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Abstract

Reverse total shoulder arthroplasty (RTSA) accounts for over half of shoulder

replacement surgeries. At present, the optimal position of RTSA components is

unknown. Previous biomechanical studies have investigated the effect of construct

placement to quantify mobility, stability and functionality postoperatively. While

studies have provided valuable information on construct design and surgical

placement, they have not systematically evaluated the importance of scapular

morphology on biomechanical outcomes. The aim of this study was to assess the

influence of scapular morphology variation on RTSA biomechanics using statistical

models, musculoskeletal modeling and predictive simulation. The scapular geometry

of a musculoskeletal model was altered across six modes of variation at four levels

(±1 and ±3 SD) from a clinically derived statistical shape model. For each model, a

standardized virtual surgery was performed to place RTSA components in the same

relative position on each model then implemented in 50 predictive simulations of

upward and lateral reaching tasks. Results showed morphology affected functional

changes in the deltoid moment arms and recruitment for the two tasks. Variation of

the anatomy that reduced the efficiency of the deltoids showed increased levels of

muscle force production, joint load magnitude and shear. These findings suggest that

scapular morphology plays an important role in postoperative biomechanical

function of the shoulder with an implanted RTSA. Furthermore a “one‐size‐fits‐all”

approach for construct surgical placement may lead to suboptimal patient outcomes

across a clinical population. Patient glenoid as well as scapular anatomy may need to

be carefully considered when planning RTSA to optimize postoperative success.
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1 | INTRODUCTION

Currently, reverse total shoulder arthroplasty (RTSA) accounts for the

majority of all shoulder replacement surgeries between 2015 and

2022 in the United States of America (52%),1 and for 58% in the

United Kingdom2 and over 80% in Australia3 for the year of 2021.

Indications for RTSA include cuff tear arthropathy, glenohumeral

osteoarthritis, massive rotator cuff tears and revision arthroplasty2

which highlights the versatility of this surgical procedure. The

popularity and versatility of this arthroplasty is largely due to the

purported biomechanical advantages RTSA provides to patients

postoperatively. These include a medialised joint center of rotation

and improved deltoid efficiency as primary shoulder movers by

increasing their effective moment arms and resting length as well as

increased joint pre‐compression improving joint stability over a large

range of motion.4 The benefits and versatility of RTSA have driven

the development of many construct designs and surgical techniques

to best address the pathologic population2,5; however, this presents

surgeons with the challenge of selecting the implant design and

placement on the glenoid (e.g., correcting inclination, version or level

of lateralization of the glenosphere) to suit the patient's individual

pathologic anatomy and desired functionality postoperatively.

Experimental and computational studies have evaluated the

effects of the RTSA design parameters and component placements

on biomechanical outcome variables.6–10 Anatomic variation

between patients is also an important factor that influences surgical

planning and related outcomes but to date it has not been thoroughly

addressed in the literature. Factors such as a patient's natural

morphological variation of the scapula and pathomechanical adapta-

tion of the glenoid fossa result in different relative positions of the

glenohumeral joint from the acromion, scapula spine and coracoid.

These anatomic factors in‐turn affect the biomechanical character-

istics of the native and postoperative joint (e.g., moment arms, muscle

lengths, joint position, version and inclination). The altered bio-

mechanics in turn contribute to postoperative function and construct

loading,6 thus contributing a major role to the success of the surgery.

Although some studies have investigated patient cohorts to sample

the population and estimate the biomechanical outcomes,11 no

studies have systematically investigated the effects of variations in

specific morphological characteristics on outcome biomechanics.

Thus, the relationships between scapular morphology and RTSA

biomechanics remain unknown.

