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Abstract: Background: Injuries to the anterolateral complex (ALC) may contribute to increased
rotatory knee laxity. However, it has not been evaluated whether such injuries affect in vivo kine-
matics when treated in situ. The purpose of this study was to determine the grade of ALC injury
and its effect on kinematic and clinical outcomes of ACL-injured patients 24 months after anatomic
ACL reconstruction. It was hypothesized that injury to the ALC would be significantly related to
patient-reported outcomes (PROs) and in vivo knee kinematics during downhill running. Methods:
Thirty-five subjects (mean age: 22.8 & 8.5 years) participating in a randomized clinical trial to compare
single- and double-bundle ACL reconstruction were included in the study. Subjects were divided into
two groups based on the presence or absence of injury to the ALC, as determined on MRI scans per-
formed within 6 weeks of injury. None of the patients underwent treatment for these ALC injuries. At
24 months, PROs, including the International Knee Documentation Committee Subjective Knee Form
(IKDC-SKF), Knee injury and Osteoarthritis Outcome Score (KOOS) and in vivo knee kinematics
during downhill running, were obtained. Pivot-shift test results, PROs and in vivo knee kinematics
were compared between groups with and without ALC injury using the Pearson’s Chi Squared test
and Mann-Whitney U test with significance set at p < 0.05. Results: The average interval between
injury and performing the MRI scans was 9.5 £ 10 days. ALC injury was observed in 17 (49%)
study participants. No significant differences were detected in PROs and in vivo kinematics between
subjects with and without ALC injury (n.s.). Conclusion: The findings of this study demonstrate that
MRI evidence of an ALC injury does not significantly affect in vivo knee kinematics and PROs even
in individuals with a high-grade ALC injury. Injuries to the ALC as observed on MRI might not be a
useful indication for an anterolateral procedure.
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1. Introduction

Over the last several years, the anterolateral complex (ALC) of the knee and its effect
on knee biomechanics and kinematics has been a topic of interest and debate [1-5]. While
technical advancements in anterior cruciate ligament (ACL) surgery led to improved
outcomes [6], some patients continue to have persistent rotatory knee laxity [7-9]. It is well
known that excess anterolateral rotatory knee laxity, as evidenced by a positive pivot-shift
test, might negatively affect patient-reported outcomes (PROs) [7,10].

While the pivot-shift test is influenced by multiple factors involving soft tissues
and bone morphology [1,2,11-13], most of the recent research has been dedicated to the
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anterolateral knee structures only. However, conflicting reports have been published
regarding the contribution of the anterolateral complex to rotatory knee laxity. While some
authors found the anterolateral ligament (ALL) or anterolateral capsule to be an important
restraint to internal tibial rotation [14-16], others report that it has a negligible role in
controlling rotatory knee laxity, especially if the iliotibial band is intact [1,3,17,18]. Clinically,
concomitant injuries to the anterolateral capsule in an ACL-deficient knee as observed
on magnetic resonance imaging (MRI) have been shown to be associated with increased
rotatory knee laxity [2,19]. Thus, lateral extra-articular procedures have been increasingly
proposed to properly address this anterolateral rotatory laxity [9,20,21]. However, only
a few studies investigated the healing capacity as well as the clinical consequences of
ALC injuries treated in situ and only one of these studies reported on in vivo kinematics
following ACL reconstruction with or without an anterolateral tenodesis in subjects with
ALC injuries [22-25]. Clinical evidence suggests that even an avulsion of the ALC, a Segond
fracture, does not negatively affect clinical outcomes [26].

To better understand the effect of concomitant injuries to anterolateral capsular struc-
tures treated in situ, the in vivo knee kinematics and PROs of these patients might provide
valuable information to further identify the indications for a lateral extra-articular proce-
dure. Thus, the purpose of this study was to determine the effect of injury to the ALC on
kinematic and patient-reported outcomes of ACL-injured patients 24 months after anatomic
ACL reconstruction. It was hypothesized that injury to the ALC, ranging from edema to
complete disruption, determined on MRI scans would significantly affect PROs as well as
in vivo knee joint kinematics during downhill running 24 months after ACL reconstruction.

2. Materials and Methods

This is a secondary analysis of data collected during a prospective randomized con-
trolled trial designed to compare single- vs. double-bundle ACL reconstruction. The
inclusion and exclusion criteria of that trial have been described elsewhere [27]. Following
institutional review board approval (PRO09020493) and written informed consent, 47 sub-
jects (32 males, 15 females; mean age: 22.0 & 7.6 years) with unilateral ACL injury were
included. For this secondary analysis, patients with incomplete data (in vivo kinematics
for both knees, PROs) or a time interval of more than 6 weeks between injury and initial
MRI were excluded to evaluate the effects of injury to the ALC, leaving 35 subjects (mean
age: 22.8 & 8.5 years) for evaluation.

