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Background: Although the coracoclavicular (CC) ligaments are classically reconstructed after acromioclavicular (AC) joint inju-
ries, biomechanical studies over the past decade have indicated the importance of an additional reconstruction of the AC liga-
ments. To date, no kinematic study has investigated the kinematic differences between these reconstruction strategies.

Purpose: To evaluate the restoration of shoulder motion after an AC injury using a CC ligament, an AC ligament, or a combined
reconstruction technique.

Study Design: Controlled laboratory study.

Methods: After creating a Rockwood grade V lesion in 14 cadaveric shoulders, the AC joint injury was treated with either a CC
ligament reconstruction using a suspension device, an in situ AC ligament reconstruction using 2 coupled soft tissue anchors, or
a combination of these 2 techniques. Joint motions were registered during humerothoracic elevation in the coronal plane and
protraction in the intact shoulder in a Rockwood V lesion and after the 3 reconstruction strategies. An optical navigation system
measured 3-dimensional rotation in the sternoclavicular and scapulothoracic joints, and both rotation and translation were ana-
lyzed in the AC joint.

Results: In the sternoclavicular joint, the CC and combined reconstruction techniques adequately restored clavicular axial rota-
tion, while the AC reconstruction technique showed a better correction of clavicular elevation. Scapulothoracic joint rotations
were best restored by reconstructing the AC ligaments. In the AC joint, the relative tilting position and the lateral rotation of
the scapula compared with the clavicle were best restored by the suspension device and combined reconstruction. The AC lig-
ament reconstruction technique demonstrated a better restoration of the relative protracted position and resulted in a better cor-
rection of the translation of the scapula relative to the clavicle.

Conclusion: This study illustrates that there are kinematic differences between AC, CC, or combined ligament reconstruction
strategies. Although each technique was able to restore different elements of the joint kinematics, none of the strategies com-
pletely restored the shoulder girdle to its preinjured state.

Clinical Relevance: Humerothoracic movements after Rockwood V lesions are best restored using the CC reconstruction tech-
nigue, and scapulothoracic movements are best restored using the AC ligament reconstruction technique.

Keywords: acromioclavicular joint; acromioclavicular ligament; coracoclavicular ligament; reconstruction techniques; shoulder
kinematics

In the literature, countless surgical techniques for the Currently, suspensory devices are commonly used to
treatment of acromioclavicular (AC) joint injuries have replace the CC ligaments. This method can effectively
been proposed. Hereby, the pendulum has swung from restore superoinferior instability of the AC joint. However,
a temporary transfixation of the AC joint using K-wires persistent anteroposterior instability remains a potential
or hook plates toward (extra-)anatomic soft tissue repair cause of unsatisfactory results after this type of surgical
techniques of the coracoclavicular (CC) ligaments. repair.! Several studies have shown the crucial role of

the AC capsule and AC ligaments as a restraint to displace-
. - ments in the anteroposterior plane.?3®7912:16:24 There.
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To investigate these different repair or reconstruction
strategies, numerous biomechanical studies on dissected
cadaveric scapulae and clavicles have been performed.
These studies provided invaluable information regarding
the biomechanical properties of current reconstruction tech-
niques.*1%112! However, a limitation of these biomechani-
cal studies is that they often focused solely on the AC joint
and did not take into account the motions that occur simul-
taneously in the sternoclavicular and scapulothoracic joints.
Second, they did not simulate shoulder girdle movement as
it occurs in real-life activities. A prediction concerning the
restoration of the kinematics of the shoulder girdle there-
fore cannot be made based on these studies.

This study aimed to evaluate the restoration of shoulder
motion during coronal plane elevation and protraction
after an AC joint injury using a CC ligament, an AC liga-
ment, or a combined reconstruction technique. We hypoth-
esized that a combined reconstruction provides a better
restoration of the shoulder girdle kinematics compared
with a single AC or CC ligament repair strategy.

