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Background: Anterior cruciate ligament (ACL) reconstruction (ACLR) can be successful in restoring knee stability. However, sec-
ondary ACL injury, either through graft failure or contralateral injury, is a known complication and can significantly impact the abil-
ity of a patient to return successfully to previous activities.

Purpose: To develop and internally validate an interpretable machine learning model to quantify the risk of graft failure and con-
tralateral ACL injury in a longitudinal cohort treated with ACLR.

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

Methods: An established geographic database of .600,000 patients was used to identify patients with a diagnosis of ACL rup-
ture between 1990 and 2016 with a minimum 2-year follow-up. Medical records were reviewed for relevant patient information
and 4 candidate machine learning algorithms were evaluated for prediction of graft failure and contralateral ACL injury in patients
after ACLR as identified either on magnetic resonance imaging or via arthroscopy. Performance of the algorithms was assessed
through discrimination, calibration, and decision curve analysis. Model interpretability was enhanced utilizing global variable
importance plots and partial dependence curves.

Results: A total of 1497 patients met inclusion criteria. Among them, 140 (9.4%) had graft failure and 128 (8.6%) had a contra-
lateral ACL injury after index surgery at a median follow-up of 140.7 months (interquartile range, 77.2-219.2 months). The best
performing models achieved an area under the receiver operating characteristics curve of 0.70 for prediction of graft failure
and 0.67 for prediction of contralateral ACL injury, outperforming a logistic regression fitted on the identical feature set. Notable
predictors for increased risk of graft failure included younger age at injury, body mass index (BMI) \30, return to sports \13
months, initial time to surgery .75 days, utilization of allograft, femoral/tibial fixation with suspension/expansion devices, con-
comitant collateral ligament injury, and active or former smoking history. Predictors of contralateral ACL injury included greater
preoperative pain, younger age at initial injury, BMI \30, active smoking history, initial time to surgery .75 days, history of con-
tralateral knee arthroscopies, and involvement in contact sports.

Conclusion: Less than 18% of all patients who undergo ACLR should be expected to sustain either a graft failure or contralateral
ACL injury. Machine learning models outperformed logistic regression and identified greater preoperative pain, younger age, BMI
\30, earlier return to higher activity, and time to surgical intervention .75 days as common risk factors for both graft failure as
well as contralateral ACL injury after ACLR. Surgeon-modifiable risk factors for graft failure included allograft and femoral/tibial
fixation with a suspension/expansion combination.
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The anterior cruciate ligament (ACL) is among the most
injured ligaments in the knee, with a reported incidence
of 1 in every 3500 people in the United States.19 An
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estimated 200,000 ACL reconstructions (ACLRs) are per-
formed annually in the United States, and recovery is a sig-
nificant time and financial commitment on the part of the
patients and families.19 Risks associated with initial injury
are well reported and include female sex, high risk sports,
and anatomic features of the joint.34,47

However, secondary ACL injury after index surgery,
either through graft failure or contralateral injury is less
understood. Although known risk factors include younger
age at injury, return-to-play timeline, and graft choice in
select scenarios,2,3,11,27,40,42,48 the effects of myriad sur-
geon and patient factors7,13,25 including demographics
and comorbidities, anterolateral stabilization proce-
dures,13 and fixation methods remain areas of active
research.43 This is particularly important given that sec-
ondary injuries can significantly impact patient ability to
return successfully to previous activities and increase the
risk of posttraumatic osteoarthritis.19 Furthermore, rein-
jury may be more prevalent than previously assumed,
with more recent literature suggesting a rate ranging
from 6% to 31%.34,39,49

The need to further delineate the exact causes and risk
factors for graft failure and contralateral ACL injury is an
appropriate opportunity for the application of machine
learning, which has demonstrated improved predictive
accuracy compared with traditional statistics.29 Reliable
and clinically relevant models have the potential to not
only provide real-time quantifiable risk for counseling
but also identify new surgeon-modifiable risk factors for
timely intervention. This study aimed to (1) describe the
rate of graft failure and contralateral ACL injury from
a population-based cohort abstracted from an established
geographical database, (2) develop an interpretable
machine learning model to assess risk factors for second
ACL injuries after ACLR, and (3) validate this model
internally to quantify the longitudinal risk of these
pathologies. We hypothesized that (1) the epidemiology
of graft failure and contralateral injury from our cohort
would be similar to literature values, (2) machine learn-
ing algorithms would outperform logistic regression in
its predictive performance, and (3) the algorithms would
identify femoral and tibial fixation methods as well as
preoperative pain as risk factors for graft failure and con-
tralateral ACL injury.

