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ABSTRACT (IT) 

La protesi inversa di spalla (RSA) rappresenta una soluzione chirurgica consolidata per il 

trattamento dell'artrosi gleno-omerale associata a lesione irreparabile della cuffia dei rotatori. 

Tuttavia, il successo dell’intervento dipende in larga misura dalla corretta gestione del bone 

loss glenoideo, elemento chiave per ottimizzare stabilità dell’impianto e gli outcome clinici e 

funzionali. In questo contesto, le tecnologie computer-assistite, quali la pianificazione 

tridimensionale su TC, la navigazione intraoperatoria e, più recentemente, i sistemi di 

intelligenza artificiale, hanno assunto un ruolo sempre più rilevante. Questo lavoro di dottorato 

integra quattro studi complementari per valutare il ruolo delle nuove tecnologie – 

pianificazione 3D TC, navigazione intraoperatoria e intelligenza artificiale – nel percorso 

decisionale e terapeutico della RSA. 

Il primo studio (Capitolo 6) analizza l'affidabilità inter-osservatore della pianificazione 

preoperatoria di 81 casi valutati da 9 chirurghi esperti italiani. I risultati evidenziano un’elevata 

variabilità individuale (ICC singole 0.13-0.33, Fleiss' κ -0.093÷0.325) bilanciata da un consenso 

collettivo affidabile (ICC medie 0.58-0.82) e pattern decisionali razionali e difetto-specifici 

(Kruskal-Wallis H=48.079, p<0.001). Emergono protocolli condivisi, quali l’uso preferenziale di 

augment posteriori in caso di retroversione (55%) e superiori nei difetti di inclinazione (68%). 

Il secondo studio (Capitolo 7) valuta la validità del software di intelligenza artificiale Predict® in 

una coorte di 10 pazienti. Le predizioni aggregate mostrano una buona accuratezza (MAE VAS 

1.4 < MCID), a fronte di una limitata specificità individuale (ρ=0.15–0.33), suggerendo attuali 

limiti nella personalizzazione paziente-specifica. 

Il terzo studio (Capitolo 8) quantifica l’impatto clinico della pianificazione e navigazione 

intraoperatoria in 158 casi consecutivi eseguiti da un singolo chirurgo, documentando un 

aumento dell’83% nell’utilizzo di baseplate augment, un incremento della lunghezza delle viti 

(+25%; 36.5 vs 29.1 mm) e una riduzione del numero medio di viti (-13%; 2.1 vs 2.4), con una 

conseguente standardizzazione dell’esecuzione chirurgica. 

Infine, il quarto studio (Capitolo 9) confronta gli outcome clinici a medio termine (follow-up 

medio 42 mesi) tra 80 pazienti trattati con tecnica navigata e convenzionale, mostrando risultati 
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funzionali sovrapponibili (Constant 67±16; DASH 20±19; p>0.05) e confermando la non 

inferiorità della navigazione rispetto alla tecnica tradizionale. 

Nel loro insieme, questi studi dimostrano che le tecnologie avanzate nella RSA non eliminano la 

variabilità decisionale, ma ne rendono visibili i meccanismi sottostanti, favorendo strategie 

correttive coerenti e riproducibili. La pianificazione 3D consente di identificare principi 

biomeccanici condivisi nella gestione della perdita ossea glenoidea, mentre la navigazione 

intraoperatoria contribuisce a standardizzare l’esecuzione chirurgica senza compromettere gli 

outcome clinici. I sistemi di intelligenza artificiale mostrano un potenziale promettente come 

supporto decisionale aggregato, sebbene siano necessari ulteriori sviluppi per una reale 

personalizzazione paziente-specifica. Nel complesso, queste tecnologie rappresentano 

strumenti complementari che, se correttamente integrati, possono migliorare la qualità del 

processo decisionale e costituire una base solida per l’evoluzione futura della RSA verso modelli 

più predittivi, standardizzati e personalizzati. 
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ABSTRACT (EN) 

Reverse shoulder arthroplasty (RSA) is an established surgical option for the treatment of 

glenohumeral osteoarthritis associated with an irreparable rotator cuff tear. However, 

procedural success hinges largely on the appropriate management of glenoid bone loss, a key 

determinant for optimizing implant stability and clinical and functional outcomes. Within this 

framework, computer-assisted technologies—including 3D CT-based preoperative planning, 

intraoperative navigation, and, more recently, artificial intelligence (AI) systems—have assumed 

an increasingly prominent role. This doctoral thesis integrates four complementary studies to 

assess the role of these emerging technologies—3D CT planning, intraoperative navigation, and 

AI—across the decision-making and therapeutic pathway of RSA. 

The first study (Chapter 6) investigates the interobserver reliability of preoperative planning in 

81 cases assessed by nine experienced Italian surgeons. The findings demonstrate substantial 

individual variability (single-measure ICC 0.13–0.33; Fleiss’ κ −0.093 to 0.325), balanced by 

reliable collective consensus (average-measure ICC 0.58–0.82) and rational, defect-specific 

decision patterns (Kruskal–Wallis H = 48.079, p < 0.001). Shared planning strategies emerge, 

including the preferential use of posterior augments in cases of retroversion (55%) and superior 

augments for inclination defects (68%). 

The second study (Chapter 7) evaluates the validity of the AI-based Predict® software in a cohort 

of 10 patients. Aggregate predictions show good accuracy (MAE VAS 1.4 < MCID), but limited 

patient-specific performance (ρ = 0.15–0.33), suggesting current constraints in achieving true 

personalization. 

The third study (Chapter 8) quantifies the clinical impact of preoperative planning and 

intraoperative navigation in 158 consecutive cases performed by a single surgeon, documenting 

an 83% increase in the use of augmented baseplates, the use of longer screws (+25%; 36.5 vs 

29.1 mm), and a reduction in the mean number of screws (−13%; 2.1 vs 2.4), thereby supporting 

the standardization of surgical execution. 

Finally, the fourth study (Chapter 9) compares mid-term clinical outcomes (mean follow-up 42 

months) between 80 patients treated with navigated versus conventional techniques, showing 
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comparable functional results (Constant 67±16; DASH 20±19; p > 0.05) and confirming the non-

inferiority of navigation relative to the traditional approach. 

Taken together, these studies indicate that advanced technologies in RSA do not eliminate 

decision-making variability, but rather render its underlying mechanisms quantifiable, 

facilitating coherent and reproducible corrective strategies. Three-dimensional planning helps 

identify shared biomechanical principles in the management of glenoid bone loss, while 

intraoperative navigation contributes to standardizing surgical execution without 

compromising clinical outcomes. AI-based systems appear promising as an aggregate decision-

support tool, although further development is required to achieve robust patient-specific 

accuracy. Overall, these technologies should be regarded as complementary tools that—when 

appropriately integrated—may improve the quality of the decision-making process and provide 

a solid foundation for the future evolution of RSA toward more predictive, standardized, and 

personalized care.  
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CHAPTER 1 – Clinical anatomy of the shoulder 

The shoulder is a complex functional unit connecting the trunk to the upper limb. It comprises 

three bones—the clavicle, scapula, and humerus—integrated with a coordinated system of 

muscles and ligaments. This architecture facilitates extreme mobility, making it the most 

mobile joint in the human body. However, this flexibility also increases susceptibility to 

pathological changes that distort normal anatomy. 

Modern prosthetic surgery increasingly integrates digital technologies to manage these 

anatomical alterations. Tools such as 3D preoperative planning and intraoperative navigation 

do not replace anatomical knowledge; rather, they enhance clinical interpretation. This chapter 

outlines essential anatomical landmarks. These concepts form the foundation for 

understanding how technological innovation overcomes the limits of "free-hand" surgery to 

personalize the treatment of complex deformities.   

1.1 Bones 

The glenohumeral joint is a ball-and-socket articulation. It consists of the shallow glenoid cavity 

and the larger humeral head1. Significant incongruence exists between these surfaces: the 

humeral head's articular area is roughly three times larger than the glenoid's. This disparity is 

the primary driver of the shoulder's extensive range of motion2–4. Key morphometric parameters 

include: 

• Humeral cervico-diaphyseal angle: Approximately 135°. 

• Humeral head retroversion: Roughly 25° relative to the epicondylar axis. 

Following the Neer classification5 the proximal humerus comprises four main fragments: the 

greater tuberosity, lesser tuberosity, humeral head, and humeral shaft. Anatomically, the 

anatomical neck separates the head from the tuberosities, while the surgical neck separates the 

tuberosities from the shaft. The bicipital groove—a dense cortical region—runs between the 

tuberosities and houses the long head of the biceps tendon. The glenoid, the scapula's articular 

surface, typically faces laterally with a slight superior tilt (5–6°) and anterior orientation (30° in 

the sagittal plane). Its pear-shaped configuration features a wider inferior base6. High 

morphologic variability is common, and degenerative disease further accentuates these 
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features. Consequently, accurate assessment of glenoid orientation and bone stock remains a 

critical surgical challenge.  

1.2 Soft tissues and ligaments 

The glenoid labrum encircles the glenoid, deepening the socket and expanding the articular 

surface. It also provides an attachment site for the capsuloligamentous structures7. The 

superior, middle, and inferior glenohumeral ligaments reinforce the joint capsule and 

contribute to shoulder stability across different positions of the arm in space8. The superior 

glenohumeral ligament originates from the superior glenoid tubercle and merges with the 

anterior rotator cuff fibers and the coracohumeral ligament to form the biceps pulley near the 

bicipital groove8,9. The middle glenohumeral ligament extends from the anterior labrum to the 

lesser tuberosity, whereas the inferior glenohumeral ligament spans from the inferior glenoid to 

the humerus8,10,11. 

1.3 Muscles 

The muscles inserting on the scapular girdle play a direct role in glenohumeral motion. 

1.3.1 Deltoid 

The deltoid muscle is composed of three distinct portions—anterior, lateral, and posterior—

separated by fibrous septa. Proximally, it originates from the lateral third of the clavicle 

(anterior fibers), the acromion (lateral fibers), and the spine of the scapula (posterior fibers). 

Distally, it inserts on the deltoid tuberosity of the lateral humerus8. It is innervated by branches 

of the axillary nerve, and its primary actions include humeral abduction, flexion, and 

extension12,13. 

1.3.2 Coracobrachialis and pectoralis major  

The coracobrachialis and pectoralis major lie medial to the deltoid. The two heads of the 

pectoralis major originate from the clavicle and sternum and converge laterally to insert on the 

bicipital groove of the humerus14. The pectoralis major is innervated by the medial and lateral 

pectoral nerves and functions primarily as a powerful humeral adductor. The coracobrachialis 

and the short head of the biceps lie deep to both the pectoralis major and the deltoid14. They 

originate from the coracoid process and are innervated by the musculocutaneous nerve. 
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Together, they form the conjoined tendon, an important surgical landmark due to the fact that 

the brachial plexus and major vascular structures lie immediately medial and deep to it. 

1.3.3 Rotator cuff 

The rotator cuff lies deep to the deltoid and envelops the glenohumeral joint12,14. It consists of 

four fundamental muscles for glenohumeral motion and dynamic stabilization14–16. Its 

coordinated action depresses the humeral head, preventing superior migration and 

impingement during deltoid activation. The subscapularis originates from the anterior surface 

of the scapula and inserts on the lesser tuberosity of the humerus. It is innervated by the upper 

and lower subscapular nerves and acts as the primary internal rotator of the humerus15. The 

supraspinatus arises from the supraspinous fossa and inserts on the greater tuberosity15–17. It is 

innervated by the suprascapular nerve17 and initiates shoulder abduction, enabling more 

efficient deltoid activation18. The infraspinatus and teres minor, innervated respectively by the 

suprascapular and axillary nerves, originate from the posterior aspect of the scapula just below 

the scapular spine and insert on the greater tuberosity posterior to the supraspinatus15–17. Their 

primary role is external rotation of the humerus at varying degrees of abduction. 

1.4 Vascular and nervous structures 

The subclavian and axillary arteries provide the primary blood supply to the shoulder 12,13. The 

suprascapular artery follows the suprascapular nerve but passes over the transverse scapular 

ligament. Surgeons must protect this vessel during nerve decompression. The thoracoacromial 

artery follows the coracoacromial ligament and is at risk during surgical dissection. Deep to the 

deltoid, the anterior and posterior circumflex humeral arteries encircle the humerus12,13. The 

anterior branch, encountered during the deltopectoral approach, requires ligation before 

subscapularis mobilization.  

Shoulder innervation derives from the brachial plexus. The axillary nerve innervates the deltoid 

and teres minor. It originates from the posterior cord, travels anterior to the subscapularis, and 

exits through the quadrangular space. Clinically, the nerve lies approximately 5–7 cm distal to 

the acromion12,13,18. The musculocutaneous nerve enters the coracobrachialis muscle 4–8 cm 

distal to the coracoid process. It then travels between the biceps and brachialis muscles. While 

rarely encountered in standard glenohumeral approaches, it remains at risk from excessive 

traction on the conjoined tendon19. The suprascapular nerve originates from the upper trunk. It 
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then passes deep to the trapezius and through the suprascapular notch20. The nerve segment 

skirting the superior glenoid margin before the infraspinous fossa is particularly vulnerable to 

surgical or traumatic injury21. 

