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Defining bone-embedded local coordinate systems (LCSs) is fundamental in shoulder biomechanics, yet multiple
scapular LCSs exist, hindering data comparison. Although the International Society of Biomechanics (ISB) has
published recommendations, alternative definitions based on distinct anatomical landmarks remain often used.
To address these inconsistencies, average rotation matrices were recently proposed to convert between the three
most common scapular LCSs, thereby facilitating comparison, merging, and interoperability between datasets.
Building upon this, we have extended the approach to 11 scapular LCSs reported in the literature, including
scapula- and glenoid-based systems. Using statistical shape models derived from 80 participants (asymptomatic
and pathological shoulders), 1000 scapulae were generated to quantify geometric transformations between LCSs.
Average rotation matrices were computed for each alternative system relative to the ISB-recommended LCS, and
accuracy was assessed using helical angles. The application of the average rotation matrices substantially
reduced the maximal discrepancies between LCSs, from 21.9° to 5.2°. Scapula-based systems exhibited lower
discrepancies than glenoid-based ones, reflecting greater morphological variability in the glenoid region.
Comparisons with previously published matrices showed minimal differences (<3°), supporting the robustness of
the approach across various datasets and population. These findings confirm that average rotation matrices
provide a reliable means of harmonising scapular kinematic data across studies, even if experimenters initially
chose a different LCS. This work offers a simple framework, for bridging existing scapular kinematic datasets and
promoting interoperability datasets in shoulder biomechanics research.

1. Introduction inconsistency limits the comparability of results, restricts data interop-

erability, and challenges clinical translation. While redefining LCSs

One key aspect when analysing shoulder kinematics lies in the
definition of bone-embedded local coordinate systems (LCSs), which
strongly influences the way results can be compared and interpreted.
Although the International Society of Biomechanics (ISB) has published
recommendations to harmonise these definitions (Wu et al., 2005),
notable discrepancies persist in how LCSs are constructed across studies
(Kolz et al., 2020; Lawrence et al., 2022; Moissenet et al., 2025b). Such

directly from imaging or surface models would, in principle, be feasible
to eliminate discrepancies between definitions, such data are rarely
available in practice. There is therefore a need for post-processing
capable of evaluating and compensating for discrepancies between
existing LCSs. Hence, rotational and translational offsets between co-
ordinate systems can be minimised, enabling meaningful comparison of
kinematic measurements even when different or initially undefined LCSs
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are used.

Focusing on the scapula, a recent review (Spartacus project)
(Moissenet et al., 2025b) highlighted that this bone presents 10 alter-
native LCS definitions relative to the ISB recommendations, mainly due
to variations in measurement methods, such as skin marker-based mo-
tion capture (e.g., marker-based motion capture) versus imaging-based
analysis (e.g., single or biplane fluoroscopy). This has led to two pri-
mary categories of LCSs: scapula- and glenoid-based LCSs. However, the
diversity of definitions introduces ambiguity when comparing or
aggregating kinematic data, as demonstrated by Lawrence et al. (2022),
who showed that the choice of LCS substantially influences motion
interpretation, despite all definitions are anatomically reasonable.

To address these inconsistencies, (Kolz et al., 2020) proposed a post-
process using average rotation matrices to estimate rigid trans-
formations between three common scapula LCSs, with origins at the
glenoid centre, posterolateral acromion (ISB recommendation), and
acromioclavicular joint. They showed that the scapulothoracic angular
kinematics could be reliably converted between these LCSs, with rota-
tional discrepancies not exceeding 4°. This approach builds upon
established methodologies for comparing anatomical frames, such as
those used for muscle insertion sites (Xu et al., 2012), inertial parameter
alignment (Dumas et al., 2007), or coordination frame comparisons in
other bones like the humerus (Sulkar et al., 2021). However, the average
rotation matrices computed by Kolz et al. (2020) were based on 51
cadaver scapulae and the analysis was limited to only three LCSs. In
contrast, the Spartacus project highlighted the existence of 11 distinct
scapular LCSs, though comparisons between these systems have yet to
be systematically explored.

