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Abstract 

Background  Few studies have investigated the kinematics after reverse total shoulder arthroplasty (RTSA). This 
study aimed to compare the shoulder kinematics in RTSA patients during shoulder abduction on the scapular 
plane with and without a load and yield information regarding the function of stabilizing the joints against gravity 
for the functional assessment of the shoulder after RTSA, which could lead to changes in postoperative rehabilitation 
treatment.

Methods  Twenty RTSA patients (7 men, 13 women; mean age: 78.1 [64–90] years) were examined. First, active shoul-
der abduction in the scapular plane was captured using single-plane fluoroscopic X-ray images. Imaging was per-
formed by stipulating that one shoulder abduction cycle should be completed in 6 s. Two trials were conducted: 
one under a load equivalent to 2% of body weight and one without a load. Next, a three-dimensional (3D) model 
of each humeral and scapular component was matched to the silhouette of the fluoroscopic image to estimate 
the 3D dynamics. By using the 3D dynamic model obtained, the kinematics of the glenosphere and humeral implant 
were calculated relative to the shoulder abduction angle on the scapular plane and were compared between groups 
with and without a load. A one-way analysis of variance and a post hoc paired t-test with a statistical significance level 
of 0.05 were performed.

Results  The humeral internal rotation decreased with a load at shoulder abduction between 40° and 90° on the scap-
ular plane (P < 0.01, effect size: 0.15). No significant differences in scapular upward rotation (P = 0.57, effect size: 
0.022), external rotation (P = 0.83, effect size: 0.0083) and posterior tilting (P = 0.74, effect size: 0.013) were observed 
between groups with and without a load. The main effect was not observed with and without a load (P = 0.86, effect 
size: 0.0072). However, the scapulohumeral rhythm was significantly greater without a load during shoulder joint 
abduction between 40° and 60° on the scapular plane.

Conclusion  In RTSA patients, the glenohumeral joint was less internally rotated, and the scapulohumeral rhythm 
decreased under loaded conditions. It was stabilized against the load through the mechanical advantage of the del-
toid muscle and other muscles.
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Background
Rotator cuff-tear arthropathy [1] (CTA) is osteoarthri-
tis of the shoulder following a massive tear of the rota-
tor cuff and presents with symptoms such as pain, joint 
subluxation, and elevation failure [2]. To address the 
issue, reverse total shoulder arthroplasty (RTSA) can be 
performed, by which the glenohumeral joint is converted 
into a reversed ball and socket articulation. RTSA was 
devised by Grammont [3] in the 1980s as a method that 
used an artificial joint for a shoulder with a non-func-
tioning rotator cuff. The biomechanical change medial-
izes the center of rotation, thereby altering the moment 
arm of the deltoid muscle and allowing the shoulder to 
be elevated in the presence of a non-functioning rota-
tor cuff [4]. Hence, the artificial shoulder joint in RTSA 
uses a mechanism different from that of a normal joint 
when elevating the arm [2], and understanding its three-
dimensional (3D) kinematics may provide helpful infor-
mation for improving postoperative rehabilitation and 
implant design.

Previous studies have investigated the changes in kine-
matics following the RTSA procedure [2, 5–12], with some 
reports evaluating scapular kinematics [5, 9] and scapulo-
humeral rhythm [9, 12]. Nonetheless, only a few reports 
have examined the glenohumeral joint kinematics. Further-
more, previous studies have reported on the shoulder joint 
kinematics with a load on the upper limb [13–16]. During 
abduction against gravity, the deltoid muscle and other tis-
sues stabilize the glenohumeral joint and draw the humeral 
head to the center of the glenoid [17]. Applying a load on 
the upper limb not only reproduces the joint load for daily 
activities, such as grasping an object but also provides use-
ful information regarding functional changes for stabiliz-
ing the glenohumeral joint by examining the difference in 
reaction between healthy and pathological shoulders. Some 
reports suggest that applying a load changes the scapulo-
humeral rhythm and scapular movement [13, 14], whereas 
other reports indicate that it does not [15, 16]. Kon et al. 
[14] analyzed scapular kinematics by applying a 3-kg load 
to the healthy shoulder and found that checking a patient’s 
shoulder function and scapular stability is simple. Sev-
eral reports [2, 5, 12] have examined the scapulohumeral 
rhythm in RTSA patients under a load. Nevertheless, no 
study has assessed the glenohumeral joint kinematics 
under a load in RTSA patients. Considering that the gle-
nohumeral joint is a structure in which the positions of the 
ball and socket are reversed, understanding the 3D gleno-
humeral joint kinematics in RTSA is important.

