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Background: Bridge-enhanced anterior cruciate ligament repair (BEAR) combines suture repair of the anterior cruciate ligament
(ACL) with a specific extracellular matrix scaffold (the BEAR scaffold) that is placed in the gap between the torn ends of the ACL to
facilitate ligament healing.

Purpose/Hypothesis: The purpose of this study was to report the 12- and 24-month outcomes of patients who underwent the
BEAR procedure compared with a nonrandomized concurrent control group who underwent ACL reconstruction (ACLR) with an
autograft. We hypothesized that the BEAR group would have physical examination findings, patient-reported outcomes, and
adverse events that were similar to those of the ACLR group.

Study Design: Cohort study; Level of evidence, 2.

Methods: Ten patients underwent BEAR, and 10 underwent ACLR with a 4-stranded hamstring autograft. At 24 months, 9 of the 10
BEAR patients and 7 of the 10 ACLR patients completed a study visit. Outcomes reported included International Knee Docu-
mentation Committee (IKDC) subjective and objective results, knee anteroposterior (AP) laxity findings via an arthrometer, and
functional outcomes.

Results: There were no graft or repair failures in the first 24 months after surgery. The IKDC subjective scores in both groups
improved significantly from baseline (P < .0001) at 12 and 24 months, to 84.6 ± 17.2 in the ACLR group and to 91.7 ± 11.7 in the
BEAR group. An IKDC objective grade of A (normal) was found in 44% of patients in the BEAR group and in 29% of patients in the
ACLR group at 24 months; no patients in either group had C (abnormal) or D (severely abnormal) grades. Arthrometer testing
demonstrated mean side-to-side differences in AP laxity that were similar in the 2 groups at 24 months (BEAR, 1.94 ± 2.08 mm;
ACLR, 3.14 ± 2.66 mm). Functional hop testing results were similar in the 2 groups at 12 and 24 months after surgery. Hamstring
strength indices were significantly higher in the BEAR group compared with the ACLR group (P ¼ .0001).

Conclusion: In this small, first-in-human study, BEAR produced similar outcomes to ACLR with a hamstring autograft. BEAR may
result in knee stability and patient-reported outcomes at 2 years sufficient to warrant longer term studies of efficacy in larger groups
of patients.
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Injuries to the anterior cruciate ligament (ACL) in active
patients are currently treated with ACL reconstruction
(ACLR) using a tendon graft, typically an autologous ham-
string or patellar tendon. The outcomes of ACLR are com-
monly evaluated via patient-reported outcome measures
and a physical examination. The results of ACLR have been
reported to be good, with over 60% of reconstructed patients
able to return to their preinjury level of sports
participation.6

The International Knee Documentation Committee
(IKDC) subjective knee form27-29,53 and the Knee injury
and Osteoarthritis Outcome Score (KOOS)34,45,52 are
patient-reported outcome instruments designed for use in
the athletic population. The IKDC subjective score has been
found to increase from an average baseline (after injury) of
45 points to approximately 60 points 1 year after ACLR,33

and then to approximately 80 points by 2 years,13 in which
uninjured patients aged 18 to 35 years have a score closer to
89 in men and 86 in women.4 The KOOS Sports subscore
has been shown to increase from a preoperative average of
55 to an average of 80 at 1 and 2 years postoperatively,13,16

and the KOOS Knee-Related Quality of Life subscore
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increases from 35 to 70 at 1 year16 and 2 years13 (with
noninjured controls averaging 98 points for both sub-
scores).16 Thus, patients experience a significant improve-
ment in patient-reported outcomes after ACLR with an
autograft; however, knees do not return to normal even at
2 years after surgery.

After ACLR, approximately 90% of patients can expect to
have an IKDC objective grade of A (normal) or B (nearly
normal) after ACLR.12,16,18,38 However, the percentage of
patients who have a “normal” result (IKDC grade A, <3�

loss of extension, <5� loss of flexion, <2-mm side-to-side
difference in anteroposterior [AP] laxity, pivot shift sym-
metric with the contralateral uninjured side, and no effu-
sion) has been reported to be 51% at 6 months,18 43% to 70%
at 2 to 3 years,12,16 and 20% at 5 years after ACLR.38

We recently completed a first-in-human safety study of
a new ACL surgical alternative to ACLR in which suture
repair is combined with a specific extracellular matrix
scaffold (the BEAR scaffold), which is placed in the space
between the 2 torn ends of the ACL and activated with the
patient’s blood.41 This technique is called bridge-enhanced
anterior cruciate ligament repair (BEAR). The scaffold is
used to bridge the gap between the 2 torn ends of the
ligament, so absolute reapproximation is not required for
healing.30,37,40 In animal models, the repaired ACL was
noted to gradually change from a relatively disorganized
fibrovascular scar to a more highly aligned collagenous
structure over the first year after surgery.8,30,47 The
BEAR technique has shown comparable mechanical prop-
erties with ACLR as well as a lower incidence of posttrau-
matic osteoarthritis in preclinical models.40,59 In addition,
the BEAR technique does not require the compromise of
other healthy tissues around the knee, as is required with
ACLR with an autograft. Prior studies of ACLR performed
with a hamstring autograft have demonstrated hamstring
strength losses of 10% to 50% at time points between 1 and
3 years after surgery.2,19,20,23 Thus, one possible benefit of
the BEAR technique may be less loss of hamstring
strength when compared with ACLR with a hamstring
autograft.

We previously reported the initial 3-month safety out-
comes of this procedure.41 The current study assesses these

same patients (10 who underwent BEAR and 10 who under-
went ACLR) at the 12- and 24-month postoperative time
points. The objectives of this report were to present the
patient-reported outcomes, physical examination findings,
and functional outcomes for these 2 groups of patients. We
hypothesized that the outcomes would be similar between
the groups.

