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A B S T R A C T   

Glenohumeral and scapulothoracic motion combine to generate humerothoracic motion, but their discrete 
contributions towards humerothoracic axial rotation have not been investigated. Understanding their contri
butions to axial rotation is important to judge the effects of pathology, surgical intervention, and physiotherapy. 
Therefore, the purpose of this study was to investigate the kinematic coupling between glenohumeral and 
scapulothoracic motion and determine their relative contributions towards axial rotation. Twenty healthy sub
jects (10 M/10F, ages 22–66) were previously recorded using biplane fluoroscopy while performing arm 
elevation in the coronal, scapular, and sagittal planes, and external rotation in 0◦ and 90◦ of abduction. Gle
nohumeral and scapulothoracic contributions towards axial rotation were computed by integrating the projec
tion of glenohumeral and scapulothoracic angular velocity onto the humeral longitudinal axis, and analyzed 
using one dimensional statistical parametric mapping and linear regression. During arm elevation, scap
ulothoracic motion supplied 13–20◦ (76–94%) of axial rotation, mainly via scapulothoracic upward rotation. The 
contribution of scapulothoracic motion towards axial rotation was strongly correlated with glenohumeral plane 
of elevation during arm elevation. During external rotation, scapulothoracic motion contributed 10◦ (8%) to
wards axial rotation in 0◦ of abduction and 15◦ (15%) in 90◦ of abduction. The contribution of scapulothoracic 
motion towards humerothoracic axial rotation could explain the simultaneous changes in glenohumeral plane of 
elevation and axial rotation associated with some pathologies and surgeries. Understanding how humerothoracic 
motion results from the functional coupling of scapulothoracic and glenohumeral motions may inform diagnostic 
and treatment strategies by targeting the source of movement impairments in clinical populations.   

1. Introduction 

Shoulder function relies on the synchronized movement of the ster
noclavicular, acromioclavicular and glenohumeral joints, and the 
scapulothoracic pseudo-joint (Ludewig et al., 2009). Previous studies 
have shown that pathology and surgery can affect the relative contri
butions of glenohumeral and scapulothoracic motion towards arm 
elevation. For example, patients with rotator cuff tears and reverse 
shoulder arthroplasty tend to increase scapulothoracic upward rotation 
to overcome deficits in glenohumeral elevation, resulting in decreased 

scapulohumeral rhythm (SHR) (Kozono et al., 2020; Merolla et al., 2019; 
Robert-Lachaine et al., 2016). Similarly, patients with rotator cuff tears 
tend to have reduced axial rotation range of motion (ROM) (Alta et al., 
2012; Berliner et al., 2015; Hall et al., 2011; Vidt et al., 2016). However, 
SHR has only been described for the coupling between scapulothoracic 
upward rotation and glenohumeral elevation. Prior studies have not 
investigated the degree to which glenohumeral and scapulothoracic 
motions contribute to humerothoracic axial rotation. Ultimately, un
derstanding the relative contributions of glenohumeral and scap
ulothoracic motion to humerothoracic axial rotation may help inform 
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treatment strategies for individuals with impaired shoulder motion by 
targeting the deficit source at a joint-specific level. Furthermore, un
derstanding these coupling relationships may help explain movement 
impairments associated with the progression of shoulder pathologies 
(Kolk et al., 2017) and surgical interventions (Kane et al., 2021; 
LeVasseur et al., 2021), helping to lead to more effective treatment 
strategies. 

The contribution of the scapulothoracic motion to arm elevation is 
readily understood, but its contribution to humerothoracic axial rotation 
is not immediately obvious. To illustrate, two hypothetical gleno
humeral orientations are considered while the scapula upwardly rotates 
(Lawrence et al., 2020). When the anterior/posterior scapular axis and 
the humerus’ longitudinal axis are perpendicular (i.e., 0◦ glenohumeral 
plane of elevation, PoE) (Fig. 1A-C), scapulothoracic upward rotation 
produces only humeral elevation. Conversely, when the anterior/pos
terior scapular axis and the humeral longitudinal axis are coaligned (i.e., 
90◦ PoE) (Fig. 1D-F), scapulothoracic upward rotation produces only 
humerothoracic axial rotation. Because the glenohumeral PoE typically 
varies between − 30◦ to 30◦ during arm elevation (Ludewig et al., 2009), 
scapular upward rotation must contribute to both humeral elevation and 
axial rotation. In general, the scapula and humerus undergo complex 3D 
motions that cannot be described by rotations around a singular 
anatomical axis. Prior investigations have relied on simplifying as
sumptions to investigate kinematic coupling of the shoulder joints and 
acknowledge the need for a more accurate biomechanical model (Law
rence et al., 2020). 

