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Purpose: To determine whether a 5-mm and/or 10-mm arthroscopic lateral acromioplasty (ALA) would weaken the
structural and mechanical integrity of the lateral deltoid. Methods: The acromion and lateral deltoid origin were har-
vested from 15 pairs (n ¼ 30) of fresh-frozen human cadaveric shoulder specimens. One side of each specimen pair (left or
right) was randomly assigned to either a 5-mm (n ¼ 7) or 10-mm (n ¼ 8) ALA group, and the contralateral sides (n ¼ 15)
were used as matched controls. Acromion thickness and width were measured pre- and postoperatively. After ALA,
specimens were inspected for damage to the lateral deltoid origin. Each specimen was secured within a dynamic testing
machine, and the deltoid muscle was pulled to failure. Statistical analysis was performed to determine whether ALA
reduced the lateral deltoid’s failure load. Results: There was no significant difference in failure load between the 5-mm
ALA group (661 " 207 N) and its matched control group (744 " 212 N; mean difference ¼ 83 N; 95% confidence interval
[CI], #91 to 258; P ¼ .285) nor between the 10-mm ALA group (544 " 210 N) and its matched control group (598
" 157 N; mean difference ¼ 54 N; 95% CI, #141 to 250; P ¼ .532). There was no correlation found between the amount of
bone resected (measured by percent thickness and width of the acromion after ALA) and the failure load of the deltoid.
Visual evaluation of the acromion after ALA revealed the lateral deltoid origin had no damage in any case.
Conclusions: ALA did not weaken the structural or mechanical integrity of the lateral deltoid origin. Neither a 5-mm nor a
10-mm ALA significantly reduced the deltoid’s failure load. The lateral deltoid origin was not macroscopically damaged in
any case. Clinical Relevance: ALA can be performed without the potential risk of macroscopically damaging the lateral
deltoid origin or reducing its failure load.

Symptomatic rotator cuff tears (RCTs) are common,
with more than 270,000 repairs performed in the

United States each year, 86% of which are performed on
patients age 45 and older.1 While the causes of

nontraumatic RCTs are multifaceted and poorly under-
stood,2,3 distinct variations in the scapular anatomy, such
as superior glenoid inclination and a large acromial index,
are associated with degenerative RCTs.4-10 The critical
shoulder angle (CSA) is a radiographic parameter that
accounts for both the glenoid inclination and the lateral
acromionextension.4ACSA>35$ has been identifiedas a
risk factor for RCTs, and a CSA<30$ is associatedwith an
increased prevalence of osteoarthritis, suggesting that
patientswithaCSAbetween thesevalues are at the lowest
risk for either condition.4,11-13

Few studies have looked at how scapular anatomy in-
fluences patient outcomes after treatment ofRCTs. In one
study, patients with a large acromial index who under-
went arthroscopic repair of full-thicknessRCTs had lower
patient satisfaction scores when compared with those
with a small acromial index.14 Furthermore, in a long-
term follow-up of patients who underwent latissimus
dorsi tendon transfer for irreparable RCTs, patientswith a
significantly larger CSA reported inferior outcomes.15

From the Steadman Philippon Research Institute (D.C.M., J.C.K., J.D.M.,
S.R.M., D.S.T., K.D.D., T.L.T., P.J.M.), Vail, Colorado, U.S.A.; Department of
Trauma, Hand and Reconstructive Surgery, University Hospital Münster
(J.C.K.), Münster, Germany; and the Steadman Clinic (S.R.M., P.J.M.), Vail,
Colorado, U.S.A.

The authors report the following potential conflicts of interest or sources of
funding: P.J.M. is a paid consultant and receives royalties from Arthrex; owns
stock or stock options with Game Ready and VuMedi; and receives research
support from Arthrex, Ossur, Siemens, and Smith & Nephew. The Steadman
Philippon Research Institute receives research support from Smith & Nephew,
Arthrex, Siemens, DePuy Synthes, and Ossur.