METHODS

Trial Design

An investigational device exemption (G140151) from the
Food and Drug Administration (FDA) and institutional
review board approval from Boston Children’s Hospital
were obtained before initiating the study. The trial was
registered at ClinicalTrials.gov (NCT02292004). All
patients provided informed consent before participating.
The cohort study was designed under the guidance of the
FDA as an interventional, parallel-assignment, nonrando-
mized, first-in-human trial for the BEAR technique. For
all physical examinations and functional testing, the
examiner was blinded to the group assignment and oper-
ative knee. All surgical procedures were performed at a
single site (Boston Children’s Hospital) by a single sur-
geon (L.J.M.). Ten patients were enrolled in the interven-
tional (BEAR) group and 10 in the control (ACLR) group.
Enrollment was completed from February to October
2015. Patients were evaluated preoperatively, intraopera-
tively, and postoperatively at 6, 12, and 24 months after
surgery. These 2 groups were previously reported at 2
weeks, 6 weeks, and 3 months,41 and those results justi-
fied this longer follow-up.

Participants and Inclusion Criteria

Patients aged 18 to 35 years with a complete ACL tear who
were less than 1 month from injury and who had at least
50% of the length of the ACL attached to the tibia on pre-
operative magnetic resonance imaging (MRI) were eligible
to enroll in the BEAR group.41 As the ACL remnant is
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commonly removed during ACLR, and thus resorption of
the torn ACL over time was not as critical, patients with a
complete ACL tear who were within 3 months of injury were
eligible to enroll in the ACLR group. Patients with a partial
ACL tear were not eligible. Patients were excluded from
either group if they had a history of surgery on the knee,
had a history of infections in the knee, or had risk factors
that might adversely affect healing.41 Patients were
excluded if they had a displaced bucket-handle tear of the
medial meniscus that required repair; all 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 an operative posterolateral corner injury. Patients in the
BEAR group were also excluded at the time of surgery if they
were found to have less than 50% of the length of the ACL
still attached to the tibial footprint.

A total of 242 patients presenting with an ACL injury
were screened for participation in this study. Of these
patients, 22 were enrolled in the study, of whom 2 were
excluded before surgery: 1 was excluded because of a his-
tory of corticosteroid use not discovered in the initial enroll-
ment meeting, and the second patient elected to move out of
the region for school. The primary reason for exclusion
before enrollment was age (181 patients): 174 patients were
younger than 18 years and 7 patients were older than 35
years at the time of their presentation to the sports medi-
cine clinic at Boston Children’s Hospital.

Scaffold

The extracellular matrix scaffold (the BEAR scaffold; Bos-
ton Children’s Hospital) passed all biocompatibility and
sterility testing.46,48,49 The scaffold was composed of extra-
cellular matrix proteins, including collagen, that were

obtained from bovine tissue. The DNA content of the scaf-
fold was less than 50 ng per milligram of scaffold, and the
scaffolds were not crosslinked. The scaffold measured
22 mm in diameter by 45 mm in length and was hydrophilic,
able to absorb up to 5 times its weight in fluid. The scaffold
softened when blood was added to it, making it conformable
to the intra-articular notch and able to fill in the irregular
contours of the gap between the torn ligament ends. The
efficacy of the scaffold for stimulating ACL healing has pre-
viously been demonstrated in preclinical studies.30,36,40,42,59

Surgical Techniques

Bridge-Enhanced ACL Repair. An examination under
anesthesia was performed to verify that the ACL of the
injured knee was deficient. The Lachman, range of motion,
and pivot-shift tests were performed manually and results
recorded for both knees. Knee arthroscopic surgery was
performed and meniscal lesions addressed if necessary. A
2.4-mm guide pin was placed through the tibial footprint of
the ACL using a tibial aimer (ACUFEX DIRECTOR drill
guide; Smith & Nephew). A 4.5-mm tunnel was made by
overreaming the pin (4.5-mm endoscopic drill; Smith &
Nephew). A second 4.5-mm tunnel was made in the femur
over a guide pin with the starting point in the femoral foot-
print. Also, 50-mm arthrotomy was performed at the
medial border of the patellar tendon, through which a whip-
stitch of No. 2 absorbable suture (Vicryl; Ethicon) was
placed into the tibial stump of the torn ACL (Figure 1). Two
No. 2 nonabsorbable sutures (Ethibond; Ethicon) were
looped through the 2 center holes of a cortical button (Endo-
button; Smith & Nephew) and the free ends of the suture
from the tibial stump passed through the cortical button.
The button carrying the nonabsorbable and absorbable
sutures was passed through the femoral tunnel and

Figure 1. Stepwise demonstration of the bridge-enhanced anterior cruciate ligament repair (BEAR) technique using the scaffold.
(A) The torn anterior cruciate ligament (ACL) tissue is preserved. A whipstitch of No. 2 absorbable suture (purple) is placed into the
tibial stump of the ACL. Small tunnels (4 mm) are drilled in the femur and tibia, and a cortical button with two No. 2 nonabsorbable
sutures (green sutures) and No. 2 absorbable sutures attached to it is passed through the femoral tunnel and engaged on the
proximal femoral cortex. The nonabsorbable sutures are threaded through the BEAR scaffold and tibial tunnel and secured in place
with an extracortical button. (B) The scaffold is then saturated with 5 to 10 mL of the patient’s blood, and (C) the tibial stump is
pulled up into the saturated scaffold. (D) The ends of the torn ACL then grow into the scaffold, which is gradually replaced by
healing ligament tissue. (From Murray et al.41)
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engaged on the lateral femoral cortex. The No. 2 nonabsorb-
able sutures were passed through the scaffold and then
brought through the tibial tunnel. Ten milliliters of autol-
ogous blood was obtained from the patient’s antecubital
vein and 5 to 10 mL added to the scaffold, which was then
passed up along the sutures into the femoral notch. The
nonabsorbable sutures were tensioned with the knee in full
extension and tied over a second cortical button on the
anterior tibial cortex. The absorbable sutures from the tib-
ial stump were tied over the femoral cortical button to bring
the tibial ACL stump into the scaffold and directed toward
the location of the femoral insertion. The arthrotomy site
was closed in layers.

ACL Reconstruction. A standard arthroscopically
assisted hamstring autograft procedure was performed
using a quadrupled semitendinosus-gracilis graft looped
over a continuous-loop cortical button (Endobutton) for
proximal fixation. The knees were placed into extension,
tensioned under maximum manual tension, and fixed in
place using a bioabsorbable interference screw (BioRCI
HA; Smith & Nephew) for tibial fixation.

