilibrium as 

compared to the ACL intact knee. 

ACL reconstruction method 

force match laxity match 40N 60N 40NA 60NA 

+6.6 +40 +60 +40 +60 

+18.3 +39.0 +58.3 +31.8 +47.2 

+4.2 +23.4 +34.8 +21.7 +32.5 

+ 11.4 +28.9 +43.4 +30.1 +44.9 

Table I. Changes in the force balance relative to the intact knee introduced during pretension 
application at the unloaded flexion position of 30 degrees flexion (pretensioning 
angle). 

During flexion and anterior loading, the PCL-forces varied amongst the different 

reconstructions (Figure V). The PCL-force patterns in the laxity match and force match knees 

were closest to that of the intact knee. In extension, the PCL forces in the 40N and 60N knees 

were respectively 8 times and 9 times higher than the PCL force in the intact knee. The 

cartilage forces in the ACL intact knee varied with the flexion angle; near extension the forces 

in the lateral contact were the highest whereas at 90 degrees flexion the highest forces were 

found in the medial contact (Figure IV). After the reconstructions, the force pattern in the 

lateral compartment was restored close to normal in the force match and laxity match knees. In 

the medial compartment this was also the case until 30 degrees flexion, thereafter the contact 

Graft force[N] 

PCL force [N] 

Cartilage force [N] 

-medial comp. 

-lat comp. 

0 

+6.1 

-3.3 

+7.7 
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forces in both knee reconstructions rise faster than in the intact knee indicating that abnormal 

loading takes place in the medial compartment at higher flexion angles. Repositioning of the 

femoral attachment site to 5 mm anterior in the 40ΝΛ and 60NA knees, resulted in a 40% 

decrease of medial contact force in extension and in a two fold increase of lateral contact force 

at 90 degrees flexion as compared to the contact forces in the 40N and 60N knees. 

(a) PCL Force 
Cartilage Force 
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Figure V. Forces in the posterior cruciate ligament (PCL) (a), medial (b) and lateral (с) 
tibiofemoral contact as functions of knee flexion angle with 100 N anterior 
load; FM = force match, LM = laxity match, 40N = 40 N pretension, 60N = 
60 N pretension, 40NA = 40 N pretension and anterior graft placement, 60NA 

= 60 N pretension and anterior graft placement. 

The anterior to posterior translation distance of the tibiofemoral contact areas on the tibia is 

higher in the medial compartment as compared to the lateral compartment in all tested knee 

reconstructions (figure VI). In both compartments, the translation distance is highest in the first 
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30 degrees of flexion. In the force match and the laxity match knees, the medial contact 

migrated more posteriorly at higher flexion angles whereas the lateral contact migrated more 

posteriorly until the lateral condyle lost contact with the tibia. In the 40N and 60N knees, in 

both compartments the migration started more anteriorly as compared to the intact knee. In the 

40NA and the 60NA, the migration in both compartments started slightly anterior to the intact 

knee and, as the distance of migration is almost equal to the intact knee, it ends also more 

anterior. 
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Figure VI. Migration of the tibiofemoral contacts on the medial and lateral tibial 
condyles during flexion of the knee with 100 N anterior load applied on the 
tibia: in the knee model with intact ligaments (ACL intact), and in the knee 
models of the different pretensioning strategies (FM = force match, LM = 
laxity match, 40N = 40 N pretension, 60N = 60 N pretension, 40NA = 40 N 
pretension and anterior graft placement, 60NA = 60 N pretension and anterior 
graft placement). 
* = contact between lateral femoral condyle and tibia was lost. 
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Discussion 

In a three-dimensional computer model of the knee joint, different pretensioning strategies were 

evaluated with the purpose of determining the relative effects of pretension application as the 

surgical variable. Simulating a standardised ACL reconstruction technique, remarkable 

differences were found between the pretensioning strategies concerning the AP-laxity, graft 

forces and PCL forces, tibiofemoral contact migration and contact forces. 

The knee model used in this study was validated by Mommersteeg et al. (1996) as a bone-

ligament-bone representation of the knee without menisci and capsular structures. Because 

the cruciate ligaments are mainly responsible for the control of anterior-posterior laxity, it 

was concluded that the load balance with anterior and posterior loading is realistic for 

anterior loading with a constraint imposed on axial rotation (Mommersteeg et al. 1996). The 

model was not validated for axial rotation laxity. Hence, the effects of pretension application 

and ACL reconstruction on internal and external rotation were not evaluated. The major 

limitation of the model is the lack of secundary restraints, menisci and capsule, that may 

affect the load-balance for extreme deviations of the joint positions from normal. Although 

the quantitative effects can be expected to be relatively small, the model calculations should 

not be observed as absolutely quantitative. More importantly are the underlying mechanisms 

that are revealed by the model simulations. 

Pretensioning of the Dacron ligament prosthesis to 40N and to 60N in the knee model at 30 

degrees of flexion resulted in higher forces in the graft than in the original ACL, a reduction of 

the anterior laxity and the introduction of a posterior shift of the tibia relative to the femur. As a 

result of this, changes in the force balance of the knee joint were introduced leading to force 

changes in other knee structures. The PCL-forces that increased to force levels almost equal to 

the applied pretensions, balanced the increased graft forces in the anteroposterior direction 

during flexion. Because the graft forces and the PCL forces were higher than normal, cruciate 

force components acting in the proximal-distal direction resulted in an increase in joint 

compression. Therefore, the cartilage forces in both the medial and the lateral knee 

compartment were higher than in the normal knee model. During flexion with anterior loading, 

the introduced changes persisted and, in addition, a change of the tibiofemoral migration 

pattern was found. Both the changes in the force balance and the knee kinematics (anterior 
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laxity change, AP-error and tibiofemoral migration pattern changes) indicate that with 

pretensions of 40 N and 60 N the knee was overconstrained. 

Besides the pretension, the placement of the graft is the other important variable controlled 

by the surgeon in performing the ACL reconstruction. In agreement with the reconstruction 

technique of Odensten and Gillquist (1986), the graft in the knee model was located at the 

central bundle of the original ACL. If an anterior force of 100 N is applied in the intact knee 

model, the posterior bundles of the ACL only carry load near extension, whereas the ACL 

load shifts to the anterior fiber bundles with flexion. The graft is positioned at a location 

where the corresponding bundle in the intact ACL is loaded only around 15 degrees of 

flexion. So, it can be concluded that the graft was located too far posterior to mimic properly 

the force pattern of the anterior bundles of the ACL at higher flexion angles. 

Despite the incompatible central insertion locations, the forces in the ACL were almost 

matched in the laxity match and force match simulations. However, this was achieved at the 

cost of higher laxity and positive AP-errors at the higher flexion angles. In the 40N and 60N 

models, the extremely high graft forces near extension and the considerably higher graft 

forces with flexion caused a large mismatch with the intact knee model. The 5 mm more 

anteriorly located insertion of the femur mimicked more closely the anterior bundles of the 

original ACL; the graft forces were decreased near extension and increased with flexion 

angles beyond 60 degrees. However, the relatively high stiffness of the graft and the high 

pretensions caused the 40NA and 60NA models to be overconstrained in a similar fashion as 

for the 40N and 60N models with central graft insertions. 

Changes in the force balance of the knee directly related to the increase of pretension, were 

also found by others in in vitro studies (Schabus et al. 1989, Melby et al. 1991, Fleming et al. 