Musculoskeletal (MSK) modeling and predictive simulation soft-

ware, such as OpenSim12,13 and OpenSim Moco,14 are powerful tools

that can evaluate the causal relationships between changes to the

musculoskeletal system (e.g., surgery) and its resulting function (e.g.,

motion and neuromuscular recruitment strategies) to achieve specific

tasks. Such simulations do not require prior experimental kinematic

or neural (e.g., electromyography) data to drive the model to produce

motion; instead, they estimate the model's required neural commands

to achieve a defined task given certain physiological and bio-

mechanical objective functions and constraints. This property of

predictive simulations guarantees that the generated kinematics are

achievable by the model of the altered system by respecting the

musculoskeletal system dynamics and task constraints as well as

allowing for variation that may occur from surgical musculoskeletal

alteration. A previous study has used this type of method to

investigate the effect of shoulder capsuloraphy stiffness.15

Statistical shape models (SSMs) are a computational anatomy

method that can efficiently describe variation in geometric datasets

such as a clinical population's bony anatomy.16 Previous studies have

identified associations between scapular morphology and shoulder

joint pathologies, such as critical shoulder angle and rotator cuff

tears,17,18 and others speculate that the large variance seen in

acromion morphologies could be a main contributor in the develop-

ment of shoulder pathology11 that is regularly treated with RTSA.2

This combined with the increasing use of SSMs in MSK modeling

studies to better understand the function of the lower limb19–21

illustrates that an SSM can be a powerful tool to systematically vary

the geometry of musculoskeletal models to approximate population

variance in scapular morphologies of interest, which can then be used

in theoretical simulations.

Therefore, the first scientific aim of our study was to systematically

evaluate the effect of scapular morphology variation on postoperative

RTSA biomechanics when controlling for implant configuration by using

constant implant parameters and constant relative surgical construct

placement. Second, the technological goal was to develop a computa-

tional framework that can be used to predict the effect of patient

morphology and construct placement on resulting biomechanics

postoperatively using SSMs, musculoskeletal models, and predictive

simulations. It was hypothesized that morphological changes would

affect joint loading, muscle moment arms and muscle coordination

during functional motions after RTSA.

2 | METHODS

The methodological process of this computational study was separated

into four phases (Figure 1): (A) systematically generating scapular

geometries from an SSM, (B) positioning implant constructs in a

reference configuration through a virtual RTSA surgery, (C) redefining

musculoskeletal model parameters based on the virtual surgery and

(D) implementing the MSK models in predictive simulations to achieve

tasks replicating activities of daily living (ADLs).

2.1 | Scapular geometry generation

A previously developed SSM,22 optimized for scapular characteristics

and developed through nonrigid registration processes, was used to

generate sets of scapular morphologies based on a sample of 39 CT

scans of patients undergoing RTSA. Twenty‐five scapular morphol-

ogies were generated by independently varying each of six modes of

variation of the SSM through four levels (±1 and ±3 SD) plus one

morphology with weights of zero for all modes to yield the

population average. Modes were chosen from the overall SSM that
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most significantly varied the morphology of the glenoid fossa,

acromion process, scapular spine and coracoid process (Table 1 and

Figure 2) as these were believed to most strongly affect glenohum-

eral biomechanics. The nominal modes presented here as Modes 1–6

were the SSM's principal components (PC) ranked 2, 4, 5, 6, 7 and 9

(Table 1). The mode of variation affecting size (PC 1) was held

constant at the mean value and the mode affecting glenoid erosion

was held constant such that negligible erosion was present.

The varied morphologies were exported as stereolithography

(STL) files that were registered to the baseline OpenSim model's23

scapular geometry (discussed in Section 2.3: Musculoskeletal

modeling) to obtain the relative orientation of the scapula on the

thorax. Registering the generated geometries was completed in

Python (version 3.10.5) using the VTK toolbox (version 9.2.2) through

a six‐point anatomic landmark rigid registration followed by an

iterative closest point registration.

A set of vertices were manually indexed on the population

average geometry that corresponded to the scapular muscle

attachment sites with guidance from the baseline OpenSim model

geometry and muscle atlases. Two additional sets of vertices were

indexed on the glenoid rim and the supraspinatus fossa. The three

sets of indexed vertices were used in the next step to identify

F IGURE 1 Schematic of the research methods from scapula geometry generation through to predictive simulation of ADL tasks.
(A) 3D scapula geometry generation with SSM and mode of variation perturbation (gray: average; red: −3 SD; blue: +3 SD. (B) Virtual surgery
computationally positioning parametric approximation of RTSA components based on orthopaedic surgeon guidelines performed for each
geometry. (C) Definition of the musculoskeletal model for each perturbed scapular geometry, muscle attachment and joint locations (the
additional torus wrapping surface for the lower trapezius is also visible). (D) Each model implemented in predictive simulations of two activities
of daily living. For additional visualization of scapula morphology variation see Appendix (Figures S10–S15). ADL, activities of daily living; RTSA,
reverse total shoulder arthroplasty; SSM, statistical shape model.

