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Fig. 1. Schematic illustration of the grafting procedure. A bone
tunnel (2.5 mm in diameter) was created perpendicularly to
the long axis of the tibia and the extensor digitorum longus
(EDL) tendon, which was then released from its origin, passed
through the bone tunnel and sutured to a medially inserted
screw.
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Fig. 2. The finite-element model used in this analysis. Material
properties modeled are C, cancellous bone (E = 500 MPa, v =
0.49); B, cortical bone (E = 15 GPa, v = 0.49); T, tendon (E =
800 MPa, v = 0.49); IF, interface tissue (E = 1 MPa, v = 0.49).
An average tensile stress of 16 MPa was applied to the lower
end of the tendon. E, Young’s modulus; v, Poisson’s ratio.

Table 1. Histological classification of the tendon bone junction
4w (n=7) 6w (n=9) 8w (n=28) 12w (n=7) 6mos (n=9)
Morphological class E 1 E 1 E 1 E 1 E 1
Upper side
Direct type of insertion 0/7 0/7 0/9 0/9 0/8 0/8 0/7 0/7 2/9 0/9
Collagen-fiber continuity 5/7 6/7 4/9 7/9 8/8 6/8 311 517 5/9 19
Interface without fiber-continuity ~ 2/7 1/7 59 1/9 0/8 1/8 2/7 0/7 09 3/9
No interface 0/7 0/7 0/9 1/9 0/8 1/8 2/7 217 2/9 5/9
Lower side
Direct type of insertion 0/7 0/7 0/9 0/9 0/8 0/8 0/7 0/7 0/9 0/9
Collagen-fiber continuity 0/7 1/7 1/9 1/9 0/8 0/38 3/7 0/7 6/9 0/9
Interface without fiber-continuity ~ 7/7  5/7 8/9  4/9 8/8  2/8 4/7 077 19 09
No interface 0/7 1/7 0/9 3/9 0/8 6/8 0/7 717 2/9 9/9

Upper side, upper side of the bone tunnel; Lower side, lower side of the bone tunnle; E, at the entrance of the bone tunnel; I, inside the bone tunnel.
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Fig. 3. Photomicrograph of the tendon-bone junction of a 4-week specimen (Masson trichrome stain, X 40).
(A) Upper region, entrance to tunnel. (B) Lower region, entrance to tunnel. Longitudinal section shows differences between upper side
and lower side. Note the presence of an extensive fibrovascular interface on the upper side due to the pull of EDL, and of the foci of
chondroid-like cells on the woven bone layer on the lower side. BM, bone marrow; C, chondroid foci; IF, interface tissue; T, tendon; WB,
woven bone. Scale bar indicates 100 ,.m.

Fig. 4. Photomicrograph of the tendon-bone junction of a 6-week specimen. (A) Upper region, entrance to tunnel (Masson trichrome stain,
% 100). (B) Lower region, entrance to tunnel (HE stain, polarized light, X 100). (C) Upper region inside tunnel (HE stain, polarized light,
X 100). (D) Lower region inside tunnel (Masson trichrome stain, X 100). BM, bone marrow; IF, interface; T, tendon; arrow, Sharpey
fiber. At the upper side abundant collagen-fiber continuity is shown. In contrast, a woven bone layer is seen at the lower side. Scale bar
indicates 100 ,.m.




276 i

!

Fig. 5. Photomicrograph of the tendon-bone junction of a 12-week specimen. (HE stain, X 100.) (A) Upper region, entrance to tunnel. (B)
Lower region, entrance to tunnel. (C) Upper region inside tunnel. (D) Lower region inside tunnel. BM, bone marrow; IF, interface; T,
tendon; arrow, Sharpey fiber. At the upper side abundant collagen-fiber continuity is shown at the entrance, but the anchoring fibers
inside the tunnel appear to be attenuated. At the lower side, the interface tissue inside the tunnel had disappeared, although the woven
bone layer had become more organized and lamellar bone was observed at the entrance. Scale bar indicates 100 ym.

