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Shoulder bone geometry affects the Glenohumeral joint active and passive axial 1 

rotational range 2 

 3 

Abstract 4 

 5 

Background:  6 

The range-of-motion of the Glenohumeral joint varies substantially between individuals and 7 

is dependent on humeral position. How variation in shape of the humerus and scapula affects 8 

shoulder axial range-of-motion at various positions has not been previously established. 9 

Hypothesis/Purpose:  10 

The aim of this study is to quantify variation in the shape of the Glenohumeral joint and 11 

investigate whether the scapula and humerus geometries affect axial rotational range of the 12 

Glenohumeral joint. 13 

Study Design: Cross-sectional study 14 

Methods:  15 

The range of active and passive internal-external rotation of the Glenohumeral joint was 16 

quantified for 10 asymptomatic subjects using optical motion tracking at 60º, 90º and 120º 17 

humeral elevations in the Coronal, Scapular and Sagittal planes. Bone geometrical parameters 18 

were acquired from shoulder MRI scans and correlations between geometric parameters and 19 

maximum internal and external rotations were investigated. Three-dimensional subject-20 

specific models of the humerus and scapula were used to identify collisions between bones at 21 

the end-of-range. 22 

Results:  23 

Maximum internal and external rotations of the Glenohumeral joint were correlated to 24 

geometrical parameters and were limited by bony collisions. Generally, the active axial 25 

rotational range was greater with increased articular cartilage and glenoid curvature; whilst a 26 
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shorter acromion resulted in greater passive range. Greater internal rotation was correlated 27 

with a greater glenoid depth and curvature in the Scapular plane (r=0.76, p<0.01 at 60° 28 

elevation), a greater subacromial depth in the Coronal plane (r=0.74, p<0.01 at 90° 29 

elevation), and a greater articular cartilage curvature in the Sagittal plane (r=0.75, p<0.01 at 30 

90° elevation). At higher humeral elevations, a greater subacromial depth and shorter 31 

acromion allowed a greater range-of-motion. 32 

Conclusion:  33 

The study strongly suggests that specific bony constraints restrict the maximum internal and 34 

external rotations achieved in active and passive glenohumeral movement. 35 

Clinical Relevance:  36 

This study identifies bony constraints which limit the range-of-motion of Glenohumeral joint. 37 

This information can be used to predict full range-of-motion and set patient specific 38 

rehabilitation targets for patients recovering from shoulder pathologies. It can improve 39 

positioning and choice of shoulder implants during pre-operative planning by considering 40 

points of collision which could limit range-of-motion. 41 

Key Terms: Glenohumeral joint, Kinematics, Bone geometry, Axial rotation, Range-of-42 

motion. 43 

 44 

What is known about the subject?  45 

The maximum internal and external rotation of the Glenohumeral joint is dependent on the 46 

elevation angle and elevation plane of the humerus and there is large variation in the range-47 

of-motion between individuals15. Previous research has shown osseous adaptation at the 48 

proximal humerus can lead to an increased angle of retroversion in elite overhead sports 49 

athletes, which has been related to an increased range of external rotation of the 50 

Glenohumeral joint. However, the relationship between the Glenohumeral joint bone 51 
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geometry and the available ranges of active and passive internal and external rotation has not 52 

been previously defined. 53 

 54 

What this study adds to existing knowledge:  55 

This study brings new insight on how normal variation in the shape of the humerus and 56 

scapula bones affect the Glenohumeral joint range-of-motion at multiple humeral planes and 57 

elevation angles; thus mapping this effect over the normal range of shoulder movement. This 58 

will contribute to better understanding of the shoulder joint movement and function and has 59 

implications on performance analysis of overhead sports athletes, development and design of 60 

implants and developing personalised rehabilitation targets for patients with shoulder 61 

disorders. 62 

 63 

64 
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Introduction 65 

The maximum internal and external rotation of the Glenohumeral joint (GHJ) varies between 66 

individuals15 and is dependent on the elevation angle and elevation plane of the humerus15. 67 

The range of axial rotation is reduced at higher humero-thoracic elevations and in the Sagittal 68 

plane compared to the Coronal and Scapular planes and is shown to be greater during passive 69 

rotations compared to active movement15. Previous studies have demonstrated that the range-70 

of-motion of the GHJ is affected by ligamentous and muscular constraints11,17,27, and can also 71 

be compromised by injury and pathology9. There is also some limited evidence that the range 72 

of motion of the joint is limited by the collision20 and shape of bones that form the 73 

articulation14. However, the nature of the relationship between bone shape of the humerus 74 

and scapula and the axial range-of-motion of the GHJ remains unclear. Before investigating 75 

the effect of soft tissue restraints on the range-of-motion of the GHJ and shoulder 76 

pathologies, it is vital to have an understanding of the full range that can be achieved given 77 

the limitations imposed by bone shape. Describing the relationship between bone shape and 78 

range-of-motion can be used to define patient-specific rehabilitation targets following soft-79 

tissue injury and also in the development and design of shoulder prostheses as well as in 80 

optimising implant positioning to achieve a greater, more natural range of motion.  81 