METHODS

Specimens

Fourteen shoulders from 8 fresh-frozen cadavers (5 men, 3
women; mean age, 85 years; mean length, 172 ¢m; mean
weight, 70 kg) were used. The ethics committee of the uni-
versity hospital of Ghent approved the study (BC-08175).
The cadavers did not have any history of trauma to the
shoulder complex and upper extremities, osteoarthritis of
the glenohumeral joint, or severe degenerative change in
the sternoclavicular and AC joint, confirmed by computed
tomography before the experiment. One shoulder was
excluded from the analysis because of a humeral fracture
that limited range of motion (ROM); another shoulder
was excluded because of a clavicular fracture and a history
of open reduction internal fixation.

Data Collection Device

An OptiTrack optical navigation system (NaturalPoint),
with 10 infrared Flex 13 cameras and motion capture soft-
ware (OptiTrack Motive 1.10.0), was used. The sampling
rate of the system was 100 Hz, with a maximum tracking
error of 0.7 mm. Transcortical pins were placed into the
sternum, the lateral third of the clavicle, the scapular
spine, and on the lateral aspect of the humerus distal to
the deltoid attachment. On each pin, 3 passive markers
were attached to capture the 3-dimensional (3D) view of
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Figure 1. The whole-cadaver setup with the sitting position
of the cadaver and transcortical pins (A) with the position
of the markers into the sternum, (B) with the lateral third of
the clavicle, (C) with the scapular spine, and (D) on the lateral
aspect of the humerus distal to the deltoid attachment.

the segment. No reflections of the pins were visible during
the measurement.

Experiment Protocol

The initial setup for this kinematic whole-cadaver study
was based on the protocol of Oki et al.'” Whole cadavers
were used to allow physiologic shoulder motion. The cadav-
ers were placed on a table in a sitting position and hung
upright on a steel pole (Figure 1). Additional stabilization
was done using tensioning straps around the waist and
the thorax. Particular attention was given to ensuring
free scapular motion. Before the experiment, the arms of
the cadavers were manually mobilized in all planes 5 times
to release possible contractures.
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After a pointer calibration, anatomic landmarks of the
cadavers were digitized as specified by the International
Society of Biomechanics (ISB).23 Also, 3D kinematics of
the sternoclavicular, scapulothoracic, and AC joints were
measured. Two movements were analyzed: (1) coronal plane
elevation and (2) protraction. These movements were
chosen because they demonstrate the largest significant
kinematic differences between the normal state and a Rock-
wood V AC joint injury.'® Coronal plane elevation started
with the arm at the side and was performed with an
extended elbow and the thumb pointing up until complete
elevation. Protraction was performed by holding the acro-
mion and proximal humerus in 1 hand and applying direct
force in an anterior and posterior direction, respectively,
while the arm was hanging at the side. Each movement
was done in a fluid motion for 6 seconds through the entire
ROM and repeated 6 times. Furthermore, the sequence of
the movements was randomized for each shoulder and test-
ing condition. Dissection, surgical techniques, and move-
ments were performed by the same investigator (I.P.) to
eliminate interoperator variability.

After testing in the normal condition, a Rockwood V
lesion was created using the following technique. A
saber-cut incision was made above the AC joint, revealing
the AC joint ligament. Further dissection using a deltopec-
toral approach was used to visualize the trapezoid and
conoid ligaments without damaging any other stabilizing
structures. Sectioning of the AC and CC ligaments and
the deltotrapezial fascia was performed.

Moreover, 3D kinematics of the sternoclavicular, AC,
scapulothoracic, and glenohumeral joints were measured
in 5 different conditions: (1) normal state; (2) a Rockwood
V lesion; (3) single tunnel CC reconstruction using a suspen-
sion device (Tightrope cortical button fixation; Arthrex); (4)
AC ligament reconstruction using 2 coupled 2.9-mm all-
suture anchors (Juggerknot); and (5) after drilling two 2.9-
mm drill holes 6 mm from the AC joint in the distal clavicle
and the acromion, with the 2 anchors tightened using a
double-suture Nice knot?° (Figure 2)—a combination of
the CC and AC ligament reconstruction techniques
described in (3) and (4).