TABLE 1 Description of modes of scapula morphological variation.

Mode of variation
Primary morphological change
(correlationa)

Secondary morphological change
(correlationa)

Principal
component ranka

Mode 1 Lateral acromion to glenoid center
distance (0.62)

Coracoid tip to glenoid center
distance (0.48)

2nd

Mode 2 Superior anterior acromion to glenoid

center distance (0.66)

Posterior inferior acromion to glenoid

center distance (0.64)

4th

Mode 3 Glenoid‐acromion angle (0.87) Glenoid‐acromion‐coracoid angle (−0.83) 5th

Mode 4 Coracoid tip to glenoid center

distance (−0.53)

Lateral acromion to glenoid center

distance (−0.43)

6th

Mode 5 Version angle (0.78) Critical shoulder angle (−0.42) 7th

Mode 6 Acromial tilt angle (0.80) Critical shoulder angle (0.61) 9th

Note: The anatomical changes are interpreted as the SD increases (−3 to +3 SD) red to blue.
aRank and correlation related to the principal components identified in the SSM by Sharif‐Ahmadian et al. (2023).22
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biomechanical and geometrical parameters by utilizing the SSM's

corresponding vertex indexing property across the generated

geometries. This property ensures that each individual vertex is in

the same relative geometrical location in each geometry instance

across all possible variations allowing for automatic identification

across all 25 geometries.

2.2 | Virtual surgery

A parametric computational method in Matlab 2022a (The Math-

works Inc.) and OpenSim 4.3 was developed for identifying scapular

geometric properties, selecting and positioning RTSA implant

components, defining a postoperative glenohumeral joint and

creating a new musculoskeletal model.

Each geometry instance that corresponded to a varied scapular

morphology analyzed in the previous phase was imported into Matlab

as was the baseline humerus geometry from the OpenSim 4.3

model.23 For each scapula STL a plane of best fit was calculated from

all the 3D points of the geometry to define the scapula plane.24

Similarly, the saved set of glenoid rim vertices identifying the 3D

points of the glenoid rim were used to define the glenoid plane.

Finally, the indexed vertices of the supraspinatus fossa were used to

define a transverse scapular axis vector.

A glenoid reference system was defined with its origin at the

barycenter of the glenoid rim vertices. The glenoid plane's normal

vector was defined as the Z‐axis directed laterally from the glenoid

barycenter. A vector parallel to the intersection of the glenoid and

scapular planes was defined as the Y‐axis directed superiorly from

the glenoid barycenter. The X‐axis was defined as the Y‐ and Z‐axis

cross product. This axis definition followed the OpenSim model

convention (X: anterior/posterior; Y: superior/inferior and Z: medial/

lateral). The glenoid reference system was used to handle the

positioning of the RTSA glenospheres.

To alter the joint anatomy to represent a reverse shoulder the size,

positioning and orientation of the parametric hemisphere geometries,

replicating the articulating surface of a standard (non‐eccentric)

glenosphere component of an RTSA implant, was chosen for all

simulations following expert orthopaedic surgeon guidelines (GSA) as

described in the following. The average height and width of the

generated glenoids were measured and a 39mm diameter glenoid

hemisphere was chosen for all simulations. Superior glenoid inclination

(10.8° ± 2.8°), calculated as the angle between glenoid Z‐axis and

transverse scapular vector projected on the Y‐Z glenoid plane, was

corrected through inferiorly rotating the glenosphere by the respective

angle (Figure 3). Posterior glenoid version (17.1° ± 3.3°), calculated as

the angle between the glenoid Z‐axis and the transverse scapular vector

projected on the X‐Z glenoid plane, was not corrected. For each

simulation the glenosphere was positioned to achieve a 7mm inferior

overhang and 2mm lateralization from the inferior most point of the

glenoid rim to the medial plane of the glenosphere as specified by

expert surgical guidance (GSA).25

Across all models the humeral component remained the same. A

parametric cup geometry was defined with the same radius to the

glenosphere following RTSA designs with a humeral head cut plane

of 135°.

