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Background: Preclinical studies suggest that for complete midsubstance anterior cruciate ligament (ACL) injuries, a suture repair
of the ACL augmented with a protein implant placed in the gap between the torn ends (bridge-enhanced ACL repair [BEAR]) may
be a viable alternative to ACL reconstruction (ACLR).

Hypothesis: We hypothesized that patients treated with BEAR would have a noninferior patient-reported outcomes (International
Knee Documentation Committee [IKDC] Subjective Score; prespecified noninferiority margin, –11.5 points) and instrumented an-
teroposterior (AP) knee laxity (prespecified noninferiority margin, 12-mm side-to-side difference) and superior muscle strength at
2 years after surgery when compared with patients who underwent ACLR with autograft.

Study Design: Randomized controlled trial; Level of evidence, 1.

Methods: One hundred patients (median age, 17 years; median preoperative Marx activity score, 16) with complete midsub-
stance ACL injuries were enrolled and underwent surgery within 45 days of injury. Patients were randomly assigned to receive
either BEAR (n = 65) or autograft ACLR (n = 35 [33 with quadrupled semitendinosus-gracilis and 2 with bone–patellar tendon–
bone]). Outcomes—including the IKDC Subjective Score, the side-to-side difference in instrumented AP knee laxity, and muscle
strength—were assessed at 2 years by an independent examiner blinded to the procedure. Patients were unblinded after their 2-
year visit.

Results: In total, 96% of the patients returned for 2-year follow-up. Noninferiority criteria were met for both the IKDC Subjective
Score (BEAR, 88.9 points; ACLR, 84.8 points; mean difference, 4.1 points [95% CI, –1.5 to 9.7]) and the side-to-side difference in
AP knee laxity (BEAR, 1.61 mm; ACLR, 1.77 mm; mean difference, –0.15 mm [95% CI, –1.48 to 1.17]). The BEAR group had a sig-
nificantly higher mean hamstring muscle strength index than the ACLR group at 2 years (98.2% vs 63.2%; P \ .001). In addition,
14% of the BEAR group and 6% of the ACLR group had a reinjury that required a second ipsilateral ACL surgical procedure (P =
.32). Furthermore, the 8 patients who converted from BEAR to ACLR in the study period and returned for the 2-year postoperative
visit had similar primary outcomes to patients who had a single ipsilateral ACL procedure.

Conclusion: BEAR resulted in noninferior patient-reported outcomes and AP knee laxity and superior hamstring muscle strength
when compared with autograft ACLR at 2-year follow-up in a young and active cohort. These promising results suggest that
longer-term studies of this technique are justified.

Registration: NCT02664545 (ClinicalTrials.gov identifier)

Keywords: anterior cruciate ligament; human; ACL reconstruction; ACL repair; bridge-enhanced ACL repair; scaffold-enhanced
ACL repair; BEAR

Until the mid-1980s, primary repair of the anterior cruci-
ate ligament (ACL) was used to treat ACL injuries. How-
ever, failure rates as high as 50% at 2 years have been
reported, even recently, particularly in younger active
patients.9,13 Thus, replacement of the torn ACL with a ten-
don graft (ACL reconstruction [ACLR]) serves as the
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standard of care. Traditional primary repair has been
reported to have some success in older patients with prox-
imal tears where the ligament can be reopposed to the fem-
oral bone.27,52 However, these retrospective and
uncontrolled studies have been conducted in populations
where nonoperative treatment of ACL tears has been dem-
onstrated to be equally effective.44,51 The current study
was designed to focus on the young and active patient pop-
ulation, who are at greater risk for ACL injury6 and ACL
graft failure.2,23

Over the past 2 decades, preclinical studies have evalu-
ated possible biologic causes of the failure of midsubstance
ACL injuries to heal, even with suture repair.31,32,36-39,48

For ligaments that naturally heal with nonoperative treat-
ment (eg, the medial collateral ligament), the gap between
the torn ligament ends is bridged by a fibrin clot, which
provides a scaffold into which torn ligament ends grow
and reunite.11 However, the intra-articular location of
the ACL results in the premature dissolution of that fibrin
clot, which inhibits gap healing.11,14,30,31,37,38 With that
understanding, in vitro and in vivo studies were performed
to optimize a scaffold implant that could be positioned in
the joint to bridge the gap of a midsubstance ACL tear
and facilitate healing.31,39-41 Suturing techniques to facili-
tate healing were then optimized, including the use of
a suture cinch to temporarily reduce the pathologic knee
laxity that occurs with acute ACL injury during healing.36

The current technique for bridge-enhanced ACL repair
(BEAR) involves placing a resorbable protein-based
implant containing autologous blood in the gap between
the 2 torn ends of a midsubstance ACL tear in combination
with suture repair of the ligament and a suture cinch to
reduce the tibiofemoral joint (Figure 1).33,34 The scaffold
is used to bridge the gap, so absolute reapproximation of
the torn ligament ends is not required for healing.22,28,31