We used a synthetic suspension device for the CC recon-
struction technique because it results in immediate and reli-
able restoration of the CC distance. The described in situ AC
ligament reconstruction has been biomechanically tested
and resulted in a stable restoration of AC joint motion.%°
After each step, the kinematic analysis was performed.
The surgical techniques were randomized and a reconstruc-
tion was loosened completely after each kinematic analysis.

Data Reduction and Analysis

Each trial was labeled within OptiTrack Motive 1.10.0 and
exported to a C3D file for further data processing within
Visual 3D (Version 6.05.01; C-Motion Inc). In accordance
with the ISB recommendations, local coordinate systems
were constructed using digitized anatomic landmarks.??
Motions of the clavicle, the scapula, and the humerus
were described using Cardan and Euler angles. The sterno-
clavicular joint motion describes the motion of the clavicle
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relative to the thorax as posterior/anterior rotation, eleva-
tion/depression, and protraction/retraction (Figure 3). The
scapulothoracic joint motion describes the motion of the
scapula relative to the thorax as posterior/anterior tilt, lat-
eral/medial rotation, and protraction/retraction (Figure 4).
The AC joint motion describes the motion of the scapula
relative to the clavicle in a similar fashion as in scapulo-
thoracic joint motions, but this time relative to the clavicle.
AC joint translations described the movement of the scap-
ula compared with the clavicle in 3 orthogonal axes.

The entire ROM was analyzed and not restricted to the
ROM occurring during activities of daily life. All kinematic
waveforms were time-normalized by having the whole move-
ment described with 101 data points ranging from 0% (rest
position) to 50% (maximal end—ROM) to 100% (end position).
Trials with artifacts and outliers were excluded, retaining
a minimum of 3 good-quality trials for each movement (4.1/
6 trials withheld). Descriptive statistics (mean and standard
error) of the variables were analyzed. Data analysis was per-
formed by an independent blinded researcher (T.P.).

Statistical Methods

Statistical parametric mapping was used to analyze the
kinematic data. Originally developed for the analysis of
cerebral blood flow in 3D positron emission tomography
and functional magnetic resonance imaging,® this method-
ology has recently been adapted and validated for the anal-
ysis of biomechanical 1-dimensional data such as
kinematic time series.'® Statistical Parametric Mapping
was performed on time-normalized joint angles and trans-
lations during selected movements. A paired ¢ test was
used to compare the mean kinematic waveforms of the
joint angles between the normal and the AC, CC, and com-
bined reconstruction techniques (o = .05). In essence, the
conventional scalar output statistic, statistical parametric
mapping, was calculated for each time node. Next, random
field theory was used to determine a threshold value based
on the smoothness of the curve. If at any time the critical
threshold was crossed, a suprathreshold cluster was cre-
ated, indicating a significant difference between 2 joint
motion patterns in a specific location of the movement.
For each suprathreshold cluster, a single P value was cal-
culated. For clarity, phases in which significance was
reached were depicted for each ¢ test under the joint
motion graphs as black bars. A Bonferroni correction was
applied to adjust « for multiple post hoc comparisons.

RESULTS
Reference Position

The rotational and translational mean rest positions at the
start of the movement are provided (Tables 1 and 2). Both
movements began with the arm resting at the side of the
cadaver. In a Rockwood V lesion, clavicular elevation sig-
nificantly increased in the sternoclavicular joint, and the
scapular anterior tilt increased in the AC joint at the rest
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Figure 2. Stepwise demonstration of the acromioclavicular ligament reconstruction. First (image 1), a 2.9-mm all-suture anchor
was placed at 6 mm from the acromioclavicular joint in the distal clavicle. Second (images 2-4), the second all-suture anchor, in
which the same suture was mounted and thereby coupled to the first anchor, was placed 6 mm lateral to the medial edge of the
acromion. Then (images 5-9), these coupled anchors were tightened using a Nice knot to reconstruct the injury.

