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Abstract
Aim of the study To evaluate total (TSA) and reverse total shoulder arthroplasty (RTSA) using the Constant-Murley score (CMS)
and the scapula-weighted (SW) CMS, an integrated outcomemeasure that takes into account the compensatory movements of the
scapula.
Methods Twenty-five consecutive patients, 12 with TSA and 13 with RTSA, underwent kinematic analysis before and after
shoulder replacement. Measurements included flexion (FLEX) and abduction (ABD) for the humerus and Protraction-Retraction
(PR-RE), Medio-Lateral rotation (ME-LA), and Posterior-Anterior tilting (P-A) for the scapula. They were recorded at baseline
(T0) and at six (T1) and 12 months (T2). Reference data were obtained from 31 control shoulders.
Results At T1, differences in CMS and SW-CMS were not significant in either group, whereas values at T2 were significantly
lower in RTSA patients (p = 0.310 and p = 0.327, respectively). In TSA shoulders, the compensatory scapular movements in
FLEX were all reduced from T0 to T2, whereas P-A was increased in ABD. In RTSA patients, the compensatory scapular
movements in FLEX showed a general reduction at T1, with an increase in P-A at T2, whereas in ABD, all increased at T1 and
decreased at T2 except for P-A, which did not decrease.
Discussion The SW-CMS showed that the physiological scapulothoracic motion was not restored in TSA and RTSA patients; it
may be used as a reference for the gradual progression of deltoid and scapular muscle rehabilitation.
Conclusions The worse CMS and SW-CMS scores found in RTSA patients at six months may be due to the biomechanics of the
reverse prosthesis and to the weakness of deltoid and periscapular muscles.
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Introduction

Total shoulder arthroplasty (TSA) ensures satisfactory mid- to
long-term clinical outcomes in patients with glenohumeral
arthritis [1–3], whereas results in patients with rotator cuff
deficiency are poorer [4, 5]. Reverse total shoulder
arthroplasty (RTSA) has thus emerged as the best treatment
option for cuff tear arthropathy (CTA) and massive irreparable
rotator cuff tears [6–9].

The outcomes of shoulder replacement are evaluated with
standardized clinical scoring systems [10, 11], of which the
Constant-Murley score (CMS) is one of those used most fre-
quently. Its main advantages are that: (i) it is fast to complete
[12]; (ii) it incorporates patient subjectivity and clinical objec-
tivity [13]; and (iii) it has established psychometric properties
[14]. The CMS was adopted by the European Society for
Surgery of the Shoulder and the Elbow (SECEC) in 1991 as
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the most appropriate score to assess overall shoulder function
[13].

Strong interest has recently been attracted by the kinematic
evaluation of anatomical and reverse shoulder prostheses, to
investigate differences in active and passive shoulder motion
[15], analyze specific tasks of daily living activities [16–21],
and assess the contribution of the scapulothoracic joint to total
shoulder motion after rehabilitation [22]. However, these stud-
ies, though providing comprehensive information on the kine-
matics of the replaced shoulder (scapulohumeral rhythm,
scapulothoracic, and glenohumeral motion), integrate poorly
with clinical data. Recently, Cutti and co-workers have devel-
oped the scapula-weighted Constant-Murley score (SW-
CMS), where the CMS points for humeral elevation and ab-
duction are weighted based on a quantitative analysis of scap-
ular dyskinesis [23]. These authors used the CMS and the SW-
CMS to evaluate a group of patients during rehabilitation after
rotator cuff surgery and showed that six months after surgery
only, 50% of them had fully recovered scapulohumeral coor-
dination. The SW-CMS system has never been applied to
patients subjected to TSA or RTSA. In this study, we tested
two hypotheses: (H1) that scapular kinematics is considerably
altered in TSA and RTSA patients, resulting in significantly
lower SW-CMS than CMS scores; and (H2) that physiological
scapular movement [24] is restored six months after the pro-
cedure in both groups of prostheses.