In preclinical animal models, the BEAR technique resulted
in a repair with comparable mechanical properties to
a healing graft32,53 and in less posttraumatic osteoarthritis
than what was observed in ACL-reconstructed animals.32

The outcomes of the BEAR technique in 10 patients in
a first-in-human safety study were recently reported.33,34

Although repair of the torn ACL has some inherent advan-
tages over ACLR—including no need to harvest normal tis-
sue to replace the ACL,27 as well as the decreased risk of
postinjury osteoarthritis as suggested in a preclinical
study32—these benefits would not outweigh the risks of a pro-
cedure that resulted in lower patient-reported outcome scores
or significantly greater anteroposterior (AP) knee laxity. The
primary hypothesis was that patients treated with BEAR
would have noninferior patient-reported outcomes (Interna-
tional Knee Documentation Committee [IKDC] Subjective
Score) and AP knee laxity as compared with patients under-
going autograft ACLR at 2-year follow-up. Our secondary
hypothesis was that the BEAR group would have superior
functional outcomes (hop testing and isometric thigh muscle
strength testing) as compared with the ACLR group.

METHODS

This randomized controlled trial (BEAR II Trial; Clinical-
Trials.gov NCT02664545) consisted of 100 patients undergo-
ing surgery for an acute ACL injury. Patients were blinded to
which treatment they received and were unblinded after the
2-year follow-up visit was completed. An independent exam-
iner was blinded to the surgical side and study group assign-
ment when performing the arthrometer testing and physical
examination, until the end of each visit, when effusion was
assessed after removal of the sleeves. One of the participating
surgeons (L.J.M.) performed 10 BEAR procedures in an ear-
lier trial,33,34 while the other 2 (D.E.K., Y.-M.Y.) had not per-
formed a BEAR procedure before this trial.

Patients

Institutional review board and US Food and Drug Admin-
istration approval to conduct the trial was obtained before

*Address correspondence to Martha M. Murray, MD, Division of Sports Medicine, Department of Orthopaedic Surgery, Boston Children’s Hospital, 300
Longwood Ave, Hunnewell 2, Boston, MA 02115, USA (email: bear.trial@childrens.harvard.edu).

All authors are listed in the Authors section at the end of this article.

Presented at the annual meeting of the AOSSM, Seattle, Washington, July 2020.
Submitted October 12, 2019; accepted February 6, 2020.
The content is solely the responsibility of the authors and does not necessarily represent the official views of Harvard Medical School, Harvard University

or its affiliated academic health care centers, the National Football League Players Association, Boston Children’s Hospital, Rhode Island Hospital, or the
National Institutes of Health.

One or more of the authors has declared the following potential conflict of interest or source of funding: This study received funding support from the
Translational Research Program at Boston Children’s Hospital, the Children’s Hospital Orthopaedic Surgery Foundation, the Children’s Hospital Sports
Medicine Foundation, the Football Players Health Study at Harvard University, and the National Institutes of Health and the National Institute of Arthritis
and Musculoskeletal and Skin Diseases through grants R01-AR065462 and R01-AR056834. M.M.M. is a founder, paid consultant, and equity holder in
Miach Orthopaedics, Inc, which was formed to work on upscaling production of the BEAR scaffold. M.M.M. maintained a conflict-of-interest management
plan that was approved by Boston Children’s Hospital and Harvard Medical School during the conduct of the trial, with oversight by both conflict-of-interest
committees and the institutional review board of Boston Children’s Hospital, as well as the US Food and Drug Administration. B.C.F. is an assistant editor
for The American Journal of Sports Medicine, the spouse of M.M.M. with the inherently same conflicts. D.E.K., L.J.M., and Y.-M.Y. all have disclosures as
listed in the American Academy of Orthopaedic Surgeons database, none of which are related to this current project or technology. These include educa-
tional payments from Kairos Surgical (D.E.K., Y.-M.Y.) and food, beverage, and travell reimbursements from 5 companies (each \$500). L.J.M. also has
received multiple payments for food and beverage from various companies. For the BEAR Trial Team, B.P. has manufactured the scaffolds used in the trials
at Boston Children’s Hospital and is a paid consultant and equity holder in Miach Orthopaedics at this time, as he assists with transfer of the manufacturing
process to the contract manufacturing organization that Miach has engaged to do the manufacturing. AOSSM checks author disclosures against the Open
Payments Database (OPD). AOSSM has not conducted an independent investigation on the OPD and disclaims any liability or responsibility relating thereto.