Postoperative Rehabilitation

For all patients, a locking hinged brace (T Scope; Breg) was
applied to limit joint range of motion between 0� and 50� of
knee flexion for the first 2 weeks postoperatively and from
0� to 90� for the next 4 weeks unless they underwent con-
comitant meniscal repair, in which case the brace range
was restricted to 0� to 40� for the first 4 weeks postopera-
tively before opening the brace up to 0� to 90� of flexion. All
patients were provided with a cold therapy unit (IceMan;
DJO Global) for postoperative use. Both groups followed
the same standardized physical therapy protocol, which
included partial weightbearing for 2 weeks and then
weightbearing as tolerated with crutches until 4 weeks
postoperatively. The use of a functional ACL brace (CTi
brace; Ossur) was recommended from 6 to 12 weeks post-
operatively and then for cutting and pivoting sport activi-
ties for 2 years after surgery. Running was allowed at 3
months postoperatively, and a graded return to sports
started at 6 months postoperatively.

Outcome Measures

Patient-Reported Outcome Measures. The IKDC subjec-
tive score and KOOS were used to assess patient-reported
outcomes.28,29,34,45,52,53 The KOOS evaluates 5 domains:
Pain, Symptoms, Activities of Daily Living, Sports/Recrea-
tion, and Knee-Related Quality of Life. Both questionnaires
were administered preoperatively and at the 6-, 12-, and
24-month time points.

IKDC Physical Examination. Knee effusion, range of
motion, and ligament stability measures (Lachman test
and pivot-shift test) were performed and results recorded
individually and then combined as specified by the IKDC
form (http://www.sportsmed.org) to generate an overall
grade (A ¼ normal, B ¼ nearly normal, C ¼ abnormal,
D ¼ severely abnormal), which was defined as the worst
of the effusion, range of motion, and ligament grades. For

range of motion, the difference between the surgical and
nonsurgical knees for passive range of motion was used for
all time points, with the preoperative measurement (taken
after the knee had undergone preoperative rehabilitation)
used for the baseline grade. The overall range of motion
grade was based on the worst of the extension and flexion
grades. The Lachman and pivot-shift tests were performed
under anesthesia for the baseline values and without anes-
thesia at follow-up. The differences between the surgical
knee and contralateral knee were reported for all mea-
sures. The overall ligament grade was defined as the worst
of the Lachman and pivot-shift grades. An independent
examiner performed the tests, and knee sleeves were used
to cover both knees. The examiner was blinded to the sur-
gical side and study group when performing the physical
examinations until the end, when effusion was assessed
after removal of the sleeves.

Functional Outcome Measures. The following func-
tional outcome measures were performed at 6, 12, and
24 months after surgery. All measures were performed
in duplicate on each side, with the duplicate measure-
ments averaged for further analysis. Examiners were
blinded to the surgical procedure and operative leg with
the use of knee sleeves for strength and arthrometer
testing. The operative leg was unblinded for hop testing,
as the patients used a brace on the operative side; how-
ever, the examiners remained blinded to the surgical
procedure that the patient had undergone. Results were
normalized by expressing the injured knee result as a
percentage of the uninjured contralateral knee result
or by subtracting the contralateral laxity measurement.
Isokinetic strength testing (Biodex 3; Biodex Medical
Systems) was performed at 60 deg/s for both extension
and flexion torques.10,11 Hamstring, quadriceps, and hip
abductor isometric muscle strengths were measured
using a handheld dynamometer (MicroFET 2; Hoggan
Scientific) that had specifically been validated as a reli-
able handheld dynamometer in multiple studies.9,31,39,50

Hamstring strength was measured with the patient
prone and the knee in 90� of flexion. The dynamometer
was placed on the posterior surface of the lower leg prox-
imal to the ankle. The manufacturer states that either
the “make” or “break” techniques57 can be utilized for
isometric strength measurements; we chose to use the
“make” technique in our study because of previous evi-
dence of its superiority with intertester reliability.24

Hip abductor strength was tested with the patients lying
on their side with the knee extended, placing the dynamom-
eter over the midlateral thigh. Quadriceps strength was
measured with the knee at 90� of flexion. Arthrometer test-
ing (KT-1000 arthrometer; MEDmetric) was used to meas-
ure anterior displacement of the tibia with respect to the
femur under 130 N of applied anterior force, as recom-
mended by the manufacturer.14 Arthrometer testing was
performed in duplicate on each leg, with both values
recorded. The results were reported as a side-to-side differ-
ence (mean value on the surgical knee minus mean value on
the contralateral knee). Patients performed a single hop,
triple hop, 6-m timed hop, and crossover hop test as previ-
ously described.44
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Magnetic Resonance Imaging

MRI, which included sagittal proton density (intermediate-
weighted) images to evaluate tissue continuity, was per-
formed for all operated knees at 12 and 24 months. Images
were obtained using a 3-T scanner (Tim Trio; Siemens) and a
15-channel knee coil. The region of the ACL repair or graft
was assessed for integrity, continuity of fibers from the fem-
oral attachment/tunnel to the tibial attachment/tunnel, and
surrounding fluid and inflammatory change. Implant or
graft failure was classified as the absence of intact continu-
ous fibers in the expected region of the repair or graft.

Methods to Minimize Potential, Actual,
or Perceived Bias

This study underwent a comprehensive review by a panel of
medical device experts at the FDA before investigational
device exemption approval. These experts were appointed
by the FDA without input from the investigative team, and
the outcome measures for the study were approved by that
panel before the start of the study. The defined outcome
measures and study design were also registered at Clinical-
Trials.gov (NCT02292004) before the start of the study.
Patient recruiting and consent, as well as data collection
and entry into the database and statistical analysis, were
performed by investigators with no financial stake in any
commercial interest that stood to gain from the results of
this study. All physical examination and functional mea-
surements were taken by licensed examiners independent
of the surgical team, who were blinded to the procedure and
surgical limb. Bilateral knee sleeves were placed by the
research coordinators before the examiner meeting with
the patient to perform the tests. This study was overseen
by a data and safety monitoring board, with the members
approved by both the institutional review board and the
Boston Children’s Hospital’s Conflict of Interest Commit-
tee. A clinical research manager and study monitor, who
were independent of the Department of Orthopedic Sur-
gery, were appointed by the Institutional Centers for

Clinical and Translational Research at Boston Children’s
Hospital to oversee and monitor the study.