1.5 Concept of anatomical layers 

The surgical anatomy of the shoulder is organized into four distinct layers, a framework 

established by Cooper et al.22. This layered approach is fundamental for surgical dissection and 

the preservation of neurovascular structures. 

• Layer 1 (Superficial): Comprises the large muscle bellies of the deltoid and pectoralis 

major. 

• Layer 2 (Intermediate): Formed anteriorly by the clavipectoral fascia, the conjoined 

tendon, and the coracoacromial ligament. Posteriorly, this layer continues as the 

scapular fascia covering the infraspinatus and teres minor. 

• Layer 3 (Deep): Consists of the subdeltoid bursa’s deep surface and the rotator cuff 

muscles. 

• Layer 4 (Articular): Represented by the glenohumeral joint capsule itself. 
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CHAPTER 2 – Reverse shoulder arthroplasty 

A solid understanding of clinical anatomy is an essential prerequisite for shoulder surgery, and 

reverse shoulder arthroplasty represents one of the most significant paradigm shifts in the field. 

Originally developed to overcome the limitations of anatomic total shoulder arthroplasty in the 

setting of rotator cuff insufficiency, reverse shoulder arthroplasty (RSA) does more than replace 

articular surfaces: it fundamentally alters glenohumeral biomechanics, creating a functionally 

stable construct even in the absence of an intact rotator cuff. This biomechanical revolution, 

however, has introduced new critical variables—component positioning, the balance between 

implant medialization and lateralization, and the management of procedure-specific 

complications. These factors provide a strong rationale for integrating advanced technological 

tools to support both preoperative planning and intraoperative execution.  

2.1 Historical evolution 

Shoulder arthroplasty was initially regarded as a salvage procedure for severely damaged and 

functionally compromised joints23. Traditional prosthetic replacement relied on anatomic total 

shoulder arthroplasty (TSA), which aims to replicate native shoulder anatomy. The humeral 

component could be an unconstrained monoblock implant or, alternatively, a modular design 

available in various shapes and sizes. Modern anatomic prostheses often feature a short stem 

with predominantly metaphyseal fixation, onto which a humeral head of different diameters—

and, when required, eccentric offset—can be mounted. On the glenoid side, several options 

were available: 

• polyethylene components with a keel or peg, fixed into cancellous bone with24 or 

without 25,26 bone cement; 

• a metal-backed component secured with screws and fitted with a polyethylene liner27; 

• a trabecular tantalum glenoid implanted by press-fit fixation28. 

When only the humeral side was replaced, the procedure was defined as a hemiarthroplasty. 

From a biomechanical standpoint, satisfactory outcomes could be achieved if three conditions 

were met: (1) restoration of normal shoulder anatomy; (2) restoration of normal capsular 

tension; (3) re-establishment of muscular stabilizing and motor function. However, in patients 

with osteoarthritis associated with rotator cuff insufficiency, results were poor29. In these cases, 
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superior migration of the humeral head subjected the glenoid component to excessive shear 

forces, ultimately leading to loosening30,31. To mitigate this problem, surgeons progressively 

abandoned TSA in favour of hemiarthroplasty (HA), which provided pain relief but did not 

significantly improve function32. To address these limitations, Grammont introduced a new 

prosthetic concept: the reverse shoulder prosthesis. The first prototype, the “Trompette” 

(Medinov®) was developed in 1985 and the first successful clinical cases were published in 

198733. Subsequent improvements were made and in 1991 the first generation of modular 

prostheses – the Delta III (Medinov®) – was introduced34. This semiconstrained, modular implant 

consists of: 

• a glenoid component (metaglene) with a central peg fixed to the native glenoid using 

cortical screws, onto which a glenosphere—approximately two-thirds of a sphere—is 

mounted; 

• a humeral component composed of a proximal cup-shaped portion and a distal stem 

fixed to the humeral diaphysis with or without cement; 

• a polyethylene insert placed on the humeral cup, articulating with the glenosphere35. 

The four fundamental principles of the Grammont reverse prosthesis were: (1) medialization 

and distalization of the center of rotation compared with the native shoulder, achieved by 

medializing the glenoid and humerus with a straight stem and a 155° neck–shaft angle to 

increase the deltoid lever arm during active elevation and abduction; (2) positioning the center 

of rotation at the bone–implant interface to reduce shearing forces on the glenoid implant; (3) 

distalization of the humerus to re-tension deltoid fibers; and (4) a semiconstrained 

configuration to provide a stable fulcrum23,36,37. Clinical and functional outcomes improved 

significantly with this design38–40.  Nevertheless, the reverse prosthesis also introduced several 

drawbacks. 

One of the main limitations of the original Grammont design arises from the pronounced 

medialization of the center of rotation. While this configuration enhances deltoid efficiency, it 

can excessively de-tension the remaining rotator cuff tendons. As a result, patients may 

experience restricted rotational range of motion or even postoperative instability36,37. In 

addition, the combination of a medialized center of rotation with a 155° humeral neck–shaft 

angle predisposes the implant to scapular notching, a well-recognized complication of early 

reverse prosthesis designs. Finally, the altered biomechanics inherent to this construct 
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significantly modify the shoulder’s anatomical load distribution. These changes increase stress 

on the acromion and scapular spine, raising the risk of fatigue fractures in these regions36. 

2.2 Biomechanics and implant design 

The limitations of the original Grammont implant stimulated the development of new 

prosthetic concepts that progressively incorporated greater degrees of lateralization36. On the 

glenoid side, lateralization can be achieved through several strategies. One approach involves 

modifying the scapular neck with a structural bone graft, as described in the BIO-RSA (Bony 

increased offset reverse shoulder arthroplasty) technique, which increases the offset while 

maintaining stable fixation41. Another method relies on metallic augments placed at the 

baseplate level to shift the center of rotation laterally without altering native bone anatomy42. A 

third option consists of modifying the glenosphere itself, using designs that inherently provide 

additional lateral offset43. Lateralization can also be introduced on the humeral side. This may 

be accomplished by adopting implants with a more varus neck–shaft angle (typically between 

145° and 135°), which reduces the risk of scapular notching; by using curved or short stems that 

preserve bone stock; or by employing onlay humeral components that facilitate conversion 

from an anatomic prosthesis when necessary36.  

To better understand the biomechanical implications of different prosthetic designs, a 

classification system based on the offset of the glenosphere and the humeral implant was 

developed44. The glenoid component was classified as medialized (MG) when the center of 

rotation (CoR) was located within 5 mm of the native glenoid surface, and as lateralized (LG) 

when the CoR was positioned at a distance greater than 5 mm from the native glenoid. The 

humeral component was defined as medialized (MH) when the humeral offset relative to the 

stem axis was ≤ 15 mm, and as lateralized (LH) when the offset exceeded 15 mm. Based on the 

combination of glenoid and humeral configurations, four distinct implant constructs were 

identified: MG/MH, LG/MH, MG/LH, and LG/LH. Overall implant lateralization was quantified as 

the linear distance between the greater humeral tuberosity and the implant center of rotation, 

in accordance with the definition proposed by Cogan et al.37. 

2.2.1 MG/MH 

Prosthetic designs characterized by medialization of both the glenoid and humeral components 

maximize the deltoid lever arm but simultaneously diminish the mechanical advantage of the 
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rotator cuff. This configuration generally preserves abduction and forward elevation, yet 

rotational movements tend to be compromised. These implants are also associated with a 

higher incidence of glenoid notching, and subscapularis repair becomes essential to ensure 

adequate stability. The original Grammont Delta III prosthesis is the archetype of this category, 

although systems such as the Delta Xtend (DePuy Synthes, Warsaw, IN, USA) and the SMR 

Reverse (Lima Corporate S.p.A., San Daniele del Friuli, Italy), share similar biomechanical 

principles23,36,37. 

2.2.2 LG/MH 

Among the various configurations, the combination of a lateralized glenoid with a medialized 

humerus is considered the one that most closely reproduces native shoulder biomechanics23. 

These implants typically feature an inlay humeral component paired with a lateralized 

glenosphere. Although the center of rotation is shifted laterally compared with MG designs, it 

remains more medial than in the native shoulder36,37. Early generations of this design were 

associated with higher rates of glenoid loosening, but improvements in fixation methods and 

implant geometry have significantly reduced this complication. A notable technique that 

achieves glenoid lateralization without increasing the prosthetic offset is BIO-RSA, which uses a 

humeral head autograft to lengthen the scapular neck41. Despite its biomechanical advantages, 

it is less commonly used today compared with augmented baseplates or inherently lateralized 

glenoid components. Examples of implants in this category include the Encore Reverse 

Shoulder Prosthesis (DJO Surgical, Austin, TX, USA), Inhance (DePuy Synthes, Warsaw, IN, USA), 

Universe Reverse (Arthrex, Naples, FL, USA), and Tornier Perform (Stryker Corporation, Portage, 

MI, USA). 

2.2.3 MG/LH 

Designs that combine a medialized glenoid with a lateralized humeral component aim to merge 

the advantages of both philosophies. Medialization of the center of rotation enhances the 

deltoid lever arm, while humeral lateralization improves tensioning of the remaining rotator 

cuff tendons. Biomechanical studies have shown that MG/LH configurations provide greater 

deltoid wrapping and reduce cuff shortening compared with MG/MH and LG/MH designs45. In 

these implants, subscapularis repair is often not feasible, yet this does not appear to 

compromise stability to the same extent as in more medialized systems. MG/LH prostheses 

typically feature an onlay humeral component combined with a glenosphere offering less than 
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5 mm of lateral offset. Representative examples include the Equinoxe Reverse Shoulder System 

(Advita Ortho, Gainesville, FL, USA), Tornier Aequalis Ascend Flex (Stryker Corporation, Portage, 

MI, USA), and the Medacta Shoulder System (Medacta International SA, Castel San Pietro, 

Switzerland). 

2.2.4 LG/LH 

The combination of a lateralized glenoid and a lateralized humerus is used less frequently in 

clinical practice. Although this configuration can theoretically optimize both deltoid mechanics 

and cuff tensioning, the cumulative effect of lateralization and distalization increases the 

mechanical load transmitted to the acromion and scapular spine. As a result, these implants are 

associated with a higher risk of postoperative acromial stress fractures37. Systems such as the 

Reunion Ascend Flex (Stryker Corporation, Portage, MI, USA) fall into this category, though their 

use remains limited due to these biomechanical concerns. 

2.3 Indications and contraindications 

Although cuff tear arthropathy remains the most frequent indication for reverse shoulder 

arthroplasty, the progressive refinement of implant designs and surgical techniques has 

significantly broadened its clinical applications. RSA is now used for a wide spectrum of 

conditions associated with rotator cuff dysfunction or deficiency, including complex proximal 

humerus fractures, chronic or inveterate glenohumeral dislocations, pseudoparalytic shoulder 

due to massive irreparable cuff tears without arthritis, glenohumeral osteoarthritis with severe 

glenoid bone loss, nonunion or malunion of proximal humerus fractures, revision procedures, 

and even neoplastic disease involving the shoulder girdle46,47. Contraindications to RSA include 

active infection, axillary nerve injury resulting in impaired deltoid innervation, severe glenoid 

bone loss that compromises secure baseplate fixation, and global deltoid insufficiency47. 

Importantly, partial deltoid dysfunction is not considered an absolute contraindication, as even 

a partially functional deltoid may still provide meaningful postoperative improvement48.  

2.3.1 Glenohumeral osteoarthritis  

Glenohumeral osteoarthritis (GHOA) is a chronic degenerative joint disorder characterized by 

progressive loss of articular cartilage accompanied by reactive bone formation at the joint 

margins and within the subchondral bone. Degenerative changes of the glenohumeral joint are 
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present in up to 17% of patients presenting with shoulder pain, a prevalence that has tripled 

over the past four decades49,50. Although less common than hip or knee osteoarthritis, 

symptomatic GHOA can be equally disabling because of the essential role of the upper limb in 

daily activities. Diagnosis is established when radiographic evidence of joint degeneration is 

accompanied by pain or functional limitation. Cartilage loss and subchondral sclerosis tend to 

be most pronounced in the superior two-thirds of the humeral head, corresponding to the 

region that articulates with the glenoid between 60° and 100° of abduction51. Osteophyte 

formation is the most frequent bone alteration, typically located at the anteroinferior humeral 

head and inferior glenoid, where capsular traction forces are the greatest52. These humeral 

osteophytes are often associated with enthesopathic changes at ligament insertion sites, 

particularly around the anatomical neck, tuberosities, and bicipital groove53. The pathogenesis 

of GHOA remains incompletely understood. Traditionally, osteoarthritis has been classified into 

primary (idiopathic) and secondary forms, the latter being more common in patients under 50 

years of age but overall up to ten times less frequent than primary disease54–56. This dichotomy, 

however, is now considered overly simplistic, as osteoarthritis is increasingly viewed as a final 

common pathway shared by a heterogeneous group of disorders that ultimately lead to joint 

degeneration57. Disease progression is influenced by a complex interplay of genetic, 

behavioural, and environmental factors. Among the non-specific risk factors, advanced age is 

consistently associated with higher prevalence55. Genetic predisposition also plays a significant 

role, with several studies identifying heritable contributions to osteoarthritis susceptibility58–60.  