Received April 27, 2016; accepted August 23, 2016.
Address correspondence to Peter J. Millett, M.D., M.Sc., Steadman Philip-

pon Research Institute, Department of BioMedical Engineering, Vail, CO,
U.S.A. E-mail: drmillett@thesteadmanclinic.com

! 2016 by the Arthroscopy Association of North America
0749-8063/16328/$36.00
http://dx.doi.org/10.1016/j.arthro.2016.08.015

Arthroscopy: The Journal of Arthroscopic and Related Surgery, Vol -, No - (Month), 2016: pp 1-7 1

mailto:drmillett@thesteadmanclinic.com
http://dx.doi.org/10.1016/j.arthro.2016.08.015


The fact that the scapular anatomy is not associated only
with prevalence of RCTs but is also associated with infe-
rior patient outcomes has led to the idea that an arthro-
scopic reduction of a large CSA (>35$) to a favorable
range may be beneficial to reduce the risk of primary
RCTs, rotator cuff retears, and unsatisfactory outcomes
after treatment of RCTs for this patient population.
Anatomical cadaveric studies have demonstrated that

the CSA can be significantly reduced by arthroscopic
lateral acromioplasty (ALA).16,17 However, there is a
risk of potentially damaging the deltoid origin during
acromioplasty, which may lead to postoperative deltoid
avulsion.18,19 Although it was reported that the deltoid
origin was not macroscopically damaged by ALA,16,17 it
still remains unclear whether ALA affects the me-
chanical integrity of the deltoid. The purpose of this
study was to determine whether a 5-mm and/or
10-mm ALA would weaken the structural and me-
chanical integrity of the lateral deltoid. It was hypoth-
esized that ALA would not significantly affect the
failure load of the lateral deltoid origin.

Methods

Cadaveric Specimen Preparation
The acromion and lateral deltoid muscle were har-

vested from 15 pairs (n ¼ 30) of fresh-frozen human

cadaveric shoulder specimens (mean age, 57 years
[range, 41 to 63 years]; 7 male, 8 female) that met the
following inclusion criteria: intact and undamaged
lateral deltoid origin, with at least 4-cm distal extension
of intact deltoid muscle, and no macroscopic bony ab-
normalities of the acromion. Specimens were stored
at #20$C and thawed for 24 hours prior to dissection.
Since the structural and mechanical integrity of the
lateral deltoid origin in the proximity of the ALA was of
interest, the anterior and posterior portions of the
deltoid muscle were removed and only the lateral
portion of the deltoid origin was included for biome-
chanical testing (Fig 1A). Starting 1 cm distal to the
lateral deltoid origin, the deltoid muscle was whip-
stitched using no. 2 polyethylene/polyester suture
(FiberWire, Arthrex Inc., Naples, FL).
A digital caliper (Fowler Company, Inc., Newton, MA;

manufacturer-reported accuracy of 0.02 mm) was used
to take several measurements of the acromion and
lateral deltoid origin. These measurements included the
medial-lateral width of the acromion (measured from
the most posterior point of the acromioclavicular joint
to the lateral edge of the acromion) and the lateral
acromion thickness (measured at the anterolateral and
posterolateral edges of the acromion and the midpoint
in between; Fig 2). After ALA, the acromion thickness
and width were measured again using the exact same

Fig 1. (A) Specimen prepared for biomechanical testing with a no. 2 suture (S) whip stitch after a 5-mm arthroscopic lateral
acromioplasty; anterior (A) and posterior (P) portions of the deltoid muscle were removed, and only the lateral (L) portion of the
deltoid was included for biomechanical testing. (B) Postoperative image after ALA; the deltoid muscle is elevated superiorly to
visually evaluate the lateral deltoid origin. The burr had only shaved down the bone and did not macroscopically damage the
lateral deltoid origin.
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points to evaluate the percentage of the acromion
thickness and width remaining after ALA.

Surgical Technique and Biomechanical Testing
One side of each paired shoulder specimen (left or

right) was randomly assigned to either a 5-mm (n ¼ 7)

or 10-mm (n ¼ 8) ALA group. The contralateral side of
each paired shoulder specimen, which was not assigned
to an ALA group, remained intact as a matched control.
The medial end of the acromion was clamped to
a shoulder surgical tower. Using a 5-mm burr, a single
orthopaedic surgeon (J.C.K.) resected one burr width of
the most lateral edge of the inferior surface of the
acromion for the 5-mm group and 2 burr-widths for the
10-mm group (Fig 2). After ALA, the lateral deltoid
origin was analyzed macroscopically to assess its
integrity. Then the medial 2 cm of the acromion were
meticulously dissected down to the bone and potted in
polymethylmethacrylate (Fricke Dental International
Inc., Streamwood, IL). Each potted specimen was
securely fixed to the base of a dynamic testing machine
(Instron ElectoPuls, E10000, Instron Systems, Nor-
wood, MA). The whip-stitched deltoid muscle was
wrapped with 24-gauge helical wire to increase the
mechanical clamping effectiveness20-23 and then rigidly
clamped to the actuator (Fig 3). The setup was oriented
such that the deltoid was pulled directly laterally,
simulating the arm in 90$ of abduction since it has
previously been shown that the lateral deltoid exerts
the greatest force at 90$ of glenohumeral abduction.24

