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19. Prosthetic anterior cruciate ligament
repairs: current status

H. Edward Cabaud
William G. Rodkey
John A. Feagin

Debate, research, and controversy continue over the management of the injured
anterior cruciate ligament. Instability, pain, degenerative changes. disability, and
even multiple surgeries may result in the patient with anterior cruciate ligament
insufficiency. In an effort to resolve the problem of the acutely injured anterior
cruciate ligament, we have conducted a series of experimental studies.'-6

Our initial studies' involved simple primary repairs of surgically transected an-

terior cruciate ligaments in dogs and monkeys. The anterior cruciate ligaments were
repaired with a single size O-Dexon suture, and the limbs were immobilized for 6
weeks in long-leg casts. The animals were evaluated,4 months postoperativel, and
the anterior cruciate ligaments were healed grossly in all of the monkeys and 7 of
the 10 dogs. All animals, however, had degenerative joint changes, as well as func-
tional and clinical instability. Maximum strength of the repaired anterior cruciate
ligaments in the dogs was less than 10% of the normal anterior cruciate ligament.

In 1976 Feagin and Curl"' had published the results of their 5-year follow-up
* study of isolated anterior cruciate ligament repairs in Vest Point cadets. Follow-up

in 32 of the 64 patients in the operated group revealed that 12 were functionally
impaired, 24 felt they were athletically handicapped, and 8 were dissatisfied with
the results.

Based on evidence from the experimental and clinical studies, we reasoned that
simple primary repair was oit an appropriate method, and that further studies testing
procedures to augment or reconstruct the injured ligament shoul Ie conducted.

When an injury occurs, the anterior cruciate ligament may stretch 30% to 40% bw

U The opalili 3O31 or .i%ert i013% coitaiiiid ii % this hIlpter ar th hepmate % I(%% .o' t lIirthor% did .ire ii, to

he ioiastrot-d as lficii or .as rel'ct t n-i \ ww of the I)Depdt utetit of thew Aruy or (th I)e partnwut of
I)ei ose. III t'ondi t' ilit the researcih dvcriled II thl% (-iih letr the ,thors adhered to the G uide for
aI.boratorl .I inal F'iwlitiry ad Ca d are is prozmi ,.led In the Coniliii tte. mli the (;iitle for I.iirnratorv

Ani al IResiircut%. Natim.i At.adei$ni of Scieiie%. Ndtin.i Iesearch ( omet'
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the timie it tails. There is a teiiiiots lood supply, which is markedly disrupted by
anl injury. Inadlequiate itlmmobilizationl and( stress f()llo~villg repair alls o may het conl-
tributting factors to an unsatisfactory result. In an effort to preclude the probilems

ssiitlwihriryrepair. a surgical technique using the medial one third of'

the patellar tendon was (dev eloped to augment or reconstruct the repaired anteriormenu cruciate ligamnent.' The purpose of this app~roach was to provide an additional blood
supply, have the transfe~rred patellar tend(on act as an internal splint fo r the hecaling
anterior cruciate ligament, andI perhaps provide additional strength to the repaired
com~plex.

Eleven dogs were used in the agumentation study. All anterior cruciate ligaments
were transected at the femloral origin of the anterior cruciate ligaient, since this
location most commnonly is associated with clinical injuries. The anterior cruciate
litgament was repaired with 0-Dexon suitures, andl the medial one thirdl of thec patellar
tendlon was then transferredl and placed in the intercondvlar niotch in the manner of
Eriksson. ' Thus the transfe~rred patellar tendon lay adjacent to the repairedI anterior
cruciate ligament and supportedl it.

)Itthe injured All repaired and augmyiented anterior cruciate ligaments hecaled.' All dlogs had
sahilitv. and clinical and functional stability in the extremity. There were mininial or nIo degenerate
ate ligament changes in the joints, and a thick synovial envelope surrounded the repaired comn-
ired anterior plexes. Si~x of the dlogs were sacrificed at 4 mionths. andl five of the dIogs were sacrificed

& at 8 months. The load (defornmation curves of' the Cailuire testing are shown in Fig.
anlsected an- 19-1. By 8 months bony ingrowth had occurred at the repair site and during mne-
arrents wvere chanical testing interstitial failure occurred. In fahct. one of the repaired complexes
bilized for 6 was stronger than its control anterior cruciate ligament.
rativel%. and As it result of this augmentation study,' we believe that primary repair with
*eys and 7of reconstruction or augmentation has become an acceptedl principle for acuite ligament
Well as func- injuries. Although long-termn studies are not yet available, augmentation has the
nior cruciate potential to produce the b~est clinlical result in acuite anterior cruciate ligament
v ligament. inj uries.
a.r follow-mi1  lin the next phase of our studies, we sought to develop at l)oIoradlalle ntraar-