1306 Murray et al The American Journal of Sports Medicine



the start of the BEAR II Trial (IDE G150268, IRB
P00021470). All patients granted their informed consent.
Between May 2016 and June 2017, 100 patients (ages,
13-35 years) who had a complete ACL tear, were \45
days from injury, had closed physes, and had at least
50% of the length of the ACL attached to the tibia were
randomized in an approximate 2:1 ratio to undergo either
the implant-enhanced ACL repair procedure (ie, BEAR;
65 patients) or autograft ACLR (35 patients) (Figure 2).
A permuted block randomization scheme was used with
block sizes of 3 and 6. Randomization was stratified by

the surgeon’s preference for autograft source (hamstring
tendon or bone–patellar tendon–bone) and administered
by the research coordinators using sealed envelopes from
the statistician. Patients were excluded if they had a his-
tory of ipsilateral knee surgery, previous knee infection,
or risk factors that could adversely affect ligament healing
(nicotine/tobacco use, corticosteroid use in the past 6
months, chemotherapy, diabetes, inflammatory arthritis).
Patients were excluded if they had a displaced bucket-han-
dle tear of the medial meniscus requiring repair; patients
with any other meniscal injuries were included. Patients
were excluded if they had a full-thickness chondral injury,
a grade III medial collateral ligament injury, a concurrent
complete patellar dislocation, or a posterolateral corner
injury requiring operative treatment. All patients were
enrolled at Boston Children’s Hospital, and patient recruit-
ment was completed over 12 months.

Implant

The ACL implant (BEAR implant; Boston Children’s Hospi-
tal) passed all biocompatibility and sterility testing.48 The
implant was composed of extracellular matrix proteins,
including collagen, that were obtained from bovine tissue.
The efficacy of the implant for stimulating ACL healing
was previously demonstrated in preclinical studies.31

BEAR Procedure

A BEAR procedure was performed as previously described.35

In brief, a whipstitch (Vicryl; Ethicon) was placed in the tibial
stump and combined with a polyethylene suture cinch (Ethi-
bond; Ethicon) and the BEAR implant (Boston Children’s
Hospital) to repair the ACL (Figure 1). The drilling of the
tunnels and suture cinch passage were performed arthro-
scopically, and the BEAR implant was delivered via a mini-
arthrotomy.

ACLR Procedure

A standard hamstring autograft procedure was performed
using a quadrupled semitendinosus-gracilis graft (n = 33) or
central-third bone–patellar tendon–bone autograft (n = 2)
with a continuous-loop cortical button (EndoButton; Smith
& Nephew) for proximal fixation and a bioabsorbable interfer-
ence screw (BioRCI HA; Smith & Nephew) for tibial fixation.

Postoperative Rehabilitation

An identical physical therapy protocol adapted from that of
MOON (Multicenter Orthopaedics Outcomes Network)55,56

was provided to all patients. The physical therapists were
not informed of the treatment assignment. For all patients,
a locking hinged brace (TScope; Breg) was applied postop-
eratively to limit joint range of motion between 0� and 50�
of knee flexion for 2 weeks and from 0� to 90� for the next 4
weeks, unless they had a concomitant meniscal repair, in
which case the brace range was restricted to 0� to 40� for

Figure 1. Schematic of the technique used to place the
BEAR implant. Upper left panel: A suture (purple) is placed
through the tibial stump via a whipstitch and secured with
2 free sutures (green) to an extracortical button. Upper right
panel: After a cortical button carrying free sutures (green) is
passed up through the femoral tunnel, the BEAR implant is
loaded onto them and soaked with up to 10 mL of autologous
blood. Lower left panel: The free suture ends (green) at the
tibial end of the BEAR implant (which was positioned
between the 2 ends of the torn ACL) are passed through
the tibial tunnel to be tied over a second extracortical button.
Lower right panel: The sutures and extracortical buttons are
secured. ACL, anterior cruciate ligament; BEAR, bridge-
enhanced ACL repair.
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the first 4 weeks before increasing to 0� to 90� of flexion.
Use of a locking hinge brace to restrict range of motion
for the first 6 weeks after surgery is the standard of care
for ACLR at our institution. All patients were provided
with a cold therapy unit (IceMan; DJO Global). Both
groups were kept partial weightbearing for 2 weeks and
then weightbearing as tolerated with crutches until 4
weeks. Use of a functional ACL brace (CTi brace; OSSUR)
was recommended from 6 to 12 weeks and then for cutting
and pivoting sports for 2 years after surgery.

Outcome Measures

IKDC Subjective Score. The IKDC Subjective Score was
used per the published instructions.18

Instrumented AP Knee Laxity. Arthrometer testing (KT-
1000; MEDMetric) was used to measure the anterior dis-
placement of the tibia with respect to the femur under
130 N of applied anterior force and performed in duplicate
on each leg. The results were reported as a side-to-side dif-
ference between limbs (mean of the surgical knee minus
the mean on the contralateral knee).

Physical Examination. The IKDC Objective Score was
calculated for all patients per the published instructions.20

Knee effusion, range of motion, and clinical knee stability
measures (Lachman test and pivot-shift test) were evaluated
for both knees preoperatively and 2 years after surgery.