2.1. Surgical Procedure and Rehabilitation

Before ACL reconstruction, an examination under anesthesia including the pivot-shift
test was performed by experienced knee surgeons who were blinded to MRI results. The
pivot-shift test was graded according to the International Knee Documentation Committee
(IKDC) knee ligament evaluation guidelines and rated as low grade (negative or 1+) or high
grade (2+ and 3+). Individualized anatomic ACL reconstruction (either single- or double-
bundle) was performed using a 10 mm quadriceps tendon autograft with a bone block [28].
For double-bundle ACL reconstruction, a split graft was used with the bone block in one
femoral tunnel. The two arms of the tendon were placed in separate tunnels created in
the center of the tibial anteromedial (AM) and posterolateral (PL) bundle insertions. For
femoral graft fixation, an extra-cortical button with a continuous loop was used. Tibial
fixation occurred at full extension for the PL bundle and at 45° for the AM bundle using
interference screws. For single-bundle ACL reconstruction, the bone tunnels were located
in the center of the native femoral and tibial footprints and graft fixation occurred at 20°
of knee flexion. Postoperatively, the same standard rehabilitation protocol was applied to
all patients.

2.2. In Vivo Joint Kinematics

Three-dimensional in vivo kinematics data were acquired using dynamic stereo X-ray
(DSX) during downhill running (3.0 m/s, 10° downward slope) on an instrumented dual-
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belt treadmill (Bertec Corp, Columbus, OH, USA) 24 months after ACL reconstruction. Each
participant performed the downhill run three times for each leg wearing running shoes.

The DSX system consisted of two gantries containing 100 kW pulsed X-ray sources
(CPX 3100CV; EMD Technologies, Inc., Saint-Eustache, QC, Canada) and detectors. The
gantries were positioned so that the X-ray beams intersected at 60° in a plane parallel to
the floor. Image acquisition occurred at 150 frames/s with 90 kVp and 125 mA.

Kinematics data were collected shortly before heel strike, as determined by the vertical
ground reaction force from the treadmill, through to the early stance phase (first 10% of a
full gait cycle) as previously described in detail [29,30].

High-resolution computed tomography (CT) scans (0.31 x 0.31 x 0.6 mm voxels)
were obtained from both knees six months after ACL reconstruction to determine bone
geometry. These CT bone models were matched over the stereoscopic images using a
previously validated model-based tracking process to determine tibiofemoral motion from
the DSX images [30]. In brief, using a 12-marker phantom and a direct linear transformation
calibration algorithm, the bone geometry of the DSX system was determined. Tibiofemoral
models were produced by manually segmenting the CT scans using Mimics (Materialize,
Inc., New York, NY, USA). The model-based tracking has been shown to have an accuracy
of 0.6 £ 0.3° for dynamic external-internal rotation and 0.3 &+ 0.1° for dynamic abduction—
adduction [30]. Tibiofemoral motion was calculated from initial ground contact through
the first 10% of the gait cycle as previously described [29]. Six-degree-of-freedom rotations
of the tibia relative to the femur were calculated based on the conventions proposed by
Grood and Suntay [31].

For the present study, side-to-side difference (SSD) of peak internal tibial rotation,
range of internal-external tibial rotation, peak adduction, range of abduction-adduction,
peak anterior tibial translation and range of anterior—posterior tibial translation were
included in the final analysis. These variables were selected based on the proposed function
of the ALC.

2.3. MRI Analysis and Patient-Reported Outcome Measures

Preoperative MRI scans using a 1.5 T open-bore magnet and a slice thickness 3 mm
(Signa; GE Healthcare, Chicago, IL, USA) were retrospectively screened for evidence of
injury to the ALC by a fellowship trained musculoskeletal radiologist who was blinded
to the PROs and in vivo joint kinematics. Injuries to the ALC were classified based on
T2-weighted fat suppression images as previously described [2]. Briefly, grade 1 signals
were characterized by minimal intrinsic and/or adjacent edema, grade 2 injuries had edema
within and surrounding the capsule with partial fiber disruption, whereas grade 3 injuries
had complete disruption of fibers (Figure 1).

Patient-reported outcomes were collected 24 months following ACL reconstruction
and included the International Knee Documentation Committee Subjective Knee Form
(IKDC-SKF) [32] and the Knee injury and Osteoarthritis Outcome Score (KOOS) [33]. At
24 months following ACL reconstruction, anterior tibial translation as measured using
the KT-1000 arthrometer (MEDmetric Corp, San Diego, CA, USA) and anterolateral ro-
tatory knee laxity as tested using the pivot-shift test were recorded by experienced knee
surgeons, who were blinded to MRI results. Grading of the pivot-shift test was based on
the convention of the IKDC Knee Ligament Rating Guidelines.
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Figure 1. T2 fat suppressed magnetic resonance imaging scans from a right knee with (A) no sign of
an anterolateral complex injury on the coronal view (white asterisk). In (B,C), a grade 2 anterolateral
complex injury with partial fiber disruption and edema is visible as indicated with the black asterisk.
LE, lateral epicondyle; LCL, lateral collateral ligament; ITB, iliotibial band.

2.4. Statistical Analysis

For statistical analysis, SPSS version 27 (SPSS Inc., Chicago, IL, USA) was used. Sub-
jects were dichotomized into two groups based on the presence or absence of injury to ALC
determined on MRI. For a second analysis, patients were dichotomized into two groups
based on whether ALC fiber disruption was evident on MRI (grade 2 and 3) or not (grade 0
and 1). Quantitative parameters are expressed as means =+ one standard deviation (SD).
Laxity measurements were compared between the two groups with Pearson’s Chi Square
test and the Mann-Whitney U test was used for the between-group comparisons for the
PROs and in vivo kinematics. Statistical significance was set at p < 0.05.