Materials and methods

Subjects and inclusion criteria

This was a prospective laboratory study of 25 consecutive
patients who underwent kinematic analysis before and after
shoulder replacement. The study was performed at our insti-
tution from April 2014 to October 2015. Twelve subjects re-
ceived a TSA (Aequalis Ascend™ Flex, BTSA group^) and
13 an RTSA (Aequalis™ Reversed II; BRTSA group^)
(Wright Medical, Memphis, TN, USA). All provided their
written informed consent to participate in the study, which
was approved by the institutional review board (Prot. No.
5494/20121.5/197 CEAV/IRSTMeldola, Italy). The inclusion
criteria were a preoperative diagnosis of primary shoulder
osteoarthritis (TSA group) and CTA (RTSA group). There
were no specific exclusion criteria.

The kinematic data of 31 asymptomatic subjects (mean
age, 70 years [SD, 7]; male/female ratio: 11/20; body mass
index, 25.9 [SD, 4.1]) assessed for pain in the contralateral
shoulder were used as control.

Of the 59 patients who were invited, 29 declined to partic-
ipate because they lived more than 300 km from the hospital,
while six refused their consent, leaving 25 patients (25 shoul-
ders) with complete kinematic data. Established radiographic

criteria were used to assess glenoid morphology in TSA pa-
tients [25] and to grade CTA severity and type of glenoid
erosion in RTSA patients [26, 27]. Glenoid morphology in
the TSA group was graded as A1 in two patients (17%), A2
in six (50%), and B1 in four patients (33%). In the RTSA
group, CTA was graded as Hamada stage 3 in two patients
(15%), stage 4A in eight (62%), and stage 4B in three patients
(23%), whereas glenoid erosion was rated as type E1 in eight
patients (62%), E2 in four (31%), and E3 in one patient (8%).

The demographic and perioperative data of the study pop-
ulation are reported in Table 1.

Surgical procedures

The surgical procedures were performed through a
deltopectoral approach. The subscapularis was detached by
lesser tuberosity osteotomy and reattached with bone sutures.

Standard surgical procedures were used for TSA [28] and
RTSA [29].

In the TSA group, the glenoid was replaced with a partially
cemented convex all-polyethylene component (CortiLoc™).
A curved cementless short stem, available in three different
angles of inclination (127.5°, 132.5°, and 137.5°) and with an
eccentric humeral head in 30° of retroversion, was used for
humeral replacement.

The reverse implant was based on the Grammont design
with a medialized center of rotation. The straight cementless
humeral stem had a 155° neck-shaft angle with a polyethylene
insert (thickness, + 6 and + 9 mm). The baseplate was fixed
with four screws, and a centered glenosphere 36 mm in diam-
eter was used in all cases.

No intraoperative complications were recorded. After sur-
gery, the arm was immobilized in a sling for three weeks.
Active mobilization was allowed after four weeks, and active
exercises were begun after six weeks. Standard radiographs of
the implants (Grashey anterior-posterior and axillary views)
were taken at six and 12 months, to exclude any prosthetic
complications that might affect the kinematic assessment.

Table 1 Demographic data of the study population

Variable TSA group RTSA group

Shoulders (no.) 12 13

Mean age (years) (range) 62 (55–69) 76 (68–84)

Gender (M/F) (%) 10/2 (83/17) 3/10 (23/77)

BMI (kg/m2) 28.3 28.4

Time points (months) (range, days)

T0 – –

T1 6 (173–197) 6 (175–187)

T2 12 (339–455) 12 (351–367)

TSA total shoulder arthroplasty, RTSA reverse total shoulder arthroplasty,
M male, F female, BMI body mass index
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Instrumentation and data processing

Upper limb kinematics was recorded using a Vicon
stereophotogrammetric system that included eight BONITA
infrared cameras and two BONITA video cameras (Vicon,
Oxford, UK) with a sampling rate of 100 Hz. Semi-rigid
marker clusters applied to the skin over the upper part of the
sternum, flat posterior part of the acromion, dorsolateral side
of the mid-humerus, and dorsal side of the forearm [30] were
used to track trunk, scapula, humerus, and forearm move-
ments (Fig. 1). Joint angles were calculated following ISB
guidelines [31] using the U.L.E.M.A. software package [30].
Anatomical landmarks were calibrated using an instrumented
pointer: the ulnar and radial styloids for the forearm; the lateral
and medial epicondyles for the humerus; the angulus
acromialis, inferior angle, and trigonum spinae for the scapu-
la; and C7, T8, the incisura jugularis, and the processus
xiphoideus for the trunk. The glenohumeral joint centre was
estimated with the functional method described by Gamage et
al. [32].