Functional Outcomes. Hamstring, quadriceps, and hip
abductor muscle isometric strengths were measured with
a handheld dynamometer (Microfet 2; Hoggan Scientific,
LLC).29 Hamstring strength was measured with the patient
prone, the knee in 90� of flexion, and the dynamometer
placed proximal to the ankle. Hip abductor strength was
measured in a side-lying patient and the dynamometer
over the midlateral thigh. Quadriceps strength was mea-
sured with the knee in 90� of flexion and the dynamometer
at the distal tibia. Patients also performed the following
tests: single hop, triple hop, 6-m timed hop, and crossover
hop.43 All measures were performed in duplicate on each
side, and the duplicate measurements were averaged for fur-
ther analysis. Results were normalized by expressing the
injured knee result as a percentage of the uninjured contra-
lateral knee result (index) for all strength and hop measures.

Additional Knee Surgery. All incidences of ACL failure
requiring a second ipsilateral ACL procedure were
recorded, as well as any occurrences of a contralateral
ACL tear. Patients who had an additional ipsilateral
ACL tear in the BEAR group were treated with an
ACLR, while those with an additional ACL tear in the

Assessed for eligibility (n = 284)

Excluded (n = 175)
Did not meet inclusion criteria (n = 82)
Not interested in research or surgery (n = 43)

Other reasons (n = 5)

Analyzed at 2 years (n = 64)
Missing IKDC (n = 2)

Unable to contact - BEAR (n = 1)

Allocated to BEAR (n = 73)
Not received allocated intervention (n = 8)
- Found ineligible after randomization (n = 4)
- Withdrew from study (n = 3)
- Insurance denied (n = 1)

Received allocated intervention (n = 65)

Allocated to ACLR (n=36)
Not received allocated intervention (n = 1)
- Insurance denied (n = 1)

Allocation

Randomized (n = 109)

Wanted time to respond/didn’t hear back (n = 45)

Hamstrings substrata (n = 103)
BPTB substrata (n = 6)

Received allocated intervention (n = 35)
- Hamstring (n = 33)
- BPTB (n = 2)

Unable to contact - ACLR (n = 0)

Missing AP knee laxity (n = 6)
Incomplete PE (n = 14)
Missing ROM (n = 4)
Missing pivot (n = 13)
Missing Lachman (n = 8)

Analyzed at 2 years (n = 35)
Missing IKDC (n = 1)
Missing AP knee laxity (n = 3)
Incomplete PE (n = 12)
Missing ROM (n = 2)
Missing pivot (n = 12)
Missing Lachman (n = 5)

Enrollment

Follow-up

Analysis

Figure 2. CONSORT (Consolidated Standards of Reporting Trials) diagram detailing patient flow through the study. ACLR, ante-
rior cruciate ligament reconstruction; AP, anteroposterior; BEAR, bridge-enhanced anterior cruciate ligament repair; BPTB, bone–
patellar tendon–bone; IKDC, International Knee Documentation Committee; PE, physical examination; ROM, range of motion.
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ACLR group had revision ACLR. Incidences of arthroscopy
to treat arthrofibrosis, meniscal injury not associated with
a concomitant ACL injury, or removal of hardware were
also recorded.

Methods Used to Minimize Potential,
Actual, or Perceived Bias of the Study

Patient recruitment and consent, as well as data collection
and statistical analyses, were performed by investigators
with no financial stake or compensation from any commer-
cial interest that stood to gain from the results of this
study. All physical examination and functional measure-
ments were taken by examiners who were blinded to the
procedure and surgical limb via bilateral knee sleeves
placed by the research coordinators before the examiner
met with the patient. This study was overseen by a Data
Safety Monitoring Board, a clinical research manager,
and a study monitor, all of whom were independent of
the study team.

Statistical Methods

Analyses were performed as a modified intent to treat.
t tests and Wilcoxon tests were used for baseline compari-
sons between BEAR and ACLR treatment groups on con-
tinuous variables, and Fisher exact tests were used for
categorical measures. Intraoperative findings were com-
pared with Fisher exact tests and Cochran-Armitage tests
for ordinal outcomes.

The trial was designed to demonstrate noninferiority of
the BEAR group relative to the ACLR group on the IKDC
Subjective Score and knee laxity endpoints at 2 years. For
the IKDC Subjective Score, noninferiority for BEAR was
demonstrated if the entire 95% CI for the difference
between groups (BEAR minus ACLR) was to the right of
the noninferiority margin of –11.5.19 For knee laxity, a lower
side-to-side difference (surgical minus contralateral knee) is
desirable, so noninferiority was demonstrated if the 95% CI
for the difference (BEAR minus ACLR) was to the left of the
noninferiority margin of 12.0 mm.4 The noninferiority mar-
gin of –11.5 points for the IKDC Subjective Score was
selected according to the work by Irrgang et al,19 who con-
cluded that it represents the optimal threshold for high sen-
sitivity when distinguishing patients who did or did not
improve after knee surgery. The noninferiority margin for
AP knee laxity was set at 12.0 mm based on the work of
Arneja and Leith,4 who suggested a 2- to 3-mm difference
as the criterion for a diagnostic test of AP knee laxity. Dem-
onstration of noninferiority required that both endpoints
meet the criteria described earlier. Although 95% CIs are
2-sided, only 1 side is relevant for demonstrating noninfer-
iority, which is functionally equivalent to using 1-sided
97.5% CIs and setting a to .025 for each of the 2 primary
noninferiority outcomes. One-sided significance tests for
noninferiority are also presented for group differences in

IKDC Subjective Scores and AP knee laxity, which are
based on t tests shifted to the noninferiority margins.