Statistical Analysis

Means and 95% CIs were calculated for continuous vari-
ables. Although power may have been limited, we compared
the surgical groups on the patient characteristics and out-
comes that might directly represent a difference between
the 2 surgical approaches: length of the ACL tibial remnant
(Cochran-Armitage trend test), time from injury to surgery,
and hamstring strength as measured by a dynamometer
and flexion torque (2-sample t test). We also present the
95% CIs for the treatment differences, representing a range
of plausible magnitudes consistent with the data. Changes
from baseline in IKDC and KOOS scores were also assessed
within each surgical group using paired t tests. In post hoc
power calculations using sample sizes ranging from 6 per
group to 7 and 9 in the 2 groups (the range of numbers of
patients in our data who had 24-month outcomes), there
was 80% power to detect effect sizes of 1.52 to 1.80. For
example, with 7 and 9 patients in the 2 groups, there was
an 80% chance of finding a P value <.05 if the true differ-
ence between group means was about 1.5 times the within-
group standard deviation. All P values are 2-sided.

RESULTS

Baseline Characteristics
and Intraoperative Findings

The baseline characteristics of both groups are shown in
Table 1. In summary, the 2 groups were similar in age, sex,
race, and body mass index. Most of the injuries in both
groups were noncontact and occurred during sports par-
ticipation. The mean time from injury to surgery was sig-
nificantly longer in the ACLR group compared with the
BEAR group (52.9 vs 20.8 days, respectively). One patient
in the ACLR group was noted to have a medial collateral
ligament tear on preoperative MRI, which was treated

TABLE 1
Baseline Characteristicsa

BEAR Group (n ¼ 10) ACLR Group (n ¼ 10) P

Male sex, n 4 2
White (non-Hispanic) ethnicity, n 7 8
Age, y 24.1 ± 4.9 (18.1-34.6) 24.6 ± 5.5 (18.6-33.8)
Body mass index, kg/m2 24.2 ± 2.0 (21.5-28.1) 25.1 ± 2.9 (20.0-30.0)
Time from injury to surgery, d 20.8 ± 4.8 (11.0-28.0) 52.9 ± 16.7 (24.0-80.0) <.001
Left knee injured, n 5 6
Sports injury mechanism, n 10 9

Noncontact injury, n 9 9
MRI findings, n

Torn posterior cruciate ligament 0 0
Torn medial collateral ligament 0 1

aData are presented as mean ± SD (range) unless otherwise indicated. Previously published with 3-month data for this cohort.41 ACLR,
anterior cruciate ligament reconstruction; BEAR, bridge-enhanced anterior cruciate ligament repair; MRI, magnetic resonance imaging.
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nonoperatively. All patients had at least 50% of the length
of the ACL preserved as a tibial remnant (Table 2). The
number of patients with concomitant meniscal tears were
similar between groups, as was the degree of effusion at
the time of surgery. Preoperative side-to-side differences
in Lachman test results were similar in the 2 groups, and
all patients had either a “glide” or “clunk” with pivot-shift
testing under anesthesia (Table 2). The mean preoperative
Marx activity level was 12.8 ± 3.7 in the BEAR group and
10.9 ± 5.9 in the ACLR group. Three of the patients in the
BEAR group and 4 of the patients in the ACLR group
played collegiate sports preoperatively (BEAR: lacrosse,
field hockey, and tennis; ACLR: soccer, rugby, ice hockey,
and baseball). All of the remaining patients participated in
sports at a recreational level (BEAR: basketball [n ¼ 2],
volleyball, skiing, karate, and hiking/biking [n ¼ 2];
ACLR: basketball, soccer, dance, hiking/biking [n ¼ 2],
and jogging [n ¼ 1]). All patients in the BEAR group and
9 of 10 patients in the ACLR group were injured while
playing sports; 9 of 10 patients in both groups had a non-
contact injury.

Adverse Events

No patient in either group required ACL revision surgery or
had a superficial or deep infection involving the operative
knee. Subsequent knee procedures were performed on
patients in both groups within the first 12 months after
surgery. No additional surgeries were performed between
12 and 24 months. One patient in each group underwent
partial medial meniscectomy. In the BEAR group, 1 patient

required removal of the tibial cortical button. In the ACLR
group, 1 patient underwent arthroscopic surgery for
arthrofibrosis to remove a cyclops lesion that caused a 10�

loss of extension and pain with provocative extension. Addi-
tional adverse events between 3 and 12 months postopera-
tively included a nondisplaced medial femoral condyle
fracture with no associated ACL injury after a fall on the
ipsilateral knee (BEAR group), a concussion (BEAR group),
formation of a cyclops lesion treated nonoperatively (ACLR
group), and pain at the tibial screw that resolved without
removal (ACLR group).

Patient-Reported Outcomes

In both groups, IKDC subjective scores improved approxi-
mately 35 to 55 points from baseline to 6, 12, and 24 months
(all P < .0001) (Table 3). With 1 exception (KOOS Symp-
toms subscore at 6 months in the ACLR group, P ¼ .11), all
5 KOOS subscores also improved significantly from base-
line in both groups, typically by about 25 to 60 points (all P
� .02). There was no significant difference between groups
at 2 years for the IKDC or KOOS scores (P > .05 for all
comparisons).

Physical Examination Findings

Manual Lachman and Pivot-Shift Tests. At 2 years
postoperatively, 8 of 9 patients in the BEAR group and
6 of 7 patients in the ACLR group had Lachman grade A.
One patient in each group had Lachman grade B. All
patients had a firm endpoint. Two patients in each group
had a pivot shift that was 1 grade higher on the opera-
tive side than on the contralateral side, and the remain-
ing patients in each group had a symmetric pivot shift in
the 2 knees.