The translational and angular offsets calculated in the previously

described process for both the glenosphere and humeral cup

components were used in the OpenSim API to define MSK models

based on the virtual surgery for each of the 25 variations. The

placement of the RTSA construct on the average geometry used in

the MSK model can be seen in right of Figure 3.

2.3 | Musculoskeletal modeling

The baseline musculoskeletal model used for the study was the Wu

shoulder model.23 The seven segment MSK model maintained the inertial

properties as in Wu et al.23 It was assumed that the acromioclavicular

joint location would remain constant across all varied scapulae. Therefore,

all scapulae were connected to the baseline model at that joint

completing the kinematic chain. The rotator cuff muscles were removed

to simulate a complete cuff tear as this is a common primary diagnosis for

RTSA procedures (18.1% in United States1; 51.2% in United Kingdom2;

F IGURE 2 Visual representation of the six modes of variation used with ±3 SD instances of each. Constrained at the acromioclavicular joint.
For additional visualization of scapula morphology variation see Appendix (Figures S10–S15).
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36.3% in Australia3) resulting in a total of 22 musculotendon units (MTUs)

that actuated the scapulothoracic and glenohumeral joints. The 3D

location of scapular muscle attachment sites were redefined for each

varied scapular morphology using the indexed vertices. This ensured that

for each model the MTUs attachment sites were in the same relative

position across the varied morphologies.26

Paths for four MTUs were altered to obtain stable and representa-

tive results. First, a torus was included for the lower trapezius muscle

(TRAP4). Second, as RTSA significantly alters the moment arms of the

deltoid muscles the muscle paths in the baseline MSK model were

altered using via points to better reflect data from simulated post‐RTSA

surgery26 (Appendix). The positions of the optimized via points were

calculated only on theMSKmodel with the average scapular morphology

and registered to the scapula's reference system for all other models to

maintain the via points in the same relative location. All MTUs were then

defined as DeGrooteFregly muscle models27 to allow for the predictive

simulations that followed. Elbow and wrist joints were driven by ideal

torque actuators, with the torso locked with respect the ground.

2.4 | Predictive simulations of ADLs

Each MSK model defined with the varied scapular morphology was

used in a predictive simulation procedure of two ADLs using

OpenSim Moco.14 OpenSim Moco allows for predictive muscle

driven simulations by estimating the required muscle activation

signals (i.e., control signals) to achieve a defined task by solving an

optimal control problem using direct collocation methods.

The two ADL tasks chosen were unloaded forward reach and

lateral reach. For the model to achieve these tasks computationally, an

objective function was developed and passed to the optimizer. The

objective function required the optimizer to: (a) minimize simulation

time bounded between 0.75 and 2.5 s as observed in similar tasks from

Bergman et al.,28 (b) minimize effort (average sum of controls squared)

and (c) to minimize the 3D end‐point spatial error between markers

defined on the model's end effector (i.e., hand segment) and target

markers defined in 3D space. The target markers were projected

laterally and anteriorly from the resting shoulder joint position at a

distance of twice the length of the model's forearm for the lateral and

forward reaching tasks, respectively, similarly to Fox et al.15 All

simulations started with the arm resting in the neutral position by the

side of the torso and ended at rest at the target position. Ranges of

shoulder joint motion collected experimentally29 were used to adjust

the RTSA MSK model's capabilities and to bound its shoulder

coordinate values during simulations. A total of 50 (25 models × 2

tasks) predictive simulations converged to an optimal solution

(dynamic constraint error less than 10−3) each with an average

simulation time of 3.5 h on a 12th Generation Intel i9 CPU.

2.5 | Biomechanical outcome variables

Post‐RTSA muscle kinematics, joint kinematics and dynamics were

calculated through OpenSim 4.3 analysis modules from the predicted

simulations along with muscle moment arms, force and activations.

