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Abstract
Background The bone morphology of the greater tuberosity and lateral acromion plays a central role in subacromial 
impingement syndrome. The critical shoulder angle (CSA) and greater tuberosity angle (GTA) are two-dimensional 
measurement parameters that have been validated to evaluate it radiologically. These markers are, however, static and 
don’t consider the dynamic effect of glenohumeral motion.

Objectives This study aimed to better understand the biomechanics in subacromial impingement with a dynamic 
simulation based on a validated 3D biomechanical model coupling joint kinematics and 3D reconstructed computed 
tomography.

Study design & methods Sixty-one patients were included in this study: a case group of 44 patients with 
degenerative rotator cuff tears involving only the supraspinatus, and a control group of 17 without a rotator cuff 
tear. Patients with previous surgeries, traumatic cuff tears, and cuff tear arthropathy were excluded. CSA, GTA, and 
impingement-free range of motion (IF-ROM) of the glenohumeral joint in scaption were calculated. Correlation tests 
were used to determine the relationship between ROM and CSA, GTA, and combined CSA and GTA values.

Results CSA and GTA were significantly higher in the rotator cuff tear group (p = 0.001 and < 0.001), while IF-ROM 
was significantly higher in the control group (p = 0.001). There was no overall correlation between CSA and GTA 
(R = 0.02, p = 0.8). Individual correlation between both angles with IF-ROM was negatively weak for CSA (R = -0.4, 
p < 0.001) and negatively moderate for GTA and IF-ROM (R = -0.5, p < 0.001). However, combining both angles resulted 
in a negatively high correlation with IF-ROM (R = -0.7, p < 0.001).
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Background
Subacromial pain syndrome represents the main shoul-
der complaint and the reason for consultation and sick 
leave [1]. It involves a spectrum of pathologies, includ-
ing rotator cuff tendinosis, calcific tendinitis, subacro-
mial bursitis and partial or full-thickness rotator cuff 
tears (RCT) [31]. Concerning this last entity, two main 
theories have been postulated that attempt to explain the 
physiopathogenesis of these lesions.

On the one hand, some authors describe the intrinsic 
theory based on the idea that an intrinsic (internal) pro-
cess causes the tear, such as degeneration of the rotator 
cuff tendon, rather than an external compression. It sug-
gests that the tear is caused by repetitive microtrauma 
and a gradual tendon breakdown due to ageing and wear 
and tear rather than an acute injury or trauma [22, 34]. 
Many genetic, metabolic, and behavioral factors are 
thought to contribute to intrinsic tendon tearing [21]. 
On the other hand, the extrinsic theory suggests that the 
rotator cuff is subject to external stresses, such as trac-
tion and tendon compression in the subacromial space 
(impingement). The term subacromial impingement was 
thought to result from an accumulation of bursal fluid in 
the shoulder joint. It was not until the 1970s that Charles 
Neer developed the concept of rotator cuff impinge-
ment, suggesting that the rotator cuff and long head of 
the biceps tendon were being impinged between the 
humerus and the acromion [25]. Since then, advances in 
medical imaging technology have allowed further investi-
gation of shoulder impingement and a better understand-
ing of the anatomy of the shoulder joint and the role of 
the rotator cuff and biceps tendon in shoulder impinge-
ment [16, 25]. RCT could be due to direct contact of the 
tendon against the bone or indirectly due to a change in 
muscle force vectors induced by lateral acromion mor-
phology [13].

Nevertheless, to reduce subacromial space, it should be 
narrowed with, at least, two structures, meaning that the 
greater tuberosity may also play an important role in the 
development of impingement. Consequently, not only the 
acromion but also the greater tuberosity could be associ-
ated with RCT [19, 26, 27]. Under this perspective, recent 
studies have proposed and validated the critical shoulder 
angle [24] (CSA) and greater tuberosity angle [9] (GTA) 
as radiographic markers associated with RCT. CSA takes 

into account the lateral extent of the acromion according 
to the glenoid plane, whereas GTA takes into consider-
ation the superolateral extent of the greater tuberosity 
according to the humeral head center of rotation (Fig. 1). 
However, both parameters are static, and may not repre-
sent the dynamic process of shoulder impingement dur-
ing shoulder motion [9, 24].

