The biomechanics of interference screw
fixation of patellar tendon anterior cruciate

ligament grafts
CHARLES H. BROWN, JR,* MD, AARON T. HECKER,&dagger; MS, JOHN A. HIPP,&dagger; PhD,
ELIZABETH R. MYERS,&dagger; PhD, AND WILSON C. HAYES,&dagger;&Dagger; PhD
From the &dagger;Orthopaedic Biomechanics Laboratory, Department of Orthopaedic Surgery, Charles
A. Dana Research Institute, Beth Israel Hospital and Harvard Medical School, and *Harvard
Community Health Plan, Boston, Massachusetts

The ACL is one of the most frequently injured ligaments in
the knee. Miyasaka et a1.18 reported an annual incidence
of 60 acute knee ligament injuries resulting in pathologic
tibiofemoral joint motion per 100,000 patients in a southern
California health maintenance organization. The ACL injuries accounted for approximately 50% of these injuries,
making it the most frequently injured ligament. Based on
these data, there are an estimated 75,000 acute ACL tears
in the United States each year.18
The biomechanical importance of the ACL is now well
established.5,lO,18 As a result, intraarticular replacement of
the ACL has become the operative procedure of choice for
the treatment of a torn ACL.’ The success of intraarticular
ACL reconstruction is influenced by many factors. These

ABSTRACT

Twenty-seven paired human cadaveric knee specimens
were used to determine the effect of surgical technique
and various interference screw parameters on the
pullout strength of patellar tendon femoral bone blocks.
The study compared the fixation strength of endoscopically inserted and conventional "rear-entry" screws of
different diameters and lengths. In all tests the most
frequent mode of failure was bone block pullout from
the interference screw. There was no significant difference in fixation strength between 9-mm diameter
screws inserted through a conventional rear-entry technique and 7-mm diameter screws inserted through an
endoscopic technique. There was no significant effect
of screw length on fixation strength. The pullout force
for 20-mm long screws increased on average 120%
when 7-mm diameter screws were compared with 5.5mm diameter screws. There was no significant effect
of increased screw core diameter on fixation strength.
There was a weak positive correlation (
2= 0.45)
r
between screw insertion torque and pullout force. Our
measured mean pullout force for the 7-mm endoscopically inserted screws of 362 &plusmn; 198 N represents 20.1 %
of the failure load of the normal young adult anterior
cruciate ligament. Our data indicate that properly inserted 7-mm diameter endoscopic interference screws
can provide fixation strengths of patellar tendon anterior cruciate ligament grafts equivalent to those of conventional 9-mm diameter rear-entry, outside-in screws.

include graft selection,2° graft placement,1’ 12,13, 17, 19, 22,26-28,33
graft tension,3,6,26,28 graft fixation,4° 14° 15 and the postoperative rehabilitation program.21,25,31,32 Studies by Noyes et a1.,21

Shelbourne and Nitz,31 and Shelbourne and Wilckens32 have
shown the advantages of early motion and aggressive postoperative rehabilitation in reducing the morbidity and improving the results of ACL surgery. A major limiting factor
in the early postoperative rehabilitation of patients after
ACL reconstruction is the initial fixation strength of the
ACL graft. Holden et a1.14 used a goat model to demonstrate
that ACL graft fixation failure was the major cause of failure
in the immediate postoperative period before biological incorporation of the graft fixation site.
Because of their favorable biomechanical properties, patellar tendon autografts are most widely used for autogenous
ACL reconstructions. 2,20 In addition to their excellent initial
mechanical properties, bone-to-bone fixation of patellar tendon grafts can be achieved through a variety of methods.
Lambert 16 first described interference screw fixation of patellar tendon grafts with a 6.5-mm AO cancellous screw.
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al.,15 in an in vitro study using human cadaveric
specimens, demonstrated the superior initial fixation
strength of a custom-designed, fully threaded 9-mm interference screw compared with a 6.5-mm AO cancellous screw.
As a consequence, fully threaded interference screws have
become the standard implant for fixation of ACL bonetendon-bone grafts.
Kurosaka et