Obesity and metabolic syndrome further contribute to disease development, not only through 

increased mechanical loading but also via systemic inflammatory pathways mediated by 

adipokines61,62. Specific risk factors include occupational or athletic activities that impose high 

or abnormal mechanical loads on the shoulder, glenohumeral instability, acute traumatic 

injuries, prior surgical procedures, cuff tear arthropathy, chondrolysis, scapular morphology 

and glenoid dysplasia, septic arthritis, avascular necrosis of the humeral head, inflammatory 

arthritides, Charcot (neuropathic) arthropathy, and Milwaukee shoulder syndrome.  

2.3.1.1 Mechanical joint overload 

Occupational activities that involve heavy manual work, especially in the construction industry, 

as well as sports requiring repetitive overhead movements—such as baseball, tennis, and 

weightlifting—expose the glenohumeral joint to substantial mechanical stress. Over time, this 

repetitive overload accelerates cartilage wear and contributes to the development of 
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degenerative changes within the joint51. The cumulative effect of these forces is especially 

relevant in individuals who perform overhead tasks for many years, as the repeated cycles of 

loading and microtrauma gradually exceed the joint’s capacity for repair. 

2.3.1.2 Glenohumeral instability, prior surgery, and traumatic events 

Degenerative changes consistent with glenohumeral osteoarthritis are frequently observed 

after shoulder dislocations or surgical procedures performed to address instability, with 

reported prevalence rates ranging from 56% to 68%. Interestingly, despite the high 

radiographic incidence, clinical symptoms are often mild or even absent63–65. These changes 

may arise from direct chondral injury sustained during the traumatic event, but altered joint 

biomechanics following instability or its surgical treatment may also play a significant role. The 

relative contribution of trauma versus surgery remains difficult to determine. Although it is not 

definitively established whether joint laxity alone predisposes to osteoarthritis, the association 

between dislocation and subsequent degenerative changes is well documented63,64,66. 

Numerous studies have shown that patients who experience even a single dislocation episode 

have a markedly increased risk—estimated at 10- to 20-fold—of developing radiographic 

arthropathy compared with individuals without a history of instability67. The risk is further 

amplified in cases of recurrent dislocations, in patients who sustain their first dislocation at an 

older age, and in those whose initial injury results from high-energy trauma63–65 . 

Fractures of the proximal humerus or glenoid also accelerate degenerative changes. These 

injuries can damage cartilage directly, but they may also alter joint biomechanics through 

malalignment, nonunion, or residual incongruence of the articular surface, all of which 

contribute to progressive cartilage degeneration51. 

2.3.1.3 Rotator cuff arthropathy 

Massive rotator cuff tear arthropathy remains the leading indication for reverse shoulder 

arthroplasty23,30,46,47. This condition is characterized by a combination of glenohumeral joint 

degeneration and superior migration of the humeral head resulting from a massive, irreparable 

rotator cuff tear. The loss of cuff integrity disrupts the normal force couples that stabilize the 

joint, leading to pain, functional impairment, and progressive loss of range of motion. 

Radiographically, in addition to the classic features of osteoarthritis—joint space narrowing, 

osteophyte formation, subchondral sclerosis, and altered bony contours—several distinctive 
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findings may be observed. Superior migration of the humeral head produces erosion of the 

superior glenoid. As the deltoid becomes unopposed, the humeral head may eventually 

articulate directly with the undersurface of the acromion, leading to acetabularization of the 

coracoacromial arch in advanced stages68. Another hallmark is the loss of the humeral head’s 

spherical contour, which becomes flattened and assumes a characteristic “mushroom-like” 

appearance69. The condition is more common in women and typically affects the dominant 

limb51. Hamada and colleagues69–71 proposed a radiographic classification system that describes 

five progressive stages of arthropathy secondary to massive cuff tears. The grading is based on 

the degree of subacromial space narrowing—measured as the acromiohumeral interval (AHI)—

and on changes in the glenohumeral joint space on standard anteroposterior radiographs. In 

the earliest stage (grade 1), the AHI is preserved; in grade 2, it is slightly reduced. Grade 3 is 

characterized by the onset of acromial acetabularization, while grade 4 includes narrowing of 

the glenohumeral joint space. Grade 5 represents the most advanced stage, marked by collapse 

of the humeral head. Walch later refined grade 4 by distinguishing two subtypes: grade 4A, in 

which glenohumeral osteoarthritis occurs without acromial acetabularization, and grade 4B, in 

which osteoarthritis is accompanied by acetabularization of the acromion. This modification 

helps better characterize the mechanical environment of the joint and may have implications 

for treatment planning (figure 2.1). 
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Figure 2.1. Hamada radiographic classification for arthropathy secondary to massive cuff tears69. 

In these clinical scenarios, reverse shoulder arthroplasty provides pain relief by replacing the 

damaged bone structures and restores function by tensioning the deltoid, thereby 

compensating for the absence of a functional rotator cuff. Long-term follow-up studies have 

consistently demonstrated implant survivorship exceeding 90%, together with sustained 

clinical improvement over time72. 

2.3.1.4 Glenohumeral chondrolysis 

Glenohumeral chondrolysis represents one of the most severe complications following 

arthroscopic procedures for shoulder instability. It is characterized by rapid and profound 

destruction of the articular cartilage, driven by chondrocyte necrosis and breakdown of the 
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extracellular matrix. This process ultimately culminates in advanced osteoarthritis. A 

well-documented cause is the postoperative intra-articular infusion of local anesthetics via pain 

pumps, which has been shown to exert direct chondrotoxic effects73.  

2.3.1.5 Scapular morphology and glenoid dysplasia 

Several anatomical features of the scapula have been implicated in the development of 

glenohumeral osteoarthritis, especially lateral acromial extension and glenoid inclination. 

These parameters have recently been integrated into a single radiographic measure known as 

the critical shoulder angle (CSA). A smaller CSA—resulting from a shorter acromion or increased 

inferior glenoid inclination—augments the compressive forces generated by the deltoid and 

may predispose the joint to excessive loading and subsequent degenerative changes74,75. 

Glenoid dysplasia, a developmental abnormality of adolescence, is relatively common, with 

reported prevalence ranging from 14% to 40%76. It arises from aberrant development of the 

glenoid ossification centers, leading to hypoplasia of the inferior glenoid, increased 

retroversion, flattening of the articular surface, and varying degrees of humeral head 

subluxation. These structural abnormalities may accelerate degenerative changes and 

complicate arthroplasty planning77–80. Etiology may be idiopathic, familiar, or syndromic, and 

cases have been described in association with obstetric brachial plexus palsy81,82.  

2.3.1.6 Septic arthritis 

Septic arthritis involves the glenohumeral joint in approximately 15% of cases83 and constitutes 

an orthopedic emergency. Without prompt diagnosis and treatment, infection can rapidly 

destroy the joint. Hematogenous spread is the most common mode of infection, although 

direct inoculation during surgery or trauma, as well as contiguous spread from adjacent sites 

such as proximal humeral osteomyelitis, may also occur84. 

2.3.1.7 Humeral head avascular necrosis 

Avascular necrosis (AVN) of the humeral head results from compromised blood supply, leading 

to subchondral bone death, collapse, and progressive disruption of joint anatomy and 

biomechanics. AVN accounts for roughly 5% of all cases of glenohumeral osteoarthritis85,86 and 

represents the second most common site of osteonecrosis after the hip87. The condition may be 

idiopathic or secondary to trauma, corticosteroid use, alcoholism, or, more rarely, systemic 
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disorders such as Gaucher disease, sickle cell anaemia, decompression sickness, or 

hypercoagulable states87–89.  

2.3.1.8 Inflammatory arthritides 

Inflammatory arthritides affecting the shoulder include rheumatoid arthritis, psoriatic arthritis, 

juvenile idiopathic arthritis, spondyloarthropathies, and systemic lupus erythematosus. 

Rheumatoid arthritis is the most prevalent and involves the shoulder in 65–90% of patients, 

with bilateral involvement in nearly half of the cases90. Clinical presentation is variable, often 

delaying diagnosis. In advanced disease, bilateral involvement with central glenoid erosion is 

typical, and pain is driven more by inflammatory synovitis than by structural degeneration91. 

Crystal arthropathies such as gout and pseudogout may also affect the shoulder, where 

deposition of urate or pyrophosphate crystals triggers inflammatory destruction of the joint51. 

2.3.1.9 Charcot arthropathy / neuropathic arthropathy 

Neuropathic arthropathy, or Charcot shoulder, is a rare but devastating degenerative condition 

characterized by rapid destruction of bone and soft tissues. It is associated with profound 

impairment of tactile, proprioceptive, and thermal sensation. Cervical syringomyelia accounts 

for approximately 75% of cases, although diabetes, chronic alcoholism, and end‑stage renal 

disease have also been implicated92. The underlying pathophysiology remains incompletely 

understood, but both neurovascular and neurotraumatic mechanisms have been proposed, 

with loss of nociception and proprioception playing a central role93. 

2.3.1.10 Milwaukee shoulder syndrome 

Milwaukee shoulder syndrome is a destructive arthropathy that predominantly affects elderly 

women and is strongly associated with rotator cuff tears and deposition of hydroxyapatite 

crystals within and around the joint. Identification of these crystals using specific stains such as 

Alizarin Red is considered diagnostic. Although clinical symptoms may be relatively mild, 

radiographic progression can be striking, with deep erosions of the humeral head and adjacent 

soft tissues94. 

2.3.2 Irreparable rotator cuff tears 

Massive rotator cuff tears (MRCT) represent extensive lesions of the rotator cuff that are 

technically challenging to repair and often carry an uncertain prognosis. A universally accepted 
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definition of MRCT has not yet been established, although the two most widely used 

classification systems rely either on the degree of tendon retraction or on the number of 

tendons involved. These tears are typically chronic and are characterized by myotendinous 

retraction, muscle atrophy, and fatty infiltration—features that significantly compromise the 

potential for successful repair95. When glenohumeral osteoarthritis is absent, but pain is 

substantial and conservative treatment has failed, surgical intervention may be considered. A 

variety of procedures are available, and no single technique has emerged as the gold standard. 

Treatment must therefore be individualized, considering patient age, functional demands, 

tissue quality, and expectations. Among the surgical options, tenotomy or tenodesis of the long 

head of the biceps has been shown to provide symptomatic relief in selected patients, 

particularly when pain is the predominant complaint71,96. Subacromial debridement may also 

improve symptoms by reducing mechanical irritation and inflammation, although it does not 

restore strength or function97. Tendon transfer procedures—most commonly involving the 

latissimus dorsi—represent another strategy for restoring shoulder function in the setting of 

irreparable posterosuperior cuff tears. These procedures aim to re-establish a functional force 

couple and have demonstrated encouraging mid- and long-term outcomes in appropriately 

selected patients98–101. Superior capsular reconstruction has emerged as a more recent 

alternative, designed to restore superior stability of the glenohumeral joint by reconstructing 

the superior capsule using autograft or allograft tissue. Both biomechanical and early clinical 

studies have shown promising results, although long-term data are still evolving102,103. Other 

approaches include functional or partial rotator cuff repair, which aims to restore the balance of 

force couples even when complete anatomical repair is not feasible104,105. Arthroscopic 

debridement alone may also be considered in low-demand patients, offering pain relief without 

attempting to restore tendon integrity106–108. Reverse shoulder arthroplasty has increasingly 

been proposed as an alternative for irreparable massive cuff tears, particularly when functional 

impairment is significant. RSA may provide more predictable improvements in pain and 

shoulder elevation compared with soft-tissue procedures, even in the absence of glenohumeral 

arthritis. Its ability to restore function derives from its unique biomechanics, which shift the 

burden of elevation from the deficient rotator cuff to the deltoid muscle43,109,110.  