*'. Foliow-ilij ticular ligament that would function ats the intraarticular splint.' B y using a hiode-
hinli(tionl).ly gradable ligament. autogenous tissue grafts. such ats at portion of the, patella tendon.

at asfied with would be avoided. Potentially the need1 fo~r postoperative imnmobilization would b~e
precluded, and the anterior cr'uciate ligament could1( lie- expected to hecal while the

aoeithat joint wasit allow~ed somec protected motion.
11divs testing Braided polvglvcolic acid ( l'GA) was selected ats the material of choice fromiin which

olltltlcted. to construct the- ligament. This material is strong, easy to hlandle. readily absorbed
to 4W% I~v over 4 to 6 weeks. well -tole rated intratarticalarlv. and prodnces little tissue reaction.

Several hand-braided patterns were evaluated uti ti IY -shaped design was selected
iml a re owt ete that Ihad phyvsical p rope1rt ies tha it apprW( ll i iatel match ed t hos so* the mnrinal canine
),I.artmvist of

'he indf fir ailt('rio ir truia ilt i gauuien t. Fl. . I19-2 s ho ws thet ('0 on part so n I etwve n a no rmal anterior
1 'r LaI N r.a. ir c rm ciate Ii gao let t and a t pl vgI ve l ic acid li gaol n t that Was tiSe(I in this stud%-." Thle

pro isthie tic Ii gallent was approi iatel y 8017c as strn i s a m normal an terio r erliciate
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Fig. 19-1. Schematic load deformation curves of normal control (log anterior cruciate ligament
comparedl to repaired anterior cruciate ligaments aulgmentedl with patellar tendon at 4 months
and at 8 monthis postoperatively.

100 Kgf

NORMAL A.C.L. P.G.A S

- i

DEFORMATION

Fig. 19-2. Schemnatic load deformation curves of normal (lou anterior cruciate ligament coin-
paredl to polyglycolic acid prosthetic ligamnt. (From C.ahatid. [I. E.. Feagin. J. A. andl
Rodkiev. W. G.: Am. J. Sports Nled.IO.295, 1982.)

ligameonit, but it was slightly more compliant. The strainis and~ vnerg absorbed to

failuire were simtilar between the normnal and the prosthetic lioanteuts. butt the pros-

thetic ligtament had higher ultimate stress andr moolmllis of elasticitv ats at result of its

smaller (dianmeter.
We evaltuated the biode-gradable iitraarticular ligamient ill (anilie stifle joinits.

F~olloingl) t ran sect io o1 f the anlterio r crticiate Iitgam en t at tihe feiii ral (01 idlle and

repair with an 0-Dlexoms sutitre, we reinforcd the repair with the lolgyOlLacidl

l itan nen t. The tails of the Yz-shlaped li gamenlt were piassed thrIirogh parallel drtill h oldes

in tile- fe'moral condle Thsen theV 1)11k Of theV ligamenC~t w' asd through at vertical
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holeC in the tibia and two transverse holes iii the ttlhjal tublercle. Thie biohdegradable
prosthesis was placed with slighItly, greater tension than the 0-Dlexoii sutures used

to repair the anterior cruiciate ligament.
The dlogs were killed humanely, the legs were amrputatedi. and tile knee joints

were evaluatedl. One dog was evaluated at 2 weeks postoperatively, one dog at 5
weeks, and thle remaining ten dlogs at 4 months, including one dog that had not b~eenl

immoilizd. n th do evaluated at 2 weeks, the ligament constructed of PGAwa
intact with no evidence of degenerative changes, with no svnovitis, antI with mild

residual hemlorrhage from the arthrotom y. The repaired comiplex requniredi over 40
kg of force (kgf) to rupture. In the dog eautdt3wekhemjryofthe(

p~rosth~etic' liigment had been resorled. Thie remtaining extraarticular portions of the
1 ig~ai ieit were still in tact and showed little chat ge h'oi the( t neoth instIi(I

;cci~ut li~z~nent litraarticuilarlv there was no svtlovitis (or dlegenierative changes. but at thick vascular

svi it 45 motsSlial envel ope I adl (evelil Ipeu aroti tid tilie cominp lex. Failuitre test iiiu 'e rerd 1(5
kg,, to disrupt thle hecaling anterior cruciate ligament, which failed partially inte rstitially
and partially from its repair Site onl tile fc~noral cond It..

