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A B S T R A C T

Introduction: Anterior cruciate ligament (ACL) reconstruction failure remains a commonly seen complication despite
advances in technique and graft options. Recently, several studies have shown that the inclination of the tibial
plateau in the sagittal plane affects the stability of the knee joint. The purpose of this study was to determine if an
increased posterior slope of the tibia is associated with failure of ACL reconstruction irrespective of the graft used.
Methods: From June 2002 to August 2003, a total of 100 patients with a symptomatic ACL-deficient knee were
randomised to receive either a hamstring autograft or posterior tibialis allograft. All allografts were from a single
tissue bank, aseptically processed, and fresh-frozen without terminal irradiation. ACL graft failures requiring
reoperation with a minimum of 10-year follow-up were identified via telephone survey. Lateral radiographs of the
knee of all patients were reviewed, and the slope of the tibia was measured using a standardised technique. Two
fellowship-trained orthopaedic sports medicine specialists, one board-certified general orthopaedic surgeon, and
two fellowship-trained musculoskeletal radiologists measured the tibial slope in all patients.
Results: At a minimum of 10-year follow-up, there were four (8.3%) autograft and 13 (26.5%) allograft failures
that required revision reconstruction. The overall average tibial slope of the nonfailure cohort was 9.4�. The
overall average tibial slope of the failure cohort was 11.9� (P ¼ 0.0002). The average slope of the allograft failures
was 11.5�compared with an average slope of 9.6� in the nonfailures (P ¼ 0.01). The average slope of the autograft
failures was 13.1� compared with 9.3� in the nonfailures (P ¼ 0.011). The mean difference in tibial slope mea-
surements was 0.665 (95% confidence interval: 0.569–0.750). The interrater reliability, as measured by the
intraclass correlation coefficient, for tibial slope was 0.898 (95% confidence interval: 0.859–0.928). The Cron-
bach α was 0.904.
Conclusion: In a prospective, randomised trial of ACL reconstructions using either autograft or allograft, failures
were associated with a significantly increased slope of the tibia compared with the nonfailures at 10-year follow-up.
What are the new findings?

� Irrespective of graft choice, posterior tibial slope is an indepen-
dent risk factor for anterior cruciate ligament graft failure.

� This study's findings support the recent literature that an
increased posterior tibial slope results in a greater risk of graft
failure after anterior cruciate ligament reconstruction.
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Introduction

Anterior cruciate ligament (ACL) reconstruction failure remains a
commonly seen outcome despite advances in technique and graft op-
tions. In addition, revision ACL reconstruction is associated with worse
outcomes when compared with primary reconstruction. Previous studies
indicate that graft rupture can occur at rates as high as 18.9% [1]. There
are multiple risk factors for ACL reconstruction failure, including allo-
graft use in young patients, female sex, improper tunnel positioning, and
higher body mass index [2]. Advances in operative technique and graft
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Fig. 1. Posterior tibial slope measurement using digital lateral radiographs.

Table 1
Demographic data of all subjects by group. The average age of surgery in the
autograft cohort was 28.9 � 5.8 compared with 29.2 � 5.5 cohort. In the auto-
graft cohort, there were 41 males and 7 females compared with 43 males and 6
females in the allograft group. The mechanism of injury between the two cohorts
is described. Finally, there was no difference between the two cohorts when
comparing rates of microfracture, MMD (medial meniscal debridement), MMR
(medial meniscal repair), LMD (lateral meniscal debridement), LMR (lateral
meniscal repair), and tourniquet time.

Autograft Allograft p-value

Age at surgery (years) 28.9 � 5.8 29.2 � 5.5 0.872
Gender Female ¼ 7,

male ¼ 41
Female ¼ 6,
male ¼ 43

0.774

Side Right ¼ 22,
left ¼ 26

Right ¼ 29,
left ¼ 20

0.225

Mechanism of injury 0.786
Sports 42 42
Military training 4 2
Fall 2 0
MVC 2 0

Meniscal path (yes) 35 (72.9%) 33 (67.3) 0.658
Chondral path (yes) 22 (45.8%) 17 (34.7%) 0.304
Microfracture (yes) 7 (14.6%) 3 (6.3%) 0.317
MMD 19 (39.6%) 16 (33.3%) 0.672
MMR 7 (14.6%) 7 (14.6%) 1.000
LMD 19 (39.6%) 17 (34.7%) 0.677
LMR 3 (6.3%) 0 (0.000%) 0.117
Tourniquet Time (min) 70.5 � 19.1 64.7 � 22.4 0.188
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choices have sought to limit the extrinsic factors that contribute to ACL
graft failure; however, until recently, the intrinsic risk factors have not
been fully elucidated.

