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Background: Numerous surgical techniques have been described to address injuries to the coracoclavicular ligaments.
Purpose: To compare the biomechanical properties of tendon graft reconstructions with those of the native coracoclavicular
ligaments and various other repair methods.
Study Design: Controlled laboratory study.
Methods: Eleven fresh-frozen human cadaveric shoulders were tensile tested to failure to compare the biomechanical
properties of the native coracoclavicular ligaments, coracoacromial ligament transfer, No. 5 Mersilene suture repair, 5-mm
Mersilene tape repair, and tendon graft reconstructions with gracilis, semitendinosus, and long toe extensor tendons.
Results: Reconstructions with semitendinosus, gracilis, or long toe extensor tendon grafts were found to have superior initial
biomechanical properties compared with coracoacromial ligament transfer; failure strengths were as strong as those of the
native coracoclavicular ligaments. Failure of the tendon grafts occurred through the midsubstance of the tendon graft, not at the
fixation site.
Conclusions: Tendon graft reconstruction may be an alternative to coracoacromial ligament transfer and may provide a
permanent biologic reconstruction with superior initial biomechanical properties, including that of tensile strength.
Clinical Relevance: Use of tendon graft reconstruction may limit the need for postoperative immobilization and lead to an
accelerated rehabilitation program.
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Shoulder separations (acromioclavicular joint disloca- coracoclavicular ligaments. The current operative meth-
tions) and certain distal clavicle fractures (Neer type II A ods of treatment focus on either primary healing of the
and B) are common injuries. Although controversy cer- coracoclavicular ligaments or on reconstruction of the lig-
tainly exists concerning the optimal treatment of these inju- aments with use of a local tissue source or a free tendon
ries, whether surgical or not, there is even more controversy graft. The goal of primary healing of the coracoclavicular
over the proper technique once operative treatment has been ligaments, by using various techniques such as sutures,
deemed necessary.?3 13:17.23.27.28,32,35.36.42,45  Nymerous tapes, suture anchors, and screws, is to hold the clavicle-
techniques have been described to address these injuries, coracoid relationship in a reduced position long enough to
yet, to date, no treatment has emerged as the allow healing of the coracoclavicular ligaments. However,
idea] 1471214, 15,18-20,22,24-26,51, 33,54, 57, 3941, 43,44, 46,47, 49 these techniques rely on the assumption that the coraco-

The key anatomic structures affected by both shoulder clavicular ligaments will heal not only at their normal
separations and type II distal clavicle fractures are the preinjury length, but also at or near their prerupture

tensile strength. If the coracoclavicular ligaments do not
heal, the fixation methods may eventually fail, especially
in those patients who place high demands on the shoulder.
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East 77th Street, Black Hall, 5th Floor, New York, NY 10021. li ts h lso b d 1 d. T f £ th

No author or related institution has received any financial benefit from 1gaments have also been developed. lransier o ¢ cora-
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well described by Weaver and Dunn.*® Techniques that
use a portion of the conjoined tendon and attach it to the
clavicle through a drill hole or use a fascia lata tendon,
palmaris longus tendon, or other free graft source to fix
the clavicle to the coracoid have also been per-
formed.% 9 14-15.26.39,40.44.49 qwever, the weak initial fix-
ation of the ligament or tendon to the clavicle can be a
problem with use of these techniques.?!

Common to all operative treatment techniques is a pro-
longed period of shoulder immobilization of up to 6 or 8
weeks and a return to sports not before 3 to 6 months after
surgery.3%-37 Failure rates and incomplete reduction rates
of up to 35% have been reported for the current operative
treatments.3-22-47

The purpose of this study was to test, in a human
cadaveric model, the biomechanical properties of a new
reconstruction technique that uses various free tendon
graft sources. These properties were compared with those
of the normal intact coracoclavicular ligaments as well as
traditional techniques such as the coracoacromial liga-
ment transfer technique, suture, and suture tape repair.
The ultimate goal of this study was to develop a better
operative solution to this common injury, one that might
have sufficient initial and ultimate strength to allow early
motion, accelerated rehabilitation, earlier return to
sports, and lower failure rates.

