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Background: Anterior cruciate ligament (ACL) ruptures have become increasingly common in pediatric and adolescent athletes.
While multiple methods exist, all-epiphyseal ACL reconstruction is a popular technique in the skeletally immature patient. Given the
high rate of reruptures in this population and the increasing number of commercially available fixation devices, biomechanical
testing is crucial to understand the performance of these devices in pediatric epiphyseal bone. To our knowledge, there has not
been a biomechanical analysis of ACL fixation devices in skeletally immature bone.

Purpose: To compare cortically based button fixation with interference screw and sheath fixation in skeletally immature femoral
epiphyseal cadaveric bone. Our hypothesis was that there would be no difference in peak load to failure, stiffness, or cyclic
displacement between these 2 fixation constructs.

Study Design: Controlled laboratory study.

Methods: Fresh-frozen matched-pair knees from 3 pediatric cadaveric specimens were obtained. A synthetic graft was fixed in an
all-epiphyseal femoral tunnel. Both the lateral and medial condyles were utilized to increase the sample size. Specimens were
randomized and assigned to receive either an interference screw and sheath construct designed for pediatric patients or an
adjustable loop cortical button. Biomechanical testing was performed to obtain ultimate load to failure, stiffness, total displace-
ment after 500 cycles, and the failure mode for each condyle.

Results: Each medial and lateral condyle in 3 pairs of skeletally immature cadaveric knees (ages 7, 9, and 11 years) was utilized
for testing. One specimen was excluded after it failed by having a transphyseal fracture. The median peak load to failure was
769.80 N (interquartile range [IQR], 628.50-930.41 N) for the screw and sheath group and 862.80 N (IQR, 692.34-872.65 N) for the
button group (P¼ .893). The median displacement after 500 cycles for the screw and sheath group was 0.65 mm (IQR, 0.47-1.03
mm) and 1.13 mm (IQR, 0.96-1.25 mm) for the button group (P ¼ .08). The median stiffness of the screw and sheath group was
significantly higher than that of the button group (31.47 N/mm [IQR, 26.40-43.00 N/mm] vs 25.22 N/mm [IQR, 21.18-27.07
N/mm], respectively) (P ¼ .043).

Conclusion: When comparing femoral fixation with a screw and sheath construct developed for pediatric patients to an adjustable
loop cortical button in skeletally immature bone, our results showed that fixation did not significantly differ with respect to cyclic
displacement or peak load to failure. While the screw and sheath construct was significantly stiffer, its effect on clinical outcomes is
not yet known.

Clinical Relevance: With regard to femoral fixation, there is no significant biomechanical difference between the use of cortically
based button fixation or interference screw and sheath fixation in pediatric epiphyseal cadaveric bone.
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Once considered a rare diagnosis, a rupture of the anterior
cruciate ligament (ACL) in the skeletally immature has
been increasingly recognized.2,5 According to the Centers
for Disease Control and Prevention, there are between 45
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and 50 million children playing organized sports each year
in the United States.23 The increased participation and
intensity in cutting and contact sports, combined with
increased physician awareness and improved diagnostic
methods, are likely responsible for the increased recogni-
tion and incidence of pediatric ACL injuries.19,35

Historically, ACL reconstruction was delayed until
skeletal maturity to avoid the risk of growth disturbance.
However, nonsurgical treatment of the active, skeletally
immature patient with ACL deficiency has poor prognosis.
Nonoperative treatment in this particular population
carries an increased risk for secondary meniscal tears,
persistent instability, radiographic degenerative changes,
and inability to return to sport at the prior activity
level.3,13-15,24,25,35 In an effort to prevent these subsequent
injuries, surgical reconstruction has been advocated in the
large majority of cases.2,3,5,19

All-epiphyseal hamstring reconstruction has become a
popular method; however, to date, there are currently no
data on the biomechanical performance of ACL fixation
devices in skeletally immature bone. Given the high rate
of reruptures in this population and the increasing number
of devices available for fixation on the market, testing of
these devices in pediatric epiphyseal bone is crucial.8,11,28

The purpose of this study was to directly compare cortical
button and interference screw and sheath fixation in skel-
etally immature cadaveric bone in a matched-pair analysis.
Our null hypothesis was that there is no difference in peak
load to failure, stiffness, or cyclic displacement between
these 2 constructs.