 82 

Previous in-vitro studies have shown that the maximum internal and external rotation that can 83 

be achieved at the joint is influenced by muscular constraints and joint conformity during 84 

active motion17, and that passive range-of-motion is influenced by ligamentous22 and bony14 85 

constraints. The study conducted by Chopp-Hurley et al. used advanced probabilistic 86 

approaches to model variation in the subacromial depth, suggesting that at higher humeral 87 

elevations the subacromial depth is reduced, which may affect the range-of-motion of the 88 

GHJ as a result of soft-tissue impingement5. Differences in the axial range-of-motion are 89 

thought to be influenced by the conformity of the GHJ during active axial rotation, when the 90 
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joint is compressed, and by the shape of the humeral tuberosity and acromion during passive 91 

axial rotation following translation of the humeral head15. 92 

 93 

Understanding the bony constraints of the GHJ can improve the design and positioning of 94 

shoulder implants. Scans of the shoulder have been used to create subject-specific computer 95 

bone models of the GHJ from segmented bone images to predict patient specific ranges-of-96 

motion19. Krekel et al. used collision detection simulations from segmented CT scans to 97 

visualise the range-of-motion of the GHJ in response to changes in positioning of the 98 

patient’s shoulder prosthesis, allowing surgical outcomes to be optimised through pre-99 

operative planning of shoulder athroplasty19. Although previous studies have acquired 100 

geometrical parameters to describe the shape of the humerus and scapula at the GHJ10,12,13,30, 101 

these have not yet related bone geometry to in-vivo kinematics and have not described the 102 

bony constraints which limit the range of axial rotation of the GHJ. 103 

 104 

The study will investigate the relationship between the GHJ bone geometry and the GHJ 105 

active and passive ranges of internal and external rotation in an asymptomatic group to 106 

further understand the role of bony restraints of the GHJ. This will be carried out by 107 

measuring two-dimensional and three-dimensional bone geometrical parameters of the 108 

humerus and scapula, including the articular cartilage, from MRI scans of the shoulder and 109 

testing for correlations between these geometrical parameters and ranges-of-motion. A 3D 110 

subject-specific model will also be used to observe the points of bony collision which limit 111 

the maximum internal and external rotations at various humeral positions. 112 

 113 

114 
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Materials and Methods 115 

Data collection 116 

Kinematic data and MRI scans were acquired from 10 healthy subjects (5 male, 5 female; 117 

age, 27 ± 5 years; weight, 76 ± 21 kg). Subjects had no history of shoulder pathology or 118 

surgery, had no instability of the shoulder and had no recent shoulder pain. Subjects had no 119 

difficulty completing activities of daily living and did not regularly participate in overhead 120 

sports activities. They also met the inclusion criteria for MRI scanning as defined according 121 

to standard clinical practice. The study was approved by the National Research Ethics Service 122 

and the University of Surrey ethics committee and all subjects gave written informed consent. 123 

 124 

Kinematic data were recorded to quantify the maximum active and passive internal and 125 

external rotations of the GHJ for the subject’s dominant arm at 60°, 90° and 120° of 126 

humerothoracic elevation in the Coronal, Scapular and Sagittal planes. The Scapular plane 127 

was defined as 30° anterior to the Coronal plane, measured using a goniometer, and the 128 

elevation angle was measured using an inclinometer (SignalQuest Inc., Lebanon). The 129 

protocol used to collect kinematic data has been previously presented15 and the experimental 130 

setup is shown in Figure 1. In short: subjects were seated in a restraint chair and the position 131 

of their arm was maintained using a tripod and splint. Active axial rotation was measured at a 132 

subject-defined, comfortable, consistent speed of internal-external rotation and maximum 133 

range was defined by the subject. During passive rotation, a torque was applied in a 134 

controlled way and monitored at the distal humerus using a transducer (Applied Measurement 135 

Ltd., Aldermaston); the maximum passive range corresponded to a torque of 4Nm in the 136 

internal and external directions. Using this setup, variation in maximum internal and external 137 

rotation due to experimental factors was minimised15; although, as the subject was seated, 138 

maximum internal rotation could not be achieved at 60° elevation in the Sagittal plane. 139 

 140 
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A six degree of freedom marker set was used to acquire kinematic parameters. Reflective 141 

markers were positioned at bony landmarks of the humerus and digitised for the scapula, at 142 

positions according to recommendations by the International Society of Biomechanics38. The 143 

motion of the humerus and scapula were recorded by tracking the movement of clusters 144 

attached to the segments. The position of the clusters was calibrated at each humeral position, 145 

relative to the anatomical landmarks of each segment. An optical motion tracking system 146 

(Qualisys, Gothenburg) of 11 cameras recorded the movement of each segment. Segment 147 

coordinate systems were defined according to the recommended standard38 and angles of 148 

rotation of the GHJ were computed using Euler sequence YX’Y’’38. 149 

 150 

 151 

Figure 1: Set-up used during kinematic data collection to measure the maximum angle of 152 

active and passive internal and external rotation at multiple humeral positions. 153 

 154 

Bone geometrical parameters were acquired from MRI scans of the subject’s dominant 155 

shoulder at the Royal Surrey County Hospital. Data were recorded using a 3-T scanner 156 