3. Results

Preoperative MRIs were obtained on average 9.5 £ 10.1 days after ACL injury. Evalua-
tion of the ALC revealed an injury in seventeen (49%) subjects. Of these seventeen patients,
six had a grade 1 injury, ten had a grade 2 injury and one had a grade 3 injury.

All patients with concomitant radiographic ALC injury had a low-grade pivot shift as
determined at the time of the examination under anesthesia prior to ACL reconstruction.
In contrast, 7 of 18 patients in the group without MRI evidence of ALC injury had a grade 2
or 3 pivot shift, which was significantly more frequent when compared to those subjects
with an ALC injury (p < 0.05).

Twenty-four months following ACL reconstruction, there were no significant differ-
ences in in vivo kinematics and PROs between patients who had an ALC injury and those
who had no MRI evidence of ALC injury (p > 0.05) (Figure 2, Tables 1 and 2). Notably, the
side-to-side difference (SSD) in the peak internal tibial rotation displayed more external
tibial rotation following ACL reconstruction in the affected knee when compared to the
healthy contralateral knee (Table 1). Further, subjects who had a concomitant ALC injury
on MRI at time zero had a more externally rotated tibia as compared to the contralateral
healthy knee by on average 1.6° during downhill running at final follow-up (Table 1).
Tables 1 and 2 summarize the results for in vivo kinematics and IKDC-SKF and KOOS
subscales.
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Figure 2. (A) In vivo side-to-side difference (SSD) of internal-external tibial rotation range in degrees
during downhill running in patients with and without concomitant anterolateral complex injury.
(B) International Knee Documentation Committee Subjective Knee Form (IKDC-SKF) in patients with
and without concomitant anterolateral complex injury. No significant differences were observed for
in vivo knee kinematics and patient-reported outcomes.

Table 1. In vivo knee kinematics.

No ALC Injury ALC Injury
p-Value
Mean (SD) Mean (SD)
Side-to-side difference
Peak internal tibial rotation (deg) 03(3.3)* 1.9@3.2)* 0.310
Internal-external tibial rotation range (deg) 3.0 (1.5) 2.7 (1.6) 0.443
Peak adduction (deg) 0.6 (1.0) ** 0.8 (1.3) ** 0.663
Abduction-adduction range (deg) 1.0 (0.6) 0.9 (0.8) 0.917
Peak anterior tibial translation (mm) 2.0 (2.4) *** 0.6 (2.8) *** 0.436
Anterior—posterior tibial translation range (mm) 3.7 (2.3) 5.0 (3.3) 0.233

* Refers to greater external tibial rotation when compared to the healthy contralateral knee; ** refers to greater
adduction when compared to the healthy contralateral knee; *** refers to greater anterior tibial translation when
compared to the healthy contralateral knee.
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Table 2. Patient-reported outcomes.

No ALC Injury ALC Injury
Mean (SD) Mean (SD) p-Value
IKDC—SKF 91.0 (10.9) 88.0 (11.2) 0.348
KOOS—Symptoms 89.8 (7.7) 84.5 (11.1) 0.181
KOOS—Pain 95.7 (6.6) 93.1 (13.6) 0.775
KOOS—ADL 99.1 (2.1) 96.9 (11.3) 0.976
KOOS—Sport/Rec 91.3 (13.4) 90.3 (11.7) 0.620
KOOSs—QOL 87.9 (17.6) 77.5(24.8) 0.169

When comparing patients who had evidence of partial or complete ALC fiber disrup-
tion on MRI (grade 2 and 3) with those who had no injury or only edema in the area of
the ALC (grade 0 and 1), no significant differences in terms of PROs and in vivo knee joint
kinematics were observed (all p > 0.05).

At 24 months follow-up, only one patient in the ALC injury group had a grade 1
pivot shift compared to no patients in the group without MRI evidence of ALC injury
(p = 0.309). Comparing SSD in anterior tibial translation as measured using the KT-1000
arthrometer, those subjects with a grade 2 and 3 ALC injury displayed significantly more
anterior tibial translation compared to subjects with a low-grade ALC tear (1.6 £ 0.8 mm
vs. 0.5 + 0.3 mm; p = 0.008).

4. Discussion

The data from this study show that MRI evidence of an ALC injury at time zero does
not significantly affect dynamic in vivo knee kinematics during downhill running and
PROs 24 months after ACL reconstruction, even if only higher-grade ALC disruptions are
considered. The data indicate that injuries to the ALC treated in situ do not adversely affect
functional outcomes following ACL reconstruction. In the present study, 49% of patients
had MRI evidence of an ALC injury ranging from edema to complete fiber tear. However,
only one subject displayed a complete capsular fiber disruption, whereas only edema or
partial fiber disruption were observed in the other sixteen patients. In a previous study,
the frequency of such signal alterations in the ALC, as observed on MRI in the setting
of a complete ACL injury, was comparable (51%) [2]. A recent study investigating the
visibility of ALL tears on 1.5 T MRIs revealed a poor intra- and inter-observer reliability in
detecting such injuries [34]. Since in the current study surgical exploration of the ALC was
not performed, the authors are not able to report on the proportion of visible ALC injuries
at the time of ACL surgery. Studies exploring the anterolateral knee structures surgically
described the presence of a visible injury in up to 93% of the cases [35,36]. However, most
of these injuries involved hemorrhage only, whereas complete disruption of the ALC was
less frequent [36], which is consistent with the MRI findings in the present study.

