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Abstract
Purpose—The objective of this study was to assess the effect of absorbable or nonabsorbable
sutures in bioenhanced anterior cruciate ligament (ACL) repair in a skeletally immature pig model
on suture tunnel and growth plate healing and biomechanical outcomes.

Methods—Sixteen female skeletally immature Yorkshire pigs were randomly allocated to
receive unilateral, bioenhanced ACL repair with an absorbable (Vicryl) or nonabsorbable
(Ethibond) suture augmented by an extracellular matrix-based scaffold (MIACH). After 15 weeks
of healing, micro–computed tomography was used to measure residual tunnel diameters and
growth plate status, and biomechanical outcomes were assessed.

Results—At 15 weeks postoperatively, there was a significant difference in tunnel diameter with
significantly larger diameters in the nonabsorbable suture group (4.4 ± 0.3 mm; mean ± SD) than
in the absorbable group (1.8 ± 0.5 mm; P <.001). The growth plate showed a significantly greater
affected area in the nonabsorbable group (15.2 ± 3.4 mm2) than in the absorbable group (2.7 ± 0.8
mm2, P < .001). There was no significant difference in the linear stiffness of the repairs (29.0 ±
14.8 N/mm for absorbable v 43.3 ± 28.3 N/mm for nonabsorbable sutures, P = .531), but load to
failure was higher in the nonabsorbable suture group (211 ± 121.5 N) than in the absorbable suture
group (173 ± 101.4 N, P =.002). There was no difference between the 2 groups in anteroposterior
laxity at 30° (P = .5117), 60° (P = .3150), and 90° (P = .4297) of knee flexion.

Conclusions—The use of absorbable sutures for ACL repair resulted in decreased physeal plate
damage after 15 weeks of healing; however, use of nonabsorbable sutures resulted in 20% stronger
repairs.

Clinical Relevance—Choice of suture type for ACL repair or repair of tibial avulsion fractures
may depend on patient skeletal age and size, with absorbable sutures preferred in very young,
small patients at higher risk with physeal damage and nonabsorbable sutures preferred in larger,
prepubescent patients who may place higher loads on the repair.
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Recent studies have introduced the groundwork for a new treatment option for midsubstance
anterior cruciate ligament (ACL) ruptures: bioenhanced ACL repair.1 To the many who have
followed the evolution of ACL surgery with great interest, it is somewhat inconceivable that
primary repair of the ACL could ever work, given the high rates of failures noted in the
past.2 However, we have previously noted that the mechanistic defect in intrinsic ACL
repair is the premature loss of the provisional scaffold in the ACL wound site. In tissues
outside the joint, like the medial collateral ligament, when the tissue is torn, a blood clot
forms between the 2 ends of the tissue and serves as a bridge, or provisional scaffold,
between the 2 torn ends. The surrounding cells are then stimulated to crawl into this scaffold
and remodel it into a functional fibrovascular scar. However, the blood clot that works so
efficiently for structures outside of the joint is prematurely dissolved in the intrasynovial
environment of the human ACL.3,4 We have documented that in vivo placement of a stable
bridge between the 2 ends of the ACL will allow cells to migrate into the wound site and
heal it in animal studies.3–5 There are several required properties of this scaffold – not only
does it need to be stable in the joint environment,6 but it also needs to contain some sort of
biologic stimulus.7 Collagen is an excellent choice as the basis for this scaffold, as it confers
enzymatic resistance to enzymes commonly found in post-traumatic synovial fluid8 and it is
also a physiologic activator of platelets.9,10 The scaffold used in this study is collagen-
based, but also contains several other extracellular matrix molecules that are critical to its
function as a substitute provisional scaffold. When this scaffold is combined with the cells
found in blood, it is capable of releasing multiple cytokines critical to wound healing,9,10

and it stimulates the migration, proliferation, and collagen production of the local ACL
fibroblasts.11 This combination of extracellular matrix scaffold and blood has been shown to
result in healing of the ACL with similar properties to those seen with ACL reconstruction
in a large-animal model.12

The bioenhanced ACL repair procedure is a primary suture repair of the ACL augmented
with a biologic stimulus. Blood is an excellent biologic stimulus as it contains platelets (a
source of anabolic factors beneficial for wound healing13), red blood cells (a source of
oxygen metabolites14), and extracellular matrix proteins such as fibronectin13) – all factors
important in early wound healing. The bioenhanced repair technique involves placement of
an extracellular matrix–based carrier into the ACL defect and then saturating the scaffold
with autologous whole blood.12 This biologic composite is secured into the ACL defect
using a suture bridge to initially protect the healing ligament.12

