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Background: Anterior cruciate ligament (ACL) reconstruction (ACLR) has higher failure rates in young active patients returning to
sports as compared with older, less active individuals. Augmentation of ACLR with an anterolateral procedure has been shown to
reduce failure rates; however, indications for this procedure have yet to be clearly defined.

Purpose/Hypothesis: The purpose of this study was to identify predictors of ACL graft failure in high-risk patients and determine
key indications for when hamstring ACLR should be augmented by a lateral extra-articular tenodesis (LET). We hypothesized that
different preoperative characteristics and surgical variables may be associated with graft failure characterized by asymmetric
pivot shift and graft rupture.

Study Design: Case-control study; Level of evidence, 3.

Methods: Data were obtained from the Stability 1 Study, a multicenter randomized controlled trial of young active patients under-
going autologous hamstring ACLR with or without a LET. We performed 2 multivariable logistic regression analyses, with asym-
metric pivot shift and graft rupture as the dependent variables. The following were included as predictors: LET, age, sex, graft
diameter, tear chronicity, preoperative high-grade knee laxity, preoperative hyperextension on the contralateral side, medial me-
niscal repair/excision, lateral meniscal repair/excision, posterior tibial slope angle, and return-to-sports exposure time and level.

Results: Of the 618 patients in the Stability 1 Study, 568 with a mean age of 18.8 years (292 female; 51.4%) were included in this
analysis. Asymmetric pivot shift occurred in 152 (26.8%) and graft rupture in 43 (7.6%). The addition of a LET (odds ratio [OR],
0.56; 95% CI, 0.37-0.83) and increased graft diameter (OR, 0.62; 95% CI, 0.44-0.87) were significantly associated with lower odds
of asymmetric pivot shift. The addition of a LET (OR, 0.40; 95% CI, 0.18-0.91) and older age (OR, 0.83; 95% CI, 0.72-0.96) sig-
nificantly reduced the odds of graft rupture, while greater tibial slope (OR, 1.15; 95% CI, 1.01-1.32), preoperative high-grade knee
laxity (OR, 3.27; 95% CI, 1.45-7.41), and greater exposure time to sport (ie, earlier return to sport) (OR, 1.18; 95% CI, 1.08-1.29)
were significantly associated with greater odds of rupture.

Conclusion: The addition of a LET and larger graft diameter were significantly associated with reduced odds of asymmetric pivot shift.
Adding a LET was protective of graft rupture, while younger age, greater posterior tibial slope, high-grade knee laxity, and earlier return
to sport were associated with increased odds of graft rupture. Orthopaedic surgeons should consider supplementing hamstring auto-
graft ACLR with a LET in young active patients with morphological characteristics that make them at high risk of reinjury.
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There are many studies detailing the successful outcome of
anterior cruciate ligament (ACL) reconstruction (ACLR); how-
ever, there are also many reports of unsatisfactorily high
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rates of failure, particularly in the younger athlete.1,24,27,53,59

In a systematic review, Wiggins et al61 showed that ath-
letes aged \25 years who return to sport (RTS) after
ACLR have a reported ipsilateral failure rate between
7% and 14%. Age has been a significant predictor of
ACLR failure in multiple studies.25,28,49,53 The Multicen-
ter Orthopaedic Outcomes Network (MOON) knee group
showed that the odds of ACLR failure decrease by 9%
for every year increase in age.23 Webster et al59 also showed
that patients \20 years old had a 30% cumulative risk of
ACL reinjury or contralateral knee ACL injury in the first
2 years after reconstruction. Other risk factors for ACLR
failure have included increased posterior tibial slope,58

meniscal deficiency,42 graft size,28 and graft choice.31

Anterolateral-based procedures, such as lateral extra-
articular tenodesis (LET) or the newer anterolateral liga-
ment reconstruction techniques, have emerged as surgical
methods to attempt to reduce persistent anterolateral rota-
tory laxity and ACL graft failure, particularly in patients
who may be at high risk of graft failure. A number of the-
ories have postulated why an anterolateral procedure can
reduce graft failure. The reduction of persistent rotatory
laxity is the most obvious. However, as shown by Engebret-
sen et al10 and more recently Marom et al,32 the addition of
a LET results in reduced graft forces after ACLR. This may
provide some protection during the graft healing and mat-
uration phases. Unfortunately, there is a paucity of litera-
ture regarding the indications for adding an anterolateral
procedure during ACLR. Two recent consensus articles
outlined potential indications for the augmentation of
ACLR with an anterolateral procedure.11,50 The first
included revision ACLR, increased posterior tibial slope,
generalized ligamentous laxity (or knee hyperextension
.10�), young age, and return to contact pivoting sports.50