1992, Markolf et al. 1996) and computer model studies (Beynnon 1991, Loch et al. 1992). It 

was also previously reported that pretension increase only affects the magnitude of the graft 

forces and not the graft force patterns during flexion of the knee as shown in Figure III by 

comparison of the 40N and 60N knee and the 40NA and 60NA knees (Beynnon 1991, 

Fleming et al. 1992, Markolf et al. 1996). The pretension related changes in the tibiofemoral 

migration patterns during flexion with anterior loading that were found in the present study, 

have not been reported previously. These changes were related to the introduced AP-error at 
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the time of pretension application; in reconstructions resulting in negative AP-errors (40N, 

60N) the tibiofemoral contact migration shifted to a more anterior part of the tibial plateau, 

whereas in the reconstructions resulting in positive AP-errors (FM, LM) a more posterior 

shift was found. In this way, the tibiofemoral migration patterns during anteriorly loaded 

flexion reflect the tibial shift that is caused by pretensioned reconstructions. 

The simulations performed with the three dimensional computer model of the knee provided 

a unique insight into the relations of the different knee structures that balance the knee after 

ACL reconstruction with a pretensioned graft. With this, mechanisms causing the effects of 

pretension application that were hypothesized in previous studies (Van Heerwaarden et al. 

1993, 1996, 1998) could be confirmed. After comparison of the 40N and 60N knee models, 

it was found that the relationship between the graft pretension and the prestressing of the 

PCL, that was proposed to be responsible for kinematical changes found in a previous in 

vitro study (Van Heerwaarden et al. 1998) was in fact caused by a posterior shift of the tibia. 

The discrepancy between the full restoration of the anterior laxity after the ACL 

reconstruction and the introduced kinematical changes (Van Heerwaarden et al. 1993, 1996) 

can be explained by the fact that during anterior laxity testing the tibia is pulled forward 

from a subluxated position. The subluxated tibial position is caused by the introduced AP-

error which in tum is responsible for the changes in the knee kinematics. The close 

relationship of the pretension and the femoral attachment site was demonstrated with the 

comparison of the centrally placed and the anteriorly placed grafts. The large differences in 

graft forces that were found with only a 5 mm distance between the bone tunnel locations, 

may well explain the variations of the graft force that were previously found in 40N and 60N 

pretensioned grafts even with the use of a drill guide and radiographically controlled femoral 

tunnel placement (van Heerwaarden et al. 1998). 

Pretension application is an important variable in ACL reconstruction because it has direct 

effects on the knee kinematics via the anterior laxity, AP-error and the tibiofemoral 

migration pattern. It directly affects the force balance of the knee through the graft force 

affecting the PCL force and the cartilage forces. The results of the present study show that 

the laxity match method is the best pretensioning strategy when ACL reconstruction is 
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performed with a Dacron ligament prosthesis. Not only the anterior laxity was restored to 

near normal values, but also the force balance of the knee and the tibiofemoral migration 

pattern were close to that of the normal knee model. The force match method proved to be 

the pretensioning strategy that reproduces the force balance of the normal knee best, 

however, the large AP-errors and anterior laxity changes as well as the changes in the 

tibiofemoral migration pattern indicate that abnormal joint kinematics are present If 

pretensions are prescribed for specific grafts, the pretension level should not be determined 

by anterior laxity tests alone. As shown in the 40N and 60N knee models, AP-errors are 

introduced during pretension application leading to changes in the tibiofemoral contact 

migration pattern, and abnormal forces in the graft and the PCL which in tum result in 

abnormal tibiofemoral joint compression 
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Summary 

The present thesis deals with the effects of pretension in reconstructions of the anterior 

cruciate ligament (ACL) of the knee. This was done by means of clinical, in vitro and knee 

model analyses. 

In Chapter II which must be regarded as a preliminary study, it was studied in 10 embalmed 

human cadaver knees how replacing the ACL with an artificial ligament affects the anterior 

translation of the tibia and the kinematics of the knee. In all knees, the artificial ligaments 

were implanted in extension position of the knee, between the centres of the attachment sites 

of the ACL, with a pretension of 4 lbs (18 N). This was the pretension level at which in one of 

the knees the laxity was restored to normal during anterior laxity testing. The attachment sites 

and the distances between the centres of attachment of the ACL as well as the contours of the 

articular surfaces of the femur and the tibia were 3-dimensionally recorded at knee joint angles 

ranging from 0 to 140 degrees of flexion, before and after the replacement of the ACL. In 

addition, in all knees anterior loads of 8 and 16 lbs were applied to measure the anterior 

displacement of the tibia during a simulated Lachman test (1) with intact ligaments, (2) after the 

cutting of the ACL, and (3) after replacement of the ACL. It was assumed that the lenght-

pattem of the artificial ligament reproduces that of the central bundle of the natural ligament 

during knee joint movement and that with restoration of normal anterior laxity the knee 

kinematics after the ACL replacements would be similar to that of knees with intact, natural 

ligaments. 

It was found in all knees that the artificial ligament, inserted with 4 lbs pretension, restored the 

anterior tibial translation to normal. However, the kinematics of the "stabilised" knees changed 

dramatically. There was an increased compression of the articular surfaces and the femur 

endorotated and displaced medially and anteriorly at all flexion angles. Furthermore, in contrast 

to the length of the central bundle of the ACL that decreased with flexion, the artificial ligament 

showed an isometric partem during flexion. It was proposed that the stiffness of the artificial 

ligament and the pretension that was applied are responsible for the over-correction of the knee 

joints. Since in presently used ACL reconstruction techniques artificial ligaments with 
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comparable stiffness characteristics are implanted with twice the pretension as used in the 

present study, it can be expected that in these patients large changes in knee kinematics will 

occur. 

In Chapter III, the effect of the pretension level in ACL reconstructions was examined at 40 -

65 months (mean 4 years) follow-up in 26 patients with isolated ACL insufficiency and an 

intact Dacron ligament prosthesis. The patients were divided into two groups of 13 each. This 

was based on the pretension applied at the time of the reconstruction: in group I the ligaments 

were pretensioned to 60 N and in group II to 40 N. 

The results of the ACL reconstructions were evaluated according to the Knee Ligament 

Standard Evaluation Form of the International Knee Documentation Committee (IKDC), 

whereby the anterior knee laxity was measured with a KT-1000 arthrometer (134 N at 30 

degrees of flexion). To evaluate work and sports activities and subjective knee function, 

additional information was collected with the Tegner and Lysholm scores. The performance of 

the quadriceps and hamstring muscles was determined by means of isokinetic muscle testing. 

According to the IKDC group qualifications, there were at follow-up no significant differences 

between the two patient groups: six patients of group I and seven patients of group II had a 

normal knee, three patients of group I and six patients of group II had a nearly normal knee, 

and three patients of group I had an abnormal knee. The mean side to side difference in anterior 

laxity was 1,85 mm (± 2.27) in the patients of group I and 2,31 mm (± 2.06) in the patients of 

group II. The mean Tegner score improved from 3 preoperatively to 7 (group I) and 7.5 (group 

II) at follow-up; the mean Lysholm scores improved from 41 to 94 in group I and from 53 to 96 

in group II. In each group, nine patients had a muscle performance of less than 80% compared 

to the nonoperated knee. The two groups differed significantly (P< 0.01) with regard to the 

squatting score: 11 patients in group I had decreased squatting ability, and 6 of these were not 

able to squat beyond 90° of flexion. In contrast, only 4 patients in group II had slightly 

impaired squatting ability. 

