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I .  INT I IODUCT ' ION

An extrernely important nuntber of stucl ies have been published on l igarnent replacements since the

beginning of this century. A lot of research groups have emitted very contradictory opinions about

this problcn-r. ' I 'o this day, none of the current reconstruction procedure proved a good long term

behavior- Ancl even if  some of the techniques seern to show promising results, a lot of questions

sti l l  remairt concerning the rnatcrial to be used, the structure and the reconstruction technique.

Surgcons clisagree even on the type of procedure to be used (autograft or synthetic ligament) .

Understanci ing the fai lures attd success of previous grafts and studying the surgical  techniques and

prosthet ic r lcsigns which show pronris i l rg results permits now to elaborate a certain number of

hypothcse.s concerning lhe ligzrrnent replacement. 
' l-hese 

hypotheses shoukl Iead to further studies in

this f ie ld,  hoping that these rvi l l  f ind a solut ion to the problem.

Thc importance oÍ' the cruciate ligaments of the knce joint is well understood. Failure of the unt".io,

cruciate ligament (ACL) leads to instability and excessive joint mobility that, if left untreated, leads

to osteoarthrit is. Since the beginning of this centnry, a growing interest has been focused on knee

ligament reconstructions. The basic aiternatives for replacing the ACL are autografts, allografts,

ancl synthetic li garnents.

Ligarnents arc now recognizecl to play both rnechanical and neurological functions in the

bionrechanics of the knee (see chapters I. l .  and I.2.). I- igaments as a control system of a healthy

knce-joint supported by the nruscular system are responsible for the rol l ing and gl iding motion of

the femoral condyles on the tibial plateau. The presence of mechanoreceptors in the human cruciate



r igaments has been conf i rmed onry in  recenI  years.  The f i rs t  h is torogica l  demonstrat ion of

nrechanoreceptors in the human ACL was rcporterl by Schurtz et al. in 1984 [37]. In 1986, z\nny

et al [46] ir lenti f iect by using a modif ication of Gairn's gord chloricle stain, the presence of Ruff ini 's

end organs, Golgi tenclon orgarls ancl Pacini corpuscles.|n |992, we confirmed the presence of

Ruff ini,s and pacini,s corpnscles ancl free nerve endings in canine cruciate l igaments [44,45]'  The

creveropment of prosthetic materials to reprace rigaments has stimurated interest in the contribution

of rnechanoreceprors activity in the cruciate r igaments to the stabil i ty in the knee joint '  The

specif icity of the golcl chroride technique was demonstrated by using inrmunohistochemical

methods [34]. using this highry specif ic method, we demonstrated recentry the presence of the

sanre mechanoreceptors in human cruciate l igaments t35] (Figures 1' 2 and 3)'  I t  is therefore

accepted norv that the knee joint rigarnents contain Ruffini, pacinian, Gorgi tendo.-like organs, and

f r e e _ n e r v e e r r d i n g s w i t h c l i f f e r e n t c a p a b i ] i t i e s o f p r o v i c l i n g t h e c e n t r a l n e r v o u s s y s t e m w i t h

in format ion abot t t  movement  and posi t ion as wel l  as nox ious events [2 ]  '  42] '  The

mechanoreceptors in the knee joint ligaments are suggested to play a key role in tlie ioint stiffness

antl t l te functionaljoint stabil i ty [39] '

Most of the presentry used treatrnents for injured ligaments are based on the view that the Iigaments

pr imar i lyactaSstat ic ,mechanica ls tabi l izersof the jo in t .Consequent ly ,a lo tofef for tshavebeen

clevoted to f ind, for instance, substitut ion materiars and structures which have mechanical

properties comparable to those of the natural ligaments. However, at the light of the clinical results,

fo l lowing l igament  reconstruct ion,  i t  becomes ev ident  that  the restorat ion of  the

, neuroproprioceptive as we' as the mechanicar functions of the cruciate rigaments is needed (see

chapters 1.5 and I.1). In fact, impairecl proprioception of the joint has been demonstrated in patients

with a severely damagecl or ruptured ACL [3]'



Problents associated with the use of autografts are mainly the necrosis which occurs during the

early postoperat ive periocl  c lur ing revascular izat ion and the loss of normal structures which

contr ibute to the normal funct ion of the knee joint .  The use of the bone-tendon-bone graft  already

causes further damage of the neuro-nluscular balance intpaired by the loss of the ACL including i ts

receptors. In acldi t ion, the st i l l  exist ing receptors of the I igamentous stumps can be destroyed by big

tunne ls .