A Cc

Figure 3. lllustration of sternoclavicular joint rotations: (A) posterior rotation, (B) elevation, (C) protraction. The sternoclavicular
coordinate system as defined in Visual 3D is demonstrated in B (X, Y, 2).



AJSM Vol. 50, No. 7, 2022

Kinematics of AC Joint Repair Techniques 1975
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Figure 4. lllustration of scapulothoracic joint rotations: (A) posterior tilt, (B) lateral rotation, (C) protraction. The scapulothoracic
coordinate system as defined in Visual 3D is demonstrated in B (X, Y, 2).

TABLE 1
Columns Show the Mean Rotation Angles and Standard
Deviations in the Rest Position Before Coronal Elevation
and Protraction®

TABLE 2
Columns Show the Mean Translations and Standard
Deviations in the Rest Position Before Coronal Plane
Elevation and Protraction®

Joint Normal Rockwood V Translation Normal Rockwood V

Sternoclavicular Mediolateral 2+ 2 2+3
Anterior rotation, deg -9 +38 -10 = 7 Posteroanterior 1+3 5+17
Elevation, deg -4 +5 -7+ 5° Inferosuperior -1+3 —11 = 4°
Retraction, deg -32*+6 -33 x5

Scapulothoracic “All values are reported in mm.
Anterior tilting, deg -9+5 -9+*5 bSignificant difference compared with the normal condition in
Lateral rotation, deg 1+5 3*+5 both movements.
Protraction, deg 33 +£6 337

AC
Anterior tilting, deg -1+38 217 a significantly smaller posterior rotation (—10° to 0° SD,
Lateral rotation, deg 59 —4x38 3°) and an increase in clavicle elevation (—7° to —19°%
Protraction, deg 65 £ 5 66 =5

“AC, acromioclavicular.
bSignificant difference compared with the normal condition.

position. Also, a significant inferior translation of the acro-
mion relative to the distal clavicle was noted.

There were no significant differences between the time-
normalized glenohumeral motion of each condition, indi-
cating a similar and reliable execution of the movement
across all trials. This implies that statistical differences
found between conditions in the investigated joints cannot
be explained by differences in movement execution in the
glenohumeral joint.

Sternoclavicular Joint Rotations

In this section, the sternoclavicular joint motion is
described as the rotational motion of the clavicle relative
to the thorax in the 3 defined planes (Figure 5).

During coronal plane elevation in the normal state,
there was 19° posterior rotation (—9° to 10°; SD, 3°), 12°
elevation (—5° to —17°; SD, 3°), and 22° retraction (—33°
to —55° SD, 4°). In a Rockwood V lesion, there was

SD, 3°).

The CC and combined reconstruction techniques were
able to restore clavicular axial rotation. The AC ligament
reconstruction technique was not able to restore physio-
logic rotation of the clavicle and showed significantly less
posterior rotation compared with the normal state. On
the other hand, the AC ligament technique adequately
restored clavicular elevation, while both the CC and the
combined techniques showed significantly more clavicular
depression compared with the normal state.

During protraction movement, the clavicle showed 3°
anterior rotation (—10° to —13° SD, 2°), 2° elevation
(—4° to —6° SD, 3°), and 9° protraction (—31° to —21°;
SD, 2°) in the normal state. In a Rockwood V lesion, similar
to the coronal plane elevation, clavicular elevation signifi-
cantly increased by 3°. Clavicular rotation and protraction
were not significantly altered.

The AC and combined reconstruction techniques ade-
quately restored clavicular elevation while maintaining
clavicular rotation and protraction. The CC reconstruction
technique caused a slight but statistically significant cla-
vicular depression, an increased clavicular posterior rota-
tion, and less clavicular protraction compared with the
normal state.
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Figure 5. Time-normalized graphs showing the mean kinematic angles in 3 axes of rotation in the sternoclavicular joint during
coronal plane (A, B, C) abduction and (D, E, F) protraction. (A, D) show sternoclavicular axial rotation; (B, E) show sternoclavicular
depression-elevation; and (C, F) show sternoclavicular protraction-retraction. A double arrow indicates the direction of motion.
Black bars under the joint motion graphs depict the phases in which significance was reached in the post hoc analysis during
each movement. Vertical line segments depict standard errors. AC, acromioclavicular reconstruction technique (A); CC, coraco-
clavicular reconstruction technique (X); CC + AC, combined CC and AC reconstruction technique (%); N, Normal state (m); RV:

Rockwood V state (®).