Herein we present a mathematical framework for computing the 
kinematic coupling between glenohumeral and scapulothoracic motion, 
which can be extended to investigate other joints. Relying on this 
framework, the primary objective of this investigation was to quantify 
glenohumeral and scapulothoracic contributions to humerothoracic 
axial rotation for coronal plane abduction (CA), scapular plane abduc
tion (SA), forward elevation (FE), and external rotation in adduction 
(ER-ADD) and 90◦ of abduction (ER-ABD) (Fig. 2). The guiding hy
pothesis was that scapulothoracic motion mostly contributes to 
humerothoracic axial rotation via scapulothoracic upward rotation and 
a non-zero glenohumeral PoE, with the following sub-hypotheses: 1) 
based on the mechanism highlighted in Fig. 1, the scapulothoracic 
contribution to humerothoracic axial rotation is correlated to gleno
humeral PoE during arm elevation; and 2) scapulothoracic contribution 
to humerothoracic axial rotation is minimal (<10%) during ER-ADD and 
ER-ABD because there is typically limited scapulothoracic motion dur
ing these activities (Kolz et al., 2021). To our knowledge, this is the first 
time that the contribution of scapulothoracic motion towards humer
othoracic axial rotation has been described and measured in a healthy 
cohort. In addition, we utilized the presented framework to investigate 
the relative contributions of glenohumeral and scapulothoracic motion 
towards humeral elevation, and compared the results against traditional 
elevation SHR (ratio of glenohumeral elevation to scapulothoracic up
ward rotation). 

Fig. 1. Illustration of how the scap
ulothoracic motion contributes strictly 
humerothoracic elevation when the gle
nohumeral (GH) plane of elevation 
(PoE) is 0◦ (A-C) but contributes strictly 
to humerothoracic axial rotation when 
the glenohumeral PoE is 90◦ (D-F). Both 
motions are shown at discrete points of 
scapulothoracic upward rotation (0◦, 
45◦, 90◦). The black bar represents the 
direction approximating the forearm 
axis of a flexed elbow. When the ante
roposterior scapular axis and the hu
merus’ longitudinal axis are 
perpendicular (A-C), the scapulothoracic 
joint does not generate humeral axial 
rotation. However, when they are 
aligned (D-F) every degree of scap
ulothoracic upward rotation results in 
one degree of humeral axial rotation. 
When the glenohumeral PoE is positive, 
scapulothoracic upward rotation con
tributes to internal humerothoracic axial 
rotation; when the glenohumeral PoE is 
negative, it contributes to external axial 
rotation. The axial rotation generated 
from one degree of scapulothoracic up
ward rotation is determined by the 
cosine of the angle between the scap
ulothoracic upward rotation axis and the 
humerus’ longitudinal axis (at 60◦, GH 
PoE = 30◦ → 0.5◦; at 45◦, GH PoE = 45◦

→ 0.71◦).   
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2. Methods 

This analysis was performed using kinematic data of healthy shoul
ders collected previously (Kolz et al., 2021; Kolz et al., 2020). Briefly, 
twenty healthy subjects (10 M/10F; 42 ± 17 yrs; 172.3 ± 8.8 cm; 69.9 
± 15.7 kg) had motions of their right humerus and scapula imaged at 
100 Hz using a custom biplane fluoroscopy system. Reflective markers 
on the torso were recorded at 100 Hz using a ten-camera motion analysis 
system, which was both spatially and temporally synchronized to the 
radiographic system. For elevation trials, subjects raised their extended 
right arm with the hand in the thumb-up position at approximately 60◦- 
90◦ per second. Elevation was performed in the coronal, scapular (30◦

anterior to coronal), and sagittal planes. For ER-ADD, subjects kept the 
elbow by their torso with the hand on the abdomen and thumb-up po
sition, and laterally rotated to their full ROM at ~ 45◦/sec (Fig. 2). For 
ER-ABD, the starting position was 90◦ of humerothoracic elevation with 
the hand hanging naturally, then subjects laterally rotated up to their 
full ROM at ~ 45◦/sec. 

Three-dimensional (3D) models of the humerus and scapula were 
constructed from subject-specific computed tomography scans. Model- 
based markerless tracking derived the 3D position and orientation of 
the bones as previously described (Bey et al., 2006; Kapron et al., 2014). 
Anatomical coordinate systems of the humerus, scapula, and torso fol
lowed International Society of Biomechanics recommendations (Wu 
et al., 2005) except that the glenoid center defined the origin and, along 
with the trigonum spinae, the mediolateral scapular axis. One subject (F, 
51 years) was excluded from the analysis for not establishing the thumb- 
up position from the start of capture for elevation trials. Furthermore, a 
trial of FE was excluded for one subject (M, 27 years) due to a recording 
gap at the beginning of the trial. 

