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ABSTRACT stretching or failure at graft fixation sites, and thereby to
. . . . permit early motion and early weightbearing without the
This study assessed the tensile properties of hamstring loss of stability."®® However, surgeons employ a wide va-
and patellar tenden anterior cruciate ligament recon- riety of fixation techniques with little consensus on which
structions in older cadaveric knees (age range, 48 to 79 techniques are best. We believe that this is partly due to a
years). Mechanical testing to failure was conducted by lack of comparative data on the biomechanics of graft fixa-
translating the tibia anteriorly at 1 mm/sec with the knee tion.
in 20° of flexion. The strongest gracilis-semitendinosus Previous studies of ACL graft fixation have employed a
graft fixation technique (103% of intact anterior cruciate variety of testing methods using generally older cadav-
ligament) had the tendons doubled and secured with erg T 10121618 Thyes studies assessed graft fixation by
soft tissue washers (P < 0.01). However, all reconstruc- clamping a graft and applying a direct tensile force to its
tions using gracilis-semitendinosus grafts were signifi- fixation site.>!%1% Robertson et al.?® performed such “pull-
cantly less stiff than the intact anterior cruciate ligament out” tests with grafts attached to cortical bone. They docu-
specimens regardless of fixation technique (P < 0.01). mented that soft tissue washers (238 N maximum load}
The highest strength patellar tendon graft fixation tech- were superior to suture fixation for hamstring grafts. Mat-
nique (84% of intact anterior cruciate ligament) was ob- thews et al.’? similarly tested patellar tendon grafts in-
tained with a combination interference screw and suture serted into bone tunnels and found that 9-mm interference
technique. The difference in stiffness between a patellar serews were equal to suture fixation in maximum load (460
tendon graft and an intact anterior cruciate ligament was N). Brown et al.? used a similar method with patellar ten-
not significant when interference screws were placed at don grafts and they reported little difference in maximum
both ends of the graft (P > 0.05). Both types of grafts load between rear-entry (235 N) or endoscopic (256 N) in-
failed most often on the tibial side. With appropriate fixa- terfarence screws.
tion, both grafts approximated the intact anterior cruci- Twe studies of ACL reconstructions in cadaveric knecs
ate ligament in strength, but only patellar tendon grafts tested the reconstructions by joint distraction. Kurosaka et
secured with interference screws were comparable in al.'® employed such tests in three young knees and in seven
stiffness. old knees. The strongest fixation they documented was

with patellar tendon grafts secured with 9-mm interfer-
ence screws in young knees (476 N maximum load). Ivey
and Li® similarly tested ACL reconstructions in old knecs
and reported low strength for interference screw fixation of
patellar tendon grafts, presumably because old specimens
were used. They found that soft tissue washers praovided
the strongest hamstring graft fixation (250 N maximum

Secure graft fixation is important to the success of ACL
reconstruction.®®® The goal of graft fizxatien is to prevent
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formatian. tion sites may not be clinically relevant.”*® Since anterior

240



Vol. 22, No. 2, 1594

tibial translation is the primary motion that applies stress
to an ACL in vivo, we believe that it is the best motion to
use when testing an ACL reconstruction in vitro.>%!! The
tensile properties of the intact ACL depend on the motion
used in testing, and we believe that the tensile propertics
of an ACL reconstruction similarly depend on the motion
used in testing.'®*

We assessced graft fixation by applying anterior tibial
translation te cadaveric hamstring and patellar tendon
ACL reconstructions. We tested some common fixation
techniques and some previously unreported fixation tech-
nigues. Qur first objective was to identify graft fixatien
technigques that yielded ACL reconstructions that were
gimilar to the intact ACL in biomechanical properties. Qur
second objective was to compare the biomechanical prop-
erties of hamstring and patellar tendon ACL reconstruce-
tions.

MATERIALS AND METHODS

Nineteen pairs of fresh human cadaveric knees (38 speci-
mens; stored at —20°C were used for testing. Because of
bone fracture during testing, the results for one pair of
knees from a 94-year-old cadaver were excluded. This left
18 pairs of knees (8 male and 10 female specimens) with an
average age of §9.5 years (range, 48 to 79).