Although autografts ancl allografts have been reported to yield positive results in short-term follow-

Lrp studies, long-term results are not as prornising. The present concern about the transmission of

viral disease al.so has not been ful ly resolved. It  appears that this r isk is very small with proper

handling of the graft, but sterilization by irracliation affects the physical properties of the graft and

has been implicated in the fai lure of grafts [41].

For these reasons, synthet ic l igaments presented themselves to be used for the cruciate l igament

replacements. The prosthetic ligament is biomechanically stronger which allows for earlier range.of

motion of the knee, rveiglrt-be aring, and return to full activities. Its use for reconstruction avoids

rnoreover proprioceptive disturbance due to the harvest of autologous tissues.

Prosthetic l igarnents are general ly classif ied into three types : permanent l igaments, stents, or

scaffolds. Permanent l igarnents include the Gore-Tex and the Stryker-Dacron l igaments and are

'presumably 
designed with high strength and increased resistance to fatigue failure. The second type

is a temporary prosthetic ligarnent used as a stent such as the LAD or Trevira. The thircl type of

prosthetic ligament is the scaffolcl device, which allows ingrowth of tissue. These ligaments depend

on autogenous Í issue ingrowth, The collagen t issue may grow into the exist ing graft,  as in the

Lceds-Keio ligament and the LARS.



2. IIAII,URIi, ANAI,YSIS OF 'I ' } IE FDA-APPROVED DEYICES

Many synthetic l igarnents were introduced for human cl inical tr ials, including the carbon f iber,

Kenncdy LAD, Leeds Keio, Gorc-Tex, and Stryker Dacron l igaments (see chapter II .2). Gore-

'l'ex, Stryker and I-AD have been approved by the FDA for use as a replacement for the ACL, but

rvith restr ict ions.

The FDA gave approval in 1986 for tlre general use of Gore-Tex (Expanded polytetrafluoroethylene

P'I'[;E, WL Gore, Flagstaff, Arizona) and in 1989 for Stryker-Dacron (Polyester fabric, Meadox

Medical, Oakland, New Jersey) art i f icial l igatnents, but restr icted their use to patients with fai led

intra-art icular reconstmctions. The Kennedy Ligament Augmentation Device (LAD, diamoncl-

bra ided poly(propylene,3M, St  Paul ,  Minnesota)  was a lso approved in  1986 to augment  the

autogcnous graft used in the Marshall-Macintosh procedure, i .e. the quadriceps tendon-prepatel lar

tissue-patellar tendon autograft [38J. In 1991, the LAD was also approved as an augmentation for

the i l iot ibial band, the semi tendinous tendon, and port ions of the patel lar tendon used for ACL

replacement.

The Gore-'Iex ligarnent was predicted to have a life to rupture of 4 x 109 cycles and less lhan 4Vo.

,elongation 
at 3 x 108 cycles [5]. Assuming an average of 4.2 x 106 cycles per year, the l igament

shonl<l have a life expectancy of 950 years prior to rupture and 70 years prior to 47o elongalJon

[ 3]. This has not been see n in actual clinical application, and the ligament has failed both because

of rupture and elongation. Despite the encouraging prel iminary results of Gore-Tex l igament

reconstruction, the results of 4- to 5-year fol low-ups of many studies have demonstrated an

apparent deterioration in both subjective and objective results [30].



1'he Stryker-Dacron l igament rvas init ial ly designed to be used as an augmentation device with the

i l iot ibial banrl in ACL reconstnrctions, but the high strength of the l igament has led to i ts use as a

permanent prosthesis. Fatigue testing showed the abil i ty to withstand 134,000 fatigue cycles at

1730 Ncwtorrs. ' l 'his amourrt of force wotrld presumably disrupt a normal ACL after a single cycle.

' l 'he cstimatecl in vivo l i fe expectancy fronr the fatigue testing data is 8.5 years. Recent studies

clemonstrate a signif icant fai lure rale at 5 years-

The LAD prosthesis is a permanent, non-absorbable augmentation device made of woven

polypropylene. In yitro testing demonstrates a cycl ic elongation of 4Vo after I rni l l ion cycles

betwecn 50 N and 500 N, result ing in a9Vo strength loss. Bending fatigue parameters after l0

nri l l ion cycles of 150 N to 300 N, rvith f lexion between 15 and 40 degrees, yielded 4.57o cycl ic

elongation and23o/o strength loss [30].

Many cl inical studies have denronstrated early success but, as far as we know, no long-term

investigations have shown convincingly that these constructs remain intact or that they replace the

function of the ACL effectively. Very Iimited use of these prostheses in the United States has been

disappointing. The life-span of the existing prostheses remains short. Fatigue, fretting, and wear

have resulted in an unacceptably high rate of failure.