METHODS

Guidelines

After data extraction and institutional review board
approval, this analysis was carried out adherent to the
Transparent Reporting of a multivariable prediction model
for Individual Prognosis or Diagnosis (TRIPOD) guidelines
and the Guidelines for Developing and Reporting Machine
Learning Models in Biomedical Research.3,24

Data Source

A query of the Rochester Epidemiology Project (REP) was
undertaken for patients who experienced ACL rupture
between January 1, 1990, and July 31, 2016, utilizing the
appropriate International Classification of Diseases (ICD)-9/
10 codes. The REP has been extensively described previously
and has long served as an established warehouse of longitudi-
nal medical records for population-based epidemiological and
cohort-based studies.23 The REP contains more than half
a million medical records of patients who are residents in
Olmsted County, Minnesota and its neighboring counties in
southern Minnesota and northern Wisconsin. The ware-
housed data include documentation of all health care encoun-
ters of county residents since 1966. After initial patient
identification utilizing ICD-9/10 codes, manual chart review
was undertaken of individual medical records to confirm the
diagnosis, defined as a documented diagnosis of an ACL
injury established by a treating orthopaedic surgeon via
advanced imaging or arthroscopy. The inclusion criteria con-
sisted of (1) patients with a primary partial or complete
ACL rupture during the study period, (2) patients who under-
went ACLR, (3) patients with a minimum of 2-year follow-up,
and (4) patients who gave consent for research. Patients
undergoing revision ACLR or concomitant ligamentous recon-
struction/repair and/or osteotomies and patients with a previ-
ous contralateral ACL rupture were excluded (Figure 1).

Variables

Additional manual chart review was performed after
patient inclusion to obtain demographic, injury, and
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treatment characteristics considered for feature selection.
These variables included age; sex; body mass index
(BMI); sport participation; a diagnosis of hypermobility
or malalignment, which was confirmed only if clinically
documented by the treating orthopaedic surgeon; radio-
graphic findings; management; and the diagnosis of inter-
est. For the graft failure model, this was defined as
subsequent graft failure confirmed by arthroscopy or mag-
netic resonance imaging (MRI); meanwhile, this was
defined as a subsequent contralateral ACL injury con-
firmed by arthroscopy or MRI scan for the contralateral
ACL injury model.

Missing Data

Missing data are an often encountered and increasingly
recognized phenomenon.12 The missForest multiple impu-
tation method was used to impute variables with \35%
missing data,18,44 and variables were assumed to be miss-
ing-at-random based on epidemiological convention.28,30

A list of features with number of missing cases is provided
in Table 1. We considered both complete-case analysis as
well as imputation for features with missing data and ulti-
mately elected imputation to reduce bias and improve sta-
tistical power17; multiple imputation has been shown to be
appropriate for the management of both missing-at-ran-
dom and missing completely at random data.46

Outcome and Analysis

For construction of the supervised machine learning pre-
diction models, the primary outcomes assessed were binary
outcomes for graft failure and contralateral ACL injury,
respectively. After imputation of missing data, we identi-
fied highly collinear variables for exclusion (defined as
Spearman correlation coefficients .0.75 or those consid-
ered clinically confounding by the senior authors (C.L.C.,
K.R.O.)). Feature selection was then performed utilizing

recursive feature elimination with random forest algo-
rithms to select the collection of input features based on
discrimination as measured by area under the receiver
operating characteristics curve (AUROC).

Modeling

Selected features were then input into the modeling work-
flow to train each of the following candidate algorithms:
extreme gradient boosted machine; support vector machine
with radial kernel, random forest, elastic net penalized
regression; and a simple generalized linear model (GLM),
otherwise known as a logistic regression. If none of the can-
didate algorithms reached an acceptable AUROC as mea-
sured by discrimination, a nonlinear meta-ensemble of
the candidate models was generated to boost performance.
The GLM was considered the baseline model given that it
is the most utilized method for statistical learning and
inference in orthopaedic research.