METHODS

Fresh-frozen matched-pair knees from 3 pediatric cadav-
eric specimens (6 knees) were donated from a single source
(AlloSource). Because of the paucity of pediatric specimens
available for study, both lateral and medial condyles were
used to serve as ACL femoral fixation sites (12 total testing
sites) and were assigned in a random fashion. The speci-
mens were previously used for unrelated patellofemoral
and iliotibial band studies. The prior studies did involve
cartilage sampling but did not involve any bony manipula-
tion, cortical disruption, or other testing that would affect
the biomechanical properties of the specimens.

Each matched-pair specimen was randomized to undergo
cortical button fixation (TightRope RT; Arthrex) in one con-
dyle and receive a screw and sheath construct (ShieldLoc;

OrthoPediatrics) in the other condyle of one knee, with the
opposite configuration of cortical button fixation and screw
and sheath fixation in the matching contralateral knee.
The specimens were 7, 9, and 11 years of age. All specimens
were male and did not have any known metabolic or endo-
crine disorders.

All femoral condyles were potted in plaster of paris before
biomechanical testing. Specimens were stored at –20�C,
thawed at room temperature 24 hours before testing, and
kept moist with saline irrigation throughout the prepara-
tion process and mechanical testing.

Surgical Technique

After the specimens had been randomized, they were
inspected for mechanical damage or defects, and any resid-
ual cruciate ligament attachments on the femur were
sharply excised. A small amount of remnant tissue was left
on the condyle to act as a guide for femoral tunnel place-
ment, as is typical in all-epiphyseal ACL reconstruction. To
guide our placement of the tunnel on the medial femoral
condyle, we referenced the posterior condyle and articular
cartilage margin and placed the tunnel in a similar position
to the corresponding tunnel in the lateral femoral condyle
for that specimen. We elected to utilize a 4 mm–diameter,
550 lb–test paracord (Paracord Planet) as a synthetic ACL
graft. Two pieces of the paracord were cut to a length of
300 mm. The loose inner core strands were then removed.
The lengths of the paracord were then doubled back to con-
struct a 150-mm quadrupled graft (Figure 1). Each limb
was whipstitched with No. 2 FiberWire (Arthrex). The
grafts were sized and easily fit through a 7-mm sizing block.

Cortical Button Fixation

Two board-certified fellowship-trained sports medicine
orthopaedic surgeons (C.W.N. and M.D.M.) performed both
reconstruction construct techniques. First, a 2.4-mm guide
pin was placed using an all-epiphyseal technique with the
aid of an ACL guide set to 90�. Placement was confirmed
distal to the distal femoral physis on mini C-arm fluoros-
copy. The guide was centered over the native ACL footprint
when the lateral condyle was used and set in the corre-
sponding location of the medial notch when the medial con-
dyle was utilized. The guide pin was then removed, and a
7-mm retrodrilling device (FlipCutter; Arthrex) was placed
through the ACL guide in the same location to create a
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femoral socket. The drill guide sleeve was malleted down to
the outer cortex before creation of the femoral socket to
ensure a 7-mm bony bridge between the deepest portion
of the femoral socket and the lateral cortex, as per the
device design. A passing suture was used to pass the graft
in an inside-out fashion. The button was flipped onto the
lateral cortex; the adjustable loop was then cinched down to
bring the graft into the femoral tunnel. Slight counterten-
sion was maintained throughout this process to simulate
the operative environment (Figure 2).

Interference Screw and Sheath Fixation

The same surgeons performed fixation using the interfer-
ence screw and sheath construct (ShieldLoc). First, the sup-
plied ACL guide was set to 55� and positioned over the
femoral footprint. An all-epiphyseal 2.4-mm guide pin was
drilled into the center of the ACL footprint when utilizing
the lateral femoral condyle or the medial notch when the
medial condyle was used. Placement was confirmed on mini

C-arm fluoroscopy. Per the technique guide, a cannulated
7-mm reamer was utilized to create the femoral tunnel.
During creation of the tunnel, a hemostat was placed on
the tip of the guide wire to protect the contralateral condy-
lar notch. The corresponding counterbore for the 7-mm
reamer was used to further open the lateral cortex. A
7-mm sheath was placed per the technique guide. The
graft was passed in an outside-in manner as instructed
in the technique guide. The whipstitched limbs of the
graft were then held with manual countertension, with
a supplied guide wire placed between the limbs, and the
interference screw was placed in the sheath to complete
the construct (Figure 3).