Additionally, a joint loading ratio6 was calculated (Equation 1).

F IGURE 3 The mean scapula from the SSM22 with the glenoid reference system used to handle the position and orientation of the glenosphere
(left) and the resulting RTSA construct placements following the virtual surgery (right). Left: The glenoid reference system used to handle the position
and orientation of the glenosphere is presented as the orthogonal system as X (red)—anterior/posterior, Y (yellow)—superior/inferior, Z (green)—
medial/lateral. The defined scapula plane (blue) was used to orientate the glenoid Y‐axis. The transverse axis of the scapula (cyan), calculated from the
direction of the supraspinatus fossa, was projected on the glenoid YZ plane (magenta vector). The angle between the projected transverse axis and
the glenoid Z‐axis was defined as the inclination correction angle (rotation about the glenoid X‐axis) by which the glenosphere was orientated. Right:
The final placement of parametric surfaces of the RTSA glenosphere (green) and humeral cup (red) is presented on the musculoskeletal model's body
segments of the scapula and humerus. RTSA, reverse total shoulder arthroplasty; SSM, statistical shape model.
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FR=
F

F + F
,

C
2

AP
2

SI
2

(1)

where FC is compression, FAP is anterior/posterior shear, and FSI is

superior/inferior shear.

3 | RESULTS

For each of the two simulated tasks (25 simulations each) the

predicted kinematics of the converged simulations of the RTSA

shoulder followed similar trajectory paths respecting the kinematic

bounds defined in the optimization problem (Figure 4). For the

upward and lateral reaching tasks shoulder elevation and shoulder

rotation kinematics showed the least variation across all conditions.

Modes of morphologic variation dictated functional changes in

anterior, middle and posterior deltoid muscle moment arms across

the tasks (Figures 5–8, left columns). Throughout upward reaching

(Figures 5 and 6, left columns), shoulder elevation moment arms

increased with higher levels (i.e., from −3 to +3 SD) of Modes 2, 3,

and 6 for the anterior deltoid and Modes 1, 3, and 6 for the middle

deltoid. Elevation plane moment arms increased in Modes 3, 4, and 5

for the anterior deltoid (agonistically >0mm) and Modes 1, 2, and 6

for the middle deltoid (antagonistically <0mm). For lateral reaching

(Figures 7 and 8, left columns), shoulder elevation moment arms

increased in Modes 1, 2, 3, and 6 and Modes 3 and 6 for the middle

and posterior deltoid respectively. The moment arm of the posterior

deltoid transitioned into an adductor (antagonistically <0mm) in the

early stages of the movement in +3 and −3 SD for Modes 4 and 5,

respectively. Elevation plane moment arms increased in Modes 1, 2,

and 6 for both middle and posterior deltoids.

Muscle activation (Figures 5–8, center columns) dictated force

generation (Figures 5–8, right columns) for each respective task's

prime movers as they followed similar patterns. An inverse pattern of

muscle force generation and moment arm change within modes of

variation could be seen in Modes 1, 2, and 3 for the anterior deltoid

during upward reaching. Similarly, during lateral reaching in Modes 2,

4, and 6 for the middle deltoid.

Resultant joint reaction forces showed more observable differ-

ences in Modes 3, 4, and 6 for upward reaching (Figure 9) and Modes

1, 2, 3, and 6 for lateral reaching (Figure 10). The joint loading ratio

indicated that increased levels of Modes 4, 5, and 6 reduced relative

shear loading whereas Modes 1, 2, and 3 increased relative shear

(FR→ 0) during upward and lateral reaching.

4 | DISCUSSION

This predictive simulation study evaluated the effect of scapular

morphology variation on postoperative RTSA kinematics, joint

function and loading. Variation in scapular morphology produced

marked changes in the resulting biomechanics following the

standardized RTSA placement for the two simulated tasks of ADLs,

supporting our initial hypothesis. This overall finding is unsurprising,

but this work is the first to systematically demonstrate this effect and

indicates that the use of standardized implant placement may not

produce equivalent functional outcomes across patients. The

responses to the different modes of variation were dependent on

F IGURE 4 Shoulder joint kinematics across all tasks (rows) and joint coordinates (columns) for all 50 simulations normalized to task duration
(0%–100%). Joint kinematics from the average morphology for each task displayed in black.