As a consequence,'enthusiasm for the use of synthetic l igaments has been tempered by poor long-

term results ancl repiacement of the cruciate l igaments seems impossible with today' s techniques.

The IiDA adopted a low profile regarding this high rate of failure and the bone-patellar tendon-bone

appears as thc "golden stanclard" solution and the best alternative to synthetic ligaments in North

America. Although it is more appropriate to consider this solution as a "best available to date" [12].



Outsicle the United States, several polyester prosthetic l igaments have been developed without the

control of the FDA- l lowever, recently, t l ie synthetic cruciate l igaments are also subjected to some

rimitations in France. It  is perrnitted to implant art i f iciar l igame.t prostheses as either stents or

replacements but severe restr ict ions have been irnposed by the French health care system [26]'

I lowever, no scientif ic argument has been given'

one of the better known investigational poryester prosthesis in united Sates is the Leeds-Keio

irnplant, while in Canada LARSR ancl rrevira FlochfestR are gaining some popularity'

In Englant l ,  the Leecls-KeioR l ig"-"nt was presented as a scaffolc l  to ease {he growth of a

neol igament,  bt t t  up to 1988 the cl in ical  c lata did not provide the expected success Í32] '  C l in ical

trials for the Leeds-Keio prosthesis began in the united States in 1990- As far as we know, ir' is not

yet approved.

Another polyester ACL prosthesis, the Ligastic implant, was introduced mainly in Francr:' 
'fhe

particurariry of this artificial ligament is its knitted structure, in which ail the fibers are oriented

longinrclinally at their maximal length t8J. This first generation was very sensitive to the surgical

techniquc ancl a high rate of fairure was reported recently by Cazenave et al tr]- This is surp'rising

ancl contraclictory to the previous results published by the same authors' Cazenave et al' [7] did not

provicle any scientific explanation for this difference'

Based on Ligastic exPerlence'

has been introduced recentlY

a new design using mechanicallY

by LARS [25]- The Ligament

and biologically selected polyester

Advanced Reinforcement SYstem

o



(1 -ARS)  has  two d i f f c ren t  par ts :  (1 )The in t ra  osseous par t  i s  rnade o{ long i tud ina l  f ibers  tha t  a re

unitecl  by a transverse kni t ted structure which, unl ike a woven structure, prevents elongat ion over

r ime.  (2 )  The in t ra  a r t i cu la r  par t  i s  bu i l t  on ly  o f  long i tud ina l  and para l le l  f ibers  wh ich  are  pre-

t lv isted. This archi tecture is based on a biomimetical  approach and showed a higher performance

conrpared to the l - igast ic f i rst  generat ion [12,23).

In Germany, Trevira hochfest,  a woven prosthet ic l igament made out of polyethylene terephtalate

(PE'I) ,  has been used since 1986, Cl inical  results revealed an incidence of prosthesis tear ing or

loosening of 5,15 per cent after an implantat ion t ime of up to four years l22l . ln case of salvage

proccdures, about l87o ruptures after 4 years fol low up have been stated. No synovial  react ion

cotrlil be observe t1 127 I

' i 'he surg ica l  techniques us ing LARSR ancl  Trev i raR l igom"nt  are both t ry ing to  save the

mechanoreccptors prcsent in the ruptured ACL and to nrinimize any further sensory damage. The

TreviraR l iganrent has bony tunnels of small cl iameter, which avoids excessive t issue harvest ancl

the LARSII is inserted by preserving the stumps of the broken l igament. Surgeons [Laboureau,

personal communication] believe that this technique preserves the mechanoreceptors which arc

present in the stumps. These could therefore pass on information to the central nervous system on

the position of the joint surfaces. In fact, damages to the innervation of the ACL leads to inadequate

motor control of the joint and can give r ise to disturbances jn the synchronization of movements.

This loss of control may result in uneven joint loading, leading to repetit ive microtrauma and could

be involved in pre nrature fatigue of artiÍlcial ligaments-

In the case of thc Leeds-Keio l igament, the harvest of the remnant of the original l igament may

explain the abse nce of nrcchanorece ptors in the ligament statecl by Denti et al. I I I J.



lf we look at the ligarnent augmentation clevice (LAD), which is an augmentation of an autologous

structure for the repair of the ACL, Ruff ini,  Pacini and free nerve endings were found' In this case,

the synthctic augmentation clevice is completely surrounded with autologous structures-

Regarding tlre remarks macle above, following clinical consequence has been stated by Metak et al

[31]: 
"...1/r e evídence of nervous structures ín cruciate lígament stumps up to 7 years after the

injury renclers the resection of íhese síuntps obsolete- Regardless of the time of operatíve care'

cruciate ligontent stumps should be integraíed ín the reconstruction".It is however not evident

whether the preservat ion of the stumps has an inf luence on the l i fe t ime of art i f ic ial  l igaments.