Fig. 6. Photomicrograph of the tendon-bone junction of a 6-
month specimen (Masson trichrome stain). (A) Upper region,
entrance to tunnel (X 100). (B) Lower region, entrance to
tunnel (X 100). (C) Inside tunnel (X 40). BM, bone marrow;
CF, calcified fibrocartilage; FC, fibrocartilage; TM, tide mark;
WB, woven bone. Direct type of insertion is seen at the upper
side and less organized interface at the lower side. The grafted
tendon and bone are in contact with each other at both sides
inside the tunnel. Note that the reestablished tendon-bone
junction is well organized at the upper side in comparison with
the lower side. Scale bar indicates 100 ,m.

Fig. 7. Tibial insertion of a rabbit anterior cruciate ligament
(Masson trichrome stain, X 100). The junction is composed of
four zones. L, ligament; FC, fibrocartilage; CF, calcified
fibrocartilage; B, bone; TM, tide mark. Between calcified
fibrocartilage and fibrocartilage there is a tide mark. Scale bar
indicates 100 ,m.
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Fig.8 Stress distribution in the bone tunnel. () Contour plot of
tensile strains in the bone tunnel. (B) Contour plot of
compressive strains in the bone tunnel. (C) Contour plot of
shear strains in the bone tunnel. Note that the highest
compressive strains are concentrated in the regions at the
entrance the highest tensile strains are concentrated in the
regions at the entrance and shear force is dominant inside the
tunnel.
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Fig. 9 Schematic illustration of regeneration of the tendon-hone
junction at 6 months. Collagen fiber continuity is observed
where tensile force is dominant. Inside the tunnel, interface
tissue has disappeared where shear force is dominant. Arrow
indicates the force vector applied to the interface tissue.

% =

BaB AR-IPFRAIZRBIZONT, BHIEGIIHT 2
BOBEEMEEHAL T2, BEREBILIZEET S R
EOEHEBIC BV TR T AR TV B8, BILATOMERIT
EOBELRBITRZHEEIZBEREINCOE Y, S TLETT
FHHRGIEFHEEOSURENE L, 20oBELREV
HIEFICEELRME TS 2 PR BB BT 481
L ERMIEOHENS . BT, BAICLERIBERA
ITRERCHEROSFIFRELZ &, FEROREERH
BEHOMEFHRISNTORWI Lo b HEEIC X B HREH
PREEMLMRE Lo TW5E, HREE AV FRFICOWT
b, POTHERBTHORE SNEH ZMERSEENHO
ERTH o7, MEORR & & RERBUIME S BB, S BT
BEHE VAR M) Y FR) FHGVDEFESRESNE T
HRT B2,

BERMRE FICEE T 5100, BICER L BTl (3
i) EFIESAATEET 2 FEVWHEERICHES ¢ — iz v
bhd. INLOFETIE, BEBTHAEA NS £ CHKE
MR BEDESPEEL AL IR I THE, T,
BERMICEREBITHREICL ) SNBSS R 2 0 E
VhD. —F, WHFEEERATOREIE 4L L
ETETREDOLNDDH Y, BETIIBHIE O BEEE & 214
OBEBFEREOELT, HHRBRLH ST B
HEZITIVDPEIMELINE) F— 3 yINEE S NTW

27 EHREFACAEETY, BERESERL LTAVS

M

Z LT, BEROMEREOMBIIMksho0h b, LiL,
JB il 7 & DERERHLEL & AR L L O W AIcid, BEs
L CTOWRAERENLZORIPIUNEY F =Y 5 V|ZIERG
{) gw?a).