We have previously done this successfully using a collagen-based scaffold that contains
additional extra-cellular matrix proteins and combining this with autologous whole blood.12

The composite is secured into the ACL defect using a suture bridge to initially protect the
healing ligament.15 In an earlier study, it was shown that this bioenhanced ACL repair
technique produced equivalent biomechanical results to a bone–patellar tendon–bone ACL
reconstruction in a large animal model,12 including measures of yield load, failure load, and
ACL linear stiffness. Skeletally immature patients might benefit particularly from such a
procedure, because of their relatively high intrinsic healing potential.16,17 This same surgical
bioenhanced repair technique was used in this study.

The technique of bioenhanced ACL repair currently uses a transphyseal suture stent, which
requires drilling a 4-mm hole across the distal femoral and proximal tibial physis. This
technique thus potentially places these physes at risk for damage.18 The use of a
nonabsorbable suture for the bioenhanced ACL repair may result in a permanent structure
across the physis, as opposed to an absorbable suture, which would be resorbed in a matter
of weeks. Whether these 2 suture types would affect the physis differently is unknown, but it
is of interest not only for this new ACL repair technique but also for transphyseal suture
fixation of tibial spine fractures, which is currently practiced.
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In addition to the question of the physeal reaction to different suture types, the selection of
suture may affect the overall strength of the healing ACL. The stent provides initial
biomechanical stability and mechanical protection during remodeling. Nonabsorbable
sutures might be beneficial as they protect the repair for an extended period of time, but they
might also cause stress shielding, which has a detrimental effect on tissue remodeling.19,20

Absorbable sutures, in turn, may reduce stress shielding but also may break down too early
and expose the repair tissue to excessive mechanical stress and/or release breakdown
products such as glycolic acid (from polyglycolic acid) or lactic acid (from polylactic acid),
which reduce tissue pH and inhibit cell growth.21–24

The objectives of this study were 2-fold. The primary objective was to assess, using micro–
computed tomography (CT), the effect on suture tunnel and growth plate healing of
bioenhanced ACL repair in a skeletally immature pig model using either absorbable (Vicryl;
Ethicon, Somerville, NJ) or nonabsorbable sutures (Ethibond; Ethicon) for the suture stent.
The secondary objective was to compare the biomechanical outcomes at 15 weeks using the
same 2 types of sutures by evaluating the structural properties of the repair (ie, yield and
failure displacements, yield and failure loads, linear stiffness) and the anteroposterior (AP)
laxity of the knee joint. We hypothesized that absorbable sutures would lead to better tunnel
and growth plate healing and better biomechanical outcomes.

Methods
Study Design

The study protocol was approved by the responsible Institutional Animal Care and Use
Committee. The study was designed as an assessor-blinded, randomized, controlled, large
animal trial. Based on an a priori sample size calculation, a total of 16 female skeletally
immature Yorkshire pigs (11.6 ± 0.2 weeks of age, 30 ± 0.1 kg body weight [mean ± SD])
were used and randomly allocated (using a sequence of random numbers) to 2 groups:
bioenhanced ACL repair with an absorbable (Vicryl, n = 8) or nonabsorbable (Ethibond, n =
8) suture stent. Details regarding the power analyses are provided later. A unilateral repair
was performed in all animals and the contralateral knee was used as an intact control for
normalization.

The animals were euthanized after 15 weeks of healing, as that time point is well beyond the
nadir in strength that occurs between 6 and 9 weeks after repair and is in the time period at
which tissue maturation and generation of biomechanical strength are increasing.5,15

Collagen Scaffold Production
The extracellular matrix scaffolds (MIACH, Children’s Hospital Boston, Boston, MA) were
manufactured in our laboratory as previously described.7,25,26 Briefly, extracellular matrix
slurry was produced by sterilely solubilizing bovine connective tissue using salt extraction
followed by pepsin digestion. All steps in the manufacturing process were performed under
sterile conditions and no terminal sterilization was performed. The collagen concentration of
this slurry was adjusted to at least 10 mg/mL. The slurry was frozen and lyophilized in a
cylindrical mold to create a collagen sponge of 30 mm in length and 22 mm in diameter. All
sponges were stored at −80°C until implantation.