Biomechanical Testing

Each specimen was tested after grafts were fixed to both
condyles (Figure 4). The proximal portion of each femur
was potted using plaster of paris in a 2 inch–diameter poly-
vinyl chloride pipe to allow fixation into the base fixture of
the materials testing machine (Bionix II universal testing
machine; MTS Systems). The distal portions of the graft

Figure 1. Four-millimeter-diameter paracord was cut to 300
mm and doubled to serve as an anterior cruciate ligament
graft.

Figure 2. Cortical button being deployed and tensioned into
the medial femoral condyle tunnel.

Figure 3. Final interference screw and sheath construct.

Figure 4. Screw and sheath construct in the lateral condyle
and button in the medial condyle before MTS testing.
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were fixed to the MTS machine by a clamp and specimens
positioned so that the force vector was collinear with the
femoral tunnel (Figure 5). After a 10-N preload, each spec-
imen was subjected to 500 cycles between 0 and 100 N with
a crosshead speed of 100 mm/min, and the load displace-
ment curve was recorded at a 20-Hz sampling rate (as
described by Hapa et al16 and Tsukada et al34). Load
(N) versus displacement (mm) was recorded until failure.
The ultimate tensile load was considered the peak force
recorded. The study endpoints for the different fixation
devices include ultimate load to failure (N), stiffness
(N/mm), total displacement after 500 cycles, and failure
mode for each specimen.

Statistical Analysis

Statistical analyses were performed by a member of the
research team with formal training in epidemiology and
biostatistics (P.D.F.) using SPSS Statistics version 22
(IBM). Because of the rarity of skeletally immature cadav-
eric tissue and the resultant low sample size, all available
tissue was utilized, and therefore, an a priori power calcu-
lation was not performed.18 Furthermore, to maximize sta-
tistical power, each specimen served as its own internal
control in the matched-pair analysis. Additionally, non-
parametric statistics were used to minimize the effect of
outliers, which is appropriate for small sample sizes.18 To
that end, descriptive statistics were reported as medians
and interquartile ranges (IQRs), and comparative statistics
were performed using the related-samples Wilcoxon
signed-rank test. All comparative tests were 2-tailed, and
P ¼ .05 was set as the threshold for statistical significance.

RESULTS

One specimen experienced failure due to a transphyseal
fracture during biomechanical testing, and both the lateral
and medial condyle results for that specimen were
excluded. This resulted in 10 femoral tunnels that were
included in the final analysis. The median peak load to

failure was 769.80 N (IQR, 628.50-930.41 N) for the screw
and sheath group and 862.80 N (IQR, 692.34-872.65 N) for
the button group (P ¼ .893) (Appendix Figure A1). The
median displacement after 500 cycles for the screw and
sheath group was 0.65 mm (IQR, 0.47-1.03 mm) and
1.13 mm (IQR, 0.96-1.25 mm) for the button group
(P ¼ .08) (Appendix Figure A2). The median stiffness of the
screw and sheath group was 31.47 N/mm (IQR, 26.40-43.00
N/mm) and 25.22 N/mm (IQR, 21.18-27.07 N/mm) for the
button group, which was significantly different (P ¼ .043)
(Table 1 and Appendix Figure A3).

The mode of failure in the screw and sheath group was a
tunnel fracture in 1 specimen, while the construct subsided
without a tunnel fracture in 3 specimens. In 1 specimen,
the synthetic paracord graft pulled through the interfer-
ence screw and sheath construct. The mode of failure in the
cortical button group was a direct result of a suture rupture
at the cortical button in 2 specimens and button pull-
through in the lateral cortex in 2 specimens (Table 1).