(Siemens, Camberley) and a surface array coil was fitted to the shoulder during the scan. The 157 

subject lay in the MRI tube in a supine position with their arm at 0º adduction, externally 158 

rotated and their elbow extended. The scapula and humerus were scanned in three-159 



8 
 

dimensions (3D) using a series of two-dimensional (2D) images (slices) acquired in the 160 

Coronal plane10,20,40. The scapula and proximal humerus were scanned in high resolution 161 

(1mm) with slices aligned with the Coronal plane acquired every 1mm20,40. The whole 162 

humerus was scanned with a high resolution (1mm) in the Coronal plane. 163 

 164 

Bone geometrical parameters 165 

The humerus and scapula were segmented in the scans using a greyscale threshold painted 166 

region in ScanIP (Version 4, Simpleware, Exeter). Regions were smoothed using a 1mm 167 

Recursive Gaussian filter to reduce noise and a 3D model of the humerus and scapula was 168 

created31,40. 169 

 170 

Two-dimensional geometrical parameters of the glenoid, articular cartilage and acromion 171 

were obtained to describe the shape of the humerus and scapula surrounding the GHJ. 172 

Parameters were obtained from 2D slices of the scapula and proximal humerus10 in ScanIP. 173 

Each slice was selected manually, on three different days by two different observers to avoid 174 

bias. The slice used to measure geometrical parameters was the average of the manually 175 

selected slices. Geometrical parameters of the glenoid were obtained in the plane of the 176 

scapula, defined as the plane through the anatomical landmarks of the scapula (Acromial 177 

angle (AA), Inferior angle (AI) and root of the scapula spine (TS)). The shape of the glenoid 178 

was described using the parameters in Figure 2a and Table 1, obtained from the slice which 179 

showed the greatest glenoid height, for consistency. The geometrical parameters of the 180 

humeral head shown in Figure 2b and Table 1 were also acquired in the plane of the scapula 181 

in the slice which showed the greatest coverage of articular cartilage over the humeral head. 182 

Geometrical parameters of the acromion, shown in Figure 2c and Table 1 were obtained in 183 

the Sagittal plane, in the slice which showed greatest acromion length. The height, setback 184 
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and inclination of the coracoid was measured in the transverse plane, in the slice which first 185 

showed the complete coracoid process. 186 

 187 

Table 1: Geometrical parameters measured in the Scapular (Sc) and Sagittal (S) planes and in 188 

three-dimensions (3D) from the subject’s bone model of the scapula and proximal humerus. 189 

Previous studies which have also used these geometrical parameters are listed. The ID values 190 

reference to Figure 2 which illustrates these parameters. 191 

Parameter Definition Plane ID 

G
le

no
id

 

Depth of 
glenoid cavity 

Distance between humeral head surface and glenoid surface13 Sc i 

Superior 
depth 

Distance between most medial point of the glenoid and most 
lateral point of the superior glenoid10 

Sc ii 

Inferior depth Distance between most medial point of the glenoid and most 
lateral point of the inferior glenoid10 

Sc iii 

Height Distance between the most lateral points of the superior and 
inferior glenoid6,10,26 

Sc iv 

Arc of 
enclosure 

Angle subtended by tangents at the most superior and inferior 
edges of the glenoid, measured at the centre of the humeral 
head24. Best-fit circle used to predict humeral head centre. 

Sc v 

Radius of 
curvature 

Radius of the best fit circle fitted to the surface of the 
glenoid24,26 

Sc, 
3D 

vi 

A
rti

cu
la

r c
ar

til
ag

e Head 
diameter 

Diameter of the humeral head Sc, 
3D 

vii 

Diameter Distance between superior and inferior edges of cartilage1 Sc viii 
Height Maximum height of the articular cartilage1 Sc ix 
Radius of 
curvature 

Radius of the best fit circle fitted to the articular cartilage24 Sc, 
3D 

x 

Inclination Angle between humeral shaft axis and axis of the humeral 
neck1,12 

Sc, 
3D 

xi 

A
cr

om
io

n 

Subacromial 
depth 

Distance between most posterior point of the acromion’s 
anterior surface and the most posterior point on the humeral 
head3,37 

S xii 

Setback Distance between the most inferior points of the acromion 
and the humeral head. 

S xiii 

Length Distance between the most superior and inferior acromion 
edges37 

S xiv 

 192 

 193 

 194 

 195 
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 196 

Figure 2: Geometrical parameters of the glenoid (a), humeral head (b), acromion (c) and an 197 

illustration of the definition of humeral retroversion (d). Geometrical parameters are listed in 198 

Table 1. 199 

 200 

Some geometrical parameters (shown in Table 1) were also measured in three-dimensions 201 

from the bone models of each subject using 3-matic Research software (9.0, Materialise, 202 