In contrast to previous studies [2,37], ALC injuries were not associated with a higher
pivot-shift grade. However, the extent of an anterior translation of the lateral knee com-
partment during the manual pivot-shift test was not quantified [2,37]. Thus, the pivot-shift
results in the present study are based on manual grading by experienced knee surgeons,
who were, however, at the time of surgery and final follow-up, blinded to the MRI results,
which were evaluated in retrospect.

Dynamic in vivo kinematics during downhill running revealed no statistically sig-
nificant differences in terms of side-to-side differences in tibial rotation as well as knee
abduction and anterior tibial translation between subjects with an ALC injury and those
without any ALC tear. Interestingly, in both groups, the tibia of the involved knee was more
externally rotated after ACL reconstruction when compared to the contralateral healthy
knee. These findings are consistent with the vast majority of the studies investigating
dynamic, functional knee kinematics, where ACL reconstruction was shown to result
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in an increased external tibial rotation when compared to the uninvolved contralateral
knee [38—40]. Considering that tibial rotation was not significantly affected by an injury
to the ALC, any additional lateral extra-articular procedure might result in a greater ex-
ternal rotation of the tibia. However, it should be mentioned that the task completed
during the collection of the kinematic data in this study (downhill running) was not a task
that produces high rotatory knee torques. Therefore, the question remains if such highly
demanding tasks would adversely affect the results of the present study.

Some studies on cadaveric knees reported the importance of the ALL or ALC in re-
straining internal tibial rotation [14-16,37]. However, one should consider that either a large
incision of the ALC [14,37] was performed or the iliotibial band was resected in these stud-
ies [15,16]. Such a large tear of the ALC, however, does not reflect the typical injury pattern
of a patient with an ACL tear commonly seen in daily clinical routine. Thus, biomechanical
studies may overestimate the effect of ALC injuries on tibial rotation. Further, it has been
shown that the iliotibial band and its deeper layers are the strongest ALC structures and
provide the greatest restraint to internal tibial rotation, whereas the anterolateral capsule
behaves more like a sheet of tissue rather than a true ligament [1,3,18,41]. When the ALC
displays an injury on MRI, with the iliotibial band being intact, knee kinematics might not
be relevantly affected. Further, it could also be that such interstitial ALC injuries might
heal over time when the iliotibial band and ACL reconstruction provide sufficient knee
stability, as data from Segond avulsion may suggest [26].

In contrast, clinical data support the use of an anterolateral procedure to reduce the
risk of ACL graft failures, especially in young patients returning to high-risk pivoting
sports [5,42]. Nevertheless, an overconstraint of knee kinematics may remain a concern
as long-term data regarding modern combined ACL reconstructions with anterolateral
procedures are still pending [25,43,44].

There were no differences in PROs between the two groups of interest, even if all
obtained scores were slightly lower in those patients with the presence of an ALC injury.
Overall, however, the PROs were comparable to those commonly seen following isolated
ACL reconstruction [45] or combined ACL and anterolateral surgery [5,9].

The limitations of this study include the functional task performed for the evaluation
of dynamic in vivo kinematics (downhill running). Further, this study does not provide
data on the natural history of ALC injuries. Another limitation includes the fact that
this is a secondary analysis of a randomized trial comparing single- vs. double-bundle
ACL reconstruction. As recently reported, there were not significant differences in PROs
and in vivo kinematics between the two surgical techniques within this cohort [40,46].
Additionally, the follow-up of two years includes short-term data only. Thus, this study
does not provide any insights on the long-term consequences of untreated anterolateral
injuries. Long-term data are however needed to further understand whether such untreated
anterolateral injuries or lateral extra-articular procedures affect ACL graft integrity, knee
kinematics and altered tibiofemoral contact forces.

Even if the current study did not detect significant differences between patients with
and without anterolateral injuries, based on the current literature surgeons should consider
the amount of rotatory knee laxity, bone morphology (i.e., posterior tibial slope), meniscal
integrity (i.e., posterolateral meniscal root tears) and generalized hyperlaxity when opting
for an additional anterolateral procedure.

5. Conclusions

The findings of this study demonstrate that MRI evidence of an ALC injury does
not significantly affect in vivo knee kinematics or patient-reported outcome scores. Thus,
based on these findings, performing additional lateral extra-articular procedures to reduce
excess rotatory laxity due to presence of ALC injury is not supported. Accordingly, it
is recommended to observe MRI-detectable injuries to the ALC as well as other features
known to be associated with the pivot-shift phenomenon (i.e., posterior tibial slope) to
identify the cause of an increased (residual) rotatory knee laxity.



J. Clin. Med. 2023, 12, 4408 8 of 10

Author Contributions: E.H., data analysis, MRI analysis, writing; J.C., MRI analysis, internal review;
A.].P, data analysis, writing, internal review; S.T., conception and execution of the work, in vivo
kinematics testing; ].J.I., conception and execution of the study, data analysis and interpretation,
internal review; FH.F., conception and execution of the study, surgical treatment, internal review;
V.M., conception and execution of the study, surgical treatment, data interpretation, writing, internal
review. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by NIH/NIAMS, grant # R01 AR 056630.