Using a priori power calculations, we estimated that
a sample size of 69 (46 BEAR and 23 ACLR) would provide
99% power to test that the IKDC Subjective Score for the
BEAR group would be noninferior to that for the ACLR
group and additionally provide 80% power to test that AP
knee laxity would be noninferior to that for the ACLR
group. This assumed true equality of the groups and non-
inferiority margins equal to those previously specified
with an a of .025 for each outcome. The sample size was
increased to 100 patients to account for loss to follow-up
and to allow for potential subgroup analyses.

Subsequent to demonstrating noninferiority, superior-
ity of the BEAR group relative to ACLR group was per-
formed. t tests were used to compare groups on the 2
primary outcomes and all other secondary functional out-
comes. Cochran-Armitage trend tests were used for IKDC
objective outcomes, and Fisher exact tests were used for
comparing groups on subsequent surgery rates.

RESULTS

Baseline Characteristics and Intraoperative Findings

The 2 groups were similar in age, sex, race, and body mass
index (Table 1). Most injuries were noncontact, and all but
1 occurred during sports participation. The median times
from injury to surgery were similar between groups. There
was no significant difference in baseline IKDC Subjective
Scores. One patient in the ACLR group had a medial collat-
eral ligament tear on the preoperative magnetic resonance
imaging scan, which was treated nonoperatively. Intrao-
peratively, all patients had at least 50% of the length of
the ACL preserved as a tibial remnant (Table 2). The num-
bers of patients with concomitant meniscal tears were sim-
ilar between groups, as was the degree of effusion at the
time of surgery. All patients in the BEAR group and 34
of 35 patients in the ACLR group had a positive pivot-shift
examination result at their preoperative evaluation.

Patients at 2 Years Postoperatively. Three patients in the
BEAR group and 1 in the ACLR group were unable to come
on-site for their 2-year follow-up examinations. However, 3 of
these 4 patients were contacted by phone to verify if they had
additional knee surgery. Sample sizes also varied for some
outcomes owing to missing data, as not all patients were
able to complete all outcome measures (Figure 2).

Primary Outcomes. At 2 years, there were no significant
differences between the BEAR and ACLR groups in terms
of IKDC Subjective Score or AP knee laxity (Table 3). For
the primary analysis of noninferiority, the 95% CI for the
difference in mean IKDC Subjective Scores between groups
did not exceed the noninferiority threshold of –11.5. Addi-
tionally, the 95% CI for the group difference in AP knee
laxity (expressed as side-to-side difference) did not exceed
the noninferiority criterion of 12.0. Thus, inferiority was
rejected in favor of noninferiority (P \ .001) for IKDC Sub-
jective Score and AP knee laxity.
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IKDC Objective Score. Fifty of 65 (77%) patients in the
BEAR group and 25 of 35 (71%) in the ACLR group
returned for a complete IKDC physical examination at 2
years (Table 4). For the patients tested, 93% of the BEAR

group and 90% of the ACLR group had a grade A Lachman.
In addition, 80% of the BEAR group and 92% of the ACLR
group had a grade A pivot examination. There were no sig-
nificant differences in IKDC Objective Scores.

TABLE 1
Baseline Characteristics of the 2 Groupsa

BEAR (n = 65) ACLR (n = 35) P Value

Demographics
Female 37 (57) 19 (54) .84
White, non-Hispanicb 55 (86) 26 (74) .18
Age, y 17 (16-20) 17 (15-23) .76
Body mass index 24.7 6 3.8 23.3 6 4.5 .11
Noncontact injury 48 (74) 29 (83) .46
Injury to surgery, d 36 (29-42) 39 (33-43) .15

Baseline score
IKDCb 50.0 6 16.7 45.5 6 14.6 .18
Marxc 16 (13-16) 16 (13-16) .62

MRI findings
Torn PCL 0 (0) 0 (0) �.99
Torn MCL 0 (0) 1 (3) .35
Torn LCL 0 (0) 0 (0) �.99

aData are presented as No. (%), median (interquartile range), and mean 6 SD. ACLR, anterior cruciate ligament reconstruction; BEAR,
bridge-enhanced anterior cruciate ligament repair; IKDC, International Knee Documentation Committee; LCL, lateral collateral ligament;
MCL, medial collateral ligament; MRI, magnetic resonance imaging; PCL, posterior cruciate ligament.

bBEAR, n = 64; ACLR, n = 35.
cBEAR, n = 64; ACLR, n = 34.