Henceforth, orientation will refer to the attitude of a distal body 
segment with respect to a proximal one. A rotation quantifies movement 
between two orientations. Although rotations (i.e., angular displace
ments) are commonly reported in biomechanics literature as the dif
ference between two orientations (quantified via Euler/Cardan angles), 
this practice is incorrect (Aliaj et al., 2021; Krishnan et al., 2019; 
Michaud et al., 2014; Miyazaki and Ishida, 1991) because rotations and 
orientations belong to the mathematical group SO(3), which does not 
admit subtractions (Huynh, 2009). To compute the rotation between 
two orientations, and account for the non-Euclidean SO(3) manifold, 
angular velocity was projected onto a desired rotation axis and inte
grated from the start to the end of the motion (Miyazaki and Ishida, 
1991). Since this study quantified glenohumeral and scapulothoracic 
contributions to humerothoracic axial rotation, angular velocity was 

projected onto the humeral longitudinal axis (Fig. 3). Humerothoracic, 
scapulothoracic-contributed, and glenohumeral axial rotation were 
computed using Equation (1) (Aliaj et al., 2021; Miyazaki and Ishida, 
1991). 

θ(tk) =

∫ tk

0

T ω(tk)⋅T l(tk) dt (1) 

Here, θ(tk) represents the humerothoracic, scapulothoracic- 
contributed, or glenohumeral axial rotation at time tk. The Tω(tk) rep
resents humerothoracic, scapulothoracic, or glenohumeral angular ve
locity in the thorax’s frame at time tk, and Tl(tk) represents the humeral 
longitudinal axis in the thorax’s frame at time tk. Humerothoracic axial 
rotation equals the sum of scapulothoracic-contributed and gleno
humeral axial rotation, as expected, because: 
T ωHT(tk) =

T ωST (tk) +
T ωGH(tk) (2) 

Here, TωHT(tk), TωST(tk), ​ and ​ TωGH(tk) represent humerothoracic, 
scapulothoracic, and glenohumeral angular velocity in the thorax’s 
frame, respectively. 

The source of scapulothoracic-contributed axial rotation was also 
classified based on rotations about the scapular anatomical axes. 
Equation (3) details how rotations about the scapular anterior/posterior 
axis (upward rotation) contributes to humerothoracic axial rotation 
given that the anterior/posterior axis corresponds to the x-axis of the 
scapula (Wu et al., 2005). Contributions towards humerothoracic axial 
rotation for rotations about the scapular mediolateral (tilt) and super
oinferior axes (re/protraction) were similarly computed. 

λ(tk) =

∫ tk

0

⎛

⎝T ωST(tk)⋅

⎡

⎣
1
0
0

⎤

⎦

⎞

⎠

⎡

⎣
1
0
0

⎤

⎦⋅T l(tk) dt (3) 

For elevation, the desired rotation axis was defined via the cross 
product of the superoinferior axis and the humeral longitudinal axis 
(Fig. 3). Because this elevation-generating axis always lies in the 
transverse plane, an infinitesimal rotation about it always causes the 
humerus to elevate along the superorinferior axis. Glenohumeral and 
scapulothoracic elevation-generating rotations were computed by 
substituting the elevation-generating axis for the longitudinal axis in 
Equation (1). 

The following humerus and scapula orientation variables were also 
computed. Humerothoracic and glenohumeral elevation angle, and 
glenohumeral plane of elevation angle, were computed using the yx’y’’ 
sequence (Wu et al., 2005). Scapulothoracic upward rotation angle was 