Specimen preparation

Diszsection and specimen preparation were performed after
thawing each knee for 24 hours at room temperature.
Knees were excluded if by inspection they had severe de-
generative arthritis, prior knee surgery, or prior major
trauma. A 10-mm wide patellar tendon graft was harvested
with bone plugs 25 mm in length at each end. The plugs
were contoured to just pass through a 10-mm diameter
sheath {part no. 0135286, Acufex Microsurgical, Inc., Mans-
field, MA). The gracilis and semitendinosus tendons were
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harvesied by dissecting them from their respective muscles
and leaving them either attached to the tibia or taking
them as free grafts, depending on the fixation technique.
The ACL was left intact in 14 knees for preliminary testing
to establish intact ACL tensile properties. All other soft
tissues and the fibula were dissected from the femur and
tibia, leaving bone shafts a minimum of 18 cm in length.
Normal saline was used to keep the specimens moist dur-
ing the dissection and testing.

Fixation techniques

In each knee, an ACL reconstruction was first performed
and tested using a gracilis and semitendinosus graft. This
graft was then removed and an ACL reconstruction was
performed and tested using a patellar tendon graft. Femo-
ral and iibial drill holes were sized for the gracilis and semi-
tendinosus grafts and were between 7 and 9 mam to allow
easy passage of the grafts. For the ACL reconstruetions
using the patellar tendon grafts, the holes were rereamed
to 10 mm. The femoral and tibial holes were drilled
outside-in to the anatomic insertions of the ACL using a
commercial drill guide system {Acufex Microsurgical, Inc. ),
Grafts were tensioned with the knee in extension and with
the posterior femoral condyles and the posterior tibial pla-
teau in the same coronal plane. We found by measurement
that this techniquc produced intraarticular graft lengths to
within 5 mm of the intact ACL resting length.

Four fixation techniques were evaluated using gracilis
and semitendinosus grafts (Fig,1).

GSTsut. The gracilis and semitendinosus tendons were
taken as free grafis. One suture, no. 2 Ethibond {Ethicon,
Ine,, Somerville, NJ), was placed in a whipstitch fashion
(six throws) in the end of each tendon. The four suture
strands at each end of the compositc graft were tied to ei-
ther a femeoral or tibial post (25 X 6.5 mm screw and metal
washer, Synthes Ltd., Paoli, PA).

DGSTsut. The gracilis and semitendinosus tendons were

Figure 1. The hamstring fixation techniques (see “Material and Methods” under “Fixation Techniques” for the description of each

technique}.
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taken as free grafts and bisected or doubled to produce four
tendon limbs. One suture, no. 5 Ethibond {Ethicon, Inc.),
was placed in whipstitch fashion (six throws) in the two
gracilis limbs and another similar suture was placed in the
two semitendinosus limhs. The four suture strands at each
end of the composite graft were tied to either a femoral or
tibial post (25 X 6.5 mm screw and metal washer, Synthes
Ltd.).

GSTwash. Single-limb gracilis and semitendinosus
grafts were secured to the femur by weaving them in op-
posite directions around two soft tissue washers (6.0 mm,
Synthes Ltd.) and bicortical screws (4.5 mm, Synthes Ltd.}.
The tendons were secured to the tibia by their hiologic in-
sertions and by one soft tissne washer (6.0 mm, Synthes
Ltd.) and bicortical screw (4.5 mm, Synthes Litd.).

DGSTwash. The gracilis and semitendinosus tendens
were taken as free grafts and folded to produee two looped
ends and four free ends. The free ends were secured to the
femur by two soft tissue washers and bicortical screws as
in the G8Twash technique. The looped ends were secured
to the tibia by three sutures {no. 5 Ethibond) placed
through the looped ends and tied to a post (25 X 6.5 mm
screw and metal washer, Synthes Ltd.).

Four fixation techniques were evaluated for patellar ten-
don grafts (Fig, 2),

PTint. Femoral and tibial fixalion was done with inter-
ference screws (9 X 25 mm, Acufex Microsurgical Inc.)
placed in an “outside-in” position.

PTsut. Femoral and tibial fixation was done with three
sutures (no. 5 Ethibond) placed through 2.0-mm diameter
holes in each bone plug and tied to femoral and tibial posts
(25 X 6.5 mm screws and metal washers, Synthes Ltd.).

PTendo. Femoral fixation was done with “endoscopic” in-
terference screws (7.0 X 25 mm., Acufex Microsurgical Inc,)
placed in an inside-out position and tibial fixation with
done with sutures, as in PTsut.

PTis-sut. This procedure combined interference screw
{PTint} and suture fixatien (PTsut) on the femur and tibia.