MATERIALS AND METHODS

Eleven fresh-frozen human whole cadaveric shoulders
(seven male, four female) whose ages ranged from 44 to 65
years (average, 58) were thoroughly thawed and dissected.
Only the coracoclavicular ligaments, coracoacromial liga-
ment, the clavicle, and the scapula were preserved. The
acromioclavicular ligament was sectioned. The clavicle
was secured to a materials testing machine (MTS Systems
Corp., Eden Prairie, Minnesota) with nuts and bolts
through two drill holes into the clavicle that were con-
nected with a 4.5-mm dynamic compression plate (Syn-
thes, Paoli, Pennsylvania). The MTS clamp was secured
onto the middle of the plate. The scapula was secured to
the MTS by four 5.0-mm Schanz screws (Synthes), two
into the scapular spine and two into the glenoid subchon-
dral bone. A modified polymethyl methacrylate potting
technique was used around the Schanz screws to ensure
that no movement occurred at the screw-bone interface.
The Schanz screws were connected via standard external
fixation connecting bars (Synthes), and the MTS machine
was secured onto the connecting bar (Fig. 1). This setup
provided rigid fixation of the clavicle and scapula to the
MTS machine and prevented all other displacements ex-
cept for the direct superior displacement of the clavicle on
the scapula.

Each of the 11 shoulder specimens underwent applica-
tion of unidirectional load to failure of the normal intact
coracoclavicular ligaments at a rate of 25 mm/min (Fig. 1).
The following reconstructions were then performed: 1) 11
coracoacromial ligament transfers, 2) 11 suture repairs
with use of No. 5 Mersilene suture (Ethicon Inc., Somer-
ville, New Jersey), 3) 11 suture repairs with use of 5-mm
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Figure 1. Shoulder specimen mounted to the materials test-
ing system via specially designed clamps and a modified
potting technique.

Mersilene tape (Ethicon), and 4) reconstructions with
three different tendon grafts (8 gracilis, 8 semitendinosus,
and 10 long toe extensor tendons). The order of testing
was not randomized and proceeded in the following order:
native coracoclavicular ligaments, coracoacromial liga-
ment transfer, one of three tendon graft reconstructions,
suture repair, and then tape repair in the last two. Be-
tween each trial, the clavicle, scapula, and fixation mate-
rials were inspected. Unless a fracture or deformation
occurred, the same scapula and clavicle was used for each
of the subsequent reconstructions.

The coracoacromial ligament transfer was performed as
described by Weaver and Dunn.*® A 1-cm portion of the
distal clavicle was excised first. The coracoacromial liga-
ment was then released from its insertion under the ac-
romion and transferred to the intramedullary canal of the
clavicle. A Bunnell-type weave with a No. 1 Mersilene
suture was placed into the coracoacromial ligament and
was secured to the clavicle through two 1.6-mm drill holes
into the superior cortex.

Suture reconstructions were performed with No. 5 Mer-
silene suture and 5-mm Mersilene tape (Fig. 2). The su-
ture or tape was looped under the coracoid process, then
threaded through a 4.0-mm drill hole in the anterior third
of the clavicle and tied to itself. Load-displacement values
were analyzed to failure on the MTS machine.

Reconstruction Technique

Tendon grafts were harvested from 10 separate fresh-
frozen human cadaveric legs (six male, four female) whose
ages ranged from 49 to 76 years (average, 62). The follow-
ing tendon grafts were harvested from each leg: semiten-
dinosus, gracilis, and long toe extensor. They were then
used to reconstruct the coracoclavicular ligaments (Fig. 3).

A 4.0-mm drill hole was made in the anterior third of
the clavicle at approximately the same level as the native
coracoclavicular ligament insertion. The tendon graft was
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Figure 2. Five-mm Mersilene tape is looped under the cor-
acoid and through a drill hole in the clavicle, then tied on the
medial side.

Figure 3. Reconstruction with a gracilis tendon graft. The
tendon ends are tied in a knot on the medial side, and
supplemental sutures help to secure the knot.

threaded through this hole and looped under the coracoid.
The free ends of the graft were then secured on the medial
side of the coracoid by tying the tendon ends into a double
surgical knot and by using supplemental side-to-side su-
tures on the knot.

This fixation method was chosen for all the tendon graft
reconstructions based on results from preliminary studies.
Three different types of fixation methods were tested:
suturing the tendon side-to-side, weaving the tendon with
a Pulvertaft-type technique, and tying the tendon graft
into a knot with supplemental sutures. Three toe extensor
tendon grafts were used for each fixation method. The
knot method had the highest load to failure and was the
only method that predictably failed at the midsubstance of
the tendon graft, not at the fixation site. Therefore, all
tendon graft reconstructions were tested on the MTS ma-
chine by using the knot fixation method.
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Figure 4. Load-elongation curves for the native coracocla-
vicular ligaments, a semitendinosus graft, and a coracoacro-
mial transfer. The arrows indicate the portions of the curves
that were used to calculate stiffness.