The remaining dogs were all evaluated 4 months postoperativel\. All repaired
and reinforced anterior cruciate ligaments had healed, including the one in the
noiimilolilizedl knee. As in the auigmnitationl sttlv.', there \%vere minimal or no
degenerative changes, and at thick residual svnovial envelope was plresent around
the repaired anterior cruciate ligament. Clinical evaluation revealed that tile length
of' the aniterior cruciate ligament at 4 months wa-is 20.4 iii, compared to a normal
anterior cruciate ligament in thle dog, of' 19.2 min. Anterior drawer testing nornially
is I ilin (or less iii tile (1(g. and at 4 mnouths five oftile dlogs had normnal drawer tests
and five mieasuredl between 2 and :3 mm. i. 19-:3 showvs load dleformation tests
comlparing the no~rmal canine anterior cruciate ligament with the augmented paitellair
tendon andI tile lolIygl ycolic acid ligamnent-reinf'orced curves at 4 iontlis. InI addition.
several of' thle repaired and conitroIl anterior criiciate ligaments were incubated in
tissue culture with sulfuir-35 to determine proteoglvcan production. This technique
is anl evaluation of cellular viability, and thle repaired anterior cruciate ligament

liaz~mi'ent comi- showed 142% more activity than the control ligaments 4 months postoperatively'.
.~n .A.. and We fe'lt that, as a result of these studies with the biodegradable polvglvcolic acid

ligament, it was saic. strong, well-tolerated, and had satisfactorily provided tile
sp~linting functionl desiredI to providle c'linic'al andit functional stab~ility in thle (logs.

lbsorbcd~ toi I lowever. the miaterial had resorbed by 5 weeks, and at ligamlent inltend(ed for human
buKit the pros- clinical list, must proIvide support over at longer periodl of timiie.

.I result oKf, its Trhis b~rings (is toI thle quetstionKo iK permanent prosthecsis f'or anterior cruciate '

li gamni it reconiist ruct ionK atud t he cuirrent statuis oK' t lis probII lem. .Al\ nv ermniienit

-flt- jiniits. pros5thlesi s inuist i neet thle fiunctional. ph\vsi Klt gic, and 1 ionililaI)ical characteri sties

1 it Is le and Ofif a mu al atittrc ru ciate li gaiiitent." S'~uch i pro sthles is ill ist be b ioco unpatible

% -I\v~ (.ii' acid atl idIur ial le. show comniparale It' i eeliical pro per'tie's, and beI Siurmgical ly imiplan ted
iIc ('11 ril hole ~ts w4ith Ii i'' C s ase, V 't .i11sv fir t issume inico1rporKatio o u r replaCCeiUllnt over ani ap)rK-
igh0 a s ertical priate period if timev.

7 . .- '
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Fig. 19-3. Schematic load deformation 'urves of normal doz anterior crociate li.ai nvint coili-
pared to repaired interior cruciate ligiaments either reinforced with pol% 1i0 colic acid lizalent
or aumictited with patellar tendon at -1 months lp)stolperatively. ( From Cabiaud, II. E.. F'eagin,
J. A.. and Rodkev W. G.: Am. J. Sports Mcd. 10:295, 198:2.)

The anterior cruciate ligament bionechanicallv provides stabilitv to the knee
joint, 'guides joint motion, and prevents excessive motion. As surgeons we find
ourselves attempting to restore biomechanic stability of the knee joint with repairs

(with or without reconstruction) following acute ligament injury or with autogenous
tissue reconstruction for knees with chronic instability. Currentlv. surgeons are con-
sidering replacing the anterior cruciate ligament with a permanent prosthesis.

Biologically a prosthetic anterior cruciate ligament could be biodegradable, bio-
degradable and replaced. partially biodegradable, or permanent. A variety of ma-
terials* have been evaluated, but the only truly biodegradable substance evaluated
is polyglycolic acid.' Partially biodegradable or biodegradable and replaced materials

* include carbon-fiber ligamens and a PGA-Dacron material, which we are currently
evaluating. Permanent materials that have been evaluated have included Dacron,
Marlex, polyethylene, polypropylene, Proplast. Silastic. stainless steel, and Teflon
(Table 19-1).

Our current approach is to develop a partially biodegradable ligament that un-
dertzoes controlled degradation and appropriate replacement by fibrous tissue. We
have attempted to match the physical characteristics more exactly by varying weave
patterns and composition, yet allow for a desuzn in which fibrous tissue ingrowth
can occur over a reasonable period of time. We believe that such a material canl not
only potentially be used for prosthetic repairs, either for acute injuries or chronic
instability. but also for prosthetic reconstructiou. rite tiaior problem it prosthetic

* HvII r.n'e. 2. 3. 5. 7. 1. 11-23. 25-2h.