Surgical Procedure
The surgical technique and model used in this study have been shown to be an effective
repair of a mid-substance ACL defect, producing results that are not different from ACL
reconstruction.12 Bioenhanced repair was performed as previously described using small
tunnels that come into the joint at the center of the tibial and femoral ACL footprints.12 Two
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types of sutures were used for this experiment: Vicryl is an absorbable, polyglactin suture
that completely dissolves in approximately 63 days.27,28 According to the manufacturer its
strength decreases by 25% per week after the first week of implantation in situ. Ethibond is a
nonabsorbable, braided poly-(ethylene, terephthalate) suture and does not lose strength as
long as it remains intact. A recent study showed that these 2 sutures have virtually identical
biomechanical properties, with a maximum load to failure of 130 ± 9 N versus 134 ± 9 N
and linear stiffness of 15 ± 1 versus 13 ± 2 for Vicryl and Ethibond.29

All animals underwent unilateral ACL transsection. Under general anesthesia, a medial
arthrotomy was made and the fat-pad was partially resected to expose the ACL. The ACL
was cut with a scalpel at the junction between the proximal and middle thirds of the
ligament. All knees showed tibiofemoral subluxation to verify complete transection. The
knee was irrigated with 500 mL of normal saline.

For the bioenhanced ACL repair, a Kessler suture using No. 1 Vicryl was placed in the tibial
stump of the ACL to repair the transected ligament in all ACL transsected knees.7 Tunnels
in the femur (4.5 mm) and tibia (2.4 mm) were created in the standard positions for ACL
reconstruction, with the tibial tunnel exiting in the center of the tibial attachment and the
femoral tunnel placed in the center of the femoral ACL attachment site. An EndoButton
(Smith & Nephew Endoscopy, Andover, MA) armed with 3 sutures was pulled through the
femoral tunnel and engaged on the femoral cortex. Two of these sutures were used to create
the suture stent and were either Vicryl or Ethibond, depending on the group allocation of the
animal. The stent was threaded through the scaffold with a straight needle, passed through
the tibial tunnel, and tied over a button with the knee in full extension. At this point, 5 mL of
autologous blood was drawn and the MIACH scaffold was saturated in situ with 3 mL of
blood. The average platelet counts for the 2 groups were 325.000 ± 69.000/μL and 309.000
± 128.000/μL (P = .758). The remaining third suture from the femoral tunnel/EndoButton
was made of Vicryl and tied to the suture in the tibial ACL stump to reduce the tibial stump
of the ACL into its physiologic position. Three knots were tied in each suture. The knee was
left untouched for 10 minutes to allow clotting before the incisions were closed in layers.

After 15 weeks of healing, all animals were euthanized and both hindlimbs were harvested
by hip disarticulation. All limbs were frozen and stored at −20°C.

Physical Examination
All animals underwent a physical examination under anesthesia preoperatively and before
euthanasia, and values for knee flexion and extension and thigh circumference were
recorded.

Biomechanical Testing
Biomechanical testing included AP knee laxity and tensile strength testing. Tensile strength
testing was done at time zero and at 15 weeks to assess the strength of the graft stent and the
repair tissue. AP knee laxity testing was done at 15 weeks only since an earlier publication
already showed that primary repair restores AP laxity compared with normal at time zero.30

The knees were thawed at room temperature and all soft tissue surrounding the tibia and
femur were removed, leaving the capsule intact.7,25,26 All specimens were potted in
Schedule 40 PVC pipe tubes using urethane potting compound (Smooth On, Easton, PA),
oriented such that the long axes of the bone and tubes were parallel. All testing was done
using an MTS 810 servohydraulic load frame (MTS Systems, Eden Prairie, MN). All
mechanical testing evaluators were blinded as to treatment group during the testing process.

AP knee testing was performed with the knee flexion angle set at 30°, 60°, and 90°,
respectively, by applying fully reversed, sinusoidal AP-directed shear loads of ±40 N at
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0.0833 (one-twelfth) Hz for 12 cycles in each position as previously described.7,25,26 During
the AP laxity tests, axial rotation was locked in the neutral position, whereas the varus-
valgus angulation and the coronal plane translations were left unconstrained. Data for load
and displacement were collected at 20 Hz.