Further research on retrievecl ligaments is therefore needed irt order to confirm this hypothesis-

3. UNIIOITESEEN FAILURE OF PROSTHBTIC LIGAMENTS

The poor clinical results observed with the ligaments developed in

srrrprising since ín vítro evaluation of the implants has been

guidelines. Why do therefore artificial ligaments fail ?

the USA under FDA control are

performed following the FDA

flonsirJering that most of the devices involved have been subjected to rigorous premarket testing in

compliance with the current guidelines, a number of questions are raised' Were the evaluations

properly conductecl? Was the simulation of product usage concli t ions inadequate? Or is there

sornething fundarnentally inadequate itr the current approach?



To beg in  to  dcve lop  answers  to  these ques t ions ,  one must  cornpare  cur ren t  p rac t ices  in

bi6rncchanical  ancl  biocornpat ibi l i ty test ings with the state of the art  in analyt ical  science. In doing

so,  the  assumpt ions  inhercn t  in  the  c r t r ren t  recommended tes ts  need to  be  ident i f ied  and t l re i r

l i rni tat ions qtrest ioned-

Since these synthetic ligarncnts h;rvc been approved by the FDA, they are supposed to have fulfil led

the IrDA biomcchanical  requirernents, I t  is st i l l  our opiniotr  that the concepts used in the old designs

and t l re procedures usecl for thcir  evaluat ion arc inadequate for the cruciate I igaments [a1,44].  In

1984, we have been the f i rst  Laboratory to suspect that the FDA guidel ines were not appropl iate

(we wi l l  see later in detai ls why the guidel ines of the FDA are not appropriate) [8] .  Among the

weaknesses raisecl  the Ioacl ing mode (combined loading versus single load; displacement-control led

versus force-controled) ,  the tunnel angulat ion, and the lengthening were i i lent i f icd as very cr i t ical

for the pro.stheses l i fe-span [16].

I : lowever, FDA was led by a school of thoughts that rejected our innovative approach witho-ut

discussion, In 1988, we had diff icuit ies to publish our work showing the twist ing of the collagen

fibers in the natural ACL and PCL 1421.

Prejudice against art i f icial l igaments is also caused by problems frequently associated with the

development of any new product or method. The results of previous generation l igaments were

poor because of a lack of technical expert ise. In essence, synthetic l igament reconstruction offers

the surgcon a logical.solution by creating no new damage to the knee [12].



-fo cluciclate tlie reasoÍls of the failure we have to understand also thé Success- Konrad Lorenz, the

re nownecl phi losopher,  physician anrl  ethnologist ,  advocates that much mote can be learned from

t r ia t  anc l  success  than f rom t r ia l  and er ro r  [28 ] .  By  s tudy ing  on ly  random c l in ica l  ( re t r ieved

"fai lecl")  inrplants,  Jonathan Black, father of modern biomater ials,  aclvisecl  that we are nraking the

sarne mis take  as  cer ta in  peno log is ts ,  who,  w ish ing  to  know abor t t  c r ime,  s tudy  on ly  fa i led

cr iminals,  those convictccl  and incarccrated t4].  I t  is therefore interest ing to look at European

dcvices. wlr ich showed better c l in ical  results '

4. MECHANICAL TESTING OF PROSI.TIETIC LIGAMENT :  THB STATE OF

TTIE AITT [T9]

4.1.  Current  pract ices:  requi rernents accor t l ing to  the FDA guidel ines

Standarcl test methocls are neecled to predict the clinical performance of nerv biomedical devices,

however, there are many problems associated rvith the current standards. This is made evident by

the recent clinical failures of ligament prostheses. The test standards for the ligament prostheses are

based on specific forces; clinical failures can be due to many factors, including lhe surface finish

and the surgical technique. A device assessment should provide a lifetime prediction for the device,

similar to the manner in which airplanes have been designe<l for decacles; materials, component and

system testing is required to determine device performance.