As previously described,37 models were trained through
10-fold cross validation repeated 3 times to fit the appropri-
ate hyperparameters and validated via 0.632 bootstrap-
ping with 1000 resampled datasets. In brief, model
evaluation consists of random partitions of the complete
dataset into train and test sets for 1000 repetitions, the
evaluation metrics are recorded for each repetition, and
overall metrics are summarized with a standard distribu-
tion of values. Compared with internal validation through
train-test split, resampling through bootstrapping has
been found to optimize both model bias and variance and
improve overall performance.45 The optimal model was
chosen based on the AUROC. Models were compared by
discrimination, calibration, and Brier score value.

Briefly, an AUROC of 0.60 to 0.70 is considered fair,
0.70 to 0.80 is considered good, and 0.80 to 0.90 is consid-
ered excellent, according to the precedent established
by Hosmer et al,16 with .0.70 deemed an acceptable dis-
criminative performance for a machine learning model.
Calibration of the model’s predicted probabilities as a func-
tion of observed frequencies in the test population are sum-
marized in a calibration plot. Ideal calibration is a straight
line with intercept of 0 and slope of 1 (ie, perfect concor-
dance of model predictions to observed frequencies in the
retrospective data). Brier score is the mean squared differ-
ence between predicted probabilities of models and observed
outcomes; a Brier score is calculated for each model based
on the predicted probabilities during resampling. Finally,
a null model Brier score is calculated by assigning a class
probability equal to the sample prevalence of the outcome
for every prediction. A model is considered useful if it has
a lower Brier score than the null model.

We then evaluated the clinical utility of the algorithms
via decision curve analysis—a tool for assessing the effec-
tiveness of the prediction model in informing decision-mak-
ing, such as whether utilizing the model provides
a significant advantage over a fixed strategy. The decision
curve plots net benefit against the predicted probabilities
of each outcome and provides the cost-benefit ratio for
every value of the predicted probability. Curves were

Figure 1. Flowchart showing patient selection. ACL, anterior
cruciate ligament.
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TABLE 1
Baseline Demographics and Injury Characteristicsa

Variable n (%) or Median (IQR) Missing Data, n (%)

Demographics
Age at injury, y 25 (18-34) -
Sex, male 875 (58.5) -
Race 164 (11)

American Indian 4 (0.3)
Asian 30 (2.3)
Asian Indian 1 (0.1)
Black 59 (4.4)
White 1237 (82.6)
Pacific Islander 2 (0.2)

Hispanic ethnicity 24 (1.6) 129 (8.6)
BMI 26.5 (23.8-29.5) 222 (14.8)
Smoker 41 (2.7)

Former 80 (5.3)
Current 234 (15.6)
Never 1145 (76.5)

DM, yes 18 (1.2) 35 (2.3)
Systemic inflammatory disease 19 (1.3) 39 (2.6)
Hypermobility 19 (1.3) 39 (2.6)
Laterality, right 934 (62.4) -
Activity level 35 (2.3)

Competitive 404 (26.9)
Recreational 934 (62.4)
Sedentary 129 (8.6)

Workers compensation 28 (1.9) 159 (10.6)
Occupation 152 (10.2)

Laborer 343 (22.9)
Sedentary 447 (29.9)
Student 555 (37.1)

Malalignment 19 (1.3) 246 (16.4)
Previous knee surgery 194 (13.7) 91 (6)

Injury characteristics
Tear type (partial) 84 (5.6) 50 (3.3)
Tear location 297 (19.8)

Distal 29 (3.9)
Femoral avulsion 34 (4.6)
Midsubstance 434 (59.0)
Proximal 237 (32.2)
Tibial avulsion 1 (0.1)

Noncontact injury mechanism 1001 (66.9) 297 (19.8)
Concomitant meniscal injury 54 (3.6)

Both 264 (17.6)
Lateral 330 (22.0)
Medial 378 (25.3)
None 471 (31.5)

Concomitant MCL injury 253 (17.0) 14 (0.9)
Concomitant LCL injury 55 (3.7) 15 (1)
Concomitant PLC injury 47 (3.2) 16 (1.1)
Articular cartilage lesion 365 (24.4) 5 (0.3)
Preoperative VAS pain score 4.3 (3.2-5.3) 474 (31.6)

Preoperative interventions
Received aspiration or injection, yes 84 (5.6) 287 (19.2)
Brace, yes 554 (37.0) 290 (19.4)
PT, yes 880 (58.8) 287 (19.1)