External Rotation at 
90° of Abduction

External Rotation in AdductionA B
Fig. 2. Graphical depiction of external rota
tion in the transverse plane (A, External 
Rotation in Adduction, ER-ADD) and 
external rotation in the sagittal plane (B, 
External Rotation at 90◦ of Abduction, ER- 
ABD). For ER-ADD trials, subjects were 
instructed to maintain the elbow by their 
torso with the hand on the abdomen and 
thumb pointing up, and to laterally rotate to 
their full ROM at ~ 45◦/sec. For ER-ABD 
trials, subjects were instructed to point their 
elbow towards the side of the room while 
allowing the hand to hang naturally due to 
its weight, and laterally rotate up to their full 
ROM at ~ 45◦/sec. Green lines denote the 
starting position of the forearm axis, and red 
lines denote the ending position of the fore
arm axis. (For interpretation of the refer
ences to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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computed using the yx’z’’ sequence (Wu et al., 2005). Kinematic data 
were reduced to those pertaining to 25-130◦ humerothoracic elevation 
since this range was achieved by all included subjects for elevation trials. 
Rotation variables (humerothoracic, scapulothoracic-contributed and 
glenohumeral axial rotation, and scapulothoracic and glenohumeral 
elevation-generating rotations) were linearly interpolated in this ROM 
because they are zero-order tensors (scalars). Similarly, all orientation 
variables (Euler/Cardan angles) were interpolated in the 25–130◦ range 
every 0.25◦ using spherical linear interpolation (Shoemake, 1985); 
linear interpolation cannot be utilized because, generally, Euler/Cardan 
angles cannot be added/subtracted. Since minimal elevation occurs 
during ER-ADD and ER-ABD trials, they were interpolated at 0.25% 
increments between the start (0%) of the motion and maximum external 
rotation (100%). 

Traditional (Euler-based) SHR was computed by dividing gleno
humeral elevation by scapulothoracic upward rotation normalized by 
their respective values at the start of the motion per Equation (4). 

SHREuler(tk) =
ElevGH(tk) − ElevGH(t0)

URST(tk) − URST(t0)
(4) 

Here, ElevGH represents glenohumeral elevation and URST represents 
scapulothoracic upward rotation. Coordinated SHR, termed so because 
both scapula and humerus rotations happens about the same elevation- 
generating axis, was computed by dividing glenohumeral by scap
ulothoracic elevation-generating rotation. Because subjects had 
different resting humerothoracic elevation angles, when analyzing SHR 
each trial was interpolated between resting (0%) and maximum 
humerothoracic elevation (100%). 

One-dimensional statistical parametric mapping (SPM1D (Pataky 
et al., 2015)) was utilized to compare 1) glenohumeral and 

scapulothoracic-contributed axial rotation against humerothoracic axial 
rotation for elevation trials (paired t-test); 2) the angular contribution of 
scapulothoracic upward rotation towards humerothoracic axial rotation 
against that of scapulothoracic re/protraction and tilt for elevation trials 
(paired t-test); 3) the percent contribution of scapulothoracic motion 
towards humerothoracic axial rotation against the null hypothesis of 
10% for ER-ADD and ER-ABD (t-test); and 4) traditional (Euler-based) 
SHR against the coordinated SHR (paired t-test). Linear regression was 
used to determine the correlation of scapulothoracic-contributed axial 
rotation with the mean glenohumeral PoE during arm elevation. 

The supporting dataset and code repository are located at https://d 
oi.org/10.5281/zenodo.4536683 and https://doi.org/10.5281/zenod 
o.4626231, respectively. 

3. Results 

3.1. Planar elevation (CA, SA, FE) 

During CA, scapulothoracic-contributed axial rotation was NOT 
significantly different than humerothoracic axial rotation beyond 99◦ of 
humerothoracic elevation; glenohumeral axial rotation was NOT 
significantly different below 33◦ of humerothoracic elevation (Fig. 4A). 
During SA, scapulothoracic-contributed axial rotation was NOT signifi
cantly different than humerothoracic axial rotation beyond 83◦ of 
humerothoracic elevation; glenohumeral axial rotation was NOT 
significantly different than humerothoracic axial rotation below 51◦ of 
humerothoracic elevation (Fig. 4B). Finally, scapulothoracic- 
contributed axial rotation was NOT significantly different than humer
othoracic axial rotation for all examined humerothoracic elevation an
gles, while glenohumeral axial rotation was significantly different for all 

Fig. 3. Illustration of the elevation-generating 
(red) and axial rotation (green) axes for projec
tion of angular velocity. The axial rotation axis is 
coincident with the longitudinal axis of the hu
merus. However, the elevation-generating axis is 
not coincident with any anatomical axis. It al
ways lies on the transverse plane and an infini
tesimal rotation about it causes the humerus to 
elevate along the superoinferior axis. In contrast, 
the glenohumeral elevation axis of rotation (or
ange) does not strictly cause the humerus to 
elevate along the superoinferior axis because of 
scapular tilt (~30◦ in this illustration). Further
more, the scapulothoracic upward rotation axis 
(Euler-based, yellow) and the glenohumeral 
elevation axis are not co-aligned. Therefore, 
traditional SHR compares angles of rotation 
about two different axes of rotation. In contrast, 
coordinated SHR compares the relative rotations 
of the glenohumeral and scapulothoracic joints 
about the same elevation-generating axis. The 
illustration shows two different orientations of 
the humerus (but just one for the scapula for vi
sual clarity) to emphasize that all axes of rotation 
depend on the orientation of the humerus and 
scapula. (For interpretation of the references to 
colour in this figure legend, the reader is referred 
to the web version of this article.)   
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elevation angles (Fig. 4C). 
At maximum humerothoracic elevation during CA – on average – 