Given the extensive recorrmendations offered by the FDA guiclel ines, and the impressive body of

scicntific experience on which they are basecl, there is a strong temptation to follow the guidelines

without actively consirlering tl'reir possible limitations or how the individual device being tested may



require adrl i t iorral ,  more exten.sive test ing. But recent and wel l -publ ic iz.ed fai lures of medical

cJevices ( l igarnent prostheses) suggest that these recommendations must be subjected to constant

cluest ioning, ancl  that,  dcpending on the device ancl i ts appl icat ion, test ing protocols may need to go

beyond the currcnt guidel ines to ensurc the safety of the device.

I t  is clear that lnost of the in viíro testings clo not reproduce the in vivo loading of the l igament

prostheses. I\{oreover, the biological variabi l i ty among the individuals and the large number of

diffcrent surgical techniques result in varying invívo loading of the prostheses. This knowledge led

us to dcvelop tools for the in vitro testing of art i f icial I igaments in more physiological condit ions

(torsion, tension, bending testing machine, TTF', [5]) and to adapt these tests to eaclr proceclure

(scc ch: rptcr  I t .3)

4-l-L Displacernent control led versus load control letr proceclure.

A I igament prosthesis is loaded by a 3D displacement and rotation of i ts bony attachments. Usually,

a load controlled procedttre is chosen, loading the ligament between precletermined values Fmjn and

Fmax- The load-elongation curves, irreversible changes in shape and the l i fet imes of r1ifferent

prostheses can be compared and conclusions for the service l ives under physiological condit ions

are drawn. IJowever, the rninimum load state of t l ie prosthesis is not given by a lower load as in

thc standard test but by the posit ion in the knee when it  is unloaded. Recently, a new version of our

fatigue machine al lowing load and posit ion control led cycl ic testing is under development. The

elongation of t lrc prosthesis is load control led in the upper loading period and the rnachine can be

switclred to posit ion control when, during the unloading phase, a certain level has been reached.
'I'hus, aÏ' zero load the actuator move.s to the same position in all cycles- The consequence is that the

residual elongation of tJre ligament which could be detected in the purely loatl controllecl test, causes



buckl ing in  th is  ar rangement .  T l r is  buck l ing occt l rs  in  a s t rongly  'concentrated area and the

prosthesis can be clamaged there- As a consequence, the cycl ing test i tself or a tear test after

cycri 'g, reve ars a dist inct weakening of the prosthesis i .  trr is region. To avoid the inf luence of the

resiclual elongation on the fatigue strength by buckling and on the clestabil ization of the joir i t ,  i t  is

thcrefore suggesrccl to inclucre this test into routine methocls- 
- l 'his tests would in fact provide a

bet ter ic leacf thefat igr re | i fe inv ivoof t | repros{hesis '

The fat igue strength of l igament prostheses should be testecl  under physiological  load condit ions'

i ,e .  test uncler normal gait  concl i t io 's. ' fo this day, no knee joint  s irnulator exists '  The most di f f icul t

problem of the in ví tro fat igue test of  l igament prosthesis is the lack of knowledge regarding the

bionrechanics, i.c. the i, vivo loa<l conditions. Fatigue-abrasion which occurs in vivo certai'ly has

the most deleterio's effect on implant survival. Nevertheless, its pattern is difficult to reproduce irz

vítro -

In order to ensure the biomechanical reliability of ligament prostlreses cluring several years service

time, laboratory tests are required which allow for the prediction of the mechanical long time

behavior. Methods have been suggestecl in the FDA-guiclelines for tensile and bending fatigue

testings i l91. Nothing is mentioned regarding torsion tests, or fat igue under realist ic condit ions'

i .e. combined loading.

Most of the ligament prostheses approved

A comparison of this approach to the state

by the FDA have been tested following their guiclelines'

of the art suggests a significant shortcoming : these tests



only provicle clata for non physiological  condit ions. That is,  cunent ptact ices do not determine the

fat igue resistance ul tc ler service loading condit ions such as the combined tension-torsion-bending

loadings to which the ACL is .subjected. Consequent ly,  l igaments that have been tested to 40

nt i l l ion cycles in the laboratory, rupture at 6 rnonths in the hunan knee [17].

IJsing a'fension - Torsion - Flexion fatigue testing machine (T1'F) developed in our Laboratory,

we have shown that the fatigue l i fet ime of ACL prostheses decreased dramatical ly compared to

standard tensilc fat igue testings used by most investigators [15].