6 | SILVESTROS ET AL.
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F IGURE 5 Muscle moment arms (left column) for shoulder elevation (top) and elevation plane (bottom; +ive/−ive = forward/backward
flexion), muscle activations (center column) and total muscle force production (right column) normalized to % movement duration for each mode
of variation (rows) and level of variation (light blue [−3 SD], dark blue [+3 SD] and black [average morphology]) for the anterior deltoid during the
upward reaching task.
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F IGURE 6 Muscle moment arms (left column) for shoulder elevation (top) and elevation plane (bottom; +ive/−ive = forward/backward
flexion), muscle activations (center column) and total muscle force production (right column) normalized to % movement duration for each mode
of variation (rows) and level of variation (light blue [−3 SD], dark blue [+3 SD] and black [average morphology]) for the middle deltoid during the
upward reaching task.
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F IGURE 7 Muscle moment arms (left column) for shoulder elevation (top) and elevation plane (bottom; +ive/−ive = forward/backward
flexion), muscle activations (center column) and total muscle force production (right column) normalized to % movement duration for each mode
of variation (rows) and level of variation (light red [−3 SD], dark red [+3 SD] and black [average morphology]) for the middle deltoid during the
lateral reaching task.
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F IGURE 8 Muscle moment arms (left column) for shoulder elevation (top) and elevation plane (bottom; +ive/−ive = forward/backward
flexion), muscle activations (center column) and total muscle force production (right column) normalized to % movement duration for each mode
of variation (rows) and level of variation (light red [−3 SD], dark red [+3 SD] and black [average morphology]) for the posterior deltoid during the
lateral reaching task.

10 | SILVESTROS ET AL.
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F IGURE 9 Resultant joint loads (left column)
and force ratio (right column) for each mode of
variation and level of variation (light blue [−3 SD],
dark blue [+3 SD] and black [average
morphology]) normalized to % movement
duration in the upward reaching task.

SILVESTROS ET AL. | 11
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F IGURE 10 Resultant joint loads (left column)
and force ratio (right column) for each mode of
variation and level of variation (light blue [−3 SD],
dark blue [+3 SD] and black [average morphology)
normalized to % movement duration in the lateral
reaching task.

12 | SILVESTROS ET AL.

 1554527x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jor.25801 by U

niversity O
f V

ictoria M
earns, W

iley O
nline L

ibrary on [26/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



specific morphological changes and the biomechanical requirements

for each task. Interestingly, modes of morphological variation that

changed the position of the glenoid and its relative distance from the

acromion had larger effects on resulting biomechanics.

Scapular morphology changes had a small effect on the kinematic

patterns and time of completions for each task. While joint

kinematics and time did vary within each simulated task, the

deviations were reflective of postoperative experimental kinematic29

and temporal28 variability for patients that underwent shoulder

surgery. Additionally, maximal loading during simulated upward and

lateral reaching were comparable to peak in vivo joint loads measured

in total shoulder replacement patients during pure shoulder elevation

(545.0 ± 150.2 N) and abduction (607.6 ± 146.6 N) tasks.28 Our study

simulated the effect of morphological variation on resulting bio-

mechanics following a standardized virtual RTSA surgery. Although

the joint kinematics did not vary significantly, the resulting joint loads

displayed larger effects for specific morphological changes in the

scapula. As a result, considering the functional biomechanical effect

of scapular morphology should be an important factor in surgical

decision making because standardized implant positioning that aims

to place the constructs in the same relative manner across a patient

population (a “one‐size‐fits‐all” approach so to speak) does not lead

to the same biomechanical results. It is important to note, that

surgeons do currently consider scapular morphology during pre-

operative planning, but primarily to optimize implant fixation not to

customize patient postoperative function as shown in this study.