Outcomes
Days to return to higher activity 394.7 (318.9-506.6) 474 (31.7)
Length of follow-up, mo 140.7 (77.2-219.2) -
Graft failures, yes 140 (9.4) 44 (2.9)
Contralateral ACL ruptures, yes 128 (8.6) 44 (2.9)

aACL, anterior cruciate ligament; BMI, body mass index; DM, diabetes mellitus; IQR, interquartile range; LCL, lateral collateral liga-
ment; MCL, medial collateral ligament; PLC, posterolateral corner; PT, physical therapy; VAS, visual analog scale. Dashes indicate no miss-
ing data.
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created for the best performing model and the base model
(GLM), as well as for the default strategies of changing
management for no patients or all patients, and are plotted
for comparison purposes. The area under the curve repre-
sents the net benefit at each cost-benefit ratio threshold
to illustrate the potential gains from utilizing either model
in clinical practice.

Finally, model interpretability was enhanced globally
utilizing variable importance plots and partial dependence
curves. The global model variable importance plot demon-
strates variable importance (a unitless, model-agnostic
measure that describes the contribution of each feature
to model predictive performance) normalized against the
input considered most contributory to the model predictive
power. Partial dependence plots were generated for each
input feature to illustrate the risk of graft failure/contra-
lateral ACL injury (y-axis) as a function of perturbations
in each input variable (x-axis) while other feature values
are held constant. Categorical/ordinal variables were visu-
alized using bar plots while continuous variables were
visualized with scatterplots and a best-fit curve.15,38

RESULTS

Variable Breakdown

A total of 2349 patients had diagnosed ACL injury between
1990 and 2016 with a minimum 2-year follow-up. Of these,
1497 operatively treated patients (63.7%) met inclusion cri-
teria for analyses. The mean age at time of injury was 25
years (interquartile range [IQR], 18-34 years; Table 1)
and 59% (n = 875) were male. Mean BMI of the cohort
was 26.5 (IQR, 23.8-29.5). The cohort was mostly non-
smokers and recreational athletes (76.5% and 62.4%,
respectively). Additional demographic details are pre-
sented in Table 1.

Most patients experienced ACL injury due to noncon-
tact events (66.9%), which occurred in the midsubstance
of the ligament (59%) and were full thickness in nature
(94.4%; Table 1). The most common concomitant injury
was a meniscal tear, occurring in approximately two-thirds
of patients, whereas approximately 17% had concomitant
MCL injury (Table 1). Most reconstructions utilized bone-
patellar tendon-bone autograft (57.7%). Meniscectomy
was the most common concomitant procedure (38.0%;
Table 2). A total of 140 (9.4%) patients experienced graft
failure while 128 (8.6%) suffered a contralateral ACL
injury after primary ACLR.

Model Performance

The gradient boosting ensemble models demonstrated the
best performance on internal validation for prediction of
graft failure and contralateral ACL injury. For the predic-
tion of graft failure, the model achieved an AUROC of
0.702 (95% CI, 0.688-0.723), a calibration slope of 0.94
(95% CI, 0.93-0.95), a calibration intercept of 0.0074 (95%
CI, 0.0061-0.0087), and a Brier score of 0.071 (95% CI,
0.061-0.141) (Figure 2, A and B, and Table 3). For

prediction of contralateral ACL injury, the model achieved
an AUROC of 0.666 (95% CI, 0.664-0.667), a calibration
slope of 0.87 (95% CI, 0.86-0.88), a calibration intercept
of 0.121 (0.1139-0.128), and a Brier score of 0.078 (0.058-
0.098) (Figure 3, A and B, and Table 4). Comparisons
with the null Brier score confirmed overall clinical utility
of both the graft failure and contralateral ACL injury mod-
els. Decision curve analysis identified a significant benefit
of utilizing the best-performing model over the baseline
logistic regression model for prediction of both graft failure
and contralateral ACL injury (Figures 2C and 3C).