Imaging and CSA Measurements
Clinical-grade computed tomography (CT) scans were

performed on all 30 specimens to obtain CSA mea-
surements prior to specimen preparation and biome-
chanical testing. Scans were performed at a 0.5-mm

Fig 2. Scapula computed tomography scan of an included
specimen. Blue dots indicate the 3 measurement points for
the lateral acromion thickness: anterolateral and posterolat-
eral edges of the acromion and the midpoint in between. Blue
dotted line shows the medial-lateral width measurements.
Red dashed lines indicate the 5-mm arthroscopic lateral
acromioplasty (ALA) and 10-mm ALA techniques.

Fig 3. Setup within the dynamic testing machine: (A) load controlled actuator, (B) mechanical clamp used to fasten the
augmented deltoid muscle, (C) potted acromion secured to the base of the testing machine.
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slice thickness, 120 kVp voltage, 150 mA current, and
750 msec exposure time, using a helical scan (Aquilion
Premium; Toshiba America Medical Systems, Inc.,
Tustin, CA). Mimics (Materialise, Leuven, Belgium)
computational modeling software was then used to
create a 3-dimensional (3D) bone model from the CT
data. CSA measurements have been shown to be highly
correlated between true anterior-posterior radiographs
and CT and have previously been performed on 3D CT
models25,26; therefore, the 3D-rendered scapulae were
oriented to mimic a true anterior-posterior radiograph
and the CSA was measured for each of the 30 speci-
mens according to the technique described by Moor
et al.4 (ImageJ, National Institutes of Health, Bethesda,
MD).

Statistical Analysis
Continuous measurement data were not observed to

be skewed or overdispersed, so parametric testing
methods were used. The paired t-test was used for
comparing resection amounts within matched pairs.
Welch’s 2-sample t-test was used to compare indepen-
dent samples, and Pearson correlation was used to
assess the association between continuous measure-
ments. Fisher’s exact test was used to test for associa-
tions between binary variables, and odds ratios (OR)
were reported. Ninety-five percent confidence intervals
(CIs) were reported throughout the manuscript to
indicate the precision of the estimates and statistical
power of the study. All statistical analyses and graphics
were produced using the statistical programming lan-
guage R version 3.2.3 (R Development Core Team,
Vienna, Austria). The level of significance was set at
P < .05.

Results
The mean CSA for all specimens prior to ALA was

31.8$ " 3.8$ (range, 24.7$ to 37.0$). There was no
significant difference (mean difference ¼ 115; 95% CI,
#23 to 254; P ¼ .099) in the mean failure load between
specimens with a CSA >35$ (556 " 148 N) and those
with a CSA < 35$ (671 " 216 N). Furthermore, there
was no correlation between failure load and CSA
(R ¼ #0.32, P ¼ .082).

Neither a 5-mm nor a 10-mm ALA resulted in a sig-
nificant reduction in the failure load of the lateral deltoid
origin when compared with its contralateral, matched
control. There was no clinically relevant or statistically
significant difference in acromion width and thickness at
baseline between the resected and control groups
(P ¼ .729, P ¼ .409, respectively). A 5-mm ALA resulted
in an acromion with 81% " 2% of the width and 55%
" 11% of the thickness compared with its intact state
before surgery. A 10-mm ALA resulted in an acromion
with 63.3% " 5.2% of the width and 52.7% " 13.3% of
the thickness comparedwith its intact state before surgery
(Table 1). During visual evaluation of the acromion after
ALA, the lateral deltoid origin was found to be intact
without macroscopic damage in any case (Fig 1B).

Failure Load
There was no significant difference (mean difference¼

83; 95% CI, #91 to 258; P ¼ .285) in measured failure
load between the 5-mm ALA group (661 " 207 N) and
its matched control group (744 " 212 N). There was also
no significant difference (mean difference¼ 54; 95% CI,
#141 to 250; P ¼ .532) in measured failure load be-
tween the 10-mm ALA group (544 " 210 N) and its
matched control group (598 " 157 N). Furthermore,
there was no correlation between the amount of bone
resected (as measured by percent thickness and width of
the acromion remaining after resection) and the failure
load of the deltoid for either the width (correlation ¼
0.36; 95% CI, #0.18 to 0.74; P ¼ .185) or thickness
(correlation¼ 0.06; 95% CI,#0.47 to 0.55; P¼ .833) for
all resected specimens.