Rosenberg,3° Olson et al.,23 and Paulos et al.24 have described endoscopic surgical techniques for reconstruction of
the ACL. These endoscopic techniques are an attempt to
reduce the morbidity of ACL reconstruction further by
avoiding a lateral femoral incision and its associated dissection. The femoral bone tunnel is drilled in-line through the
tibial tunnel. The patellar tendon ACL graft is fixed by
inserting an interference screw from inside the joint.
Our objectives with this study were first to use an in vitro
cadaveric model to compare the fixation strength of interference screws inserted so as to simulate endoscopic placement to that of interference screws inserted through a conventional rear-entry, outside-in approach. Our second objective was to study, using the same model, the effects of screw
thread length, screw diameter, and screw core size on the
fixation strength of patellar tendon ACL grafts. Finally, we
wished to correlate interference screw insertion torque with
fixation

strength.

MATERIALS AND METHODS
Paired human cadaveric knee specimens were used to minimize the effects of specimen-to-specimen bone density variations and to increase statistical power through the use of
paired comparisons. The study was performed in three parts
(Table 1). Part I compared the fixation strengths of 25-mm
long, 7-mm diameter screws inserted so as to simulate endoscopic insertion to 9-mm diameter screws inserted
through a conventional rear-entry, outside-in approach. Part
II compared the fixation strengths of 5.5- and 7-mm diameter screws inserted in an endoscopic fashion. This was done
for both 20 and 25 mm length screws. Part III compared the
fixation strengths of 25-mm long, 5.5- and 7-mm diameter
interference screws of both standard core and an experimental large-core design. The core dimensions of the 5.5-mm
diameter screws were 3 mm for the standard core and 3.5
mm for the experimental large-core design. The core dimensions of the 7-mm diameter screws were 3.5 mm for the
standard core size, and 4.42 mm for the experimental largecore

design.

Surgical technique
Paired, fresh-frozen, cadaveric knees were obtained through
the Anatomical Gifts Program of Harvard Medical School.
The mean age of the specimens was 79 ± 9 SD years, with
a range of 61 to 96 years. A total of 27 pairs were tested. All
specimens were thawed to room temperature for 24 hours
before the simulated ACL reconstructions were done.
Simulated ACL reconstructions were done with the knee
specimen mounted in a vise and the tibia hanging free. A
midline skin incision was made to expose the extensor
mechanism. A 10-mm wide section from the middle third of
the patellar tendon was cut using a metal template (Acufex
Microsurgical Inc., Mansfield, MA) to ensure uniform specimen width. Bone blocks were also marked using the metal
template. Tibial and patellar bone blocks measuring 10 mm
in width, 25 mm in length, and 8 mm in depth were harvested
using

an

oscillating

saw

(Ergo-Acufex 750, Storz/Ergo

struments, Inc., Coranger, IN). The bone blocks
trimmed into

In-

were

cylindrical shape to fit snugly through a 10metal sizing tube (Acufex Microsurgical
Inc.), thus minimizing the gap between the bone tunnel and
mm

a

cylindrical

bone block.
To disarticulate the knee, we cut the capsule and collateral
and cruciate ligaments. The ACL was cut in midsubstance,
leaving the femoral attachment site of the ligament intact.

Using endoscopic or rear-entry guides (Acufex Microsurgical
Inc.), depending of the type of fixation, a 2.4-mm K-wire
was drilled through the center of the femoral attachment
site of the ACL. For simulated endoscopic reconstructions,
a 10-mm endoscopic reamer (Acufex Microsurgical Inc.) was
used to drill a 30-mm length tunnel into the lateral femoral
condyle. For rear-entry, outside-in reconstructions, a 10-mm
cannulated drill was used to drill a tunnel from the lateral
femoral cortex through the femoral attachment site of the
ACL into the intercondylar notch. The ACL soft tissue
remnant was excised to facilitate graft passage.
The trimmed patellar bone block was inserted into the
femoral bone tunnel in each specimen. The bone block was
inserted into the femoral tunnel with the cancellous surface
oriented anteriorly in all specimens. For simulated endoscopic reconstructions, the bone plug was inserted until flush
with the intraarticular edge of the femoral bone tunnel. For
rear-entry, outside-in reconstructions, the bone plug was
placed flush with the lateral femoral cortex. To facilitate
parallel screw-bone block placement in both procedures, a
1-mm K-wire was inserted along the bone block parallel to
the long axis of the femoral bone tunnel, thus marking the