Pl BREBALERIC & 2 RIS BT O EIC L B4
FREVLETSH Y, HEREEHE LA 2 g 5 1T
EFPHLPICT A EIRDON S, BITIHEL 288 5 5A
ELTHLIEBILRAND 7 1+ 7 P HIFEHEIZEAT Y, BIRKE
-+ (bone morphogenetic protein, BMP) -2 % & D B 5- A5 %
ENTWAEYS FilETEALE D - ’Cliﬁ'b#ui Lo
TWA 7, wfﬂ%mmmebmweu&w LIZEDE
EHEIZ D A #Db'ﬂymﬂﬁ.mﬁ‘ﬂmllﬂI’Q‘TMM}\ 122V T DI
FTAZI L, BATERFIAE L DWW C D IR 7 v,

S B AT IR AR AR T o E QMM B ED—D2 Th
b, THSIERE A LTIy Al L Al 2
EDTESL, Thbb, FALMESETILETA ML ZADE
FEOELTWALNDEFEZ NS, 1EH 2B BT HIE b
Hier L Mok c& DY, iR a3 ¥, IEFHIK
ﬂJI;k Blg, FIRICIRAEE, 4Fo 4 PR YR E LTwa (|

o ARYT T S IR 2 R K 2 L AYECH

. BATERC B TE EWAF (i ’i’ik%;‘ﬁ’d‘lo:’ﬁil:%ﬁiblti, e
;YJMﬂ (superficial fiber) & %N HE (deep fiber) H5dh ), (R4
AT REDEFHAMTH L0 L, WA C iz g
MMEDTENS e B IHHERE & C LTRGBS I8 & 0> e %
L, WEBTIE, 277 B H S & DRI n A
FNHBBETHEORLEEZONL Y v — lf—-:’ﬁil’f: CEGm e,
perforating fiber) 4%, B L& DHiFEEBIhoTVEEEZ LN
TWwWa®,

HILA T OREE BT EA M2 2T, Rodeo 5 ™3 M
0, NENEHRET AT AR A ER Y S lE LTy
b, Thdbb, BITHOEA BRI S SILBENIZ, MFE
CRMAMPTERENDE ZEICL VBT, Sho ORI
ANDOFHHEIZE D EITT S, R, ¥y -
BLL TR OM & B 2 &4 5 M (O v — & — R,
Sharpey like fiber) 4% H AL 5. FLIRTHLMG I ZAREE A ISR L
MR ADTET B E LTWA, SLRIICEAL S Lz 337
LAz SRS A (biological incorporation) ASELY $ A 44
2w Tid, BERSL L ogr--E R R REairEr R e b
ERIZH S DD H LW,

BRI B2 B HEIZOWTEH L OMRALH BV, IE
71 LSBT A 2 B % 1 U @ TR L 72 Roux
D#z %D LIz, Powels"lZiKE (F38)) oAz L )ik
TERAME S MO MIRIC L D 0 T — 7V BT EL & 45 A
DIGENFBIAETEZEILE L7, Powels DHEH % HE
S, Carter b2RIEN E OTADHAELEIZL YV Rz
HHEAFEE SN L EZ 2, 728 2, BBOBKENTRVE
FRREERAEAE 20, OFRAKE TSR R AR
BN, WE DTG S MR E~O DAL LS & LTWA.
72, TROERHOBESEL EMOBRICL) 3FEEh:
iz ET2b0L LTS,

NS DR BT BEIEA, BH L ikFMas oy
DDIZOWTELThRTWA, Giori 69 13, KM ATLRESR
HiE N EEOEEBRFIZEO N A 27T ¥ b TICHRHERE
AL hBERERANLAEZ P IZFEH]. FOHBFFRL




WEE AT SR & IR I D% 279

W, 0.7 MPa Dk EIG kG LR (2 L 10% L Lo v
AT HARER 2 T ISR B E LTV S,
TSR 2 3, T M SR A B
Ehoobhs!,

LAY, B B D R B o e b
94 % >, Bvanko & YEFE TIN5 EEALIZ B W TRER OH]
MAAHRHER B 2 L LB 2 & R ML, MKW & HKRE (F
SHID I B E LA EE L R LT WA, Giori b3
FEMEFL s+ 52 & T, HADHKIE (EHT)) L@
DR I8F — 7 DRI & AEAE IO CHTENE IC & CHML
TWAIEFIELTVA, Thabh, M CHNEZEL
[ERHEGTBHATIRTOF A7) 52 OB L RE SHH
KL, #l2a5 =4 @EINELCRDERELTWD., 12
Matyas & ™, FIIBEIBA O WA & B RS HICE T
FEM {2 £ B EH S b 2 17w, MBI & ikd B2
HoTwa, JIUZLIUE, T7—4 LMo T e
MOF BB HIC L, ZOKESICLAFTHRL &
UM 5. —J7, S clIeme sk e &l
el LUHL £-MEE R 5.