Our study aims to extend the work of Kolz et al. (2020) by computing
the average rotation matrices for these 11 LCSs. This will enable
comparative analyses across the existing literature, thereby facilitating
interoperability between studies that rely on different LCS definitions. In
this context, our aim is not to standardise the choice of LCS, but to
provide tools to bridge between them, enabling data interoperability. By
quantifying the geometric relationships between a broad set of LCSs,
both scapula- and glenoid-based, our study contributes a practical
framework to facilitate robust cross-study comparisons in shoulder ki-
nematics research. We expected the proposed approach to remain valid
across all LCS definitions, with rotational discrepancies remaining
within a similar range to those previously reported by Kolz et al. (< 5°).
We also anticipated that glenoid-based LCSs might yield slightly poorer
results due to greater variability in the orientation and morphology of
the glenoid relative to the rest of the scapula (Casier et al., 2018; Tokita
et al., 2025). Finally, by applying our method to a larger and indepen-
dent dataset than that used by Kolz et al. (2020), we sought to assess
how closely the average rotation matrices obtained here align with
theirs. Ultimately, this supports the wider goals of transparency,
reproducibility, and data integration in shoulder biomechanics.

2. Methods
2.1. Dataset

The dataset was collected in a previous project (Bascan, 2018;
Hagemeister et al., 2014; Yamani, 2022; Zhang, 2016) and includes 80
participants from two distinct populations: an asymptomatic group
without shoulder pain or dysfunction (13 women and 15 men; mean age:
56 + 7 years), and a pathological group diagnosed with full-thickness
supraspinatus tendon tears, associated with mild to moderate muscle
atrophy (Thomazeau grades 1-2) (Thomazeau et al., 1996), and mainly
grade-2 fatty infiltration (Goutallier et al., 1994) of the supraspinatus
and infraspinatus muscles (20 women and 32 men; mean age: 56 + 7
years). Data collection was conducted under ethical approval from the
Centre Hospitalier de I'Université de Montréal (CHUM, protocol
09.261), with all participants providing written informed consent.

Biplanar radiographs were acquired using the EOS system (ATEC
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Spine, USA) with participants standing, arms relaxed, and positioned at
approximately 40° of axial rotation relative to the anterior-posterior
view. The images and a generic scapula surface model were processed
in the IdefX image-processing software (IBHGC, Arts et Métiers Sciences
et Technologies, France; LIO, ETS, Québec, Canada) for 2D-3D regis-
tration. Briefly, the registration method followed the approach of Zhang
(2016), using the generic scapula model developed by Ohl et al. (2012)
composed of 20,148 triangular faces and 10,078 vertices. Model align-
ment was refined using a moving least squares deformation algorithm
(Cresson et al., 2008) to fit the radiological contours. The algorithm
estimates a locally optimal affine transformation at each surface point,
weighted by its distance to nearby control handles, thus maintaining
geometric fidelity while allowing smooth, non-rigid deformations,
particularly around the glenoid, coracoid process, scapular spine, and
medial border.

In line with previous studies (Churchill et al., 2001; incesoy et al.,
2021; Moor et al., 2013; Satir et al., 2024; Smith et al., 2022; Zhou et al.,
2022), a set of six morphological parameters were extracted from each
participant’s model (Table 1) to characterise scapular shape. To ensure
that the dataset captured populations with distinct scapular morphol-
ogies and thus provided a broader morphological basis for testing the
robustness and generalisability of the average rotation matrix approach,
series of t-tests were performed to compare the morphological param-
eters between the two groups.

2.2. Statistical shape models

A statistical shape model (SSM) was generated from the dataset for
each of the two groups following the method described by Yamani
(2022). First, the left scapulae were mirrored to match the orientation of
the right scapulae, aligning all models to a unified reference. Second, the
scapula models were aligned within a common coordinate system using
generalized Procrustes analysis (Umeyama, 1991). This procedure
removes differences in translation, rotation, and scale, preserving only
anatomical shape variations. Third, a principal component analysis
(PCA) was conducted separately on the asymptomatic and pathological
SSMs to identify the primary modes of morphological variation. For each
group, the number of components required to account for 85% of the
total variance was determined and used to compare variation patterns
between asymptomatic and pathological SSMs.