Leuven). In the bone model of the scapula and proximal humerus, the radii of curvature were 203 

measured by fitting a best-fit sphere to the surface of the model; whilst the humeral 204 

inclination was measured using a linear best-fit tool to approximate the humeral shaft axis 205 

and the humeral neck axis. The angle of humeral retroversion (xv) shown in Figure 2d was 206 

measured from the 3D model of the humerus, defined as the angle subtended between the 207 
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axis of the epicondyles and the plane of the articular surface21,28. The axis of the epicondyles 208 

was defined by fitting a best-fit cylinder to the epicondyle surface. 209 

 210 

Geometrical parameters were normalised with respect to the size of the bones to allow 211 

parameters to be compared between individuals without the effect of size18,39. The 212 

geometrical parameters of the glenoid and scapula were normalised to the height of the 213 

scapula and geometrical parameters of the humerus were normalised to the length of the 214 

humerus. A matrix of Pearson product moment correlation coefficients (significance level of 215 

0.05) was used to investigate correlation between the measures of bone geometry and the 216 

maximum active and passive internal and external rotations of the GHJ. 217 

 218 

Weighted least squares regression expressions were used to predict the maximum active and 219 

passive internal and external rotation of the GHJ from the geometric parameters of the 220 

bones40. The weighted linear regression expressions were derived at each humeral position, 221 

each consisting of up to three geometrical parameters. The parameters and their weightings 222 

used in the expressions were defined such that the predicted range of axial rotation was most 223 

comparable to the quantified axial rotational range. A leave-one-out experiment39 was used to 224 

establish whether the weighted expressions of geometrical parameters could be used to 225 

predict the range-of-motion of the GHJ39. A four-factor repeated analysis of variance 226 

(ANOVA) was used to find differences between the predicted and quantified range (internal 227 

and external) at each humeral elevation angle and elevation plane during active and passive 228 

motion. When differences were significant (p<0.05), a Posthoc test with Bonferroni 229 

correction was used to establish the influence of each of these independent factors. 230 

 231 

 232 

 233 
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Collision detection simulation 234 

The subject-specific bone models of the scapula and humerus were imported into SolidEdge 235 

software (Version 7, Siemens, Camberley) to simulate rotations of the bones and identify any 236 

regions of bony collision at positions of maximum internal and external rotation. These 237 

observations were used to confirm the previously calculated correlations between axial range-238 

of-motion and bone geometrical parameters and observe the region(s) of collision which 239 

affect the range-of-motion of the GHJ. To identify points of bony collision during internal 240 

and external rotation at each humeral position, the model of the humerus was rotated relative 241 

to the scapula to simulate the 60°, 90° and 120° humerothoracic elevation angles in the 242 

Coronal, Scapular and Sagittal planes. The model of the humerus was rotated relative to the 243 

scapula using the glenohumeral plane and elevation angles recorded during the subject’s 244 

kinematic data collection session as the MRI scans were acquired at a single humeral position 245 

and did not include the thorax. Anatomical coordinate systems of the humerus and scapula 246 

were defined in the bone model to enable the humerus to be rotated relative to the scapula. 247 

Three anatomical landmarks of each bone were used to define the bone’s coordinate system. 248 

The plane of the scapula (landmarks AA, AI and TS) was assumed to represent the Scapular 249 

plane; and the plane of the humerus (epicondyles and centre of the humeral head) was 250 

assumed to represent the Coronal plane of the humerus. 251 

 252 

During active rotations, the centre of rotation of the humeral head was fixed on the glenoid 253 

surface, simulating muscle forces and joint compression17. During passive rotations, the 254 

humeral head could translate by up to 3mm in the superior, inferior and lateral directions, 255 

simulating translations that occur when the GHJ is not compressed 11,17. 256 

 257 

The humerus was rotated to the angle of maximum internal and external rotation in the 258 

subject-specific bone model using the glenohumeral angle of maximum internal and external 259 



13 
 

rotation quantified from the subject’s kinematic data. Points of bony collision were 260 

highlighted in the model using automatic interference detection during rotation, showing 261 

which bony restraints affected the maximum internal and external rotation of the GHJ at each 262 

humeral position. 263 

 264 

Results 265 

The axial rotational range of the GHJ quantified from the kinematic data of the 10 healthy 266 

subjects are shown in Supplementary table 1 and Supplementary table 2 shows the average 267 

bone geometrical parameters measured from the subject’s MRI scans.  268 

 269 

Correlation between geometrical parameters and range-of-motion 270 

Bone geometrical parameters were correlated with the maximum internal and external 271 

rotation of the GHJ. Tables 2 and 3 list the geometrical parameters which show strongest 272 

correlation with the maximum internal and external rotation at each humeral position. The 273 

matrix of correlation coefficients for each geometrical parameter is shown in the 274 

Supplementary tables 3 and 4. The maximum internal rotation at 60° elevation in the Sagittal 275 

plane was not achieved as this was limited while the participant was seated during kinematic 276 

data collection. 277 

 278 

The geometrical parameters affecting the axial rotational range were dependent on the plane 279 

of elevation and the elevation angle of the humerus. In the Scapular plane, maximum internal 280 

rotation showed greatest correlation with the glenoid curvature and the glenoid depth. 281 

Glenoid curvature showed greatest correlation at 60° elevation (r=0.76, p<0.01). A greater 282 

height of articular cartilage correlated with greater external rotation at 60° elevation in the 283 

Scapular plane (r=0.63, p<0.05), but it showed less significant or no correlation at higher 284 
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humeral elevations. A greater superior depth of the glenoid was correlated with a greater 285 

internal rotation at 120º elevation (r=0.82, p<0.01) in the Scapular plane.   286 