Shoulder measurements were recorded at three time points:
before the procedure (T0, baseline), six months (T1), and
12 months (T2) after shoulder replacement (Table 1). On each
occasion, patients were asked to perform humeral elevation in
the sagittal plane and the scapular plane while standing. For
each task, movements began from the reference position (arms
relaxed along the sides); patients were then asked to elevate
the humerus to the highest level they could reach without pain
and to return to the reference position. Each movement was
repeated five consecutive times, and the data of the second,
third, and fourth times were used for the calculations. The
tasks selected as the main movements of the humerus with
respect to the trunk were flexion (FLEX) for the sagittal plane
and abduction (ABD) for the scapular plane [33]. The move-
ment of the scapula with respect to the trunk was extracted. It
included Protraction-Retraction (PR-RE), Medio-Lateral rota-
tion (ME-LA), and Posterior-Anterior tilting (P-A).

Scapulohumeral coordination (SHC) was analyzed by means
of coordination plots (angle-angle plots). A total number of six
coordination patterns were obtained (Fig. 2): PR-RE vs
FLEX; ME-LA vs FLEX; P-A vs FLEX; PR-RE vs ABD;
ME-LA vs ABD; and P-A vs ABD.

Reference data

Reference data were obtained from the 31 control shoulders.
Reference bands were created for the SHC plots for FLEX and
ABD according to the bootstrap method as described by Cutti
et al. [21].

Kinematics

The CMS was administered to all subjects at each time point
according to 2008 SECEC modifications and guideline [13].
Scapular kinematics was assessed by comparing each coordi-
nation pattern to the relevant reference bands. The results of
this comparison were used to analyze SHC: if the coordination
pattern was within the control reference bands, the scapular
movement was classified as Bphysiological;^ otherwise, it was
classified as Babnormal.^ These data were used to calculate
the SW-CMS Bscapula weighting factor^ [23]. CMS and SW-
CMS are described in the Table 2.

Statistical analysis

The distribution of humeral elevation angles and of CMS and
SW-CMS scores was assessed separately for the TSA and the
RTSA group, and the data from each time point (T0, T1, and
T2) were evaluated separately for each group. The Lilliefors
normality test was used to confirm the normality of data dis-
tribution. A two-way repeated measures ANOVA (p < .05)
was performed to assess the differences between the two in-
dependent variables, score (CMS, SW-CMS) and time point
(T0, T1, T2), and their interaction (score × time point). Again,

Fig. 1 Kinematic marker setup
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this was done separately for the TSA and the RTSA group.
Boxplots and paired two sample t tests were used to compare

the data distribution of each score at each time point and the
humeral elevation angles at each time point.

Table 2 Constant-Murley and SW-Constant-Murley scores and their calculation

CMS SW-CMS

Pain (0 ÷ 15) Pain (0 ÷ 15)

Activity level (0 ÷ 10) Activity level (0 ÷ 10)

Arm positioning (0 ÷ 10) Arm positioning (0 ÷ 10)

Strength Of Abduction (0 ÷ 25) Strength of abduction (0 ÷ 25)

Range of motion (0 ÷ 40) = FLEX + ABD + EXT-ROT + INT-ROT Range of motion (0 ÷ 40) = FLEX + ABD + EXT-ROT + INT-ROT

FLEX (forward flexion) (0 ÷ 10) FLEX (forward flexion) (0 ÷ 10) = F × WFE

0–30 0 pnt F (0 ÷ 10) = 0–30 0 pnt WFE (0 ÷ 1) = WFE_PRRE + WFE_MELA +

30–60 2 pnt 30–60 2 pnt WFE_PA+ WFE_BONUS

60–90 4 pnt 60–90 4 pnt SHC within bands:

90–120 6 pnt 90–120 6 pnt A) PR-RE vs FLEX ➔ WFE_PRRE = 0.3

120–150 8 pnt 120–150 8 pnt B) ME-LA vs FLEX ➔ WFE_MELA = 0.3

150–180 10 pnt 150–180 10 pnt C) P-A vs FLEX ➔ WFE_PA = 0.3

If A, B, C are true then WFE_BONUS = 0.1

ABD (lateral elevation) (0 ÷ 10) ABD (lateral elevation) (0 ÷ 10) = A × WAA

0–30 0 pnt A (0 ÷ 10) = 0–30 0 pnt WAA (0 ÷ 1) = WAA_PRRE + WAA_MELA +

30–60 2 pnt 30–60 2 pnt WAA_PA + WAA_BONUS

60–90 4 pnt 60–90 4 pnt SHC within bands:

90–120 6 pnt 90–120 6 pnt A) PR-RE vs ABD ➔ WAA_PRRE = 0.3

120–150 8 pnt 120–150 8 pnt B) ME-LA vs ABD ➔ WAA_MELA = 0.3

150–180 10 pnt 150–180 10 pnt C) P-A vs ABD ➔ WAA_PA = 0.3

If A, B, C are true then WAA_BONUS = 0.1

EXT-ROT (external rotation) (0 ÷ 10) EXT-ROT (external rotation) (0 ÷ 10)

INT-ROT (internal rotation) (0 ÷ 10) INT-ROT (internal rotation) (0 ÷ 10)

CMS, Constant-Murley Score; SW-CMS, scapula-weighted Constant-Murley Score; SHC, scapulohumeral coordination; FLEX, flexion; ABD, abduc-
tion; EXT-ROT, humerus external rotation; INT-ROT, humerus internal rotation; PR-RE, scapula Protraction-Retraction;ME-LA, scapula Medio-Lateral
Rotation; P-A, scapula Posterior-Anterior tilting

Fig. 2 Scapulohumeral coordination patterns
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Results

Preoperative glenoid morphology in TSA group and the grade
of CTA and glenoid erosion in RTSA group did not affect
CMS and SW-CMS scores.

The humeral elevation angles and the distribution of CMS
and SW-CMS scores were normal in both patient groups. The
score distribution at each time point is reported in Fig. 3. The
score and time point results of the two groups are summarized
in Table 3. The FLEX and ABD kinematic data at each time
point are reported in Table 4.

In TSA patients (Fig. 4), analysis of the kinematic data
showed that both FLEX and ABD increased significantly
from T0 to T2; in particular, FLEX increased by 21% from
T0 to T1 and by 11% from T1 to T2, whereas ABD increased
by 18% from T0 to T1 and by 20% from T1 to T2. In these
patients, the compensatory scapular movements in FLEX
were all reduced from T0 to T2, whereas in ABD, they were
all reduced except P-A (from 29 at T0 to 36 at T2). ME-LA
was the scapular movement showing the greatest compensa-
tion both in FLEX (29%) and ABD (57%). At T2, scapular
motion without compensation (all scapular angles within the
relevant reference bands) was recorded in six TSA patients
during FLEX and in one patient during ABD. However, none
of the TSA patients showed complete recovery of physiolog-
ical scapular movements during FLEX and ABD.

In RTSA patients (Fig. 5), kinematic data analysis demon-
strated significant improvement (> 50%) in humeral elevation
from T0 to T1 and a small, non-significant improvement from
T1 to T2. The compensatory scapular movements in FLEX
showed a general reduction at T1 and an even greater reduc-
tion inME-LA at T2, whereas they increased in P-A. In ABD,
the compensation movements increased at T1, except in ME-
LA. At T2, ME-LA and PR-RE decreased further, whereas P-
A did not decrease. Indeed, P-A was by far the scapular

rotation showing the greatest compensation both in FLEX
(50% of patients) and in ABD (71%). Compensation generally
began between 70 and 80° of humeral elevation. Complete
recovery of physiological FLEX and ABD (all scapula angles
within the reference bands) was seen in six and two RTSA
patients, respectively; two patients recovered both FLEX and
ABD completely.