Institutional Review Board Statement: University of Pittsburgh Institutional Review Board. Proto-
col number PRO09020493.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data available on request due to restrictions e.g., privacy or ethical.
The data presented in this study are available on request from the corresponding author. The data are
not publicly available due to university specific data policies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Kittl, C.; El-Daou, H.; Athwal, KK.; Gupte, C.M.; Weiler, A.; Williams, A.; Amis, A.A. The Role of the Anterolateral Structures
and the ACL in Controlling Laxity of the Intact and ACL-Deficient Knee. Am. |. Sports Med. 2016, 44, 345-354. [CrossRef]
Musahl, V.; Rahnemai-Azar, A.A.; Costello, J.; Arner, ].W.; Fu, EH.; Hoshino, Y.; Lopomo, N.; Samuelsson, K.; Irrgang, J.J. The
Influence of Meniscal and Anterolateral Capsular Injury on Knee Laxity in Patients with Anterior Cruciate Ligament Injuries. Am.
J. Sports Med. 2016, 44, 3126-3131. [CrossRef]

Guenther, D.; Rahnemai-Azar, A.A,; Bell, K,; Irarrazaval, S.; Fu, EH.; Musahl, V.; Debski, R.E. The Anterolateral Capsule of the
Knee Behaves Like a Sheet of Fibrous Tissue. Am. J. Sports Med. 2017, 45, 849-855. [CrossRef]

Getgood, A.; ALC Consensus Group; Brown, C.; Lording, T.; Amis, A.; Claes, S.; Geeslin, A.; Musahl, V. The anterolateral complex
of the knee: Results from the International ALC Consensus Group Meeting. Knee Surg. Sports Traumatol. Arthrosc. 2019, 27,
166-176. [CrossRef]

Getgood, A.M.; Bryant, D.M,; Litchfield, R.; Heard, M.; McCormack, R.G.; Rezansoff, A.; Peterson, D.; Bardana, D.; Macdonald,
P.B.; Verdonk, P.C,; et al. Lateral Extra-articular Tenodesis Reduces Failure of Hamstring Tendon Autograft Anterior Cruciate
Ligament Reconstruction: 2-Year Outcomes from the STABILITY Study Randomized Clinical Trial. Am. J. Sports Med. 2020, 48,
285-297. [CrossRef]

Hussein, M.; Van Eck, C.E; Cretnik, A.; Dinevski, D.; Fu, EH. Individualized anterior cruciate ligament surgery: A prospective
study comparing anatomic single- and double-bundle reconstruction. Am. J. Sports Med. 2012, 40, 1781-1788. [CrossRef]

Ayeni, O.R.; Chahal, M.; Tran, M.N.; Sprague, S. Pivot shift as an outcome measure for ACL reconstruction: A systematic review.
Knee Surg. Sports Traumatol. Arthrosc. 2012, 20, 767-777. [CrossRef]

Hussein, M.; van Eck, C.F; Cretnik, A.; Dinevski, D.; Fu, EH. Prospective randomized clinical evaluation of conventional
single-bundle, anatomic single-bundle, and anatomic double-bundle anterior cruciate ligament reconstruction: 281 cases with 3-
to 5-year follow-up. Am. J. Sports Med. 2012, 40, 512-520. [CrossRef]

Sonnery-Cottet, B.; Thaunat, M.; Freychet, B.; Pupim, B.H.; Murphy, C.G.; Claes, S. Outcome of a Combined Anterior Cruciate
Ligament and Anterolateral Ligament Reconstruction Technique with a Minimum 2-Year Follow-up. Am. |. Sports Med. 2015, 43,
1598-1605. [CrossRef]

Sundemo, D.; Sernert, N.; Kartus, J.; Senorski, E.H.; Svantesson, E.; Karlsson, J.; Samuelsson, K. Increased Postoperative Manual
Knee Laxity at 2 Years Results in Inferior Long-term Subjective Outcome after Anterior Cruciate Ligament Reconstruction. Am. J.
Sports Med. 2018, 46, 2632-2645. [CrossRef]

Magnussen, R.A.; Reinke, E.; Huston, L.; Hewett, T.E.; Spindler, K.P; Andrish, ].T.; Jones, M.; Parker, R.D.; McCarty, E.C.; Vidal,
A.F; et al. Factors Associated with High-Grade Lachman, Pivot Shift, and Anterior Drawer at the Time of Anterior Cruciate
Ligament Reconstruction. Arthroscopy 2016, 32, 1080-1085. [CrossRef]

Musahl, V.; Ayeni, O.R,; Citak, M.; Irrgang, ] J.; Pearle, A.D.; Wickiewicz, T.L. The influence of bony morphology on the magnitude
of the pivot shift. Knee Surg. Sports Traumatol. Arthrosc. 2010, 18, 1232-1238. [CrossRef]

