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ABSTRACT

Introduction: Acromioclavicular joint separations are among the most common injuries in the or-
thopaedic population. The overall AC separation incidence is 3-4 per 100,000 in the general popula-
tion, with as many as half of them occurring in athletes.

Methods: Twelve cadaveric shoulders were divided into three equal groups: the intact condition, an-
atomic coracoclavicular reconstruction with single-loop suture augmentation, and anatomic coraco-
clavicular reconstruction with multiple-loop suture augmentation. The specimens were conditioned
with tensile loading up to 25 N for 10 cycles, then a superiorly directed tensile load in displacement
control was applied at a rate of 25 mm/min until failure. Load vs. displacement curves were gener-
ated from which stiffness, failure load, failure displacement, and displacement at 70 N were derived.
Results: There were no statistically significant differences between the intact, single-loop recon-
struction, and multiple-loop reconstruction in regard to stiffness, failure displacement, or failure
load. Alternatively, displacement at 70 N was significantly lower in the multiple-loop reconstruction
compared with intact (p=0.042).

Discussion: This study found no significant differences between the native acromioclavicular
joint and two anatomic reconstructions with different suture augmentation techniques, single
loop and multiple loops, with respect to stiffness, failure displacement, and failure load. The mul-
tiple-loop group had significantly less displacement at 70 N compared with intact.
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INTRODUCTION

Acromioclavicular (AC) joint separations are
among the most common in the orthopaedic
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population. There is an overall incidence of
3-4 per 100,000 in the general population
withasmanyas 50% occurringinathletes|[1-
6]. Approximately 10% of all shoulder girdle
injuries involve the AC joint. The most com-
mon mechanism of this injury is a fall with a
direct force to the lateral aspect of the shoul-
der with the arm in the adducted position,
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leading to anterior-inferior displacement of
the scapula relative to the clavicle which is
opposed by impaction on the firstrib [2,6,7].

Depending on the degree of injury to
the ACjoint capsule and its ligaments as well
as to the coracoclavicular (CC) ligaments,
these injuries are classified in increasing se-
verity as type I through type VI [6,8]. In gen-
eral type I and type Il injuries are treated
nonoperatively, with most patients return-
ing to preinjury levels [3,9-14]. Alternatively
acute types IV-VI, typically require surgi-
cal intervention [6,15-21]. Management of
type Il dislocations remains controversial
as conservative and surgical methods show
similar results [12,16,20,22]. Relative in-
dications for surgical intervention in acute
type III injuries may be young age, job or
sport demands, and chronic symptoms of
instability [23].

There are more than 60 different
surgical procedures for AC joint reconstruc-
tion, dating back to 1861 when Cooper [24]
used silver wire for AC joint reduction. Many
early techniques relied on metallic implants,
including plates, wires [25], and the coraco-
clavicular screw [17]. Unfortunately, these
techniques often had complications requir-
ing hardware removal. This led to a new
generation of soft tissue surgeries aimed
at recreating the function of the CC and AC
ligaments. These include ligament transfer
procedures, ligament reconstructions with
autologous and allogeneic material, differ-
ent fixation methods, and augmentations
with different suture material. No gold stan-
dard has yet been established. Cadenat in
1917 and later Weaver and Dunn developed
methods in which the native coracoacromial
ligament was transferred to the clavicle to
reestablish AC joint stability [26,27]. Modi-
fied Weaver-Dunn techniques have been the
most popular procedures for several years,
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but maintaining reduction has been a cru-
cial problem facing these operations [21,28-
31]. More recent literature suggests that the
transferred ligaments are not as strong as
the native CC ligaments, nor do they repli-
cate the normal anatomic configuration.
The coracoclavicular ligament com-
plex includes the postero-medial conoid and
the anterior-lateral trapezoid ligaments.
The ligaments are similar in their visco-
elastic properties [32,33], but each has a
unique anatomic orientation that gives it a
specific joint-stabilizing function [34-39]. In
AC joint capsule injury, the conoid ligament
has been found to be the main restraint to
inferior translation of the scapulohumer-
al complex (approximately 60%), while
the trapezoid ligament contributes more
to posterior clavicular translation. For an-
atomic reconstruction, specific insertion
points on the undersurface of the clavi-
cle and the base of the coracoid have been
distinguished [40,41]. The AC ligaments,
in particular the superior and posterior,
have been found to be in primary control
of anterior-posterior translation. The supe-
rior ligament provides 56% of resistance
to posterior translation, and the posteri-
or ligament contributes 25% [35,37,42].
From a biomechanical standpoint,
the significance of the AC/CC capsuloliga-
mentous unit in controlling superior and
horizontal translations has been described
[33-37,39,42]. In fact, failure to replicate the
conoid, trapezoid, and ACligaments’ anatomic
functions may explain the observed incidence
of recurrent instability and pain [36,42].
This has led to the development of anatom-
ic coracoclavicular ligament reconstruction
using stronger synthetic or biologic material.
Current literature shows a trend to-
ward performing a separate reconstruc-
tion of the conoid and trapezoid complex to
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restore joint kinematics [43-49]. Techniques
presented remain inconsistent and unde-
cided concerning the best possible recon-
struction material (suture vs tendon graft).
Graft offers biologic scaffolding for revascu-
larization and when used with interference
screw fixation has shown stiffness levels
higher than synthetic material. On the oth-
er hand, stronger suture material shows in-
creased ultimate failure loading character-
istics compared with biologic material [50].