DISCUSSION

Pediatric and adolescent ACL injuries are a serious, poten-
tially disabling problem. The number of ACL reconstruc-
tions performed in the skeletally immature population is
growing, and multiple methods of reconstruction
exist.2,5,7,10,12,36 Many of the techniques used today are
adapted from ACL reconstruction techniques in the adult
population and utilize the same devices. However, there are
inherent structural differences between pediatric and adult
bone with regard to mineralization and bone strength, and
the performance of these devices in pediatric bone has not
been evaluated, to our knowledge.4,20 We compared 2 com-
monly used fixation devices for skeletally immature bone:
an adjustable loop cortical button and an interference screw
and sheath construct. Our results showed that fixation did
not significantly differ with regard to cyclic displacement or
peak load to failure. The screw and sheath construct was
significantly stiffer, but the clinical relevance of this differ-
ence is not known.

Prior ACL fixation studies using porcine models have been
criticized for overestimating displacement and yield load
values when compared withhuman cadaveric specimens.21,27

However, the prohibitive cost and low availability associated
with testing of human cadaveric specimens needs to be taken
into consideration. Previous studies of human cadaveric spe-
cimens have typically used older donors, the results of which
may not extend to skeletally immature tissue.

It has been shown through simulated models that an
ACL in an adult can experience 303 N of load during
ground-level walking and up to 1294 N with single-leg land-
ing from a running jump.31,32 Rowden et al30 performed a
biomechanical study in relatively young but skeletally
mature human cadaveric specimens. They showed that the
pullout strength of a quadrupled hamstring graft fixed with
a suture loop button and a bone–patellar tendon–bone
(BPTB) graft fixed via an aperture interference screw pro-
duced an ultimate load to failure of 612 N and 416 N,
respectively.30 The average age of the hamstring and BPTB

Figure 5. MTS setup: load is applied in line with the trajectory
of the femoral tunnel.
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groups was 30 and 24 years, respectively. Our results
showed an ultimate load to failure that was greater, with
values of 769.80 to 862.80 N. The Rowden et al30 study used
cadaveric grafts, and the mode of failure in the BPTB group
was graft failure in 3 of the 6 specimens and interference
screw pullout in the other 3 specimens, while suture loop
button failure occurred in all specimens in the hamstring
group. Recently, Noonan et al26 showed that cortical loop
fixation with no retensioning had an ultimate failure of
786 N, which is consistent with the findings of the current
study. Ultimately, we have shown in this study that fixation
with a cortical button or screw and sheath construct in skel-
etally immature bone performed at least as well as, if not
better than, fixation devices previously tested in adult bone.

In addition to ultimate load to failure, displacement dur-
ing cyclic loading has ramifications early in the postopera-
tive period, as hamstring graft incorporation does not occur
until roughly 12 weeks after surgical fixation.33 We demon-
strated that with both modes of fixation, cyclic displacement
was comparable with results from prior studies. After 500
cycles at 0 to 100 N, median displacement for the screw and
sheath group was 0.65 mm (IQR, 0.47-1.03 mm) and 1.13 mm
(IQR, 0.96-1.25 mm) for the button group (P ¼ .08). Johnson
et al17 recently performed cyclic testing on a variety of suture
buttons and found the TightRope RT to displace 2.2 mm and
1.8 mm after not retensioning and retensioning, respectively.
This is substantially more than the cyclic displacement found
in our study; however, their parameters were different, as
they cycled between 100 and 400 N for 1000 cycles to simulate
peak loads. Our results are comparable with those of Petre
et al,29 who found that adjustable loop buttons displaced
1.1 mm after 1000 cycles. Noonan et al26 performed a similar
but more comprehensive evaluation of adjustable loop
cortical fixation in a variety of scenarios and found that in
conditions similar to those of our study, grafts were displaced
a distance between 1.2 and 2.7 mm.

There are no prior cyclic loading studies evaluating the
ShieldLoc screw and sheath system used in our study. How-
ever, Aga et al1 tested various screw and sheath devices for
tibial fixation of hamstring grafts and found that graft dis-
placement after 100 cycles ranged between 1.38 and 1.92 mm.
While our findings revealed a displacement of 0.65 mm for the
screw and sheath construct, it was not significantly different
from the button. In terms of displacement compared with

prior studies, these fixation devices performed similarly, if
not slightly better, in skeletally immature bone than devices
tested using adult tissue.