 287 

In the Sagittal plane, external rotations at low elevations were greater when the coracoid 288 

surface was orientated away from the humeral head. A greater maximum passive internal 289 

rotation was achieved with a greater glenoid height and a greater arc of enclosure. The radius 290 

of curvature of the articular cartilage limited maximum internal and external rotation in the 291 

Sagittal plane, with greatest correlation at 90º elevation (r=0.75, p<0.01). The glenoid arc of 292 

enclosure showed strongest correlation at 120° elevation (r=0.72, p<0.01).  293 

 294 

Internal-external rotations at 120° humeral elevation correlated with the shape of the 295 

acromion and glenoid. Active external rotation was limited by the length and setback of the 296 

acromion, where the greatest correlation was observed in the Coronal plane (r=-0.64, 297 

p<0.05). The results showed that a shorter acromion, positioned more superiorly correlated 298 

with a greater external rotation. The superior depth of the glenoid showed strongest 299 

correlation (r=0.72, p<0.01) during passive internal rotation at 120° humeral elevation in the 300 

Scapular and Sagittal planes.  301 

 302 

When comparing the geometrical parameters measured in 3D, the results showed no 303 

significant difference to measurements obtained in two-dimensions. Therefore, when 304 

investigating correlation with axial rotational range, only the 2D measurements are presented 305 

in the tables. 306 

 307 

 308 

 309 
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Table 2: Geometrical parameters which showed greatest correlation with the active internal 310 

and external rotation at each humeral position. (* p<0.05; ** p<0.01). At 60° elevation in the 311 

Sagittal plane, maximum internal rotation was not achieved. 312 

  Internal External 
  Bone geometry parameter r Bone geometry parameter r 

H
um

er
al

 e
le

va
tio

n 
an

gl
e 

(°
) a

nd
 p

la
ne

 

C
or

on
al

 60 Acromion length 0.64* Humeral head diameter 
Glenoid arc of enclosure 

0.74** 
0.69** 

90 Subacromial depth 
Glenoid curvature 

0.74** 
0.69** 

Articular cartilage curvature 0.54* 

120 Humeral inclination -0.63* Acromion setback 
Glenoid curvature 

-0.64* 
0.62* 

Sc
ap

ul
ar

 60 Glenoid curvature 
Inferior glenoid depth 

0.76** 
0.76** 

Articular cartilage height 0.63* 

90 Glenoid curvature 0.58* Subacromial depth 
Glenoid height 

0.67** 
0.65* 

120 Superior glenoid depth 
Glenoid curvature 

0.82** 
0.64* 

Acromion length -0.63* 

Sa
gi

tt
al

 60   Coracoid inclination -0.69** 

90 Articular cartilage curvature 0.75** Articular cartilage curvature 
Articular cartilage height 

0.67** 
0.61* 

120 Glenoid arc of enclosure 
Articular cartilage curvature 

0.72** 
0.71** 

Glenoid height 
Acromion setback 

-0.61* 
-0.61* 

 313 

Table 3: Geometrical parameters which showed greatest correlation with the passive internal 314 

and external rotation at each humeral position. (* p<0.05; ** p<0.01). At 60° elevation in the 315 

Sagittal plane, maximum internal rotation was not achieved. 316 

  Internal External 
  Bone geometry parameter r Bone geometry parameter r 

H
um

er
al

 e
le

va
tio

n 
an

gl
e 

(°
) a

nd
 p

la
ne

 
C

or
on

al
 60 Glenoid depth 0.58* Glenoid depth -0.53* 

90 Subacromial depth 
Humeral retroversion 

0.71** 
-0.66** 

Inferior glenoid depth 
Acromion setback 

-0.60* 
-0.59* 

120 Humeral retroversion 
Glenoid arc of enclosure 

-0.61* 
0.59* 

Acromion length -0.58* 

Sc
ap

ul
ar

 60 Inferior glenoid depth 
Humeral retroversion 

0.87** 
-0.72** 

Acromion setback 
Articular cartilage height 

-0.60* 
0.55* 

90 Subacromial depth 
Superior glenoid depth 

0.65* 
0.64* 

Glenoid arc of enclosure 
Subacromial depth 

0.72** 
0.66* 

120 Superior glenoid depth 
Glenoid arc of enclosure 

0.72** 
0.67* 

Acromion length -0.68* 

Sa
gi

tt
al

 60   Coracoid inclination -0.42* 

90 Subacromial depth 
Superior glenoid depth 

0.74** 
0.64* 

Acromion setback 
Coracoid inclination 

-0.52* 
-0.67** 

120 Glenoid arc of enclosure 0.72** Glenoid height -0.60* 
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Superior glenoid depth 0.72** Acromion setback -0.57* 
 317 

Weighted linear regression expressions were derived from geometrical parameters to predict 318 

the maximum axial range-of-motion at each humeral position. The expressions which show 319 

the closest approximation to the quantified axial rotational range are shown in Table 4 for 320 

active and passive motion in the form given in Equation 1. Each weighted expression 321 

included up to three geometric parameters (Var1-Var3) and their weighted constants (C1-C4). 322 