Rahnemai-Azar, A.A.; Abebe, E.S.; Johnson, P.; Labrum, J.; Fu, EH.; Irrgang, ].J.; Samuelsson, K.; Musahl, V. Increased lateral
tibial slope predicts high-grade rotatory knee laxity pre-operatively in ACL reconstruction. Knee Surg. Sports Traumatol. Arthrosc.
2017, 25, 1170-1176. [CrossRef]

Ruiz, N.; Filippi, G.J.; Gagniere, B.; Bowen, M.; Robert, H.E. The Comparative Role of the Anterior Cruciate Ligament and
Anterolateral Structures in Controlling Passive Internal Rotation of the Knee: A Biomechanical Study. Arthroscopy 2016, 32,
1053-1062. [CrossRef]

Parsons, EIM.; Gee, A.O.; Spiekerman, C.; Cavanagh, P.R. The biomechanical function of the anterolateral ligament of the knee.
Am. ]. Sports Med. 2015, 43, 669-674. [CrossRef]


https://doi.org/10.1177/0363546515614312
https://doi.org/10.1177/0363546516659649
https://doi.org/10.1177/0363546516674477
https://doi.org/10.1007/s00167-018-5072-6
https://doi.org/10.1177/0363546519896333
https://doi.org/10.1177/0363546512446928
https://doi.org/10.1007/s00167-011-1860-y
https://doi.org/10.1177/0363546511426416
https://doi.org/10.1177/0363546515571571
https://doi.org/10.1177/0363546518786476
https://doi.org/10.1016/j.arthro.2015.11.018
https://doi.org/10.1007/s00167-010-1129-x
https://doi.org/10.1007/s00167-016-4157-3
https://doi.org/10.1016/j.arthro.2016.02.017
https://doi.org/10.1177/0363546514562751

J. Clin. Med. 2023, 12, 4408 90f 10

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Rasmussen, M.T.; Nitri, M.; Williams, B.T.; Moulton, S.G.; Cruz, R.S.; Dornan, G.J.; Goldsmith, M.T.; LaPrade, R.F. An In Vitro
Robotic Assessment of the Anterolateral Ligament, Part 1: Secondary Role of the Anterolateral Ligament in the Setting of an
Anterior Cruciate Ligament Injury. Am. . Sports Med. 2016, 44, 585-592. [CrossRef]

Thein, R.; Boorman-Padgett, J.; Stone, K.; Wickiewicz, T.L.; Imhauser, C.W.; Pearle, A.D. Biomechanical Assessment of the
Anterolateral Ligament of the Knee: A Secondary Restraint in Simulated Tests of the Pivot Shift and of Anterior Stability. J. Bone
Jt. Surg. Am. 2016, 98, 937-943. [CrossRef]

Noyes, ER.; Huser, L.E.; Jurgensmeier, D.; Walsh, J.; Levy, M.S. Is an Anterolateral Ligament Reconstruction Required in ACL-
Reconstructed Knees with Associated Injury to the Anterolateral Structures? A Robotic Analysis of Rotational Knee Stability. Am.
J. Sports Med. 2017, 45, 1018-1027. [CrossRef]

Ferretti, A.; Monaco, E.; Gaj, E.; Andreozzi, V.; Annibaldi, A.; Carrozzo, A.; Vieira, T.D.; Sonnery-Cottet, B.; Saithna, A. Risk
Factors for Grade 3 Pivot Shift in Knees with Acute Anterior Cruciate Ligament Injuries: A Comprehensive Evaluation of the
Importance of Osseous and Soft Tissue Parameters from the SANTI Study Group. Am. ]. Sports Med. 2020, 48, 2408-2417.
[CrossRef]

Song, G.-Y.; Hong, L.; Zhang, H.; Zhang, J.; Li, Y.; Feng, H. Clinical Outcomes of Combined Lateral Extra-articular Tenodesis and
Intra-articular Anterior Cruciate Ligament Reconstruction in Addressing High-Grade Pivot-Shift Phenomenon. Arthroscopy 2016,
32, 898-905. [CrossRef]

Onggo, J.R.; Rasaratnam, H.K.; Nambiar, M.; Onggo, ].D.; Pai, V.; Damasena, L; Riazi, A.; Babazadeh, S. Anterior Cruciate
Ligament Reconstruction Alone vs. with Lateral Extra-articular Tenodesis with Minimum 2-Year Follow-up: A Meta-analysis and
Systematic Review of Randomized Controlled Trials. Am. J. Sports Med. 2022, 50, 1137-1145. [CrossRef]

Lee, D.W,; Kim, J.G.; Kim, H.T.; Cho, S.I. Evaluation of Anterolateral Ligament Healing after Anatomic Anterior Cruciate
Ligament Reconstruction. Am. J. Sports Med. 2020, 48, 1078-1087. [CrossRef]

Ahn, J.H,; Lee, S.K,; Mun, J.W,; Kim, S.W. Degree of Anterolateral Ligament Injury Impacts Outcomes after Double-Bundle
Anterior Cruciate Ligament Reconstruction. Arthroscopy 2021, 37, 222-230. [CrossRef]

Sobrado, M.E; Giglio, PN.; Bonadio, M.B.; Helito, P.V.P.; Guimaraes, T.M.; Pécora, J.R.; Gobbi, R.G.; Helito, C.P. Outcomes after
Isolated Acute Anterior Cruciate Ligament Reconstruction Are Inferior in Patients with an Associated Anterolateral Ligament
Injury. Am. . Sports Med. 2020, 48, 3177-3182. [CrossRef]