Testing

Load-displacement values were recorded continuously.
For each specimen, peak load, load at 2-cm displacement
(amount of distance approximating a grade 3 acromiocla-
vicular separation and, thus, failure), linear stiffness,
elongation at peak load, and the mode of failure were
identified. If peak load occurred before 2 cm of elongation,
only peak load was reported. One-way analysis of variance
with Scheffé post hoc pairwise comparisons was used to
test for differences in peak load, linear stiffness, and elon-
gation at failure between the seven constructs tested (na-
tive ligament, coracoacromial transfer, tape, suture, gra-
cilis tendon graft, toe extensor tendon graft, and
semitendinosus tendon graft). The independent variable
in the analysis of variance was a between-subjects factor
(seven levels). A P value of 0.05 was used to denote level of
significance.

RESULTS

Load at Failure

Typical load-elongation curves for the native ligaments,
coracoacromial transfer, and semitendinosus tendon graft
are shown in Figure 4. Peak load for the native ligaments
was higher than for the coracoacromial ligament transfer
(P < 0.0001), the suture repair (P < 0.0001), and the tape
repair (P = 0.05), but was not different from the semiten-
dinosus (P = 0.99), toe extensor (P = 0.65), or gracilis
tendon reconstructions (P = 0.78). Similar results were
seen for load at 2-cm elongation (Fig. 5). All tendon graft
reconstructions were significantly stronger (P < 0.05)
than the coracoacromial ligament transfer and suture re-
pairs, but not significantly different from the Mersilene
tape technique. Within the three tendon graft reconstruc-
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Figure 5. Ultimate failure load and load at 2-cm elongation
(mean = SD) for each test condition (all specimens failed
before 2 cm for the native ligaments, tape repairs, and suture

repairs). CA, coracoacromial.
(\é@ & @y" @3*’ a@d‘ &

120 4
100

BO -
60

40 -

20 -

o

£
& <& =

o &
o &* &
« &
Figure 6. Linear stiffness (mean = SD) for each test condi-
tion. CA, coracoacromial.
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tions, no significant differences in strength were
identified.

Stiffness

The native coracoclavicular ligaments were stiffer than all
of the operative techniques (P < 0.01) (Fig. 6). Among the
operative techniques, all three tendon graft reconstruc-
tions and the suture and tape repairs led to stiffer liga-
ments than did the coracoacromial ligament transfer
(semitendinosus tendon, toe extensor tendon, tape, and
suture, P < 0.01; gracilis tendon, P < 0.05). Stiffness after
the suture and tape repairs was not different from that
after the tendon graft reconstructions (P = 0.5 to 0.9).
Among the three tendon graft reconstructions, no signifi-
cant differences in stiffness were identified.

Elongation

Elongation at failure (Fig. 7) for the native coracoclavicu-
lar ligaments was significantly less than that for the cora-
coacromial ligament transfer (P < 0.001) and for recon-
struction with the semitendinosus tendon (P < 0.05).
There were no differences in elongation between the other
techniques. All of the native ligaments, suture repairs, or
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Figure 7. Elongation at failure (mean = SD) for each test
condition. CA, coracoacromial.

tape repairs failed before 2 cm of elongation. Two of 11
coracoacromial ligament transfers, 3 of 8 semitendinosus
tendon grafts, 6 of 8 gracilis tendon grafts, and 9 of 10 toe
extensor tendon grafts failed before 2 cm elongation.

Mode of Failure

The native coracoclavicular ligaments predictably failed
at midsubstance. The coracoacromial ligament transfer
technique failed through the suture next to the knot at the
interface with the clavicle. All Mersilene suture and Mer-
silene tape repairs failed through the Mersilene itself next
to the knot. All but two of the tendon graft reconstructions
failed through the midsubstance of the tendon, not at the
fixation site. The other two tendon graft reconstructions
fractured at the base of the coracoid process at the highest
loads of the eight reconstructions. No other discernible
deformations occurred to the clavicle, scapula, or fixation
sites.