For these reasons, this study aimed to propose a bet-
ter understanding of the biomechanics of subacromial 
impingement with a dynamic simulation based on a vali-
dated three-dimensional (3D) biomechanical model cou-
pling joint kinematics and 3D reconstructed computed 
tomography (CT).

Materials and methods
Patients recruitment and groups
We prospectively recruited all patients with at least 
3-tesla magnetic resonance imaging (MRI) presenting 
to a shoulder-specialized institute between 2018 and 
2022. Patients who presented a degenerative rotator cuff 
tear involving only the supraspinatus were included in 
the case group (RctG), whereas those without a supra-
spinatus tear were included in the control group (CoG). 
Patients with previous history of shoulder surgery or any 
grade of arthropathy were excluded. The study proto-
col was approved by the local ethics committee (AMG-
12.18), and all patients gave informed written consent.

3D reconstruction and CSA/GTA measurements
All patients underwent a CT of the shoulder. The CT 
examinations were conducted with a LightSpeed (LS) 
VCT 64 rows (General Electric Healthcare, Milwaukee 
WI, USA). Images were acquired at 0.63 mm slice resolu-
tion. Based on the CT images, patient-specific 3D models 
of the shoulder bones (scapula and humerus) were recon-
structed for each patient using Mimics software (Materi-
alize NV, Leuven, Belgium).

Morphological measurements were performed to ana-
lyze individual shoulder anatomy. Both angles (CSA and 
GTA) were measured on 3D corrected coronal CT slicing 
as validated by Bouaicha et al., [2] by two independent 
observers (GC, LACA), using Osirix (Pixmeo, Bernex, 
Switzerland) (Fig.  1). All measures were repeated twice 
by each of the observers, with a time interval of two 

Conclusion Subacromial space narrowing during scaption is highly correlated to the cumulative values of GTA and 
CSA. These findings suggest that the combined bony morphology of the lateral acromion and greater tuberosity plays 
an important role in subacromial impingement.
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weeks in between, and the mean values were taken for 
the statistical analysis.

Kinematics analysis and impingement detection
Using the reconstructed patient-specific 3D models of 
the shoulder bones (scapula and humerus), biomechani-
cal parameters were first computed to allow motion 
description of the glenohumeral joint. The glenohumeral 
joint center was calculated by a sphere fitting technique 
[29] that fits a sphere to the humeral head model. Bone 
coordinate systems were established for the scapula and 
humerus based on the definitions suggested by the Inter-
national Society of Biomechanics [37] using anatomical 
landmarks defined on the bone models.

Second, the shoulder ROM was applied at each time 
step to the humerus model in its anatomical frame with 
real-time evaluation of impingement, using a dedicated 
simulation software [4] that integrates a dynamic mod-
ule allowing shoulder joint kinematics computation from 
standard kinematic sequences (e.g., elevation, scaption, 
internal/external rotation). This is achieved as follows: 
the humerus model is simulated by increasing the rele-
vant rotational angle of 1° at each time step taking into 
account the patient-specific biomechanical parameters 
of the joint (glenohumeral joint center and anatomi-
cal planes, i.e., anatomical frame), whereas the scapula 
model remains fixed at all time. In the present study, we 
were interested in simulating a pure scaption motion 
only, ranging from 0° to 120°. During motion simulation, 
the minimum acromio-humeral distance (AHD) that is 
typically used for the evaluation of subacromial impinge-
ment was measured at each time step [7, 15, 33]. This 

distance was calculated in millimeters based on the simu-
lated bone models’ positions [5].  A color scale was also 
used to map the variations of distance on the scapula sur-
face (red color = minimum distance, other colors = areas 
of increased distance), as shown in Fig.  2. Given the 
thickness of the potential impinged tissues, subacromial 
impingement was considered when the computed AHD 
was < 6  mm, as suggested in the literature [5, 7, 10]. At 
the end of each simulation, the IF-ROM during the scap-
tion was thus recorded.

Visualization of the acromio-humeral distance during 
scaption. The colors represent the variations of the dis-
tance between the acromion and humeral head with the 
red color denoting the zone of minimum distance.