Instrumented AP Laxity of the Knee. Arthrometer test-
ing results were similar in the 2 groups at all time points
(Table 4). Mean differences between the groups were within
1.58 mm at all time points.

IKDC Physical Examination. Preoperatively, all
patients in the BEAR and ACLR groups had IKDC
grades of C (abnormal) or D (grossly abnormal). All
patients in both groups had improved to either A (nor-
mal) or B (nearly normal) by 24 months postoperatively
(Table 5). At 24 months, 44% of patients in the BEAR
group and 29% of patients in the ACLR group had a
grade of A (normal).

Functional Outcomes

At 6, 12, and 24 months after surgery, the only difference
between the 2 groups with a 95% CI at all time points that
excluded zero was isometric hamstring strength as mea-
sured by a handheld dynamometer (Table 6). Patients in
the BEAR group had a significantly greater return of
strength than patients in the ACLR group (P ¼ .001 at 6
months, P¼ .006 at 12 months, and P¼ .0001 at 24 months)
(Table 6). Patients in the BEAR group recovered a mean of
approximately 90% to 99% strength relative to their con-
tralateral side, in contrast to only 56% to 64% strength

TABLE 2
Intraoperative Findingsa

BEAR
(n ¼ 10)

ACLR
(n ¼ 10) P

Length of ACL tibial remnant, n .13
0%-24% 0 0
25%-49% 0 0
50%-74% 9 6
�75% 1 4

Meniscal tear (�1),b n 4 5
Medial (excised/repaired) 2 (0/2) 1 (0/1)
Lateral (excised/repaired) 2 (1/1) 4 (0/4)

Effusion grade (0-3)c 1.3 ± 0.7 0.9 ± 0.8
Side-to-side difference in Lachman test

result,c mm
5.2 ± 1.4 5.0 ± 2.5

Pivot-shift test result, n
Glide 2 3
Clunk 8 7

aData are presented as mean ± SD unless otherwise indicated.
ACL, anterior cruciate ligament; ACLR, anterior cruciate ligament
reconstruction; BEAR, bridge-enhanced anterior cruciate ligament
repair.

bBEAR group: 1 lateral tear in 1 patient, 2 lateral tears in 1
patient, and 1 medial tear in 2 patients. ACLR group: 1 lateral tear
in 3 patients, 2 lateral tears in 1 patient, and 1 medial tear in 1
patient.

cn ¼ 9 in ACLR group.
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recovery for patients in the ACLR group. However, the
mean peak flexion torque, another measure of hamstring
strength, was similar in the 2 groups at all time points.
Quadriceps strength and hop testing results were similar
in the 2 groups at 6, 12, and 24 months after surgery.

MRI Findings

All 9 patients in the BEAR group who underwent MRI at
follow-up exhibited continuous tissue in the region of the

ACL at 24 months (Figure 2). This was not always a uni-
formly low signal structure, and approximately half had
areas of higher signal consistent with higher water content
in the midsubstance of the ACL (Figure 2). The ACL grafts
were intact in all 7 patients in the ACLR group who returned
for follow-up, with no gap between the proximal and distal
limbs at 24 months (Figure 3). The grafts were not always
a uniformly low signal structure, and approximately half
had areas of higher signal consistent with higher water
content in the midsubstance of the graft (Figure 3).

TABLE 3
IKDC Subjective and KOOS Scoresa

ACLR Group BEAR Group Difference, Mean (95% CI)

IKDC subjective
Baseline 39.0 ± 9.3 (n ¼ 10) 35.1 ± 11.4 (n ¼ 10) –3.9 (–13.7 to 5.9)
6 mo 80.0 ± 9.1 (n ¼ 9) 67.9 ± 11.3 (n ¼ 10) –12.0 (–22.0 to –2.0)
12 mo 85.4 ± 14.0 (n ¼ 9) 83.4 ± 12.3 (n ¼ 10) –2.0 (–14.7 to 10.7)
24 mo 84.6 ± 17.2 (n ¼ 7) 91.7 ± 11.7 (n ¼ 9) 7.1 (–8.4 to 22.6)

KOOS Pain
Baseline 63.6 ± 16.8 (n ¼ 10) 58.1 ± 15.6 (n ¼ 10) –5.6 (–20.8 to 9.7)
6 mo 90.6 ± 5.3 (n ¼ 8) 88.3 ± 14.5 (n ¼ 9) –2.4 (–13.9 to 9.2)
12 mo 92.4 ± 9.1 (n ¼ 8) 96.3 ± 3.1 (n ¼ 9) 3.9 (–2.9 to 10.8)
24 mo 90.5 ± 13.5 (n ¼ 7) 94.8 ± 8.6 (n ¼ 9) 4.3 (–7.6 to 16.1)

KOOS Symptoms
Baseline 55.7 ± 13.7 (n ¼ 10) 56.1 ± 15.4 (n ¼ 10) 0.4 (–13.4 to 14.1)
6 mo 74.6 ± 22.3 (n ¼ 8) 81.3 ± 15.9 (n ¼ 9) 6.8 (–13.1 to 26.7)
12 mo 81.3 ± 12.3 (n ¼ 8) 89.3 ± 9.9 (n ¼ 9) 8.0 (–3.5 to 19.6)
24 mo 85.2 ± 15.8 (n ¼ 7) 93.1 ± 9.4 (n ¼ 9) 7.9 (–5.6 to 21.4)

KOOS Activities of Daily Living
Baseline 68.2 ± 19.5 (n ¼ 10) 66.0 ± 16.7 (n ¼ 10) –2.2 (–19.2 to 14.8)
6 mo 98.5 ± 3.0 (n ¼ 8) 95.1 ± 9.4 (n ¼ 9) –3.4 (–10.9 to 4.0)
12 mo 98.0 ± 3.1 (n ¼ 8) 98.5 ± 2.4 (n ¼ 9) 0.6 (–2.3 to 3.4)
24 mo 98.3 ± 2.5 (n ¼ 7) 97.7 ± 5.8 (n ¼ 9) –0.6 (–5.7 to 4.5)