Interpretability

Global variable importance analysis was performed to
identify risk factors that predicted graft failure and contra-
lateral ACL injury, respectively. Partial dependence
curves were utilized to illustrate the corresponding change
in predicted probability of the outcome of interest with
changing input. Based on this analysis, the greatest risk
for graft failure was conferred by the following (in order
of decreasing importance): greater preoperative pain
scores, return to sports (RTS)/activity \375 days, BMI
\30, time to surgery .75 days, younger age at injury, tib-
ial fixation with an expansion device, tear off the femoral

TABLE 2
Intraoperative Characteristicsa

Variable N (%) Missing Data, n (%)

Graft type -
Allograft 329 (22.0)
Hamstring tendon autograft 302 (20.2)
Patellar tendon autograft 864 (57.7)
Quadriceps autograft 2 (0.1)

Femoral fixation -
Direct compressionb 1280 (85.5)
Expansionc 102 (6.8)
Suspensiond 115 (7.7)

Tibial fixation -
Direction compressionb 1289 (85.0)
Expansionc 111 (7.3)
Suspensiond 117 (7.7)

Concomitant meniscus
treatment, yes
Meniscectomy 569 (38.0) 16 (1.1)
Meniscal repair 320 (21.4) 14 (0.9)

Internal brace, yes 79 (5.3) 81 (5.4)
LET, yes -

None 1493 (99.7)
ALL 3 (0.2)
ITB 1 (0.1)

aALL, anterolateral ligament; ITB, iliotibial band; LET, lateral
extra-articular tenodesis. Dashes indicate no missing data.

bDirect compression devices included interference screws,
screw-washer fixation, press-fit fixation, and staples

cExpansion devices included Crosspin and Rigidfix devices
dSuspension devices defined as Tightrope, Endobutton, Retro-

button, knotless anchors.
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insertion, participation in contact sports, femoral fixation
with a suspension device, use of an allograft, a noncontact
initial injury, smoking history, previous non-ACLR arthro-
scopic knee surgery, and concomitant medial collateral lig-
ament/lateral collateral ligament injuries (Figure 2D and

Figure 4). For contralateral ACL injury, the greatest risks
were conferred by the following (in order of decreasing
importance): BMI \30, increased time to surgery for the
index ACLR, RTS/activity \500 days after initial injury,
younger age at initial injury, participation in a contact

Figure 2. Performance of the graft failure model as measured by (A) area under the receiver operating characteristics curve; (B)
calibration, which plots the sample prevalence of positive cases at every predicted probability; (C) decision curve analysis dem-
onstrating net benefit generated from using the model compared with a trained logistic regression model; and (D) global relative
variable importance. This plot demonstrates the statistical significance of each variable in the data with respect to its effect on the
generated model, as measured on a unitless scale of 0 to 100. AUC, area under the curve; LCL, lateral collateral ligament; MCL,
medial collateral ligament; RTS, return to sports; VAS, visual analog scale.

TABLE 3
Assessment for Model to Predict Graft Failures on Internal Validation (n = 1497)a

Metric

AUC

Calibration Slope Calibration Intercept Brier ScoreApparent Internal Validation

SVM 0.765 (0.761-0.768) 0.565 (0.668-0.666) 0.9277 (0.9152-0.9402) 0.0067 (0.0053-0.0081) 0.081 (0.045-0.118)
Random forest 0.982 (0.976-0.993) 0.702 (0.699-0.704) 1.0037 (0.9864-1.021) -0.0034 (-0.0192-0.0125) 0.077 (0.042-0.113)
XGBoost 0.936 (0.933-0.939) 0.680 (0.678-0.683) 0.980 (0.971-0.989) 0.0018 (0.0011-0.0029) 0.079 (0.043-0.114)
Elastic net 0.718 (0.65-0.785) 0.668 (0.666-0.671) 0.9048 (0.8934-0.9163) 0.0089 (0.0076-0.0102) 0.081 (0.044-0.117)
Ensemble 0.873 (0.872-0.875) 0.702 (0.688-0.723) 0.9387 (0.9307-0.9467) 0.0074 (0.0061-0.0087) 0.071 (0.061-0.141)

aUsing 0.632 bootstrapping with 1000 resampled datasets. Null model Brier score, 0.084. AUC, area under the curve; SVM, support vector
machine; XGBoost, extreme gradient boosted machine. All data presented as mean (95% CI).
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sport, utilization of an allograft for the index ACLR, partic-
ipation in a limited-contact sport, index injury in the mid-
substance of the graft, current or former smoking history,
noncontact index injury, a history of multiple arthroscopies
on the contralateral knee, and participation in a collision
sport (Figures 3D and Figure 5).