To our best knowledge, among t lre different nranufacturers, only LARS performed similar fat igue

tests which are beyoncl thc protocols ancl provided fatigue lifetime data by using combined tension -

f lex ion - tors ion tests  [25] ,  I ]y  cyc l ing at2Hz f requency under  I  l0N tens ion,30 deg.  f lex ion,  lO

deg. torsion, the LARS prosthesis resisted to 22 millions of cycles without complete rupture and

wi t l t  507o of  the i r  in i t ia l  res is tance [Laboureau,  personal  communicat ion] .  The permanent

lengthening was found to be 5.17o corrcsponcl ing to  a lax i ty  o f  about  1.5 mm. This  is  a  f i rs t

atternpt to test a prosthesis under such condit ions. However these data are hypothetical, and tools

are needed to measure thc range of parameters in uivo (torsion, flexion and tension). Further efforts

must therefore be made to insure that the loacls and displacements are near to those which will occur

ín vivo (adapt the test to the surgical procedure and the patient's anatomy).

4.2.  Boundary condi t ions

It should be recognized that data on forces in the ACL during specific activities are needed to aid in

the design oI prostheses and to establish proper reconstructive techniques. The direct measuremenI



of ligament forces at the knee in vivo is irnpracticabre. As a resurt, mo-slinvestigators have used the

crara esrimarecl by Chen and Black [g]. In <lairy r i fe, the ACL is supposàd to be subjected ro loads

which vary f rorn 70 N in  c l imbing s ta i rs ,2 l0  N in  walk ing,485 N in  descending an inc l ine '  and

630 N in jogging. .rhese characterist ics appear to reave a signif icant margin of safety for ACL

protection with routi 'e activit ies. The varidity of these data is now questioned by the high rate of

fa i lure of  ACL prostheses.  In  addi t ion,  loac ls  for  a th le t ic  act iv i t ies not  yet  wel l  known are

si gnificantlY greater'

. fhe mechanical function of the l igament is to l irnit  movement bet' iveen l:mur and t ibia' From this

arises the concept that l igaments are loaded by bone displacement w.rich demonstrate a three

climensionar movement. 
-rïre corresponding force levers irnposed by 3D kinematics on ACL

prostheses crepencr on trreir mecrranicar propert ies; i .e. their st i f fness- Flolever, most authors have

used the tensile forces estimated for natural l igaments by Chen [9] whije art i f icial l igaments are

much sti f fer [10]- As a resurt, for the same range of movement, trre lrrostheses undergo mdch

higher stresses in service. In acldit ion, the surgical technique determinet; the angle of torsion and

bending and the strains and stresses to which the synthetic ligament is subrrritted- These stresses are

rlifferent from those existing in naturar Iigaments on which mechanical evar rations are often based'

The relative motion of the l igarlent insert ions ( loaded by displacen

conditions for the cleformations of the ligament when no other interaction '

:nt) give the boundarY

f the ligament rvith other



l iganrents or with bones occur.  Most authors considerecl  only a single,mode of deformation, i .e.  the

long i tud ina l  de Íormat ion .  The to rs iona l  c le fo rmat ion  o f  the  c ruc ia te  l igaments ,  wh ich  has  been

previously addressed in a qual i tat ive sense by Palnrer [33] and in a quant i tat ive sense by our

labor:r tory [14, l8] ,  was often overlooked. ' l . l ' re reported global torsiot ts from Gely et al  [8]  for s ix

clifferent femoral and seven different tibial anchoring channels for the prosthetic ACL ranged from

36 to 86 degrees. The surgical  technique is then important in order to obtain some ini t ia l  torsion in

the art i f ic ial  l igament,  whcn the knee is in extensiol t ,  so that al l  f ibers are arranged properly for the

funct ional jo int  posi t ions when the maximum strength of the art i f ic ial  l igarnent is required.

During every knee f lexion, the prosthesis is bent at the dri l l -hole entrances. At the same time, the

prosthesis is subjectecl to torsional stress. ' fhe changes of t lre bending angles at the dri l l -hole

entrances of tibia and fernur ancl tlre torsion angle of the intra-articular part of the prosthesis depend

on the direction of the dri l l -canals.

We have investigated the influence of different localizations of these drill-hole outlets on the torsi.on

of ligament prosthesis and on the bending angle of the prosthesis in relation to the axis of the drill-

holc [14, l8]. ' Ihe torsion angle depends on the combination of lateral femoral and anteromedial

t ibial dri l l -hole entrance. At the femur, bending of the prosthesis in the anterior direction

predominates; at the. t ibia, the l igament is mostly bent posteriorly. The bending angle of the

prostheses is general ly bigger at the femur than at the t ibia. Stress concentrations occur at the

outlets of the drill-canals at the tibial plateau and at the femoral condyle. With every flexion of the

knce the prosthesis is bent around the edge of the dri l l -hole under a simultaneous torque. This

combineil  bencling-iorque stress is superposed by a tensile force; rvhich depends on the f lexiott

angle. The result ing stress clepends on the propert ies of the prostheses itself,  the implantation

technique and its intcgration inside the joint.