The structural properties of the ligament or graft constructs were then determined using a
tensile test to failure as previously described.7,25,26 Before failure testing, the joint capsule,
menisci, collateral ligaments, and posterior cruciate ligament were dissected from the joint,
leaving the femur–ACL scar mass–tibia complex intact. The scar mass was bluntly inspected
for presence and integrity of any suture material. For failure testing, the knee flexion angle
was initially set at 30°. The tibia was mounted to the base of the MTS via a sliding X-Y
platform with the femur unconstrained to rotation. Before initiating the tensile test, the
femur was lowered until the load across the joint surface was +5 N of compression. A ramp
at 20 mm/min was performed and the load-displacement data were recorded at 100 Hz. The
yield load, failure load, linear stiffness, yield displacement, and failure displacement were
calculated from the MTS load-displacement tracing. Biomechanical testing was done by an
individual blinded to the surgical condition.

Micro-CT
Knees were scanned in a MicroCAT II (Siemens, Malvern, PA) micro-CT scanner at a
resolution of 50 μm with a slice thickness of 0.09 mm to assess tunnel integrity. The scanner
was set at 300 ms exposure, 72 kVp, and 500 μA in 1° increments for 360°. Each scan took
approximately 10 minutes. Scans were aligned such that the bone tunnel was along the
vertical axis using the free medical imaging software AMIDE (Andreas Loening,
www.amide.sourceforge.net).

Size and density of the suture tunnels were each obtained in triplicate at 6 anatomical
locations (proximal tunnel opening, proximal third of tunnel, proximal growth plate, distal
growth plate, distal proximal third of tunnel, and distal tunnel opening) using circular or
elliptical regions of interest at a right angle to the tunnel axis. Bone mineral density (BMD)
was calculated as milligrams of hydroxyapatite per cubic centimeter. A phantom containing
samples of known density was also scanned using the same protocol as the bone specimens,
and density was measured in Amide and a plot of Amide units versus real units was created
to provide BMD. BMD was also determined in normal bone surrounding each tunnel
section. Additionally, the widest surface area of the affected growth plate and the growth
plate density were measured. Because the same surgical methods and instruments
(especially drill sizes) were used in both groups, tunnel diameters and density were assumed
to be identical between the 2 groups at time zero.

Histologic Assessment
After micro-CT scanning, the tibia was retrieved and fixed in neutral buffered formalin for 1
week, decalcified in HCl, sectioned along the bone tunnel, dehydrated, and embedded in
paraffin. Seven-micron sections were cut, placed onto pretreated glass slides, and stored at
48°C. Sections from each animal were stained with H&E. The affected growth plate was
assessed for cellularity and suture residuals. Briefly, the number of cells within three 0.1-
mm2 areas was measured by 2 independent, blinded reviewers and the results were
averaged. At each location, the total number of cells were counted and divided by the area of
analysis to yield the cell density (n/mm2).

Statistical Analysis
The sample size of this study was based on an a priori power calculation. A difference of
20% between groups was deemed clinically significant. Using biomechanical data from
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earlier studies,6,7,26,31 we therefore wanted to test for a minimum difference of
displacement, load, and stiffness between ACL repair with 2 different suture types of 20%
with an α (P value) of 5% and a minimum power of 95%. The standard deviations in prior
studies were 8.2% for displacement, 9.1% for load, and 9.5% for stiffness. Assuming similar
SDs for this study, a difference of 20% between groups would result in effect sizes for each
of 2.5, 2.2, and 2.1, respectively. Thus, to achieve 95% power at minimum effect size of 2,
our required sample size was 8 animals per group, or 16 animals in total.

Micro-CT outcomes were compared across groups using 2-tailed t tests. Analyses were done
for averages for the whole tunnel and for the growth plate individually. All biomechanical
outcomes for tensile testing were normalized for intact ACL values to account for potential
interanimal differences. Results were therefore used as relative values (experimental/intact)
and are given in “percent of intact ACL.” For laxity testing side-to-side differences
(experimental minus intact) in millimeters are given. All biomechanical outcomes were
tested in generalized mixed models, a modeling method that allows using both within-
animal comparisons (normal v contralateral knees) and across-animal comparisons (ACL
reconstruction v repair v trans-section) in the same statistical test. Model fit was assessed by
examination of the model residuals.

All calculations were done using SAS (SAS, Cary, NC). An α of 5% was considered
significant, and Holm adjustment was used to adjust P values for multiple testing. Results
are given as mean with 95% confidence intervals (CIs).32

Results
Animal Welfare

All animals recovered well from surgery. Full weight-bearing status was achieved within 48
to 72 hours for all groups. All animals reached the 15-week time point without infections or
other significant postoperative complications. No residual suture material was found in any
of the knees in the absorbable suture repair group during macroscopic assessment prior to
tensile testing. All nonabsorbable sutures had ruptured by the 15-week time point, with
ruptures occurring in the distal half of the intra-articular portion.