TABLE 1

Experimental design
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screw insertion. The K-wire was removed, and an
interference screw (Acufex Microsurgical Inc.) was inserted
anterior to the bone block along its cancellous surface. The
screw was advanced until flush with the edge of the bone
block. A digital torque screw driver (Model TQJE-1000,
Snap-on Tools Corp., Kenosha, WI) was used to measure
the peak insertion torque for Parts I and III. The screwbone block divergence angle, defined as the angle between
the axis of the drilled bone tunnel and the interference
screw, was directly measured in each specimen using a
goniometer. The axis of the drilled bone tunnel was marked
by inserting a K-wire between the bone tunnel and the bone
block. The interference screw axis was then marked by
inserting a removable screw driver blade into the hex head
of the screw. A goniometer was then used to measure the
angle between the two markers.

angle for

Mechanical

testing

In preparation for mechanical testing, the femur was
stripped of all soft tissues. Mechanical tests were conducted
on an Instron servohydraulic materials testing machine
(Model 1331, Instron Corp., Canton, MA). The femoral shaft
of each specimen was mounted in a custom clamping device
attached to the actuator of the materials testing machine
(Fig. 1). The patellar ligament was secured to the load cell
using serrated clamps applied to the tibial bone block. The
specimens were kept moist with sprayed saline during all
mechanical testing. The orientation of the applied load was
parallel to the long axis of the femoral bone tunnel. A preload
of 10 N was applied to the specimen, and the construct was
then loaded to failure in tension at a displacement rate of 1
mm/sec. The load-displacement curve was recorded using
an automated data acquisition system (Lab Tech Notebook,
Laboratory Technologies, Wilmington, MA). Pullout force
at failure was defined as the point where the load-deflection
curve deviated substantially from linear. The failure mode
was also recorded for each specimen.
On completion of the pullout tests, an 8-mm diameter
cylindrical core of trabecular bone 10 mm in height was
removed from the lateral femoral condyle adjacent to the
ACL bone tunnel using a diamond-tipped coring tool (Starlite Corp., Rosemont, PA). Marrow and soft tissues were
removed with a water jet, supplemented by periodic agitation
in an ultrasonic cleaner. The apparent density of the trabecular core was determined using standard protocols.’ To
provide estimates of the pullout forces that might be expected in young femora, a linear correction factor based on
7
apparent density was applied to the measured pullout data.’
This linear estimate was given by Fe Fa(0.8/pa), where Fe
is the estimated pullout force in Newtons, Fa is the measured
pullout force, and pa is the measured apparent bone density

1. The femoral shaft of each specimen was attached
to the actuator of an electrohydraulic materials test system.
The patellar ligament was secured to the load cell using
serrated clamps applied to the tibial bone block.

Figure

Data

analysis

The data from Part I comparing the simulated endoscopic
insertion technique to the conventional rear-entry, outsidein technique were analyzed by a paired t-test. The data from
Parts II and III were analyzed by a two-factor analysis of
variance with one within-subjects factor and one betweensubjects factor (Table 1). The null hypothesis of equal failure
loads was rejected if the significance level was less than 0.05.

RESULTS

Average measured insertion torques, ultimate pullout force,
and linear stiffness are recorded in Table 2. The mean screwbone block divergence angle for screws inserted so as to

in grams per cubic centimeter. The value 0.8 g/cm3 is the
average femoral trabecular apparent density in young adult

simulate endoscopic placement was 5.8° ± 5.7°. The failure
mode of simulated endoscopic reconstructions of Part I was
bone block pullout in four specimens and both screw and
bone block pullout in one specimen. For the rear-entry
reconstructions of Part I, the failure mode wa.s bone block
pullout in four of the five specimens and bone block fracture
in one. Based on a paired t-test, there was no statistically
significant difference in pullout force (P 0.76) or insertion
torque (P 0.07) between the simulated endoscopic screws
and the conventionally inserted, rear-entry, outside-in

bone.ll

screws.