Previous studies have correlated the relative shape variation of

the acromion and glenoid to the risk of developing degenerative

rotator cuff tear arthropathy,17,18 however, the effect of these

changes postoperatively have not been fully understood. The six

scapular morphology modes varied in our study had various effects

across tasks on the resultant glenohumeral joint loads. Morphologi-

cally, the modes were chosen as they displayed the largest changes to

the periarticular anatomy of the scapula (e.g., glenoid position relative

to the acromion). The effect of such morphological changes on

postoperative joint loads in addition to previous findings identifying

high contribution of similar modes in nonpathologic scapulae

variation11 highlight the clinical significance of periarticular anatomy

to pre‐ as well as post‐operative biomechanics of the glenohumeral

joint. Combining scapular geometries from a clinical SSM into the

MSK models provides a more physiologically plausible representation

of a clinical populations’ morphology that underwent RTSA compared

to using geometries derived from a healthy population.

Functionally, the variation in these periarticular modes resulted

in larger changes to the shoulder elevation and elevation plane

moment arms of the shoulder's prime movers (m. deltoids) that in turn

alters their mechanical efficiency to actuate the glenohumeral joint to

achieve specific tasks. An intuitive example can be seen in upward

reaching, where the prime movers are the anterior and middle

deltoids; an inverse relationship between muscle moment arms and

force generation is clearly observed for Mode 3. Specifically, as the

relative position of the glenoid with respect to the acromion is

lateralised (+3 to −3 SD) the anterior and middle deltoid moment

arms for shoulder elevation and the elevation plane are decreased

resulting in increased muscle recruitment (Figures 5 and 6) to achieve

the same task. This pattern was also clear during lateral reaching in

Mode 6 for the middle and posterior deltoids (Figures 7 and 8).

However, the multiplanar nature of the deltoids, especially when

lacking the rotator cuff and following RTSA, complicates this inverse

relationship as was seen in other modes of variation. Furthermore,

other more complicated ADL tasks that involve shoulder rotation

about multiple axes and loading conditions (e.g., velocity, end effector

weight etc.) may introduce complex nonlinear relationships between

morphology and resulting biomechanics, that are less intuitive for

clinicians to predict when conducting surgical planning. Thus, the

influence of scapular morphology has the potential to have significant

clinical relevance to RTSA planning and patient outcome measures as

standardized surgical placement of RTSA constructs may not benefit

all patients to the same level.

The resulting biomechanical differences identified by the

musculoskeletal model can be associated with potential adverse

postoperative clinical outcomes. Acromion and scapular spine stress

fractures are still a concern for patients following RTSA.30,31 Over

tensioning of the deltoid active soft tissues surgically by placing

constructs more inferiorly on the glenoid may predispose certain

patients to such stress fractures if the resulting biomechanics are not

considered. For Modes 3 and 4, muscle force increased with the

relative acromion‐glenoid distance. Repetitive loading of the acro-

mion, especially in patients with poor bone quality, could result in

accumulation of micro‐damage and potential stress fracture. More

work needs to be focused on matching clinical populations’ muscle

properties (e.g., strength, optimal fiber length and passive properties)

to morphological changes to better explore the influence of muscle

force generating properties on such results. Another informative

outcome of the study is the directionality of the resulting joint load

vector. As can be seen in the change of the Force Ratio (Figures 9

and 10) specific morphological changes increase the relative shear

compared to compressive joint loading during ADLs. Such informa-

tion can be used to identify high risk morphologies that would be

susceptible to construct loosening or dislocation, and thus could

inform future finite element analyzes and surgical planning tools.

Our study maintained a common relative configuration of the

RTSA construct on the glenoid as scapular morphology was varied

systematically across the 25 geometries from the SSM. This was done

to remove the confounding factor of varying RTSA construct

configuration and placement. This is the first study to our knowledge

to systematically investigate the effect of scapula morphology on

post‐RTSA biomechanics. Previous studies have studied the impact

of construct placement alterations with respect to a reference

configuration without controlling for morphological effects6,9,10,32

providing important information on the possible outcome of surgical

decision and component design parameters. Glenday et al.6 devel-

oped a musculoskeletal modeling framework that identified inferior

glenosphere translation had the most beneficial biomechanical

effects when considering deltoid length, moment arms, impingement

free range of motion and joint stability. However, the scapular

SILVESTROS ET AL. | 13
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morphologies used were a cross sectional sample of a healthy

population that may not represent a clinical RTSA population.

