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Background: Adjustable cortical fixation devices have demonstrated utility in orthopaedic applications, such as ankle
syndesmosis repair.

Purpose: To assess the cyclic gap formation of a quadriceps tendon repair technique using an adjustable cortical fixation device
compared with repair with knotless suture anchors and suture tape, a modification of conventional suture anchor repair.

Study Design: Controlled laboratory study.

Methods: Eight fresh-frozen matched pairs of cadaveric knees were used. Specimens in each pair were randomized to undergo
either modified suture anchor repair (control) or adjustable cortical fixation repair. The control repair was performed as previously
described. The experimental repair was performed using 2 No. 2 FiberWire sutures placed into the quadriceps tendon in a running
locked Krackow configuration and 2 adjustable loop devices passed through transosseous tunnels. The lagging strands of the
devices were tensioned to seat the cortical fixation buttons at the inferior patellar pole and then tied to the free Krackow strands at
the superior pole to complete the repair. The mean plastic gap (permanent tendon displacement that did not recover with cyclic
extension) and mean maximum gap (peak displacement that occurred with cyclic knee flexion and partially recovered with
extension) were evaluated during cyclic loading for 500 cycles of full knee extension to 90� of flexion.

Results: At all testing intervals, the mean plastic gap was significantly smaller for the cortical fixation group versus the suture
anchor group (P < .02). Similarly, the mean maximum gap was significantly smaller for the cortical fixation specimens at all testing
intervals (P < .01). After cyclic loading, the mean maximum gap was significantly smaller in the cortical fixation group (4.80 ±
1.56 mm) versus the suture anchor group (8.47 ± 1.47 mm; P ¼ < .001). The mean plastic gap was also significantly smaller in the
cortical fixation versus the suture anchor group (3.25 ± 1.10 mm vs 6.57 ± 1.62 mm, respectively; P ¼ < .001).

Conclusion: Quadriceps tendon repair using an adjustable cortical fixation device demonstrated superior biomechanical prop-
erties in cyclic displacement testing compared with repair using the suture anchor technique.

Clinical Relevance: These results suggest that an adjustable cortical fixation device is a biomechanically viable alternative for
quadriceps tendon repair.
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There is currently no consensus regarding the optimal
surgical management of quadriceps tendon rupture.18 The
2 most common repair techniques are transosseous repair
and suture anchor repair. Although both methods have dem-
onstrated satisfactory biomechanical6,11,16,21 and clinical
results overall,3 a substantial number of patients experience
functional impediments postoperatively, such as extension
lag, muscle atrophy, decreased range of motion, and

strength deficit.4,10,13,22,23 These repair techniques are fur-
ther limited by the potential for tendon gap formation post-
operatively, which can be a major concern as patients
progress through their postoperative rehabilitation pro-
grams. A variant of the conventional suture anchor quadri-
ceps tendon repair using knotless suture anchors and suture
tape has been reported to have superior cyclic displacement,
construct stiffness, and load to failure compared with that of
transosseous and conventional suture anchor repair.7,15

In the context of extensor mechanism injuries, adjust-
able cortical fixation may be an effective option because it
allows the surgeon to retension the repair intraoperatively,
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thereby potentially maximizing tendon-bone compression
at the repair site. A previous cadaveric study has demon-
strated superior biomechanical properties of adjustable cor-
tical fixation devices compared with conventional suture
anchor repair and transosseous repair in the surgical man-
agement of patellar tendon rupture.12 Adjustable cortical
fixation devices have shown good clinical results in ankle
syndesmosis repair, cruciate ligament reconstruction, and
acromioclavicular joint dislocation.1,2,19 Results of adjust-
able cortical fixation for quadriceps tendon rupture have
not been reported.

The purpose of this study was to compare biomechanical
properties of an adjustable cortical fixation device (ACL
TightRope; Arthrex) with knotless suture anchors and
suture tape, a modification of the conventional suture
anchor technique for quadriceps tendon repair. Cyclic gap
formation was selected as the biomechanical outcome of
interest because it simulates the effects of early functional
rehabilitation after quadriceps tendon repair. We hypothe-
sized that quadriceps tendon repair using an adjustable
cortical fixation device would demonstrate smaller gap for-
mation with cyclic loading compared with repair using the
modified suture anchor repair method.