Table 1
Morphological parameters used to characterise scapular shape.
D Name Unit  Definition
GH Glenoid height mm Distance between the inferior and superior
glenoid borders, representing the vertical
dimension of the glenoid surface.
GW Glenoid width mm Distance between the posterior and anterior

glenoid borders, representing the horizontal
dimension of the glenoid.

° Angle between the superior-inferior glenoid
axis and the line tangent to the scapular
spine.

Angle between the superior-inferior glenoid
axis and the vertical ground reference.

° Angle between the line connecting the
anterior and posterior glenoid margins and a
line perpendicular to the scapular body in the
axial plane.

CSA  Critical shoulder ° Angle between the line connecting the
angle superior and inferior glenoid borders and the

line extending from the inferior glenoid
border to the most lateral point of the
acromion, measured in the anteroposterior
plane.

GI, Morphological
inclination

Gl Positional
inclination
GV Glenoid version
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2.3. Generation of scapulae using statistical shape models

A total of 1000 right scapulae were generated using the SSMs, with
equal numbers drawn from the asymptomatic and pathological models
to ensure balanced representation in the ARM estimation. This sample
size was selected through a sensitivity analysis performed by re-
estimating ARMs using sample sizes ranging from 10 to 5000 SSM-
generated scapulae (available in Supplementary Material). The sam-
ples were generated using a uniform distribution within the shape space,
bounded by + 3 standard deviations derived from the square root of the
corresponding PCA eigenvalues, to explore the morphological space
broadly and without bias, and to avoid over-representation of mean

S-LCS-5

S-LCS-8

S-LCS-10

AC: Most dorsal point on the acromioclavicular joint
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shapes that would arise from a normal distribution given the limited
representativeness of the available population. All models (participant
models, SSMs, SSM-generated models) shared a consistent mesh topol-
ogy, with identical vertex count and anatomical correspondence. Spe-
cifically, each anatomical landmark was always associated to the same
vertex in the mesh.

2.4. Compared local coordinate systems

Eleven local coordinate systems (LCSs) were assessed this study.
These LCSs, previously identified in the literature (Moissenet et al.,
2025b), are assumed to be representative of current practices in

S-LCS-6

S-LCS-9

o  Anatomical landmark (ISB)
e  Anatomical landmark (other than ISB)

TSS Al: Angulus inferior (inferior angle) (ISB) ™ Landmark-related geometrical shape
| e Glen.0|d SETE ) Axis-related geometrical shape
IE: Inferior edge of the glenoid e
SE: Superior edge of the glenoid —> Xaxis
\ TS: Trigonum spinae scapulae (ISB) —> Yaxis
A7 —> Z axis

Fig. 1. Local coordinate systems (LCSs) of the scapula. S-LCS-1 stands for the LCS recommended by the International Society of Biomechanics (ISB) (Wu et al., 2005).
S-LCS-2 to S-LCS-11 represent 10 alternative LCSs characterised by distinct anatomical landmarks and axis constructions. Scapula-based LCSs are indicated by

underlined labels.
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shoulder kinematic analysis (Fig. 1). The selection includes the ISB-
recommended LCS (Wu et al., 2005) (S-SCS-1), alongside 10 alterna-
tive definitions characterised by distinct anatomical landmarks and axis
constructions (S-SCS-2 to S-SCS-11). These LCSs can be categorised into
six “scapula-based” LCSs (S-LCS-1-4,6-7), typically constructed from
palpable landmarks (e.g., acromial angle, trigonum spinae, and inferior
angle), and five “glenoid-based” LCSs (S-LCS-5,8-11), which rely on
landmarks and geometric features accessible through medical imaging
(e.g., glenoid centre, and glenoid best fit plane). In particular, S-LCS-4
and S-LCS-5 correspond to the acromioclavicular joint-centred LCS and
glenoid-centred LCS defined by Kolz et al. (2020).