It was hypothesized that the difference between the two groups is related to the magnitude of 

the pretension applied to the ligament prosthesis and that the pretension exerts its influence 

through changes in the knee kinematics introduced at the time of the reconstruction. It was 
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advised that in the future more attention must be given to squatting, because this parameter of 

the knee function may be a clinical manifestation of abnormal knee kinematics after ACL 

reconstruction. 

In Chapter IV, the effects of a pretensioned ACL graft on the laxity and the motion 

characteristics of the knee were studied in four fresh specimens. The grafts were Dacron 

ligament prostheses pretensioned to 40 N and 60 N. The results were compared with data from 

the same knees with intact ACL's. The intact and reconstructed knees were tested in a specially 

designed motion and loading rig. Relative position and orientation of the tibia and femur at 

each loading configuration were measured by means of an electromagnetic tracking system. 

Graft forces were recorded with a force transducer inserted in the femoral bone tunnel. 

The knees were subjected to unloaded flexion from 0 to 120 degrees of flexion and to flexion 

with 3 Nm internal and external torques applied, both with and without quadriceps-loading. 

Anterior loads of 50 N and 100 N were applied at 15, 30, 60 and 90 degrees of flexion, with 

and without constraining tibial axial rotation. 

In both the 40N and 60N reconstructed knees there are position errors, i.e. large posterior 

subluxation (2-18 mm) and external rotation (3-15 degrees) of the tibia and a significant 

decrease of the internal rotatory laxity (13-20 degrees). The normal anterior laxity, that was 

found, is most probably the result of the mechanical properties of the graft together with the 

applied pretension. In the pretensioned prostheses, abnormal force patterns were found with 

peak forces of 210 N (40N knees) and 240 N (60N knees) between 60 and 105 degrees of 

flexion. The decrease in squatting ability, that was observed in the 60N patients of the clinical 

study that was presented in chapter III, can be attributed to the narrowing of the motion 

envelope of the knee following the ACL reconstruction. This is amplified by quadriceps-

loading. 

In Chapter V, different pretensioning strategies were compared with the aim to analyse the 

effects of pretension application on the kinematics and the force balance of the knee, with 

emphasis on the mechanisms involved. A 3-dimensional computer model of the knee was 
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used in which a standardised ACL reconstruction with a Dacron ligament prosthesis was 

simulated. 

At 30 degrees flexion, the prosthesis was pretensioned with 40 N and 60 N, both with central 

placement and anterior femoral placement of the prosthesis, and pretensioned to match the 

ACL force (force match, FM) and to match the anterior knee laxity (laxity match, LM) 

during anterior loading. For all pretensioning strategies, the kinematics and the knee force 

balance were evaluated by means of anterior laxity and tibiofemoral contact migration as 

functions of knee flexion angle and by means of forces in the ACL, the graft, the posterior 

cruciate ligament (PCL) and the tibiofemoral contact. 

In the 40N and 60N pretensioned knees, the anterior laxity was reduced with posterior shifts 

of the tibia (AP-errors); the tibiofemoral migration patterns reflected the posterior shifts. 

Abnormally high graft forces near extension and abnormal PCL forces and cartilage forces 

during flexion were found. With anterior graft placement, the changes in the kinematics and 

in the force balance decreased near extension, but they increased with flexion to 90 degrees. 

Both the FM and the LM pretensioning strategies produced near normal knee force balances, 

however, in the FM knees abnormal anterior laxity and large AP-errors were found, whereas 

in the LM knees these were closer to normal. 

The AP-error affecting the anterior laxity and the tibiofemoral migration pattern and the 

graft force balanced by the PCL and the joint cartilages were identified as the mechanisms 

by which pretension exerts its effects on the knee kinematics and the knee force balance. 

Discussion 

In ACL reconstructions, restoration of the normal anterior laxity of the knee is the major 

goal, and this goal is relatively easy to achieve by applying the correct level of pretension to 

the implanted graft. When, in contrast, isometrically placed grafts are pretensioned with 

levels that cause the anterior laxity to become too lax or too tight, this directly results in 

underconstrained or overconstrained knees (Figure I). It is, however, important to point out 

that normal anterior laxity provides no garantee for a normal knee function. Position errors, 
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that are introduced at the time of the graft pretensioning, lead to changes in the force balance 

between the implanted graft, the posterior cruciate ligament and the joint cartilages, and 

these abnormal force balances may result in tum in under- or overconstrained knees. 
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Figure I. Diagram of the mechanisms by which pretension affects the results of anterior 
cruciate ligament (ACL) reconstructions. 
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The variables, that act in concert with the pretension level in developing positive or negative 

position errors, are the graft material properties, the graft configuration, the knee flexion 

angle at which the pretension is applied, and the position of the graft. For instance, normal 

anterior laxity, found during anterior loading at a specific knee flexion angle, may not be 

caused by a correct level of the graft pretension but by factors like the material properties 

stiffness and relaxation as well as the configuration of the graft that all influence the amount 

of stretching of the implanted graft. The knee flexion angle at the time of pretensioning, may 

allow large position errors to occur when the movements of the tibia are not sufficiently 

counteracted by the other restraining knee structures. Also, non-isometrical positioning of 

the graft may cause position errors at different angles of the range of flexion. These errors 

may be absent at the flexion angle at which the anterior laxity is usually tested. Dependent 

on the amount of pretension that is applied, the position errors caused by variations of the 

lenght of the graft during knee flexion, may be more or less pronounced. 

With the help of the diagram of Figure I, the working mechanisms of the two pretensioning 

strategies analysed in the present study can be explained. The Dacron ligament prosthesis, 

that was used in these strategies must be regarded as a single bundle graft with a high 

stiffness. It was isometrically positioned and was pretensioned at 30 degrees of knee flexion. 

The pretension of 40 N applied to the prosthesis restores the normal anterior laxity of the 

knee. However, because of a posterior shift of the tibia and a decrease of the rotatory laxity 

which are both negative position errors, the 40N pretension strategy also results in an 

abnormal force balance and, ultimately, in an overconstrained reconstructed knee. The 

numbers describing the pathway of the 40N pretensioned knee are: 1-3-8-11-14. The 60N 

pretension level results in an anterior laxity that is too tight as compared to a normal knee 

and this leads immediately to an overconstrained knee through the pathway 1-4-9-11-14. 

The results of the studies presented in this thesis apply directly to ACL reconstructions in 

which synthetic ligaments are implanted as replacements of the ACL. Because of 

disappointing results and complications reported in several patient studies'1', synthetic ACL 

prostheses are nowadays abandoned. In fact, the distribution of the Dacron ligament 

prostheses that were used in the present thesis as a tool to study the effects of pretension 

variation, has been terminated as of January 1996. Recently, long-term results have been 
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reported of patients in which the ACL's had been reconstructed with Dacron ligament 

prostheses pretensioned to 60 Newton(2). An annual prosthesis rupture frequency of 5% was 

found together with a 10 times higher rate of radiographically detected osteoarthritis in the 

operated knees as compared to normal knees. The authors comment that the higher 

osteoarthritis rate may be the result of the initial trauma causing the ACL rupture. In the light 

of the results of the present thesis, however, both the ruptures of the prostheses and the 

accelerated osteoarthritis may be viewed as the result of the overconsrraint of the knee joints 

by the high pretension and the material properties of the implanted gran. 

As was concluded in the computer model analysis of the present study, a pretension that 

matches the laxity of the intact knee will restore the kinematics and the force balance of the 

Dacron reconstructed knee to nearly normal. The question therefore remains whether the 

long term results improve with laxity matched reconstructions. It would be of interest to 

analyse the optimal pretension levels for other ligament prostheses that are still in use today 

despite disappointing long term results similar to the Dacron ligament prosthesis. 