METHODS

Eight matched pairs of fresh-frozen cadaveric knees
obtained from the state anatomy board donation program
were used in this study (5 male and 3 female pairs; mean
age, 73.0 years; age range, 55-89 years). Skin and subcuta-
neous tissues were removed. Specimens in each pair were
randomly assigned to receive either the modified suture
anchor technique7,15 or the adjustable cortical fixation
repair technique. A biomechanical model of extensor mech-
anism cyclic loading, originally described by Ravalin et al17

and modified by Krushinski et al,8 was used as the test
setup (Figure 1).

The femur was fixed to an MTS Mini Bionix load frame
(MTS Systems) and oriented parallel to the floor using a
custom-made clamp. The tibia was allowed to hang freely.
The weight of an intact foot was simulated using a 2.3-kg
(5-lb) weight fixed approximately 33 cm distal to the knee
joint line using an external fixation device (Synthes). The
quadriceps tendon was secured proximally using a custom
soft tissue clamp, which was attached to a heavy-gauge
steel cable passed through a pulley from its origin at the
servohydraulic actuator.

A quadriceps tendon rupture was simulated by transect-
ing the tendon along the osseotendinous junction at
the superior pole of the patella, leaving the remaining

retinaculum intact. The distal aspect of the quadriceps ten-
don and the superior pole of the patella were debrided. The
control group was treated using a modification of the suture
anchor and suture tape quadriceps tendon repair originally
described by Kindya et al7 (Figure 2).

Two strands of high-strength suture tape (FiberTape;
Arthrex) were used to place 2 running locked Krackow
stitches in the medial and lateral portions of the quadriceps
tendon. Firm tension was applied after each pass of suture
tape to remove any slack from the running stitch. Drill
holes were placed in the medial- and lateral-thirds of the
patella using the drill for the 4.75-mm biocomposite knot-
less suture anchors (SwiveLock; Arthrex). The appropriate
tap for the 4.75-mm anchors was then passed through each
drill hole. The 2 medial Krackow strands were loaded into
the medial anchor and then malleted and screwed into the
medial drill hole while tension was held on the lateral
strands with the knee maintained in full extension. After
the medial anchor was fully seated, the lateral strands were
loaded into the lateral anchor and reduced to the patella in
the same manner.

The experimental repair was also performed with the
knee in full extension using 2 adjustable cortical fixation

Figure 1. Schematic diagram of the biomechanical testing
setup, depicting a left knee cadaveric specimen fixed to the
testing jig and attached to the MTS Mini Bionix load frame (MTS
Systems). DVRT, differential variable reluctance transducer.
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devices (ACL TightRope) (Figure 3). A 4-mm Beath pin was
passed through the lateral-third of the tendon. The pin was
introduced at the midsubstance of the transected tendon
(Figure 4A) and angled superficially to exit through the ten-
don surface 1 cm proximal to the distal aspect of the tendon
(Figure 4B). The adjustable loop portion of the device was
loaded into the open eyelet of the Beath pin (Figure 5A) and
passed through the tendon (Figure 5B).

A No. 2 high-tensile-strength suture (FiberWire; Arthrex)
was passed through the midsubstance of the quadriceps ten-
don, entering just lateral to the entry point of the adjustable
loop. The first (most distal) throw of the locked Krackow
suture was passed through the adjustable loop (Figure 6A)
to secure the loop to the tendon (Figure 6B). The running
locked Krackow stitch proceeded in a standard fashion, with
4 additional throws passed in a distal-to-proximal direction
and then 4 throws passed in a proximal-to-distal direction.
Tension was pulled after each suture pass to remove any
slack in the suture construct. The final locked throw of the
Krackow stitch was then passed through the adjustable loop
to provide a second point of fixation between the loop and the
tendon (Figure 7). This technique was repeated at the
medial-third of the tendon to secure an additional adjustable
cortical fixation device to the tendon.