TABLE 2
Intraoperative Findings and Additional Proceduresa

BEAR (n = 65) ACLR (n = 35) P Value

Length of ACL tibial remnant, % .38
\50 0 (0) 0 (0)
50-74 57 (88) 28 (80)
75-100 8 (12) 7 (20)
�1 meniscal tears

Medial 5 (8) 6 (17) .19
Lateral 26 (40) 20 (57) .14

Treatment of meniscal tearsb .48
Repair 15 (56) 15 (68)
Abrasion/trephination 2 (7) 1 (5)
Excision 6 (22) 3 (14)
No surgical treatment 4 (15) 3 (14)

Effusion gradec .12
None 17 (26) 15 (44)
Mild 38 (58) 15 (44)
Moderate 10 (15) 4 (12)
Severe 0 (0) 0 (0)

Firm Lachman endpointc 1 (2) 1 (3) �.99
Pivot shift .67

Negative 0 (0) 1 (3)
Glide 13 (20) 5 (14)
Clunk 41 (63) 25 (71)
Gross 11 (17) 4 (11)

aData are presented as No. (%). ACL, anterior cruciate ligament; ACLR, ACL reconstruction; BEAR, bridge-enhanced ACL repair.
bIf patients had .1 treatment, they were categorized as the first type listed. For example, if patients had both repair and excision, they

were categorized as repair. Analysis of meniscal treatment is restricted to patients with �1 meniscal tears (BEAR, n = 27; ACLR, n = 22).
cBEAR, n = 65; ACLR, n = 34.
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Functional Outcomes. The hamstring index was signifi-
cantly different in the BEAR and ACLR groups at 2 years
(Table 5). The ACLR group had a mean of 63% hamstring
strength on the operated side versus the contralateral side.

There were no differences in quadriceps and hip abductor
indices. The hamstring:quadriceps ratio was larger in the
BEAR group. The only significant difference between the
groups on hop testing was for the 6-m timed hop test,
where the BEAR group took 4% longer to hop 6 m on the
operative leg as compared with the nonoperative leg. There
were no other significant differences in hop testing
between the BEAR and ACLR groups at 2 years.

Additional Knee Surgery Rates. Conversion to ACLR
was performed in 9 of 64 (14%) patients in the BEAR group,
and a revision ACLR was required in 2 of 35 (6%) patients in
the ACLR group, a difference that was not statistically sig-
nificant (P = .32) (Table 6). Half of the retears occurred in
both groups during the first year. There were no significant
differences between groups related to other additional sur-
geries for the ipsilateral or contralateral knee.

Outcomes in Patients Converting to ACLR
in the First 2 Postoperative Years

Eight of 9 patients in the BEAR group who converted to an
ACLR returned for their 2-year postoperative visit from
the index procedure. These patients had a mean IKDC
Subjective Score of 85.5 points (95% CI, 77.1-93.9) at 2
years. For the 5 patients in the BEAR group who converted
to an ACLR and had their 2-year follow-up visit .6 months
after their second surgical procedure (and thus could have
an instrumented AP knee laxity test), the mean laxity
value (ie, difference between surgical and contralateral)
was 1.40 mm (95% CI, –4.2 to 7.0).

DISCUSSION

This randomized controlled trial demonstrated that the
IKDC Subjective Scores and AP knee laxity values in the
BEAR group were noninferior to those of the ACLR group
at 2 years after surgery based on the a priori established
margins. In addition, there was no statistically significant
difference in failure rate with the BEAR technique when
compared with autograft ACLR, which is in contrast to
the significantly higher risk (with a concomitant 103 haz-
ard ratio) previously reported with nonaugmented suture

TABLE 3
Primary Outcomes at 2 Years: IKDC Subjective Score and AP Knee Laxitya

BEAR ACLR P Value

No. Mean (SD) No. Mean (SD) Mean Difference (95% CI)b Noninferiorityc Superiority/Inferiorityd

IKDC Subjective Score 62 88.9 (13.2) 34 84.8 (13.2) 4.1 (–1.5 to 9.7) \.001 .15
AP knee laxity, mm 58 1.61 (3.16) 32 1.77 (2.79) –0.15 (–1.48 to 1.17) \.001 .82

aACLR, anterior cruciate ligament reconstruction; AP, anteroposterior; BEAR, bridge-enhanced anterior cruciate ligament repair; IKDC,
International Knee Documentation Committee.

bPositive difference for IKDC Subjective Score and negative difference for AP laxity favor BEAR.
cP values (1-sided) correspond to testing primary research hypothesis of noninferiority vs null hypothesis of inferiority based on predeter-

mined inferiority thresholds (–11.5 and 12.0 for IKDC and laxity, respectively).
dP values (2-sided) correspond to secondary hypothesis of superiority/inferiority vs null hypothesis of equality.