The key finding was that the reconstruction of the CC
ligaments was able to restore clavicular rotation, while
the AC reconstruction technique was better at correctly
restoring the superoinferior alignment of the clavicle.

Scapulothoracic Joint Rotations

In this section, scapulothoracic motion is described as the
rotational motion of the scapula relative to the thorax in
the 3 defined planes.

During coronal plane elevation, there was a 9° posterior
tilt (-9° to 0°; SD, 4°), 35° lateral rotation (0°-35° SD, 5°),
and 8° retraction (32°-24°; SD, 4°). In a Rockwood V lesion,
scapulothoracic joint rotations did not change significantly
compared with the normal state during coronal plane
elevation.

The AC ligament reconstruction technique maintained
normal scapular tilting, while the CC and combined

reconstruction techniques increased posterior tilting in
the first and last part of the elevation. A small, negligible
difference in scapular protraction was seen for the AC
ligament reconstruction and combined reconstruction
techniques (Figure 6).

During protraction movement, scapular tilting
remained stable throughout motion at —9° anterior tilting,
there was 1° medial rotation (2°-3°; SD, 1°) and 7° protrac-
tion (33°-40°; SD, 2°) in the normal state. In a Rockwood V
lesion, there was a significant increase in anterior tilting
motion (—10° to —13°; SD, 3°) and a significant medially
rotated position remaining stable throughout the move-
ment. Finally, a significant increase in scapular protrac-
tion (34°-50°; SD, 4°) was observed.

The AC ligament reconstruction technique adequately
restored scapular tilting and protraction. Only a small
zone of significant scapular lateral rotation was seen.
The CC reconstruction technique restored scapular
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Figure 6. Time-normalized graphs showing the mean kinematic angles in 3 axes of rotation in the scapulothoracic joint during
coronal plane (A, B, C) abduction and (D, E, F) protraction. (A, D) show scapulothoracic posteroanterior tilting; (B, E) show scap-
ulothoracic lateromedial rotation; and Figure 5C, F show scapulothoracic protraction-retraction. A double arrow indicates the
direction of motion. Black bars under the joint motion graphs depict the phases in which significance was reached in the post
hoc analysis during each movement. Vertical line segments depict standard errors. AC, acromioclavicular reconstruction tech-
nique (A); CC, coracoclavicular reconstruction technique (%); CC + AC, combined CC and AC reconstruction technique (%);

N, Normal state (m); RV: Rockwood V state (®).

protraction but induced a significant increase of 5° of pos-
terior tilting and also failed to restore the medially rotated
scapula. The combined reconstruction technique restored
scapular lateral rotation and protraction but demonstrated
an increased posterior tilt of 5°, similar to the CC recon-
struction technique.

The key finding was that larger differences in scapulo-
thoracic kinematics were found during protraction com-
pared with coronal plane elevation and were best
restored using an AC reconstruction technique.

AC Joint Rotations

In this section, AC motion is first described as the rota-
tional motion of the scapula compared with the clavicle
in the 3 defined planes (Figure 7).

During coronal plane elevation, there was 16° posterior
tilt (0°-16°; SD 4°), 15° lateral rotation (—6° to —21°; SD

4°), and 6° protraction (64°-70°; SD 3°) of the scapula rela-
tive to the clavicle in the normal state. In a Rockwood V
lesion, posterior tilting (2°-23°; SD 5°) and lateral rotation
(—=5° to —29°; SD 6°) significantly increased. The protrac-
tion position initially followed a similar curve as in the
intact shoulder, but then followed a significantly different
pattern toward retraction.