The general equation is: 323 

(C1xVar1) + (C2xVar2) + (C3xVar3) + C4     Equation 1 324 

And the geometric parameters and constants for various expressions are given in Table 4. 325 

 326 

Using the leave-one-out experiment39, the results showed there was no significant difference 327 

(p=0.15) between the range-of-motion quantified from an individual’s kinematic data and the 328 

range-of-motion predicted using the weighted linear regression expressions.  329 

 330 

331 
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Table 4: Weighted linear regression expressions derived at each humeral position to predict 332 

the maximum active and passive axial range-of-motion. 333 
 Active Passive 

 C
1 

V
ar

1 

C
2 

V
ar

2 

C
3 

V
ar

3 

C
4 

C
1 

V
ar

1 

C
2 

V
ar

2 

C
3 

V
ar

3 

C
4 

H
um

er
al

 p
os

iti
on

 (P
la

ne
, e

le
va

tio
n)

 
C

or
on

al
 60 9.6 

C
ar

til
ag

e 
he

ig
ht

 
0.2 

H
um

er
al

 
re

tro
ve

rs
io

n -1.4 

C
ar

til
ag

e 
cu

rv
at

ur
e 38.6 -7.3 

G
le

no
id

 d
ep

th
 

-0.4 

G
le

no
id

 d
ep

th
 

in
fe

rio
r 

-.7 

H
um

er
al

 
re

tro
ve

rs
io

n 213.5 

90 3.2 0.5 0.4 89.2 -5.9 -4.6 0.4 244.1 

120 -2.9 0.4 2.8 108.
1 1.5 -1.8 0.9 156.2 

Sc
ap

ul
ar

 60 -0.6 

A
cr

om
io

n 
le

ng
th

 

-2.3 

Su
ba

cr
om

ia
l 

de
pt

h 

0.0 
G

le
no

id
 

cu
rv

at
ur

e 
191.

4 -0.8 

G
le

no
id

 d
ep

th
 

in
fe

rio
r 

-1.3 

A
cr

om
io

n 
le

ng
th

 

-4.6 

Su
ba

cr
om

ia
l 

de
pt

h 

312.5 

90 -1.0 -1.3 0.1 207.
1 -0.1 -1.0 -4.5 280.1 

120 -2.8 0.1 -1.9 327.
2 -1.8 -2.2 -0.4 287.9 

Sa
gi

tt
al

 60 -2.1 

Su
ba

cr
om

ia
l 

de
pt

h 

-3.8 

C
ar

til
ag

e 
cu

rv
at

ur
e -1.1 

G
le

no
id

 a
rc

 o
f 

en
cl

os
ur

e 

372.
8 -0.3 

Su
ba

cr
om

ia
l 

de
pt

h 
-5.3 

G
le

no
id

 h
ei

gh
t 0.4 

C
ar

til
ag

e 
cu

rv
at

ur
e 292.9 

90 -2.1 -4.5 -0.7 361.
1 -2.8 -3.4 -2.5 358.4 

120 -4.1 -5.9 -0.5 376.
5 -1.7 -2.9 -2.9 331.8 

 334 

Collision detection 335 

The observations of points of collision in the subject-specific bone models were consistent 336 

across all subjects, showing which bony collisions limited the maximum internal and external 337 

rotations at each humeral position. During active axial rotations, the shape of the glenoid and 338 

articular cartilage were shown to limit the maximum internal and external rotations. In 339 

particular, a greater area of coverage of articular cartilage allowed a greater axial rotation to 340 

be achieved, as this provided a greater surface to be in contact with the glenoid (Figure 3a). 341 

This was observed at maximum internal and external rotation in the Coronal and Sagittal 342 

planes. The maximum internal rotation in the Sagittal plane was also limited by collision 343 

between the greater tuberosity and the anterior edge of the glenoid. At 60° elevation in the 344 

Scapular plane, the maximum internal rotation was limited by collision between the lesser 345 
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tuberosity and inferior edge of the glenoid and the maximum external rotation limited by the 346 

articular cartilage contact area. 347 

 348 

Observations during passive axial rotation in each subject’s bone model showed that collision 349 

initially occurred between the humeral head and the glenoid, but following this the humeral 350 

head translated anteriorly/ posteriorly on the glenoid during internal/ external rotations 351 

respectively. The translation of the humeral head allowed further internal-external rotation to 352 

be achieved before collision with the acromion. The maximum passive internal/ external 353 

rotation was therefore limited by a combination of collisions with the glenoid and acromion, 354 

as shown in Figure 3b. The movie available as supplementary material provides further 355 

details of the points of bony collision during passive motion across the range of motion of the 356 

GHJ. 357 

 358 

 359 

Figure 3: Observations from collision detection, showing the region of contact (highlighted 360 

line) between the articular cartilage and glenoid, which limited the maximum active internal 361 

rotation at 120º in the Coronal plane (a). Maximum passive external rotation at 90° elevation 362 

in the Scapular plane is limited by a combination of collision between the humeral head and 363 

the posterior edge of the glenoid and between lesser tuberosity and posterior-lateral edge of 364 

the acromion, shown by the highlighted points (b). 365 

366 
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Discussion 367 

Bony constraints between the humerus and scapula are shown to limit the maximum internal 368 

and external rotation of the GHJ. Points of bony collision depend on the position of the 369 

humerus and contribute towards variation in the range of axial rotation between individuals. 370 