The purpose of this study was to
compare the biomechanical properties of
two anatomic reconstructions of the ac-
romioclavicular joint that utilize different
suture augmentation techniques. The null
hypothesis was that no biomechanical dif-
ferences exist between the two AC joint
reconstructions. Alternatively, it was hy-
pothesized that an anatomic graft recon-
struction with suture augmentation in a
multiple-loop block and tackle pulley for-
mation would display lower displacements,
increase ultimate tensile load strength, and
resist displacement at low loads when com-
pared with an anatomic graft reconstruc-
tion with a single-loop suture augmentation.

MATERIALS & METHODS

Twelve fresh-frozen cadaveric shoulders
(mean age, 90 yrs; range, 72-101 yrs; 3 male,
3 female) were randomly assigned into
three groups of four: 1) intact, 2) anatomic
coracoclavicular reconstruction with sin-
gle-loop suture augmentation, and 3) ana-
tomic coracoclavicular reconstruction with
multiple-loop suture augmentation. The
specimens were kept frozen at -4 degrees
C until the day before testing. Each shoul-
der was disarticulated at the glenohumer-
al joint, and the clavicle and scapula were
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dissected free of all soft tissue except the
acromioclavicular joint capsule and coraco-
clavicular ligaments. The four specimens in
the intact group underwent a biomechani-
cal testing protocol detailed below. The re-
maining eight specimens received the fol-
lowing two AC joint surgical reconstruction
procedures before testing.

Surgical Reconstructions

Anatomic 2-Bundle Coracoclavicular Liga-
ment Reconstruction with Single-Loop Suture
Augmentation

Bony landmarks for ligament attachment
were identified on each specimen. The an-
atomic centers of the attachment sites on
the undersurface of the clavicle of the trap-
ezoid and conoid ligaments can be careful-
ly delineated after having these ligaments
freshly transected. Anatomic graft recon-
struction depends on a free graft that can
be either autograft or allograft tissue. Lee
& Nicholas [44] found no difference in peak
load to failure between semitendinosus, toe
extensor, and gracilis tendons for recon-
struction of the coracoclavicular ligaments
in a single-tunnel loop reconstruction of
the coracoclavicular ligaments. Therefore, a
semitendinosus tendon graft harvested from
the specimens was used for reconstruction.
No 2 FiberWire (Arthrex, Naples, FL) suture
was woven in a baseball type fashion into
the distal 2 tails of the graft. The bone tun-
nel for the conoid ligament was made 45
mm medial from the distal end of the clav-
icle in the posterior one half of the clavicle
in a superior-to-inferior direction. A 6-mm
transosseous tunnel was created. This same
procedure was repeated to create the tun-
nel for the trapezoid ligament. This tunnel
is a more anterior structure and is typical-
ly placed in the center point of the clavicle,
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approximately 20 mm medial from the dis-
tal clavicle, leaving a 25-mm bone bridge
between the two tunnels. The graft was
then passed under the base of the cora-
coid and crossed in a fashion such that
the lateral limb travels posterior-medi-
al to the tunnel made for the conoid and
the medial limb travels anterior-lateral to
the tunnel made for the trapezoid. A 5.5 x
15-mm PEEK bioabsorbable interference
screw (Arthrex; Naples, FL) was placed