PTI NT

American Journal of Sports Medicine

Biomechanical testing

Biomechanical tests were performed on the ACL recon-
structions using an Instron 1331 materials testing ma-
chine (Instron Corp., Canton, MA). The femur and tibia
were mounted using custom fixtures that held the knee in
20° of flexion. An approximately 2-mm separation of the
articular surfaces was maintained to eliminate femoral-
tibial shear forces. An 8-mm bolt was placed through each
fixture and bone shaft to prevent axial rotation. Tests were
conducted by translating the tibia anteriorly with all other
motion constrained.

A preconditioning protocol was followed to eliminate
crimping of the ACL grafts before testing. A preload of 50
N was applied, then the tibia was translated anteriorly
0.6 mm {approximately 2% strain) 10 times at 1 Hz, a
50-N load was then maintained until failure testing. The
amount of translation that oceurred during this condi-
tioning process was not recorded, but visually it appeared
to be no more than several millimeters, A tensile test was
conducted by translating the tibia anteriorly 50 mm at 1
mm/sec. The mechanism of failure was recorded. Tensile
properties were measured as previously described."’
Yield load was taken as the point on the lead-
displacement curve where the slope first clearly de-
creased. Maximum load was the peak load sustained by
the graft, Displacements at the yield and maximum load
points were recorded. Stiffness was the slope of the curve
in its linear region determined by fitting a tangential line
to the load-displacement curve.!” Stiffness is a parameter
that best correlates with the clinical grading of joint “lax-
ity” on physical examination. In a physical examination
an examiner applies force to & knee and estimates the
displacement that oceurs. The greater the stiffness, the
less the displacement for a given force and the lower the
laxity grade.

To obtain baseline data on intact ACL strength, the
femur-ACL-tibia complex was tested in 14 knees. In each

Figure 2. The patellar tendon fixation techniques (see "Materials and Methods” under “Fixation Techniques” for the description

of each technique}.
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TABLE 1
Side-to-side fixation techniques in each testing group®
Group ACL GST* PT*®
1 (7 pairs of knees) Tested GS8Twash OTT/GSTwash TTC PTint/PT=ut
2 (5 pairs of knees) Not tested GSTwash/GSTsut? PTint/PTendo
3 (6 pairs of knees) Nat tested DGESTwash/DGSTsut PTis-sut/PTendo

2 The fixation techniques are described in “Materials and Methods” under “Fixation Techniques,” and they are depiéted in Figures 1

and 2.

® G8T, gracilis and semitendinosus; OTT, graft placed over the top of the femoral condyle; TTC, graft placed through the femoral condyle.

" Patellon tendon.

4 Becausc of errors in dissection and specimen preparation, two GSTwash specimens were converted to GSTsut specimens,

of these 14 knees, ACL reconstructions were performed and
tested immediately after the intact ACL test.

While the variety of fixation methods evaluated pre-
vented stde-to-sice statistical comparisons, a protocol was
followed whereby different fixation technigues were ran-
domized between the right and left knees from the same
cadaver (Table 1). This was done to reduce the confounding
effects of cadaveric variability. Using this protocol, the 18
pairs of cadaveric knees were divided into three groups.
Within each group, two gracilis and semitendinosus fixa-
tion techniques and two patcllar tendon fixation tech-
niques were tested (Table 1). The GSTwash, PTint, and
PTendo fixation techniques were tested in two groups;
therefore, a greater number of observations werce obtained
using these three techniques.

For comparative purposes, 5 GSTwash grafts were
routed over the top of the femoral condyle and 10 GSTwash
grafts were placed through the femoral condyle. The tensile
properties for these two graft placements did not differ sig-
nificantly (P » 0.45); therefore, the results for these two
graft placements were pooled.

Data for six knees were not available because of failures
in dissection (two knees), failures in data acquisition (two
knees), and severe tibial plateau fractures (two knees). The
mean ages of the cadaveric knees used for each fixation
technique varied slightly (range, 64 to 71 vears), but not
significantly (P > 0.18).

Statistical analysis

Statistical analysis was performed using the SAS statis-
tical package (SAS Institute, Cary, NC). A two-way analy-
sis of variation (ANOVA) was performed with fixation tech-
nique and cadaver as the model variables. Dunnett's
procedure was used to adjust for multiple comparisons
when contrasting cach fixation technique to the intact
ACL. Secondary comparisons between specific fixation
techniques were performed using two-sample and paired
t-tests.