While load to failure and cyclic displacement were not
significantly different in this study, stiffness was greater in
the screw and sheath group. Construct stiffness is deter-
mined by the rigidity of fixation and the elastic properties
of the graft material.38 Because of the standardized use of
the paracord as a graft substitute, any observed differences
in our study are likely because of the 2 different fixation
methods, as the paracord is uniform throughout while soft
tissue grafts may have variability between specimens. This
finding is consistent with prior studies that have demon-
strated superior stiffness when using interference screw fix-
ation compared with cortical button fixation in ACL
reconstruction.6,22 Interestingly, the values that we obtained
for stiffness were much lower compared with previous
reports. Woo et al37,38 performed biomechanical testing on
intact ACLs in young human cadaveric knees (ages 22-
35 years) and found mean stiffness to be 242 ± 28 N/mm. The
stiffness of the constructs in our study ranged from 25.22 to
31.47 N/mm, which are below the values reported in the lit-
erature; however, the clinical significance of these differences
in stiffness is unknown. This may have been the result of the
introduction of the paracord, implant differences, and/or the
inherent mechanical properties of skeletally immature bone
as it has been shown that skeletally immature bone is inher-
ently less stiff than adult bone.9 Further investigation is
needed to fully understand these differences.

We recognize that our study has limitations. The study
was performed on a small number of cadaveric specimens
because of the extreme rarity of available pediatric speci-
mens for study use and, as a result of this, is likely under-
powered. We also used both medial and lateral condyles to
perform femoral ACL fixation in an effort to maximize the
utility of a limited number of specimens; however, our data
did not significantly differ from medial to lateral condyle
fixation so we do not have reason to believe that this intro-
duced any inaccurate results. With the introduction of the
medial condyle for testing, we do recognize that this is non-
anatomic and may introduce an element of variability from
structural differences such as bone density. However, we
are unaware of any literature to support significant differ-
ences. Fixation devices were tested with the force vector

TABLE 1
Descriptive and Biomechanical Data of Specimens

Age, y Side Condyle Fixation Method Peak Load, N Displacement, mm Stiffness, N/mm Mode of Failure

7 Left Medial Screw & sheath 769.80 0.41 47.10 Screw/sheath pull-through
7 Right Lateral Screw & sheath 1070.10 0.53 38.83 Screw/sheath pull-through
9 Left Lateral Screw & sheath 631.10 0.73 25.84 Fracture
11 Right Medial Screw & sheath 790.72 0.65 26.97 Graft disengaged from screw & sheath
11 Left Lateral Screw & sheath 625.90 1.34 31.37 Screw/sheath pull-through
7 Left Lateral Button 862.80 1.29 27.99 Button pull-through
7 Right Medial Button 875.87 1.21 22.06 Suture failure at button
9 Right Lateral Button 625.24 0.97 25.22 Fracture
11 Right Lateral Button 759.43 0.95 20.30 Button pull-through
11 Left Medial Button 869.43 1.13 26.15 Suture failure at button
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applied to the graft in line with the tunnel, which may be
nonphysiological when compared with in vivo graft loading
of a native or reconstructed ACL. Finally, we elected to
utilize synthetic material for our graft, as cadaveric tissue
was not available at the time of the study. In addition, the
use of a synthetic graft would conceivably eliminate any
inherent variability that biological tissue could introduce
between specimens. This in turn maximized the compara-
bility of testing environments and isolated fixation device
as the variable of interest. However, the use of a synthetic
graft may have different fixation strength characteristics in
the screw and sheath construct compared with a soft tissue
graft, as the construct relies on friction fit, which may be
different between different materials.

CONCLUSION

The current study is the first to biomechanically test and
directly compare graft fixation constructs in skeletally
immature epiphyseal tissue. Our results indicated that
cortical button fixation and interference screw and sheath
fixation were no different with regard to peak load to failure
and cyclic displacement for all-epiphyseal ACL reconstruc-
tion. Biomechanical stiffness was significantly greater with
screw and sheath fixation; however, the clinical relevance
of the absolute difference observed here is unknown and
remains a subject of interest for future study.
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Figure A3. Box plot displaying median and interquartile ranges
of stiffness for the screw and sheath group and for the button
group,which reachedstatistical significance (P¼ .043).Minimum
and maximum stiffness values are connoted by whisker bars.
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