The second targeted revision ACLR, high-grade pivot shift,
Segond fracture, participation in pivoting sports, and
hyperlaxity as primary criteria and contralateral ACL rup-
ture, Lachman test displacement .7 mm, deep lateral fem-
oral notch sign, and age \25 years as secondary criteria.11

However, both studies were based on level 5 evidence and
would suggest that nearly all patients undergoing ACLR
should have an anterolateral procedure augmentation.
Consequently, given the lower level of evidence behind
these position statements and therefore the potentially
erroneous conclusions that have been made regarding the
addition of anterolateral procedures, studies with higher
evidence levels are necessary to determine the appropriate

indications for lateral augmentation during ACLR. It is
clear that more robust evidence is required to guide sur-
geons and patients to decide when an anterolateral aug-
mentation of ACLR is required.

We recently performed a multicenter randomized clini-
cal trial in which patients aged �25 years who were
deemed as being at high risk of reinjury were treated
with hamstring tendon autograft ACLR with or without
a LET (Stability 1 Study).12 At 2 years after surgery, the
addition of the LET resulted in a 60% relative risk reduc-
tion of graft failure as compared with the ACLR alone.14

The purpose of the present study was to (1) identify preop-
erative variables associated with persistent rotatory laxity
or graft rupture in high-risk patients from the Stability 1
Study and (2) determine key indications to inform sur-
geons when hamstring autograft ACLR should be supple-
mented with a LET. The hypothesis of this study was
that different patient characteristics and surgical varia-
bles may be associated with graft failure characterized by
asymmetric pivot shift or graft rupture.

METHODS

Data for this analysis were obtained from the Stability 1
Study (ClinicalTrials.gov: NCT02018354). An overall 618
patients between the ages of 15 and 25 years were
recruited from 9 centers (7 in Canada, 2 in Europe) and
then followed for 2 years postoperatively. Patients under-
went clinical assessment and completed patient-reported
outcome measures at postoperative 3, 6, 12, and 24
months. The study was approved by the Western Univer-
sity Research Ethics Board and the local board at each
institution. A detailed study protocol and results have
been published.12-14

Outcomes

The primary outcome in the Stability 1 Study was clinical
failure of the ACLR, defined as (1) persistent grade 1 pivot
shift at multiple visits, (2) grade �2 pivot shift at any visit,
or (3) graft rupture confirmed arthroscopically or on mag-
netic resonance imaging.2 The pivot-shift test, which has
been shown to be specific (97%-99%; sensitivity, 14%-
48%) for detection of ACL rupture,46 was completed at
each visit by a trained, blinded member of the surgical
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team and graded according to the International Knee Doc-
umentation Committee (IKDC) form.18 A positive pivot-
shift test finding correlates with worse functional out-
come3,26 and is widely accepted as a marker of failed
ACLR.33-35

Predictors

We selected 12 predictors for our analyses based on previ-
ous findings and clinical hypotheses: age,25,28,49 sex,31

treatment group (ACLR alone or ACLR 1 LET),14 preop-
erative knee hyperextension on the contralateral side,8

graft diameter,28 posterior tibial slope,58 time from injury
to surgery (months),48 preoperative high-grade knee lax-
ity,29,30 and meniscal treatment status (medial repair,
medial excision, lateral repair, lateral excision).42

Patients reported age, sex, and date of injury on a preop-
erative questionnaire. Age was included as a continuous
variable to assess the effect of a 1-year increase in age.
Tear chronicity was calculated as the interval in months
between the date of injury and date of surgery. Passive
hyperextension .10� was measured on both knees preoper-
atively as part of the Beighton score. Because the degree of
hyperextension between uninjured knees is highly corre-
lated and the surgical knee in some patients was locked or
otherwise unable to demonstrate preinjury extension, we
used the measurement from the nonoperative knee. Pivot-
shift and Lachman tests were performed with the patient
under anesthesia by the operating surgeon at the time of
surgery according to the IKDC guidelines.18 The presence
of a grade 3 Lachman sign (.10-mm difference vs the other
side) or grade 3 pivot-shift result ( 1 1 1 gross) was used to
define high-grade knee laxity, similar to previous research
by the MOON group.29,30 The posterior tibial slope for all
patients was measured on a true lateral radiograph taken
preoperatively by 1 fellowship-trained orthopaedic surgeon
according to the technique used by Webb et al.58 Tibial slope
was included as a continuous variable to assess the effect of
a 1� increase in tibial slope.