The present study aimed to compare the kinematics 
during shoulder abduction on the scapular plane in RTSA 
patients with and without a load and yield information 
regarding the function of stabilizing the joints against 
gravity. The information is important for the functional 
assessment of the shoulder after RTSA. We hypothesized 
that kinematics would significantly differ between RTSA 
patients with and without a load. If the shoulder kinemat-
ics changes with or without a load, the required muscle 
activity and joint mobility may differ during shoulder 
movement. This may be important for postoperative 
rehabilitation, since conventional treatments after total 
shoulder arthroplasty may not be appropriate for RTSA.

Methods
This was a non-randomized, experimental, observational 
study.

Participants
The inclusion criteria were as follows: Adult patients who 
underwent RTSA between October 2014 and April 2021, 
and had been monitored for more than 1 year and could 
raise the shoulder on the scapular plane by 90° or more. 
Patients who had undergone revision surgery, patients 
in whom X-ray fluoroscopy was difficult to perform, and 
those who had difficulty visiting the hospital because of 
other diseases were excluded from the study.

A total of 20 RTSA patients (7 men and 13 women; 
mean age: 78.1 [64–90] years), who provided written 
informed consent for participating in the project, were 
included in the study following Institutional Review 
Board approval (Fig.  1). Table  1 presents the character-
istics of each participant. The mean follow-up was 41.5 
(13–63) months. The RSTA involved 14 right shoulders, 
4 left shoulders, and both shoulders in two cases. One 
patient was left-handed, and the other patients were 
right-handed. In 15 patients, the dominant side was 
operated on, while in 5 patients the non-dominant side 
received the procedure. In patients with both shoulders 
operated, the right side underwent surgery first and was 
thus measured. Indications for RTSA included CTA in 
11 shoulders, extensive rotator cuff tear in 4 shoulders, 
shoulder joint osteoarthritis in 3 shoulders, and proximal 
humeral fracture in 2 shoulders.

Equinoxe (Exactech, Gainesville, FL, USA) was used in 
10 cases, in which 36-mm and 38-mm glenospheres were 
inserted in seven and three cases, respectively. Aequalis 
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Reversed (Tornier, Saint Martin, France) was utilized in 
seven cases, in which 36-mm glenospheres were inserted 
in all cases. Lastly, SMR Reversed (Lima, Tokyo, Japan) 

was employed in three cases, in which 36-mm gleno-
spheres were inserted in all cases. In all patients, the teres 
minor muscle was still intact and retained.

Fig. 1  Flowchart for identification of participants

Table 1  Characteristics of each participant

CTA​ Cuff-tear arthropathy, D-P Deltopectoral approach, A-S Anterosuperior approach

Case No Diagnosis Affected side Time from surgery (months) Approach

1 CTA​ Right 41 A-S

2 Osteoarthritis Right 62 D-P

3 Proximal humeral fracture Left 50 D-P

4 Extensive rotator cuff tear Right 51 A-S

5 CTA​ Right 63 D-P

6 Proximal humeral fracture Right 30 A-S

7 CTA​ Right 55 D-P

8 CTA​ Left 72 D-P

9 CTA​ Left 23 D-P

10 CTA​ Right 30 A-S

11 CTA​ Right 34 D-P

12 CTA​ Both shoulder (Right) 14 D-P

13 CTA​ Right 21 D-P

14 Extensive rotator cuff tear Right 13 A-S

15 Extensive rotator cuff tear Right 22 A-S

16 CTA​ Both shoulder (Right) 47 D-P

17 Osteoarthritis Right 33 D-P

18 Extensive rotator cuff tear Left 55 D-P

19 Osteoarthritis Right 63 D-P

20 CTA​ Right 51 A-S



Page 4 of 10Takahashi et al. Arthroplasty            (2023) 5:51 

Clinical assessment
Patients were clinically examined at the time of fluoro-
scopic X-ray imaging. We evaluated patients’ active and 
passive range of motion using a goniometer, the Ameri-
can Shoulder and Elbow Surgeons (ASES) Shoulder 
Score, and the Constant Score [18].