Table 3 Significance of scores and time points in TSA and RTSA
group patients

TSA RTSA

Repeated measures two-way ANOVA

Scores (CMS, SW-CMS) p < 0.0001 p = 0.0004

Time points (T0, T1, T2) p < 0.0001 p < 0.0001

Scores × time points p = 0.0374 p = 0.0576*

Paired t test

CMS vs SW-CMS T0 p = 0.0023 p < 0.0001

T1 p < 0.0001 p = 0.0014

T2 p = 0.0001 p = 0.0019

CMS T0 vs T1 p < 0.0001 p = 0.0002

T1 vs T2 p = 0.0211 p = 0.3109*

SW-CMS T0 vs T1 p < 0.0001 p = 0.0001

T1 vs T2 p = 0.0073 p = 0.3279*

TSA total shoulder arthroplasty, RTSA reverse total shoulder arthroplasty,
CMS Constant-Murley Score, SW-CMS scapula-weighted Constant-
Murley Score

T0: baseline; T1: 6 months; T2: 12 months

Significance was set at p < 0.05; *not significant

Fig. 3 CMS and SW-CMS score distribution at each time point

Table 4 Values of the humeral angle in flexion and abduction at the
three time points

Time points TSA RTSA

Mean ± SD

FLEX T0 84 ± 24 68 ± 15

T1 102 ± 22 103 ± 23

T2 113 ± 25 107 ± 18

ABD T0 84 ± 31 60 ± 23

T1 100 ± 31 94 ± 32

T2 119 ± 29 107 ± 28

Paired t test

FLEX T0 vs T1 p = 0.0690 p = 0.0001

T1 vs T2 p = 0.2605 p = 0.5819

T0 vs T2 p = 0.0081 p < 0.0001

ABD T0 vs T1 p = 0.2366 p = 0.0053

T1 vs T2 p = 0.1288 p = 0.2879

T0 vs T2 p = 0.0098 p = 0.0001

SD standard deviation, TSA total shoulder arthroplasty, RTSA reverse total
shoulder arthroplasty, FLEX flexion, ABD abduction

T0: baseline; T1: 6 months; T2: 12 months

Significance was set at p < 0.05; *not significant
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Discussion

Kinematic analysis is a valuable technical support to assess
the contribution of the glenohumeral and scapulothoracic joint
to arm elevation after shoulder replacement and provides use-
ful information to understand whether and how TSA and
RTSA implants succeed in replicating active shoulder motion.

The novelty of the present study lies in the utilization of an
integrated outcome scoring method, the SW-CMS system,
which takes into account the effects of scapular dyskinesis
on the clinical outcomes of shoulder arthroplasty. The study
shows that CMS and SW-CMSwere both sensitive to changes
from baseline to six and 12-month follow-up. The pre-
operative and post-operative SW-CMS values were both sig-
nificantly lower than the CMS scores. This demonstrated H1

of the study and is in line with the findings reported by Cutti et
al. in patients subjected to arthroscopic rotator cuff repair [23].
Interestingly, the difference between CMS and SW-CMS
scores found at each follow-up in our RTSA group was greater
than the eight points of minimal clinically important differ-
ence (MCID) reported by Torrens et al. in similar patients
[34], whereas there are no published data on MCID in TSA
patients.Moreover, the CMS scores of our two groups showed
a difference greater than the 18 points of Bindividual relative
CMS^ without standardization described by Blonna et al.
[35]. The TSA patients experienced significant improvements
in CMS and SW-CMS scores at both time points, whereas the
RTSA patients showed improvement in both scores at T1 but
did not improve further at T2. The increased scapular

compensatory movements seen in both groups at T2 go
against H2 of the study.

The differences in shoulder mobility and scapular compen-
sation found between TSA and RTSA patients deserve some
considerations. The TSA prostheses were implanted in pa-
tients with primary osteoarthritis and an intact rotator cuff,
where restoration of joint congruity and perception of motion
are expected to improve shoulder function [36]. This may
explain the gain in mobility and the reduction in scapular
compensation found in TSA patients at 12 months.
However, the kinematic studies demonstrated that even
though TSA improves mobility in specific tasks, it does not
restore full abduction at six months, due to impaired proprio-
ception or pathological motion patterns [16]. Moreover, Maier
et al. have reported that proprioception measured by an active
angle-reproduction test had remained unchanged or deterio-
rated three years after shoulder arthroplasty, and that the dete-
rioration was more marked in the hemiarthroplasty than in the
TSA group [37]. The effects of TSA on shoulder propriocep-
tion are debated. The increase in shoulder mobility in our TSA
patients was similar to the one reported by Maier et al. [37],
and it is reasonably assumed that worsening of proprioception
affected post-operative shoulder mobility and scapular
compensation.