2.3.3 Complex proximal humerus fractures 

Proximal humerus fractures (PHFs) are the seventh most common fracture type in adults and 

account for approximately 4–10% of all fractures. Their epidemiology shows a clear bimodal 
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distribution: in older adults—particularly those with reduced bone quality—they typically occur 

after low-energy trauma, whereas high-energy mechanisms are more frequently responsible for 

injuries in patients younger than 55 years111 . The incidence of PHFs continues to rise in the 

elderly population, especially among women, and these injuries now represent the third most 

common fragility fracture. This trend reflects both demographic changes and the increasing 

prevalence of osteoporosis112–114. Choosing the most appropriate treatment requires careful 

consideration of fracture morphology, patient comorbidities, and functional expectations. The 

overarching goal is to restore a painless and functional shoulder, regardless of whether 

management is operative or nonoperative. Treatment decisions must therefore be 

individualized, balancing the biological potential for healing with the patient’s overall health 

status and activity level112,115. Because proximal humerus fractures in older adults are 

considered fragility fractures, their management—regardless of the chosen treatment—should 

be embedded within a multidisciplinary pathway aimed at reducing the risk of subsequent 

fractures. Coordinated care models, such as fracture liaison services, have demonstrated their 

value in optimizing bone health assessment, initiating appropriate pharmacologic therapy, and 

improving long-term outcomes in this population116. A wide range of surgical strategies is 

available for the treatment of PHFs. These include closed reduction with percutaneous fixation, 

as well as closed or open reduction combined with internal fixation using various plate 

designs117. Arthroplasty represents another important option, and its use has increased 

substantially over the past decade, particularly in older patients with complex fracture 

patterns113. Nonoperative treatment remains a reasonable approach for nondisplaced or 

minimally displaced fractures, and it is also commonly selected for displaced fractures in 

elderly individuals with low functional demands or significant comorbidities that preclude 

surgery. In these cases, conservative management may provide acceptable pain relief and 

functional recovery without exposing patients to the risks associated with operative 

intervention113,114,118. The optimal surgical strategy for complex proximal humerus fractures in 

older adults continues to be debated. Osteoporosis, metaphyseal comminution, and 

compromised bone quality often limit the ability to achieve stable fixation, making 

osteosynthesis less reliable in this population. For these reasons, many patients may benefit 

more from arthroplasty than from internal fixation. Both hemiarthroplasty and reverse shoulder 

arthroplasty have been used in this setting, with RSA increasingly chosen due to its more 

predictable functional outcomes and reduced dependence on tuberosity healing112,119,120. 

Historically, hemiarthroplasty (HA) was regarded as the preferred surgical option for complex 
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proximal humerus fractures. This approach was supported by early literature and long-standing 

clinical practice121,122. Over time, however, it became evident that outcomes after HA were highly 

variable and often difficult to reproduce. Functional recovery depended heavily on anatomic 

tuberosity healing and on the integrity of the rotator cuff—factors that are frequently 

compromised in elderly patients with osteoporotic bone. As a result, reverse shoulder 

arthroplasty has progressively emerged as a more reliable alternative. A growing body of 

evidence now demonstrates that RSA provides superior functional outcomes, lower reoperation 

rates, and greater predictability compared with HA in older adults with displaced three- and 

four-part fractures122–126. Case reports and clinical series have further supported its use even in 

bilateral fracture scenarios127,128. These findings have contributed to a paradigm shift in the 

management of complex fractures in the elderly, with RSA increasingly chosen over HA. The 

principal theoretical advantage of RSA lies in its biomechanics: unlike HA, it does not rely on 

tuberosity healing or rotator cuff function to restore elevation. Instead, RSA transfers the 

primary load of shoulder elevation to the deltoid muscle, allowing satisfactory functional 

recovery even when the tuberosities fail to heal. This characteristic makes RSA particularly 

appealing in osteoporotic bone, where tuberosity fixation is often tenuous 113,124,125,127–131. 

Nevertheless, numerous studies have shown that when tuberosity repair is feasible and healing 

occurs, clinical outcomes after RSA are further improved. Patients with healed tuberosities 

demonstrate better rotation, strength, and overall function compared with those in whom the 

tuberosities do not unite 131–136. These findings support the practice of reattaching the 

tuberosities whenever possible, even in the context of RSA, as doing so may optimize 

postoperative performance. 

The timing of RSA for proximal humerus fractures has also been investigated. Comparative 

studies evaluating acute versus delayed RSA have not identified significant differences in 

long-term outcomes between the two groups. However, patients treated acutely tend to 

experience faster functional recovery in the early postoperative period, suggesting a potential 

advantage in proceeding with surgery without unnecessary delay137,138.  

2.3.4 Revision surgery 

Since its introduction into clinical practice, reverse shoulder arthroplasty has progressively 

established itself as a versatile and reliable option in the revision setting. It is now widely used 

to address failures of previous shoulder implants—whether anatomic or reverse—as well as 
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failed rotator cuff repairs and unsuccessful open reduction and internal fixation (ORIF) of 

proximal humerus fractures139. Its ability to restore function in the presence of compromised 

soft tissues makes RSA particularly valuable in these complex scenarios. 

2.3.4.1 Failure of previous prosthetic implant 

The number of shoulder arthroplasties performed worldwide has increased steadily in recent 

years, a trend that is expected to continue. As a consequence, the burden of revision procedures 

is also expected to increase accordingly140,141. The underlying causes of implant failure vary 

depending on the type of primary prosthesis. In anatomic total shoulder arthroplasty, the most 

common reasons for failure are rotator cuff insufficiency and loosening of the glenoid 

component142.  Hemiarthroplasty, on the other hand, typically fails due to progressive rotator 

cuff degeneration or erosion of the native glenoid surface143. Primary reverse implants may fail 

because of instability, infection, or component loosening144,145. Across all these scenarios, RSA 

has emerged as an effective salvage procedure. Numerous studies have demonstrated that 

conversion to RSA improves pain, functional outcomes, and range of motion regardless of the 

type of failed primary implant142,146,147. This versatility reflects the biomechanical advantages of 

RSA, which relies on the deltoid rather than the rotator cuff to restore elevation. Early reports 

suggested that revision RSA yielded inferior functional outcomes compared with primary 

RSA142,148–150. However, more recent studies have questioned this assumption, showing that 

modern implants and refined surgical techniques can achieve results comparable to those of 

primary procedures, even in younger patients151,152. Despite these encouraging findings, revision 

RSA remains a demanding procedure and is consistently associated with higher complication 

rates than primary arthroplasty150,152. Factors such as bone loss, soft-tissue deficiency, and 

altered anatomy contribute to the increased technical complexity and risk profile. Nevertheless, 

when carefully planned and executed, revision RSA offers a reliable solution for restoring 

function and alleviating pain in patients with failed shoulder arthroplasty. 

2.3.4.2 Failure of rotator cuff repair 

A wide range of therapeutic options is available for the management of failed rotator cuff repair, 

and the choice among them depends on both surgeon-related factors—such as technical 

expertise and preferred surgical philosophy—and patient-related variables, including age, 

functional demands, tissue quality, and comorbidities. Revision rotator cuff repair may be 

attempted in selected cases, with or without the use of allograft augmentation. Other strategies 
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include tendon transfers, superior capsular reconstruction, subacromial balloon spacers, and 

tuberosity reshaping. Reverse shoulder arthroplasty represents an additional option, 

particularly when soft-tissue quality is poor or when previous attempts at repair have failed to 

restore function139. Each of these approaches carries distinct indications and limitations, and 

treatment must be tailored to the individual patient. 

2.3.4.3 Failure of internal fixation for proximal humerus fractures 

Reverse shoulder arthroplasty can also serve as an effective salvage procedure following failed 

open reduction and internal fixation (ORIF) of proximal humerus fractures139,153,154. Several 

studies have demonstrated that RSA performed after unsuccessful ORIF can lead to meaningful 

improvements in pain, range of motion, and overall shoulder function155. Despite these 

advantages, outcomes after revision RSA are generally inferior to those achieved with primary 

RSA. Patients undergoing revision procedures tend to experience lower functional scores and 

higher complication rates, reflecting the technical challenges associated with altered anatomy, 

bone loss, and compromised soft tissues156. For this reason, careful patient selection and 

accurate preoperative counselling are essential to ensure that expectations align with 

achievable results. 

2.3.5 Tumours 

In patients requiring extensive resection of the proximal humerus and rotator cuff due to 

malignant tumours, several reconstructive strategies have been described, including massive 

allografts, arthrodesis, and various types of prosthetic reconstruction. Reverse shoulder 

arthroplasty has become an important option in this context, offering the potential for 

functional restoration even in the absence of a functional rotator cuff. However, a fundamental 

prerequisite for RSA implantation in oncologic reconstruction is the integrity of the axillary 

nerve and the deltoid muscle, without which the prosthesis cannot function properly47. 

2.4 Complications 

Reported complication rates after reverse shoulder arthroplasty vary widely, ranging from 19% 

to 68%. This variability reflects differences in surgeon experience, implant design, and patient 

populations across studies. Notably, complication rates are consistently higher in the revision 

setting than in primary procedures157,158. The spectrum of complications associated with RSA is 
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broad and includes acromial and scapular spine fractures, hematoma formation, infection, 

instability, mechanical failure of the baseplate, neurologic injury, periprosthetic fractures, and 

scapular notching157,159. Importantly, the relative frequency of these complications has evolved 

over time. Whereas instability was historically the most common complication, periprosthetic 

infection has become increasingly prevalent over the last decade—a trend likely attributable to 

improvements in implant design and surgical technique160,161.  

2.4.1 Instability 

Postoperative instability remains one of the most challenging complications of RSA, with 

reported rates ranging from 2% to 31%160,162. Instability tends to occur early, most frequently 

within the first six months after surgery, and approximately half of all dislocations present 

within the first three months163. A number of patient-related risk factors have been identified, 

including obesity, male sex, prior shoulder surgery, and subscapularis insufficiency164,165. 

Intraoperative factors also play a critical role. Inadequate tensioning of the deltoid and 

surrounding soft tissues is a well-recognized contributor to postoperative instability 32,162,166. 

Implant malpositioning—particularly errors in humeral version—can predispose to mechanical 

impingement and subsequent dislocation167. Subscapularis insufficiency further increases the 

risk of instability, especially in designs that rely on its contribution to anterior stability168.  

Surgical approach also influences stability. Several studies have reported a higher risk of 

dislocation when RSA is performed through a deltopectoral approach compared with an 

anterosuperior approach, likely due to differences in soft-tissue handling and deltoid 

tensioning32,150,160,169. Prosthetic design is another key determinant. Implants with a 155° neck–

shaft angle exhibit greater intrinsic instability than those with a more varus configuration, 

reflecting differences in deltoid wrapping and joint constraint170. When instability occurs within 

the first three months after surgery, it is most often attributable to technical error during the 

surgical procedure—typically inadequate soft-tissue tensioning or suboptimal implant 

positioning171. Early recognition and appropriate management are therefore essential to 

prevent recurrent dislocation and preserve implant function. 

2.4.2 Infection 

Postoperative infection is a well-recognized complication of reverse shoulder arthroplasty, with 

reported rates ranging from 1% to 15%. These values are consistently higher than those 
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observed after anatomic shoulder arthroplasty, reflecting both the greater soft-tissue dissection 

required for RSA and the more complex patient populations in which it is often performed171,172. 

Infection rates are even higher in the revision setting, where compromised soft tissues, prior 

implants, and altered anatomy further increase susceptibility160. Although advances in 

perioperative protocols have improved prevention and early detection, infection remains one of 

the most challenging complications to manage following RSA. 

2.4.3 Scapular notching 

Scapular notching is a complication unique to reverse shoulder arthroplasty and is reported 

with an incidence ranging from 50% to 96%. It typically develops within the first six months 

after surgery and, in many cases, remains radiographically stable thereafter38,173. Nonetheless, 

some long-term studies have documented progressive notching over time, suggesting that its 

natural history may vary depending on implant design and patient-specific factors171. 

Mechanically, scapular notching results from repetitive impingement between the polyethylene 

humeral insert and the inferior scapular neck during adduction38. Several factors may 

contribute to its development, including loosening of the glenoid baseplate, suboptimal 

component positioning, and intrinsic characteristics of the prosthetic design174,175. It is clinically 

relevant because it may compromise glenoid fixation, reduce range of motion, and negatively 

affect long-term outcomes. Radiographically, scapular notching is classified according to the 

Nerot–Sirveaux system, which distinguishes four grades based on the extent of bone loss on a 

true anteroposterior shoulder radiograph176: grade 1 indicates erosion limited to the inferior 

pillar of the scapular neck; grade 2 extends to the level of the inferior screw; grade 3 progresses 

beyond the screw; and grade 4 reaches beneath the baseplate (figure 2.2).  

Figure 2.2. Nerot-Sirveaux classification for scapular notching177. 