Mode of Failure
There were 2 observed modes of failure in this study:

(1) bone fracture/avulsion and (2) muscle tear. Thir-
teen specimens failed by bone fracture/avulsion,
whereas 17 failed by muscle tear. Mean failure load for
all specimens was 667 " 226 N for bone fracture fail-
ures and 606 " 183 N for muscle tear failures. There
was no significant difference between failure loads of
either mode of failure for all specimens (mean
difference ¼ 66; 95% CI, #98.5 to 218.9; P ¼ .440),
ALA specimens that had a failure load of 565 " 212 N
for bone fracture and 620 " 218 N (mean

Table 1. Acromion Width and Thickness, Deltoid Thickness, and Failure Load Values for the 5-mm and 10-mm Arthroscopic
Lateral Acromioplasty Groups and Their Respective Control Groups

Group

Acromion Width Acromion Thickness

Failure Load, NPre, mm Post, mm Remaining, % Pre, mm Post, mm Remaining, %
5 mm 26.7 " 2.9 21.7 " 2.9 81 " 2 9.0 " 1.5 4.9 " 1.2 55 " 11 661 " 207
Control 27.6 " 2.5 d 100 8.6 " 1.3 d 100 744 " 212
10 mm 27.7 " 3.8 17.7 " 3.8 63 " 5 8.9 " 0.8 4.7 " 1.4 53 " 13 544 " 210
Control 26.6 " 3.5 d 100 8.9 " 1.2 d 100 598 " 157

NOTE. Values are shown as mean " standard deviation.
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difference ¼ 55; 95% CI, #305 to 193; P ¼ .631),
and control specimens that had a failure load of
754 " 212 N for bone fracture and 590 " 147 N (mean
difference ¼ 164; 95% CI, #48 to 375; P ¼ .116). Lastly,
there was no difference in failure mode (bone fracture
or muscle tear) between the resected and control groups
(OR ¼ 1.3; 95% CI, 0.25-7.01; P ¼ 1).

Discussion
The most important finding of this study was that

neither a 5-mm ALA nor a 10-mm ALA significantly
decreased the failure load of the lateral deltoid origin.
Furthermore, there was no correlation between failure
load and the percentage of acromion resected or be-
tween failure load and failure method.
Recent literature has revealed the association of a

large CSA with the prevalence of RCTs.4,11-13,27

Furthermore, a large acromial index and a large CSA
have been associated with inferior patient outcomes
after rotator cuff repair and latissimus dorsi transfer for
irreparable RCTs.14,15 Regarding these findings, it has
been suggested that reduction of a large CSA (>35$) to
the more favorable range of 30$ to 35$ may potentially
reduce the risk of RCTs, retears after rotator cuff repair,
and inferior patient outcomes.16 Therefore, 2 studies
have recently assessed whether ALA is an effective and
safe procedure to reduce the CSA. Katthagen et al. re-
ported that a 5-mm ALA significantly reduced the CSA
by a mean of 2.8$ (95% CI, 2.1$-3.5$) in an anatomic
biomechanical cadaver model.16,28 In a similar study,
Altintas et al.17 performed a 1-cm arthroscopic lateral
acromion resection and found that the CSA was
significantly reduced from 31.6$ " 7.7$ to 25.1$ " 8.3$.
Although both studies reported that the deltoid origin
was not macroscopically damaged, there is an inherent
risk of damaging or weakening the deltoid origin and
muscle during acromioplasty and rotator cuff
repair.18,19,29

The risk of deltoid detachment or rupture has been a
well-documented complication after acromioplasty and
primary or revision rotator cuff repair.18,19,29-34 How-
ever, little is known regarding the mechanical properties
(in terms of failure load) of the lateral deltoid origin and
muscle, especially whether or not it is significantly
affected by ALA. It has also been suggested that the ALA
could increase the risk of fractures due to its thinning of
the lateral acromion.16 Acromion factures associated
with surgical procedures have been described mainly
after reverse total shoulder arthroplasty.35,36 In these
cases, the fracture typically occurs more medially on the
acromion than the region in which ALA is performed.
This study provides data regarding the implications of

ALA on the mechanical and structural integrity of the
lateral deltoid origin. Neither a 5-mm ALA nor a
10-mm ALA reduced the lateral deltoid’s failure load
when compared with its contralateral, matched control.