Furthermore, it seems mandatory that, to determine optimal pretensions for new generations 

of prosthetic ligaments, the prostheses are not only subjected to tensile testing experiments, 

but are also subjected to extensive in vitro motion and loading studies in ACL reconstructed 

knees. When the material properties of the prostheses are known, computer model analyses 

can predict the changes in knee kinematics and knee force balance when various pretensions 

are applied. 

The remodeling process of biological autografts and allografts, that are currently used in 

ACL reconstructions, is still not fully understood(I). As a result of this, the mechanisms of 

pretension interaction can not be determined and, despite the viscoelastic nature of these 

grafts, the reconstructed knee may easily become overconstrained by a high pretension. 

Underconstraint of the knee due to a low pretension of the graft will also cause problems as 

the proper remodeling of the graft is dependent on a loading stimulus. High stiffness grafts, 

e.g. patellar tendon grafts or multibundled hamstrings tendon grafts, that are pretensioned to 

match the normal anterior laxity, may follow different pathways in the diagram of figure I. If 

pretensioning takes place at a knee flexion angle of 30 degrees, negative position errors 

leading to an overconstrained knee might be introduced (pathway: 1-3-8-11-14). 
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By contrast, pretensioning in knee extension with the same pretension may prevent position 

errors and, in this way, may result in a normal reconstructed knee (pathway 1-3-7-13). These 

pathways may predict the immediate postoperative situation but, since the graft stiffness in 

the autografts is reported to be reduced to only 10 to 50 % ofthat of the normal ACL as a 

result of the remodeling process even after three years of follow-up in animal models ' , new 

pathways will have to be determined for the situation after graft remodeling. It is likely that 

these pathways will lead to underconstrained knees (pathways: 1-3-6-10-12 or 1-2-5-10-12). 

Restoration of normal kinematics and normal force balance of the knee must be the ultimate 

objective of ACL reconstruction. The results of the present study stress the importance of 

preventing position errors during pretension application. Given these results, the control of 

the pretension level at the time of reconstruction is of utmost importance. 

In future studies several questions need to be addressed. First of all, is it more important to 

restore the knee kinematics of the intact knee than to restore the normal anterior laxity ? The 

use of leg holders to control the tibial position as well as radiographical control to visualize 

the actual bone positions after pretensioning may hereby be of value. Promising new 

developments in this respect are the use of robotic technology to recreate normal knee 

motion and the use of computer assisted planning that enables preoperative planning of 

optimal surgical placement and perioperative guidance towards the predetermined 

trajectory.(3) 

The second question is how to elaborate the relationship between the pretension and the 

other variables. Actual questions that can be raised are: is isometry after correct graft 

placement lost when incorrect pretensions are applied and what are the effects of the 

application of different pretensions to different bundles in grafts with a multibundle 

configuration? Finally, the question which force pattern is present in the graft during testing 

cycles after pretension application needs to be adressed with clinically applicable force 

measurement instruments. Ideally, when also simultaneous measurements of the other 

ligament forces and the joint cartilage are possible, a normal force balance can be recreated 

in the reconstructed knees. 

The integrated approach including clinical, biomechanical and computer model analyses that 

was used in this thesis, presents insights into the mechanisms between interrelated variables 

105 



Chapter VI 

of operative procedures in knee ligament surgery. Future research should focus on these 

interrelated variables and their clinical relevance. Prospective clinical studies in which the 

distribution of single variables of ACL reconstruction is randomly controlled are needed. In 

vitro studies should be performed in 6 degrees of freedom motion and loading rigs that allow 

for the simulation of muscle action on the knee joint. Existing 3-dimensional computer 

models need to be expanded with validated muscle action loading. Not only the creation of 

new devices to control the variability in ACL reconstructions is of importance, equally 

important is the identification of factors responsible for the failure of previous operative 

procedures. These will help to improve the operative procedures that are presently used. 
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Inleiding 

De intra-articulaire reconstructie van de voorste kruisband is een ingewikkelde operatie 

waarbij vele factoren nog bestudeerd moeten worden. Bij deze operatie wordt ter vervanging 

van de voorste kruisband een graft aangebracht op de plaats van het originele ligament. Als 

grafts zijn in gebruik autografts en allografts en ligamentprothesen. Tijdens de operatie zijn 

vier variabelen belangrijk: 1 ) de plaatsing van de graft, 2) de knieflexiehoek bij fixatie van 

de graft, 3) de fixatiemethode, en 4) de voorspanning die aangebracht wordt op de graft 

voordat deze wordt gefixeerd. De eerste drie variabelen zijn uitvoerig onderzocht en worden 

bij de uitleg van de operatietechnieken in de regel goed beschreven. Over de hoogte van de 

voorspanning wordt echter zelden een uitspraak gedaan. Indien wel een beschrijving wordt 

gegeven, wordt volstaan met zinsnedes als "een stevige voorspanning" of "een zo hoog 

mogelijke voorspanning" moet worden aangebracht. Ook wordt wel beschreven dat een 

zodanige voorspanning op de graft moet worden aangebracht dat de antérieure laxiteit van 

de knie peroperatief wordt hersteld. Na implantatie veranderen de materiaaleigenschappen 

van autografts en allografts door een remodelleringsproces waarbij niet bekend is of de 

aangebrachte voorspanning gehandhaafd blijft. Voor ligamentprothesen kan een specifieke 

voorspanning worden voorgeschreven omdat deze grafts niet onderhevig zijn aan 

remodellering. 

Ondanks het feit dat in de afgelopen jaren door middel van in vitro studies, 

dierexperimenteel onderzoek en computermodel studies meer aandacht is besteed aan de 

voorspanning, waren bij aanvang van het huidige onderzoek nog steeds vele vragen niet 

beantwoord en was er nog geen klinisch onderzoek verricht. Met name de effecten van 

variatie van de voorspanning op de kinematica van de knie en de relaties tussen de 

voorspanning en de andere operatieve variabelen waren onderbelicht, en deze vormen 

daarom het onderwerp van dit proefschrift. 

De effecten van voorspanning tijdens voorste kruisband reconstructies werden bestudeerd 

door middel van klinische, biomechanische en computermodel analysen. Er werd gekozen 

voor een gestandaardiseerde operatietechniek met de Dacron ligamentprothese (Stryker 

Corporation, Kalamazoo), zodat door de afwezigheid van graftremodellering, de lange 
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termijn effecten van de voorspanning onderzocht konden worden. De Dacron ligament 

prothese werd gekozen omdat voor deze graft in het verleden twee verschillende 

voorspanningen, 60 Newton (N) en 40 N, werden voorgeschreven. In het klinisch onderzoek 

werden de effecten van voorspanningsvariatie op de lange termijn bestudeerd. De 

bevindingen hiervan werden in directe relatie gebracht met de resultaten van de in vitro 

studie en de computermodelanalyse. 