Two transosseous holes were created through the patella
in a superior-to-inferior direction using the 4-mm Beath
pin. One drill hole was placed in the medial-third of
the patella, and the other was placed in the lateral-third
(Figure 8). The leading strands attached to the cortical fix-
ation buttons were drawn through the drill holes distally
using a transosseous suture passer. The buttons then

followed through the holes in a similar fashion
(Figure 9A). The lagging strands were not passed through
the patella but were instead pulled proximally, allowing the
buttons to seat at the inferior pole of the patella medially
and laterally (Figure 9B).

Figure 2. Schematic diagram of the control repair technique
in a left knee. Two Krackow stitches are placed in the quad-
riceps tendon using 2 long strands of suture tape. The medial
and lateral free ends of suture tape are then secured to the
medial- and lateral-thirds of the patella, respectively, using
knotless biocomposite suture anchors.

Figure 3. Schematic diagram of the experimental repair tech-
nique in a left knee. The adjustable loops are first passed
through the midsubstance of the quadriceps tendon and
secured to the superficial surface of the tendon using the
most distal throws of the Krackow stitches medially and lat-
erally. The loops are then passed through the patella, and the
attached cortical fixation buttons are seated medially and
laterally at the inferior pole of the patella. The tensioning
strands of the adjustable cortical fixation device are tied prox-
imally to the free limbs of the Krackow stitches at the superior
pole of the patella.

Figure 4. (A) Left knee, axial view. A 4-mm Beath pin is drilled
into the lateral-third of the quadriceps tendon, entering at the
midsubstance and angled superficially. (B) Left knee, anterior
view. A 4-mm Beath pin is drilled into the lateral-third of the
quadriceps tendon, exiting at the superficial aspect of the
tendon 1 cm proximal to the rupture site.
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To prevent loosening of the Krackow stitch, tension was
held on the free Krackow strands while the adjustable cor-
tical fixation device was tightened. The repair construct
was then pretensioned by cycling the knee 5 times from
0� to 90�. The lagging strands were again pulled proximally
to retension the construct and then tied to the free Krackow
strands at the superior patellar pole to complete the repair
(Figure 10).

After the repair was completed, a 9-mm stroke length
differential variable reluctance transducer (Microstrain
Inc) was secured to the anterior surface of the tendon span-
ning the repair site. Its fixation points were augmented
using a single simple, interrupted No. 2 high-tensile-
strength suture (FiberWire) then placed proximally into
the quadriceps tendon and distally into the soft tissue at
the superficial surface of the patella. Each specimen was
then cycled from 90� to 5� at a frequency of 0.25 Hz up to a
maximum load of 250 N. Cyclic loading was stopped at 5�

rather than full extension to avoid the potential of placing
nonanatomical stress on the repair by attempting to
achieve a position beyond physiologic extension.8 The ini-
tial cycle was performed manually to obtain actuator dis-
placement parameters. Displacement values for that cycle
were not included in the data. Gap displacement was
recorded at 2, 5, 20, 50, 100, 200, and 500 cycles. Plastic

gap (permanent displacement in the tendon that did not
recover with cyclic extension) and maximum gap (peak dis-
placement that occurred with knee flexion and partially
recovered with extension) were recorded at each testing
interval. Load-to-failure testing was not performed because
the quadriceps tendon could not be reliably clamped with-
out tearing through the tendon tissue or slipping off the
tendon before failure of the repair.

An a priori power analysis was performed based on the
results of Kindya and colleagues.7 It was determined that 7
specimens per group would provide 80% power to detect a
statistically significant difference (a < .05) of 2.7 mm in
plastic gap formation. An additional specimen pair was pro-
cured to ensure that any unforeseen technical or specimen
complications would not affect the sample size required to
obtain adequate power. Plastic and maximum gap forma-
tion were compared at various intervals of cyclic loading
using paired t tests. Least-squares estimates were also gen-
erated for both plastic and maximum gap formation using a

Figure 5. Left knee, anterior view. (A) Adjustable loop loaded
into the open eyelet of the 4-mm Beath pin. (B) Adjustable
loop passed through the quadriceps tendon.