KOOS Sports/Recreation
Baseline 24.0 ± 32.0 (n ¼ 10) 11.5 ± 15.5 (n ¼ 10) –12.5 (–36.1 to 11.1)
6 mo 72.5 ± 19.5 (n ¼ 8) 69.4 ± 12.4 (n ¼ 9) –3.1 (–19.7 to 13.6)
12 mo 86.3 ± 15.1 (n ¼ 8) 85.0 ± 12.7 (n ¼ 9) –1.3 (–15.6 to 13.1)
24 mo 85.7 ± 16.9 (n ¼ 7) 91.7 ± 14.4 (n ¼ 9) 6.0 (–10.8 to 22.7)

KOOS Knee-Related Quality of Life
Baseline 28.8 ± 18.9 (n ¼ 10) 26.9 ± 12.2 (n ¼ 10) –1.9 (–16.8 to 13.1)
6 mo 57.0 ± 24.4 (n ¼ 8) 58.3 ± 14.0 (n ¼ 9) 1.3 (–19.0 to 21.6)
12 mo 69.5 ± 24.4 (n ¼ 8) 70.1 ± 16.2 (n ¼ 9) 0.6 (–20.6 to 21.8)
24 mo 70.5 ± 22.2 (n ¼ 7) 84.0 ± 15.7 (n ¼ 9) 13.5 (–6.7 to 33.7)

aData are presented as mean ± SD unless otherwise indicated. ACLR, anterior cruciate ligament reconstruction; BEAR, bridge-enhanced
anterior cruciate ligament repair; IKDC, International Knee Documentation Committee; KOOS, Knee injury and Osteoarthritis Outcome
Score.

TABLE 4
Side-to-Side Differences in Anteroposterior Laxity (mm)a

ACLR Group BEAR Group Difference,b Mean (95% CI)

6 mo 0.78 ± 1.97 (n ¼ 9) 2.36 ± 1.81 (n ¼ 10) 1.58 (–0.25 to 3.40)
12 mo 0.91 ± 3.17 (n ¼ 8) 1.20 ± 1.88 (n ¼ 10) 0.29 (–2.25 to 2.84)
24 mo 3.14 ± 2.66 (n ¼ 7) 1.94 ± 2.08 (n ¼ 8) –1.21 (–3.85 to 1.44)

aData are presented as mean ± SD unless otherwise indicated. ACLR, anterior cruciate ligament reconstruction; BEAR, bridge-enhanced
anterior cruciate ligament repair.

bPositive difference favors ACLR, and negative difference favors BEAR.
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DISCUSSION

This first-in-human study of the BEAR technique found
that the patient-reported outcomes, physical examination
findings, and functional outcomes were similar to those for
ACLR in this small number of patients. As the BEAR tech-
nique does not require compromising previously healthy
tissues to obtain a graft, these results suggest that a ran-
domized controlled trial comparing these 2 procedures is
warranted. Within 2 years after surgery, the quantity and
severity of the adverse events in both groups were similar,
including 1 patient in each group sustaining a medial
meniscal tear. Patient-reported outcomes were similar in
the 2 groups, as both attained significant gains over base-
line values for the IKDC subjective score and all KOOS
subscores. The percentage of patients with a normal IKDC
grade in the BEAR group was 50% higher than in the ACLR
group (44% vs 29%, respectively). Functional testing
showed no differences between groups, with the exception
of isometric hamstring strength recovery as measured by a
handheld dynamometer, which was more complete in
patients in the BEAR group.

In the first year after surgery, 1 of 10 patients in each
group required subsequent medial meniscal surgery. The
risk of needing meniscal surgery in the first few years after
ACLR has been reported to range from 4% to 24%, with
younger cohorts generally having a higher rate of postop-
erative meniscal injuries.22,51,60,61 Our observation that 1
in 10 of the patients in each group required additional
meniscal surgery is thus within the range previously
reported for ACLR.

The patient-reported outcomes were similar in the 2
groups, with both groups attaining significant gains over
baseline preoperative values. The IKDC and KOOS scores
were similar in the ACLR group to what has been previously
reported in the literature.13,16 In this study, the IKDC sub-
jective score averaged about 85 points in the ACLR group at
both the 12- and 24-month follow-ups, which were similar to
the 24-month scores reported by the Multicenter

Orthopaedic Outcomes Network (MOON) Group (81 points)
after ACLR.13 Patients in the BEAR group had a similar
mean score at 12 months (*83 points), with a subsequent
mean score of approximately 92 points at 24 months after
surgery, and similar to that previously reported for men and
women without knee injuries (*93 points).4

The KOOS score has been previously reported for
patients after ACLR in cohort studies. In the Knee Anterior
Cruciate Ligament Nonoperative versus Operative Treat-
ment (KANON) trial, which compared outcomes in patients
undergoing structured rehabilitation with optional delayed
ACLR versus those undergoing early reconstruction,17 the
investigators reported that in 18- to 35-year-old active
adults with acute ACL tears, a strategy of rehabilitation
with optional delayed reconstruction was just as effective
as acute ACLR. Patients in the ACLR group in our study
had scores that were similar to the KANON trial values for
KOOS Pain and Symptoms. In contrast, patients in the
BEAR group in our trial had mean values that were higher
than those of the rehabilitation group in the KANON trial,
by a clinically relevant margin for KOOS Pain, Symptoms,
Sports/Recreation, and Knee-Related Quality of Life (Table
7). In addition, the mean values in the KANON trial were
below the previously established values suggestive of prob-
lematic knees for KOOS Symptoms and Sports/Recrea-
tion,35 while mean values for the BEAR group were well
above those values in both domains. Although the small
number of patients in this study prevents reliable calcula-
tions of significance for these differences, it does suggest
that the BEAR technique is worthy of further study.