scapulothoracic-contributed axial rotation (− 19.8◦) accounted for 
77.9% of humerothoracic axial rotation, while glenohumeral axial 
rotation contributed the remaining 22.1% (− 5.6◦). Similarly, at 
maximum elevation during SA – on average – scapulothoracic- 
contributed axial rotation (− 12.8◦) accounted for 75.5% of humer
othoracic axial rotation, while glenohumeral axial rotation contributed 
the remaining 24.5% (− 4.2◦). Finally, at maximum elevation during FE 

– on average – scapulothoracic-contributed axial rotation (12.5◦) 
accounted for 93.7% of humerothoracic axial rotation, while gleno
humeral axial rotation contributed the remaining 6.3% (0.8◦). 

In general, scapular upward rotation was the major contributor to 
scapulothoracic-contributed axial rotation during planar humeral 
elevation. During CA, scapular upward rotation contributed signifi
cantly more to scapulothoracic-contributed axial rotation compared to 
other scapular rotations above 77◦ humerothoracic elevation (Fig. 5A). 
Similarly, during FE, scapular upward rotation was the major 

Fig. 4. Comparison of glenohumeral (GH) and scapulothoracic (ST) contributions to humerothoracic (HT) axial rotation for (A) coronal plane abduction (CA), (B) 
scapular plane abduction (SA), (C) forward elevation (FE), (D) external rotation in adduction (ER-ADD), and (E) external rotation in 90◦ abduction (ER-ABD) 
motions. The singular data points for CA, SA, and FE indicate axial rotation contributions at maximum humerothoracic elevation (differs by subject). The error bars 
around the singular data point and the shaded regions indicate ± 1 standard deviation. The orange line at the top of arm elevation plots indicates regions where 
SPM1D found that scapulothoracic-contributed axial rotation was NOT statistically different than humerothoracic axial rotation (indicated by ~ ), while the green 
line indicates the same for glenohumeral axial rotation. This highlights the influence of scapulothoracic-contributed and glenohumeral axial rotation towards 
humerothoracic axial rotation during different phases of arm elevation. In all other regions scapulothoracic-generated and glenohumeral axial rotation were sta
tistically different from humerothoracic axial rotation (p < 0.001). The black line at the top of ER-ABD and ER-ADD plots indicates regions where SPM1D found that 
scapulothoracic-contributed axial rotation was statistically different than 10% of humerothoracic axial rotation (p < 0.001). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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contributor above 53◦ of elevation (Fig. 5C). However, for SA, the 
contribution of scapulothoracic upward rotation towards 
scapulothoracic-contributed axial rotation only exceeded that of re/ 
protraction beyond 123◦ of humerothoracic elevation but was smaller 
than the tilt contribution between 25◦-37.5◦ of humerothoracic eleva
tion (Fig. 5B). 

Scapulothoracic-contributed axial rotation was moderately to 
strongly correlated with the mean glenohumeral PoE during planar 
elevation (CA: R = 0.65, SA: R = 0.67, FE: R = 0.72) (Fig. 6C). Coor
dinated SHR was statistically different than traditional SHR for all mo
tion phases for CA and SA but not for FE (Fig. 7). Mean coordinated SHR 
was 6.2, 5.9, and 3.6 at the start of elevation and 2.3, 2.1, and 2.0 at the 

maximum elevation for CA, SA, and FE, respectively. Mean traditional 
SHR was 2.3, 3.3, and 5.1 at the start of elevation and 1.9, 1.9, and 2.0 at 
the maximum elevation for CA, SA, and FE, respectively. 

3.2. Humeral rotation (ER-ADD, ER-ABD) 

During ER-ADD, scapulothoracic contribution to humerothoracic 
axial rotation was statistically <10% below 82% of motion completion 
(Fig. 4D). During ER-ABD, scapulothoracic contribution to humer
othoracic axial rotation was statistically <10% below 47% of motion 
completion and statistically higher than 10% above 82% of motion 
completion (Fig. 4E). At maximum external rotation during ER-ADD, 