RESULTS

Maximum icad

The average maximum load (+SD) of the intact ACL was
800 * 469 N (Table 2). The global ANOVA for maximum
load comparing all fixation technigues and the intact ACL
was highly significant (P = 0.003). Within the gracilis and

TABLE 2
Tensile properties of the intact ACL, and the graft fixation
techniques (mean value with 5D in parentheses)®

Structure ME.X]IIEI&I;’I Load ng?;ﬁ?? Dlsp{i:;:fnrf]]enﬁ
ACL (N = 14} 800 (469) 66 (26) 121(5)
GSTsut (N =T7) 335 (BT 16 {16)" 26 (12)°
DGSTsut (N = 6) 573 (109) 18 (B} 22 (B)
GSTwash (N = 15) 519 (185)° 20 (5)" 20 (10
DGSTwash (N = 5) 821 (219) 29(7) 26 (12)
PTint (N = 10) 423 (175)¢ 46 (24} 10 (3)
PTsaut (N = T} 396 (124)° 27(13)y 13(9)
PTendo (N = 11) 588 (282} 33 (14)° 17 (10}
PTig-gut (N = 5} 674 (206) 5021} 8114}

* The fixation techniques are deseribed in “Materials and Meth-
ods” under “Fixation Techniques,” and they are depicted in Figures
1 and 2.

* Displacement to point of initial failure when graft load first
decreased.

* Bignificantly different from intact ACL (P < 0.01).

4 Significantly different from intact ACL (P < 0.05).

semitendinosus fixation group there was only one tech-
nique that exceeded the intact ACL in strength, DGST-
wash (821 * 219 N). The DGSTwash and DGSTsut (573 =
109 N) techniques were not significantly different in
strength from the intact ACL (P > 0.05). In a direct com-
parison (f-test), the DGSTwash technique was signifi-
cantly stronger than the DGSTsut technique (P < 0.01).
Within the patellar tendon fixation group, no technique
exceeded the intact ACL in strength. However, two tech-
niques, PTendo (588 * 282 N) and PTis-sut (674 = 206 N),
were not significantly different in strength from the intact
ACL (P » (.05) (Table 2).

Stiffness

The average stiffness (=SB for the intact ACL was 66 =
26 N/mm, and there were no gracilis and semitendinosusg
or patellar tendon graft fixation techniques with higher
values (Table 2). The global ANOVA for stiffness, compar-
ing all fixation techniques including the intact ACL, was
highly significant (P = 0.0001). The stiffest hamstring
graft, DGSTwash (29 *+ 7 N/mm) had less than half the
stiffness of the intact ACL, and all of the gracilis and semi-
tendinosus fixation techniques were significantly less stiff
than the intact ACL (P < 0.01). The doubled gracilis and
semitendinosus grafts secured with washers were signifi-
cantly stiffer than the doubled gracilis and semitendinosus
grafts secured with sutures (P < 0.001, group #-test). The
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PTint (46 = 24 N/mm} and PTis-sut (50 + 21) N/mm fixa-
tion technigues had stiffness values close to that of the
intact ACL. These stiffness values were not significantly
different from the stiffness value of the intact ACL (P >
0.05). Both of these techniques placed interference screws
at both ends of the graft.

Displacement at yield load

The intact ACL began to fail (displacement at yield load}
at an average displacement {(=SD) of 12 = 5 mm. The global
ANOVA for displacement at yield load comparing all fixa-
tion techniques including the intact ACL was highly sig-
nificant (P = 0.001). All of the gracilis and semitendinosus
grafts began to fail at higher average displacements, 20
mm or greater, than the intact ACL. This difference was
significant (P < 0.05) for all of the techniques except DG-
STsut {P < 0.07). The patellar tendon grafts failed on av-
erage at shorter displacements than the gracilis and semi-
tendinosus grafts. Two patellar tendon fixation techniques,
PTint (10 = 2 mm) and PTis-sut (8 = 2 mm), failed at
shorter average displacements than the intact ACL. None
of the failure displacements for the patellar tendon grafts
were significantly different than the initial failure dis-
placement for the intact ACL (P > 0.05).