Patients were randomized intraoperatively to ACLR
alone or ACLR 1 LET. The type of procedure performed,
the ACL graft diameter, and the presence and treatment
of meniscal tears were documented on the standardized
surgical report forms by the operating surgeon.

Confounding Variables

Patients reported their primary sports and participation
levels (none, recreational, competitive, varsity, elite) pre-
operatively. Postoperatively, patients were given an RTS
questionnaire and asked to indicate when they returned
to sports and whether at a higher, similar, or lower level.
We classified those who returned to competitive, varsity,
or elite sports as high level; those returning to recreational
sports as low level; and those who did not return at all.
Patients were also classified by their primary sports as
high or low risk. High-risk sports were defined as those
that required cutting, pivoting, or landing from jumps
(eg, soccer, basketball, volleyball) while low-risk sports

did not (eg, swimming, running). Exposure time—the num-
ber of months that patients were playing sports during the
study period—was determined by subtracting the post-
operative RTS month from the total follow-up period of
24 months. For example, a patient who returned to sports
6 months postoperatively would have an exposure time of
18 months, and a patient who did not RTS would have
an exposure time of zero months. Exposure time was
included as a continuous predictor to assess the effect of
a 1-month increase in exposure time. Early return to
knee-strenuous sports and higher activity level have been
shown to be related to increased risk of graft failure.2,5,23

Statistical Analysis

The primary outcome variable was separated into 2 groups
by distinct event: asymmetric pivot shift (ie, a grade 1 1

pivot shift at multiple visits or a grade 2 1 pivot shift at
any visit that did not meet the definition of graft rupture)
and graft rupture. Different factors may be associated with
each event. We performed multivariable logistic regression
to predict asymmetric pivot shift and graft rupture using
the all-enter method with 11 of 12 predictors. Radiographs
were not available for 55 patients; therefore, tibial slope
was added in a second step to show the effect of removing
these patients and adding slope to the analysis. The graft
rupture model was adjusted for the number of postopera-
tive months in which patients returned to sport and the
level at which they returned. Potential interactions were
evaluated between treatment group and other predictors
to determine whether they influenced the effectiveness of
adding a LET.

To check the assumptions for logistic regression, locally
weighted scatterplot smoothing curves were used to assess
linearity between continuous predictors and the log odds.
The variance inflation factor was used to detect multicolli-
nearity between predictors. A variance inflation factor .2
required investigation, and a variance inflation factor .10
required the removal of predictors causing multicollinear-
ity.17 Outliers and influential points were identified using
DFbeta values .0.10,6 with planned sensitivity analyses to
determine whether removing influential points changed
the contribution of each predictor.

We pared the models down to include only important
predictors, removing variables where P . .30 and present-
ing odds ratios (ORs) and 95% CIs for each model. The
Hosmer-Lemeshow goodness-of-fit test and area under
the curve (AUC) for a receiver operating characteristic
(ROC) curve were used to assess model fit and its ability
to correctly classify individuals. To inform our second
objective to determine patients for whom the addition of
a LET may be most beneficial, predictors that could not
be measured pre- or intraoperatively were removed (ie,
RTS level and time). The relationship between these pre-
dictors and the addition of a LET were explored by calcu-
lating the risk ratio of graft rupture for different
thresholds of each variable by treatment group. Last, the
predicted probabilities of graft rupture for patients from
the Stability 1 Study were determined and presented in
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graphical form for ease of interpretation. All statistical
analyses were performed using Stata 15.1 (StataCorp).55

RESULTS

A total of 618 patients were recruited for the Stability 1
Study, and 587 patients (95.0%) had outcome data avail-
able at postoperative 2 years. Nineteen (3.2%) of the
remaining patients were missing predictor variables and
were removed from this analysis. The characteristics of
the 568 patients that we included are presented in Table 1.

Of the available patients, 152 (26.8%) had asymmetric
pivot shift and 43 (7.6%) had graft rupture. Adding tibial
slope to the 11 predictors in the asymmetric pivot-shift
model removed 55 patients from the analysis owing to miss-
ing data; the effect of this decision on predictor estimates
and precision in the full model is provided in Table 2.

The model met all assumptions, and 3 outliers were
identified; however, removing them did not change the
model estimates or statistical significance. All variance
inflation factor values were \2, indicating no multicolli-
nearity among predictors, and no significant interaction
terms were identified between treatment and other predic-
tors. Table 3 presents the pared-down model with ORs and
95% CIs for important predictors that remained.

Adding a LET (OR, 0.56; 95% CI, 0.37-0.83) and increas-
ing graft diameter (OR, 0.62; 95% CI, 0.44-0.87) signifi-
cantly decrease the odds of an asymmetric pivot shift.