SO E F L b &GOS IGLER@ E, T
G A0, FCILEMIZ S L wA L. £ AN, ko
0 B R ATH & BEATIRAT & A L THR 4 124~ & 20T % Al
A EE, BATBITIHI SIS OMFRIZoWT, Eok
3 B SIARAER )  DpAREME 2B, LA L Ao R R
T E DB BT ORIV THFbNREHS P a8,
R, BN BEEC L W BITMOEEMEES NS L 8N,
Wi D B 2 (AR 1B S T & W, B ERT
&, REHEIC & 0 BT O MESRRIRT 5 Z &4°
BEshTwa W0 s hso—RFET2HRICHTHH
FERE RV, AETIE, BIREBTREA R
BT BEBHET, BRI & B G BITEHE LB
DN FEHELFEMEF LI & ) BB ILAOIE 54 &
DULEIT) 2 &C, MEBITHEAICBIT2IEN0HE L
BTLHILrw e LTl ET 7.

F MM T, BB A TRl O LW & TR
TIEW S IR % - 7o % R 7z, 34 do b BN R #1i]
(4 — 83H) 2BV T LTI 4UGERMEER 2 BE 123D T
5, TR TIEE IR Rk ERoRRE &b ICBREPBRS
AT, BIFRIZEVT, ¥ —E—MHEE LD MRS 4
BIL A EE MY @ - 8E) IBWTERIZHLTWw
#, 64 BEETIATABATMAMIE ATICIRE L CHgsh
PR AT L TH & b ICREOEATHELE LTV &
DL EFLTHMALDBTS MiEEA 2RO 00, 4BHEE
S EEESIEEILEMICOAED L.

F 7, SEBAWEEWETVICBITABILNIE IS, B
BHEOMMT 2 b b AR TRITHFIBESINDL ET—EL
EiHNb., FEMEFVTIREILAOWG OFCHEIZB
T, BANCEIERIES, TRICERGHF RO b, Thabb,
BILOREH#AETIE, BLLMCEEr BT L5 3HTH
GBIEMST), BT T2l % & 1230 LA 2 7 (EMRIC D) 2°
i EEZ5NA (M8 A B). IHHIFFILEHEDEVHEIZ
BELTHEobN, —7, BILE@MARTE, FILETAT
EIFEE LR ANTE ) 2 BFLA O e O B R VW FE B TRR

W 7: (Z8C) .

AL DT £ FEMETF VORI RF T2 s, B
OB L TR HSAFEINTHD EELD
A, BLOEWMEBEERIIATETH Y, FIRIET] & BE BT
HEVER A 00 AR T B LA, M BIL T IR A
FThHY, EHEH) EREBEOMMEITREENS, ADNT
T AL LR AT LA S B, BT ATTER
T, BILATIREEIIRET S, £0/-d, AL CIER
LA ERAED HILLERbIS, £/, 6 AL TIEEIL
ALEFMC O BIFHAIEE S Th iz, ZUdEIl Mmoo
FTFEATRLIT B Z LA & W IR Tl o fasgst L, Tl
2SO BB ol EEZ bNE, —F, &
AMFEITEEILO TN TIEE A LSRRV L s, BEE
N7 MR S & SV C &9, M BT Rk, B
WloBWTIELAEMG LAV Bbih s,

AIFFEDEERIZBVTLLT O 3 UL MIRIENE ZATHE &
¥il thbb, SILEMTE, Vot ARENIZER S L
FEAT AR Z I d L7z, B IL FIIALTETIE, il B
THRAR ISR, RHATTERATE & A biL, o9 — 4 R
WEEAERSNARVL OO, WIS AATBK 2Ty
7o, TSN RN L 2oH e & 6 o JTER T, LT LT
&b I YHITHLER AR AT A LT (M 6C).