Samenvatting 

In hoofdstuk II wordt een onderzoek beschreven waarin in 10 gebalsemde menselijke knieën 

de effecten van de vervanging van de voorste kruisband door een kunststof band op de 

voorwaartse translatie van de tibia en de kinematica van de knie werden bestudeerd. Dit 

onderzoek kan worden beschouwd als een inleidende studie op de onderzoeken die 

beschreven zijn in de hoofdstukken II-IV. De kunststof banden werden geïmplanteerd tussen 

de middelpunten van de oorspronkelijke voorste kruisband aanhechtingen. Met de knie in 

strekstand werd een voorspanning van 4 lbs (18 Newton) aangebracht. Met deze 

voorspanning was in één van de knieën de voorwaartse laxiteit na de reconstructie gelijk aan 

de laxiteit van dezelfde knie met intacte voorste kruisband. De middelpunten van de 

aanhechtingen van de oorspronkelijke voorste kruisband, de aanhechtingen van de 

kunstband en de omtrekken van de condylen van het femur en de tibia werden 3-

dimensionaal gemeten tijdens flexie van de knie van 0 tot 140 graden, zowel voor als na de 

voorste kruisband reconstructies. Tevens werden, in een gesimuleerde Lachmantest, op alle 

knieën trekkrachten van 8 en 16 lbs uitgeoefend ter bepaling van de voorwaartse translatie 

van de tibia. Dit werd gedaan: 1 ) in de knie met intacte voorste kruisband, 2) na doorsnijding 

van de voorste kruisband, en 3) na vervanging van de voorste kruisband door de kunststof 

band. Verondersteld werd dat het lengtepatroon van de kunststof band tijdens flexie van de 

knie gelijk zou zijn aan het lengtepatroon van de centrale bundel van de voorste kruisband. 

Tevens werd aangenomen dat herstel van de voorwaartse laxiteit tot de waarde van de intacte 
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knie zou leiden tot een zelfde kinematica van de knie voor en na de voorste kruisband 

reconstructie. 

Bij alle knieën werd gevonden dat de voorwaartse laxiteit werd hersteld na implantatie van 

de kunststof band met 4 lbs voorspanning. De kinematica van de gestabiliseerde knieën was 

echter dramatisch veranderd; naast een toename van de compressie van de gewrichtsvlakken 

werd gevonden dat het femur ge-endoroteerd was en naar mediaal en naar voren was 

verplaatst. Bovendien was tijdens flexie van de knie het lengtepatroon van de kunststof band 

isometrisch wat in tegenstelling is tot de afnemende lengte van de centrale bundel van de 

voorste kruisband in een normale knie. Verondersteld werd dat de materiaaleigenschappen 

van de kunststof band en de aangebrachte voorspanning verantwoordelijk zijn voor de 

gevonden overcorrectie van de knieën. Omdat bij voorste kruisband reconstructies die heden 

ten dage worden uitgevoerd kunstbanden worden geïmplanteerd met vergelijkbare 

materiaaleigenschappen maar wel met een tweemaal zo hoge voorspanning als gebruikt in 

dit hoofdstuk, mag worden verwacht dat grote veranderingen van de kniekinematica 

aanwezig zijn bij de patiënten bij wie deze reconstructies worden uitgevoerd. 

In hoofstuk III werd het effect van de hoogte van de voorspanning onderzocht in een 

populatie van 26 patiënten. Dit werd gedaan gemiddeld 4 jaar (40 tot 65 maanden) na 

implantatie van een Dacron ligamentprothese wegens geïsoleerde voorste kruisband 

insufficiëntie. De patiënten die bij de follow-up allen een intacte ligamentprothese hadden, 

werden ingedeeld in twee groepen van 13 patiënten op basis van de voorspanning die was 

aangebracht bij de operatie: in groep I was de voorspanning 60 N en in groep II 40 N. De 

resultaten van de voorste kruisband reconstructies werden geëvalueerd met het "Knee 

Ligament Standard Evaluation Form" van de "International Knee Documentation Committee 

(IKDC)". De antérieure knielaxiteit werd gemeten met een KT-1000 geïnstrumenteerde 

laxiteitsmeter (134 N trekkracht bij 30 graden flexiestand van de knie). Aanvullende 

informatie wat betreft arbeid, sportactiviteiten en de subjectieve kniefunctie werd 

geëvalueerd met de Tegner en Lysholm-scores. Het prestatievermogen van de quadriceps- en 

hamstringsmusculatuur werd bepaald met behulp van isokinetische testen. 
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Op grond van de IKDC groepskwalificaties werden geen verschillen gevonden tussen de 

twee groepen: zes patiënten in groep I en zeven patiënten in groep II hadden een normale 

knie, drie patiënten in groep I en zes patiënten in groep II hadden een bijna normale knie en 

3 patiënten in groep I hadden een abnormale knie. Het verschil in voorwaartse laxiteit russen 

de geopereerde knie en de contralaterale normale knie was in groep I gemiddeld 1,85 mm (± 

2.27) en in groep II gemiddeld 2,31 mm (± 2.06). De gemiddelde Tegner-score verbeterde 

van 3 preoperatief naar 7 (groep I) en 7.5 (groep II) op het tijdstip van follow-up: de 

gemiddelde Lysholm-score verbeterde van 41 naar 94 in groep I en van 53 naar 96 in groep 

II. In beide groepen was bij 9 patiënten het prestatievermogen van de geteste spieren minder 

dan 80 % van dat van het niet geopereerde been. Er was een significant verschil (p<0.01) 

tussen de groepen in de score bij het hurken: 11 patiënten in groep I waren beperkt in het 

hurken, van wie 6 patiënten zelfs niet dieper konden hurken dan 90 graden knieflexie. 

Daarentegen waren er in groep II slechts 4 patiënten met lichte hurkproblemen. 

Verondersteld werd dat het verschil tussen de 2 groepen gerelateerd is aan de hoogte van de 

voorspanning die aangebracht werd op de ligamentprothese en dat de voorspanning 

veranderingen veroorzaakt in de kniekinematica. Deze veranderingen worden 

geïntroduceerd tijdens de voorste kruisband reconstructie. Geadviseerd werd om in de 

toekomst meer aandacht te geven aan het hurken omdat deze parameter van de kniefunctie 

een klinische manifestatie kan zijn van een abnormale kinematica na voorste kruisband 

reconstructies. 

In hoofdstuk IV werden bij 4 verse kniepreparaten de effecten bestudeerd van een 

voorgespannen voorste kruisband graft op de laxiteit en de bewegingskarakteristieken van de 

knieën. De grafts waren Dacron ligamentprothesen die voorgespannen werden met 40 N en 

60 N. De resultaten werden vergeleken met de data van dezelfde knieën met intacte voorste 

kruisbanden. De intacte knieën en de gereconstrueerde knieën werden getest in een speciaal 

ontworpen bewegings- en belastingsapparaat. De relatieve positie en oriëntatie van de tibia 

en het femur werden tijdens alle belastingsconfiguraties gemeten met een 

elektromagnetische meetsysteem. De krachten in de prothese werden geregistreerd met een 

krachtopnemer die geïmplanteerd was in de femorale bottunnel. De knieën werden getest 
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tijdens onbelaste flexie van 0-120 graden en tijdens flexie na aanbrengen van 3 Nm 

endorotatie- en exorotatiemomenten, zowel met als zonder quadricepsbelasting. Antérieure 

krachten van 50 N en 100 N werden aangebracht bij 15, 30, 60 en 90 graden flexie zowel 

met als zonder beperking van de tibiarotatie. 