Correlations between bone geometrical parameters and the axial rotational range-of-motion 371 

and the observed points of collision showed that active axial rotations were limited by the 372 

shape of the acromion, articular cartilage and glenoid, and during passive rotations, the range 373 

of motion was limited by the shape of the glenoid and acromion. Understanding the bony 374 

constraints of the GHJ can be used to improve the positioning of shoulder implants during 375 

pre-operative planning, allowing a more natural range-of-motion to be achieved. It also 376 

allows the normal range-of-motion of the joint to be predicted for an individual, allowing 377 

more realistic patient specific rehabilitation targets to be set. 378 

 379 

The quantified ranges of motion of the GHJ were supported by the results of previous data 380 

collected using the same kinematic protocol15 at each humeral position. The geometrical 381 

parameters were also comparable to those reported in previous studies, including the 382 

geometrical parameters of the humeral head10,12,16, glenoid10,13,24 and acromion3,37. However, 383 

some parameters, such as the radius of the humeral head may have been underestimated in 384 

previous studies (24mm12 and 22mm10) compared to 30mm which was measured in the 385 

present study. This is likely due to the choice of the slice used to measure the humeral head 386 

diameter, as these previous studies have acquired the radius from a slice which showed the 387 

greatest glenoid height, rather than the greatest humeral head diameter. The parameters 388 

presented in this study were measured in a consistent slice and anatomical plane, and 389 

normalised to the size of the bones for all participants; hence, variation in the quantified 390 

parameters was a result of variation in shape between individuals and not due to differences 391 

in size. Correlation between the geometrical parameters and range of axial rotation of the 392 
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GHJ enabled the bony constraints of the GHJ to be investigated. The significant correlations 393 

between the axial rotational range and geometrical parameters were supported by 394 

observations of points of collision from the subject-specific bone model simulations at 395 

multiple humeral positions. 396 

 397 

A greater active range-of-motion was correlated with a greater height and curvature of the 398 

articular cartilage and glenoid, and a greater subacromial depth. The shape of the acromion, 399 

articular cartilage and glenoid are therefore important to consider when improving or 400 

predicting the normal range of axial rotation of the GHJ at low elevations in the Coronal, 401 

Scapular and Sagittal planes. However, in the Sagittal plane, collision between the greater 402 

tuberosity and the anterior edge of the glenoid is more likely, thus leading to a reduced range 403 

of axial rotation in the Sagittal plane compared to the Coronal and Scapular planes. 404 

 405 

The passive range of motion was greater than the corresponding active range of motion at 406 

each humeral position due to the translation of the humeral head on the glenoid. Previous 407 

studies have found that the shape of the glenoid surface, in particular the radius of curvature 408 

and glenoid depth affects the translation of the humeral head17, hence these parameters also 409 

affect the range of passive axial rotation of the GHJ. Maximum passive internal-external 410 

rotations were shown to be limited by the shape of the glenoid and acromion, where a greater 411 

glenoid and subacromial depth and a shorter and more superiorly positioned acromion were 412 

correlated with a greater passive axial rotational range. Bony collision between the humeral 413 

head and acromion was also shown to limit the maximum angle of humeral abduction in an 414 

in-vitro study by Krekel et al.20. Lewis et al. also suggested that the shape of the acromion 415 

affects the range-of-motion of the GHJ, where a laterally orientated acromion may lead to a 416 

reduced range-of-motion at higher elevations23.  417 

 418 
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At higher humeral elevations, external rotation was frequently limited by collision between 419 

the lesser tuberosity and the posterior-lateral edge of the acromion, meaning a shorter 420 

acromion, positioned more superiorly would enable a greater external rotation to be achieved. 421 

This is in agreement with the results reported by Chopp-Hurley et al., whose probabilistic 422 

model of variation in the subacromial depth showed that soft-tissue impingement between the 423 

humeral head and acromion may limit the range-of-motion at higher humeral elevations5. 424 

Variation in the position of the acromion relative to the humeral head leads to differences in 425 

the maximum external rotation between individuals and is also an important restraint in 426 

limiting the range of axial rotation at higher humeral elevations. The bony collisions with the 427 

acromion means the range of axial rotation is reduced at 120° humeral elevations, which was 428 

also suggested by Lewis et al. when they investigated differences in the shape of the humerus 429 

and scapula in apes and humans23. It is therefore important to consider the shape of the 430 

acromion when characterising an individual’s range of axial rotation at higher humeral 431 

elevations. 432 

 433 

Previous studies investigating the range-of-motion of the GHJ in overhead sports groups 434 

found osseous adaptations leading to an increased angle of retroversion following repeated 435 

high stresses at the joint during regular overhead sports activities4,7,30,34. Conversely, in the 436 

normal population, when there are no osseous adaptations, the results showed the acromion 437 

shape is more likely to limit the maximum external rotation that can be achieved at high 438 

humeral elevations. 439 

 440 

This improved understanding of the bony restraints of the GHJ can be used in future studies 441 