=

=

=
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TABLE 2
Insertion torque,

pullout force, linear

For the

comparison of 5.5- and 7-mm diameter screws of
two given lengths (Part II), the failure mode in four of the
five 5.5-mm diameter, 20-mm long screws was bone block
pullout and in one specimen both bone block and screw
pullout. For the 7-mm diameter screws, three specimens
failed by bone block pullout and two by bone block and
screw pullout. For the 25-mm long screws, the failure mode
in five of the seven 5.5-mm diameter screws was bone block
pullout and in two specimens, bone block and screw pullout.
For the 7-mm diameter screws, three specimens failed by
bone block pullout and four by bone block and screw pullout.
By analysis of variance (ANOVA), there was no significant effect of screw length on pullout force (P
0.27), but
there was a highly significant increase in pullout force for
the 7-mm diameter screws when compared with the 5.5-mm
diameter screws (P = 0.002). The ANOVA interaction term
between length and diameter was also significant (P
0.024), indicating that the effect of screw diameter was not
the same for each screw length. For the 20-mm long screws,
the pullout force on average increased 120% when 7-mm
diameter screws were inserted rather than 5.5-mm diameter
screws. For the longer screws (25 mm), the pullout force
increased only 21% on average when the diameter of the
screw was increased from 5.5 to 7 mm.
For the comparison of standard versus increased core
diameter 5.5- and 7-mm diameter screws (Part III), the
failure mode for the 5.5-mm standard core screws was tendon
failure in one specimen, bone block and screw pullout in one
specimen, and bone block pullout in the remaining three
specimens. For the 5.5-mm large core screws, all five specimens failed by bone block pullout. The failure mode for the
7-mm standard core screws was bone plug fracture at the
top of the screw in one specimen, bone plug and screw
pullout in two specimens, and bone plug pullout in two
specimens. For the 7-mm large core screws, the failure mode
was tendon failure in one specimen, bone plug and screw
pullout in one specimen, and bone pullout in three speci=

=

P

=

0.21 for 7-mm

Using the combined data from Parts I and III for 5.5- and
7-mm diameter endoscopically inserted screws and 9-mm
outside-in inserted screws, there was a weak positive linear
correlation (r2
0.45, P < 0.05) between screw insertion
torque and measured pullout force (Fig. 2). The standard
error of the estimate in pullout force from Figure 2 was 155
N.
Table 3 list the average apparent densities, the estimated
pullout forces using the linear correction factor, and the
percentage increases from the measured pullout force. The
increase in the measured pullout forces ranged from 134%
for 25-mm long, 7-mm large core diameter screws, to 298%
for 9-mm outside-in inserted screws.
=

DISCUSSION
In this cadaveric model system there was no significant
difference in fixation strengths for interference screws in-

2. For endoscopically inserted screws of 5.5 and 7
diameter and 9 mm inserted outside-in, there is a weak
but significant (r2= 0.45, P < 0.05) positive linear correlation
between screw insertion torque and measured pullout force.

Figure

By ANOVA, there was no significant difference in pullout
force (P
0.17 for 5.5-mm screws and P
0.29 for 7-mm
screws) or insertion torque (P 0.59 for 5.5-mm screws and

mm

=

=

,

screws) between the standard and large

core screws.

mens.