claes et al. [10] showecl that the bencling rarl ius has a very important inf luence on the fatigue of

l iga.ent prostheses. To achieve long-term endurance of the prostheses this requires a large bending

racl ius at t l ie rJri l l_tunnel entrance. Flowever, the realization of this requirement is l imited by the

anatomical circumstances inside the joint. Fatigue tests using larger bending radii  do not correspond

to the cl inical contJit ions ancl reveal too high fatigue results'

4 .2.3.  l l f fect  o f  the rnethod of  implantat ion

The methocl of implantation has also

prosthetic l igan'rent wil l  be submitted-

an important effect on the loading condit ions, to which the

Some important aspects are highlighted here'

As mentionecl above, the preservation of the innervation in the joint (by minimizing the bony

tunnels and avoicl ing the harvest of autologous structures) wil l  have an inf luence on the loads on

the prosthesis-

The tightness of the reconstruction (pretension) depends usually on the surgeon's "judgment"' The

optimum amounl of pretensioning load is still subject for debate' It may vary between 20 to 70 N

accorcl ing to the l i terature. witzel srrowed that a pretensioning of 70 N resulted in tolerable

loosening of the prbsthesis for the larger kilee flexions (chapter II'5)-

It is irnportant to note that srnall changes in the tightness of an implant cause significant differences

i. stabil i ty and range of movement [2]. ' I-he optirnum tightness wil l  al low the knee to be extended



tu l l y ,  bu t  w i th  a  "spr ingy"  fee l i r rg  causec l  by  a  h igh  imp lan t  tens ion ,  s ince  we igh t -bear ing  w i l l

cornpress t l re joint  ancl  relax lhe i rrplant a l i t t le- The implanl,  whether " isometr ic" or not,  s lrould not

be under tension cont inuously since this wi l l  predispose i t  to creep.

Isometry,  when appl ied to an ACL. reconstruct ion, is def inecl  as fol lowing :  the distance between

the femoral and t ibial  at tachntents of the reconstruct ion rcnrains constant as the knee is moved in

f lexion/extension [2] .  
' I 'h is def ini t ion makes no reference to the posit ion of the reconstruct ion. The

definition of isontetry lneans that the fernoral attachment is constrained to travel approximately in an

arc centered at the t ib ial  at tachment,  when viewetl  in the sagit tal  plan. Because of the 3D nature of

lhe ACI-, the fcmoral attachment should be described as moving in a spherical locus centered at the

t ibial  at tachntent,  relat ive to the t ib ia- Isonre{ry shoult l  be measured by using á suture passed along

thc l igament Í ' ibcrs,  l inkccl  to a cl isplacetncrt t  t ransclucer or " isometer".  I t  is interest ing to note that

isometry is clepenclent on the range of movemcnt of the knee. Hefzy et al  [20] showed how an

increase in the range of movcment over rvhich isometry is desired reduces the attachment area

avai lable with a given length change tolerance. Cazenave and Laboureau [8] took radiographs of

pins in f ive cadaveric ACl--clanraged knee joints at 0o and 90o knee f lexion. They concluded that

the center of the circular arc of the posterior part of the lateral femoral condyle, connected with the

anatomical center of the t ib ial  at tachment,  was nearly isometr ic,  f inding a length change less than 2

mm between those two posit ions. This does not mean that there was no length change at the other

oosit ions of knee f lexion.

Isornetry is normally aspired to because this type of reconstruction avoids excessive length changes

of the prosthcsis (peimanent stretching) cluring knee function.



Cruciate l igarnent t issue fai ls i f  i t  is extendecl of approximately 20To', 'Algview of the l i terature

shows that the AC[. has a rnean reportecl length of 32 mnr, therefore an elongation of 7 mrn (22vo)

co'rd be expectecr to causc rupture. A more signif icant l imit, however, is the viscoelastic nature of

the t issue: this rneans that cycl ic elorrgation of only 60/o l-tas been reported to cause permanent

stretching of grafts, and that rcpresents att elongation of only 2 mrn'

since the extension to fairure of the naturar ligament corresponds to a force oí 1125 N to 2200 N, it

seems rikery that the normar motion forces wiil be approximately up to 600 N. At a load of 500 N

some art i f icial irnplants (the Gore-Tex bancl and the Trevira) stretched of 27o ro3vo- In that case,

with the irnplant much stiffer than the natural ligament, the length change will be only about I mm'