Although 2 concerning modes of failure were observed
(deltoid muscle tear and acromion fracture/avulsion),
both modes occurred at similar failure loads, and
furthermore, they also occurred at failure loads similar
to those of the intact, nonoperative control groups.
Therefore, the findings of this study suggest that ALA
does not increase the likelihood of lateral deltoid
muscle rupture or acromion fracture and would not be
expected to occur in the clinical setting.
The clinical implications of whether or not an ALA

would reduce the risk of RCTs, retears, or inferior patient
outcomes after treatment of RCTs in patients with a CSA
>35$ are still unknown. To date, we are aware of only
one study that has assessed the potential negative influ-
ence of a large CSA on postoperative outcomes after
treatment of RCTs: Gerber et al.15 reported inferior
functional results for patients with a large CSA after la-
tissimus dorsi transfer as treatment for irreparable RCTs.
Furthermore, it remains unclear whether reduction of
the CSA to the potentially more favorable range of 30$ to
35$ has an effect on the natural history of RCTs or the risk
of rotator cuff retears after rotator cuff repair. Further
research regarding the effect of ALAon clinical outcomes
is warranted to better understand its efficacy.
While the aforementioned biomechanical ALA

studies used similar study designs, they investigated
different surgical techniques.16,17 Katthagen et al.16

described a 5-mm ALA in which the inferior surface,
from anterior to posterior, of the lateral acromion was
resected using a 5-mm burr. This technique has the
advantage of preserving the superior surface of the
acromion with the attached lateral deltoid origin
macroscopically (Fig 1B). On the other hand, it leaves a
thinned acromion and, therefore, a potential risk of
fracture at that location. The 1-cm arthroscopic lateral
acromion resection (ALAR) described by Altintas
et al.17 effectively removed the entire lateral 1 cm of the
acromion as opposed to the inferior surface in the
previously described technique16 and the technique
used in the current investigation. While ALAR leaves
less bone for the deltoid origin attachment, it does not
present the same risk of acromion fracture at the ALA
site since the lateral 1 cm of the acromion is not thinned
but completely resected. However, increased forces
may be acting on the remainder of the acromion.
Both techniques16,17 significantly reduced the CSA

with different potential advantages and disadvantages
and, in theory, increased the subacromial space, thus
decreasing the likelihood of supraspinatus tendon
impingement. However, further biomechanical and
clinical research is warranted to fully evaluate whether
ALA may result in superior clinical outcomes.

Limitations
This study has several limitations. First, not all speci-

mens used in this study had a CSA >35$, despite the
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fact that, in the clinical setting, this procedure would be
indicated only in patients with a CSA >35$. Ideally, the
specimens used in this study would have paralleled this
clinical scenario. However, the number of specimens
that would need to be screened radiographically to
identify 30 cadaveric shoulders with a CSA >35$ would
have exceeded a reasonable and feasible amount. As a
time zero, biomechanical cadaveric model, this study
does not reflect the in vivo postoperative environment
and the accompanied biological healing process.
Therefore, it cannot be determined if, and how, ALA
may affect the function of the deltoid muscle or the
forces acting on it in vivo. Moreover, it remains unclear
whether additional arthroscopic lateral portals would
have a negative effect on the mechanical integrity of
the lateral deltoid origin. The failure load of the deltoid
was only tested in a simulated position of 90$ of gle-
nohumeral abduction and may be different in other
positions of abduction. Also, no study to date has
described a biomechanical testing setup to assess the
failure strength of the deltoid, making it impossible to
design this study similarly to previous work and
compare the findings of this study with existing data.
Cyclic loading at lower loads may have been useful to
represent nontraumatic loading of the lateral deltoid,
however, the authors felt that load-to-failure testing
would be the most relevant for evaluation of the
structural integrity since the clinically observed failure
methods occur in a traumatic setting. Postoperative
radiographs to compare how the 5-mm ALA and
10-mm ALA reduced the CSA would have been infor-
mative, however, the biomechanical model did not
allow for postoperative measurement of CSA. Lastly,
we can only understand the effects of the ALA tech-
nique, described by Katthagen et al.,16 which was used
in this study, on deltoid failure load and not the full
resection technique described by Altintas et al.17

Nevertheless, this study provides a baseline biome-
chanical model for assessing the implications of ALA on
the mechanical integrity of the lateral deltoid.

Conclusions
ALA did not weaken the structural or mechanical

integrity of the lateral deltoid origin. Neither a 5-mm
nor a 10-mm ALA significantly reduced the deltoid’s
failure load. The lateral deltoid origin was not macro-
scopically damaged in any case.
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