The increased scapular compensationmovements in P-A—
found in our RTSA patients at T2 in FLEX and at T1 and T2 in
ABD—reflect the distinctive biomechanics of this implant,
which provides appropriate deltoid tension and scapular mus-
cle strength to enable arm elevation. Deltoid and periscapular

Fig. 4 Humeral elevation angles and percentage of TSA patients showing scapula compensation movements in flexion (FLEX) and abduction (ABD).
TSA total shoulder arthroplasty, PRRE Protraction-Retraction, ME-LA Medio-Lateral rotation, PA Posterior-Anterior tilting
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muscle weakness may explain the poorer flexion and greater
scapular compensation experienced by RTSA compared with
TSA patients and, especially, the increased posterior tilt seen
in RTSA patients at 6 months. A recent clinical study has
described a reduction in shoulder mobility six months after
reverse arthroplasty, which the authors ascribed to chronic
deltoid de-conditioning and lack of rotator cuff function
[38]. Wolff and Rosenzweig recommend strengthening the
anterior deltoid and periscapular muscles to improve shoulder
flexion and support the increased demand for scapular move-
ment [39].

Data on the effects of scapular muscle weakness after
RTSA are still limited.

In their study of the kinematic difference between TSA and
RTSA patients, Alta et al. found that the anatomical design of
the TSA implant contributes to wider active thoracohumeral
motion and that the TSA group exhibited greater passive than
active range of motion (ROM) compared with the TSA group
[15]. Other papers have reported that RTSA patients had not
regained the full active ROM in early- and mid-term follow-
up evaluations [40, 18]. These findings are in line with the
lower flexion and abduction values found in our RTSA pa-
tients comparedwith TSA group at T2. Other researchers have
described an increased contribution of scapulothoracic rota-
tion (i.e., ME-LA) to overall shoulder motion compared with
asymptomatic shoulders [37, 17, 41]. These findings are also
in line with the increased ME-LA compensation found in our
study, where we have also recorded increased scapular tilting

compensation (i.e., P-A) that was not found by Lee and co-
workers [41].

The use of reference data from a control group and the
homogeneity of the two patient subset in terms of surgical
indication and type of procedure are the main strengths of
the study. Its chief limitations include (i) the small size of
the study population; (ii) the lack of a normal contralateral
shoulder for comparisons; and (iii) the age and gender differ-
ence between the patients of the two groups.

Notably, the age difference reflects the authors’ preference
for implanting RTSA prostheses in elderly subjects with se-
vere shoulder impairment. The TSA prostheses were im-
planted in patients with primary osteoarthritis and an intact
rotator cuff.

Altogether, the SW-CMS provides fresh insight on the con-
tribution of the scapulothoracic joint to TSA and RTSA func-
tion and may be used as a reference for the gradual progres-
sion of deltoid and scapular muscle rehabilitation.

Conclusion

The SW-CMS system is a reliable, integrated tool to assess the
effects of scapular dyskinesis on shoulder arthroplasty. The
SW-CMS scores were significantly lower than the CMS
scores in both TSA and RTSA patients at all time points,
thereby demonstrating that scapular kinematics is consider-
ably altered in both patient groups of the study.

Fig. 5 Humeral elevation angles and percentage of RTSA patients showing scapula compensation movements in flexion (FLEX) and abduction (ABD).
RTSA reverse total shoulder arthroplasty, PRRE Protraction-Retraction, ME-LA Medio-Lateral rotation, PA Posterior-Anterior tilting
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Physiological scapulothoracic motion was not restored in ei-
ther group, a finding that failed to demonstrate H2 of our
study. The lower CMS and SW-CMS scores measured in
RTSA patients after 6 months compared with the TSA group
may be due to the biomechanics of the reverse prosthesis and
the weakness of deltoid and periscapular muscles. The kine-
matic findings of this study can be used to develop a shoulder
rehabilitation protocol directed at reducing scapular compen-
sation movements.

Compliance with ethical standards

IRB approval was obtained from the institutional review board of the
Coordinator Center in Cattolica, Italy (Prot. No. 5494/2012 I.5/197
CEAV/IRST Meldola, Italy).
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