Mechanism of failure

There were some characteristic mechanisms of failure for
each gracilis and semitendinosus and patellar tendon fixa-
tion technique (Table 3). The GSTwash grafts failed by
tearing at their tibial biclogic insertions, combined with
slippage beneath the tibia! washer. The GSTsut grafts
failed by either suture rupture or graft-suture disruption.
The DGSTwash and DGSTsut grafts failed by a general-
ized stretching of the entire graft, sometimes accompanied
by tibial post pull-out er suture rupture. Patellar tendon
grafts secured by sutures (PTsut, PTendo, and PTis-sut)

TABLE 3
Mode of failure and incidence for ACL reconstructions

Btructure Muade of failure Incidence

G8Tsut

Suture rupture and suture-tendon 4
disruption

Suture-tendon disruption

Suture rupture

Suture-tendon stretch, no disruption

Tibial post pullout

Pullout beneath tibial washer

Tendon stretch, no disruption

Tibial post pullout

Suture rupture

PTint Pullout around tibial screw
Pullout around femoral screw

PTsut Bone-tendon rupture

Bone plug fracture

Tibial post pullout

Bone plug fracture

Pullout around femoral screw

Bone-tendon rupture

Bone plug fracture

Pullout around tibial serew and

suture rupture

DGSTsaut

—
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GS8Twash
DGS8Twash

PTendo

PTis-sut
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often failed hy fracture of the bone plugs at a suture hole.
The PTint grafts failed in all cases by bone plug slippage
past interference screws, usually on the tibial side. The
PTendo and PTis-sut techniques failed by a combination of
mechanisms.

Age and tensile parameters

For the intact ACL and for each graft fixation technique,
correlation coefficients were calculated between age and, in
turn, maximum load, stiffness, and displacement at vield
load. The only significant correlations with age were stiff-
ness (R% = 0.682, P <« 0.01) and maximum load (R? = 0.454,
P = 0.013) for the intact ACL group. No significant or con-
gistent trends were otherwise noted between age and graft
tengile properties.

DISCUSSION

In this cadaveric study, hamstring and patellar tendon
ACL reconstructions were performed with graft place-
ments and graft attachments similar to those used clini-
cally. The ACL reconstructed knees were tested to failure
by translating the tibia anteriorly. This testing method ap-
plied forces to the reconstruected ACL using the primary
knee motion that applies stress to the ACL.*7!! This is
important because of graft bending at drill hole entrance
and exit sites.? When a graft is pulled at an angle to a drill
hole, some shear forces are generated between the graft
and the edge of the drill hole * These shear forces will stress
shield the graft fixation site. Such stress shielding is likely
to be minimzl in pull-out tests when grafts are pulled in
line with bone tunnels; such stress shielding will not be
physiologic in knee distraction tests. It has been demon-
strated that the intact ACL has mechanical properties that
are affected by the motion used in testing,”™" and we be-
lieve that this same relationship exists with an ACL re-
construction. Therefore, anterior tibial translation was
chosen as the testing motion in this study.

The strongest gracilis and semitendinosus fixation iden-
tified in this study occurred when the tendons were
doubled, the free ends wrapped around two femoral soft
tissue washers, and the closed ends looped around a tibial
post. The tensile strength of this fixation was considerably
greater than has been previously reported (250 N maxi-
mum load) with hamstring grafts.? The strength of this
fixation was comparable with that of our control ACL speci-
mens, but the stiffness (29 N/mm) was less than half that
of the controls.

We noted that gracilis and semitendinosus grafts left
with the natural attachments to the tibia (G5Twash) were
relatively weak because of failure by slow tearing from
their tibial insertions, despite the reinforcement of a
washer. Ivey and Li® also documented that the biologic in-
sertions of hamstring tendons were relatively weak (250 N
maximum load) when the tendons were pulled at a right
angle to their normal alignment.

All hamstring grafts with suture fixation failed with pro-
longed pullouts, culminating in either complete suture-
graft disruption (G8Tsut) or marked graft stretching with-
out disruption (DGSTsut). The washer technique was



Vol. 22, No. 2, 1554

superier to the suture technique in achieving hamstring
ACL reconstructions with closer-to-normal strength and
stiffness. Robertson et al.’® similarly reported greater
strength with washers (179 N maximum load) as compared
with sutures (71 N maximum load) in the fixation of ten-
dinous tissues.