Imaging of joint dynamics
Single-plane fluoroscopic X-ray imaging was performed 
under the supervision of a senior surgeon. The partici-
pants were asked to take a sitting position, with the trunk 
upright, the upper limbs hanging down, and the palm fac-
ing forward in a thumb-up position. Shoulder abduction 
was performed two times on the scapular plane, defined 
as the plane where the scapular spine aligns with the 
humeral shaft. One movement cycle comprised lifting the 
arm from the arm-on-the-side position to the maximum 
abducted position and returning to the arm-on-the-side 
position. The movement had to be completed within 6 s, 
which was monitored by using a watch. We analyzed the 
finding on the second attempt, and for participants with 
frame-out movement on the second attempt, the finding 
on the first attempt was analyzed. Two trials were per-
formed: one under a load (a weight equivalent to 2% of 
body weight wrapped around the distal forearm) and one 
without a load.

Generation of a 3D model of the artificial shoulder joint
A 3D model of the humeral component in each par-
ticipant was created on the basis of the computer-aided 
design model. A 3D model of the scapular component 
was made by using computer software (ITK snap Penn 
Image Computing and Science Laboratory, Philadel-
phia, PA, USA) based on computed tomography (CT) 

information [19], taken with the arm at the side position 
to define the screw position and angle for fitting to the 
contour of the fluoroscopic X-ray image. Next, a coordi-
nate system was defined for each 3D model (Fig. 2) using 
computer software (Rhinoceros®; Robert McNeel & 
Associates, Seattle, WA, USA). The origin of the humeral 
component was defined as the center of the polyethyl-
ene insert; the stem axis as the y-axis; the line directing 
toward the highest point of the circular insert from the 
origin as the x-axis; the axis perpendicular to the xy-
plane as the z-axis. The origin of the scapular component 
was defined as the center of the hemisphere; the axis of 
the base plate as the x-axis; the line from the center of the 
baseplate’s circle to the cranial vertex as the y-axis; the 
anteroposterior direction as the z-axis on a plane perpen-
dicular to the x-axis.

Two‑dimensional (2D)‑3D registration and data analysis
Using JointTrack software [20] (www.​sourc​eforge.​
net/​proje​cts/​joint​track), the 3D model of the artificial 
joint was fitted to the contour of the fluoroscopic X-ray 
image, and the 3D position was estimated (Fig. 3). The 
implant kinematics relative to the X-ray coordinate sys-
tem and the kinematics of a humeral component rela-
tive to a scapular component were determined using 
the Euler angle. The shoulder abduction angle on the 
scapular plane was defined as the rotation angle of the 
humeral component on the z-axis. The rotation angle 
of the glenohumeral joint was defined as the rotation 
angle of the humeral component on the y-axis rela-
tive to the origin of the scapular component along the 
y-axis of the scapular component. The rotation angle of 
the scapular component was defined as follows: ante-
rior/posterior tilting on the x-axis; internal/external 

Fig. 2  The humeral and scapular component embedded coordinate system and definition of rotations

http://www.sourceforge.net/projects/jointtrack
http://www.sourceforge.net/projects/jointtrack
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rotation on the y-axis; and upward/downward rotation 
on the z-axis. The scapulohumeral rhythm was the ratio 
of the glenohumeral abduction angle to the scapular 
upward rotation angle. ΔHumerus (ΔH) was defined 
as an increment in shoulder abduction angle between 
the reference point and the next 10°, and the value is 
constantly 10°. Data analysis was performed using the 
10° interval of shoulder abduction as the basic unit. 
ΔScapula (ΔS) was defined as an increment of scapu-
lar upward rotation angle, calculated for every 10° of 
shoulder abduction. The glenohumeral abduction angle 
was represented by the difference between ΔH and ΔS, 
and the scapulohumeral rhythm was calculated as (ΔH 
– ΔS) / ΔS [10, 12].

Accuracy of the 2D‑3D registration technique
Intra- and interobserver reproducibility of the 2D-3D 
registration technique was assessed using the stand-
ard deviation of the glenohumeral rotation angle and 
scapular component rotation angle obtained from the 
reconstruction of each subject that defined the 95% 
confidence interval. Our study included 12 participants, 
and each participant was evaluated by the same exam-
iner (a physical therapist) on two test days, with a test-
to-test interval of 7 days. Additionally, the participants 

were evaluated by a second examiner (a senior surgeon) 
on the second test day to assess interrater reliability.

Statistical analysis
A one-way analysis of variance was performed for sta-
tistical analysis of each joint angle, with the presence 
or absence of a load as a factor to inspect the hypoth-
esis that “shoulder kinematics would significantly dif-
fer between RTSA patients with and without a load.” 
Multiple comparison testing was conducted using a 
paired t-test with Bonferroni correction. Statistical 
analysis was performed using JMP®16.0 (SAS Institute 
Inc., Cary, NC, USA) with a statistical significance level 
set at 0.05. The required sample size was calculated to 
be 199 when the effect size was 0.1, the significance 
level (alpha error probability) was 0.05, and the power 
(1-beta error probability) was 0.8. In addition, we cal-
culated the correlation coefficient to provide a quanti-
tative assessment.