Figure 6. Left knee, anterior view. (A) No. 2 high-tensile-
strength suture passed through the adjustable loop in a
locked fashion. (B) Locked Krackow stitch securing the loop
to the quadriceps tendon.

Figure 7. Left knee, anterior view. Running locked Krackow
stitch in the lateral-third of the quadriceps tendon. The adjust-
able loop is secured to the tendon by the 2 most distal throws
of the running locked Krackow stitch.

Figure 8. Left knee, axial view. Two 4-mm Beath pins drilled
in a transosseous fashion through the medial- and lateral-
thirds of the patella, respectively.
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weighted linear mixed-effect model. The model residuals
violated the principle of homoscedasticity, and therefore
weighted regression modeling was used. Weights were cre-
ated by regressing squared residuals on the fitted values
and by calculating the reciprocal of the squared fitted
values. Alpha level of .05 was used.

RESULTS

The mean maximum and plastic gap sizes were significantly
smaller in the experimental repair group compared with the
control repair group at all testing intervals from 2 through
500 cycles (all P < .01 and P < .02, respectively) (Table 1).
After application of a weighted linear mixed-effect model,
the difference in least-squares estimates between groups

remained statistically significant at all testing intervals
from 2 through 500 cycles (all P < .01) (Table 2).

DISCUSSION

Compared with using a knotless suture anchor and suture
tape repair technique, quadriceps tendon repair using
adjustable cortical fixation demonstrated significantly
smaller gap formation at all testing intervals. Tendon gap
formation is a substantial concern during the early phases
of postoperative rehabilitation after extensor mechanism
repair. As a result, many surgeons employ an extensive
period of immobilization before initiating range of motion
exercises. These findings suggest that an adjustable corti-
cal fixation technique is biomechanically effective for

Figure 9. (A) Left knee, oblique view. Cortical fixation buttons passed through the transosseous drill holes using the leading strands
(shown in blue) of the adjustable cortical fixation device. The lagging strands (shown in white) and the free limbs of the Krackow
stitches (shown in blue) are not drawn through the tunnel and remain at the superior patellar pole. (B) Left knee, anterior view. Lagging
strands (shown in white) have been tensioned proximally, allowing the cortical fixation buttons to settle at the inferior patellar pole.

Figure 10. (A) Left knee, lateral view. Lagging strand of the adjustable cortical fixation device (shown in white) tied to the
corresponding free Krackow strand (shown in blue) at the superior patellar pole. (B) Left knee, anterior view. Four lagging strands
of the adjustable cortical fixation device (shown in white) have been tied to the 4 corresponding free Krackow strands (shown in
blue) at the superior patellar pole. Surgical knots and suture tails have been intentionally left prominent for illustration purposes.
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protection against gap formation after quadriceps tendon
repair. The goal of this technique is to allow the surgeon to
intraoperatively cycle and retension the repair in order to
determine the range of motion through which the knee can
be moved without evidence of gapping. The patient could
then be permitted to move the knee through that arc of
motion immediately postoperatively. From that starting
point, the range of motion could then be advanced in a
graduated fashion, as is customary after extensor mecha-
nism repair.

Our findings were similar to those of a previous biome-
chanical study that reported the biomechanical properties
of an adjustable cortical fixation technique for patellar ten-
don repair.12 Those investigators reported significantly
smaller gap formation when using an adjustable cortical
fixation technique compared with suture anchor repair
(cycles, 1-20) and transosseous suture repair (cycles,
1-250). Furthermore, the adjustable cortical fixation tech-
nique demonstrated significantly higher load to failure
compared with both control repairs.