Physical Examination
Range of motion for the treated knees was adjusted for the values for intact knees and
compared across groups. There were no differences in flexion (P = .442), extension (P = .
999), or thigh circumference (P = .337) preoperatively. Table 1 shows the values for flexion,
extension, and thigh circumference for both groups preoperatively and at the time of harvest.
The changes from preoperatively to harvest in the 3 end points were not different across
groups (Table 1).

Micro-CT: Entire Suture Tunnel
At 15 weeks postoperatively, there was a significant difference in average tibial tunnel
diameter between absorbable and nonabsorbable sutures (P < .001), with significantly larger
diameters in the nonabsorbable suture group of 4.4 mm (95% CI, 4.1 to 4.7) compared with
1.8 mm (95% CI, 1.6 to 1.9) in the absorbable suture group. There was also a significant
difference in the average tunnel area (P < .001), with 15.2 mm2 (95% CI, 12.7 to 17.6) for
nonabsorbable sutures and 2.7 mm2 (95% CI, 2.1 to 3.2) for absorbable sutures.

However, there was no significant difference in tunnel density between the 2 groups (P = .
355) with 1,053.0 mg/cm3 (95% CI, 1,046.2 to 1,059.7) for nonabsorbable and 1,068.1 mg/
cm3 (95% CI, 1,051.5 to 1,084.7) for absorbable sutures. The average mineral density of the
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surrounding healthy bone was 1,133.9 mg/cm3 (95% CI, 1,119.1 to 1,148.6), which was
significantly higher than the tunnel density in both groups (P < .001 for both) (Fig 1).

Micro-CT: Growth Plate
A significantly greater area and volume of the growth plate were affected in the
nonabsorbable group compared with the absorbable group at 15 weeks of follow-up (both P
< .001). The average area of affected growth plate was 21.8 mm2 (95% CI, 17.5 to 26)
versus 6.5 mm2 (95% CI, 4.7 to 8.2) with nonabsorbable and absorbable sutures. The
affected volumes were 46.3 cm3 (95% CI, 38.3 to 54.3) versus 5.3 cm3 (95% CI, 3.4 to 7.1).

Significant differences in growth plate tunnel density were seen between the 2 groups, with
the higher density seen in the group treated with absorbable sutures (P = .020). The average
tunnel density at the proximal and distal physis was 1,080.9 mg/cm3 (95% CI, 1,051.4 to
1,110.3) for absorbable sutures but lower at 1,045.5 mg/cm3 (95% CI, 1,040.4 to 1,050.5) in
the nonabsorbable group. Again, the mineral density of the growth plate was significantly
lower than that of surrounding healthy bone tissue in both groups (P < .001 for both). All
animals in the nonabsorbable suture group showed bone spicules crossing the physis,
whereas such spicules were seen in only 50% of animals treated with absorbable sutures (P
= .021) (Fig 2).

Anteroposterior Laxity at 15 Weeks
There was no significant difference in AP laxity between groups when measured at 30° (P
= .5117), 60° (P = .3150), and 90° (P = .4297) of knee flexion. The average differences in
AP laxity between treated and intact knees at 30° of flexion were 6.1 mm (95% CI, 3.3 to
8.9) for the absorbable group and 4.8 mm (95% CI, 2.6 to 7.1) for the nonabsorbable group.
The corresponding values at 60° were 10.7 mm (95% CI, 9.1 to 12.3) versus 9.9 mm (95%
CI, 8.3 to 11.4) and at 90° of flexion 8.1 mm (95% CI, 7.2 to 8.9) versus 6.8 mm (95% CI,
5.8 to 7.8), respectively (Fig 3).

Tensile Testing at Time Zero
At time zero, there was no statistically significant difference for yield displacement (P = .
122), but there was a significant difference for failure displacement (P = .003) between the 2
groups. The average yield and failure displacements of the repairs for the absorbable suture
group were 5.68 mm (95% CI, 4.5 to 6.9) and 25.17 mm (95% CI, 22.94 to 27.41),
respectively. This corresponds to 82% and 316% of the values of displacements for an intact
ACL. The displacements for the repairs of the nonabsorbable group were 11.21 mm (95%
CI, 5.3 to 17.1) and 33.7 mm (95% CI, 30.9 to 36.5), which corresponded to 162% and
423% of intact values, respectively.