into the posterior tunnel, fixing the conoid
ligament. The acromioclavicular joint was
reduced and held while the free ligament
end was tensioned and another 5.5 x 15-
mm PEEK screw placed into the trapezoid
tunnel. For augmentation, No. 2 FiberWire
was looped under the coracoid in a non-
crossing fashion, passed through the PEEK
screw holes and secured on top of the clav-

icle by a standard square knot, as depicted
in Figure 1.

Figure 1. Anatomic 2-bundle coracoclavicular ligament reconstruction with single-loop
suture augmentation. No. 2 FiberWire is looped singly under the coracoid, passed through
the PEEK screw holes, and secured on top of the clavicle by a standard square knot.

Anatomic 2-Bundle Coracoclavicular Liga-
ment Reconstruction with Multiple-Loop Su-
ture Augmentation

Bone tunnel preparation was performed
exactly as stated above but for this method
No. 2 FiberWire was looped 3 times under
the coracoid and through the bone tunnels
in a non-crossing fashion prior to screw
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placement and tendon fixation, as depicted
in Figure 2. After the suture was passed, the
acromioclavicular joint was reduced while
the suture was tensioned and secured on
top of the clavicle by a standard square
knot. While the suture held reduction, the
tendon graft was tensioned and secured
with bioabsorbable screws as stated previ-
ously.
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Figure 2. Anatomic 2-bundle coracoclavicular ligament reconstruction with multiple-loop
suture augmentation. No. 2 FiberWire is looped 3 times under the coracoid in a non-cross-
ing fashion prior to screw placement and tendon fixation.

Biomechanical Testing

As adapted from a previously reported bio-
mechanical setup [45], the scapula was then
potted in polymethylmethacrylate (PMMA)
within a custom block from the inferior
angle to the edge of the glenoid. Two holes
were drilled through the clavicle on either
side (medial, lateral) of the AC joint. Metal
bolts then secured the clavicle to a metal
plate attached to the actuator of an MTS
858 Mini-Bionix materials testing system
(MTS, Inc., Eden Prairie, MN). Before test-
ing, the load was zeroed, and the clavicle
was rigidly attached to the actuator, allow-
ing the potted scapula to float on the fixture
base while the displacement of the actuator
was adjusted to a zero load position, thus
indicating anatomic origin of the clavicle
relative to the scapula. A custom guide was
used to drill a 3/8-in hole in the potting of
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the scapula to mate with the rigidly mount-
ed bolt on the fixture base. The specimen
was then bolted into the prescribed ana-
tomic position, ensuring reproducibility
when the specimen was reinstalled in the
fixture, as shown in Figure 3.

All specimens were conditioned with
tensile loading up to 25 N for 10 cycles. A ten-
sile load in displacement control was then
applied at a rate of 25 mm/min until failure.
Load vs. displacement curves were gener-
ated from which stiffness, failure load, fail-
ure displacement, displacement at 70 N, and
mode of failure were derived. Stiffness was
calculatedastheslopeoftheloadvs.displace-
ment curve within the linear elastic region.
Failure load and failure displacement were
measured at the first inflection in the load
curve. Displacement at 70 N was also mea-
sured based on estimates of physiological
load in a light postoperative rehab protocol,
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Figure 3. Biomechanical testing setup showing the potted scapula secured to loading plat-
form of the MTS machine. After preconditioning, a tensile load on the clavicle in the supe-
rior direction was imparted until failure of the AC joint.

as well as functional loads of tissues during
activities of daily living [45,48,51]. Statisti-
cal analysis of stiffness, load and displace-
ments for the intact condition, and the sin-
gle-loop and multiple-loop reconstructions
consisted of one-way analysis of variance
(ANOVA) with Tukey adjustments for mul-
tiple comparisons and alpha was set at 0.05.