Our results also compare favorably with previously pub-
lished results for the transosseous and conventional suture
anchor quadriceps tendon repair techniques. With regard
to early displacement (cycles, 1-20), we observed a plastic gap
with adjustable cortical fixation repair of 1.28 ± 0.40 mm up
to 250 N of applied force compared with 5.1 ± 0.9 mm for
conventional suture anchor repair and 6.3 ± 1.9 mm for
transosseous repair with only 100 N of maximum force.7

Similarly, our early displacement maximum gap value of
2.26 ± 0.51 mm up to 250 N of applied force was comparable

with previously reported values for other repair methods up
to 100 N of force: 3.2 ± 0.5 mm for titanium suture anchor
repair, 3.9 ± 0.8 mm for hydroxyapatite suture anchor repair,
and 12.2 ± 3.2 mm for transosseous repair.16 In terms of late
displacement (cycles, �100), our adjustable cortical fixation
technique showed plastic gap values of 2.18 ± 0.68 mm and
2.62 ± 0.98 mm at 100 and 200 cycles compared with 7.7 mm
and 5 ± 4 mm for suture anchor repair and 10.7 mm and 8 ±
3 mm for transosseous repair at 130 and 250 cycles,
respectively.6,21

Our control repair was a modification of a previously
reported knotless suture anchor and suture tape tech-
nique.7,15 We utilized 2 Krackow stitches in our control
technique instead of the single Krackow stitch as previ-
ously described. This provided for consistency between the
control technique and our experimental technique, which
required 2 separate Krackow stitches to adequately secure
the adjustable loop devices. Despite this modification, our
cyclic displacement data with the knotless suture anchor
and suture tape technique were similar to those previously
reported for both early plastic gap formation (3.02 ±
1.43 mm vs 3.0 ± 0.8 mm and 3.6 ± 1.3 mm) and late plastic
gap formation (5.59 ± 1.65 mm vs 4.9 ± 1.3 mm and 5.6 ±
1.7 mm).7 Of note, we did not test conventional transoss-
eous repair or conventional suture anchor repair because
knotless suture anchor and suture tape repair has been
shown to be biomechanically superior to those established
techniques.7

Gapping of 5 mm has been defined as a threshold of clin-
ical failure in previous biomechanical studies of extensor
mechanism repair.8,17 In our study, the knotless suture
anchor and suture tape repair reached a 5-mm threshold

TABLE 1
Comparison of Gap Size in Experimental and Control

Groupsa

Gap Size, mm

No. of Cycles Experimental Repair Control Repair P Value

Plastic gap
1 N/A N/A N/A
2 0.52 ± 0.20 1.86 ± 1.16 .009
5 0.77 ± 0.27 2.23 ± 1.33 .013
10 1.04 ± 0.30 2.61 ± 1.34 .009
20 1.28 ± 0.40 3.02 ± 1.43 .008
50 1.77 ± 0.52 3.75 ± 1.48 .005
100 2.18 ± 0.68 4.32 ± 1.58 .005
200 2.62 ± 0.98 5.59 ± 1.65 .001
500 3.25 ± 1.10 6.57 ± 1.62 <.001

Maximum gap
1 N/A N/A N/A
2 1.39 ± 0.45 3.37 ± 1.69 .009
5 1.68 ± 0.46 3.86 ± 1.80 .008
10 1.95 ± 0.48 4.34 ± 1.90 .006
20 2.26 ± 0.51 4.83 ± 2.04 .006
50 2.84 ± 0.79 5.69 ± 2.17 .005
100 3.40 ± 1.12 6.33 ± 2.31 .009
200 4.01 ± 1.57 7.65 ± 1.67 <.001
500 4.80 ± 1.56 8.47 ± 1.47 <.001

aData are shown as mean ± SD. All differences were statisti-
cally significant, with a < .05. N/A, not applicable.

TABLE 2
Comparison of Least-Squares Estimates From Weighted

Linear Mixed-Effect Modela

No. of Cycles Difference Between Groups, mm SE, mm P Value

Plastic gap
1 N/A N/A N/A
2 1.15 0.32 <.001
5 1.05 0.32 .001
10 1.11 0.36 .002
20 1.22 0.41 .004
50 1.58 0.52 .003
100 1.82 0.60 .003
200 2.73 0.77 <.001
500 3.23 0.91 <.001

Maximum gap
1 N/A N/A N/A
2 1.53 0.39 <.001
5 1.64 0.44 <.001
10 1.83 0.48 <.001
20 2.01 0.54 <.001
50 2.41 0.63 <.001
100 2.56 0.71 <.001
200 3.68 0.85 <.001
500 3.85 0.95 <.001

aAll differences were statistically significant, with a < .05. N/A,
not applicable.