F9, AL LN B TR T, AL T
T o 72 IFEBITHLRHEE S STk Lzl EizonT
LFosEsEEoha, vhbt, BT TTE~
BIHaL stz ACHB LM -Cla ikt & 4 & oA R E (%
h, REHMEEREADMTELZbOEEDIS. 200
W TIEBILE E THERIE S A5 ) BITHATER S LS
2%, RO R ML M L BT AR 8 L/ f2isid, 5l
BBIE DM S R hhlwllmrsicilkLizboBEbh
L. FRERDPRTHMEEICHM M TS E LTI
TELLDEEDLNLS,

Sz, BT TR ARG R bR LiZow
TN OES RS S D . P ADHCIEERIERY 12k
LIBHER &M L2z, SRS EERISIIC L ARG, B8
S OHTRIEEEE & LTI S B b0THY, #MEoRy
EFFLAEVHRTHE, —F CREMIZTNTS AR
WT BT BES N2 I, BB 287500
AL BODEF L. Thabt, BILALEA SR L
I TR SN H R EB RGN 22T 258 H D (¥
9), BITMHEEEIOBLLABEIZIEA200TIEAVhER
Pivze, Lo Lads, KAFEME7F VISR B OES
G ERWEL Thh i, AHROBPGEEBbiuk.

12;A8L 6 ABETHE, FILAHO LT WM TR R S
RO RPBE S NA, TNHOEREE L CREITHERE
BHEZLONL, BILAOEHTRBTHIER ENLSL &, o
PN B EIET$ 3 (O7ERD. & 512, BILrio
FERIEIICAWIEHTS ), HAWIEIBITHIBE % 5
TAHERAPLVWIEPEREL > TV BUHEMED FARB s
L, AELLIEVTNSEELEWTEH I LIETER WY,

FIFFEIIZ W DD DRRBYFLES 5. —2ITERI I E
TS D FILAC BT A5 EH { £TL FEM
FhZEBIalb—YaryThaibiow, BEQRNIHEK
BeL TV SH B, F A4 B L2z Eh T VIR



280 1]

WHEBRTFVTH Y, MERTOFRERLLWEENS 2.
Lo L BT AR OB, Bi-HEiTy ma
B OMERERORL S TMOWTHERFNECOERLS
BOTHN, SHEPET VORI RFILICBI AHER,
ZEMISNSHE LD EEICHMAET 2 2 & T, BERBITHREA
P ELDFNEGETHL I TAI LN TRLERS,

& o

BILANZ BT 2B BITI A B ORI & 2850 2
BOERBEL, FEMEFVIZE Y BOGILAOE ST &
OLEERFTFIZ &Y, DTo&HRE5:.

1. ERAOEME THTEBE SRR ZHEIER ST
BY, BILAOENFHIIE L TR22EBIFTEEIATHS
LBbhh,

2. HFILOEEIEBERIENFETHY, ¥ r— ¥ iz
I FMEE ST EIL LM E Iz, FAEEES RO
ABEE N &0, BIERGIATME BITHFEM 2423 ik
AR S 7.

FILTRTE AT E d b IR R - B AT
she BILTHA DM s o mE I RE U CESED
AIFTEL, JEMISTHSE « BB & R TR ATRIE &
7.

4. FAWIGEIEEILPA O B P ETFIREE L L
PHLTOB I &R b, BESR S0 ﬁr% 1425 %
NTER L, BEBTHBERCESTATEEZPRVEEL
7.

5. 67 ABIIBVT, BN T TR clg BT
RPHEEBOA L b T REMMAAITEE L Tk, ZHIEA

OETHRITHR A S IVEWFNEE AT L8, BILAER
DICHFET Lizzb &L

Bhl, BIERIEIIC & 0 B RBT IR AMEE S WEMHIE N2
B BRBERERTTIEESRE S N, EaEANE 2
MR ITEIERIC 5 A TR v e E 2 7.