Fig. 5. Contributions of scapulothoracic upward rotation (Upward Rot), re/protraction (RePro), and tilt to scapulothoracic-contributed (ST-contributed) axial 
rotation for (A) coronal plane abduction (CA), (B) scapular plane abduction (SA), (C) forward elevation (FE), (D) external rotation in adduction (ER-ADD), and (E) 
external rotation in 90◦ of abduction (ER-ABD) motions. The singular data points for CA, SA, and FE indicate axial rotation contributions at maximum humer
othoracic elevation (differs by subject). The error bars around the singular data point and the shaded regions indicate ± 1 standard deviation. The solid black line at 
the top of plots indicates regions where SPM1D found significant differences between contribution components. For elevation and ER-ABD trials, scapulothoracic 
upward rotation contribution was compared to the contributions of re/protraction and tilt. For ER-ADD trials scapulothoracic re/protraction contribution was 
compared to the contributions of upward rotation and tilt. The following suprathreshold events exceeded p ≤ 0.001: SA, Upward Rot vs RePro (p = 0.020); SA, 
Upward Rot vs Tilt (p = 0.010). 
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scapulothoracic-contributed axial rotation accounted for 8% (9.6◦) of 
humerothoracic axial rotation, while glenohumeral axial rotation 
contributed the remaining 92% (106.8◦). At maximum external rotation 
during ER-ABD, scapulothoracic-contributed axial rotation accounted 
for 15.3% (14.8◦) of humerothoracic axial rotation, while glenohumeral 
axial rotation contributed the remaining 84.8% (83.1◦). 

During ER-ADD, scapulothoracic re/protraction was the major 
contributor to scapulothoracic-contributed axial rotation beyond 40% of 
motion completion (Fig. 5D). During ER-ABD, scapulothoracic upward 
rotation was the major contributor to scapulothoracic-contributed axial 
rotation beyond 17% of motion completion (Fig. 5E). 

4. Discussion 

The purpose of this study was to investigate the kinematic coupling 
of the glenohumeral and scapulothoracic joints and determine their 
relative contributions towards axial rotation. We found that 
scapulothoracic-contributed axial rotation increased monotonically 
during arm elevation. Thus, in general, at higher elevation angles 
scapulothoracic-contributed axial rotation was not significantly 
different than humerothoracic axial rotation. And, for CA and SA, at 
lower elevation angles glenohumeral axial rotation was not significantly 
different than humerothoracic axial rotation (Fig. 4).At maximum 
elevation – on average – scapulothoracic-contributed axial rotation 
accounted for more than 75% of humerothoracic axial rotation (Fig. 4). 
This substantial contribution from the scapulothoracic joint is often 
overlooked and assumed to originate primarily from the glenohumeral 
joint. Clinically, this finding suggests that the treatment strategies aimed 
at improving impaired humerothoracic axial rotation may need to 
preferentially target the glenohumeral and/or scapulothoracic joint 
based on the elevation ROM in which the axial rotation impairment is 
observed. 

As hypothesized, scapulothoracic-contributed axial rotation was 
positively correlated with glenohumeral PoE during arm elevation 

(Fig. 6) – highlighting that a non-zero glenohumeral PoE (combined 
with scapular upward rotation) generates scapulothoracic-contributed 
axial rotation during arm elevation. This correlation is useful for inter
preting prior studies and for understanding how scapulothoracic- 
contributed axial rotation varies between different planes of elevation. 
For example, because the glenohumeral PoE magnitude was lower for 
SA (by definition) compared to CA and FE, scapulothoracic upward 
rotation was the main contributor to humerothoracic axial rotation for 
CA and FE, but not for SA (Fig. 5). This correlation also substantiates the 
mechanism presented in Fig. 1 and is a useful heuristic, but – generally – 
scapulothoracic-contributed axial rotation should be calculated per 
Equation (1). 

During ER-ADD, mean scapulothoracic-contributed axial rotation 
was minimal (10◦, 8%, Fig. 4), although one subject approached 27◦

(25%). Unlike other activities, for ER-ADD scapulothoracic re/protrac
tion provided the largest contribution to scapulothoracic-contributed 
axial rotation (Fig. 5) because the humeral longitudinal axis was 
aligned with the scapulothoracic re/protraction axis. This finding 
demonstrates that the scapulothoracic joint contributes to axial rotation 
via different motion patterns depending on the scapula’s alignment to 
the humeral longitudinal axis. Furthermore, different motion axes may 
combine constructively or destructively to produce humerothoracic 
axial rotation depending on their alignment with the humeral longitu
dinal axis. For example, scapulothoracic posterior tilt combines 
constructively with scapulothoracic upward rotation during CA and SA, 
but destructively during FE (Fig. 5). Clinically, this finding can help 
physical therapists interpret movement impairments observed during 
physical examinations. For example, decreased scapulothoracic poste
rior tilt that occurs during FE may be a compensatory movement pattern 
in response to insufficient glenohumeral external rotation. Therefore, 
understanding the motion coupling of the individual shoulder joints is 
necessary to interpret clinical movement examinations and develop 
targeted treatment strategies. 