Increasing age remained in the model and was associ-
ated with decreased odds of positive pivot-shift result,

although it was not statistically significant (P . .05).
Knee hyperextension, medial meniscal repair, medial
meniscal excision, and greater tibial slope were associated
with increased odds of asymmetric pivot, although none of
these variables were statistically significant (P . .05). The
Hosmer-Lemeshow test returned a nonsignificant result
(P = .52), indicating adequate model fit, and the AUC for
the ROC curve was 0.64.

The model for graft rupture was performed, including the
12 factors adjusted for RTS time and level. Sport risk and
level were combined into 5 categories: (1) no RTS; (2) low
risk, low level; (3) low risk, high level; (4) high risk, low level;
and (5) high risk, high level. Very few patients returned to
low-risk sport, so categories 2 and 3 were condensed to 1
low-risk category. The effect of adding tibial slope and delet-
ing 55 cases from the full model is shown in Table 4.

All assumptions were checked, identifying 10 potential
outliers; however, removing these observations did not
change the model estimates or affect statistical significance.
The pared-down model with ORs and 95% CIs for important
predictors of graft rupture is presented in Table 5.

The LET procedure was significantly associated with
60% lower odds (95% CI, 0.18-0.91) of graft rupture, and
a 1-year increase in age was associated with 17% lower
odds of rupture (95% CI, 0.72-0.96). A 1� increase in poste-
rior tibial slope was significantly associated with 15%
higher odds (95% CI, 1.01-1.32) of rupture. Patients with
high-grade preoperative knee laxity were at 3.27-times
higher odds (95% CI, 1.45-7.41) of graft rupture. Exposure
time remained in the model as a significant predictor, with
each additional month of exposure time (ie, indicating an
earlier RTS) increasing the odds of rupture by 18% (95%
CI, 1.08-1.29). The Hosmer-Lemeshow test returned a non-
significant result (P = .91), and the AUC for the ROC curve
was 0.78.

TABLE 1
Characteristics of Stability 1 Patients Included

in This Analysisa

Characteristic Stability 1 Cohort (N = 568)

LET group 282 (49.7)
Age, y 18.8 6 3.2
Female 292 (51.4)
Knee hyperextension 192 (33.8)
Tear chronicity, mob 5 [5.7]
Graft diameter, mm 8.1 6 0.6
Medial meniscal

Repair 188 (33.1)
Excision 55 (9.7)

Lateral meniscal
Repair 91 (16.0)
Excision 130 (22.9)

Posterior tibial slope, deg 9.0 6 2.7
Preoperative high-grade knee laxity 120 (21.1)
Exposure time, mo 11.2 6 6.0
RTS level

None 74 (13.0)
Low risk 98 (17.3)
High risk, low level 152 (26.8)
High risk, high level 244 (43.0)

aValues are presented as No. (%) or mean 6 SD. LET, lateral
extra-articular tenodesis; RTS, return to sport.

bMedian [interquartile range].

TABLE 2
Odds Ratios (SE) for the Asymmetric Pivot-Shift Model

Before and After Including Tibial Slopea

Excluding Tibial
Slope (N = 568)

Including Tibial
Slope (n = 513)

Predictor Variable Odds Ratio SE Odds Ratio SE

ACL 1 LET 0.57 0.11 0.57 0.12
Age 0.95 0.03 0.95 0.03
Female sex 0.99 0.23 1.00 0.24
Knee hyperextension 1.24 0.25 1.38 0.30
Graft diameter 0.60 0.11 0.62 0.12
Medial meniscal

Repair 1.17 0.25 1.33 0.30
Excision 1.75 0.54 1.58 0.55

Lateral meniscal
Repair 1.27 0.32 1.34 0.34
Excision 1.25 0.28 1.18 0.29

High-grade knee laxity 0.87 0.21 0.85 0.22
Tibial slope — — 1.08 0.04

aACL, anterior cruciate ligament; LET, lateral extra-articular
tenodesis.
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Predicted probabilities of graft rupture for the 2 contin-
uous predictors, age and posterior tibial slope, are pre-
sented graphically by group (Figures 1 and 2) as well as
overall (Figure 3).

Table 6 summarizes important predictors that contrib-
uted to the final models (P \ .30) and thus may be indica-
tions for a LET based on the goal of the procedure in young
high-risk patients.

Last, we performed a sensitivity analysis using an ROC
curve to determine the optimal threshold of the posterior
tibial slope variable that best identified those at greater
risk of graft failure. The optimal threshold for tibial slope
was 9.4� (AUC, 0.62), and patients with a slope .9.4�
were at 2.7-times greater odds (95% CI, 1.28-5.76) of graft
rupture than patients with a slope below this threshold.