All LCSs were reconstructed on each SSM-generated scapula using
anatomical landmarks, following the definitions detailed in Supple-
mentary Table S1. Since each anatomical landmark was consistently
associated with the same vertex across all meshes, the construction of
LCSs remained consistent throughout all SSM-generated scapulae.

2.5. Computation of average rotation matrices

For each SSM-generated scapula, rotation matrices describing the
transformation from each alternative LCS (S-LCS-2 to S-LCS-11) to the
ISB-recommended LCS (S-LCS-1) were computed. To correct deviations
in axes’ orientations, an initial correction was applied to each alterna-
tive LCSi € {2 ... 11} of each scapula j € {1 ... 1000} using a rotation
matrix BoR; as follows:

ISB uncorrected
Ri.j: oRiRiJ' (1)

This correction ensured that the LCS axes were approximately
aligned with ISB-recommended anatomical directions (Wu et al., 2005):
X was defined + posteroanterior (pointing anteriorly), Y was defined +
inferosuperior (pointing superiorly), and Z was defined + mediolateral
(pointing laterally). This correction only introduces + 90° or + 180°
rotations around one or two axes.

To compute average rotation matrices R;, the method proposed by
Kolz et al. (2020) was used. First, for each alternative LCS i, the arith-
metic mean of each element of the individual rotation matrices R;;
across the 1000 SSM-generated scapulae was computed, resulting in a
non-orthogonal matrix R;. Second, to recover a proper rotation matrix, a
singular value decomposition (SVD) was performed:

Ri = UiZiViT (2)
The final average (orthogonal) rotation matrix was obtained as:

R =UV,/T 3)

The overall transformation for each alternative LCS i of each scapula j

Table 2
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can then be expressed as:

— ISBy

R, =R,"°R; Q)

This matrix R; can be applied to the original uncorrected alternative LCS
i of each scapula j to convert resulting in a compensated transformation
into the ISB-recommended LCS:

R_f}?rrected — RiR;?corrected (5)

2.6. Orientation errors

Before applying the average rotation matrix approach, the minimal
angle of rotation 6y was computed, for each of the 1000 SSM-generated
scapulae, between each pair of LCS. This analysis was based on the LCSs
corrected for axes’ orientation (*B°R;) but not yet adjusted using
average rotations matrices (R;), thereby quantifying the initial angular
variability in the LCSs.

For all alternative LCS (S-LCS-2 to S-LCS-11), the minimal angle of
rotation 8, was computed, for each of the 1000 SSM-generated scapulae,
between each scapula-specific rotation matrix (i.e., the rotation matrix
describing the rigid transformation between the alternative LCS and the
ISB-recommended LCS) and the corresponding average rotation matrix,
thereby quantifying the accuracy of the average rotation matrix
approach.

For S-LCS-4 and S-LCS-5, the minimal angle of rotation 6 was
computed, for each of the 1000 SSM-generated scapulae, between the
LCS resulting from our average rotation matrix and the one reported by
Kolz et al. (2020), thereby illustrating the influence of dataset- and
population-specific factors on the average rotation matrix approach.

In all cases, the minimal angle of rotation 6 between two LCSs R; and
R, was computed with the helical angle as follows:

Tr(R'Ry) — 1
0= cos™! (r(liz)) (6)
2
3. Results
3.1. Dataset

The mean and standard deviation of morphological parameters
(Table 1) for both the asymptomatic and symptomatic groups are re-
ported in Table 2. Notably, the morphological inclination (GIp) and the
critical shoulder angle (CSA) demonstrated statistically significant dif-
ferences between the two groups, while the morphological inclination
(GI,,), the positional inclination (GIy), and the glenoid version (GV)
exhibited high variability across both groups, with retroverted glenoids

Descriptive statistics of the six morphological parameters related to the scapulae included to the dataset for each group (A: asymptomatic group, P: pathological group):
GH: Glenoid height; GW: Glenoid width; GI: Positional inclination angle of the glenoid; GI,,: Morphological inclination angle of the glenoid; GV: Glenoid version; CSA:

Critical shoulder angle.