The yield load and failure load were both higher in the nonabsorbable suture group than in
the absorbable suture group (P = .037 for yield and P < .001 for failure). The mean loads for
the repairs of the absorbable suture group were 86.8 N (95% CI, 73.7 to 100.0) to yield and
334.6 N (95% CI, 302.4 to 366.7) to failure. Loads for the nonabsorbable suture group were
158.4 N (95% CI, 107.5 to 209.26) to yield and 477.1 N (95% CI, 456.2 to 498.1) to failure.
Absorbable sutures reached 12% and 42% of intact values for yield and failure load;
nonabsorbable sutures reached 21% and 59%.

There was no statistically significant difference in the linear stiffness between the groups (P
= .340). The linear stiffness of the repair tissue for the absorbable group was 21.6 N/mm
(95% CI, 20.5 to 22.7) and for the nonabsorbable group 25.5 N/mm (95% CI, 18.3 to 32.7),
corresponding to 14% and 17% of normal, porcine ACL values.
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Tensile Testing at 15 Weeks
There was no statistically significant difference for yield displacement (P = .473), but there
was a borderline significant difference for failure displacement (P = .057) when the 2 groups
were compared. The average yield and failure displacements of the repairs for the
absorbable suture group were 7.1 mm (95% CI, 4.6 to 9.6) and 8.0 mm (95% CI, 5.5 to
10.6), respectively. This corresponds to 76% ± 13% and 65% ± 25% of the values of
displacements for the intact, contralateral knee. The displacements for the repairs of the
nonabsorbable group were 5.8 mm (95% CI, 4.6 to 6.8) and 6.7 mm (95% CI, 4.9 to 8.5),
which corresponded to 84% ± 24% and 81% ± 20% of the intact knee values, respectively
(Fig 4).

The yield load and failure load were both higher in the nonabsorbable suture group than in
the absorbable suture group (P = .014 for yield and P = .002 for failure). The mean loads for
the repairs of the absorbable suture group were 156.5 N (95% CI, 92.0 to 221.0) to yield and
173.0 N (95% CI, 102.7 to 243.2) to failure. In comparison, loads for the nonabsorbable
suture group were 194.1 N (95% CI, 104.5 to 283.6) to yield and 211 N (95% CI, 120.9 to
301.0) to failure. Bio-enhanced repair with absorbable sutures reached 16.8% ± 11% and
16.9% ± 10% of intact values for yield and failure load, whereas repairs with nonabsorbable
sutures reached 22.8% ± 11% and 23.3% ± 11% of intact (Fig 5). The mean load to failure
for the intact porcine ACLs was 996.5 ± 149.1 N.

There was no statistically significant difference in the linear stiffness of the repairs between
the 2 groups (P = .531). The linear stiffness of the repair tissue was 29.0 N/mm (95% CI,
18.7 to 39.3) for the absorbable group and 43.3 N/mm (95% CI, 22.4 to 64.3) for the
nonabsorbable group. These values corresponded to 19% ± 10% and 25% ± 16% of the
contralateral intact ACL.

Histologic Assessment
The histologic specimens showed sutures in the bone tunnels in all samples of the
nonabsorbable group, but no suture residuals in the absorbable group. The formation of
fibrovascular tissue between the suture strands was observed in only 2 specimens from the
nonabsorbable group, compared with all but one absorbable specimen. However, in those
areas with tissue formation, there was no statistically significant difference (P = .300) in cell
counts between absorbable (640 ± 160 cells/mm2) and nonabsorbable (370 ± 300 cells/mm2)
specimens. The physeal defects in line with the tunnels for the absorbable sutures were also
filled with fibrovascular tissue with no chondrocytes noted. However, the physes for both
groups did have an irregularity in shape at the site of the tunnel crossing with the physeal
tunnel edges moving away from the joint in both femur and tibia (Fig 6).