The first two grades are generally attributed to mechanical erosion, whereas grades 3 and 4 

reflect a biological response to polyethylene wear debris. Multiple strategies have been 
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proposed to reduce the risk of notching. These include the use of eccentric glenospheres with 

inferior offset, inferior placement of the baseplate to maximize clearance, and the adoption of 

glenoid components with increased lateral offset—achieved through bone grafting or metal 

augmentation. Humeral components with a more varus neck–shaft angle may also reduce 

impingement by improving deltoid wrapping and joint mechanics46,72,178. Collectively, these 

design and technical refinements have contributed to a gradual reduction in the incidence and 

severity of scapular notching in modern RSA. 

2.4.4 Neurologic injury 

Neurologic injury is a recognized complication of shoulder arthroplasty—both anatomic and 

reverse—with a reported incidence between 1% and 4 %179,180. These injuries most commonly 

involve traction to the brachial plexus during surgical manipulation, particularly during 

exposure and reduction maneuvers180. Evidence suggests that neurologic complications occur 

more frequently after reverse shoulder arthroplasty than after anatomic total shoulder 

arthroplasty. This increased risk is likely related to the greater degree of humeral distalization 

required in RSA and the more demanding glenoid exposure, both of which may place additional 

tension on neural structures181. Although many nerve injuries are transient, they can 

significantly affect early postoperative recovery and functional outcomes. 

2.4.5 Scapular fractures 

Scapular fractures represent another complication specific to reverse shoulder arthroplasty, 

with an incidence ranging from 0.8% to 7.2%164. Several mechanisms have been implicated. 

Excessive deltoid tensioning can increase stress on the acromion and scapular spine172, while 

improper placement of the superior baseplate screw—particularly when directed toward the 

base of the scapular spine—may predispose to fracture182. Additionally, osteoporotic bone may 

be unable to tolerate the altered load distribution imposed by the prosthetic components, 

further increasing susceptibility183. Clinically, acromial insufficiency fractures or displacement of 

an os acromiale typically present with pain and reduced shoulder motion 171,172,184. Scapular 

spine fractures, in particular, may lead to significant functional impairment and often require 

open reduction and internal fixation to restore stability169. Postoperative scapular fractures are 

associated with poorer clinical outcomes and a higher likelihood of revision surgery, 

underscoring the importance of careful surgical technique, appropriate implant positioning, 

and attention to bone quality in minimizing this complication164.   
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CHAPTER 3 – Emerging technologies in shoulder arthroplasty 

Reverse shoulder arthroplasty has transformed the management of shoulder pathology over 

the past decades, enabling the treatment of conditions that were once considered irreparable—

such as cuff tear arthropathy, severe glenoid deformities, and complex revision cases. Despite 

these advances, the long-term success of RSA remains closely tied to the management of the 

glenoid side, which continues to represent the principal limiting factor for implant stability, 

survivorship, and functional outcomes32,185,186. The substantial anatomical variability of the 

glenoid, combined with the frequent presence of bone loss and abnormalities in 

three-dimensional orientation, has exposed the limitations of traditional approaches based on 

two-dimensional imaging, intraoperative anatomical landmarks, and surgeon experience alone. 

These conventional methods may be insufficient in complex cases, where even small deviations 

in implant positioning can significantly affect biomechanics and fixation quality6,187,188. 

In response to these challenges, recent years have seen the emergence and rapid dissemination 

of new technologies designed to enhance understanding of patient-specific anatomy, improve 

the accuracy of implant placement, and increase the predictability of clinical outcomes30,189. 

These innovations can be broadly grouped into two categories: 

- Computer-assisted technologies, which rely on deterministic models and structured 

decision-support systems for surgical planning and execution. This group includes 

CT-based 3D planning, patient-specific instrumentation (PSI), and intraoperative 

navigation. 

- Artificial intelligence (AI)–based systems, which introduce a data-driven paradigm 

capable of identifying patterns, predicting outcomes, and supporting clinical 

decision-making through the analysis of large datasets. 

This chapter provides a systematic overview of these emerging technologies, examining their 

rationale, potential advantages, limitations, and future perspectives in the context of shoulder 

arthroplasty. 
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3.1 Computer-assisted technologies in reverse shoulder arthroplasty 

Over the past two decades, computer-assisted orthopaedic surgery (CAOS) has progressively 

reshaped preoperative planning and intraoperative execution in arthroplasty. These 

technologies offer improved accuracy, reproducibility, and customization compared with 

conventional techniques. Initially developed for neurosurgery and spine surgery, CAOS gained 

widespread adoption in hip and knee arthroplasty190 before expanding into shoulder surgery, 

where the complex anatomy and biomechanics make digital support particularly valuable191,192. 

In its broadest sense, CAOS encompasses a heterogeneous group of systems that differ in their 

degree of autonomy and in the way they interact with the patient during surgery. Passive 

systems do not perform surgical actions themselves; instead, they assist the surgeon by 

enhancing preoperative planning, enabling virtual simulation, and providing intraoperative 

guidance. Semi-active systems introduce a limited degree of mechanical assistance, although 

the surgeon remains in full control of the operative steps. Active systems represent the most 

advanced category, as they are capable of autonomously executing preprogrammed surgical 

actions, thereby reducing—or even eliminating—the need for manual intervention during 

specific phases of the procedure. Despite these differences, all CAOS platforms share several 

fundamental principles. Each system relies on the definition of a “therapeutic object,” which 

corresponds to the patient’s anatomy; a “virtual object,” which represents the surgical plan; 

and a “navigator,” the hardware–software interface that links the real and virtual environments. 

This connection is established through a sequence of phases—set-up, registration, planning, 

and execution—that allow the surgeon to translate a virtual plan into a precise intraoperative 

action191,192.  

It is important to distinguish these technologies from artificial intelligence. Computer-assisted 

surgery relies on static, rule-based models that generate outputs directly from predefined 

geometric relationships. In contrast, AI and machine learning systems incorporate automated 

learning processes, enabling them to infer patterns from data and generate predictions based 

on prior examples. Without such learning capabilities, CAOS cannot be considered a form of 

artificial intelligence in the strict sense190,191. 

In shoulder arthroplasty, CAOS should therefore be viewed as a decision-support and 

execution-support tool. Its primary goals are to enhance understanding of patient-specific 

anatomy, improve the precision of implant placement, and optimize glenoid fixation—while 
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preserving the surgeon’s central role in clinical decision-making. Within this domain fall 

CT-based 3D preoperative planning, patient-specific instrumentation, intraoperative 

navigation, and, in selected applications, augmented reality. 

3.1.1 Preoperative planning 

A thorough assessment of glenoid morphology—particularly glenoid version and inclination—is 

fundamental for selecting an appropriate therapeutic strategy. Osseous remodelling is present 

in approximately 40% of patients with cuff tear arthropathy193,194, and in these cases 

posterosuperior glenoid erosion is frequently observed as a consequence of progressive 

superior migration of the humeral head193,195. Favard proposed a classification system 

describing glenoid erosion patterns based on the location and extent of bone loss on the 

superior and inferior aspects of the glenoid38. Historically, glenoid morphology was evaluated 

using plain radiographs and two-dimensional computed tomography (CT) scans. One of the 

earliest standardized methods was described by Friedman, who assessed glenoid version on an 

axial CT slice just inferior to the coracoid process. The technique involves drawing a line 

through the centre of the glenoid and the medial border of the scapula (the Friedman line), a 

perpendicular neutral version line, and a line connecting the anterior and posterior glenoid 

rims. The angle between the Friedman line and the glenoid rim line represents the glenoid 

version. Retroversion or anteversion is determined by the position of the glenoid rims relative to 

the neutral version line: a posterior rim located medially indicates retroversion (negative angle), 

whereas a medially positioned anterior rim indicates anteversion (positive angle). Normal 

retroversion typically ranges from 0° to 8°196. Although widely adopted, the Friedman method 

has proven insufficient for a comprehensive evaluation of scapular morphology. Over time, 

three-dimensional reconstructions of tomographic images have been introduced, enabling a 

more accurate assessment of scapular and glenoid morphology, thereby overcoming the 

inherent limitations of two-dimensional imaging. The introduction of three-dimensional CT 

reconstructions has significantly improved the accuracy of glenoid and scapular assessment, 

overcoming many limitations of two-dimensional imaging. Three-dimensional CT has become a 

key tool in the evaluation of glenohumeral osteoarthritis189,197–199, allowing detailed 

characterization of glenoid deformities and improving the reliability of morphologic 

classifications such as the Walch system200. This enhanced precision aids in identifying complex 

variants, including B3 and D types201. Three-dimensional reconstructions also correct 

distortions caused by patient positioning within the scanner, enabling more reliable 
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measurements of retroversion and humeral head subluxation201. By providing a detailed 

understanding of glenoid geometry—including version, inclination, and the degree of wear—3D 

CT plays a central role in anticipating technical challenges and optimizing surgical planning. 

The overarching goal of preoperative planning is to correct posterior glenoid bone loss and 

pathological retroversion to restore the native joint line. Modern CT-based 3D planning 

software allows surgeons to evaluate multiplanar deformities and to select the most 

appropriate implant type, baseplate design, and optimal positioning on the native glenoid. 

These platforms also support planning of deformity correction through reaming, bone grafting, 

or the use of augmented baseplates, while minimizing the risk of excessive medialization of the 

glenoid component189,202–205. Augmented baseplates were specifically developed to address 

glenoid bone loss without relying solely on eccentric reaming or bone grafting, thereby 

preserving bone stock and improving the biomechanical environment for fixation198.  

3.1.2 Patient-specific instrumentation (PSI) 

Patient-specific instrumentation was originally developed for total knee arthroplasty and has 

subsequently been successfully adapted to shoulder arthroplasty. PSI relies on CT-based 

preoperative planning to design customized surgical guides that match the patient’s anatomy, 

thereby assisting the surgeon in achieving accurate glenoid component placement. By 

translating the virtual plan into a physical guide, PSI has the potential to improve the precision 

of implant positioning during surgery. Recent advances in 3D planning platforms and additive 

manufacturing have enabled the production of sterile PSI guides and three-dimensional glenoid 

models for intraoperative use. These developments have facilitated the integration of PSI into 

routine clinical practice, improving the accuracy of measurements and execution compared 

with conventional instrumentation206. Emerging evidence suggests that PSI may also reduce 

variability between experienced and less-experienced surgeons, potentially contributing to 

more standardized outcomes in reverse shoulder arthroplasty207.  

3.1.3 Intraoperative navigation 

Although RSA provides excellent clinical outcomes, complication rates remain substantial, 

ranging from 19% to 68%208. Among these complications, failure of the glenoid component is 

particularly significant. Inaccurate baseplate positioning is strongly associated with 

postoperative instability, increased mechanical stress at the bone–implant interface, early 
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loosening, and inferior functional outcomes209. The stability of the glenoid baseplate depends 

primarily on fixation of the central post or peg, with the number and configuration of screws 

varying according to implant design. The introduction of locking screws has markedly reduced 

component failure rates, but optimal screw placement remains essential to maximize screw 

length, achieve cortical purchase, and secure fixation in regions of optimal bone density23. 

Consequently, precise positioning and stable fixation of the baseplate are critical determinants 

of implant longevity and postoperative function198,210. Achieving accurate alignment and fixation 

can be technically demanding due to limited exposure, anatomical variability, and deformities 

caused by chronic pathology. Intraoperative navigation addresses these challenges by enabling 

real-time reproduction of the preoperative plan. Navigation systems guide the surgeon during 

glenoid preparation and implant placement, allowing adjustments in baseplate inclination, 

version, medialization, and screw trajectories. This technology enhances the precision of 

glenoid component positioning and helps maximize screw length while preserving bone 

stock198,199,211,212. Real-time guidance is particularly valuable for the inferior screw, because it lies 

close to the load-transfer region of the humeral component that contributes to baseplate 

stability175,198.  

3.1.4 Augmented reality 

The concept of the metaverse encompasses a virtual environment that merges physical and 

digital realities, enabling interaction through technologies such as augmented reality, virtual 

reality, and artificial intelligence. In augmented reality, digital information is superimposed 

onto the physical world, enhancing the user’s perception and interaction with the 

environment213. Augmented reality has been applied across multiple surgical specialties with 

the goal of improving intraoperative performance. In shoulder arthroplasty, AR—often 

integrated with navigation systems—has been proposed as a tool to enhance the accuracy of 

glenoid component placement and potentially improve functional outcomes. By generating a 

three-dimensional virtual model of the patient’s glenoid that can be visualized preoperatively 

and intraoperatively through smart glasses, AR allows surgeons to access relevant anatomical 

and planning information directly within their field of view. Additional data can be incorporated 

into the model as needed, provided it has been uploaded to the device beforehand214. Early 

studies indicate that AR may improve the accuracy of glenoid positioning, particularly with 

respect to inclination215.  
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In its basic form, augmented reality functions as an extension of computer-assisted surgery. 

However, more advanced systems incorporate computer-vision algorithms and automated 

segmentation, which may rely on artificial intelligence techniques. These hybrid platforms 

represent a promising evolution toward increasingly intelligent and adaptive surgical guidance 

systems214.  