Parameters Group Mean + SD [Min, Max] CV (%) t-test

GH (mm) A 34.7 + 3.8 [27.7, 41.4] 10.8 p > 0.05
P 34.9 + 3.4 [27.1, 40.9] 9.8

GW (mm) A 25.6 + 3.0 [19.2, 30.8] 11.5 p > 0.05
P 25.7 + 2.5 [20.4, 30.1] 9.7

GIp (°) A 6.0 + 6.8 [0.2, 30.3] 113.0 p =0.03
P 10.9 + 10.5 [0.0, 37.8] 95.7

GIm (°) A 1.8 + 2.9 [-4.0, 6.7] 160.0 p > 0.05
P 1.2 + 3.6 [-9.7, 8.5] 295.0

GV (°) A 2.1 + 2.7 [-11.0, 4.4] 129.0 p > 0.05
P 2.4 + 0.5 [1.2, 3.6] 20.9

CSA (°) A 34.1 + 3.6 [27.1, 41.7] 10.5 p = 0.007
P 36.7 + 4.1 [28.0, 47.4] 11.3

Notes: SD: Standard deviation; Min: Minimum; Max: Maximum; CV: Coefficient of variation; t-test: p-value calculated using Student’s t-test between asymptomatic and

symptomatic groups.
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LCS1 LCS2 LCS3 LCS4 LCS5 LCS6 LCS7 LCS8 LCS9 LCS10LCS11

LCs1
16.1 211 161 161 178 165 17.8 18.0
211 178 165 17.8 18.0

15.6 16.5

17.3

LCSS5 Ky

16.1 211 161 161 178 165 178 18.0 LCS1
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Fig. 2. Pairwise mean helical angle in degrees between local coordinate systems (LCSs, LCS1 being the ISB recommended-LCS), computed after correcting for axes
orientation deviations (ISBORi), but before (left) and after (right) applying the average rotation matrices.

observed exclusively in the asymptomatic group.

3.2. Statistical shape models

The PCA revealed distinct but overlapping patterns of morphological
variation between the asymptomatic and pathological models. Seven
principal components were required to exceed 85% of variance in the
asymptomatic model, compared to eight in the pathological model. Both
models showed changes in (a) the inferior angle (position/size in the

3.4. Average rotation matrices

The average rotation matrices R; describing the transformation from
each LCS i to the ISB-recommended LCS (S-LCS-1) are reported below.
These matrices define the rigid body transformations that align each
alternative LCS with the ISB-recommended LCS (S-LCS-1) (matrices
ISBoR; and R; are available with 15-digit precision in Supplementary
Tables S2 and S3):

10 0 [0 o 1 o o1
Ri=(0 10 Ry=[1 00 Ry=[1 00
[0 0 1 0010 0 10
$-SCS-1 $-5CS-2 $-5CS-3
[0.9781 —0.0002 —0.2083 [0.9521 —0.0025 —0.3059 [ 0.2049 01814 0.9618
R; = | -0.0376 09834 —0.1775 Rs = [0.0580 0.9833 0.1726 Rg = | 09781 —0.0002 —0.2083
| 02049 01814 0.9618 103004 —0.1821 0.9363 | -0.0376 0.9834 —0.1775
S-SCS-4 §-5CS-5 §-5CS-6
[0.2049 01814 0.9618 [-0.2500 0.0560 —0.9666 [-0.9648 —0.0991 0.2436
R; = | 09781 —0.0002 —0.2083 Rg = | 0.1494 0.9886  0.0186 Ro 0.2499  —0.0560 0.9667
| -0.0376 0.9834 —0.1775 | 0.9566 —0.1398 —0.2556 | -0.0821 0.9935 0.0788
$-SCS-7 $-5CS-8 $-5CS-9
0.9566 —0.1398 —0.2556 —0.1536 —0.9875 —0.0350
Ry = [ -0.2500 0.0560 —0.9666 Ry = | 09566 —0.1398 —0.2556
0.1494 0.9886 0.0186 0.2475 —0.0727 0.9662
$-SCS-10 $-5CS-11

asymptomatic model; orientation/size in the pathological model), (b)
the acromion (position/size/shape in both groups), (c) the glenoid
(shape/size in both groups), and (d) the coracoid process (position in
both groups). Additionally, only the asymptomatic model involved
variation in the orientation of the superior angle and in the position and
size of the scapular spine.