TABLE 4
IKDC Objective Score Outcomes at 2 Years After Surgerya

BEAR ACLR P Value

Effusion 57 30 .48
A 53 (93) 29 (97)
B 4 (7) 1 (3)
C 0 (0) 0 (0)
D 0 (0) 0 (0)

Range of motion 60 33 .42
A 32 (53) 18 (55)
B 20 (33) 13 (39)
C 5 (8) 2 (6)
D 3 (5) 0 (0)

Lachman 56 30 .41
A 52 (93) 27 (90)
B 3 (5) 1 (3)
C 1 (2) 2 (7)
D 0 (0) 0 (0)

Pivot 51b 25 .19
A 41 (80) 23 (92)
B 10 (20) 2 (8)
C 0 (0) 0 (0)
D 0 (0) 0 (0)

Overallc 50 25 .64
A 19 (38) 11 (44)
B 25 (50) 11 (44)
C 5 (10) 3 (12)
D 1 (2) 0 (0)

aValues are presented as No. (%). ACLR, anterior cruciate liga-
ment reconstruction; BEAR, bridge-enhanced anterior cruciate
ligament repair; IKDC, International Knee Documentation
Committee.

bThree patients in the BEAR group had undergone a second
anterior cruciate ligament surgical procedure \6 mo before the
2-y follow-up visit, and a pivot-shift examination was not per-
formed per the study protocol.

cOverall score was computed for patients with complete data for
all IKDC components; the worse of the Lachman or Pivot scores
were used for the Ligament component of the calculation.
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repair.13 Hamstring strength was significantly better in
the BEAR group. These findings—in a young athletic
patient population (median age, 17 years; median Marx
activity score, 16) and with the very early experience
of surgeons and physical therapists with this new
technique—suggest that ACL repair with the BEAR
implant is worthy of additional study. It is important to
note that we selected this population because it is at
greater risk for ACL graft failure2,23 and because we
wanted to minimize the potential bias of studying patients
who would not challenge the ACL graft or repair and who
could do well with nonoperative treatment.12

There was no significant difference in IKDC Subjective
Scores between groups at 2 years. The mean 2-year IKDC
Subjective Score was 85 points in the ACLR group in this
trial, which is consistent with the 2-year ACLR scores
reported by the MOON group (82 points)8 and others (86
points).49 The BEAR group had mean scores at 2 years
similar to those in the ACLR group and similar to that
reported for an age-matched control cohort (88 points).3

Given that the lower bound of the confidence interval

for the difference was 21.5, the pre-specified non-
inferiority lower bound (211.5) for the IKDC Subjective
Score could have been set much tighter and still been
satisfied.

Instrumented AP knee laxity values were also similar
between the groups, with a mean side-to-side difference
\2 mm, similar those values reported for other ACLR stud-
ies at 2 years (1.1-2.5 mm).10,15 Given the bounds of the
confidence intervals for the group difference of this pri-
mary outcome measure (ie, 1.17-mm side-to-side differ-
ence), the noninferiority bound could have been set much
tighter and still been satisfied. The knees in both groups
were also largely stable on clinical examination, with no
side-to-side difference in the Lachman grade for .90% of
the patients in both groups. The pivot-shift examination
at 2 years had no side-to-side difference for 80% of the
patients tested in the BEAR group, similar to the percent-
age in the ACLR group and to those previously reported 2
years after autograft ACLR (49%-84%).24,50

The morbidity of autograft tendon harvest includes
muscle weakness from graft harvest.25 In this study, the

TABLE 5
Functional Measures at 2 Years After Surgerya

BEAR ACLR

No. Mean (SD) No. Mean (SD) Mean Difference (95% CI)b P Value

Index
Hamstring 59 98.2 (26.5) 31 63.2 (15.5) 35.0 (26.1 to 43.8) \.001
Quadriceps 59 100.1 (12.2) 31 101.5 (12.4) –1.4 (–6.6 to 4.0) .61

Hamstring:quadriceps ratio (surgical side) 59 0.43 (0.12) 32 0.27 (0.08) 0.16 (0.11 to 0.21) \.001
Hip abductor index 56 105.3 (15.3) 31 107.9 (22.5) –2.6 (–11.7 to 6.6) .58
Hop

Single-leg 42 94.4 (13.0) 23 96.9 (13.4) –2.4 (–9.2 to 4.4) .48
Triple 41 94.9 (9.7) 22 98.0 (6.9) –3.0 (–7.7 to 1.6) .20
6-m timed 40 103.9 (10.6) 22 98.0 (6.7) 5.9 (1.5 to 10.3) .009
Crossover 39 96.6 (9.8) 22 96.0 (7.3) 0.6 (–4.2 to 5.4) .81

aValues are presented as percentages, unless otherwise stated. ACLR, anterior cruciate ligament reconstruction; BEAR, bridge-enhanced
anterior cruciate ligament repair.

bPositive difference favors BEAR, and negative difference favors ACLR for all outcomes except 6-m timed hop.

TABLE 6
Additional Ipsilateral and Contralateral Knee Surgical Procedures

Within the First 2 Postoperative Years for the BEAR and ACLR Groupsa

BEAR (n = 64) ACLR (n = 35) P Value

Ipsilateral ACL surgery—all 9 (14.1) 2 (5.7) .32
Isolated 1 (1.6) 1 (2.9) �.99
With meniscus 8 (12.5) 1 (2.9) .15

Non-ACL ipsilateral knee surgery
Arthrofibrosis 0 (0.0) 2 (5.7) .12
Meniscus 7 (10.9) 2 (5.7) .49
Removal of hardware 1 (1.6) 0 (0.0) �.99

Total patients with ipsilateral knee surgeryb 16 (25.0) 5 (14.3) .30
Contralateral ACL surgery 2 (3.1) 1 (2.9) �.99

aValues are presented as No. (%). ACL, anterior cruciate ligament; ACLR, ACL reconstruction; BEAR, bridge-enhanced ACL repair.
bTwo patients (BEAR, n = 1; ALCR, n = 1) had both ACL and non-ACL ipsilateral knee surgery.