In contrast to the hamstring ACL reconstructions, the
ACL reconstructions using patellar tendon grafts were no-
table for their close-to-normal ACL stiffness (Fig. 3). The
use of interference screws at both ends of the graft resulted
in maximum stiffness (46 mm to 50 N/mm). Coincident
with this increased stiffness were small displacements to
failure (8 to 10 mm). Patellar tendon grafts failed generally
on the tibial side by bone block slippage past interference
screws or by bone block fracture through sulure holes, Bone
block fractures were net seen when interference screws
were used alone, perhaps becausc interference screws dis-
tribute stress evenly along the bone plugs.!® Suture fixation
of patellar tendon grafts produced longer composite grafis
(suture-bone-tendon-hone-suture}, which was reflected in
a trend toward lower stiffness (27 N/mm).%®

The knees with patellar tendon grafts that had the high-
est absolute values for maximum load (674 N) and stiffness
(50 N/mm) had interference screws and sutures placed at
hoth ends of the grafts. The strength and stiffness of these
ACL reconstructions were not significantly different than
that of the intact ACL. Tn three young cadaveric knees,
Kurosaka et al.' reported the highest previous fixation
strength (476 = 192 N) and stiffness (58 = 8 N/mm) of
patellar tendon grafts nsing interference screws alone. For
comparison, our ACL reconstructions on older cadaveric
knees using patellar tendon grafts secured with interfer-
ence screws alone had a strength of 423 + 125 N and a
stiffness of 46 * 24 N/mm.

DGSTwash

PTendo

GSTwash
DGSTsut

GSTsut

Figure 3. Load-displacement curves for the intact ACL and
each graft-fixation technique combination. The points of 50 N
preload, yield load, and maximum load were connected to
produce the curves for each technique. (PT grafts in yellow,
GST grafts in turquoise).
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Patellar tendon grafts secured with femnoral inside-out
interference screws and tibial sutures {(PTendo) were not
gignificantly different in strength from the intact ACL, hut
their stiffness (33 N/mm) was below that for the intact
ACIL. There were two technical differences between our
PTendo fixation technique and the clinical endoscopic fixa-
tion technique.’ First, the drill holes in this study were
produced by drilling outside-in, using a conventional drill
guide, while clinical endoscopic drill holes are drilled
inside-out, using an endoscopic drill guide.'* The orienta-
tion of these two types of drill holes is different, with the
conventional drill hole having a more acute angle to the
shaft of the femur.®! We speculate that the sharper bend
of a graft into a conventional drill hole ¢reates greater
shear forces that stress shield the femoral fixation site.”
Second, inside-out screws were inserted directly in line
with the holes in this study and not at an angle to the hole,
as can oceur clinically.! These two factors—hole alignment
and ease of screw placement—would suggest that our in
vitro techniques provide upper bounds on the strength and
stiffness of the endoscopic technigue,

Reported strength values for the intact ACL in older ca-
davers have ranged from 415 to 784 N.+%1%1%.1% Thage prior
studies employed joint distraction either in line with the
femur, tibia, or ACL. Our slightly higher value of 800 N
suggests that the ACL resists anterior tibial translation
better than femoral-tibial distraction. Conversely, our stiff-
ness value of 66 N/mm for the intact ACL is lower than has
previously been reported using joint distraction in older
cadavers {74 to 129 N/mm),» %131 Thig diffarence in stiff-
ness may be due to bending of the femur and tibia during
our tests. Such bending was observed, but attempts to
measure it with calipers were unsuccessful,

For reference, average strength measurements for young
ACL specimens have been reported to be as high as 2160
N and stiffness measurements as high as 242 N/mm.'* Also,
it has been suggested that loads up to 445 N are applied to
the ACL during activities of daily living.™!"®

We tested patellar tendon grafts after we tested gracilis
and semitendinosus grafts on the same knees; it is possible
that this may have biased the patellar tendon results. Can-
cellous bane alohg the femoral and tibial canals may have
been weakened by hamstring graft testing, which could
particularly affect the results of interference screw fixa-
tion. However, the protocol did necessitate enlarging the
bone tunnels before patellar tendon graft fixation and we
belicve this eliminated areas of bone injury created by gra-
cilis and semitendinosus testing. When screws were placed
in cortical bone for patellar tendon fixation, the screws
were placed away from any prior drill holes used for gracilis
and semitendinosus fixation. In two knees, hamstring
grafts failed by cortical fractures about the tibial holes. The
results for these two specimens were not reported, and pa-
tellar tendon grafts were not tested in these two knees.