Statistical analysis
Statistical analyses were performed using Stata 16 soft-
ware (StataCorp, College Station, TX, USA). Baseline 
patient characteristics were compared using χ2 tests of 
proportions (ratios) and Student t tests according to the 
characteristic of each variable. The Shapiro-Wilk test was 
used to evaluate the distribution of the sample. Inter- and 
intraobserver reproducibility were analyzed for the mea-
surements of the CSA and GTA values. Finally, Pearson 
(r) was used to determine a correlation between CSA and 
GTA, whereas Spearman (R) was used to determine the 
relationship between ROM and CSA, GTA, and com-
bined CSA and GTA values. Statistical significance was 
set at P < 0.05.

Fig. 1 3D corrected CT-scan reconstruction of a left shoulder showing the assessment of CSA and GTA. (A) CSA is based on the angle between the gle-
noid plane and most lateral border of the acromion. (B) GTA consists of the angle between a parallel line to the diaphyseal axis that passes through the 
humeral head center of rotation and the most superolateral edge of the greater tuberosity.
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Results
Sixty-one patients were included in this study: 44 had 
degenerative supraspinatus tear (RctG) and 17 had no 
signs of cuff pathology (CoG). The affected side and 
gender were similar between the two groups. CSA 
and GTA were significantly higher in the RctG (41.3° ± 
5.4 and 73.9° ± 4.4, respectively) than in the CoG (CSA 
36.8 ± 4.1 and GTA 68.3 ± 3.5, p < 0.001). Moreover, the 
sum of these two variables was also statistically signifi-
cantly higher in the first group (115.1 ± 6.2 vs. 105.1 ± 4.9, 
p < 0.001). The analyses of intra- and interobserver repro-
ducibility showed almost perfect agreement for CSA and 
GTA (ICC being between 0.81 and 0.93 respectively). In 
addition, IF-ROM was significantly higher in the CoG 
than RctG (51.0 ± 32.2 vs. 24.3 ± 28.4, p = 0.001) (Table 1).

Overall, there was no correlation between CSA and 
GTA (R = 0.02, p = 0.8). The individual correlation 
between both angles and the IF-ROM was negatively 
weak to moderate (R = -0.4, p < 0.001 for CSA, and R = 

-0.5, p < 0.001 for GTA). However, the sum of both angles 
was highly negatively correlated with the IF-ROM (R = 
-0.7, p < 0.001) (Table 2; Fig. 3).

Discussion
The main findings of our study were that the combina-
tion of the CSA and GTA of the shoulder was strongly 
correlated with IF-ROM. However, the isolated correla-
tion between CSA and GTA with IF-ROM was weak to 
moderate, respectively. This suggests that dynamic sub-
acromial space narrowing during scaption is dependent 
on both morphologies of the greater tuberosity and the 
lateral acromion. CSA and GTA were significantly higher 
in the RctG group, and there was no direct correlation 
between both markers, corroborating the findings of 
previous studies [8, 9]. Cunningham et al. found that a 
cumulative value of GTA and CSA over 103° was associ-
ated with an over 97-fold risk of association to degenera-
tive RCT [8, 9]. These findings point out that, apart from 

Fig. 2 Visualization of the acromio-humeral distance during scaption
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the static implication of both angles in the physiopatho-
genesis of subacromial impingement and rotator cuff 
tendinopathy, there is a dynamic abutment that generates 
more narrowing during scaption.

The implication of bone morphology and particularly 
CSA and GTA is not fully understood. An alteration of 
the subacromial space may result in direct narrowing, 
leading to impingement and rotator cuff tear, or it could 
result in a change in the force vectors of the rotator cuff 
muscles. Gerber et al. described in their biomechanical 
study that larger CSA increases the ratio of joint shear 
to joint compression forces, requiring substantially 
increased compensatory supraspinatus loads [13]. This 
could also be the case for GTA. Indeed, even though GTA 
has not been the subject of a biomechanical study such 
as the CSA, values   greater than 70° and 35° respectively, 
have been shown to have a positive predictive value for 
the presence of RCT [9, 24, 32, 38]. Further biomechani-
cal studies such as Gerber’s should thus be carried out 
to investigate the relationship between the GTA and the 
supraspinatus vector force changes.