=

stiffness

884
TABLE 3
Bone densities, corrected pullout forces

serted
serted

endoscopic placement and screws inconventional rear-entry, outside-in approach. With the endoscopic model, interference screw
length (20 mm versus 25 mm) and screw core diameter (for
5.5-mm diameter screws, 3-mm standard core versus 3.5mm large core; for 7-mm screws, 3.5-mm standard core
versus 4.42-mm large core) did not influence fixation
strength. However, for 20-mm long interference screws of
standard core diameter, an increase in screw diameter from
5.5 to 7 mm resulted in a 120% increase in pullout force. For
5.5- and 7-mm endoscopically inserted screws and 9-mm
outside-in interference screws, there was also a moderate (r22
0.45) positive linear correlation between insertion torque
and pullout force.
Kurosaka et a1.,15 in a previous report on ACL fixation,
compared the fixation strength of a 6.5-mm diameter AO
cancellous screw with that of a custom-designed, 9-mm
diameter, fully threaded cancellous interference screw. Their
study did not examine the effect of screw length or screw
core size on the fixation strength of ACL patellar tendon
grafts. There have also been no previous studies comparing
the fixation strength of endoscopically inserted interference
screws with that of the conventional rear-entry, outside-in
interference screws.
To address these open questions, we chose an experimental design so that bone density could be controlled for a pair
of knees, thus minimizing the effects of this variable for a
given experimental condition. In our model we found no
significant difference in pullout force between the endoscopically inserted 7-mm diameter screws, and the rear-entry,
outside-in inserted 9-mm diameter screws (P
0.76). Our
data thus suggest that properly inserted 7-mm diameter
endoscopic interference screws can provide fixation
strengths of patellar tendon ACL grafts equivalent to those
of conventional 9-mm diameter rear-entry, outside-in
as

to simulate

through

a

=

=

screws.

One important limitation of our study is that in our
endoscopic model the interference screws were inserted in
an open fashion. This open insertion method is likely to
have allowed a more parallel screw placement (mean screwbone block divergence angle of 5.8° ± 5.7°) than is possible

an arthroscopic approach. Because the endoscopic
is commonly inserted through an anteromedial portal
with the arthroscopic technique, parallel screw-bone block
placement is more difficult to obtain. Thus, arthroscopic
screw placement might be expected to result in larger screwbone block divergence angles and a reduction in screw
thread-bone block contact (and possibly fixation strength)
compared with our open insertion technique. We are currently exploring this issue in a further series of experiments
designed to determine the effects of controlled variations in
divergence angle on graft fixation strength.
When the effect of screw length and diameter on pullout
force was analyzed, we found a significant difference between the 20- and 25-mm long screws. Our results indicate
that for 20-mm long endoscopically inserted screws, stronger
fixation is obtained with 7-mm diameter screws than with
5.5-mm diameter screws. For 25-mm long screws our data
suggest that there is no significant difference in pullout
strength between the 5.5- and 7-mm diameter screws, although there is a trend toward higher failure loads for the
7-mm diameter screws. Based on our data, endoscopic fixation with a 7-mm diameter and 20- or 25-mm length screw
can provide fixation strengths equivalent to conventional
rear-entry, outside-in fixation with 9-mm diameter screws.
Our data thus provide some clinical guidelines for endoscopic
screw selection.
The use of the large-core screw design did not provide
increased fixation strength in our model. Instead the mean
fixation strengths of both the 5.5- and 7-mm large-core
designs were lower than the corresponding standard-core
screws, but these differences were not significant. The failure of the large-core design to improve ACL graft fixation
performance is probably the consequence of a reduction in
the amount of cancellous bone within the threads of the
large-core diameter screw. Our findings agree with those of
DeCoster et al.,9 who showed that increases in screw pullout
force in a synthetic bone material were most sensitive to the
screw outer diameter and least sensitive to increases in the
core size of the screw.
Our measured mean pullout force of 362 ± 198 N for the
7-mm diameter, standard-core, endoscopically inserted

using

screw
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compares favorably with mean values of 208 ± 27.5
6.5-mm AO cancellous screw and 476 ± 111 N for a
custom-designed, 9-mm diameter screw previously reported

could then be used to help guide the early postoperative
rehabilitation program.

by Kurosaka et a1.15 Expressed as a percentage of the failure
load for the normal young adult ACL of 1725 N, 20 our
measured pullout strength in elderly cadavers ranged from