.. ~~- . .,.. . 5 5.":. . , .. -
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Table 19-1. lvaluation of ptrmanent naterials for prosthetic
anterior cruciate ligament.

Ph% %icaI prope~rties*

Material Stress Strength J Elongaion

Braided Dacron-silicon- -
Braided wire" - 12:3.75 ktg," -t

Carbon fibers
PLA coated, 1.5-2.76 GP, - .4-3.r0%
Plain' -

Dacron tpolyethle; e tereph-
thalate,
hieat set" 40-50 psi -50-

Knitted 'Teflon coatetd :  - 29.2.3-40.50 k ,t -
\''i:::' - :3-1.2 kt
Xxo\ t'11- - :3.2 k, -

Ethihon' - 36.0 ki.,- -

Ah id I.za iun clit No c x Fe-tht-Proplast-carbon'" - 6S kiz 2. 4+;'it
15S kJ, 2:3. (i(.T

II. E.. lc.iii,. Pol\ (tli\ lne' : tltrahigh too- - 420 Nt 10%

lecular weiightl

Polyprop\ ien,
to the knee Braid- - 1.506 :t 12 Nt .50 ± I
-)Its we find iii

with repairs Monofilaoent twiste([ - 9.3 kt, -
Sijatic-IDacron Variable,. dependinit on construction

It autoiZenous Teflon - 1 1. Ibt

cons are con- Tt.\it.k" - 56.25 kt,, -
istiitesi .

radable bit- Repurted Ikx mithtors or patents.
rV\' ie at ultimate llihlire.

iriet" of Io a- , \Lh .it ld point.

ice evaluiated § Based i lIitial h'noth of 250 mn.

-:ed materials
Ire currently niagemflent of anterior cruciate ligament injury or instiificiene" is the intraarticular
ted Dacron. environment. There is rapid tissue breakdown, and the blood supply to the inter-

ind Tefloi cond'lar notch structures is limited. There is rapid absorption oflegradable materials
and dela\ed fibrous ingrowth that remains disorganized over a prolonged period of

wnt that utin- tine. There are also extreme torsional and tensile stresses in the knee joint. We are
, tisslne. We explorio- the literature to find methods in which we (an alter the s'novial fluid
ir\ li:r \we;.e\ v environment to enhance its tissue nutrition and minimize the iadverse effects of the
lit- unvirth dviradativ' enzvmes.
(1r,,,l van not A variety of permanen tt prosthetic liga;menIIts hitive I l.n eval ,ated. ()ne of, tihe
, ,ir chlroniic initial moelS wis ia Proplast sttint. which consisted (of a core conitaining Tclonl and

i Ipstictic aI stih tiber coated Iby Proplast that contaiit d earbl i fiber to stimulate fib roisis and
* attach1et., ", The lit.aini',t had adequate strength and extitnsililitv and was readil'

Iiwd ss with a metallic stalplh. Tie lit ameit was iinitially desigined as an internal splint

a
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to ensure stali itv in at cast. mlainiitain it norm al path of* miiiioln in tie( jo int, and adllow~

sound healing of repaired and reconstructed ligamlents and tendons. It was anticipated
that evenitual b~reakage would occur. Tlhe results of' a clinical study' usinig Proplast
stents (19 patients) was published by W'oods and others."~ All patients had extensive
extraarticular reconstruction, lint at follow-up ejiht patients hadl broken stents and

50% had lost stability. Several patients required remoival of the Proplast stents. They
considered anterior cruciate ligament reconstruction with at Proplast stent at salvage
procedlure and expected this prosthetic ligament wvould fail." Thie Proplast stents
thereib)re showed more promise ats ligament auigmentation (levices, and( thus provided
additional leng-th or better fixation wvith patellar tendon-anterior criiciate ligamient

* reconistructionis. 2'
Dacron has been evaluated for anterior criiciate ligament reconistructioni. 11,1 It

is somnew.hat more compliant than the Proplast. shows good bony ingrowth through
bony canals, and some fibrous ingrowth occurs into) the interstices of, the ligament.
It is well-tolerated intraarticularly. but has been uinsiiccessil in dogs its ani isolated
replacement.

Arnoczkv' has (demonstrated excellent vascular ingriowvth by inicroangiographv
techniques into Dacron velour grafts with associatedl fibrous tissue ingrowth. The
fibrous tissuie has remained disorganized. To (date Arnoczkv has not evaluated the
strength of this D~acron velour reconstruction.