Our study had three important limitations. The first was
donor age. The mechanical properties of connective tissues
deteriorate with age, and the knees used in this study were
from older donors.**? If we had tested specimens from the
2nd and 3rd decades of life (the age range within which
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most ACL reconstructions are performed), then it is prob-
able that greater strength and stiffness measurements
would have been made. Our conclusions could be affected
if some fixation techniques were relatively more dependent
on cadaveric age. We speculate that our use of older ca-
davers may have biased the results against interference
screw fixation because that technique depends particularly
on bone guality.*!° Yet, within the age range we tested (48
te 79 years), we did not find a correlation between cadaveric
age and graft fixation tensile properties. The only age-
related parameters we did document were strength and
stiffness in the control ACL specimens.

The second potential imitation was the static nature of
the tensile tests. We tested ACL reconstructions using a
static displacement test to failure, but in the clinical set-
ting, forces well below the threshold for failure are applied
dynamieally to ACL reconstructions.™!! It is possible that
some fixation techniques that appear strong statically may
prove clinically weak under conditions of dynamic loading.
Dynamic loading of cadaveric ACL reconstructions has
been reported,” but the technique has limitations because
of graft abrasion at bone tunnels and because, if loading is
done over hours, soft tissue deterioration will eceur®1®

The third limitation was the potential variability in heal-
ing between different grafls and the impact of fixation on
this healing.* We only studied the biomechanical proper-
ties of ACL reconstructions as they would appear imme-
diately after surgery. It is possible that some graft-fixation
combinations, while being statically strong, might fail
clinically because of slow or poor graft healing, We believe
that in vitro tests provide only a first-order evalnation of
graft fixation and that animal and clinical studies are re-
quired to fully validate a fixation technique,**?

Based on our in vitro testing of ACL reconstructions, we
suggest that hamstring grafts be doubled and fixed to the
femur with washers, and fixed to the tibia by looping the
grafts around a post. We sugpest that patellar tendon
grafts be fixed with interference screws backed up by su-
tures, particularly on the tibial side. We note that ACL
reconstructions using patellar tendon grafts and interfer-
ence screws have a closer-to-normal ACL stiffness than do
hamstring grafts, Clinical studies will be necessary to de-
termine the impact of this difference in stiffness on surgical
outcome.

ACKNOWLEDGMENTS

We thank James Karlson, MD, Kim Stimpson, MD, Mark
Ghilardueci, MD, and Brad Chayet, MD, for their assis-
tance in the surgical dissections. We also thank David A.
Amato, PhD, of the Department of Biostatistics, Harvard
School of Public Health, and Elizabeth R. Myers, PhD, of
the Orthopaedic Biomechanics Laboratory, for advice and
assistance with the statistical analysis. Equipment and
supplies for this study were provided by Acufex Microsur-
gical, Inc., and Synthes, Ltd. This study was supported by
a grant from the Harvard Community Health Plan Foun-
dation and the Maurice E. Muller Professorship in Biome-
chanics at Harvard Medical Scheol (WCH).