Bl x4

WERADIHIY, TiHRE, THEZHY L B0E B
BIU, EREIRE, JHORTES F U ALm It 4 2
FRLET. £/, RUGRTCRLIME, JWHHeEEELLE
BheAE S LUERERI TR 28 e T RIS 2 L E 4,
LB, KRTOREO—HII B0 M I REBHEAR—VvESES (K
), # 19 Southern Biomedical Engineering Conference (/3— ¥ =7,

SA) , #5150 HABTIIE EMARES G BV TREL-.

X [y

1) Powels F. Biomechanics of the Locomotor Apparatus. p375-
407, Berlin, Springer-Verlag, 1980

2) Carter DR, Meulen MCH, Beaupre GSB. Mechanobiologic
regulation of osteogenesis and arthrogenesis. In Buckwalter JA,
Ehrlich MG, Sandell L, Trippel SB, (eds), Skeletal growth and
development, 1st ed, p99-130, American Academy of Orthopaedic
Surgeons, Rosemont, 1998

3) Slack C, Flint MH, Thompson BM. The effect of tensional
load on isolated embryonic chick tendons in organ culture.
Connect Tissue Res 12: 229-247, 1984

4) Hannafin JA, Arnoczky SP, Hoonjan A, Torzilli PA. Effect

]

of stress deprivation and cyclic tensile loading on the material
and morphologic properties of canine flexor digitorum profundus
tendon: an in vitro study. J Orthop Res 13: 907-914, 1995

5) Nabeshima Y, Grood ES, Sakurai A, Herman JH. Uniaxial
tension inhibits tendon collagen degradation by collagenase in
vitro. J Orthop Res 14: 123-30, 1996

6) Evanko SP, Vogel KG. Proteoglycan synthesis in fetal
tendon is differentially regulated by cyclic compression in vitro.
Arch Biochem Biophys 307: 153-64, 1993

7) Giori NJ, Beaupre GSB, Carter DR. Cellular shape and
pressure may mediate mechanical control of tissue composition
in tendons. ] Orthop Res 11: 581-591, 1993

8) Matyas JR, Anton MG, Shrive NG, Frank CB. Stress
governs tissue phenotype at the femoral insertion of the rabhit
MCL. ] Biomech 28:147-57, 1995

9) Giori NJ, Ryd L, Carter DR. Mechanical influence on tissue
differentiation at bone-cement interface. J Arthroplasty 10: 514-
522, 1995

10) Okuda Y, Gorski JP, An K-N, Amadio PC. Biochemical,
histological, and biomechanical analysis of canine tendon. }
Orthop Res 5: 60-68, 1987

11) Tanck E, van Driel WD, Hagen JW, Burger EH,
Blankevoort L, Huiskes R. Why does intermittent hydrostatic
pressure enhance the mineralization process in fetal cartilage. J
Biomech 32: 153-161, 1999

12) Cooper RR, Misol S. Tendon and ligament insertion: a light
and electron microscopic study. J Bone Joint Surg Am 52 1-21,
1960

13) Arnoczky SP, Torzilli P, Warren R, Allen A. Biological
fixation of ligament prosthesis and augmentation: an evaluation
of bone ingrowth in the dog. Am J Sports Med 16: 106-112, 1988
14) Woo SL-Y, Gomez MA, Sites TJ. The biomechanical and
morphological changes in the medial collateral ligament of rabbit
after immobilization and rimobilization. ] Bone Joint Surg Am 69:
1200-1211, 1987

15) Laros GS, Tripton CM, Cooper RR. influence of physical
activity on ligament insertion in the knee of dogs. ] Bone Joint
Surg Am 53: 275-286, 1971