Discussion
The purpose of this study was to test for differences in physeal structure and biomechanical
outcomes after bioenhanced ACL repair using absorbable or nonabsorbable sutures. First,
we found evidence for more growth plate disruption in the nonabsorbable suture group
(Ethibond), which had larger tunnels, and lower BMD within the tunnels at the 15-week
time point compared with the absorbable group (Vicryl). We also found that the use of
nonabsorbable suture material produced significantly improved outcomes in structural
properties in regard to the yield and failure loads and a trend for a lower failure
displacement than the use of absorbable sutures. The fact that all sutures were disrupted at
the time of biomechanical testing rules out that these differences in testing are attributable to
the suture material itself but rather supports the assumption of an underlying difference in
biologic response. However, the ruptured sutures might very well have influenced the
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amount of stress shielding that had occurred, but we cannot say how great this effect may
have been as it is unknown at what time point the sutures broke.

Work by prior investigators for physeal injury after surgical interventions has shown that the
most persistent physeal injuries occur when a foreign material is placed across the physis.
Factors associated with increased risk of physeal malfunction in prior animal studies have
included posterior tunnel placement,33,34 a high ratio of tunnel diameter to physeal surface
area,35–37 excessive graft tensioning,38 incomplete tunnel filling by the graft,39,40 and graft
fixation across the physis.41 In human patients, the vast majority of growth disturbances and
angular deformities have been associated with graft fixation devices or bone-plugs leading
to bony bars across the lateral distal femoral physis (54% of angular deformities) or
epiphysiodetic effects of fixation devices crossing the tibial physis (27% of angular
deformities).42 In this study, with our relatively small ratio of tunnel diameter to physeal
surface area, lack of excessive tensioning, and avoidance of fixation devices across the
physes, we did not see any physeal disturbances, as in accordance with prior animal and
clinical studies. In contrast, the incomplete tunnel filling seen in both suture groups did not
appear to have a significant effect on premature physeal closure in this study.

We found significant differences in yield (157 ± 93 N for absorbable v 194 ± 120 N for
nonabsorbable) and failure loads (173 ± 101 v 211 ± 122 N), in favor of nonabsorbable
sutures at both time zero and 15 weeks. However, over time the gap between the 2 groups
widened. We hypothesize that the nonabsorbable sutures offered more mechanical
protection than absorbable sutures after the ACL repair and thus resulted in a better
biomechanical outcome. This hypothesis is supported by clinical studies of suture repair of
tibial eminence fractures, where excellent results have been shown with various types of
nonabsorbable sutures, even over pin-and-screw fixation.

Micro-CT revealed larger and wider tunnels in the nonabsorbable suture group. Although
the difference in tunnel density between the 2 groups was statistically significant, it was less
than 5% and thus not likely to be of clinical significance. However, a closer look at the
cartilaginous growth plate showed not only larger affected areas in the nonabsorbable group
but also a significantly lower mineral density in the nonabsorbable suture group and a higher
tendency for bony spur formation in the nonabsorbable suture group. Similar bony bridges
were found in a recent study of the effects of transphyseal ACL reconstruction in skeletally
immature sheep but were not associated with growth disturbances.39 A recent article in the
Journal of Orthopedic Research offers an explanation of this dissociation of bone bridges
and physeal arrest by showing that these bony bridges are not so much a precocious
ossification of the growth plate but rather dislodged osteoprogenitor cells from the bone
marrow.43 Although it is not unequivocally clear that these results will lead to a worse
clinical outcome, they, at the very least, suggest a potentially greater injury to the growth
plate.

The surgical technique as tested here in the porcine model is not yet in use clinically.
However, as preclinical studies of bioenhanced ACL repair are showing promise,14 it is
possible that this technique will be in clinical practice in the next several years. Therefore,
determining the effect of suture selection on physeal status and healing ligament strength
was important prior to starting clinical studies of this technique. The porcine model was
selected for this study because of the great similarities in wound healing, knee
biomechanics, and hematology between the porcine and human species.

This study focused on bioenhanced ACL repair, but its findings are also meaningful for
ACL eminence fractures. In such injuries, the ACL has typically avulsed with a piece of
bone from the tibial spine. Displaced injuries are usually treated with suture fixation, or
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screw fixation.44–46 Gan et al.47 and Tsukada et al.48 found good results with tension wires
and anterograde screw fixation. A study by Eggers et al.49 compared sutures and screws and
showed that suture fixation using nonabsorbable Ethibond has higher strength than screw
fixation. However, until now there has been limited information on the effects of suture
fixation on the physis.