DISCUSSION

This multivariable analysis has identified preoperative
patient characteristics and surgical variables that are
associated with persistent rotatory laxity and graft rup-
ture within the Stability 1 Study randomized clinical trial.
The most important finding was that augmentation of
a hamstring tendon autograft ACLR with a LET reduces

TABLE 3
Predictors of Asymmetric Pivot Shift After

Paring Down the Model Using P \ .30a

Predictor Variable Odds Ratio 95% CI P Valueb

ACL 1 LET 0.56 0.37-0.83 .004
Age 0.95 0.89-1.02 .14
Knee hyperextension 1.39 0.91-2.10 .13
Graft diameter 0.62 0.44-0.87 .005
Medial meniscal

Repair 1.30 0.85-1.99 .23
Excision 1.55 0.79-3.06 .19

Tibial slope 1.07 1.00-1.15 .06

aEffect of age per 1-year increase. Effect of graft diameter per 1-
mm increase. Effect of tibial slope per 1� increase. ACL 1 LET,
knee hyperextension, and medial meniscal repair and excision
included as dichotomous variables (yes/no). ACL, anterior cruciate
ligament; LET, lateral extra-articular tenodesis.

bBold indicates statistical significance.

TABLE 5
Predictors of Graft Rupture After Paring

Down the Model Using P \ .30a

Predictor Variable Odds Ratio 95% CI P Valueb

ACL 1 LET 0.40 0.18-0.91 .03
Age 0.83 0.72-0.96 .01
Tibial slope 1.15 1.01-1.32 .049
High-grade knee laxity 3.27 1.45-7.41 .004
Medial meniscal excision 1.88 0.64-5.50 .25
Exposure time 1.18 1.08-1.29 .001

aEffect of age per 1-year increase. Effect of tibial slope per 1�
increase. Effect of exposure time per 1-month increase. ACL 1

LET, high-grade knee laxity, and medial meniscal excision
included as dichotomous variables (yes/no). ACL, anterior cruciate
ligament; LET, lateral extra-articular tenodesis.

bBold indicates statistical significance.

TABLE 4
Odds Ratios (SE) for the Graft Rupture Model

Before and After Including Tibial Slope,
Adjusted for RTS Time and Levela

Excluding Tibial
Slope (n = 557)

Including Tibial
Slope (n = 507)

Predictor Variable Odds Ratio SE Odds Ratio SE

ACL 1 LET 0.31 0.12 0.34 0.15
Age 0.83 0.06 0.85 0.07
Female sex 0.97 0.31 1.30 0.46
Knee hyperextension 0.80 0.34 0.93 0.45
Graft diameter 0.80 0.24 0.75 0.26
Medial meniscal

Repair 0.97 0.36 1.11 0.45
Excision 1.74 0.74 2.03 0.97

Lateral meniscal
Repair 0.95 0.47 0.78 0.44
Excision 1.12 0.46 0.94 0.45

High-grade knee laxity 3.12 1.19 3.56 1.54
Exposure time 1.22 0.04 1.11 0.05
RTS level

None (reference level) — — — —
Low risk, low level 1.41 1.66 1.12 1.42
High risk, low level 1.73 1.81 1.58 1.61
High risk, high level 1.81 2.17 1.58 1.99

Tibial slope — — 1.15 0.08

aACL, anterior cruciate ligament; LET, lateral extra-articular
tenodesis; RTS, return to sport. Dashes indicate no odds ratio
available.
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Figure 1. Predicted probability of graft rupture by age with
and without the addition of a LET for patients in the Stability
1 Study, adjusted for tibial slope angle, medial meniscal defi-
ciency, high-grade knee laxity, and time of return to sport.
ACL, anterior cruciate ligament; LET, lateral extra-articular
tenodesis.
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the odds of graft rupture by 60% and postoperative asym-
metric pivot shift by 46% after adjusting for other con-
founding factors.

Age was tightly constrained within our cohort, as only
skeletally mature patients who were �25 years old at the

time of surgery were included. Regardless, younger age
was associated with higher odds of asymmetric pivot shift
and significantly higher odds of graft rupture after adjust-
ing for RTS time (exposure) and level. Previous studies
have also shown that younger patients are at higher risk
of graft failure.23,59 Webster et al59 observed that the inci-
dence of ACL failure in patients aged \20 years was 30%
at 2 years when ipsilateral and contralateral injuries
were combined. In a study from the MOON group, Kaeding
et al23 demonstrated that young age was associated with
ACL reinjury, with a 9% decrease in risk for every year
gained in age. In a more recent study from the MOON
group, college athletes aged \23 years had a 19.7% inci-
dence of ACL rupture of either knee by postoperative 6
years.53 Furthermore, patients treated with a hamstring
autograft had 2.1-times higher odds of rupture than those
treated with a bone–patellar tendon–bone autograft.