A rigirl ACL replacement would imposc lcree nrotion that would not be physiological- Thus, rather

than pursrring isometry by checking on reconstructions, a more logical approach would be to know

how to recreate the behavior of the ACl-intact knee. It seems logical to suggest that what is needed

is an approach that irllorvs the surgeon to iclentify the isometric spot that would have been found

when the knee was intact, and then to base the reconstruction on that location' Even with this

approach, normality could only be restored if  the graft were a reasonable facsimile of the

mechanical propert ies of the naturar ACL t l l .  witzel et al.  showed in fact that a nearly isometric

behavior is obtainecl when the tunnel is placed cJorsomedially of the native insertion point (chapter

i r .s ) .



Tlie prese.ce o[ a l igament torque during axial loading has inrpl ications- in the design and selection

of a l igarnent substitute, Based on this natural clesign, LARSR and rrevira lrochfestR developed a

design to l l inirnize the torsiott stresses' In the case of the LARS l igament, t lre design and

architect.rc of the fibers were anangecl in parallel to avoid the interfibers abrasion tlrat occurs with

woven or braicled structures. In both cases, the intra-art icular f ibrous part of the prosthesis is

implanted under a pre-rotation to the left or to the right sinri lar to natural l igarnents. 
'rhis structure

avoids shcaring forces between the f ibers during the corrbined tension, torsion and f lexion and

rnininrizes the torsion anglc'

These polyethylenc-terephtalate clevices al low t issue ingrowth in the intraart icular part '  Tlr is

ingrowth of conncctive tissue into the stnrcture of the prosthesis is a great biomeclranical advantage

[10]. soft t issue bctween the l igarnent f ibers acts as a viscoelastic element and protects the l igament

f ibcrs against fr ict ion relative to the clr i l l -c'anal as well as against fr ict ion among the f ibers i tself '

l 'he friction of fibers among themselves contributes to wear of ligament prostheses'

The natural l igaments originate from relatively large areas of bone, therefore i t  is impossible for

most of the fibers to be isometric; for example, those anterior to the axis must stretch during flexion

Il]- Multi-bunclled implant stnrctures will provide a closer approach to normal knee behavior, with

their structure acting in a rnanner analogous to the fiber bundles.

A prosthesis being. irnplanted isometrically, does not change its length during flexion and performs

no relative rnover'ents in relation to drill-canal and rleflection points. Isometric implantation would

be usef.l for endurance and stress of a prosthesii since a constant tensile loads would be generated

during pure flexion rlovernent and wear at the insertion spots could be minimized- A look at natural

l igaments shows that this aim of isometric implantation can never be achieved- Even natural



l igaments are subjected to strain of up to 4Vo

length of up to 1.2 ntnl  for an average length of

clur ing pure f lexion, Ggrresponding to a change in

30 rnrn for the ACL [10].

4.3.3. -lrqads-=tl Ptosl

We have seen that a retluntlant problenr related to synthetic l igarnents is to knor.v precisely

loads, rvhich are applied in service condit ions on the prostlreses. These forces depend on

surgical proceclure, tbe ntzrterial and tbe design of the prosthesis.

We have rcccntly clcveloped tools to predict prosthetic l igament deformations occurringínvivo

(chapter  l l .3) .  
' I 'h is  program is  based or l  our  prev ious work to  analyze prosthet ic  l igament

deformation for optirnal insert ion orientation. A software permitt ing to measure and visualize

personaliz.ecl knce kincntatics i t t  vivo was developed. The system consists of a mechanical system'

ecluipped rvith rnagnetic posit ion tracking sensors, which clamps onto the knee non-invasively to

obtain accurate írt  vivo knee kinernatics. Personalizetl  knee geometry is obtained rrsing 3D medical

imagery, ancl incorporated into zrn interactive 3D graphics environment. This system was found to

be suff iciently accurate to calculate prosthetic l igament deformations in vivo [36). These

6eformatiols whiclr are more realistic can then be introduced in the TTF fatigue testing system .

the

the
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F igu re  cap t i ons

Figure l :  NFp-  immunoreact ive Ruf f in i  nerve ending in  human anter ior  cruc iate l igament

(arrowhead) x390

Figure 2: pacinial's corpuscle immunoreactivity to S-100 protein in human ACL showing the inner

core ancl the lamellar system (arows, x 125)

F-igure 3: S-100 immunoreactive peri- insert ion nerves and Pacinian-l ike corpuscle in human

anterior cruciate ligament (arrows, xl25)
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