American Journal of Sports Medicine

REFERENCES

1. Bach BR Jr: Potential pitfalls of Kurosaka screw interference fixation for
ACL surgery. Am J Knee Surg 2: 7682, 1589
2. Brown CH Jr, Hecker AT, Hipp JA, et al: The biomechanics of interferernce
serew fixalion of patellar tendon anterior cruciate ligament grafts, Am J
Sports Med 21 880-886, 1833
3. Burks R, Daniel D, Losse G: The effect of continucus passive motion on
anterior cruciate ligament reconstruction stability. Am Jf Sports Med 12:
323-327, 1984
4. Butler DL: Evaluation of fixation methods in cruciate ligament reconstruc-
tion. instr Course Lect 23: 173~-183, 1987
5. Butler DL, Moyes FR, Grood ES: Ligamentous restraints to antsrior-
posteriar drawer in tha human knee. J Borre Joint Surng 62A: 258-270, 1980
&. Daniel DM: Principles of knee ligament surgery, in Daniel DM, Akeson W,
O'Connor (eds): Knee Ligamenis Structure, Function, injury, and Repair,
Mew York, Raven Press, 1990, pp 11-30
7. Henning CE, Lyrich, MA, Glick KR Jr: An in vivo strain gage study of elon-
gation of the ACL. Am J Sporis Med 13; 22-26, 1885
8. Holden JP, Grood ES, Butter, DL, &t al: Biomechanics of fascia lata iga-
ment replacements: Eary postoperative changes in the goat. J Orthop Aes
6: 639-647, 1988
8. lvey M, Li F: Tensile strength of soft tissue fixations about the knee, Am J
Knee Surg 4:18-23, 1831
10. Kurosaka M, Yoshiyva 5, Andrish JT: A biomechanical comparison of dif-
ferent surgical technigues of graft fixation in anterior cruciate ligament re-
construction. Am J Sponts Med 15: 225-229, 1987
11. Markolf KL, Gorek J, Kabo JM, et al: Direct measurement of resultant
forces in the anterior cruciate ligament. J Bone Joint Surg 72A: bB7-567,
1980
i2. Matthews L3, Yahiro MA, Lawrence SJ, et al: Fixation strengths of
hone-patellar tendon-bone grafts {abstract). Am J Sports Med 18:556-557,
1990
13. Noyes FR, Butler DL, Grood ES: Biomechanical analysis of human liga-
ment grafts used in knee ligament repairs and reconstruction. J Bong Joirt
Surg 86A: 344-352, 1984
14. Paulos LE, Cherf J, Rosenberg TD: Anterior cruciate ligament reconstruc-
tion with autografts. Clin Sports Med 10: 460485, 1891
15. Robertson DB, Daniel DM, Biden E: Soft tissue fixation to bone. Am J
Sports Med 14: 388403, 1986
16. Reznick AM, Davis JL, Daniel DM: Optimizing interference fixation for eru-
ciate ligament reconstruction. Trans Orthopr Res Soc 15: 519, 1830,
17. Steiner M: Biomechanics of tendon healing. J Biomachanics 15 351058,
1982
18. Viidik A, Lewin T: Ghanges in tensile strength characteristics and histology
of rabbit ligaments induced by different modes of postmontal storage. Acta
Orthop Scand 37: 141-155, 1966
19. Woo SL-¥, Hollis JM, Adams DJ, et al: Tensile proparties of the human
femur-antsrior cruciate ligament-tibia complex. The effects of specimen
age and orientation. Am J Sports Med 15: 217225, 1941

DISCUSSION

Robert J. Johnson, MD, Burlington, Vermont: This ar-
ticle demonstrated that fixation of a doubled gracilis and
semitendinosus tendon graft using a double screw and
washer technique can provide fixation strength greater
than the intaet, but aged, ACL specimens nsed in this
study. Interference fit screws were unable to match this
fixation strength, but were only slightly reduced from
and not statistically different from that of their intact
ACL specimens. Thus, the two fixation methods appear
to be equally efficacious. The authors demonstrated that
fixation with sutures was inferior for either of the grafts
that they nsed. It must be recalled, as the authors em-
phasized, that the fixation strengths that they obtained
in their specimens were approximately one-third the
strength of a normal, young ACL spccimen.

Another important factor that the authors observed
was that the stiffness of the hamstring tendons, no mat-
ter how well they were fixed, was, at best, approximately
half that of a normal ACL. This must be carefully consid-
ered by surgeons using hamstring grafts, for the ultimate
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stiffness of the ACL reconstruction may be as important
as the final strength in regard to the outcome of the pro-
cedure,

The only criticism I have of this study is that even though
the authors found no statistically significant difference be-
tween patellar tendon grafts fixed with interference screws
alone and those augmented with sutures, they advised the
latter procedure. I wonder if the added surgical time and
the potential need for removing a permanent fixation screw
later are really worthwhile. T urge the authoers to continue
their work and to provide us with information on how their
fixation techniques stand up to cyelic loading during post-
operative rehabilitation, ag Graf and his colleagues have
demonstrated.
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Authors’ Reply: We appreciate Dr. Johnson’s thoughtful
comments. In regard to augmenting interference screw
fixation with sutures, we believe that this is a judgment
that the surgeon should make at the time of surgery. If an
interference screw appears to be well directed and well en-
gaged, then it has been our clinical experience that inter-
ference screw fixation alone will be adequate. If, however,
the quality of the bone is poor, or the insertion torque is low,
or for whatever reason the fixation is suspect, then we do
not hesitate to “back up” our interference gcrew fixation
with sutures tied around a post. When we compared in-
terference screw plus suture fixation directly to interfer-
ence screw fixation alone, the combined technique was sig-
nificantly stronger {two-sample #-test, P = 0.01).
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