The CC reconstruction technique adequately restored
all AC joint rotations. The combined reconstruction tech-
nique restored tilting and rotation but significantly
increased protraction at the start and end of coronal plane
elevation. The AC ligament reconstruction technique only
restored the protraction position but did not restore tilting
(0°-20°; SD 6°) or rotation (—9° to —29°; SD 5°).

During protraction, there was 4° of posterior tilting (—1°
to 3°), upward rotation remained stable throughout the
movement at —5°, and protraction decreased 3° (65°-62°;
SD 3°) relative to the clavicle in the normal state. In
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Figure 7. Time-normalized graphs showing the mean kinematic angles in 3 axes of rotation in the acromioclavicular (AC) joint
during coronal plane (A, B, C) abduction and (D, E, F) protraction. (A, D) show AC posteroanterior tilting; (B, E) show AC latero-
medial rotation; and (C, F) show AC protraction-retraction. A double arrow indicates the direction of motion. Black bars under the
joint motion graphs depict the phases in which significance was reached in the post hoc analysis during each movement. Vertical
line segments depict standard errors. AC reconstruction technique (A); CC, coracoclavicular reconstruction technique (X);
CC + AC, combined CC and AC reconstruction technique (%); N, Normal state (m); RV: Rockwood V state (®).

a Rockwood V lesion, there was mainly a significant
increase in protraction (66°-72°; SD 5°). Further, a minimal
change in scapular rotation and tilt was seen compared
with the normal state.

Scapular tilting relative to the clavicle was restored by
all reconstruction techniques. The combined reconstruc-
tion technique was the only method to adequately restore
the relative scapular rotation. The CC reconstruction tech-
nique caused a stable and parallel 3° medial rotation, while
the AC ligament reconstruction in contrast caused a stable
and parallel 2° lateral rotation. The relative protraction
position was best restored by the AC ligament reconstruc-
tion procedure, while the CC reconstruction and combined
reconstruction techniques showed an increased protraction
during parts of the movement.

The key finding was that the CC and combined ligament
reconstruction techniques better restored rotation during
coronal plane elevation, while the AC ligament reconstruc-
tion procedure restored rotational aspects better during
protraction.

AC Joint Translations

During coronal plane elevation, the medial edge of the
acromion translated 2 mm medially toward the distal end
of the clavicle at the beginning of the movement; further-
more, a posterior translation of 1 mm (1-0 mm) and a supe-
rior translation of 4 mm (—1 mm to 3 mm) of the medial
edge of the acromion compared with the distal end of the
clavicle in the normal state. In a Rockwood V lesion, no sig-
nificant mediolateral translation was observed. Anteropos-
teriorly, a movement started in a relative 4 mm anterior
translation and moved toward a significant —3 mm rela-
tive posterior translation crossing the curve of the normal
state. Superoinferiorly, there was a significant inferior
translation of the scapula throughout the movement.

The AC ligament reconstruction adequately restored
translations in all axes. The CC and combined reconstruc-
tion techniques also adequately restored the anteroposte-
rior translation. The CC technique seemed to increase
mediolateral distance considerably to almost 4 mm of
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Figure 8. Time-normalized graphs showing the mean kinematic translations in 3 axes of translation in the acromioclavicular (AC)
joint during coronal plane (A, B, C) abduction and (D, E, F) protraction. (A, D) show AC mediolateral translation; (B, E) show AC
anteroposterior translation; and Figure 7C, F show AC superoinferior translation. A double arrow indicates the direction of motion.
Black bars under the joint motion graphs depict the phases in which significance was reached in the post hoc analysis during
each movement. Vertical line segments depict standard errors. In this section, AC motion is described as the translational motion
of the distal end of the scapula relative to the clavicle, which is described in 3 orthogonal planes (see Figure 7). AC reconstruction
technique (A); CC, coracoclavicular reconstruction technique (%); CC + AC, combined CC and AC reconstruction technique (%);

N, Normal state (m); RV: Rockwood V state (®).

distraction. However, only a small part of the movement
was significantly different. Finally, a significant superior
translation of 5 mm was seen in the CC and combined
reconstruction techniques compared with the normal state.