16) Noyes FR, Grood ES. the strength of anterior cruciate
ligament in human and rhesus monkeys: age-related changes. ]
Bone Joint Surg Am 58: 1074-1082, 1976

17) Huiskes R, Verdonschot N. Biomechanics of artificial joints:
The hip In Mow VC, Hayes WC, Buckwalter (eds), Basic
orthopaedic biomechanics, 2nd ed, p395-460, Lippincott-Raven,
Philadelphia, 1997

18) Gelberman R, Goldberg V, An K-N, Banes A. Tendon. In
Woo SL-Y, Buckwalter JA (eds), Injury and repair of the
musculoskeletal soft tissues, 1st ed, p5-40, American Academy of
Orthopaedic Surgeons, Rosemont, 1987

19) Larson, RV. Anterior cruciate ligament reconstruction with
hamstring tendons. Operative Techniques in Orthopaedics 6:
136-146, 1996

20) Howell SM, Gottlieb JE. Endoscopic fixation of a double-
looned semitendinosus ant oracilis anterior cruciate ligament



A BT

graft using Bone Mulch screw. Operative Techniques in
Orthopaedics 6: 152-160, 1996

21) Corry IS, Webb JM, Clingeleffer AJ, Pinczewski, LA.
Arthroscopic reconstruction of the anterior cruciate ligament. A
comparison of patellar tendon autograft and four-strand
hamstring tendon autograft. Am J Sport Med 27: 444-454, 1999
22) Shelbourne KD, Gray T. Anterior cruciate ligament
reconstruction with autogenous patellar tendon graft followed by
accelerated rehabilitation: A two- to nine-year followup. Am J
Sports Med 25: 786-795, 1997

23) Montgomery KD, Herschman EB, Nicholas S. Anterior
cruciate ligament injury. In Arendt EA (ed), Orthopaedic
Knowledge update: sports medicine 2, p307-316, American
Academy of Orthopaedic Surgeons, Rosemont, 1999

24) Shoemaker SC, Rechl H, Campbell P, Kram HB, Sanchez
M. Effect of fibrinsealant on incorporation of autograft and
zenograft endons within bone tunnels, A preliminary study. Am J
Sport Med 17: 318-24, 1989

25) Rodeo SA, Suzuki K, Deng X-H, Wozney J, Warren RF. Use
of recombinant human bone morphogenetic protein-2 to enhance
tendon healing in a bone tunnel. Am J Sports Med 27: 476-488,
1999

26) Woo SL-Y, Maynard J, Butler DD, Lyon R, Torzilli P, Akeson
W, Cooper R, Oakes B. Ligament, tendon, and joint capsule
insertions to bone. In Woo SL-Y, Buckwalter JA (eds), Injury and
repair of the musculoskeletal soft tissues, 1st ed, p133-166,
American Academy of Orthopaedic Surgeons, Rosemont, 1987
27) Rodeo SA, Arnoczky SP, Torzilli PA, Hidaka C, Warren RF.
Tendon-healing in a bone tunnel. A biomechanical and
histological study in the dog. ] Bone Joint Surg 75A: 1795-1803,
1993

28) Blickenstaff KR, Grana WA, Egle D. Analysis of a
semitendinosus autograft in a rabbit model. Am J Sports Med 25:
554-559, 1997

29) Goradia VK, Rochat MC, Grana WA, Rohre MD, Prasad
HS. Tendon-to-bone healing of a semitendinosus tendon
autograft used for ACL reconstruction in a sheep model. Am J

BEFAE & T O PR 281

Knee Surg 13: 143-151, 2000

30) Panni AS, Fabbriciani C, Delcogliano A, Franzese S. Bone-
ligament interactin in patellar tendon reconstruction of the ACL.
Knee Surg Sports Traumatol Arthrosc 1: 4-8, 1993

31) Panni AS, Milano G, Lucania L, Fabbriciani C. Graft healing
after anterior cruciate ligament reconstruction in rabbits. Clin
Orthop 343: 203-212, 1997