Recent studies have shown that the declination of the tibial plateau
slope in the sagittal plane affects the in-situ stress on the ACL. Griffin
et al. demonstrated that an increased posterior tibial slope under load
resulted in anterior displacement of the tibia relative to the femur [3].
Follow-up studies have confirmed that increased tibial slope leads to a
significantly increased amount of in-situ stress on both the native ACL
and an ACL graft [4]. Further investigations by Salmon et al. showed that
adolescents with a tibial slope of >12� were 11 times more likely to
sustain an ACL graft failure [5]. In addition, adults in this study with a
tibial slope of >12� were seven times more likely to sustain an ACL graft
failure.

To date, there is limited data on whether the type of graft used for
ACL reconstruction modifies this deleterious effect of increased tibial
slope. To our knowledge, there are no studies that examine the effect of
tibial slope as an independent risk factor after ACL reconstruction using
different grafts. The purpose of this study was to compare the effect of
tibial slope in patients who underwent ACL reconstruction with either
hamstring autograft or tibialis posterior tendon allograft in a prospective
randomised trial with minimum 10-year follow-up. We hypothesised that
there would be a greater degree of posterior tibial slope in the ACL graft
failures compared to nonfailures.

Methods

The original prospective randomised study and the subsequent long-
term follow-up of these subjects were approved by the institutional re-
view board and the Human Use Committee at our institution. In-
vestigators adhered to the policies for the protection of human subjects as
prescribed in 45 Code of Federal Regulation 46.

Patients aged �18 years who presented with symptomatic ACL defi-
ciency, confirmed by magnetic resonance imaging (MRI), were eligible
for participation in the study. Multiligamentous injuries, previous knee
ligament surgery, and time remaining locally for follow-up of <6 months
were exclusion criteria. Participating subjects were randomised by study
design using sealed envelopes to receive an ACL reconstruction with
either one of two soft tissue graft types, tibialis posterior allograft, or
hamstring autograft. All allografts were obtained from the same Amer-
ican Association of Tissue Banks–certified tissue bank (Musculoskeletal
Transplant Foundation) (Fig. 1). All the allografts were freshly frozen,
aseptically harvested, and were not terminally irradiated. All patients
had preoperative clinical examination by the senior author, knee radio-
graphs, and an MRI to confirm ACL deficiency and to identify concomi-
tant meniscal and/or chondral pathology (Table 1).

Operative procedure

The operative technique is thoroughly detailed in the original pub-
lished manuscript by Bottoni et al [1]. In brief, all procedures were
performed via the same technique by one of two attending surgeons. For
the autograft group, the hamstring harvest was performed through a
longitudinal incision over the Pes Anserinus. The doubled semite-
ndinosus and gracilis tendons were sized to determine the smallest
diameter through which they would fit. The smallest diameter that
allowed the graft to pass was determined with the graft sizing block
(Arthrex, Inc, Naples, FL).

All of the allografts were maintained frozen in a commercially
available freezer until the operation. After complete thawing in warm
saline with antibiotic, the allograft was prepared on both ends with #5
Ethibond suture in a locking Krackow stitch. The size of the doubled graft
was then determined, and the graft was placed on 15 pounds of tension
using the Graftmaster board (Smith & Nephew, Inc. Andover, MA) until
needed.

A 5.5 mm shaver (Tomcat, Stryker Endoscopy, San Jose, CA) was used
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both to remove the residual ACL stump and to perform a minimal
notchplasty. Enough bone was removed to adequately visualise the
“over-the-top” position on the posterior aspect of the lateral wall of the
intercondylar notch. A tibial ACL guide was then introduced into the
knee, and a guide pin was placed in the posterior aspect of the ACL tibial
footprint. An oblique tibial tunnel as described by Howell et al. [6]
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allowed appropriate positioning of the femoral tunnel at the 10 or 2
o'clock position for the right and left knees, respectively. The graft was
secured first in the femur with a metal cross pin (Transfix-Arthrex, Inc.,
Naples, FL). The knee was cycled while tension was maintained on the
graft distally for a minimum of 10 cycles. With the knee at 30� of flexion,
tibial fixation consisted of a bioabsorbable interference screw (Bioscrew,
Arthrex, Inc.) of the same diameter as the tibial tunnel. The graft or
remaining sutures were secured by an extra-articular bicortical 6.5 mm
screw and spiked washer inserted in the proximal tibia just distal to the
opening of the tibial tunnel. Care was taken to ensure incisions were
similar in appearance irrespective of graft type used.