Contrary to our hypothesis, during ER-ABD the scapulothoracic joint 

Fig. 6. Correlation between scapulothoracic-contributed (ST-contributed) axial rotation and glenohumeral (GH) plane of elevation (PoE). (A) Glenohumeral PoE and 
(B) scapulothoracic-contributed axial rotation are shown by arm elevation activity. The singular data points for coronal plane abduction (CA), scapular plane 
abduction (SA), and forward elevation (FE) indicate glenohumeral PoE and scapulothoracic-contributed axial rotation at maximum humerothoracic elevation (differs 
by subject). The error bars around the singular data point and the shaded regions indicate ± 1 standard deviation. (C) Scapulothoracic-contributed axial rotation was 
moderately correlated with the mean glenohumeral PoE for CA (R = 0.65, p = 0.003) and SA (R = 0.67, p = 0.002), and strongly correlated for FE (R = 0.72, p <
0.001) and when considering all elevation trials (R = 0.94, p < 0.001). 
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contributed significantly more than 10% of humerothoracic axial rota
tion. At maximum external rotation, 15◦ (15%) of humerothoracic axial 
rotation was contributed by the scapulothoracic joint (Fig. 4), and 
scapulothoracic upward rotation was the major contributor responsible 
for 10◦ of external rotation (Fig. 5). For ER-ABD scapulothoracic upward 
rotation caused humerothoracic elevation as well, which was partially 
negated by glenohumeral depression (Appendix 1). This suggests that 
scapulothoracic upward rotation is opportunistically utilized to generate 
humerothoracic axial rotation, even when the glenohumeral joint 
compensates for undesired motions (i.e. elevation). An animation of the 
subject with the highest scapulothoracic-contributed axial rotation 
during ER-ABD (Appendix 2) demonstrates how scapulothoracic upward 
rotation (~35◦), a large glenohumeral PoE (− 40 to − 50◦), and gleno
humeral depression (~12◦) combine to produce external rotation (33◦) 
with minimal humerothoracic elevation (~7◦). This finding has 

implications for measurement of axial rotation ROM in 90◦ of abduction, 
which is routinely performed in clinical settings. In this investigation of 
healthy subjects, the interquartile range of scapulothoracic-contributed 
axial rotation spanned 12–18% of humerothoracic axial rotation. 
Therefore, scapular motion (specifically upward rotation) should be 
expected during ER-ABD. Diminished humerothoracic axial rotation 
ROM could be attributed to either glenohumeral OR scapulothoracic 
motion. 

These findings provide context for understanding coupled changes in 
glenohumeral axial rotation and scapulothoracic kinematics. Kolk et al. 
observed that for patients with massive rotator cuff tears, between 
60◦–110◦ of humerothoracic elevation during CA, the glenohumeral PoE 
changes from negative 10◦ to 0◦ and the glenohumeral joint externally 
rotates by ~ 18◦ (Kolk et al., 2017). Scapulothoracic-contributed axial 
rotation provides an explanation for these coupled changes. Specifically, 
as the glenohumeral PoE approaches 0◦, scapulothoracic-contributed 
external rotation diminishes, therefore the glenohumeral joint com
pensates. Levasseur et al. compared kinematics pre- and post-superior 
capsular reconstruction, and subjects with increased scapular protrac
tion exhibited decreased glenohumeral external rotation (LeVasseur 
et al., 2021). Increased scapular protraction likely drives a more nega
tive glenohumeral PoE, increasing scapulothoracic-contributed external 
rotation, and therefore decreasing the need for glenohumeral external 
rotation. This same study noted a positive correlation between increased 
glenohumeral PoE and ASES scores, providing further support for 
considering the contribution of the scapulothoracic joint to humer
othoracic axial rotation in the context of disease progression and sur
gical intervention. Without understanding how the scapulothoracic joint 
contributes to humerothoracic axial rotation, these coupled kinematic 
changes are challenging to interpret. 