Results
Table 2 summarizes the clinical assessment results of par-
ticipants. Intra- and interrater reliability of glenohumeral 
and scapular kinematics during shoulder abduction in the 

Fig. 3  The 2-dimensional-3-dimensional model image registration in RTSA. Three-dimensional artificial models were fitted to the contour 
of the fluoroscopic X-ray image
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scapular plane showed good reliability [21], being > 0.70 
for the most part. Table 3 presents the results of the cor-
relation coefficient.

The main effect was observed in the rotation angle of 
the humeral component with respect to the scapular 
component (Fig.  4) with and without a load (P < 0.01, 
effect size: 0.15). External rotation was significantly 
greater with a load during shoulder joint abduction 
between 40° and 90° on the scapular plane.

There were no significant differences in scapular com-
ponent upward rotation (Fig.  5, P = 0.57, effect size: 
0.022), external rotation (Fig.  6, P = 0.83, effect size: 
0.0083), and posterior tilting (Fig. 7, P = 0.74, effect size: 
0.013) between groups with and without a load.

The main effect was not observed in the scapulo-
humeral rhythm with and without a load (Fig. 8, P = 0.86, 
effect size: 0.0072). However, the scapulohumeral rhythm 
was significantly greater without a load during shoul-
der joint abduction between 40° and 60° on the scapular 
plane.

Table 2  Clinical assessments of participants

Clinical measures (Mean ± standard deviation [SD])

Mean (± SD) of clinical evaluation

Passive range of motion

  Flexion (degree) 137.50 ± 15.17

  Abduction (degree) 128.00 ± 19.08

External rotation (degree) 42.25 ± 18.46

Functional score

  ASES score 70.61 ± 15.53

  Constant score 58.40 ± 10.52

Table 3  Correlation coefficients

Loaded Unloaded

Glenohumeral internal rotation 0.53 0.41

Scapular upward rotation 0.28 0.32

Scapular external rotation 0.038 0.064

Scapular postrior tilting 0.24 0.21

Fig. 4  The rotation angle of the humeral component relative to scapular component. Internal ( +) / external (-) rotation. The significance level 
adjusted by Bonferroni correction was 0.00714. A significant difference (P < 0.05) was found at 40 degrees shoulder abduction

Fig. 5  The rotation angle of the scapular component. Upward ( +) / downward ( −) rotation. The significance level adjusted by Bonferroni correction 
was 0.00714
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Discussion
The results of the study partially supported our hypoth-
esis. The glenohumeral joint was less internally rotated 
under the loaded condition than under the unloaded 
condition during shoulder abduction of 40° to 90° on the 
scapular plane. The present study analyzed the rotation 
of the glenohumeral joint as a rotation of the humeral 
component relative to the scapular component. There-
fore, the rotational angle of the glenohumeral joint was 
unaffected by the movement of the scapula, which is a 

notable strength of this study. It is possible that the influ-
ence of gravity changes as the scapula moves. However, 
as activities of daily life are performed under similar 
conditions, this study was conducted under these con-
ditions. In contrast, no significant differences in scapu-
lothoracic joint kinematics were observed. However, 
scapulohumeral rhythm decreased under loaded condi-
tions than under unloaded conditions during arm eleva-
tion in the scapular plane. Some studies [2, 12] analyzed 
the kinematics with a load during shoulder abduction in 

Fig. 6  The rotation angle of the scapular component. External ( +) / internal ( −) rotation. The significance level adjusted by Bonferroni correction 
was 0.00714

Fig. 7  The rotation angle of the scapular component. Posterior ( +) / anterior ( −) tilting. The significance level adjusted by Bonferroni correction 
was 0.00714

Fig. 8  Scapulohumeral rhythm under loaded and unloaded conditions. The significance level adjusted by Bonferroni correction was 0.00714. 
A significant difference (P < 0.05) was found at 40 degrees to 60 degrees shoulder abduction
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RTSA patients. Walker et al. [12] examined the scapulo-
humeral rhythm with a 1.4-kg load during arm abduction 
on the frontal plane in RTSA patients and reported no 
difference between the loaded and unloaded conditions. 
The difference in the results by Walker et al. [12] might 
be related to the plane of shoulder abduction. Kwon et al. 
[2] reported that the scapulohumeral rhythm decreased 
when hand weights were added during arm elevation in 
the scapular plane. The results of the present study are 
consistent with the findings by Kwon et al. [2].