3.3. Angular variability in the local coordinate systems

Overall, the mean helical angle between each pair of LCSs after
correcting for axes orientation deviations but before applying the
average rotation matrices y ranged 0.0° to 21.9° (Fig. 2). This differ-
ence decreased for all pairs of LCSs after applying the average rotation
matrices (6,), ranging then from 0.0° to 5.2°.

3.5. Accuracy of the average rotation matrix approach

Overall, the mean helical angle 6, between each model-specific
rotation matrix and the related average rotation matrix was higher,
and more widely distributed, for all glenoid-based LCSs compared to
scapula-based LCSs. Nevertheless, for each alternative scapula-based
LCS (S-LCS-2 to S-LCS-11), 6 remained within a range of up to 5.2 +
2.7° (Fig. 3).

To assess the robustness of the approach with respect to dataset- and
population-specific factors, the average rotation matrices obtained in
the present study were compared with those reported by Kolz et al.
(2020). The mean helical angle 6, between the resulting LCSs was 2.8°
for S-LCS-4 and 2.2° for S-LCS-5.
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Fig. 3. Mean (standard deviation) and error distribution histograms of the helical angle (°) between model-specific and average rotation matrices aligning each

alternative local coordinate system (LCS) with the ISB-recommended LCS.
4. Discussion

This study aimed to assess the compatibility of 11 scapular LCSs by
quantifying the helical angle between each system and the ISB-
recommended LCS across 1000 statistically generated scapulae. Build-
ing on the process proposed by Kolz et al. (2020), we have tested the
generalisability of average rotation matrices to a broader range of LCSs,
comprising both scapula- and glenoid-based LCSs, and evaluated
whether the results hold across a larger and more morphologically
variable dataset. Importantly, we have not treated differences between
LCSs as measurement errors to be corrected, as would be appropriate for
crosstalk reduction in the knee (e.g., using the reference frame align-
ment method proposed by Ortigas Vasquez et al. (2023)), but rather as
equally plausible alternatives reflecting different anatomical conven-
tions. Overall, the application of average rotation matrices reduced the
mean helical angle between scapular LCSs from values of up to 21.2° to
less than 5.2° across all tested systems, thereby substantially improving
comparability between coordinate system definitions.

4.1. Generalisation of the approach to eleven local coordinate systems
Our results confirmed that average rotation matrices remain valid

across all tested LCSs, with low mean helical angle across all tested LCSs.
This supports our first hypothesis that the approach remains valid even

when extended to a wider range of LCSs than the ones used by Kolz et al.
(2020). Importantly, this approach reduced the discrepancies observed
between LCSs from values as high as 21.2° (after correcting for axes
orientation deviations P°R;) down to less than 5.2°, thereby substan-
tially improving the consistency of coordinate system conversions. This
robustness is especially relevant in biomechanics research and clinical
practice, where data interoperability between laboratories or studies
using different LCSs is a known challenge (Kolz et al., 2020; Lawrence
et al., 2022; Moissenet et al., 2025b). The relatively small angular de-
viations observed in these conversions provide confidence for the use of
large scapular datasets, including retrospective analyses.