3.2 Artificial intelligence and machine learning 

Artificial intelligence (AI) is broadly defined as the branch of computer science dedicated to 

developing systems capable of performing tasks that typically require human intelligence, 

including reasoning, complex pattern recognition, and decision-making216,217. Within this 

broader ecosystem, machine learning (ML) represents the most clinically relevant subset. ML 

focuses on algorithms that learn autonomously from data, progressively improving their 

performance without being explicitly programmed for a specific target variable218–221. Whereas 

traditional computing relies on deterministic “if–then” logic, ML adopts an inductive, 

data-driven paradigm. By processing large datasets (Big Data)—which in shoulder arthroplasty 

may include demographic information, three-dimensional radiographic measurements, and 

longitudinal clinical outcomes—ML systems can identify nonlinear relationships that 

conventional statistical approaches may fail to detect222,223. In orthopaedics, this shift is 

redefining technological support by moving from purely technical assistance toward true 

personalization of treatment. One of the earliest and most consolidated applications concerns 

the optimization of preoperative imaging. Deep learning algorithms—an advanced ML approach 

based on neural networks—can perform automated segmentation of CT scans, producing 

accurate 3D reconstructions and rapidly identifying anatomical landmarks while reducing 

human error and planning time224,225. However, the most transformative contribution of AI lies in 

its ability to support predictive and precision surgery. ML models trained on large clinical 

datasets can estimate patient-specific postoperative outcomes, including expected 

improvements in range of motion or functional scores such as ASES and Constant 217,226–229.  

3.2.1 Systems for predicting clinical outcomes 

One of the most prominent ML-based decision-support tools in shoulder arthroplasty is 

Predict+ (Advita Ortho, Gainesville, Florida, USA). According to published descriptions, Predict+ 

is a machine-learning predictive analytics platform trained on a dataset of more than 6,500 
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patients. Using a streamlined set of 19 preoperative variables, it generates personalized 

forecasts of postoperative outcomes at multiple time points, ranging from 3 months to 7 years. 

Its primary purpose is to support shared decision-making and to help align patient expectations 

by providing individualized predictions for pain and functional recovery after anatomic or 

reverse total shoulder arthroplasty. The system requires input of 19 variables, including 

demographic characteristics, diagnosis and comorbidities, patient-reported pain and function, 

and range-of-motion measurements across multiple planes (e.g., forward elevation, abduction, 

external rotation, internal rotation). Optionally, widely used clinical scores such as the ASES230 

and Constant–Murley scores may also be incorporated231. Despite their potential, predictive 

models are highly dependent on the quality, completeness, and representativeness of the 

datasets on which they are trained. Unbalanced datasets or under-representation of specific 

patient groups can introduce systematic bias and limit the generalizability of predictions across 

different clinical settings222. Even when trained on large real-world cohorts, the geographic 

origin of the data and the healthcare practices from which they derive may introduce biases 

that limit applicability to populations with different demographic, socioeconomic, or clinical 

characteristics. Another important limitation is the “black box” phenomenon, characteristic of 

many advanced ML algorithms—particularly deep neural networks—in which the internal 

decision-making process is not interpretable by humans. When the contribution of individual 

variables to a prediction cannot be clearly understood, surgeons may find it difficult to critically 

evaluate the output and integrate it appropriately into clinical decision-making—an especially 

relevant concern in arthroplasty, where decisions have long-term biomechanical 

consequences190,232. When models do not provide clear explanations of how individual variables 

contribute to predictions, surgeons may find it difficult to critically appraise outputs and 

integrate them appropriately into decision-making—an especially relevant issue in arthroplasty, 

where decisions have long-term functional and biomechanical implications. Moreover, current 

outcome-prediction systems do not yet fully incorporate difficult-to-quantify variables such as 

soft-tissue quality, patient adherence to rehabilitation, individual expectations, and 

psychosocial factors, all of which can meaningfully influence postoperative outcomes. 

Accordingly, AI-generated predictions should be interpreted as probabilistic estimates: AI 

should not be considered a substitute for clinical judgment, but rather a complementary tool 

supporting the surgeon’s decision-making process.  
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CHAPTER 4 – Rationale and aims 

The present thesis adopts a modular structure in which each chapter addresses a specific 

component of the decision-making and surgical pathway in reverse shoulder arthroplasty. To 

avoid redundancy, the shared theoretical background is presented here as a general rationale, 

while the subsequent chapters separately describe the materials and methods, results, and 

discussion pertaining to each research objective. 

4.1 General rationale 

Glenohumeral osteoarthritis associated with a massive rotator cuff tear, in patients considered 

for reverse shoulder arthroplasty, represents a particularly complex scenario in orthopaedic 

surgery. This complexity arises from the coexistence of glenoid deformities, reduced bone 

stock, and alterations in the three-dimensional orientation of the scapula. The long-term 

survivorship and functional performance of the prosthesis depend largely on optimal 

management of the glenoid side, especially regarding baseplate positioning and the quality of 

fixation. Errors in version and inclination, excessive medialization, and insufficient screw 

fixation have been consistently associated with instability, early loosening, and inferior clinical 

outcomes32,185,233. Traditional techniques based on two-dimensional imaging and intraoperative 

anatomical landmarks present intrinsic limitations. They do not allow accurate representation 

of multiplanar glenoid deformities, are strongly operator-dependent, and exhibit substantial 

interobserver variability, particularly in complex cases188,234–236. In response to these challenges, 

computer-assisted technologies—particularly three-dimensional CT-based preoperative 

planning and intraoperative navigation—have been introduced to reduce variability, improve 

the accuracy of glenoid component positioning, and optimize implant fixation187,191,237. 

Three-dimensional CT planning allows a detailed evaluation of glenoid morphology, including 

version, inclination, the extent and location of bone loss, and the humeral head–glenoid 

relationship. This enables simulation of different strategies for managing bone loss—such as 

reaming, bony or metallic augments, or structural grafting—and facilitates selection of the most 

appropriate implant for each case196,238. This should lead to a more accurate understanding of 

bony defects and a more rational use of augmented baseplates, a more precise definition of 

glenoid coverage, offset, and component orientation, and a better prediction of intraoperative 

technical challenges. 
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CT-based intraoperative navigation completes this process by transferring the preoperative 

plan into the operating room in real time. Through a spatial tracking system, the surgeon 

receives immediate feedback on changes in baseplate position—such as version, inclination, 

and medialization—as well as on screw trajectories. This facilitates a more faithful replication of 

the preoperative plan, maximizes screw length while preserving bone stock, and reduces the 

risk of suboptimal positioning, particularly in deformed glenoids207,214,215.  

Parallel to these developments, the introduction of machine learning–based outcome 

prediction systems has opened the way to a more predictive and personalized surgical 

approach. These tools aim to improve preoperative decision-making and patient expectation 

management219,221,222,239. 

Among these systems, Predict+ (Advita Ortho, Gainesville, Florida, USA) represents a notable 

example of an ML-based tool applied to shoulder arthroplasty. Despite encouraging preliminary 

evidences198,211,212, several important questions remain unresolved. These include the reliability 

of preoperative planning, the true accuracy of outcome prediction systems, the real-world 

impact of computer-assisted technologies in daily clinical practice, and their actual translation 

into improved clinical outcomes. In light of these considerations, the present thesis aims to 

provide a systematic and integrated assessment of emerging technologies in reverse shoulder 

arthroplasty through a series of complementary studies that investigate the entire surgical 

pathway—from preoperative planning to outcome prediction, surgical execution, and 

postoperative clinical evaluation. 

4.2 Specific aims 

The present work aims to evaluate the role and clinical impact of new technologies—

preoperative planning, intraoperative navigation, and outcome prediction systems—in reverse 

shoulder arthroplasty. Specifically, the objectives are: 

- To evaluate interobserver agreement in preoperative planning for glenohumeral 

osteoarthritis cases considered for reverse shoulder arthroplasty, with analysis of 

implant selection and defect-correction strategies. 
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- To analyse the accuracy and consistency of outcome-prediction systems by 

comparing preoperative predictions with observed clinical and functional results at 

follow-up. 

- To assess the impact of combining preoperative planning with intraoperative 

navigation on surgical execution—particularly baseplate selection, orientation, and 

screw length—in a consecutive series of procedures performed by a single surgeon. 

- To evaluate short-term clinical and functional outcomes in patients undergoing 

reverse shoulder arthroplasty using either the conventional technique or intraoperative 

technological support. 
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CHAPTER 5 – Technological platform and workflow 

5.1 Imaging acquisition protocol 

5.1.1 Acquisition timing 

The preoperative CT scan should be obtained within 6 months prior to surgery to minimise the 

risk of anatomical changes occurring between image acquisition and the surgical procedure. CT 

imaging provides superior visualisation of glenoid morphology and potential bony defects 

compared with conventional radiographs.  

5.1.2 Patient preparation 

For image acquisition, the patient is positioned supine on the CT table with the head directed 

towards the gantry. The limb to be examined is placed adducted alongside the body, with the 

arm maintained in neutral humeral rotation. Intravenous contrast must not be used, as it may 

hamper visualization of the bony anatomy. The patient must remain completely still 

throughout the examination to avoid motion artefacts. 

5.1.3 CT scanner settings 

Images must be acquired as axial slices without gantry tilt (i.e., no rotation), using standard 

“CT” mode with Hounsfield Unit encoding. A peak kilovoltage of at least 120 kVp is 

recommended, together with a tube current of 240 mA or higher, and a pitch value ≤ 1. A “bone” 

reconstruction kernel should be selected, ideally with high-definition acquisition settings when 

available; specific recommended parameters may vary depending on the manufacturer. Slice 

thickness (collimation/detector width) and slice spacing (slice increment or reconstruction 

interval) must be ≤ 1.25 mm. Both parameters must remain equal and constant throughout the 

entire examination, with no overlap between slices. The minimum allowable spacing is 0.3 mm, 

the maximum is 1.25 mm, and the recommended value is 0.625 mm. With 1.25 mm spacing, the 

cumulative error—arising from the model, camera, acquisition device, and intraoperative 

tools—can be maintained below 2% / 2 mm (manufacturer data). A spacing of 0.625 mm may 

further improve accuracy by reducing model-related error, although this comes at the cost of 

increased radiation exposure. Square pixels must be used consistently across all images. 

Regarding spatial resolution, the display field of view (DFOV) must encompass the entire 

scapula of the examined shoulder, including the medial border and the inferior tip. Bilateral 
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acquisition should be performed separately to avoid unnecessarily enlarging the DFOV and 

increasing radiation dose. The DFOV should typically measure 25–30 cm (10–12 inches for a 

512×512 matrix). The minimum acceptable image resolution is 0.3×0.3 mm/pixel (512 pixels 

representing at least 15 cm/6”), whereas the maximum is 1.0×1.0 mm/pixel (512 pixels 

representing no more than 50 cm/20”). If metallic components are present within the DFOV, all 

available measures should be applied to minimise metal artefacts while maintaining a low 

radiation dose. Recommended metal artefact reduction (MAR) settings include single-energy CT 

acquisition at 140 kVp and 330 mA, supplemented by any manufacturer-specific MAR 

algorithms. All parameters are summarised in Table 5.1. 

Axial format No rotation 

 

Gantry tilt 

0° 

 

Image orientation 

1 0 0 0 1 0 

Modality CT  Hounsfield encoding 

Recommended setting Peak kilovoltage 

Milliamperage 

Pitch 

 120kVp or higher 

240 mA or higher  

<1 

Reconstruction kernel Bone HD  

Acquisition if 

available 

 Built-in filter General Electrics: 

BONE  

Toshiba: FC30 

Siemens: B41 

Philips: L 

Slice thickness 

(collimator/detector 

width) 

< 1.25 mm Equal and 

constant 

No 

overlap 

Min distance 0.3 mm Max distance 

1.25 mm 

 

Slice spacing (slice 

increment or 

reconstruction interval) 

  Recommended distance 0.625 mm 

Pixels square Constant for all 

images 

  

DFOV Tde entire indicated scapula (including medial border and distal tip) 

Bilateral acquisition to be acquired independently 

25-30 cm (10-12 in) 

Matrix size 512 x 512 pixel 

Min resolution 0.3 x 0.3 

mm/pixel 

 

 512 pixels >15 cm/6 in 

Max resolution 1.0 x 1.0 mm/pixel 

512 pixels <50 cm/20 in 

MAR (only if metal 

hardware is present in the 

DFOV) 

single energy CT 

Peak kilovoltage 

Milliamperage 

140 kVp 

330 mA 

Do not use auto-mA nor dose 

reduction protocol 

Available built-in algorithms are 

to be applied 

General Electrics: SmartMAR 

Siemens: iMAR Toshiba: SEMAR 

Philips: O-MAR 

Table 5.1. Settings for CT-Scan acquisition protocol to be used with Shoulder Planning App for pre-
operative planning and intraoperative navigation198. CT: computed tomography; HD: high 
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definition; DFOV: display field over view; MAR: Metal Artifact Reduction; iMAR: iterative MAR; 

SEMAR: single-energy MAR; O-MAR: MAR for orthopedic implants. 