In the Stability 1 Study, posterior tibial slope was a sig-
nificant predictor of graft rupture and contributed to the
model for asymmetric pivot shift. The mean tibial slope
in our study was 9� (SD, 2.7�), which is similar to the
mean slope from the case-control study by Webb et al58

(male, 9.3� [SD, 2.4�]; female, 8.5� [SD, 2.3�]), which found
an association between slope and reinjury. The same group
studied the association of tibial slope and age, demonstrat-
ing the ‘‘catastrophic’’ effect of young age and increased
posterior tibial slope, with an 11-times increase in risk of
graft rupture at postoperative 2 years if \18 years old
with a tibial slope .12�.45 Our data showed that patients
with a tibial slope above approximately 9.5� had over twice
the odds of graft rupture as compared with patients with
a slope below that threshold, although the risk difference
between patients receiving ACLR alone and ACLR 1

LET was similar at all levels of tibial slope (Appendix
Table A1, available in the online version of this article).
If the effectiveness of a LET does not change with tibial
slope (ie, LET is equally protective at all slope angles),
this suggests that a LET may contribute to a different
mechanism than tibial slope. While tibial slope is modifi-
able through osteotomy procedures, surgeons may first
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Figure 2. Predicted probability of graft rupture by tibial slope
angle with and without the addition of a LET for patients in
the Stability 1 Study, adjusted for age, medial meniscal defi-
ciency, high-grade knee laxity, and time of return to sport.
ACL, anterior cruciate ligament; LET, lateral extra-articular
tenodesis.

Figure 3. Contour plot showing predicted probabilities of
graft failure for patients in the Stability 1 Study by age and
tibial slope, adjusted for the addition of a LET, high-grade
knee laxity, time returned to sport, and deficient medial
meniscus. This shows the predicted probability of ACLR rup-
ture from the Stability 1 Study as a function of tibial slope
angle and patient age. Predicted probabilities range from
approximately 0% to 25%, with greater probability of failure
indicated by areas with darker shading. ACLR, anterior cruci-
ate ligament reconstruction; LET, lateral extra-articular
tenodesis.

TABLE 6
Preoperative and Operative Indications for Adding a LETa

Variable Asymmetric Pivot Rupture

Younger age 3 3 b

Knee hyperextension 3

Small graft diameter 3 b

Medial meniscal
Repair 3

Excision 3 3

Greater tibial slope 3 3 b

High-grade knee laxity 3 b

Earlier return to sport 3 b

aPreoperative and operative indications that adding a LET to
hamstring autograft may be warranted to reduce the odds of
asymmetric pivot shift or graft rupture. LET, lateral extra-
articular tenodesis.

bStatistically significant.
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want to consider using less aggressive procedures known
to reduce risk of graft rupture, such as a LET,14,52 or a dif-
ferent graft choice, such as bone–patellar tendon–bone
autograft,53 even if these factors work independently.

To understand the significantly increased risk of ACLR
failure related to age and tibial slope, we investigated the
effectiveness of adding a LET visually. We plotted the pre-
dicted probability of graft rupture with 95% CIs across the
range of tibial slope values and patients’ ages within the
Stability 1 Study, adjusting for other important predictors.
The graphs suggest that adding a LET to a hamstring ten-
don autograft ACLR significantly reduces the probability
of failure in patients aged\23 years and with a tibial slope
.6�, as the 95% CIs no longer overlap at these proposed
thresholds. Tables showing graft rupture between groups
(Appendix Tables A1 and A2, available online) demon-
strate a similar relative risk at all values of slope and
age, with the addition of a LET being 3 to 4 times more pro-
tective than a hamstring autograft ACLR alone.

In this study, lateral meniscal repair or excision had no
effect on either outcome and therefore was excluded from
the model. While medial meniscal tears requiring treat-
ment at the time of surgery were not statistically signifi-
cant in either model, they did remain as potential
contributing variables: medial meniscal repair was
retained in the model for asymmetric pivot shift, while
medial meniscal excision was retained for asymmetric
pivot shift and graft rupture.