During protraction movement, the medial edge of the
acromion translated 2 mm medially toward the distal end
of the clavicle. Moreover, a minimal anterior translation
of 1 mm and no change in translation in the superoinferior
axis of the medial edge of the acromion compared with the
distal end of the clavicle was observed. In a Rockwood V
lesion, the acromial end of the scapula slid under the clav-
icle, causing a significant overlap of the acromial end —21
mm medially. Further, the acromial end of the scapula
started in 5-mm anterior translation and moved signifi-
cantly further anteriorly to 9 mm. Finally, a significant

inferior translation of —11 mm was seen at the start posi-
tion compared with the intact state, which remained pres-
ent throughout the movement.

When evaluating the reconstruction techniques, the AC lig-
ament reconstruction restored all translations adequately.
The CC reconstruction and combined reconstruction
techniques restored the mediolateral and anteroposterior
translation but demonstrated a significant increase of superior
translation of 5 mm, which remained present and stable
throughout the protraction movement.

The key finding was that the AC ligament repair tech-
nique restored the translation best during both movements,
while the CC and combined ligament repair techniques
induced a superior translation of the acromial end compared
with the clavicle.
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DISCUSSION

This study illustrates that there are large kinematic differ-
ences between the different reconstruction strategies for
a Rockwood V AC joint injury. Each strategy was able to
restore different elements of the joint kinematics, but
none of the strategies completely restored the shoulder gir-
dle to its preinjured state.

Sternoclavicular Joint

During coronal plane elevation, only the CC and combined
reconstruction techniques restored posterior rotation of the
clavicle compared with the thorax (Figure 4A). In the liter-
ature, it was demonstrated that this rotation is controlled
by the CC ligament connection in an intact shoulder.®*”
Thereby, this rotation is not generated by active muscle
force or bony configuration, but it is an indirect conse-
quence of the lateral rotation of the scapula tensioning
the CC ligaments. Both the CC reconstruction and the
combined reconstruction techniques were able to restore
this rotation successfully (Figure 5A). In the combined
reconstruction procedure, presumably the CC reconstruc-
tion technique was responsible for the rotation. The more
lateral located AC ligament reconstruction component can-
not generate this rotation biomechanically (Figure 5A).

In contrast, the AC ligament reconstruction resulted in
an appropriate alignment of the distal clavicle with the
acromion, while the CC reconstruction and combined
reconstruction procedures resulted in a depression of the
clavicle, which remained present during movement (Figure
5B). This was also demonstrated when analyzing the
superoinferior translation of the AC joint (Figure 8B).
The underlying mechanism of a CC suspension device
has the potential to be overtightened in the superoinferior
plane,® which is not possible when using the described AC
joint reconstruction technique.

Scapulothoracic Joint

A Rockwood V lesion did not change the kinematics in the
scapulothoracic joint during coronal plane elevation, while
a significant difference was seen in all axes during protraction
movement (Figure 6, D-F). An evaluation for the restoration
of the kinematics of the scapulothoracic joint should therefore
be performed during protraction. This study demonstrated
that the described AC ligament reconstruction technique
restored the kinematics in the scapulothoracic joint better
than the CC or combined reconstruction techniques.

The CC and combined reconstruction techniques
resulted in an adverse decrease in the anterior tilt of the
scapula during both coronal plane elevation and protrac-
tion (Figure 6, A and D). Hereby, the tension of the suspen-
sion device caused an approximation of the coracoid toward
the clavicle and resulted in relative posterior tilting during
movement. This indicates that too much or too little ten-
sion in a CC reconstruction strategy has an effect not
only on the elevation of the clavicle in the sternoclavicular
joint as previously mentioned, but also in the tilting of the
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scapulothoracic joint, and it may consequently disturb the
normal kinematics of the complete shoulder girdle.

AC Joint

The AC joint is the pivotal joint in AC joint injuries. None-
theless, not all kinematic studies report on changes in the
AC joint. Furthermore, not all studies investigating AC
joint injuries report translations and just focus on rota-
tional changes.