DISCUSSION

Failure of ACL graft or contralateral ACL injury after
index surgery remains a concern for patients undergoing
ACLR. In our cohort, 9.4% experienced graft rupture and
8.6% had a contralateral ACL injury; models implemented

Figure 3. Performance of the contralateral ACL injury cohort model performance as measured by (A) area under the receiver
operating characteristics curve; (B) calibration, which plots the sample prevalence of positive cases at every predicted probability;
(C) decision curve analysis demonstrating net benefit generated from using the model compared with a trained logistic regression
model; and (D) global relative variable importance. This plot demonstrates the statistical significance of each variable in the data
with respect to its effect on the generated model, as measured on a unitless scale of 0 to 100. ACL, anterior cruciate ligament;
AUC, area under the curve; BMI, body mass index; RTS, return to sports.

TABLE 4
Assessment for Model to Predict Contralateral ACL Ruptures on Internal Validation (n = 1497)a

Metric

AUC

Calibration Slope Calibration Intercept Brier ScoreApparent Internal Validation

SVM 0.898 (0.895-0.902) 0.565 (56.25-56.79) 0.9819 (0.952-1.012) 0.0166 (-0.011-0.044) 0.083 (0.062-0.104)
Random forest 0.962 (0.959-0.965) 0.622 (61.94-62.48) 1.0037 (0.99-1.02) -0.0034 (-0.019-0.013) 0.078 (0.058-0.098)
XGBoost 0.918 (0.915-0.921) 0.590 (58.78-59.3) 0.9204 (0.89-0.949) 0.073 (0.047-0.099) 0.08 (0.06-0.1)
Elastic net 0.685 (0.621-0.749) 0.619 (61.64-62.17) 0.9179 (0.898-0.937) 0.075 (0.057-0.093) 0.079 (0.059-0.099)
Ensemble 0.876 (0.874-0.878) 0.666 (0.664-0.667) 0.8675 (0.859-0.875) 0.121 (0.114-0.128) 0.078 (0.058-0.098)

aUsing 0.632 bootstrapping with 1000 resampled datasets. Null model Brier score, 0.08. ACL, anterior cruciate ligament; AUC, area under
the curve; SVM, support vector machine; XGBoost, extreme gradient boosted machine. All data presented as mean (95% CI).
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in this study had an AUROC of 0.70 for prediction of graft
failure and 0.67 for prediction of contralateral injury, out-
performing traditional logistic regression modeling.
Machine learning also allowed for the identification of pre-
dictors for causes of subsequent injury in a longitudinal
cohort. Potential predictors of graft failure included
greater preoperative pain, younger age at injury, tobacco
usage, BMI \30, earlier RTS, delayed time to surgery, con-
comitant collateral ligament injury, usage of an allograft
and suspension or expansion fixation devices. Potential
predictors of contralateral ACL injury included younger
age at initial injury, BMI \30, tobacco usage, delayed
time to surgery, and involvement in contact sports.

The overall rate for secondary ACL rupture after index
surgery is variable, with estimates in the current litera-
ture ranging from 2% to 20% in adults and 3% to 21% in
adolescents.2,9,47 Our observation is consistent with the
median value provided by the extant literature. Several

of the identified risk factors are similarly corroborated by
the current evidence. Failure has been associated with
younger age, contact mechanism of initial ACL injury,
decreased BMI, and earlier RTS.13,14,25,40,47,48 Webster et
al47 found returning to cutting/pivoting sports to confer
3.9 times the risk of graft failure in their under 20 cohort.
In their meta-analysis, Wiggins et al48 showed a graft-fail-
ure rate between 7% and 14% in patients under 25 years of
age. However, a systematic review by Everhart et al in
2021 found mixed associations between graft failure and
younger age.9 Despite continued controversy on the subject
matter, our data demonstrated a significant association
between increased risk of ACL graft rupture with both
younger age at initial injury, return to contact sports,
decreased BMI, and delayed ACLR. While the protective
effect of increased BMI against graft failure and contralat-
eral injury may seem initially counterintuitive, Maletis
et al25 reported similar findings in the Kaiser Permanente