5.1.4 Image format 

Images must be exported as uncompressed, non‑encrypted DICOM files. The exported raw 

dataset must contain only the axial series, with files named in strict sequential numerical order, 

without gaps or duplicate filenames. No additional series—such as sagittal or coronal 

reconstructions—or scout images should be included. In most cases, the exported series 

comprises approximately 200 to 450 images. The tags and values listed in Table 5.2 must be 

present in the exported files to ensure compatibility with planning and navigation applications 

(Advita Guided Personalized Surgery software; AdvitaGPSTM, BlueOrtho, Gières, France). The 

examination may be rejected if image quality is compromised, for example due to patient 

motion during acquisition, metal artefacts, poor overall image quality, or missing data or tags. 

DICOM Tag Name Accepted values 

(0002,0010) Transfer syntax 1.2.840.10008.1.2 
(Implicit VR Endian) 

1.2.840.10008.1.2.1 

(Explicit VR Little Endian) 

1.2.840.10008.1.2.2 
(Explicit VR Big Endian) 

(0020,0037) Image orientation 

patient 

1/0/0/0/1/0 

VR: value representation 

Table 5.2. Tags and Included values to be present in the exported files198. 

 

5.2 Preoperative planning software 

5.2.1 Case creation 

Once acquired, the CT study is uploaded to the online planning platform. The user must then 

select the DICOM image series to be used for reconstruction. The software automatically scans 

all subfolders and proposes suitable series—specifically axial series—while excluding others. 

After the series is selected, a scan preview is displayed. The operator must confirm that the 

entire scapula is included within the field of view and specify the operative side (right or left). 

The full study may also be reviewed in axial, sagittal, and coronal planes. 
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At this stage, the system requires entry of case information (patient ID and scheduled surgery 

date) and automatically anonymises the images. For intraoperative navigation, the CT study 

must undergo manual segmentation by an engineering team, followed by surgeon validation, 

after which the processed dataset is transferred to a USB device for intraoperative use. This step 

requires 24–48 hours. However, once the case has been created, the reconstruction and 

planning process can begin immediately. 

The first step involves identifying the scapular centre and the trigonum on axial slices (Figure 

5.1). The Friedman axis can then be adjusted on two‑dimensional axial and coronal views, with 

a three‑dimensional view available for verification (Figure 5.2). The user is subsequently asked 

to identify peripheral glenoid landmarks, including the superior and inferior poles and the 

anterior and posterior margins (Figure 5.3). The 3D reconstruction can then be refined by 

removing bone segments erroneously included in the model but not belonging to the scapula 

(for example, portions of the clavicle). 

Figure 5.1. Identification of the scapular centre 

and the trigonum on TC axial slices. 

Figure 5.2. Adjustement of the Friedman axis. 

Figure 5.3. Location of glenoid landmarks: superior and inferior poles, anterior and posterior 

margins. 
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At this point, the system generates a three‑dimensional scapular model and allows the user to 

validate reconstruction accuracy. Areas of uncertain accuracy are highlighted in orange or red 

on the 3D model. These may arise from low bone density, cysts, or humeral head impaction, 

which can make it difficult to distinguish the humeral articular surface from the glenoid. 

Markedly altered or complex anatomy may also lead to reconstruction errors at this stage.  

5.2.2 Planning 

Implant planning can be performed at this stage even before the manual segmentation carried 

out by the engineering team is completed. Planning may be undertaken separately for the 

glenoid component and the humeral component, and the joint can subsequently be assessed 

globally by combining the two plans. Throughout the planning process, the software allows 

measurement of both linear distances and angular parameters. 

5.2.2.1 Scapula  

The Shoulder Planning App displays the native scapular anatomy, including version, inclination, 

and overall dimensions (height and width). This enables the surgeon to appreciate the 

patient-specific morphology and the complexity of pathological alterations relative to a normal 

glenoid. The surgeon first selects the implant type (anatomic or reverse) and then chooses 

among the available components. In reverse shoulder arthroplasty, different baseplate 

options—standard, augmented, or long-peg—may be selected, and their position on the glenoid 

articular surface can be adjusted. It should be noted that the implant is automatically centred 

on the Friedman axis. The software provides both colour-coded and numerical feedback on the 

percentage of contact between the bony glenoid and the baseplate (grey indicating no contact; 

green indicating contact <0.5 mm; dark green indicating reaming >2 mm). The desired bone–

implant contact is >75–80% to maximise long-term osteointegration, although biomechanical 

studies suggest that 50% coverage may maintain micromotion levels comparable to those 

observed with 75–100% contact240. The software also reports baseplate position (version, 

height, anteroposterior translation) and the medialisation or lateralisation of the centre of 

rotation relative to the native centre of rotation and to bony landmarks relevant in RSA. It is 

essential to rotate the virtual 3D scapular model in all planes and axes to verify baseplate 

positioning, particularly with respect to the central peg. Primary stability is enhanced, and the 

risk of intraoperative fracture reduced, when the peg is fully contained within bone without 

perforation or cortical contact at the scapular neck. A 2D verification is also recommended 
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(Figure 5.4). During baseplate placement, the surgeon can assess the amount of bone that must 

be removed from the articular surface and determine the inclination and version that best 

maximise baseplate-to-bone contact. Finally, the glenosphere can be selected according to size 

and degree of lateralisation (standard or expanded). 

  

5.2.2.2 Humerus 

Planning of the humeral component offers several options. The humeral cut may be defined in 

terms of resection level, retroversion, and cut inclination. The surgeon must then select the 

stem type (standard or long in the case of reverse shoulder arthroplasty) and the remaining 

components, including the adapter tray and polyethylene insert (standard or constrained). As in 

the scapular planning stage, the resection level and its parameters, as well as the implant 

components, may be adjusted as required. 

5.2.2.3 Joint 

Before globally assessing the joint with the selected implant and determining the degrees at 

which impingement occurs, the patient’s neutral abduction must be set. Because neutral 

abduction is influenced by patient BMI, this parameter must be considered at this stage. The 

subsequent screen displays impingement ranges, which may be affected by the presence of 

osteophytes, and allows dynamic evaluation of the construct. Prosthetic components may be 

modified to assess their effect on range of motion. The system also provides measurements of 

Figure 5.4. Surgeon can choose dimension and type of baseplate, and where to position it. The 

software gives coloured and numeric feedback of the percentage of contact between bone and 

metal. A 2D check is recommended. 
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lateralisation and lengthening relative to the initial anatomical position, which vary according 

to implant selection. 

5.3 Intraoperative navigation system 

The preoperative plan is uploaded into the intraoperative application and patient data are 

verified. The navigation system hardware consists of a platform with a touchscreen monitor 

positioned in a sterile field at the patient’s feet, together with surgical instruments equipped 

with optical trackers. The optical trackers are first registered and calibrated on the computer, 

after which the surgical incision is performed. 

A deltopectoral approach is mandatory because a tracker must be placed on the coracoid, 

requiring exposure of the coracoid process. To ensure adequate exposure and minimise 

soft-tissue tension throughout the procedure, the incision should begin approximately 1–1.5 cm 

proximal to the coracoid tip. Following skin incision and subscapularis tenotomy, the humeral 

side is prepared using conventional instrumentation. Once the coracoid tip has been 

adequately prepared, the fixed scapular tracker is secured with two threaded screws to the 

inferolateral surface at the base of the coracoid process, ensuring that the tracker post is 

oriented towards the camera. Care must be taken not to loosen or displace the tracker during 

the procedure, as it serves as the reference for the entire operation. The glenoid is then 

exposed, with careful soft-tissue removal as required. Using tracked handheld instruments, 

guided acquisition of the main anatomical landmarks is performed: the anterior and posterior 

surfaces and base of the coracoid process; the superior, inferior, anterior, and posterior margins 

of the glenoid surface; lines along the anterior, inferior, and posterior glenoid rim; and lines 

along the anterior and inferior glenoid neck. This process enables verification and 

superimposition of the 3D model onto the patient’s actual anatomy. Correspondence between 

the registered points and the CT-based anatomy is displayed through colour feedback: green 

indicates perfect correspondence, yellow indicates acceptable matching, and red indicates 

unacceptable registration (Figure 5.5). If necessary, acquisitions may be repeated fully or 

partially.  
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Once the matching procedure is completed, the preoperative plan is displayed on the platform 

screen. Each subsequent step—centring, reaming, creation of the central peg hole, and 

preparation for screw placement—is performed under navigated guidance using tracked 

instruments, with real-time feedback on the touchscreen monitor (Figure 5.6 and 5.7). 

 

Figure 5.5. The acquisition process. After positioning the tracker on the coracoid process, (A) the 
surgeon identifies the main anatomical landmarks on both the coracoid process (anterior and 

posterior surfaces and base) and (B) the glenoid surface (superior, inferior, anterior, and posterior 
margins of the glenoid surface; lines along the anterior, inferior, and posterior glenoid rim; and 

lines along the anterior and inferior glenoid neck). (C) At the end of the procedure correspondence 
between the registered points and the CT-based anatomy is displayed through colour feedback. 

Figure 5.6. Intraoperative navigation. (A) Pilot hole and (B) Glenoid reaming.  

B A 

C 

A A 

A A B 
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Figure 5.7. Intraoperative navigation. (A) Creation of central peg hole, (B) baseplate positioning 
and (C) preparation for screws placement. 

After the central peg hole is created and the baseplate is positioned, its placement is checked 

against the plan. Screw length is determined using a colour code displayed both on the drill tip 

and on the touchscreen monitor. Once screw placement is completed, intraoperative 

navigation concludes with removal of the coracoid tracker. The procedure then continues 

conventionally with placement of the glenosphere (impacted and secured onto the baseplate), 

definitive humeral implantation, and subscapularis repair. Fixation of the humeral stem may be 

C C C C 

A 

B 

C 
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achieved either with bone cement or by press-fit fixation; the choice depends on bone quality 

and morphology and is independent of whether intraoperative navigation is used. 

5.4 Predict + 

The Predict+ system employs machine-learning methods to identify relationships that would 

otherwise be difficult to detect between input variables—such as patient demographic 

characteristics and comorbidities—and output variables, including postoperative pain or range 

of motion. It is defined as a data-driven outcome-prediction system that uses preoperative 

information to estimate postoperative results in patients undergoing anatomic or reverse total 

shoulder arthroplasty. This predictive analytics platform was introduced into clinical practice in 

2020. 

Predict+ was trained on a database of more than 6,500 patients; two thirds of the dataset were 

used to construct the predictive model, and the remaining third was used for model 

validation226,241. 19 inputs with the strongest influence on postoperative outcomes were selected 

for model optimisation from the 291 variables recorded for each patient. The system provides 

predictions—ranging from 3 months to 7 years after surgery—for the visual analogue scale (VAS) 

for pain, range of motion, global shoulder function, and the Shoulder Arthroplasty Smart Score 

(SAS). The SAS is a multidomain assessment of shoulder function incorporating three objective 

range-of-motion measurements (active forward elevation, active internal rotation, active 

external rotation) and three subjective daily measures of pain and functional capacity. 
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CHAPTER 6 – Interobserver reliability of preoperative 

planning 

Despite the growing adoption of reverse shoulder arthroplasty and the introduction of 

advanced three-dimensional planning systems, no universal consensus or shared gold standard 

currently exists regarding optimal criteria for preoperative planning. Homogeneous guidelines 

defining indications for baseplate selection, its inclination and version, and strategies for 

correcting glenoid defects are lacking. Planning therefore remains strongly dependent on the 

surgeon’s experience and individual preferences. On this basis, the present multicentre study 

was designed to assess interobserver variability in RSA preoperative planning, specifically 

analysing the consistency of implant selection and defect-correction strategies among expert 

surgeons, with the aim of identifying common decision-making patterns that could also support 

less experienced clinicians. 

6.1 Materials and methods 

6.1.1 Study design and population 

A multicentre cross-sectional observational study was conducted involving nine Italian 

orthopaedic surgeons from different specialist centres, each with documented experience in 

shoulder arthroplasty (>50 RSA procedures per year). Each surgeon independently performed 

preoperative planning for 81 RSA cases using a dedicated software version, starting from 

identical three-dimensional reconstructions generated by the AdvitaGPSTM software (BlueOrtho, 

Gières, France) and validated by the biomedical engineering team as described in Chapter 5.2. 

These reconstructions served as the “gold standard planning”, ensuring identical initial 

anatomical inputs for all participants. 

The 81 cases represented a spectrum of glenoid deformities, subdivided as follows: 

- 15 with a predominantly inclination defect. 

- 17 with a predominantly retroversion defect. 

- 15 with a significant combined defect (inclination and retroversion). 