Rehabilitation

Patients were all admitted overnight and discharged after physical
therapy consultation the following day. Patients used cryotherapy
continuously for the first week (Cryocuff, AirCast/DJO Global, Vista,
CA). Emphasis was placed on maintaining knee extension and regaining
quadriceps control. A drop-lock brace (DJO Global) locked in full
extension was used for the first 4 weeks and then discontinued thereafter.
Postoperatively, all patients followed a standardised rehabilitation pro-
tocol supervised by a physical therapist blinded as to the specific graft
type used. Of note, both techniques used similar incisions; therefore,
there was no obvious outward indication of the graft type used. Full
weight bearing was allowed immediately except in cases where meniscal
repair or microfracture was performed. Weight bearing was fully
restricted for 6 weeks after microfracture and for 4 weeks after meniscal
repair. Full active motion was encouraged in all cases except when a
meniscal repair was performed. In these patients, knee flexion was
restricted to 90� for the first 4 weeks, then unrestricted thereafter.

Patient evaluations

Study patients completed all preoperative evaluations in the visit
immediately preceding surgery. They were then seen at 3, 14, and 30
days postoperatively and then monthly until released to full unrestricted
activity. At their latest follow-up, which was a minimum of 10 years,
patients were either examined in person or, if unable to follow up in
person, were contacted telephonically and via internet survey to assess
graft status, if they had sustained a graft rupture, and if they had un-
dergone revision surgery. A failure was defined as an ACL graft rupture
confirmed by either MRI imaging or clinical examination.

Radiographic measurements

The posterior tibial slope (PTS) was measured on digital lateral knee
radiographs. Radiographs were obtained immediately postoperatively. It
was calculated from the angle between a line drawn tangentially to the
medial tibial plateau and the proximal anatomical axis of the tibia. The
anatomical axis of the tibia was determined from a line connecting two
points measured from the mid-cortical diameters of the tibia at two
points, 7 cm and 15 cm distal to the knee joint (Fig. 1). Two fellowship-
trained orthopaedic sports medicine specialists, one board-certified
general orthopaedic surgeon, and two fellowship-trained musculoskel-
etal radiologists measured the tibial slope in all patients. All measurers
were blinded to which graft the patient received as well as to which
patients had an ACL graft failure.

Statistical analysis

The data were analysed using Microsoft Excel and SPSS (IBM,
Armonk, NY). An unpaired t-test was used to assess for differences in
radiographic outcome measures between the graft failure and nonfailure
groups. From the original study, power analysis was conducted using
NCSS-PASS version 1.0 (NCSS LLC). Equal variance was assumed with
both standard deviations equal to 10. The alpha error selected was 0.05
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with a 2-tailed possibility of directional difference and a difference be-
tween means of 5 points on the 100 point Lysholm score. With 50 pa-
tients in each group, the power achieved was 70%, but with a difference
in means of 6 points, the power was 85%1. In all analyses, P < 0.05 was
considered significant. Post-hoc power analysis with graft failure being
the variable of interest was performed. Based on an effect size of 0.5 and
an alpha value of 0.8, a minimum of 53 patients per study group was
required to achieve a power of 0.8. The interrater reliability of tibial
slope measurements was calculated using the intraclass correlation co-
efficient (ICC) with mixed two-way measures and absolute agreement.
Internal consistency of the slopemeasurements was determined using the
Cronbach α. Patients were excluded from analysis if data weremissing for
one or more raters (n ¼ 5, 5.2%).

Results

Anterior cruciate reconstruction failures

From June 2002 to August 2003, a total of 99 consecutive patients
(100 knees) with an ACL tear and symptomatic knee instability were
enrolled in the study. The average age of the patients at the time of
surgery was 28.9 years in the autograft group and 29.2 years in the
allograft group. Of the study group, 95% of the patients were active-duty
military status at the time of surgery. There were 86 male and 13 female
patients. One hundred knees were randomised via sealed envelopes; 50
knees underwent ACL reconstruction using a 4-stranded hamstring
autograft and 50 underwent reconstruction with a tibialis posterior
tendon allograft. The minimum follow-up was 10 years (126 months). Of
the 100 patients, 16 patients (16%) failed their index operation and
sustained graft failure requiring revision ACL reconstruction. Of these
graft failures, 13 were allografts (26.5%), and four were autografts
(8.3%; P ¼ 0.03).

Posterior slope measurements

The mean angle of the average tibial slope of the nonfailure cohort
was 9.4� � 2.2. The overall average tibial slope of the failure cohort was
11.9� � 2.0 (P ¼ 0.002). In the autograft cohort, the failures averaged a
tibial slope of 13.1� � 1.8 compared with 9.3� � 2.1 in the nonfailures (P
¼ 0.01; Fig. 2). The average slope of the allograft failures was 11.5� � 2.0
compared with an average tibial slope of 9.6� � 2.4 in the allograft
nonfailures (P ¼ 0.01; Fig. 3).