RESULTS

All specimens were tested to full failure
of the reconstruction construct or bone
breakage. A typical load vs. displacement
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curve is shown for each group (intact, sin-
gle-loop, and multiple-loop) in Figure 4.
The first failure point is marked for each
and would represent a clinical failure re-
quiring surgical management. Results for
stiffness, failure displacement, failure load,
and 70-N displacement are presented in
Table 1. There were no statistically signif-
icant differences between the intact, sin-
gle-loop reconstruction, and multiple-loop
reconstruction in regard to stiffness, fail-
ure displacement, or failure load. Displace-
ment at 70 N was significantly lower in the
multiple-loop reconstruction compared
with intact (p=0.042).
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AC Joint Reconstruction Failure: Intact, Single Loop Suture
Augmentation, and Multiple Loop Suture Augmentation
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Figure 4. A typical load vs. displacement curve derived from the failure testing protocol
is shown for each group (intact, single-loop, and multiple-loop). The first failure points in
each would represent clinical failure requiring surgical management. Displacement was
also measured and compared at the 70-N load level.

Table 1. Superiorly Directed Tensile Failure of AC Joint: Intact, Single-Loop Suture
Augmentation, and Multiple-Loop Suture Augmentation

Stiffness . Failure First Failure  Displacement Mode of
(N/mm) Displacement Load at 70 N Load Failure
(mm) (N) (mm)
Intact Coracoid Fx (1)
(N=4) 84.0+479 6.1£2.2 405.0+184.2 1.8+0.6 Clavicle Fx (1)

Ligament failure (2)

Single-Loop Suture breakage (3)
+ + + +
(N=4) 43.5+6.9 8.3%5.5 366.5+178.7 1.2+0.3 AC disruption (1)
Multiple- . . N oo CoraFoid Fx (2)
Loop (N=4) 68.8+17.1 6.2+3.0 355.1+182.5 1.1+0.2 Clachle suture
bridge Fx (2)

P value 0.30 0.10 0.10 0.65

* Significant difference between intact and multiple-loop (p=0.042)
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Failure modes for the intact group were
coracoid fracture in 1, clavicle fracture in 1,
and ligament failure in 2 specimens. The sin-
gle-loop fixation failed as suture breakage in
3 specimens, and AC disruption in 1 speci-
men, whereas for the multiple-loop fixation,
failures were coracoid fracture in 2 and clav-
icle suture bridge fracture in 2 specimens.

DISCUSSION

Currently, both nonanatomic and anatom-
ic AC reconstructions are being performed
for types III-VI AC joint dislocations. Several
biomechanical studies have been performed
to determine which type of surgical proce-
dure bestrestores the stability and strength
of the AC joint. Harris & Wallace showed the
initial strength of coracoacromial ligament
transfer to be approximately one fourth that
of normal intact coracoclavicular ligaments
[33]- The relatively weak strength of this re-
construction can lead to an incomplete re-
duction or recurrence of subluxation in up
to 30% of cases [27]. In fact, Clevenger et
al. showed that the addition of a coracoacro-
mial transfer to a nonanatomic graft recon-
struction augmented with high-strength
suture does not significantly improve its
overall strength [52]. While comparing the
modified Weaver-Dunn to other nonana-
tomic reconstructions, Lee & Nicholas found
that the nonanatomic tendon allograft re-
construction had higher load to failure than
the coracoacromial ligament transfer and
was equivalent to the native CC ligaments
[44]. In contrast, Costic et al. showed that
anatomic allograft reconstructions had the
highest load to failure and a higher stiffness
when compared with the intact ligaments
[45]. Even further, Mazzocca et al. revealed
that anatomic allograft reconstruction was
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the only group to restore anterior, posteri-
or, and superior stability to the intact state,
when compared with the Weaver-Dunn and
another nonanatomic arthroscopic tech-
nique [48]. Thomas et al. showed that an
anatomic graft reconstruction with suture
augmentation had higher load to failure
than a Weaver-Dunn with augmentation, a
nonanatomic graft with augmentation, and
anatomic suturing techniques [53].