Zowel bij de 40N als bij de 60N gereconstrueerde knieën werden positiefouten gevonden: 

een grote posterieure subluxatie (2-18 mm) en exorotatie (3-15°) van de tibia tesamen met 

een significante vermindering van de endorotatielaxiteit (13-20°). De genormaliseerde 

voorwaartse laxiteit na de reconstructie is zeer waarschijnlijk het gevolg van mechanische 

eigenschappen van de gran samen met de aangebrachte voorspanning. Abnormale 

krachtpatronen met piekkrachten van 210 N (40N knieën) en 240 N (60N knieën) werden 

gevonden in de prothesen tussen 60 en 105 graden knieflexie. De afname in hurkdiepte die 

gevonden werd bij de 60N patiënten van de klinische studie uit hoofdstuk III kan worden 

verklaard door een vernauwing van de bewegingsruimte van de knie ten gevolge van de 

voorste kruisband reconstructie. Dit effect wordt versterkt door quadricepsbelasting van de 

gereconstrueerde knie. 

In hoofdstuk V werden verschillende voorspanningsstrategieën vergeleken om de effecten 

van het aanbrengen van voorspanning op de kinematica en de krachtenbalans van de knie te 

analyseren. Er werd vooral bestudeerd welke mechanismen hieraan ten grondslag liggen. 

Hiertoe werd gebruik gemaakt van een 3-dimensionaal computermodel van de knie waarin 

een gestandaardiseerde voorste kruisbandreconstructie met een Dacron ligamentprothese 

werd gesimuleerd. Met de knie in 30 graden flexie werd de Hgamentprothese voorgespannen 

met 40 N en 60 N, zowel bij een centraal geplaatste als bij een antérieur geplaatste prothese, 

en werd de prothese voorgespannen tot een hoogte waarmee de kracht in de voorste 

kruisband werd gereproduceerd (force match, FM) en tot een hoogte waarbij de antérieure 

knielaxiteit tijdens antérieure belasting werd gereproduceerd (laxity match, LM). 

Bij alle voorspanningsstrategieën werd de kinematica van de knie geëvalueerd door middel 

van de antérieure laxiteit en de migratiepatronen van de tibiofemorale contactpunten als 

functie van de kniehoek. De krachtenbalans werd geëvalueerd met behulp van de krachten in 

de voorste kruisband, de prothese en de achterste kruisband en de tibiofemorale 
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contactkrachten. Bij de 40N en 60N voorgespannen knieën was de antérieure laxiteit 

verminderd met hierbij een posterieure verplaatsing van de tibia (AP-fout). Deze 

verplaatsing werd eveneens gezien in de tibiofemorale migratiepatronen. Abnormaal grote 

prothesekrachten werden gevonden nabij extensie en abnormale achterste kruisband krachten 

en kraakbeenkrachten werden gevonden tijdens flexie. Door een antérieure protheseplaatsing 

werden de veranderingen in de kinematica en de krachtenbalans kleiner nabij extensie, 

echter de veranderingen werden groter bij flexie tot 90 graden. Zowel de FM als de LM 

voorspanningsstrategie veroorzaakte een bijna normale krachtenbalans van de knie, echter in 

de FM knie werden een abnormale antérieure laxiteit en een grote AP-fout gevonden terwijl 

beide in de LM knie meer normale waarden hadden. 

Als mechanismen waardoor de voorspanning de kinematica en de krachtenbalans van de 

knie beïnvloedt werden gevonden: de AP-fout waardoor de antérieure laxiteit en het 

tibiofemorale migratiepatroon worden beïnvloed en de kracht in de prothese die in 

evenwicht gehouden wordt door de kracht in de achterste kruisband en de 

kraakbeenkrachten. 

Discussie 

Het voornaamste doel van voorste kruisband reconstructies is het herstel van de normale 

antérieure laxiteit van de knie en dit doel is relatief gemakkelijk te bereiken door het juiste 

niveau van voorspanning aan te brengen op de geïmplanteerde graft. Als daarentegen 

isometrisch geplaatste grafts worden gefixeerd met een voorspanning waardoor de antérieure 

laxiteit te lax of te strak wordt dan leidt dit rechtstreeks tot, respectievelijk, een 

ondergecorrigeerde of een overgecorrigeerde knie (figuur I). 

Het is belangrijk om te benadrukken dat een normale antérieure laxiteit geen garantie biedt 

voor een normale kniefunctie. Positiefouten, geïntroduceerd tijdens het voorspannen van de 

graft, veroorzaken veranderingen van de krachtenbalans tussen de geïmplanteerde graft, de 
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achterste kruisband en het gewrichtskraakbeen. Deze abnormale krachtenbalans resulteert 

vervolgens in ondergecorrigeerde of overgecorrigeerde knieën. 
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Figuur I. Schematische weergave van de mechanismen waardoor de voorspanning de 
resultaten van voorste kruisband (VKB) reconstructies beïnvloedt. 

De variabelen die samen met de voorspanning de oorzaken zijn van positieve en negatieve 

positiefouten zijn de materiaaleigenschappen van de graft, de configuratie van de graft (één 
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of meer bundels), de knieflexiehoek waarbij de graft wordt voorgespannen en de positie van 

de graft. Een normale antérieure laxiteit tijdens laxiteitstesten in een specifieke flexiehoek 

kan bijvoorbeeld niet alleen worden bereikt door het aanbrengen van de juiste voorspanning 

maar met name ook door factoren zoals de materiaaleigenschappen stijfheid en relaxatie van 

de graft alsmede de configuratie van de graft. Deze zijn alle bepalend voor de uitrekking van 

de graft bij een antérieure belasting. De knieflexiehoek tijdens het voorspannen kan tot grote 

positiefouten leiden indien de bewegingen van de tibia niet voldoende worden 

gecompenseerd door andere stabiliserende kniestructuren. Niet-isometrische plaatsing van de 

graft resulteert in positiefouten bij verschillende flexiehoeken van de knie. Deze fouten 

kunnen afwezig zijn in de flexiestand waarbij de antérieure laxiteit meestal getest wordt. 

Afhankelijk van de hoogte van de voorspanning die aangebracht wordt, zijn de positiefouten, 

die veroorzaakt worden door variaties in de lengte van de graft tijdens flexie van de knie, 

groter of minder groot. 

Met behulp van het schema van figuur I kunnen de werkingsmechanismen van de twee 

voorspanningsstrategieën, die geanalyseerd werden in dit proefschrift, worden verklaard. De 

Dacron ligamentprothese die gebruikt werd om deze strategieën te analyseren kan 

beschouwd worden als een graft die bestaat uit 1 bundel met een hoge stijfheid. De prothese 

werd isometrisch geplaatst en werd voorgespannen met de knie in 30 graden flexiestand. De 

normale antérieure laxiteit van de knie werd hersteld indien de prothese werd voorgespannen 

met 40 N. Echter, vanwege de posterieure verplaatsing van de tibia en de afname in de 

rotatielaxiteit, wat beide negatieve positiefouten zijn, resulteert de 40N 

voorspanningsstrategie ook in een abnormale krachtenbalans en uiteindelijk in een 

overgecorrigeerde knie. De nummers, die de route van de 40N voorgespannen knie 

beschrijven, zijn: 1-3-8-11-14. De 60N voorspanningsstrategie resulteert in een te strakke 

antérieure laxiteit in vergelijking met de normale knie en dit leidt direct tot een 

overgecorrigeerde knie volgens de route 1-4-9-11-14. 