In the asymmetric pivot-shift model, the odds of residual
laxity were slightly greater when meniscal excision (OR,
1.55; 95% CI, 0.79-3.06) was performed as compared with
meniscal repair (OR, 1.30; 95% CI, 0.85-1.99) in relation to
no treatment of the medial meniscus. The menisci are under-
stood to behave as secondary stabilizers to anterior transla-
tion and anterolateral subluxation in the ACL-deficient
knee.36 Jacquet et al20 recently found a statistically signifi-
cant association between meniscal treatment and high-grade
residual laxity at postoperative 3.5 years. While they assessed
meniscal treatment as a whole rather than the medial and
lateral compartments separately, they demonstrated that
the odds of residual laxity were 3.3 times greater in patients
undergoing meniscal repair versus no repair and 2.7 times
greater in patients undergoing meniscectomy versus repair.

Medial meniscal excision, while nonsignificant, was
associated with 1.9-times higher odds (95% CI, 0.64-5.50)
of graft rupture in our model. Despite suggestions that
repair of a medial meniscal tear may lead to poor out-
comes,60 this evidence supports the need for meniscal pres-
ervation during ACLR, as a deficient medial meniscus may
be more problematic. Robb et al42 prospectively followed
124 patients undergoing primary ACLR over the course
of 2 years and performed a survival analysis to determine
prognostic factors of graft survival. Eighteen patients
(14.5%) in that study experienced graft failure. In addition,
medial and lateral meniscal deficiency was associated with
the risk of failure, and the risk of failure was .4 times
higher for those with medial meniscal deficiency. Research
from the MOON group on concomitant meniscal tears at
the time of ACL surgery revealed that while medial and
lateral repairs fail at a similar rate by postoperative 6

years, medial retears occur earlier than lateral retears
(mean, 2.1 vs 3.7 years).60 The SANTI Group found that
in 383 patients followed for 2 to 5 years, the addition of
an anterolateral ligament reconstruction at the time of
ACLR was protective of medial meniscal repair, as the fail-
ure rate was 2 times lower in the group undergoing ACLR
and anterolateral ligament reconstruction than ACLR
alone.51 As such, anterolateral procedures such as LET
or anterolateral ligament reconstruction may be protective
of not only ACL graft rupture but also meniscal repair fail-
ure, which in turn may have a combined effect on ACLR
outcomes. In contrast, there are concerns that the addition
of an anterolateral procedure may overconstrain the knee
joint, potentially leading to an increased risk of osteoar-
thritis (OA) development in the long term.41 In a 2017 sys-
tematic review of 8 studies and 421 patients, Devitt et al9

showed a low incidence of OA in the first 11 postoperative
years after combined ACLR and LET; however, 2 studies
with .24-month follow-up demonstrated OA rates .50%.
Further evidence of long-term outcomes is required; thus,
surgeons should weigh the potential risks and benefits
when deciding whether to augment ACLR with a LET.

Unsurprisingly, increased exposure time (ie, earlier
RTS) was associated with graft rupture. Multiple studies
have demonstrated the negative effects of an early
RTS.5,16,19,38 This may be secondary to reduced neuromus-
cular conditioning39 as well as the lack of ACL graft matu-
rity.57 In a recent narrative review, Nagelli and Hewett37

posed the question of whether RTS should be delayed until
at least 2 years postoperatively to allow for appropriate
healing and rehabilitation. While this may not be a plausi-
ble option for many young athletes, it does highlight the
need for better RTS assessment and functional testing
before release of patients back to full activity. Understand-
ing these factors warrants a conversation with patients
regarding the addition of a LET but also to determine their
postoperative goals, particularly surrounding their desire
and intended timing of return to high-risk sports. Despite
the lack of retention in the model, our analysis showed that
return to a higher-risk sport carried greater risk than
return to a lower-risk sport (see Table 4).

Graft diameter has been shown to be predictive of failed
hamstring ACLR. Snaebjörnsson et al47 demonstrated that
a graft size \8 mm was associated with failure, while a fol-
low-up study by Spragg et al54 reported that a 0.5-mm
increase in graft diameter was associated with a 14%-
18% reduction in the likelihood of revision surgery. Graft
diameter was not related to graft rupture in our study,
likely in part because of the specific efforts made to control
for graft size intraoperatively by tripling the semitendino-
sus tendon if a 4-strand semitendinosus/gracilis construct
was \8 mm. However, even with these measures in place,
we did find that a 1.0-mm increase in graft diameter was
associated with 38% lower odds of asymmetric pivot shift.