The mean side-to-side difference in instrumented AP lax-
ity for both groups at 24-month follow-up (3.14 mm for ACLR
and 1.94 mm for BEAR) were similar to those that have been
reported for ACLR with an autograft. Evidence-based
reviews and meta-analyses have reported that autografts
stretch out between 1 and 4 mm postoperatively.7,56,64 The
increase in the mean side-to-side difference in AP laxity
between 6 months and 2 years of the current study for the
ACLR group has also been previously reported for auto-
grafts.3,15 In a recent meta-analysis of studies with a mini-
mum 2-year follow-up, it was determined that 32% of
patients with a hamstring autograft have a side-to-side dif-
ference in knee laxity greater than 3 mm.62

For the IKDC objective grade, all patients in both groups
had grade A (normal) or B (nearly normal) at 24 months.
These findings are consistent with prior studies of patients
undergoing ACLR that have reported normal or nearly nor-
mal grades in 80% to 95% of patients.16,26,32,58 The BEAR
group had 50% more patients with normal knees (IKDC
grade A); however, the percentage in both groups remained
well below those reported for uninjured control knees, in
which grade A is found in over 95% of examined knees.16

Thus, improvements in both the surgical technique and
rehabilitation after BEAR may be necessary if we are to
increase the number of patients having normal knee exam-
ination parameters restored after ACL surgery.

We utilized 2 measures of hamstring strength postoper-
atively: isometric and isokinetic muscle strength. Both
measures are important. Isokinetic muscle deficits are
associated with altered knee mechanics during sprinting,5

TABLE 5
IKDC Objective Gradesa

A B C D Total

Preoperative
BEAR 0 (0) 0 (0) 5 (50) 5 (50) 10 (100)
ACLR 0 (0) 0 (0) 6 (60) 4 (40) 10 (100)

6 mo
BEAR 1 (10) 8 (80) 1 (10) 0 (0) 10 (100)
ACLR 3 (33) 6 (67) 0 (0) 0 (0) 9 (100)

12 mo
BEAR 6 (60) 4 (40) 0 (0) 0 (0) 10 (100)
ACLR 2 (25) 5 (62.5) 1 (12.5) 0 (0) 8 (100)

24 mo
BEAR 4 (44) 5 (56) 0 (0) 0 (0) 9 (100)
ACLR 2 (29) 5 (71) 0 (0) 0 (0) 7 (100)

aData are presented as n (%). ACLR, anterior cruciate ligament
reconstruction; BEAR, bridge-enhanced anterior cruciate ligament
repair; IKDC, International Knee Documentation Committee.
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while isometric deficits are associated with slower walking
speeds and altered knee mechanics during walking and
running gait.1 While isokinetic measures of flexor torque
incorporate contributions from all of the flexor muscles,
isometric measurements with a handheld dynamometer
at higher knee flexion angles better isolate the contribu-
tions of the gracilis and semitendinosis.21,43,63 This differ-
ence in muscle recruitment may be one reason why there
was a significant difference in strength when measured
isometrically (40%), and a smaller difference between the
means of each group (15%) when measured isokinetically,
which was not statistically significant possibly because of
the limited power of this study. Hop testing results in the
ACLR and BEAR groups were also similar to what has been
previously published for ACLR, in which patients were able

to achieve approximately 90% of the contralateral side in
the single-leg hop for distance.3,16

The major limitations of this study were the small num-
ber of patients and the nonrandomized allocation of treat-
ment groups, which precludes making any definitive
conclusions about efficacy or performance. When translat-
ing a new scaffold to human patients, the first-in-human
study is commonly a small study to determine if significant
problems will occur before the initiation of larger studies.
The previously observed failure rates of 16% to 100% within
the early postoperative period for other extracellular
matrix–based implants22,35,55 justified the need for this
small first-in-human study before proceeding to a larger
controlled trial. For example, in prior studies of extracellu-
lar matrix patches,25 a serious inflammatory response was

TABLE 6
Functional Outcomesa

ACLR Group BEAR Group Difference,b Mean (95% CI)

Prone hamstring strengthc

6 mo 64.3 ± 14.5 (n ¼ 9) 89.5 ± 13.8 (n ¼ 10) 25.1 (11.4 to 38.9)
12 mo 59.8 ± 23.9 (n ¼ 8) 92.7 ± 20.4 (n ¼ 10) 32.9 (10.8 to 55.0)
24 mo 56.3 ± 19.0 (n ¼ 7) 98.6 ± 10.5 (n ¼ 8) 42.3 (25.5 to 59.1)

Seated quadriceps strength
6 mo 90.1 ± 15.4 (n ¼ 9) 87.4 ± 26.5 (n ¼ 10) 2.7 (–24.0 to 18.6)
12 mo 96.4 ± 26.6 (n ¼ 8) 83.2 ± 22.0 (n ¼ 10) –13.2 (–37.4 to 11.1)
24 mo 103.1 ± 13.3 (n ¼ 7) 98.5 ± 11.2 (n ¼ 8) –4.6 (–18.3 to 9.1)

Lying hip abductor strength
6 mo 101.2 ± 11.4 (n ¼ 9) 97.7 ± 8.2 (n ¼ 10) –3.5 (–13.0 to 6.1)
12 mo 96.9 ± 18.0 (n ¼ 8) 105.4 ± 6.6 (n ¼ 10) 8.5 (–4.5 to 21.4)
24 mo 91.2 ± 26.1 (n ¼ 7) 106.3 ± 15.3 (n ¼ 7) 15.1 (–9.8 to 40.0)

Peak flexor torque at 60 deg/s
6 mo 79.7 ± 16.7 (n ¼ 9) 89.5 ± 18.3 (n ¼ 9) 9.8 (–7.7 to 27.4)
12 mo 85.0 ± 10.2 (n ¼ 8) 84.3 ± 19.2 (n ¼ 10) –0.7 (–16.8 to 15.3)
24 mo 80.9 ± 21.0 (n ¼ 6) 96.3 ± 12.2 (n ¼ 7) 15.4 (–5.1 to 36.0)

Single hop
6 mo 84.2 ± 14.2 (n ¼ 8) 64.5 ± 21.8 (n ¼ 9) –19.7 (–39.0 to –0.4)
12 mo 93.4 ± 12.0 (n ¼ 4) 77.4 ± 19.0 (n ¼ 9) –16.0 (–39.0 to 7.0)
24 mo 83.9 ± 8.3 (n ¼ 6) 88.8 ± 10.7 (n ¼ 6) 4.9 (–7.4 to 17.2)