De resultaten van de studies, die in dit proefschrift gepresenteerd worden, zijn direct 

toepasbaar op voorste kruisband reconstructietechnieken waarbij een kunststof band 

geïmplanteerd wordt als vervanging van de voorste kruisband. Ten gevolge van 

teleurstellende resultaten en complicaties gemeld in verschillende patiëntenstudies (1) wordt 
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het gebruik van kunststof voorste kruisband prothesen heden ten dage afgeraden. De 

verkoop van de Dacron ligament prothese, die in deze studie gebruikt werd als instrument 

om de effecten van voorspanningsvariatie te bestuderen, werd beëindigd met ingang van 

januari 1996. Recent werden lange termijn resultaten gerapporteerd van patiënten bij wie de 

voorste kruisbanden gereconstrueerd waren met Dacron ligamentprothesen voorgespannen 

met 60 N (2). Naast een jaarlijkse protheseruptuur-frequentie van 5% was er een 10 maal 

hogere frequentie van radiologisch aangetoonde arthrose-tekenen in de geopereerde knieën 

in vergelijking met normale knieën. De auteurs veronderstellen dat de hogere 

arthrosefrequentie het gevolg is van het initiële trauma dat leidde tot de ruptuur van de 

voorste kruisband. In het licht van de resultaten die gepresenteerd zijn in dit proefschrift, 

kunnen zowel de hoge protheseruptuur-frequentie als de vroege arthrose-tekenen beschouwd 

worden als het gevolg van de overcorrectie van de kniegewrichten door de hoge 

voorspanning en de materiaaleigenschappen van de geïmplanteerde prothese. 

Zoals geconcludeerd werd in de computermodel analyse van dit proefschrift, worden de 

kinematica en de krachtenbalans van een knie na reconstructie met een Dacron prothese 

bijna normaal wanneer een voorspanning gebruikt wordt waarmee de laxiteit van de intacte 

knie wordt gereproduceerd. De vraag blijft daardoor bestaan of de lange termijn resultaten in 

deze patiëntenstudie beter zouden zijn geweest indien "laxity matched" reconstructies 

zouden zijn uitgevoerd met de Dacron ligamentprothesen. Het zou interessant zijn om te 

analyseren wat de optimale voorspanning is voor ligamentprothesen die heden ten dage nog 

in gebruik zijn, temeer daar met deze ligamentprothesen even teleurstellende lange termijn 

resultaten worden gemeld als bij de Dacron ligamentprothesen (,). Tevens lijkt het 

noodzakelijk om bij het bepalen van de optimale voorspanning voor nieuwe generaties 

ligamentprothesen deze prothesen niet alleen te onderwerpen aan belastingsexperimenten 

met een geïsoleerde ligamentprothese maar om ook uitgebreide in vitro belastings- en 

bewegingsstudies uit te voeren op geïmplanteerde prothesen. Indien de 

materiaaleigenschappen van de ligamentprothese bekend zijn, kunnen met een 

computermodel de veranderingen in de kinematica en de krachtenbalans van de 

gereconstrueerde knieën na het aanbrengen van verschillende voorspanningen worden 

geanalyseerd. 
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Het remodelleringsproces van biologische autografts en allografts die op dit moment worden 

gebruik bij voorste kruisband reconstructies, is nog steeds onduidelijk. Als gevolg hiervan 

kunnen de werkingsmechanismen van de voorspanning niet bepaald worden en kan, ondanks 

de viscoelastische eigenschappen van de geïmplanteerde graft, de gereconstrueerde knie 

gemakkelijk worden overgecorrigeerd door een te hoge voorspanning. Ondercorrectie van de 

knie door een te lage voorspanning van de graft gaat eveneens gepaard met problemen 

omdat de graftremodellering afhankelijk is van een belastingsstimulus. Grafts met een hoge 

stijfheid, bijvoorbeeld patellapees grafts of multibundel hamstrings grafts, die 

voorgespannen zijn met een voorspanning waarmee de normale antérieure laxiteit wordt 

gereconstrueerd, kunnen verschillende routes volgen in het schema van figuur I. Wanneer de 

voorspanning wordt aangebracht in 30 graden flexiestand van de knie, kunnen negatieve 

positiefouten van de knie worden geïntroduceerd die leiden tot een overgecorrigeerde knie 

(route: 1-3-8-11-14). Wanneer de voorspanning daarentegen wordt aangebracht met de knie 

in extensiestand, kunnen positiefouten wellicht worden voorkomen Dit kan leiden tot een 

normaal gereconstrueerde knie (route: 1-3-7-13). De routebeschrijvingen kunnen de direct 

postoperatieve situatie voorspellen. Echter, omdat de stijfheid van de autografts afneemt als 

gevolg van het remodelleringsproces tot slechts 10-50% van de stijfheid van de voorste 

kruisband, zoals gerapporteerd werd in diermodelstudies tot 3 jaar na graftimplantatie (l>, 

moeten nieuwe routes beschreven worden voor de situatie na graftremodellering. Het is 

aannemelijk dat deze routes leiden tot ondergecorrigeerde knieën (routes: 1-3-6-10-12 of 1-

2-5-10-12). 

Herstel van de normale kinematica en de normale krachtenbalans van de knie moet het 

uiteindelijke doel zijn van een voorste kruisband reconstructie. De resultaten van dit 

proefschrift benadrukken het belang van de preventie van positiefouten tijdens het 

aanbrengen van de voorspanning. Op grond van deze resultaten is het controleren van het 

voorspanningsniveau tijdens de voorste kruisband reconstructie van het grootste belang. In 

toekomstige onderzoeken moeten verschillende vragen worden beantwoord. Ten eerste, is 

het belangrijker om de kniekinematica van de normale knie te herstellen dan om de 

antérieure laxiteit te normaliseren ? Het gebruik van beenhouders om de positie van de tibia 

te controleren alsmede het gebruik van radiologische controle om de actuele positie van de 
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tibia en het femur na het aanbrengen van voorspanning te visualiseren kunnen hierbij van 

waarde zijn. Veelbelovende nieuwe ontwikkelingen zijn het gebruik van robottechnologie, 

waarmee de normale bewegelijkheid van de knie gerecreeerd kan worden, en het gebruik 

van computergestuurde operatieplanning, waardoor een preoperatieve optimale 

grafrplaatsing kan worden bepaald en een perioperatieve aansturing van het vooraf bepaalde 

chirurgische plan kan worden bereikt(3). Tevens moet de relatie tussen de voorspanning en 

de andere variabelen verder worden uitgediept. Vragen, die hierbij gesteld kunnen worden, 

zijn: gaat de isometrie na correcte grafrplaatsing verloren na incorrect voorspannen van de 

graft en welke zijn de effecten van het aanbrengen van verschillende voorspanningen op 

verschillende bundels van een graft met een meerbundel-configuratie ? Tenslotte moet 

worden onderzocht welk krachtenpatroon aanwezig is in de graft tijdens het bewegen van de 

knie nadat de voorspanning is aangebracht. Dit moet geschieden met klinisch toepasbare 

krachtopnemers. Ideaal zou zijn als tegelijkertijd de krachten in de overige ligamenten en het 

gewrichtskraakbeen gemeten zouden worden zodat een normale krachtenbalans gerecreeerd 

kan worden in de gereconstrueerde knie. 

De geïntegreerde benadering, die gebruikt werd in dit proefschrift, en die bestaat uit 

klinische, biomechanische en computermodel analysen, verschaft inzicht in de mechanismen 

tussen gekoppelde variabelen bij operatieve procedures in de kniebandchirurgie. Toekomstig 

onderzoek dient gericht te zijn op deze gekoppelde variabelen en hun klinische relevantie. 