Based on this result, the glenohumeral joint was less 
internally rotated, and the scapulohumeral rhythm 
decreased under loaded conditions. Kon et al. [14] reported 
that the scapulohumeral rhythm was greater (less scapular 
motion) under the loaded condition in the healthy shoul-
der. The contrasting results by Kon et  al. [14] indicated 
functional differences between the healthy shoulder and 
RTSA one. In a healthy shoulder, which was speculated to 
be due to holding the scapula to the torso against loads [14]. 
In contrast, in RTSA, the initial position on the scapula is 
rotated to increase the deltoid muscle length and provide 
a greater mechanical advantage for the deltoid muscle [2] 
and the scapular muscles exert a greater force to hold the 
scapula against loads. The range of 40° to 90° for shoulder 
abduction was mainly the cycle of the hanging joint [22], 
and bony support against the load was not available. There-
fore, the glenohumeral joint was stabilized against the load 
through the mechanical advantage of the deltoid muscle 
and other muscles. Consequently, the patients might have 
altered the glenohumeral rotation. RTSA patients who were 
unable to perform shoulder joint abduction on the scapular 
plane under loaded may require enhanced function to miti-
gate scapulohumeral rhythm reduction. This main finding 
holds significance because it offers a screening method to 
evaluate shoulder function, particularly stability, in RTSA 
cases. For example, this insight could potentially determine 
whether individuals with increased internal rotation of the 
humeral component under load will be able to externally 
rotate the humeral component, including scapulohumeral 
rhythm, against load.

In this study, the humeral component internally rotated 
relative to the scapular component in RTSA patients dur-
ing shoulder abduction on the scapular plane. Matsuki 
et  al. [10] also examined these kinematics and reported 
that the humeral component rotated externally. Although 
our study showed different results, we recorded active 
shoulder abduction with participants assuming a sitting 
position. Matsuki et al. [10] did so with the participants 
in a standing position. Some studies [23, 24] reported 
that shoulder joint kinematics changed between stand-
ing and sitting positions. However, there are no reports 
regarding humeral rotation during arm elevation. The 
retroversion angle of the humeral component has been 

reported to affect its rotation during shoulder abduction 
in RTSA patients [25]. Gulotta et al. [25] showed that the 
internal rotation angle decreased with an increasing ret-
roversion angle at shoulder abduction between 20° and 
40° on the scapular plane. The discrepancy in the result 
from Matsuki et al. [10] may be ascribed to the difference 
in measurement positions and retroversion angle of the 
humeral component.

This study had several limitations. First, this study 
involved a relatively small number of patients. Neverthe-
less, given that sample size is unrealistic owing to X-ray 
fluoroscopy and CT imaging, the number of cases was 
determined using a 2D-3D registration technique based 
on previous reports [10, 12, 14, 17, 26]. Second, fluoro-
scopic images were taken on a single plane and, therefore, 
lacked accuracy in out-of-plane rotations, which was also 
mentioned by Matsuki et  al. [26]. Furthermore, Bey et al. 
[27] reported that biplane fluoroscopy improved accuracy 
in out-of-plane rotations. However, because the kinematic 
parameters in our study were insensitive to out-of-plane 
translation errors, single-plane fluoroscopic imaging was 
adequate. It was also necessary to fully consider the indi-
cations, such as using single-plane fluoroscopy and biplane 
fluoroscopy as required. Finally, the variation of RTSA, 
implant designs, retroversion of the humeral component, 
surgical approaches, whether the surgical side is the domi-
nant side or not, and measurement positions were not 
evaluated in this study, considering that the subject of this 
study was relatively good shoulder abduction on the scap-
ular plane. Hence, an investigation including these factors 
should be conducted to provide more information for eval-
uating the shoulder function after the RTSA.

Conclusion
This study investigated the kinematics during shoul-
der abduction in RTSA patients using a 2D/3D registra-
tion method. Herein, we compared the angle of rotation 
between the humeral and scapular components during 
shoulder abduction on the scapular plane under two con-
ditions: with and without load application. At a shoulder 
abduction between 40° and 90° on the scapular plane, 
internal rotation of the humeral component was signifi-
cantly less with a load than that without a load. The scap-
ulohumeral rhythm was significantly greater without a 
load during shoulder joint abduction between 40° and 60° 
in the scapular plane. No significant differences in scapu-
lothoracic joint kinematics were noted.
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