During coronal plane elevation, the relative tilting
position of the scapula compared with the clavicle was
best restored by the CC and combined reconstruction
techniques (Figure 7A). This is mainly caused by the better
restoration of the rotation of the clavicle compared with the
thorax as described. Furthermore, the lateral rotation of
the scapula was also best restored using the CC recon-
struction or combined reconstruction techniques—again
because of the better restoration of the medial hinge (Fig-
ure 7B). During protraction, the tilting position and lateral
rotation did not change significantly in the AC joint (Fig-
ure 7, D and E). Both the CC reconstruction and the AC lig-
ament reconstruction techniques demonstrated adverse
results, while the combined reconstruction technique
resulted in a perfect reduction. The relative protraction
position, on the other hand, was best restored using the
AC ligament reconstruction technique (Figure 7F).

When evaluating translation, the in situ AC ligament
reconstruction technique resulted in a more adequate
and exact reconstruction during both coronal plane eleva-
tion and protraction. This seems logical because the recon-
struction was located close to the joint itself. Again, as
mentioned in the rotations, the CC and combined recon-
struction techniques were prone to a possible overtighten-
ing effect (Figure 8).

This study illustrates that there are large kinematic dif-
ferences between the different reconstruction strategies for
a Rockwood V AC joint injury. Our hypothesis that the
combined reconstruction technique should provide the
best restoration of the joint kinematics could not be con-
firmed. A CC reconstruction strategy seems necessary to
restore the rotational changes of the clavicle, while an
AC ligament reconstruction strategy seems better suited
to restore translations at the AC joint itself. Therefore,
instinctively, one could hypothesize that the combined
reconstruction strategy would result in a more optimal res-
toration of shoulder girdle kinematics. However, joint kine-
matics of the combined reconstruction is not simply an
addition of the CC and AC reconstruction techniques.
Although at times the combined reconstruction was able
to restore joint kinematics closest to the native shoulder
girdle kinematics, either additional CC or AC reconstruc-
tion techniques—depending on the joint and axis—can
potentially dominate or undermine the other technique,
resulting in suboptimal restoration. In a review by Jordan
et al,!! the usefulness of an additional AC reconstruction,
together with a CC reconstruction, was also investigated.
Although the included biomechanical studies demon-
strated improved horizontal stability in the AC joint, the
included clinical studies failed to demonstrate sufficient
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clinical improvement. Our kinematic findings— demon-
strating the resulting changes in the sternoclavicular,
scapulothoracic, and AC joints—might provide an answer
to this enigma.

Limitations

There are several limitations to this study. The study was
performed on cadaveric specimens, with a mean age of 85
years. At that age, the presence of some degenerative
changes in the shoulder girdle is inevitable and might
have influenced the results. Also, the motions were per-
formed passively. The effect of muscle contractions
attached to the clavicle and the scapula could alter the
results of joint motion in intact shoulders and potentially
even more in injured shoulders. Nonetheless, Teece
et al?? demonstrated that passive shoulder joint motions
of upright-sitting whole-cadaveric specimens were compa-
rable in terms of ROM with those of active trials in live
human participants. The measured joint rotations in our
study are also comparable with the results of Ludewig
et al'® who studied the humeral motion of the shoulder
complex during different elevation exercises in an in vivo
setting.

Furthermore, no fluoroscopic imaging was used to check
for an adequate reduction on tensioning in either tech-
nique, including when using the suspension device.
Finally, the AC ligament was reconstructed by a single
superior reconstruction technique. Potentially, other tech-
niques using multiple sutures or tapes in different config-
urations reconstructing multiple segments of the AC
ligaments may be stronger and result in different kine-
matic patterns. Similarly, different CC ligament recon-
struction techniques could potentially result in different
outcomes.

CONCLUSION

This study illustrates that there are kinematic differences
between AC, CC, or combined ligament reconstruction
strategies. Although each technique restores different
parts of the kinematic changes in a Rockwood V lesion,
none of the strategies restore all joint kinematics in the
shoulder girdle to its preinjured state.
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