Figure 4. Partial dependence curves demonstrating individual predictor effects on graft failure in patients after ACLR; the depen-
dence of graft failure (a relative, unitless quantity) on the predictor is plotted on the y-axis while the values of each predictor variable
are plotted on the x-axis. For example, with respect to preoperative pain, the dependence of graft failure increases as pain score
increases. Tear location: 1, distal; 2, femoral avulsion; 3, midsubstance; 4, proximal; 5, tibial avulsion. Graft type: 1, allograft; 2, ham-
string tendon autograft; 3, patellar tendon autograft; 4, quadriceps tendon autograft. ACLR, anterior cruciate ligament reconstruc-
tion; LCL, lateral collateral ligament; MCL, medial collateral ligament; RTS, return to sports; VAS, visual analog scale.
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Figure 5. Partial dependence curves demonstrating individual predictor effects on contralateral ACL injury in patients after ACLR.
The dependence of contralateral ACL injury (a relative, unitless quantity) on the predictor is plotted on the y-axis while the values
of each predictor variable are plotted on the x-axis. For example, with respect to BMI, the dependence of contralateral ACL injury
is increased at BMI\30, then decreases as BMI increases to .30, and finally increasing again at BMI .35. This may suggest that
patients with a lower BMI may be more active and prone to contralateral injury, patients with extremely high BMIs can sustain low
velocity ligamentous injuries, whereas the risk is the smallest among patients who are sedentary and overweight but not obese.
Tear location: 1, distal; 2, femoral avulsion; 3, midsubstance; 4, proximal; 5, tibial avulsion. Graft type: 1, allograft; 2, hamstring
tendon autograft; 3, patellar tendon autograft; 4, quadriceps tendon autograft. ACL, anterior cruciate ligament; ACLR, anterior
cruciate ligament reconstruction; BMI, body mass index; RTS, return to sports.
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ACLR Registry and suggested that patients at higher
BMIs may have less demanding activity/sports participa-
tion that would put them at risk of increased cutting/pivot-
ing after reconstruction. In addition, delayed ACLR is
associated with an increase in subsequent meniscal
injury,23 and it is possible that disruption or delayed repair
of secondary stabilizers can increase the risk of future
graft failure.

The increased risk of graft failure associated with allo-
graft reconstruction has been frequently cited as well.
The Multicenter Orthopaedic Outcomes Network
(MOON) study group identified an almost 5-fold increase
in the risk of graft rupture after allograft reconstruction
compared with autograft reconstruction; the authors also
identified younger age at injury as well as increased base-
line activity as measured by the Marx activity rating scale
as risk factors for graft failure.19 The authors fitted 2 mul-
tivariate logistic regression models, which achieved
AUROCs of 0.81 and 0.76 in predicting graft failure and
contralateral ACL rupture, respectively. However, they
did not perform internal validation of these models and
reported training AUROCs only.

In addition, we did observe a difference in graft failure
risk associated with femoral fixation device type, with
direct compression devices such as interference screws con-
ferring the least risk followed by expansion and suspension
type devices in that order, confirming the findings of both
the Kaiser and the Danish registries.10,43 Comparison of
tibial fixation methods observed the greatest failure risk
with use of expansion devices, while direct compression
and suspension devices were similar in risk. The literature
likewise reports equivocal results among tibial fixation
devices.1,42,43 Several reasons may underlie the observed
influence of femoral and tibial fixation device on graft fail-
ure. With respect to femoral fixation, the advantage of
direct compression devices with bone-tendon-bone grafts
cited most often is the reliability of bone-to-bone healing
afforded by the aperture fixation.50 However, in recent
years, the emergence of adjustable-length cortical devices
has led some surgeons to move toward suspensory femoral
fixation of bone-tendon-bone grafts,21 with the theoretical
advantage of preserved opportunity to retension the graft
from the femoral side after tibial fixation in the setting of
and graft length mismatch. Limited data from clinical
and biomechanical evaluations comparing cortical fixation
versus interference screw have been inconclusive. Specifi-
cally, 2 animal models found increased graft-bone healing
with cortical loops, whereas a retrospective review of out-
comes from the New Zealand ACLR registry found higher
revision risk with interference fixation of hamstring ten-
don autograft22,36,41; conversely, a retrospective review of
patients undergoing allograft reconstruction found
increased graft incorporation with interference fixation.51

With respect to tibial fixation, several studies have high-
lighted reduced revision risk and superior biomechanical
properties using interference screws,1,31 although 1 series
did note increased tunnel widening in the first 2 postoper-
ative years when comparing these with cortical fixation.8

Finally, a large retrospective cohort review using the Nor-
wegian Knee Ligament Registry identified the combination

of femoral suspensory fixation with tibial bioabsorbable
compression fixation to incur the greatest revision risk.32