32) StPierre P, Olson EJ, Elliott JJ, O’ Hair KC, McKinney LA,
Ryan J. Tendon-healing to cortical bone compared with healing to
a cancellous trough. A biomechanical and histological evaluation
in goats. J Bone Joint Surg [Am] 77-A: 1858-1866, 1995

33) Scranton PE, Lanzer WL, Ferguson MS, Kirkman TR,
Pflaster DS. Mechanisms of anterior cruciate ligament
neovascularization and ligamentization. Arthroscopy 14: 702-716,
1998

34) Jones JR, Smibert JG, Mccullough CJ, Price AB, Hutton
WC. Tendon implantation into bone: An experimental study. J
Hand Surg [Br] 12: 306-312, 1987

35) Grana WA, Egle DM, Mahnken R, Coodhart CW: An
analysis of autograft fixation after anterior cruciate ligament
reconstruction in a rabbit model. Am J Sports Med 22: 344-351,
1994

36) Liu SH, Panossian V, Al-Shaikh R, Tomin E, Shepherd E,
Finerman GA, Lane JM. Morphology and matrix composition
during early tendon to bone healing. Clin Orthop 339: 253-260,
1997

37) Shaieb MD, Singer DI, Grimes J, Namiki H. Evaluation of
tendon-to-bone reattachment: a rabbit model. Am J Orthop 29:
537-42, 2000

38)  Pinczewski LA, Clingeleffer AJ, Otto DD, Bonar SF, Corry
IS. Integration of hamsiring tendon graft with bone in
reconstruction of the anterior cruciate ligament. Arthroscopy 13:
641-643, 1997

39) Erikson K, Kindblom L-G, Wredmark T: Semitendinosus
tendon graft ingrowth in tibial tunnel following ACL
reconstruction. Acta Orthop Scand 71: 275-279, 2000



282 1 "l

Influence of Mechanical Stress on Graft Healing in a Bone Tunnel Koutaro Yamakado, Department of Restrative
Medicine of Neuro-Musculoskeketal system, Graduate School of Medical Science, Kanazawa University, 920-8640 — J. Juzen
Med Soc., 110, 273 — 282 (2001)

Key words tendon-bone junction, mechanical stress, healing process
Abstract

To examine the relationship between mechanical stress and tendon-bone healing, forty-four female Japanese White rabbits
underwent transplantation of the Extensor Digitorum Longus tendon into a tibial bone tunnel created perpendicular to the long
axis of the bone. After surgery, the animals were returned to their cages, free to move about without any restriction or
immobilization of their extremities. The morphological differences in tendon-bone junctions in terms of location and time
were evaluated at 4, 6, 8, 12 and 26 weeks. A two-dimensional, plain strain finite-element analysis representing a coronal
plane view of the bone tunnel in the tibia was created to determine the stress distribution in the bone tunnel. At 4 and 6 weeks
abundant collagen-fiber continuity between the graft and the bone was observed at the upper side of the bone tunnel. These
fibers resembled Sharpey fibers. The lower side of the tunnel showed a layer of newly formed woven bone. At 8 and 12
weeks, the collagen-fiber continuity at the upper side inside the tunnel had become attenuated, but it was more organized at the
entrance. At the lower side, the woven bone layer was still present at the entrance but had disappeared inside the tunnel. By
26 weeks, regenerated tendon-bone junction was observed only at the entrance with direct insertion was observed only at the
upper side. The interface tissue inside the tunnel had disappeared on both sides. Patterns of strain distribution in the bone
tunnel showed that the highest compressive and tensile strains are both concentrated in the regions at the entrance while shear
force is dominant inside the tunnel. Stress distribution in the bone tunnel is compressive on the lower side and tensile on the
upper side at the entrance, and again shear force is dominant inside the tunnel. A comparison of histology and stress
distribution suggested that tensile stress enhanced the healing process of tendon-bone junctions, compressive stress promoted
chondroid formation, and shear load had little or no effect on regeneration of the tendon-bone junction.