Chiba, D.; Gale, T.; Nishida, K.; Suntaxi, F.; Lesniak, B.P.; Fu, EH.; Anderst, W.; Musahl, V. Lateral Extra-articular Tenodesis
Contributes Little to Change In Vivo Kinematics after Anterior Cruciate Ligament Reconstruction: A Randomized Controlled
Trial. Am. J. Sports Med. 2021, 49, 1803-1812. [CrossRef]

Nagai, K.; Kamada, K.; Kay, J.; Hoshino, Y.; Matsushita, T.; Kuroda, R.; de Sa, D. Clinical Outcomes after Anterior Cruciate
Ligament Reconstruction in Patients with a Concomitant Segond Fracture: A Systematic Review. Am. . Sports Med. 2023, 51,
525-533. [CrossRef]

Irrgang, J.J.; Tashman, S.; Moore, C.; Fu, EH. Challenge accepted: Description of an ongoing NIH-funded randomized clinical
trial to compare anatomic single-bundle vs. anatomic double-bundle ACL reconstruction. Arthroscopy 2012, 28, 745-747, author
reply 747-8. [CrossRef]

Fu, EH.; Van Eck, C.E; Tashman, S.; Irrgang, J.J.; Moreland, M.S. Anatomic anterior cruciate ligament reconstruction: A changing
paradigm. Knee Surg. Sports Traumatol. Arthrosc. 2015, 23, 640-648. [CrossRef]

Tashman, S.; Collon, D.; Anderson, K.; Kolowich, P.; Anderst, W. Abnormal rotational knee motion during running after anterior
cruciate ligament reconstruction. Am. J. Sports Med. 2004, 32, 975-983. [CrossRef]

Anderst, W.; Zauel, R.; Bishop, J.; Demps, E.; Tashman, S. Validation of three-dimensional model-based tibio-femoral tracking
during running. Med. Eng. Phys. 2009, 31, 10-16. [CrossRef]

Grood, E.S.; Suntay, W.J. A joint coordinate system for the clinical description of three-dimensional motions: Application to the
knee. J. Biomech. Eng. 1983, 105, 136-144. [CrossRef] [PubMed]

Higgins, L.D.; Taylor, M.K,; Park, D.; Ghodadra, N.; Marchant, M.; Pietrobon, R.; Cook, C. Reliability and validity of the
International Knee Documentation Committee (IKDC) Subjective Knee Form. Jt. Bone Spine 2007, 74, 594-599. [CrossRef]

Roos, E.M.; Roos, H.P.; Lohmander, S.; Ekdahl, C.; Beynnon, B.D. Knee Injury and Osteoarthritis Outcome Score (KOOS)—
Development of a self-administered outcome measure. J. Orthop. Sports Phys. Ther. 1998, 28, 88-96. [CrossRef]

Hartigan, D.E.; Carroll, KW.; Kosarek, FJ.; Piasecki, D.P.; Fleischli, ].E.; D’Alessandro, D.F. Visibility of Anterolateral Ligament
Tears in Anterior Cruciate Ligament-Deficient Knees with Standard 1.5-Tesla Magnetic Resonance Imaging. Arthroscopy 2016, 32,
2061-2065. [CrossRef]

Terry, G.C.; Norwood, L.A.; Hughston, ].C.; Caldwell, KM. How iliotibial tract injuries of the knee combine with acute anterior
cruciate ligament tears to influence abnormal anterior tibial displacement. Am. . Sports Med. 1993, 21, 55-60. [CrossRef] [PubMed]
Ferretti, A.; Monaco, E.; Fabbri, M.; Maestri, B.; DE Carli, A. Prevalence and Classification of Injuries of Anterolateral Complex in
Acute Anterior Cruciate Ligament Tears. Arthroscopy 2017, 33, 147-154. [CrossRef] [PubMed]

Monaco, E.; Ferretti, A.; Labianca, L.; Maestri, B.; Speranza, A.; Kelly, M.].; D’arrigo, C. Navigated knee kinematics after cutting of
the ACL and its secondary restraint. Knee Surg. Sports Traumatol. Arthrosc. 2012, 20, 870-877. [CrossRef]

Deneweth, ].M.; Bey, M.J.; McLean, S.G.; Lock, T.R.; Kolowich, P.A.; Tashman, S. Tibiofemoral joint kinematics of the anterior
cruciate ligament-reconstructed knee during a single-legged hop landing. Am. J. Sports Med. 2010, 38, 1820-1828. [CrossRef]