Triple hop
6 mo 85.5 ± 10.8 (n ¼ 8) 73.8 ± 18.9 (n ¼ 6) –11.7 (–29.1 to 5.6)
12 mo 92.0 ± 8.8 (n ¼ 4) 82.1 ± 14.0 (n ¼ 8) –9.9 (–27.2 to 7.4)
24 mo 93.8 ± 9.9 (n ¼ 6) 94.2 ± 6.4 (n ¼ 6) 0.5 (–10.2 to 11.2)

6-m timed single hop
6 mo 113.7 ± 9.0 (n ¼ 8) 119.1 ± 15.7 (n ¼ 7) 5.5 (–8.6 to 19.5)
12 mo 101.2 ± 11.0 (n ¼ 4) 118.4 ± 24.7 (n ¼ 9) 17.1 (–11.7 to 46.0)
24 mo 102.2 ± 12.0 (n ¼ 6) 112.4 ± 13.3 (n ¼ 6) 10.2 (–6.2 to 26.5)

Crossover single-leg hop
6 mo 85.9 ± 9.7 (n ¼ 8) 81.6 ± 18.8 (n ¼ 5) –4.3 (–21.5 to 12.9)
12 mo 94.4 ± 11.6 (n ¼ 4) 85.7 ± 9.9 (n ¼ 6) –8.7 (–24.4 to 7.1)
24 mo 95.0 ± 2.9 (n ¼ 6) 94.2 ± 5.7 (n ¼ 6) –0.8 (–6.6 to 5.0)

Single-leg squat >60� (operative side), n (%)
6 mo 8/9 (88.9) 6/10 (60.0) –28.9 (–67.6 to 14.1)
12 mo 7/8 (87.5) 10/10 (100.0) 12.5 (–34.9 to 56.1)
24 mo 6/7 (85.7) 8/9 (88.9) 3.2 (–43.5 to 49.8)

aData are presented as mean ± SD unless otherwise indicated. Strength and hop testing results are presented as percentages of the
contralateral leg. 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 the 6-m timed single hop and single-leg
squat >60�.

cHamstring strength was significantly better in the BEAR group than in the ACLR group at all time points (P< .05 for comparison between
groups at all time points).
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seen in 20% of patients. Assuming this is the true rate of
inflammatory responses, our study would have had an 89%
chance of observing �1 such responses in our BEAR group
of 10 patients. For most of the measurements reported here,
the means between the groups were similar, suggesting
that a larger study with greater power would be necessary
to determine if differences between groups were statisti-
cally significant.

In light of the required small size of this study, we have
also discussed the results from the BEAR group as com-
pared with both the results in our ACLR group and other
larger ACLR cohorts (Tension study,16 MOON Group

study,13 and KANON trial17). In addition, the BEAR proce-
dure was performed through arthrotomy, while ACLR was
performed arthroscopically. This may be a variable that
contributes to efficacy differences in longer term and larger
studies that may have the power to detect such differences.
The BEAR procedure may have other potential advantages
and disadvantages when compared with traditional ACLR
with an autograft. Because healthy tendons about the knee
are not compromised to create a graft, the BEAR procedure
may result in less loss of strength in the postoperative
period. If the proprioceptive fibers contained in the native
ACL can be preserved, this may lead to improved

Figure 2. Magnetic resonance imaging from the 9 patients in the bridge-enhanced anterior cruciate ligament repair (BEAR) group at
24 months shows intact anterior cruciate ligament (ACL) fibers from the femoral to tibial attachment sites (arrows). The intact fibers
have low signal intensity (black), reflecting highly organized tissue with little free water. The peripheral higher signal intensity (lighter
gray) indicates increased higher water content in the tissues surrounding the repaired ACL.

Figure 3. Magnetic resonance imaging from the 7 patients in the anterior cruciate ligament reconstruction (ACLR) group at
24 months shows an intact graft between the femoral and tibial tunnels (arrows). The signal intensity within the graft is variable.
The homogeneous low signal intensity (black) in some patients (eg, top row [first from left] and bottom row [second from left]) is
typical of the normal in situ hamstring tendon because of highly organized connective tissue with little free water. A more
heterogeneous appearance is present in several patients (eg, top row [third from left]) with central low signal intensity and
peripheral high signal intensity (lighter gray), indicating surrounding edema. Other patients showed higher signal intensity within
the graft itself (eg, bottom row [third from left]), reflecting increased fluid within the graft.
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proprioceptive function of the joint and possibly less post-
traumatic osteoarthritis, as was observed in preclinical stud-
ies.40 However, the BEAR procedure was performed within 1
month of injury, which may be difficult to achieve for all
patients, given the current typical time for the identification
of these injuries and obtaining a consultation with an ortho-
paedic surgeon. In addition, in the current study, we
required 50% length of the tibial stump for a patient to be
a candidate, which led to screening out 2 of 220 patients.
Last, although the BEAR procedure may save operative time
because of the elimination of graft harvest, and it uses sim-
pler implants (2 cortical buttons) rather than more advanced
implants such as interference screws or cortical buttons with
fixed or adjustable loops, whether the BEAR procedure will
be a cost-effective alternative to ACLR remains to be deter-
mined. Future work, including a longer follow-up of this
initial cohort and performance of larger randomized trials,
will be geared to demonstrating the efficacy, applicability,
and cost-effectiveness of the BEAR procedure, one of which
is currently underway (NCT02664545).

CONCLUSION

The results of this first-in-human study demonstrate that
the use of the BEAR scaffold resulted in similar clinical,
functional, and patient-reported outcomes compared with
patients undergoing ACLR with an autograft 24 months
after surgery. The procedure did not result in any patients
having an infection or severe inflammatory reaction,
arthrofibrosis, or a reaction that required scaffold removal.
In addition, manual and instrumented measures suggested
that stability of the knee after both procedures may be com-
parable at this early time point. Combined, these findings
suggest that the BEAR procedure is a method deserving
further study.
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