4.2. Impact of glenoid-based definitions and morphological variation

While the average rotation matrix approach was applicable across all
LCSs, glenoid-based LCSs led to higher rotational discrepancies. These
results support our second hypothesis and are in line with the
morphological findings presented in Table 1. Indeed, the glenoid region
exhibited greater shape variability, particularly in parameters such as
the glenoid version (GV) and the morphological inclination (GIp), which
directly influence the orientation of glenoid-based axes. The comparison
of morphological parameters between asymptomatic and pathological
groups indicated that the dataset encompassed a broad spectrum of
scapular morphologies. This variability strengthens the relevance of the
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average rotation matrix approach, as it was evaluated across a wide
range of anatomical configurations. The inclusion of both asymptomatic
and pathological scapulae was intended to maximise morphological
variability, representative of the general population (Elshahhat et al.,
2025; Gumina et al., 2022). Despite statistical group differences,
parameter distributions largely overlapped, indicating that residual
ARM errors reflect combined anatomical variability and LCS definition
rather than pathology-specific deformation.

As a result, our average rotation matrices are more affected by local
anatomical differences in these LCSs. Interestingly, despite this
increased variability, the angular differences for the glenoid-based LCSs
remained within a reasonable range, with a maximum mean helical
angle of 5.2° (where scapula-based LCSs were up to 2.9°). This suggests
that while glenoid-based systems may be more sensitive to inter-
individual anatomical variation, the use of average rotation matrices
remains an acceptable solution for harmonising kinematic data.

4.3. Comparison with previously published matrices

In addition to assessing the performance of the average rotation
matrix approach across all LCSs, we compared our results with those
reported by Kolz et al. (2020). Despite differences in datasets, sample
size, and processing pipelines, the average rotation matrices derived in
our study for S-LCS-4 (acromioclavicular-based) and S-LCS-5 (glenoid-
based) showed minimal rotational discrepancies (2.8° and 2.2°,
respectively) when compared with those from Kolz et al. (2020). This
finding supports our third hypothesis and reinforces the generalisability
of the approach across populations. Moreover, these results demonstrate
that while the absolute orientation of average frames may differ slightly
due to sample characteristics, the relative transformations remain
robust. This highlights the potential of average rotation matrices not
only for inter-study alignment, but also for enabling the pooling of
datasets constructed using different coordinate systems.

4.4. Limitations and future work

Several limitations must be acknowledged. First, our approach relied
on average rotation matrices. A natural next step would be to develop
subject-specific conversion matrices, for instance as a function of easily
measurable morphological parameters such as the distance between the
trigonum spinae and the acromioclavicular joint. Second, although the
use of SSM-generated scapulae offers statistical generalisability, it does
not fully capture the inter- and intraoperator variability in landmark
placement (Moissenet et al., 2025a) or segmentation uncertainty
(Schnider et al., 2022) that may affect real-world applications. Third,
our analysis focused exclusively on geometric transformations and did
not consider functional implications, such as the impact of LCS choice on
joint angle computation during dynamic tasks. Future studies may
investigate dynamic datasets and motion trials to assess the propagation
of these rotational discrepancies into joint kinematics. Fourth, the
threshold for acceptable rotational discrepancy remains somewhat
arbitrary and should be interpreted with application-specific context.
Importantly, error quantification alone does not constitute validation. It
only characterises uncertainty under the tested conditions. Future
studies may provide formal validation by demonstrating, against
imaging-based or experimental ground truth, that conversions between
LCSs preserve posture- and task-level conclusions across independent
cohorts, dynamic tasks, and analysis pipelines. Finally, severe glenoid
deformities (e.g., Walch B-type), which were not represented in our
dataset, may limit the applicability of the proposed average rotation
matrices. Assessing the validity of ARM-based transformations in the
presence of substantial glenoid remodelling remains a relevant direction
for future work.
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4.5. Conclusion

This study confirms the applicability of average rotation matrices as
a robust postprocessing solution to quantify and compensate for rota-
tional discrepancies between scapular local coordinate systems (LCSs).
By extending this method to 11 LCSs and validating its performance
across a large and morphologically diverse dataset, we provide evidence
supporting its generalisation beyond the original scope of Kolz et al.
(2020). Our findings highlight the value of average rotation matrices for
enhancing data interoperability and reproducibility in shoulder
biomechanics research.

5. Code and data availability

The average rotation matrices computed in this study are available in
Supplementary Tables S2 and S3.
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