DISCUSSION

The choice of the best operative technique for the treat-
ment of acromioclavicular separations and type II distal
clavicle fractures is certainly a controversial issue.
What is not controversial, however, is the crucial
role the coracoclavicular ligaments play in these inju-
ries. Operative procedures that have been described
include the use of K-wires, Steinmann or other types of
pins, plates, wires, sutures, suture anchors, tapes,
screws, tension banding, coracoacromial ligament
transfers, conjoined tendon transfers, and tendon
g‘r‘aﬁs.l’ 4-12,14,15,18-20,22,24-26,31,33,34,37,39—-41,43,44,46,47,49

These various current operative treatments can be
broadly classified into two groups: those that focus on the
primary healing of the coracoclavicular ligaments and
those meant to reconstruct the coracoclavicular ligaments.
The first group attempts to hold the clavicle-coracoid re-
lationship in a reduced position long enough to allow pri-
mary healing of the coracoclavicular ligaments. These
techniques can be further subdivided into those methods
that fix the acromioclavicular joint, such as with K-wires,
Steinmann pins, or tension bands, and those that fix the
coracoclavicular relationship with screws, sutures, suture
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anchors, tapes, and direct suture repair of the coracocla-
vicular ligaments. However, all of these techniques rely on
the assumption that the coracoclavicular ligaments will
heal not only at its normal preinjury length, but also at or
near its prerupture tensile strength. If the coracoclavicu-
lar ligaments do not heal, all the previously mentioned
fixation methods may eventually fail.

The second group of treatments focuses on the recon-
struction of the coracoclavicular ligaments, in the form of
transferring local tissue sources to the clavicle or by using
free tendon grafts, either autografts or allografts. Trans-
fer of the coracoacromial ligament and use of a portion of
the conjoined tendon and attaching it to the clavicle have
been well described.'?3%46 Because this group of treat-
ments does not affect the torn native coracoclavicular
ligaments and yet also attempts to hold the clavicle-cora-
coid relationship in a reduced position, the ultimate
strength of the tendon graft reconstruction and the pri-
mary healing of the torn native coracoclavicular ligaments
may be additive. However, one common problem with
these techniques remains the weak initial fixation of the
ligament or tendon to the clavicle. Recent biomechanical
tests have found the initial fixation strength of coracoacro-
mial ligament transfers to be approximately one-fourth
that of the normal coracoclavicular ligaments.?! This find-
ing has been confirmed in our study.

Transfer of the coracoacromial ligament to the distal
end of the clavicle is a well-accepted treatment, especially
for a chronic symptomatic acromioclavicular separation.
However, the relatively weak strength of this reconstruc-
tion can lead to an incomplete reduction or recurrence,
which has been reported to be as high as 24%.%% Also, the
importance of the coracoacromial ligament to proper
shoulder function has been increasingly recognized. It is
no longer thought that, because the coracoacromial liga-
ment attaches two portions of the same bone, it does not
have a significant function. Instead, its role in shoulder
stability, not only to prevent superior migration of the
humeral head, but also anterior and inferior instability,
has been well documented.'® 293848 Although this has
not been reported to be a clinical problem in the absence of
rotator cuff tears or hemiarthroplasty, transfer of this
ligament to potentially take away its native function to per-
form another function should not be done indiscriminately.

In this study, we found that the knot fixation technique
provided impressive fixation strength to the point that it
was not the weakest link. By using this method, the ten-
don graft reconstructions were significantly stronger,
stiffer, and elongated less than the coracoacromial liga-
ment transfers. They were also significantly stronger than
use of No. 5 Mersilene suture. In fact, the knot fixation
technique compared favorably in strength to that of the
native coracoclavicular ligaments, and none of the grafts
were significantly different in failure strength from the
native ligament.

Use of the No. 5 Mersilene sutures and 5-mm Mersilene
tape also provided better initial fixation strength and stiff-
ness and elongated less than did the coracoacromial liga-
ment transfers. Compared with coracoacromial ligament
reconstructions, however, these techniques do not provide
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a lasting biologic solution. Their role is merely to hold the
clavicular-coracoid distance in a reduced position long
enough to allow for healing of the native coracoclavicular
ligaments. If the native coracoclavicular ligaments do not
heal to their preinjury strength or length, the sutures or
tapes may not withstand the cyclic loads and stresses
placed upon the shoulder and may eventually fail. Per-
forming a suture or tape reconstruction in combination
with a coracoacromial ligament transfer, as is commonly
done, may address these concerns.