1312 Murray et al The American Journal of Sports Medicine



weakness of the hamstring muscles, when tested by dyna-
mometer at 90� of flexion, persisted to 2 years for the
patients treated with ACLR, of which most were 4-stranded
hamstring tendon autografts. Isometric deficits, as mea-
sured here, are associated with slower walking speeds and
altered knee mechanics during walking and running gait.1

Taking these measurements at higher knee flexion angles
better isolates the contributions of the gracilis and
semitendinosis muscles,42 and the results here suggest
that the harvest of these tendons may result in a loss of
strength for these 2 muscles for at least 2 years after
ACLR. However, the lack of hamstring strength in the
ACLR group did not appear to detrimentally affect the
hop testing results, as the values were similar to those in
the BEAR group, and the ACLR group was able to hop
a 6m distance faster than the BEAR group. This difference
between groups, although statistically significant, was rela-
tively small in magnitude (6%) and of unclear clinical
importance.

While the primary outcome measures for the BEAR pro-
cedure came reasonably close to restoring a normal knee,
14% of the patients in this group required additional ipsi-
lateral ACL surgery, in comparison with 6% in the ACLR
group, a difference that was not statistically significant.
Evaluating these results in the context of other studies of
patients with a similar patient demographic (median age,
17 years; median Marx activity score, 16) is important, as
younger age and higher activity level have been found to
be correlated with a higher ACL reinjury rate.2,45 In eval-
uating reinjury rates in similarly young and athletic
patient populations, the risk for reinjury for a primary
repair without a scaffold, even in carefully selected
patients, is 49% at 2 years.13 Revision rates for ACLR in
similar patient populations have ranged from 10% to
28%.5,7,17,21,23,46 Thus, the revision rate of 14% would com-
pare favorably with the rate noted for suture repair with-
out a scaffold in this patient population13 and may be
similar to that reported for autograft ACLR for this
group.5,7,17,21,23,46 Also interesting was that patients in
the BEAR group who had a revision ACLR had a mean
IKDC Subjective Score at 2 years similar to that of patients
who had only a primary ACLR (85.5 vs 84.8 points) and that
the AP knee laxity values were also similar (1.4 vs 1.8 mm).
This is in contrast to previous reports of revision ACL sur-
gery of a primary ACLR, which indicated poorer IKDC Sub-
jective Scores (8-point difference at 2 years)54 than those of
patients who did not have that second procedure.

The rate for subsequent surgical procedures, other than
ipsilateral ACL surgery, in the adolescent and young adult
population has been reported to be 9.4%16; for arthrofibrosis/
lysis of adhesions, 4.8%; and for removal of tibial hardware,
1.3%.16 In studies with a mean patient age\18 years, a reop-
eration rate for meniscal repair, even when performed with
concurrent ACLR, has been reported to be 10% at 2 years23,26

and to range from 26% to 35% at 5 years.26,47 Thus, while an
11% postrepair meniscal surgery rate is not desirable, it is
consistent with that previously reported for a young and
active cohort undergoing ACLR.

There were several study limitations. While the 2:1
ratio enabled enrollment of a larger number of patients

in the BEAR arm, facilitated recruitment, and improved
power to detect the occurrence of adverse events that
might occur with a low frequency, it also led to the enroll-
ment of only 35 patients in the ACLR group, which less-
ened the power of the study when comparing differences
in the rarer outcomes, including reoperation rates. In addi-
tion, the majority of patients in the autograft ACLR group
had hamstring autografts; however, multiple randomized
controlled trials have shown no significant difference in
patient-reported outcomes, AP knee laxity, and failure
rates between hamstring and bone–patellar tendon–bone
autografts.57 In addition, while all surgeons in this study
had significant experience performing ACLR, only 1
(L.J.M.) had previously performed 10 BEAR proce-
dures.33,34 Thus, if a learning curve for BEAR was present,
this study would still have been early within that curve.

In conclusion, ACL repair with the BEAR implant pro-
duced outcomes similar to those of ACLR for patient-
reported outcomes and AP knee laxity at 2 years after
surgery in a young and active cohort. The inherent benefits
of this procedure—including no need for autograft harvest,
and a decreased risk of posttraumatic osteoarthritis
according to preclinical studies of the repair procedure—
should be weighed carefully by individual patients and sur-
geons against the risk of requiring conversion to an ACLR
in the first 2 years after surgery. The results here suggest
that ACL repair with the BEAR implant is a safe and
promising technique that is deserving of further study.
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