Knee hyperextension contributed to the model for asym-
metric pivot shift but was not predictive of graft rupture.
Because hyperextension is linked with mechanisms that
can increase graft laxity, such as impingement,22 superfi-
cial laceration,44 and increased tension on the ACL,21 it
is not surprising that hyperextension is predictive of
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rotational instability but not rupture. Several biomechani-
cal and cadaveric studies have assessed the effect of knee
hyperextension on impingement and graft tension. Jagod-
zinksi et al22 performed magnetic resonance imaging scans
of 15 knees and found strong correlation (r = 0.67; P = .006)
between the degree of hyperextension and graft impinge-
ment. Goss et al15 took 5 fresh-frozen cadaveric knees
and assessed contact pressure and graft tension for 3 tibial
tunnel positions: they found (1) higher contact pressures
between the ACL graft and the intercondylar notch as
hyperextension increased and (2) increasing graft tension
as the degree of hyperextension was greater, regardless
of tunnel placement. Clinical research studies have shown
conflicting results. Several studies have shown an associa-
tion between knee hyperextension and preoperative insta-
bility,4,43 postoperative instability,56 and graft failure,8

while others report no relationship between hyperexten-
sion and risk of laxity or rupture.7

High-grade preoperative knee laxity, as determined by
a grade 3 Lachman or pivot-shift test result, was signifi-
cantly associated with 3-times greater odds of graft rupture
within the Stability 1 Study, although it was not retained in
the asymmetric pivot-shift model. The Stability 1 cohort was
intentionally based on high-risk patients with significant
preoperative laxity,12 including 62% of patients with grade
2 Lachman test and 76% of patients with grade 2 pivot-shift
test. Thus, the low- vs high-grade variable is largely a com-
parison of grade 2 vs 3 laxity. Our findings suggest that
patients with high-grade laxity have similar odds of resid-
ual rotational laxity as those with low-grade laxity, while
high-grade laxity does contribute to the risk of graft rup-
ture. In contrast, Jacquet et al20 recently showed that
high-grade preoperative laxity was predictive of residual
laxity in a cohort of 266 patients, although they were older
(age, 18-50 years) and predominantly male (71.3%). Mag-
nussen et al29,30 showed an association between high-grade
laxity and graft rupture in the MOON cohort at postopera-
tive 2 and 6 years. They also showed that high-grade laxity
was not associated with the risk of contralateral ACL tear,
suggesting that high-grade laxity was related to injury-spe-
cific rather than patient-specific factors.29

This study has limitations, particularly in relation to
the patient sample included in the analysis. First, the sam-
ple was part of a randomized controlled trial of young
active patients at high risk of retear who underwent
ACLR with a hamstring autograft, exhibiting specific crite-
ria that put them at higher risk of failure. As such, this
cohort is not representative of the overall ACLR population
or those receiving other graft types for ACLR. It is also not
clear whether the addition of a LET to a bone–patellar ten-
don–bone autograft would provide the same level of protec-
tion, as found in the previously mentioned MOON study,23

and this issue is under investigation in our ongoing Stabil-
ity 2 Study (ClinicalTrials.gov: NCT03935750). Second,
while the pivot-shift test was scored by experienced mem-
bers of the surgical team (ie, orthopaedic surgeons or sur-
gical fellows), this was a multicenter study; thus, various
members of the surgical team performed the pivot-shift
assessment. While the assessment was performed accord-
ing to the IKDC scoring system and the trial methodology

required multiple grade 1 pivot-shift test results for the
primary outcome to reduce the effect of measurement var-
iability, there may be some differences in how the pivot
shift was graded. Third, surgical variables such as tunnel
placement have been identified as predictors of ACLR fail-
ure in previous studies but were not controlled for in the
Stability 1 trial. Furthermore, given the relatively low
number of graft ruptures (n = 45), we are at risk of overfit-
ting the rupture model, as logistic regression requires at
least 10 events per predictor to be adequately powered.40

Validation outside the study sample is particularly impor-
tant for a model with few events; however, the predictors
identified by this analysis do coincide with clinical hypoth-
eses for graft rupture.11,50

CONCLUSION

The addition of a LET to hamstring autograft ACLR was
significantly associated with 60% lower odds of graft rup-
ture, while younger age, increased tibial slope, high-grade
preoperative knee laxity, and early RTS were associated
with higher odds of graft rupture. Younger age, knee
hyperextension, increased tibial slope, and medial menis-
cal repair or excision were all related to higher odds of
asymmetric pivot shift, while adding a LET and increasing
hamstring autograft diameter significantly reduced asym-
metric pivot shift in our high-risk cohort from the Stability
1 Study. Orthopaedic surgeons should consider supple-
menting hamstring autograft ACLR with a LET in young
active patients with morphological characteristics that
make them at high risk of reinjury, as the LET was protec-
tive when adjusted for other variables in this analysis.
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