Ultimately, CSA has been objecting to debate related 
to the inaccuracies in the radiographic measurements. 

Chalmers et al., [3] for instance, obtained only a small 
difference in CSA values   in patients with RCT compared 
to their control group (34° ± 4° versus 32° ± 4°; mean dif-
ference, 2.0°; 95% CI, 0.7°-3.2°; p = 0.003). They suggested 
that differences as small as 2° may be easily subject to 
measurement mistakes. In contrast, several studies have 
shown strong intra- and inter-observer reproducibility 
for both variables (CSA and GTA) [6, 9, 30, 32].

Another debate on measurements is about the AHD. 
A systematic review of the literature by Mc. Creesh et al. 
[23] showed strong reliability for an ultrasound to mea-
sure AHD but moderate for MRI and CT scans. However, 
these studies only performed monoplane measurements 
of the subacromial space. As a consequence, Kocadal et 
al. analyzed the subacromial volume by measuring the 
AHD of the entire extension of the inferior acromion in 
the coronal plane of MRI, and not sagittal as previous 
studies have done. Thus, they showed how the volume 
of the subacromial space was significantly lower in 26 
patients with impingement syndrome compared to the 
control group of 24 asymptomatic patients (3.18 ± 0.99 
cm3 vs. 3.93 ± 1.06 cm3, p < 0.01) [18].

In addition, the dynamic implication of shoulder posi-
tion could also lead to several biases. In 2008, Fehringer 
et al. warned that AHD measurement was highly variable 
according to the position of the shoulder at the moment 
of the radiography [11]. Finally, as described by Sanguan-
jit et al., the effect of gravity on the shoulder with decubi-
tus changes should not be ruled out. In their study, they 
showed a significant decrease in AHD in supine patients 
compared to standing patients [28]. To reduce all pos-
sible confounders, our simulation established standard-
ized and reproducible bone coordinate systems for the 
scapula and humerus based on the ISB definitions to 
input shoulder ROM [37], and computed the AHD in 3D 
at each time step over the entire scapula surface [5].

Considering the findings, the use of tuberoplasty and 
acromioplasty to reduce impingement could be argued 
to avoid recurrences. In a prospective randomized study, 
Lädermann et al. showed that acromioplasty without 
tuberoplasty removed 50% of the estimated volume 
of impinging acromial bone [20]. However, the role of 
acromioplasty in preventing tear recurrence remains 
open to debate. A randomized clinical trial by WaTer-
man et al. [35] recently showed the same long-term 
(mean 7.5 years) clinical outcomes and recurrence rates 
among patients who underwent a RCT repair with or 
without acromioplasty. On the contrary, Woodmass et 
al. reported after an average of 11 years no differences 
in patient-reported outcomes but a significantly higher 
reoperation rate in patients who had rotator cuff repair 
without acromioplasty [36]. Nevertheless, neither CSA 
nor GTA was measured in these two studies, nor was the 
amount of bone removed by the acromioplasty. Indeed, 

Table 1 Patient parameters and greater tuberosity angle values 
are compared in both groups
Variable Patient 

Group (CaG)
(n = 44)

Control 
Group (CoG)
(n = 17)

P 
value*

Gender (n, %) 0.91

Male 26 (59) 11 (64)

Female 18 (41) 6 (36)

Affected side (N)

Right 25 10 0.88

Left 19 7

CSA (°) 41.3 ± 5.4
(29.8–52.5)

36.8 ± 4.1
(29.2–44.8)

0.001

GTA (°) 79.3 ± 4.4
(61.2–84.9)

68.3 ± 3.5
(59.0–74.3)

< 0.001

CSA + GTA (°) 115.1 ± 6.2
(102.5–130.6)

105.1 ± 4.9
(95.8–111.5)

< 0.001

IF-ROM (°) 24.3 ± 28.4
(1.0–120.0)

51.0 ± 32.2
(3.0–120.0)