Furthermore, dynamic motions of ADL were not simulated as in the

presented study. By generating the scapular morphologies used in our

study's MSK model from a validated SSM22 we were able to attribute

specific geometrical changes in the MSK model (e.g., moment arms)

and the resulting biomechanics during simulated activities of daily

tasks to specific morphological changes of the scapula. The use of

clinical SSMs is an important advancement in predictive surgery

workflows as computational studies can strategically and systemati-

cally sample from a clinical population to identify morphologies that

could be high risk to complications postoperatively.

By combining computational anatomy, musculoskeletal modeling

and predictive simulations our study has demonstrated that

computational biomechanical frameworks can systematically assess

the effect of changes to the musculoskeletal system, such as in

orthopaedic surgery, on resulting biomechanics during functional

tasks of the upper limb. This supports previous studies that utilized

forward driven predictive simulations15 to evaluate the possible

result of surgical decision factors on postoperative biomechanical

function. Utilizing predictive musculoskeletal simulations in these

frameworks has the benefit of assessing the musculoskeletal system's

resulting dynamics that are not constrained to follow existing data

which do not match the system under investigation, for example

kinematics from healthy participant or previous clinical datasets of

specific movements. This can be thought of as how individual

systems can adapt their strategies to achieve the same final goal. The

results presented in this study and the methodology utilized can be

advanced in the future by including the RTSA component positioning

modulation presented by Glenday et al.6 In a following study, we aim

to do so to investigate the interaction of clinically relevant scapular

morphology variations with construct positioning and orientation to

identify the optimal placement of RTSA constructs with respect

to functional biomechanical outcomes. This may lead the way to

advancing preoperative planning technologies—that currently pro-

vide only geometric guidance to surgeons (e.g., sizing, position and

inclination/version of construct)—to include information of possible

postoperative biomechanical function based on construct placement

decisions and patient morphology.

5 | LIMITATIONS

As with any computational study a number of considerations must be

taken into account. First, although the scapular morphologies and

related muscle attachments were varied, whilst maintaining the

overall size constant, the rest of the musculoskeletal models'

geometry and muscle parameters were not varied. This was chosen

to better relate morphological changes of the scapula to bio-

mechanical results by reducing the amount of covariate parameters.

Future studies would improve this by also modulating clavicle and

humeral morphology and muscle attachment sites as well as shoulder

girdle muscle parameters such as optimal muscle fiber lengths and

maximal force generating capacity based on clinical populations.

Second, the choice of terms in the cost function focused on task

achievement and did not account for factors that may relate to pain,

such as joint or muscle loading, that might be relevant to recovered

RTSA patients. Thirdly, in line with previous shoulder modeling

studies such as Glenday et al.6, where RTSA was studied, and Fox

et al.,15 where capsuloraphy was studied, the scapulothoracic

kinematics were not altered in the models’ kinematic constraints

which may not represent what happens with RTSA patients

postoperatively as they can adopt movement adaptations to

compensate for loss of function. As such this is another area for

future work in the field as there is little consensus in the literature

allowing for generalizable kinematic constraints to be used in such

models. Finally, in our analysis we only looked at biomechanical

functional outcome measures. Other factors such as impingement

free range of motion are important metrics for surgical outcome

performance as has been eloquently shown in the recent study by

Glenday et al.6; however, this was outside the scope of this study.

6 | CONCLUSION

In summary, our study developed a predictive biomechanical

framework to systematically investigate the effect of scapular

morphology variations on biomechanical outcomes after RTSA

surgery. In agreement with previous studies highlighting the

importance of periarticular anatomy on the development of

arthropathy, modes of variation that changed the relative positioning

of the glenoid and acromion had the largest and most consistent

effects. Importantly, we showed that a “one‐size‐fits‐all” approach

that does not personalize the placement of RTSA constructs by taking

into account periarticular morphology variations is unlikely to yield

optimal biomechanical outcomes across patients. Future studies

should build on these results to see the combined effect of

morphology, construct design, placement and muscle function on

postoperative biomechanical results.
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