https://doi.org/10.1177/0363546515618387
https://doi.org/10.2106/JBJS.15.00344
https://doi.org/10.1177/0363546516682233
https://doi.org/10.1177/0363546520935866
https://doi.org/10.1016/j.arthro.2015.08.038
https://doi.org/10.1177/03635465211004946
https://doi.org/10.1177/0363546520908805
https://doi.org/10.1016/j.arthro.2020.09.003
https://doi.org/10.1177/0363546520956266
https://doi.org/10.1177/03635465211003298
https://doi.org/10.1177/03635465211045689
https://doi.org/10.1016/j.arthro.2012.04.003
https://doi.org/10.1007/s00167-014-3209-9
https://doi.org/10.1177/0363546503261709
https://doi.org/10.1016/j.medengphy.2008.03.003
https://doi.org/10.1115/1.3138397
https://www.ncbi.nlm.nih.gov/pubmed/6865355
https://doi.org/10.1016/j.jbspin.2007.01.036
https://doi.org/10.2519/jospt.1998.28.2.88
https://doi.org/10.1016/j.arthro.2016.02.012
https://doi.org/10.1177/036354659302100110
https://www.ncbi.nlm.nih.gov/pubmed/8427369
https://doi.org/10.1016/j.arthro.2016.05.010
https://www.ncbi.nlm.nih.gov/pubmed/27339397
https://doi.org/10.1007/s00167-011-1640-8
https://doi.org/10.1177/0363546510365531

J. Clin. Med. 2023, 12, 4408 10 of 10

39.

40.

41.

42.

43.

44.

45.

46.

Tashman, S.; Kolowich, P; Collon, D.; Anderson, K.; Anderst, W. Dynamic function of the ACL-reconstructed knee during
running. Clin. Orthop. Relat. Res. 2007, 454, 66-73. [CrossRef]

Tashman, S.; Zandiyeh, P,; Irrgang, J.J.; Musahl, V.; West, R.V.; Shah, N.; Fu, FH. Anatomic single- and double-bundle ACL
reconstruction both restore dynamic knee function: A randomized clinical trial-part II: Knee kinematics. Knee Surg. Sports
Traumatol. Arthrosc. 2021, 29, 2676-2683. [CrossRef]

Miller, R.M.; Rahnemai-Azar, A.A.; Siirer, L.; Arilla, EV.; Fu, EH.; Debski, R.E.; Musahl, V. Tensile properties of a split quadriceps
graft for ACL reconstruction. Knee Surg. Sports Traumatol. Arthrosc. 2017, 25, 1249-1254. [CrossRef] [PubMed]

Rayes, J.; Ouanezar, H.; Haidar, LM.; Ngbilo, C.; Fradin, T.; Vieira, T.D.; Freychet, B.; Sonnery-Cottet, B. Revision Anterior
Cruciate Ligament Reconstruction Using Bone-Patellar Tendon-Bone Graft Combined with Modified Lemaire Technique Versus
Hamstring Graft Combined with Anterolateral Ligament Reconstruction: A Clinical Comparative Matched Study with a Mean
Follow-up of 5 Years from The SANTI Study Group. Am. J. Sports Med. 2022, 50, 395-403. [CrossRef] [PubMed]

Marom, N.; Jahandar, H.; Fraychineaud, T.J.; Zayyad, Z.A.; Ouanezar, H.; Hurwit, D.; Zhu, A.; Wickiewicz, T.L.; Pearle, A.D;
Imhauser, C.W.,; et al. Lateral Extra-articular Tenodesis Alters Lateral Compartment Contact Mechanics under Simulated Pivoting
Maneuvers: An In Vitro Study. Am. J. Sports Med. 2021, 49, 2898-2907. [CrossRef] [PubMed]

Schon, ].M.; Moatshe, G.; Brady, A.W.; Cruz, R.S.; Chahla, ].; Dornan, G.J.; Turnbull, T.L.; Engebretsen, L.; LaPrade, R.F. Anatomic
Anterolateral Ligament Reconstruction Leads to Overconstraint at Any Fixation Angle: Response. Am. J. Sports Med. 2016, 44,
NP58-NP59. [CrossRef]

Magnussen, R.A.; Verlage, M.; Flanigan, D.C.; Kaeding, C.C.; Spindler, K.P. Patient-Reported Outcomes and Their Predictors
at Minimum 10 Years after Anterior Cruciate Ligament Reconstruction: A Systematic Review of Prospectively Collected Data.
Orthop. ]. Sports Med. 2015, 3, 2325967115573706. [CrossRef] [PubMed]

Irrgang, J.J.; Tashman, S.; Patterson, C.G.; Musahl, V.; West, R.; Oostdyk, A.; Galvin, B.; Poploski, K.; Fu, EH. Anatomic single vs.
double-bundle ACL reconstruction: A randomized clinical trial-Part 1: Clinical outcomes. Knee Surg. Sports Traumatol. Arthrosc.
2021, 29, 2665-2675. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/BLO.0b013e31802bab3e
https://doi.org/10.1007/s00167-021-06479-x
https://doi.org/10.1007/s00167-016-4019-z
https://www.ncbi.nlm.nih.gov/pubmed/26869030
https://doi.org/10.1177/03635465211061123
https://www.ncbi.nlm.nih.gov/pubmed/34898285
https://doi.org/10.1177/03635465211028255
https://www.ncbi.nlm.nih.gov/pubmed/34314283
https://doi.org/10.1177/0363546516669314
https://doi.org/10.1177/2325967115573706
https://www.ncbi.nlm.nih.gov/pubmed/26665029
https://doi.org/10.1007/s00167-021-06585-w

	Introduction 
	Materials and Methods 
	Surgical Procedure and Rehabilitation 
	In Vivo Joint Kinematics 
	MRI Analysis and Patient-Reported Outcome Measures 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