0.001

CSA, Critical Shoulder Angle; GTA, Greater Tuberosity Angle; IF-ROM, 
Impingement free range of motion. Continuous data are shown as 
mean ± standard deviation (range). *Paired T-Test analysis and chi2 according 
to the sample

Table 2 Correlation test among the outcome variables
Variables Correlation P value
CSA vs. GTA 0.02 0.83*

CSA vs. ROM -0.44 0.0004**

GTA vs. ROM -0.52 < 0.0001**

CSA + GTA vs. IF-ROM -0.7 < 0.0001**
CSA: Critical Shoulder Angle; GTA: Greater Tuberosity Angle; IF-ROM: 
Impingement-free range of motion. * Pearson correlation test. ** Spearman 
correlation test
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recent studies demonstrated that acromioplasty does not 
normalize CSA in more than 35% of the cases [14, 17]. 
However, none of these studies have looked at the effect 
of GTA and retear. Therefore, the clinical implication of 
an increase in GTA after a RCT repair remains under 
scrutiny. In effect, a study showed no significant differ-
ences in the results of the Constant score and Oxford 
shoulder score between two groups of patients with GTA 
above and below 70°. However, this study presents sev-
eral biases due to its retrospective nature (it starts from 
different basal functional scores between groups, there is 
no imaging follow-up of tendon integrity, and they pres-
ent a short follow-up for this pathology) [12]. Since both 
acromion and greater tuberosity morphology are impli-
cated in shoulder impingement syndrome and RCT, fur-
ther research is needed to evaluate the combined impact 
of acromioplasty and tuberoplasty on CSA and GTA and 
correlate it with long-term clinical outcomes and retear 
rates.

This article is not exempt from limitations. Firstly, 
since we considered it unethical to perform an unneces-
sary study on a healthy population, we enrolled patients 
with, for example, shoulder instability or SLAP lesions 
as a control group; thus, the age could vary between the 
group yet the prevalence of each pathology is different. 
However, a previous study found no correlation between 
age and CSA or GTA, suggesting that both parameters 
are constitutionally acquired, therefore, due to the fact 
that our study only aimed to analyze bone morphol-
ogy in a simulation test we did not consider the age as 
an exposition variable [8]. Although this was a 3D-model 
analysis, GTA and CSA remain 2D markers. They are 
projections of the most prominent extent of the bone in 
the coronal plane but do not indicate precisely where the 
impingement takes part. This may explain why Hardy 
et al. found that anterior acromioplasty could affect 
CSA values [17]. Furthermore, other dynamic factors 
such as scapula dyskinesis may predispose to subacro-
mial impingement. In addition, we used AHD to define 

Fig. 3 Scatter diagrams of correlation among the outcome variables. Scatter diagrams showing: (A) no correlation between the critical shoulder angle 
(CSA) and greater tuberosity angle (GTA) (R = 0.02, p = 0.8). (B) weak negative correlation between CSA and IF-ROM (R = -0.4, p < 0.001). (C) moderate 
negative correlation between GTA and IF-ROM (R = -0.5, P < 0.001). (D) high correlation between combined values of CSA and GTA with IF-ROM (R = -0.7, 
p < 0.001)
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subacromial impingement, and, as discussed previously, 
it may not be accurate enough to precisely determine 
the thickness of the impinging soft tissues because of the 
number of biases in the measurements according to the 
position of the arm, gravity force and range of movement. 
However, thanks to this validated biomechanical model 
and software, we tended to minimize them. Future stud-
ies should also envision to simulate the joint based on 
motion capture data instead of simplified motion such as 
the pure scaption used in this study to comprehend the 
subtle motion of the joint in the three anatomical planes 
and the interplay between the orientation of the humerus 
with respect to the scapula. Finally, since this is the first 
study that analyzed the dynamic behavior of the CSA and 
GTA during scaption, we could not assess a power analy-
sis due to the lack of previous data in this field. Therefore, 
we encourage readers to roll out future studies according 
to our findings.

Conclusion
Subacromial space narrowing during scaption is highly 
correlated to the cumulative value of GTA and CSA. 
These findings suggest that the combined bony morphol-
ogy of the lateral acromion and greater tuberosity plays 
an important role in subacromial impingement.
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