6 Gould et al The Orthopaedic Journal of Sports Medicine



for maximum gap formation between 20 and 50 cycles and
for plastic gap formation between 100 and 200 cycles. In the
adjustable cortical fixation group, both maximum and plas-
tic gap formation remained below this 5-mm threshold
through 500 cycles of cyclic loading.

Aside from its biomechanical strength, quadriceps ten-
don repair using adjustable cortical fixation may be advan-
tageous because it permits repeated cycling and
retensioning of the repair while in the operating room.
After seating the cortical fixation buttons at the inferior
pole, the surgeon may cycle the knee and retension the
adjustable loop devices to his or her satisfaction before ulti-
mately tying off the lagging strands to finalize the repair.
This ability to retension the repair creates the potential for
stronger compression at the repair site, thereby maximiz-
ing the contact area and contact pressure between the
quadriceps tendon and the superior pole of the patella.
Although no previous study has investigated the effect of
these factors on tendon-bone healing after extensor mech-
anism repair, increased contact area and contact pressure
have been suggested to improve healing potential after
rotator cuff repair.14 Another theoretical advantage of
quadriceps tendon repair using adjustable cortical fixation
is the potential to accommodate more aggressive rehabili-
tation protocols postoperatively. Accelerated functional
rehabilitation after quadriceps tendon repair can protect
against the development of knee stiffness and quadriceps
atrophy, thereby expediting return to play in affected
athletes.9

These advantages of quadriceps tendon repair using
adjustable cortical fixation must be weighed against the
potential disadvantages of our technique. The transosseous
nature of the adjustable cortical fixation repair method
necessitates a larger surgical exposure than does suture
anchor fixation. It is not known whether the size of the
surgical exposure is correlated with the risk of wound com-
plications or surgical site infection in patients with exten-
sor mechanism rupture. Compared with a conventional
transosseous repair, larger-diameter (4-mm) tunnels must
be drilled to accommodate the size of the cortical fixation
button. However, this requirement for larger-diameter tun-
nels may be balanced by the fact that our technique utilizes
only 2 transosseous tunnels rather than the 3 tunnels
drilled in a conventional transosseous repair. Although
patellar fracture and tunnel osteolysis have been reported
after conventional transosseous repair,5 the comparative
incidence of these complications between transosseous and
suture anchor fixation techniques remains unknown.
Another theoretical disadvantage of our technique is the
potential for hardware irritation (particularly with kneel-
ing) or patellar tendinitis due to the placement of the cor-
tical fixation buttons at the inferior pole of the patella.
However, disproportionate inferior pole irritation after con-
ventional transosseous fixation has not been reported in
the literature, as 2 previous systematic reviews found no
difference in functional outcomes or overall complication
rate between transosseous and suture anchor fixation
techniques.3,20

Several limitations to this study may be identified. The
cadaveric design is inherently limited in that it does not

replicate the properties of live human tissue, and therefore
the data are limited to time zero. The simulated quadriceps
tendon avulsion was performed by sharply dividing the ten-
don from the superior patellar pole, which is not represen-
tative of the more ragged tendon morphology typically
observed clinically. This study exclusively reported cyclic
displacement and did not measure other biomechanical
parameters, such as construct stiffness and ultimate load
to failure. Our testing protocol included 500 cycles of load-
ing. Although this is consistent with previous biomechani-
cal studies, the number of cycles may not adequately
simulate the loads experienced with an early functional
rehabilitation protocol. Finally, we did not perform a com-
parative cost analysis of the 2 repair techniques.

CONCLUSION

A technique for quadriceps tendon repair using 2 adjust-
able cortical fixation devices demonstrated significantly
smaller gap formation with cyclic loading compared with
a modified suture anchor technique using knotless anchors
and suture tape. Our results suggest that adjustable corti-
cal fixation devices possess biomechanical properties that
may make them effective for preventing tendon gap forma-
tion after quadriceps tendon repair.
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