Nodig zijn prospectieve klinische studies waarin individuele variabelen gerandomiseerd 

worden gecontroleerd. In vitro studies dienen uitgevoerd te worden met bewegings- en 

belastingsapparaten met 6 graden van bewegingsvrijheid waarin tevens spieracties, die 

inwerken op het kniegewricht, kunnen worden gesimuleerd. De bestaande 3-dimensionale 

computermodellen moeten worden uitgebreid met gevalideerde spieractie-simulaties. Niet 

alleen de ontwikkeling van nieuwe apparatuur om de variabiliteit bij voorste kruisband 

reconstructies te controleren is van belang, minstens zo belangrijk is de identificatie van 

factoren die verantwoordelijk zijn voor het mislukken van voorheen gebruikte 

operatietechnieken. Beide kunnen dienen ter verbetering van de operatieve procedures die 

heden ten dage worden gebruikt. 
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Dankwoord 

Een ongefinancierd onderzoek vraagt om onvoorwaardelijke hulp. Wat een geluk dat zo veel 

mensen geloofden dat dit onderzoeksprojekt de moeite waard was. 

Professor Lohman, u ging met mij de uitdaging aan en gaf mij de kans een originele 

onderzoeksvraag uit te werken tot een promotieonderzoek. Zonder uw betrokkenheid, inzet 

en werklust was dit boekje nog lang niet afgerond geweest. Op basis van uw zorgvuldige 

correcties heb ik inmiddels mijn eigen "boekje van oom Theodoor" geschreven. Het was een 

eer uw laatste promovendus te zijn. 

Mevrouw Lohman wil ik hartelijk danken voor de gastvrijheid en het geduld tijdens al die 

"uurtjes" dat ik beslag legde op de vrije tijd van uw man. 

Dirk Stellinga, gedreven en uitzonderlijk orthopaedisch chirurg, zonder jouw hulp was dit 

onderzoek niet mogelijk geweest. In de knieën van je patiënten én in de knieën van het 

biomechanische onderzoek wist je de band optimaal te plaatsen. Heel veel dank voor de 

bijzondere samenwerking, het is een voorrecht om jou als coach te hebben in de wereld van 

de orthopaedische sportgeneeskunde. 

Leendert Blankevoort, wetenschapper in hart en nieren, door jouw bijzondere gave zowel 

klinisch als basaalwetenschappelijk te kunnen denken en werken, werd het mogelijk om de 

biomechanische analyse en de computermodel analyse op mijn eigen(wijze) manier uit te 

voeren. Met jouw vinger aan mijn pols kwam dit projekt tot een goed einde. 

Professor Huiskes, op uw sectie biomechanica heerst een optimaal onderzoeksklimaat. Mijn 

dank voor uw deskundige leiding. 

De familie Kamps, Ed, Greetje, Maaike en Anke, jullie boden mij niet alleen onderdak 

tijdens de veelvuldige onderzoeksperiodes in Nijmegen maar lieten deze verstrooide 

onderzoeker ook keer op keer terugkeren naar "de-gewone-mensen-wereld". Jullie zijn zeer 

bijzondere mensen voor mij geworden. 

121 



Op de verschillende plaatsen waar dit onderzoek werd uitgevoerd kwam ik nog meer 

bijzonder hulpvaardige mensen tegen. 

Op de locatie Amsterdam ben ik veel dank verschuldigd aan dr. Poliacu Prosé voor het 

leggen van een solide wetenschappelijke basis, aan Joan Hage voor haar secretariële 

ondersteuning, aan de vakgroep Anatomie en professor Groenewegen voor de reiskosten

vergoedingen en aan de instrumentmakerij voor de bouw van het kniebelastingsapparaat. 

Dirk de Jong bedankt voor de mooie plaatjes ! 

Op de locatie Capelle a/d IJssel ben ik veel dank verschuldigd aan de patiënten die 

deelnamen aan het klinisch onderzoek, aan Arjen Frudiger, top- en sportfysiotherapeut en 

expert op het gebied van de isokinesie en aan Rianne en Barbara die het patiëntenonderzoek 

georganiseerd hebben. Een speciaal woord van dank voor Joke Ouwehand, operatie

assistente van dr. Stellinga, voor haar assistentie bij de voorste kruisbandreconstructies van 

het biomechanische onderzoek. 

Op de locatie Nijmegen ben ik veel dank verschuldigd aan Willem van de Wijdeven voor 

zijn hulp bij de experimenten, de ontwikkeling van de krachtopnemer en het kniebelastings

apparaat, aan Huub Peters voor de dataverwerking en data-analyse, aan René van de Venne 

voor de ontwikkeling van de Linux-versie van het kniemodel en Dorothé Mommersteeg en 

de andere medewerkers van de sectie biomechanica voor de gastvrijheid, interesse en de 

stimulerende werksfeer. 

Mijn collega's bij de chirurgie in het MCA en de orthopaedie in het AMC wil ik danken 

voor het begrip en Heleen Staal dank ik voor haar waarneming tijdens mijn afwezigheid. 

Ad van Oers, heel veel dank voor alle "computerhulp" tijdens de afronding van dit boekje. 

Tenslotte, dank ik mijn ouders en mijn broers voor de hechte familieband die ook nu weer 

een belangrijk fundament was waarop ik dit onderzoeksprojekt kon bouwen. 

Voor Karin, mijn vrouw, heb ik zeer veel bewondering. Iedere keer als de drukte van het 

onderzoek toenam wist jij de hoognodige rust te creëren en ons gezin draaiende te houden. 

Geloof me, van voorspanning gaan we nu echt over naar ontspanning ! 
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Stellingen 

I 
De voorspanning die wordt aangebracht op een implantaat bij een reconstructie van de 

voorste kruisband kan leiden tot een beperking of een verruiming van de 
bewegingsruimte van het kniegewricht. 

II 
Een normale antérieure laxiteit van de knie na een voorste kruisband reconstructie 

garandeert geenszins het herstel van de kinematica van de knie. 

III 
De score van de hurkdiepte verdient speciale aandacht bij de evaluatie van voorste kruisband 

reconstructies, omdat een verminderde hurkcapaciteit een manifestatie 
kan zijn van een initieel te hoge voorspanning van het implantaat. 

IV 
Het doel van een voorste kruisband reconstructie is herstel van de normale kinematica 
en herstel van de krachtenbalans tussen de voorste kruisband, de achterste kruisband 

en het kraakbeen van het tibiofemorale gewricht. 

V 
Onjuiste voorspanning van een implantaat bij een voorste kruisband reconstructie leidt tot 
een abnormale positie van de tibia ten opzichte van het femur. Deze positiefout verstoort 

de krachtenbalans die in het normale kniegewricht aanwezig is. 

VI 
Remodellering van biologische voorste kruisband implantaten wordt beïnvloed door de 

krachten in het implantaat, en dus ook door de initieel aangebrachte voorspanning. 

VII 
Orthopaedische sportgeneeskunde is gebaat bij een intensieve samenwerking 

tussen orthopaedisch chirurg en fysiotherapeut. 

VIII 
Voor diegenen(1)die veronderstellen dat de impressionistische schilderkunst van Claude 
Monet is ingegeven door wazig zien als gevolg van een erfelijke oogafwijking, zal een 

bezoek aan Monet's tuinen in Giverny in één oogopslag helderheid verschaffen. 
(1)Ä. Lane et al. Claude Monet's vision. The Lancet. 1997 

IX 
Familieziek zijn is minder kwaadaardig dan het hebben van een familiaire ziekte. 

X 
Voorspanning leidde van inspanning via hoogspanning naar ontspanning. 

Ronald J. van Heerwaarden, 8 september 1998 