Interobserver reliability

The mean difference in tibial slope measurements was 0.665� (95%
CI: 0.569–0.750). The interrater reliability, as measured by the ICC for
tibial slope, was 0.898 (95% CI: 0.859–0.928). The Cronbach α was
0.904.

Discussion

The most significant was our finding that in both allograft and
autograft reconstructions, there was a statistically significant difference
in the tibial slopes between the failure and nonfailure groups. In the
autograft group, failures had an average PTS of 13.1� compared with 9.3�

in the nonfailures. In addition, the allograft failures had an average PTS
of 11.5�, whereas the nonfailures had an average of 9.6�. This study also
demonstrated excellent interobserver reliability of tibial slope measure-
ments with an ICC of 0.898 and Cronbach α of 0.904. Therefore, our
study demonstrates PTS in the sagittal plane is an easily measurable
variable that should be considered a risk factor for ACL graft failure
irrespective of ACL graft choice.

Recent literature has demonstrated that there is an increased risk of
anterior cruciate graft failure in patients who have a greater PTS [2,4,
7–14]. Our results add to these findings by demonstrating that an
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Fig. 2. Posterior tibial slope comparison between autograft failures which averaged a tibial slope of 13.1� � 1.8 compared with 9.3� � 2.1 in the nonfailures (P ¼
0.01). In the autograft nonfailure group n ¼ 46 and in the failure group n ¼ 4. The central black dot represents the average PTS.
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Fig. 3. Average posterior tibial slope comparison between allograft failures which averaged 11.5� � 2.0 compared with 9.6� � 2.4 in the allograft nonfailures (P ¼
0.01). In the allograft nonfailure group n ¼ 33 and in the failures n ¼ 13. The central black dot represents the average PTS.
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increase in the PTS increases the risk of ACL graft failure and revision
surgery regardless of whether the surgeon is using allograft or autograft.
Therefore, the findings of this study suggest that allograft ACL re-
constructions are at risk for failure with a PTS of �11.5� and that auto-
graft ACLs are susceptible at �12�.

Several authors have advocated that a tibial slope>12� is pathologic,
recommending surgical correction [1,15–18]. An increased PTS is sug-
gested to result in increased tension on the ACL, therefore making it more
susceptible to rerupture. Salmon et al. reported that adults with a PTS of
>12� were seven times more likely to injure their contralateral ACL and
had a higher incidence of graft reruptures than patients with a PTS <12�

[5]. In addition, they reported that adolescents with a PTS of >12� were
11 times more likely to sustain a graft rupture. Furthermore, several
additional studies have reported that a PTS >12� significantly increases
the odds of an ACL graft injury [11,19]. This study supports the current
literature in that a PTS >12� should be considered pathologic.

Anterior wedge osteotomy has been described as an operative tech-
nique to correct for pathologic PTS. Dejour et al. reported nine patients
who had undergone a second rupture of an ACL reconstruction [7,8], all
of whom had a PTS >12�. All patients underwent an anterior clo-
sing-wedge osteotomy at the time of ACL reconstruction, decreasing the
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PTS from 13.2� � 2.6� to 4.4� � 2.3�10. Sonnery-Cottet et al. reported on
five patients at 32 months postoperatively from a slope-reducing anterior
closing-wedge osteotomy in combination with an ACL reconstruction
[20]. They concluded that an ACL reconstruction in combination with a
proximal anterior closing-wedge osteotomy can restore stability and
function of the knee as well as prevent rerupture. Based on the recent
clinical and biomechanical data, a slope-decreasing osteotomy should
decrease the tibial slope to <6� in patients with ACL graft failures [20].
Our data supports the suggestion that patients who sustain an ACL graft
failure with a PTS >12� should be considered candidates for a slope--
decreasing osteotomy.

Limitations

In this study, our only end point was ACL graft failure and based upon
a cohort of patients randomised to one of two grafts with the same
postoperative rehabilitation protocol. This study does not account for
intraoperative factors that may have contributed to failure, including
tunnel placement, graft length/thickness, or fixation failure. In addition,
not all radiographs were perfect lateral radiographs of the knee. With
differences in rotation, there was a decreased accuracy of PTS
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measurements.

Conclusion

We found that there was a statistically significant difference in the
PTS in patients who had clinical failure after ACL reconstruction, irre-
spective of graft type. Our findings support the recent literature that an
increased PTS results in a greater risk of graft failure after ACL
reconstruction.
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