The decision as to which of the tendon grafts to use is
not clear. No significant differences were found for
strength and stiffness among the three graft choices. The
semitendinosus tendon graft did elongate longer than the
toe extensor tendon graft, but this difference was not
significant. Harvesting of the tendon grafts has been
shown to have minimal morbidity; however, no studies
have shown that any of these three tendon grafts have any
significant advantages in terms of donor site morbidity.
Other commonly used graft sources, such as the palmaris
longus tendon, could be used, but were not tested in this
study due to cadaver restraints. Therefore, if tendon
grafts are to be used for the reconstruction of the coraco-
clavicular ligaments, the graft choice would best be left to
surgeon’s preference.

Reconstruction of the coracoclavicular ligaments with a
tendon graft may offer many advantages with minimal
morbidity. It is a biologic fixation that should be vascular-
ized and incorporated as living tissue and can respond to
the stresses and strains like any other graft, such as an
ACL or ulnar collateral ligament reconstruction. Unlike
these reconstructions, however, tendon graft reconstruc-
tion does not replace the torn native ligament but instead
augments it. As such, the ultimate strength of the tendon
reconstruction plus the primary healing of the torn native
coracoclavicular ligaments may yield a higher strength
than any of the currently used repairs that rely on the
primary healing of the coracoclavicular ligaments alone
and may yield a higher ultimate strength than even that
of the native uninjured coracoclavicular ligaments. Fur-
ther studies are required to substantiate these assertions,
however.

Experimentally, it was found that a graft length of at
least 16 cm was needed to securely fix the tendon graft
with use of the knot technique. Tying the tendon graft into
a double knot resulted in a fixation that was stronger than
the graft itself, as evidenced by the fact that none of the
tendon graft reconstructions failed at the fixation site. All
failed through the tendon midsubstance or fractured the
coracoid base. This finding eliminates a major limitation
in the use of local tissue sources for reconstruction,
namely the initial fixation strength.

Several important considerations are not addressed by
this preliminary biomechanical study and will need to be
studied in the future. First, while the initial biomechani-
cal properties of tendon graft reconstructions appear to be
promising, the effects of cyclic loading on coracoclavicular
tendon graft reconstructions have not been studied. It
may well be that cyclic loading may lead to progressive
lengthening or even early failure of the tendon graft. Sec-
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ond, revascularization of the graft is assumed, but again,
has not been studied. If the tendon graft does not become
revascularized, it may not be able to respond to stresses
and strains in a viscoelastic manner. Meanwhile, if revas-
cularization does occur, it may lead to temporary weaken-
ing of the tendon graft compared with its initial fixation
strength. Third, the viscoelastic properties of the various
grafts may differ with respect to the native ligament, and
this difference may have implications for graft failure at
high loading rates similar to those that created the initial
injury in vivo.

Furthermore, this study individually compared tendon
graft reconstructions with various individual types of fix-
ation methods. Weaver and Dunn®® originally described
transfer of the end of the coracoacromial ligament to the
clavicle without supplemental fixation, and, therefore,
this was what was tested in this study. Clinically, cora-
coacromial ligament transfers are currently often aug-
mented with various other fixation methods, such as use
of sutures or hardware to protect the repair. Similarly,
tendon graft reconstructions may benefit from augmenta-
tion with absorbable sutures to protect the repair, limit
the amount of possible stretching, and counteract the
weakening effects of revascularization. Because of con-
straints from the use of cadavers, we were not able to
directly compare these augmented combinations, and they
must be extrapolated. Moreover, we studied unidirec-
tional load displacement, whereas the actual coracoclavic-
ular ligaments undergo stresses in multiple planes. Fi-
nally, clinical studies and long-term follow-up studies will
be necessary to determine the true indications for tendon
graft reconstruction of the coracoclavicular ligaments.

Nevertheless, tendon graft reconstructions show early
promise. The most appropriate possible future indication for
use of tendon grafts might be any time a coracoacromial
ligament transfer has been indicated. Tendon graft recon-
structions may offer significant benefits over the coracoacro-
mial ligament transfer, namely, providing significantly in-
creased initial failure strength and stiffness. Expansion of
the indications to include acute acromioclavicular separa-
tions could be feasible because of the impressive initial fix-
ation strength and the anticipated increased overall failure
strength of the reconstruction and the healed native coraco-
clavicular ligaments. Ultimately, this may allow for a much
more aggressive rehabilitation program, earlier return to
sports and work, and better outcomes.
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