The current biomechanical study
compared properties of the native coraco-
clavicular ligaments of the AC joint with two
types of augmentation for anatomic recon-
struction. It was hypothesized that the mul-
tiple-loop augmentation would show great-
er stability and failure strength compared
with a single loop. The results showed both
single- and multiple-loop augmentations
to restore mean stiffness, failure displace-
ment, and failure load to intact levels with
no statistical differences.

The multiple-loop augmentation did
show significantly less displacement than
the intact condition at 70-N loads. This de-
creased displacement with the multiple-loop
augment could provide a protective mecha-
nism during the low-load early postoper-
ative and rehabilitation period. Assuming
that revascularization will occur with AC
reconstruction as previously shown for ul-
nar collateral ligament (elbow) and anterior
collateral ligament (knee) surgeries, it may
lead to atemporary weakening of the tendon
graft during the first 6 to 10 weeks, when
compared with its initial fixation strength.
Animal models have shown that this is even
more profound with allograft tissue use.
Therefore, protecting the biologic material
through this period of healing and remod-
eling would be beneficial. The multiple-loop
augmentation showed decreased displace-
ment at loads previously reported to be an

TOJ 1(2):33-44, 2015




important limit for forces seen during early
rehab that may allow the graft to potential-
ly heal in a less elongated position and bet-
ter maintain AC joint reduction. It also may
allow more advanced rehabilitation proto-
cols than are currently used. As seen in the
loading curves (Figure 4), 70 N occurs well
below the first failure inflection, and within
the elastic region for all constructs. While
this trend is interesting, this study cannot
conclusively state that the multiple loop su-
ture would provide this benefit.

Some qualitative observations can
be made from the modes of failure observed
[46,49]. While 3 of the 4 specimens in the
single loop augmentation failed by initial
suture rupture, no specimens in the multi-
ple-loop group failed as a result of suture
rupture or graft stretching. It appears that
the addition of high-strength cerclage su-
tures, while improving these properties,
may transfer the mode of failure from the
graft to the bone through a stiffer construct.

The stronger biomechanical con-
structs may not be superior in the clinical
setting, and many valid clinical issues are
taken into account in choosing the optimal
fixation. One prospective randomized study
by Tauber at al. [54] compared the Weav-
er-Dunn to an anatomic reconstruction, but
we do not know of any comparative clinical
studies on augmented anatomic reconstruc-
tions. The scarcity of prospective clinical
studies precludes establishing determinants
of best clinical outcome. As a limiting factor
in the present cadaveric study, our specimen
age was certainly higher than the typical
age of a patient undergoing an AC joint re-
construction. The constraints of acquiring
cadaveric specimens did not make it possi-
ble to obtain specimens from younger do-
nors, which may have influenced the modes
of failure inn our study. Age may have been
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an important factor in failure mode and ul-
timate failure strength in the multiple-loop
group.

With only 4 specimens per group,
this study was underpowered and the possi-
bility for Type Il error is rather high, partic-
ularly for stiffness. Post hoc analysis showed
that the samples required to detect differ-
ences between the two reconstructions in
stiffness, failure displacement, failure load,
and 70-N displacement at 0.80 power were
6,72, >3000, and 41, respectively.

Another limitation in the present
study is that the strength of fixation was
tested in only the superior direction. Typical
failure methods are from an acute blow to
the lateral shoulder causing vertical stress
to the AC joint but persistent pain after re-
construction may be the result of horizon-
tal plane instability. This would be better
addressed by adding anterior and posterior
cyclic testing. More anatomic fixation was
developed in part to more closely replicate
the true multidirectional functions of the
CC ligaments. Previous studies have already
elucidated that anatomic reconstructions
better replicate the AC joint stability in the
anterior and posterior directions. Our goal
was to isolate augmentation techniques to
acute, high-load failure modes commonly
seen with lateral shoulder impact.

CONCLUSIONS

Thisbiomechanical cadaverstudyfoundno
significant differences between the native
acromioclavicular joint and two anatom-
ic reconstructions with different suture
augmentation techniques, single loop and
multiple loops, with respect to stiffness,
failure displacement, and failure load.
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