CONCLUSIONS

screws

N for

a

13.6% to 26.8% of the normal ACL failure load. This compares favorably with values of 12% to 27.5% of the normal
ACL previously reported by Kurosaka et al.
Another limitation of our study, and of other similar ACL
fixation studies, is the use of elderly cadaveric specimens.
Other authors have noted that cadaver age-and by inference, bone density-has an effect on the fixation strength
of ACL grafts.’ Because of the difficulty of obtaining young
knee specimens, we measured the apparent density of trabecular bone next to the femoral tunnel. We attempted to
estimate what the fixation strength might be in young
femora by using a linear correction factor based on the
measured apparent density of the specimen (Table 3). Estimated fixation strengths ranged from 814 ± 456 N to 1238
± 562 N for 7-mm diameter, 25-mm long endoscopic screws.
These values represent 47.2% to 71.8% of the normal young
adult ACL failure load derived from the experiments by
Noyes et al .2’ The estimated fixation strength of the 9-mm
diameter, 25-mm long rear-entry screws was 933 ± 591 N.
This represents 53.9% of the failure load of the normal
young adult ACL. Our data suggest a 134% to 298% greater
pullout force might be expected for young femora compared
with the measured pullout forces obtained in these elderly

specimens.
The actual force on the ACL during activities has not
been directly measured, but Noyes et al .20 estimated that the
ACL is loaded to approximately 450 N for most normal
activities. Based on our measured data, the mean failure
load for the 5.5-mm diameter, standard-core, 25-mm long
screws was 358 ± 226 N, with a range of 69 to 599 N,
representing 79.6% of the average estimated load associated
with activities of daily living. The mean failure load for the
7-mm diameter, standard-core, 25-mm long screws was 466
± 283 N, with a range of 79 to 750 N. This represents on
average 104% of the estimated ACL force during activities
of daily living. Using a linear correction factor based on
apparent density, we estimated a value of 1238 ± 562 N for
the 7-mm diameter, standard-core, 25-mm long screws, or
275% of the estimated ACL force with activities of daily
living. Based on these data, it appears that 7-mm diameter,
standard-core, 25-mm long endoscopic screws could provide
adequate ACL graft fixation strength during the early post-

operative period.
Reznik et al., 21 in an adult minipig model, reported that
when screw insertion torques were 1 foot-pound (1.36 N-m)
or greater, the patellar tendon pullout strength was above
150 pounds (667 N). Based on our insertion torque data, an
insertion torque of 1 foot-pound correlated with a pullout
force of 438 N. With additional data, a positive correlation
of this kind could provide the surgeon with an intraoperative
estimate of the immediate fixation strength. These data

1. Pullout strength of patellar tendon ACL grafts secured
using conventional rear-entry, outside-in, 9-mm diameter
screws did not differ significantly from 7-mm diameter
screws inserted so as to simulate endoscopic placement (P
0.76). Insertion torques were not significantly higher for
the 9-mm diameter, rear-entry screws compared with the 7mm diameter screws (P
0.07). We can conclude, therefore,
that both fixation techniques provide similar fixation
strengths, even though screw diameter was larger for the
rear-entry technique.
2. From the repeat measure ANOVA, there was no significant effect of screw length on pullout force (P
0.27), but
there was a highly significant increase in pullout force for
the 7-mm diameter screw compared with the 5.5-mm diameter screw (P
0.002). The significant (P 0.024) ANOVA
interaction term (length*diameter) indicates that the influence of screw diameter differed for the two screw lengths.
3. The repeat measure ANOVA revealed no significant
effect of core diameter on pullout force (P
0.17 for 5.5=

=

=

=

=

=

diameter screws and P
0.25 for 7-mm diameter
screws). There was also no significant effect of core diameter
on insertion torque. These two results suggest that increased
screw core diameter does not improve interference screw
fixation strength over conventional interference screws.
4. There was a weak but positive linear correlation ( r2 =
0.45, P < 0.05) between screw insertion torque and measured
pullout force.
mm

=
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