concerned with improving the positioning and design of shoulder implants, to allow a greater 442 

and more natural range of motion to be achieved. One example of such use is demonstrated in 443 

the study by Krekel et al., where a subject-specific segmented bone model of the shoulder 444 
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was used to predict the range of motion of the joint in pre-surgical planning20. In these 445 

simulations, the authors showed that a change in the position of the humeral head can allow a 446 

greater range of motion to be achieved19,20. The present study provides further understanding 447 

of the points of collision at multiple humeral positions and the findings presented here are 448 

strengthened by the presentation of in-vivo kinematics assessments of the achieved ranges of 449 

motion using the same subject group. Thus, the present study does not make assumptions 450 

regarding the achieved ranges of motion based on bone model simulations but rather seeks to 451 

understand the relationship between bone osteology and joint range of motion.  452 

 453 

The range of the internal and external rotation of the shoulder is of clinical and functional 454 

importance. In the clinic, the axial rotational range is used in shoulder examinations to test 455 

for pain and instability of the shoulder25 and the external rotation is often used as a clinical 456 

outcome measure2,8. Previous studies have also documented losses in the range of internal 457 

and external rotation in patients with various shoulder pathologies2,32,36. This loss is 458 

associated with a significant loss of function8,33, because of the role the axial rotational range 459 

plays in performing activities of daily living, such as hair combing and washing the back35. 460 

Despite the frequent use of this range of motion in clinical examination25 and functional 461 

assessment2, the internal and external ranges of motion are variable between individuals15. In 462 

this study, measurements of bone geometry were used to define weighted linear regression 463 

expressions that can now be used to predict an individual’s axial rotational range in the 464 

absence of pathology. The predicted range of motion was shown to be comparable to the 465 

quantified range of motion at each humeral position when using the weighted linear 466 

regression expressions. However, expressions combining geometrical parameters which 467 

provided a less optimal prediction are not presented in the study. Alternatively, a stepwise 468 

regression analysis using backward elimination or a non-linear approach could have been 469 

used to identify the geometrical parameters to use in the expressions.  470 
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 471 

It is important to note that the range-of-motion of the GHJ may be limited by a combination 472 

of multiple bony constraints, soft-tissue impingement and ligament wrap lengths, which may 473 

explain why the range-of-motion had moderate or no correlation with geometrical parameters 474 

at some humeral positions. The study measured the geometrical parameters of the bone, but 475 

the low contrast between regions of the MRI scans would not facilitate the segmentation of 476 

the muscles and ligaments of the GHJ29. Therefore, soft-tissue impingement could not be 477 

investigated using the current model. An in-vitro study by Karduna et al. investigated the role 478 

of the soft-tissue restraints during active and passive positioning of the humerus at maximum 479 

internal and external rotation17. Their study showed that muscle forces were likely to limit 480 

humeral head translations and the range-of-motion of the joint. The Glenohumeral ligament 481 

wrap length has also been shown to limit the maximum passive internal-external rotation of 482 

the GHJ17,27.  483 

 484 

Although there were a relatively small number of participants in the study, the quantified 485 

angles of axial rotation and geometrical parameters were comparable to those reported in 486 

previous studies. No participants had previous shoulder injury and did not regularly 487 

participate in overhead sports; hence bone geometry of the GHJ is unlikely to have undergone 488 

significant osseous adaptations. The participants were also from a younger age group, so the 489 

results may not be generalisable to older populations or other sports populations. 490 

 491 

In the kinematic data collection, the effects of skin artefact were minimised by using clusters 492 

and calibrating at each humeral position, as described previously15. When creating the bone 493 

models for each participant, the segmented regions were smoothed to reduce noise and 494 

improve the quality of the bone surface without causing excessive shape modifications, 495 

ensuring geometrical parameters provided an accurate measurement of bone geometry. 496 
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Geometrical parameters were acquired in the anatomical planes of the bones to account for 497 

differences in the position of the subject during the scan. However, the shoulder was imaged 498 

at a single humeral position; hence the measurements could not be used to investigate how 499 

some geometrical parameters, such as the glenoid depth or subacromial depth changed with 500 

humeral position. However, the bone model enabled these constraints to be simulated during 501 

internal-external rotation at each humeral position, based on the quantified angles of rotation 502 

from the kinematic measurements. 503 

 504 

In conclusion, the maximum internal and external rotations of the GHJ are shown to be 505 

limited by bony constraints. The constraints were dependent on the elevation angle and 506 

elevation plane of the humerus. Bone geometrical parameters of the humerus and scapula 507 

which showed statistically significant correlation with the maximum internal and external 508 

rotation corresponded to observations of collision in the subject-specific bone models. In 509 

general, active rotations were limited by the curvature of the glenoid and articular cartilage 510 

and the area of contact between the humeral head and glenoid; whilst passive rotations were 511 

limited by the shape of the acromion. This meant that at high humeral elevation angles a 512 

shorter acromion and greater subacromial depth allowed a greater range of axial rotation to be 513 

achieved.  514 

 515 
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Supplementary video caption: 629 

A video to show the points of bony collision at maximum internal and external passive 630 

rotation across the full range-of-motion of the GHJ. 631 