* ~ ~ ~ ~ V~e are still searching for a prosthetic ligamn wit sfcin trnt andap
propriate compliance and adequate p~orosity to allow fibrous ingrowth. A ligament
that has a scaffoild principle is one possibility. Our preliminary studies with at woven
PGA-Dacron combination scaffold has the potential of allowing fibrous tissue in-
growvth as the PGA is resorbed and the Dacron fibers remain to provide the porous
matrix for fibrous ingrowth. The weave pattern that we have ev'aluated is not sat-
isfactorv: as the PGA is resorbed the weave pattern becomes more open and allows
a markedly increased compliance of the prosthetic ligament.

Studies of carbon fibers and carbon fibers coated wvith polvlactic acid as ligament
replacements have been conducted both in animals and inhmn.23 7I4Although

the carbon fibers stimulate extensive fibrosis and collagen formation as they break
up and (legrade. as anterior cruciate ligament replacements these materials have not
been successful. The carbon fiber is extremely brittle andl has insufficient elasticity
to meet the dlemands of the anterior cruiciate ligament. To protect the carbon fibers
in the intratarticular environment, it appears that anl autogenous tissue graf t, such ats

4 the seinitendinosus or patellar tendon, is required.

The question remains: is at composite graft needed to mevet both the mechanical

dlemfands and fibrous tissue inigrowth requirements' A composite permnanent p~ros-

thesis deve-loped in C;anada conlstruictedl of' a compressible Silastic core eoverevl by
hi gh tensile D acron fibe rs wo veni over' thle Si last it has ap)ropIlriate' inlecham ical prop~l-

qerties. vet the colmllhlxitv of' this design would iiot withstand the( test of, timet in the
knee joint nor would it allow. fibrous tissue ing!rowtli.2

Co l lagenous t issiue's miide rgo plastic dt-lormnatitn be fo)re filu re. The( ante rio r cru -
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blt, ad~ altow ciaitt. lii-'liiit is 114 cw-tiol. Itha all t-lstic phase il it 'ph-sicd propt-rties thait

itas ant iipated allows 20, 1 to 30)% deformittat iton befo re teach iii the plt- asti phI)tasc.' I atl im of*i I

ositt. Proplast men [ts ill this phatse wouild allows ttlla"itoltii tisslits to remod~l findeltr iiite ~liCit-a

-: Iel stenits and( intto ontaizit-t strttittcr tissuc thait C-all withistandt the sdrt-sst-s of'a itnormtal ci-ate

* ist stenits. nht-s ligllitet. ( )uCC SatiSlalCtOrv\ Iboll\ fimationl is achieved %%-ilh a Ipiostlittic Iildittiet

,,ten t at sialc t rad ial traitsitio of, i t he Ii als friont tilit- pri st Itttic Iitzameinct tto t it(- regrownt or iii grt w

Proplast stents filirotis tissti shouild allow ita permianent priosthecsis tot hmitctioii over at proilotgtd period

(I thus providled ofi tilit. WC e tlieve that at s\iithectic substitute is fieeded. LIlittd success with

iciate Ii ailnt Iil iie itt at i gi iti tt i( ii (ItS iLcs hll, AlCReadV I -il .1t a IClrit Pctlprop~len( stents ats
,it.ietatItil tdcSiccs Ita~t lbtti lisetI ill iats andt int ltiiiiiaius with ectturaugimtg

,tructioit.'1 It results.

'ritist thtrouugli 'Fit( uljiitial andl iiu cstitaltilal goals are itttii1ttOtiS. hult acLluiitteiu~lts ill neWls

4 f* thte lig-auuiciit. foritinitcd mtaterials. both liiotlegimlale and perliant-tt. as well as iii jro eiiit

IS .1it 1S islattet ill surgical t'ch iquie with It abe tter tiide rs tat d in of tlit anatoi adi iti iii ltau s will

fliciIi tate d heselopitle nt of' pro st het ic li gali e t s. TIhte g oal s that we imuius t st ri S fo r
:-ttititgrphvinlde the teVeh11Ip-itttt ofa pio0sthie'sis thact is biologincally compa~xtible. hats adtc(ilatc

c r a n O -t h. I l tyt e g h i d c u t l a u e is e a s y to t in s e r t s tr in ic l oi pO c t a l a r l r i c t p c l

esal tiated ~ ~ ~ 111CInel tttillV fit tcLt iOl its aatitit 11a I aitn tc r cii iciat t ait t 1C it. and y vt pro v id1es it

satistfactory scaffold for fihbtous t issuet imuguowth.
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