As previously described, Euler angles cannot be utilized to quantify 
rotations (i.e., displacements) (Aliaj et al., 2021; Krishnan et al., 2019; 
Michaud et al., 2014; Miyazaki and Ishida, 1991). Therefore, traditional 
SHR can misrepresent the relative contributions of the glenohumeral 
and scapulothoracic joints towards elevation changes (Robert-Lachaine 
et al., 2015). Two shortcomings of the Eulerian approach for defining 
SHR are that 1) the glenohumeral elevation axis of rotation does not 
strictly cause the humerus to elevate along the superoinferior axis 
because of scapular tilt, and 2) rotations about two different axes of 
rotation are compared because the scapulothoracic upward rotation axis 
(Euler-based) and the glenohumeral elevation axis are not co-aligned 
(Fig. 3). Therefore, when calculating SHR the scapulothoracic and gle
nohumeral axes of rotation that contribute to humerothoracic elevation 
should coincide and their elevation contributions should sum to changes 
in humerothoracic elevation (Robert-Lachaine et al., 2015). The 
framework presented herein accomplishes this by explicitly projecting 
both scapulothoracic and glenohumeral motions onto the same 
elevation-generating axis of rotation. We show that adding Euler/Car
dan scapulothoracic upward rotation and glenohumeral elevation does 
not sum to humerothoracic elevation, however the sum of scap
ulothoracic and glenohumeral elevation-generating rotations do (Ap
pendix 1). Our framework reestablishes the essence of what elevation 
SHR intends to capture: the relative contributions of the scapulothoracic 
and glenohumeral joints to total humerothoracic elevation. The coor
dinated SHR ratio is significantly higher than traditional SHR, especially 
at the start of the motion, for SA and CA but not FE (Fig. 7). This result 
matches previous attempts at rectifying SHR (Robert-Lachaine et al., 
2015) but our method does not necessitate a reference orientation 
(Robert-Lachaine et al., 2015). Finally, the clinical definition of SHR 
remains the same. It is a measure of the relative contributions of the 
glenohumeral and scapulothoracic joints towards elevation. However, 
the proposed framework calculates this ratio correctly from a mathe
matical perspective. When investigating pathologies that involve com
plex compensatory movement patterns (Kozono et al., 2020; Merolla 
et al., 2019; Robert-Lachaine et al., 2016), proper quantification of SHR 
as presented herein is important so that changes in other kinematic 

Fig. 7. Comparison of traditional (Euler) scapulohumeral rhythm (SHR) and 
coordinated SHR for (A) coronal plane abduction (CA), (B) scapular plane 
abduction (SA) and (C) forward elevation (FE) motions. Because subjects had 
different resting humerothoracic elevation angles, each trial was interpolated 
between resting humerothoracic elevation angle (0%) to maximum humer
othoracic elevation (100%). The shaded regions indicate ± 1 standard devia
tion. The black line at the top of each plot indicates regions where SPM1D 
found differences between coordinated SHR and traditional SHR. Coordinated 
SHR was higher than traditional SHR for CA and SA, especially during the first 
20% of arm elevation. No statistically significant differences were found for FE. 
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variables are not confounded with changes in SHR. For example, 
changes in scapular tilt affect traditional SHR (Fig. 3) even if the relative 
contributions of the glenohumeral and scapulothoracic joints towards 
elevation remain constant. Although for the healthy cohort in the pre
sent study coordinated and traditional SHR were qualitatively different 
only below 30◦ of humerothoracic elevation, in pathological populations 
this difference could be more acute. 

A limitation of this study was that no functional and/or goal-oriented 
tasks, or pathologies or interventions, were investigated. Those analyses 
could provide additional insight into the balance between glenohumeral 
and scapulothoracic-contributed axial rotation. It should be noted that 
most shoulder motion studies examine clinically-motivated arm eleva
tion and rotation motions as examined herein (Krishnan et al., 2019), so 
the described mathematical concepts are still highly relevant for inter
preting existing literature. Additionally, this study was not powered to 
investigate anatomical predictors of scapulothoracic-contributed axial 
rotation and we did not investigate the muscle forces involved. Because 
muscles that produce internal/external glenohumeral rotation have 
higher moment arms at ~ 0◦ of glenohumeral axial rotation (Ackland 
and Pandy, 2011), it is possible scapulothoracic-contributed axial rota
tion is utilized to optimize muscle moment arms. Future studies with 
combined motion and muscle analysis will be necessary to understands 
these factors. 

In conclusion, this investigation presented a mathematical frame
work for investigating the kinematic coupling of joints and interrogated 
the coupling of the glenohumeral and scapulothoracic motion towards 
creating humerothoracic axial rotation and elevation. Scapulothoracic 
motion contributed substantially to humerothoracic axial rotation dur
ing arm elevation and ER-ABD via scapulothoracic upward rotation. 
Therefore, future studies investigating disease progression, surgical 
intervention, and physical therapy should consider the relative contri
butions of the glenohumeral and scapulothoracic motion towards both 
elevation and axial rotation. Although ascertaining scapulothoracic and 
glenohumeral joint kinematics in a clinical setting is challenging, un
derstanding how their interaction produces 3D motion is fundamental to 
treating shoulder movement impairments. 
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