In addition, we must point out that historical associa-
tion between fixation methods and graft type may subject
these findings to confounding. Indeed, aperture fixation
is most frequently performed with bone-tendon-bone
grafts, which has repeatedly demonstrated superior failure
rates compared with hamstring tendon autografts or
allografts.18,27,50

We also observed an association between preoperative
pain score with graft failure. Although there is ample evi-
dence highlighting a relationship between preoperative
patient-reported outcome scores with subjective failure
after ACLR, there has been minimal evidence pointing
to a potential relationship between patient-reported out-
come measures and clinical outcomes. Interestingly, Pul-
len et al35 observed a greater risk of revision ACLR with
perioperative use of nonsteroidal anti-inflammatory
drugs and COX-2 inhibitors and cited several animal
models highlighting a negative effect of nonsteroidal
anti-inflammatory drugs use on bone-tendon healing.6

In addition, a previous model using the Norwegian regis-
try similarly identified preoperative Knee injury and
Osteoarthritis Outcome Score quality of life subscale as
a significant predictor of revision ACL.26 These findings
may point to the extent of patient-modifiable psychosocial
influences or, more likely, the potential influence of
increased perioperative pain and subsequent medication
use on graft healing.

Rates of contralateral ACL injury after initial ACLR has
been reported anywhere from 2% to 21%.4,47,49 Pooled data
from a multicenter analysis demonstrated a fairly low rate
of contralateral injury, with only 3% of 235 patients suffer-
ing rupture of contralateral ACL at 2-year follow-up.49

Webster et al47 demonstrated an overall risk of 8% for con-
tralateral ACL rupture after index surgery. We observed
an 8.6% rate of injury to the contralateral ACL, consistent
with recent estimates. Similarly, most predictors of contra-
lateral ACL injury identified in the present study are cor-
roborated by the literature, with an unsurprising degree of
overlap with factors contributing to graft failure. These
include younger age at initial injury, lower BMI, earlier
return to higher activity level, history of contralateral
ACL injury, and allograft utilization.5,19,25,33

Machine learning represents a novel methodology for
analyses of complex, large datasets.29 Implementation of
these techniques for the analysis of clinical and subjective
outcomes after ACLR has previously demonstrated promis-
ing results.20,23,26 In addition, our definitions of graft fail-
ure and contralateral ACL disruption were confirmed by
either repeat MRI or arthroscopy, which is more rigorous
compared with those found in national registries. Never-
theless, we were only able to achieve acceptable concor-
dance results for the graft failure and contralateral ACL
injury models. Interestingly, Martin et al26 demonstrated
similar bottleneck on discriminative performance at 0.70
despite a sample size of nearly 25,000 patients. This high-
lights the presence of additional patient or surgeon risk
factors that continue to elude our understanding. Finally,
future studies may require cost-sensitive learning or
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anomaly detection techniques to improve performance
given significant class imbalance between the groups.

Limitations

This study does have several limitations, including its ret-
rospective nature. While the models produced demon-
strated significant improvements in clinical practice
compared with traditional logistic regression based on
Brier score and decision curve analysis, overall concor-
dance was fair to below the ideal threshold—AUROC of
0.70 and 0.67 for graft failure and contralateral injury,
respectively. In terms of treatment, techniques of recon-
struction as well as postoperative rehabilitation was not
strictly uniform, especially given the length of the study
period, with multiple surgeons performing the index sur-
gery and variations in graft and fixation types utilized.
Similarly, given the longevity of the study, some patients
probably did not participate in optimizing interventions
such as preoperative physical therapy. Furthermore, this
study did not include radiographic analysis for risk factors
such as malalignment or posterior tibial slope; indeed, col-
lection of such parameters as well as psychosocial readi-
ness and neuromuscular control could provide the
performance boost necessary to make the present models
more suitable for clinical application.

CONCLUSION

Less than 18% of all patients who undergo ACLR should be
expected to sustain either a graft failure or contralateral
ACL injury. Machine learning models outperformed logis-
tic regression and identified greater preoperative pain,
younger age, BMI \30, earlier return to greater activity,
and time to surgical intervention .75 days as common
risk factors for both graft failure as well as contralateral
ACL injury after ACLR. Surgeon-modifiable risk factors
for graft failure included allograft and femoral/tibial fixa-
tion with a suspension/expansion combination.
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