Histologically, we found most of the tunnels in the nonabsorbable group filled with suture
material and only little tissue in between the suture strands. This picture might change over
time as tissue encompasses the sutures, but some remaining material will be present. In the
absorbable group, we found no evidence of sutures and good tissue formation. The physes in
the nonabsorbable groups were disrupted but the remaining sutures, whereas the absorbable
group showed pivoting of the physis but no persistent defect. In those areas with sufficient
space for new tissue to form, there was no difference in cell counts across the groups,
suggesting no difference in the effect of the presence of the nonabsorbable sutures or the
remnants of the absorbable sutures on cell growth.

Our study has potential shortcomings. We compared only 2 suture materials. These sutures
were selected because they are commonly used in arthroscopic knee surgery. It cannot be
ruled out with certainty that other sutures could respond differently. Nonetheless, there was
a difference between the 2 suture types and hence further investigation is warranted. In
addition, this study was performed in a large animal model where controlled rehabilitation is
not an option. Whether a slower rehabilitation would result in a longer persistence of the
intact nonabsorbable sutures, or even the absorbable sutures, and what effect that additional
retention time would have require further study. Also, it should be noted that there was no
“tunnel only” control group. However, prior studies, such as Shea et al.50 in Arthroscopy or
Meller et al.,51 have already assessed the volumetric effect of transepiphyseal drilling. A
recent systematic review published in Arthroscopy lists the risk factors for physeal growth
disturbance after ACL reconstruction.18 Finally, our model cannot fully reproduce the
human situation. For example, we could not control postoperative rehabilitation in the
animals. Likewise, the ACL injury was simulated with sharp transsection in the
midsubstance. It is possible that a frayed disruption with associated cartilage and meniscal
injury, as seen in the clinical situation, would heal differently. On the other hand, the frayed
ends have a larger surface area, thus more contact, and might weave into each other,
whereas the clean cuts may slide off. We followed these animals for 15 weeks, although
clinical ACL studies usually follow patients for years. However, since we wanted to assess
tunnel healing, 15 weeks has been found an appropriate time point to assess for permanent
differences in tunnel healing, while at the same time being a reliable predictor of tissue
healing in ACL repair.5

Conclusions
The use of absorbable sutures for ACL repair resulted in decreased physeal plate damage
after 15 weeks of healing; however, use of nonabsorbable sutures resulted in 20% stronger
repairs.
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Fig 1.
Panel of micro-CT scans. The top row shows nonabsorbable group versus absorbable group
at the bottom at the same magnification. The larger physeal damage in the nonabsorbable
group is striking. Also, bone spurs across the physes can be seen in both rows.
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Fig 2.
Representative micro-CT images. Note the wider bone tunnel (with arrows) in the
nonabsorbable sample. Also, the affected growth plate area is significantly larger in the
nonabsorbable suture groups, and bony bars can be seen in the magnification (white
squares).
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Fig 3.
Outcomes for anteroposterior knee laxity for the experimental knees adjusted for intact ACL
(with SD). Contrary to tensile testing this adjustment is not the percentage of intact, but the
difference of experimental and intact knees.
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Fig 4.
Outcomes for displacement for the experimental knees adjusted for intact ACL (with SD) at
15 weeks. *P = .0572.
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Fig 5.
Outcomes for load and stiffness for the experimental knees adjusted for intact ACL (with
SD) at 15 weeks. *P ≤ .05.
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Fig 6.
Macroscopic and histologic pictures. The top row shows nonabsorbable group versus
absorbable group at the bottom at the same magnification. In the absorbable group, no suture
material is visible and the physis has healed completely with slight dimpling, but largely
normal tissue. In the nonabsorbable group, the sutures are still present and can be seen in the
histologic section, as they disrupt the physis.
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Table 1

Physical Exam: Experimental Knees

Absorbable Nonabsorbable P Value*

Flexion (°)

 Preoperative 141.9 ± 5.9 142.9 ± 4.9

 Harvest 145.0 ± 5.0 140.0 ± 5.8

 Difference 3.6 ± 12.1 −2.9 ± 4.9 .218

Extension (°)

 Preoperative 34.4 ± 5.0 34.3 ± 9.3

 Harvest 32.9 ± 3.9 42.9 ± 7.6

 Difference 3−.1 ± 4.9 4.3 ± 9.3 .132

Thigh circumference (cm)

 Preoperative 23.5 ± 0.5 21.1 ± 1.1

 Harvest 27.9 ± 1.2 25.7 ± 0.8

 Difference 4.4 ± 1.3 4.6 ± 1.1 .828

*
For the comparison of difference over time across groups, without adjustment.
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