- 15 with a dimensionally small glenoid. 

- 19 with a central defect (Walch E1-type glenoid). 
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All data were derived from anonymised preoperative digital archives of real clinical cases, and 

the data could not be used to re-identify any patient. 

6.1.2 Planning protocol 

Starting from the “gold standard” reconstructions, each surgeon could either accept or freely 

modify the software-proposed plan, adjusting anatomical parameters (including the Friedman 

axis) according to their own surgical strategy. Each participant was required to complete full 

preoperative planning for all 81 cases, working independently and without access to the plans 

generated by other surgeons. The variables analysed included: whether the anatomical 

parameters provided were modified; planned prosthetic parameters (baseplate version, 

inclination, and rotation expressed in degrees; contact depth expressed in millimetres); degree 

of defect correction (i.e., the difference between native inclination/version and the planned 

baseplate values); type of baseplate selected (standard, superior augment, posterior augment, 

long peg); type of glenosphere (standard or expanded); and glenosphere diameter (36, 38, 42, or 

46 mm). Final plans were exported and stored in a centralised anonymised database for 

statistical analysis, while still allowing identification of the surgeon who performed each plan. 

6.1.3 Statistical analysis 

Data processing was performed using IBM SPSS Statistics for Windows, version 30 (IBM Corp., 

Armonk, NY, USA). For continuous variables (inclination, version, contact depth, rotation), 

interobserver reproducibility was assessed using the Intraclass Correlation Coefficient (ICC 2,1), 

interpreted as follows: <0.50 poor agreement; 0.50–0.75 moderate agreement; 0.75–0.90 good 

agreement; >0.90 excellent agreement. Differences among surgeons were analysed using 

repeated-measures ANOVA after verifying normality with the Shapiro–Wilk test or using the 

Friedman test when normality assumptions were not met. Categorical variables (baseplate 

type; glenosphere type and diameter) were analysed using frequencies and percentage 

agreement, and Fleiss’ kappa (κ) to measure agreement among multiple observers. 

Interpretation followed the Landis and Koch scale (<0.00 poor agreement; 0.00–0.20 slight 

agreement; 0.21–0.40 fair agreement; 0.41–0.60 moderate agreement; 0.61–0.80 substantial 

agreement; 0.81–1.00 almost perfect agreement). Correlations between defect pattern and 

selected baseplate type were assessed using the Chi-square test or Fisher’s exact test when 

appropriate. All analyses accounted for the cluster effect (81 cases × 9 surgeons = 729 total 
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observations). Statistical significance was set at α = 0.05, with 95% confidence intervals 

reported for ICC and Fleiss’ kappa. 

6.2 Results 

Nine Italian orthopaedic surgeons, all with extensive experience in shoulder arthroplasty (>50 

RSA procedures per year), independently completed preoperative planning for 81 consecutive 

cases of glenohumeral arthropathy, yielding a total of 729 analysed plans. Each plan was 

generated from the same “gold standard” three-dimensional reconstructions produced by the 

Advita Shoulder Planning App software and validated by the engineering team, thereby 

eliminating variability related to anatomical segmentation and isolating differences 

attributable solely to clinical decision-making. 

6.2.1 Changes to the software plan and behavioural variability 

Most surgeons modified the original software-proposed plan, with a mean modification rate of 

51% ± 27% (individual range 0–91%). This behavioural heterogeneity manifested in three 

distinct patterns. A group of “conservative” surgeons accepted the software plan in most cases 

(<30% modifications). A “selective” group intervened only in a minority of cases (35–50% 

modifications, predominantly in combined defects). A third “interventionist” group 

systematically modified more than 80% of plans. 

Decision heterogeneity was quantified using Fleiss’ κ for the yes/no modification of the 

Friedman axis, revealing systematic disagreement among the nine surgeons (κ = −0.093, z = 

−4.67, p < 0.001). A negative kappa value indicates not only a lack of agreement, but a tendency 

for surgeons to disagree more than would be expected by chance alone.  

6.2.2 Interobserver reliability for quantitative variables: single vs mean measures 

Interobserver reliability for continuous variables (baseplate version, inclination, rotation, and 

contact depth) was assessed using the Intraclass Correlation Coefficient (ICC 2,1; two-way 

random-effects model with absolute agreement), distinguishing between single-measure 

reliability and reliability of aggregated mean measures to estimate, respectively, the reliability 

of a single measurement performed by an individual surgeon and the reliability of the averages 

of the measurements obtained from all the surgeons. In addition, Cronbach’s α was reported as 

a measure of internal consistency and as a complementary assessment of the overall coherence 
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of the measurements. The F test associated with the ICC model, along with the corresponding 

degrees of freedom, was used to determine whether the variability between cases was 

significantly higher that the variability related to interobserver disagreement or measurement 

errors. Results are summarised in Table 6.1. 

Parameter 

ICC single-

measure 

(95% CI) 

ICC mean 

measures 

(95% CI) 

α Cronbach 
Test F 

(df 69,552) 
p-value 

Baseplate 

version (°) 
0.334 

(0.216–0.464) 
0.819  

(0.713–0.886) 
0.704 3.382 <0.001 

Baseplate 

rotation (°) 
0.131 

(0.067–0.217) 
0.576  

(0.394–0.714) 
0.704 3.382 <0.001 

Glenosphere 

diameter 

(mm) 

0.233 
(0.141–0.345) 

0.732  
(0.597–0.826) 

0.816 5.446 <0.001 

 

Table 6.1. Interobserver reproducibility for continuous planning variables among the nine 

surgeons (ICC 2,1 with absolute agreement). Values are shown for single-measure and mean-
measures ICC with 95% confidence intervals; and Cronbach’s α, F statistics (with associated 

degrees of freedom, df) and p-values are reported. In bold statistically significant differences.   

Single measures, reflecting the reliability of a single surgical assessment, showed poor 

agreement (ICC range 0.12–0.41): 

• Baseplate version: ICC = 0.334 (95% CI 0.216–0.464) 

• Baseplate rotation: ICC = 0.131 (95% CI 0.067–0.217) 

• Glenosphere diameter: ICC = 0.233 (95% CI 0.141–0.345) 

Conversely, mean measures, obtained by aggregating the assessments of the nine surgeons, 

reached moderate-to-good values: 

• Baseplate version: ICC = 0.819 (95% CI 0.713–0.886), Cronbach’s α = 0.704 

• Baseplate rotation: ICC = 0.576 (95% CI 0.394–0.714), Cronbach’s α = 0.704 

• Glenosphere diameter: ICC = 0.732 (95% CI 0.597–0.826), Cronbach’s α = 0.816 
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All F tests were highly significant (p < 0.001), confirming statistical robustness. These data show 

that individual surgeon judgment is intrinsically unstable (single ICC <0.40), whereas collective 

consensus produces reliable estimates (mean ICC >0.70) for aggregate applications, such as 

developing evidence-based guidelines or decision-support algorithms. 

6.2.3 Multiobserver agreement for categorical variables: Fleiss’ κ analysis 

Agreement for categorical prosthetic choices was assessed using Fleiss’ κ, which extends 

Cohen’s κ overall agreement on baseplate type (standard, superior augment, posterior 

augment, long peg, anterior augment) was weak-to-moderate (κ = 0.325, z = 24.6, p < 0.001), 

with variable category-specific values: posterior augment (κ = 0.393) and anterior augment (κ = 

0.335) showed the greatest consistency, whereas extended cage reached only κ = 0.198. For 

glenosphere diameter (36, 38, 42, 46 mm), agreement was weak (κ = 0.214, z = 12.9, p < 0.001), 

with 42 mm as the category with the highest concordance (κ = 0.267) and 46 mm showing 

systematic disagreement (κ = −0.048, p = 0.015). Finally, selection of glenosphere type (standard 

vs expanded) showed very poor agreement (κ = 0.090, z = 4.51, p < 0.001), confirming high 

clinical subjectivity for this parameter. 

6.2.4 Influence of defect pattern on decisions and descriptive parameters 

Non-parametric analyses demonstrated the presence of rational and systematic decision 

patterns strongly correlated with glenoid morphotype. 

The Kruskal–Wallis test on baseplate version across the five defect types revealed highly 

significant differences (H = 48.079, df = 4, p < 0.001), with mean ranks reflecting coherent 

corrective strategies: isolated retroversion (mean rank = 279.66, n = 151) required the greatest 

version correction, differing significantly from the other categories (all p < 0.001 with Bonferroni 

correction); combined defects (mean rank = 320.99, n = 134) differed from inclination (p = 0.014) 

and central erosion (p = 0.001); whereas inclination (mean rank = 398.62, n = 133), small glenoid 

(384.40, n = 129), and central erosion (410.98, n = 171) showed overlapping ranks, indicating 

similar corrective approaches. 

This association was further supported by the frequency analysis of baseplate type selection (χ² 

= 187.4, p < 0.001), which highlighted rational preferences: inclination defects favoured superior 

augment (68% of choices), retroversion favoured posterior augment (55%) and long peg (29%), 
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while small glenoids and central defects favoured a standard baseplate (45% and 52%, 

respectively). Results are summarized in Table 6.2. 

Glenoid 

defect 
N° cases 

Mean rank version 

(Kruskal-Wallis) 

% 

Superior 

augment 

% 

Posterior 

augment 

% 

Standard 

Retroversion 151 279.66 8% 55% 31% 

Combined 134 320.99 35% 22% 28% 

Small 129 384.40 12% 18% 45% 

Inclination 133 398.62 68% 5% 22% 

Central (E1) 171 410.98 15% 12% 52% 

Table 6.2. Distribution of mean ranks of baseplate version correction and baseplate type 
preferences according to glenoid defect patterns. Data include case volume for each morphotype, 
statistical mean ranks for version adjustments (derived from Kruskal-Wallis test), and the 

percentage frequency of use for different baseplate designs. Results are consistent with the 

observation that the surgical approach adopted across the surgeons is dependent on the 

preoperative anatomical defect. 

From a descriptive perspective, the mean degree of defect correction was 12° ± 7° for version 

and 9° ± 5° for inclination, with a mean contact depth of 2.1 ± 1.3 mm. For the glenosphere, 78% 

of choices were standard designs, with preferred diameters of 38 mm (52%) and 42 mm (28%), 

confirming an overall conservative tendency in implant choices, tempered by clear anatomy-

specific adaptations in the patterns described above. 

6.3 Discussion 

Despite the increasing adoption of three-dimensional preoperative planning in RSA, the present 

multicentre study is one of the few investigations in the international literature to 

systematically quantify interobserver variability among expert surgeons under conditions of 

complete anatomical standardisation—that is, with all participants starting from the same 

preoperative plan. 

A previous study242 analysed 49 anatomic shoulder arthroplasty cases planned by nine U.S. 

surgeons, reporting mean ICC values of 0.45–0.62 for glenoid version and inclination, and 

Cohen’s κ = 0.28 for prosthetic choices, with intra-surgeon variability ranging from 12° to 18°. 

More recently, other authors243 evaluated RSA planning in a Brazilian multicentre context, 
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finding ICC = 0.51–0.67 for angular parameters and Fleiss’ κ = 0.32 for augmented baseplates, 

with patterns similar to those observed in the present study (posterior augment in 52% of 

retroversion defects). Compared with these contributions, the present work is characterized by 

a larger sample and an exclusive focus on RSA. 

The systematic disagreement regarding whether to modify the Friedman axis likely reflects the 

absence of a shared and standardized criterion for measuring and reporting glenoid version and 

for defining the reference axis. In this context, this variability may potentially be related to 

different levels of trust bestowed upon the software-derived 3D reconstructions244. Consistent 

with this interpretation, it has been reported that245 different measurements strategies (manual 

2D vs 3D measurements) can yield significantly different glenoid version values, with 3D derived 

measurements being more retroverted than 2D measurements in most of the cases (73%), 

despite excellent intra and inter observer reproducibility for 2D measurements. Overall, these 

data suggest that at least part of the observed disagreement during planning may be 

attributable not only to operator-dependent choices, but also to intrinsic methodological 

variability related to measurement244,245. 

The present findings delineate a scenario characterised by high individual decision variability 

(single ICC <0.40; Fleiss’ κ <0.40), counterbalanced by reliable collective consensus (mean ICC 

0.58–0.82) and by rational decision patterns strongly correlated with glenoid defect type 

(Kruskal–Wallis p < 0.001; χ² p < 0.001). These results highlight the presence of shared, implicit 

clinical criteria among experts despite the absence of formal standardisation and underscore 

the potential value of evidence-based guidelines derived from aggregated expert consensus. 

This study has limitations. The most relevant include a moderate sample size—although 

considerably larger than comparable studies in the literature—and the exclusive involvement of 

Italian surgeons, which may limit the generalisability of the findings to an international context.  

6.4 Conclusions 

This multicentre study demonstrates that in RSA preoperative planning, substantial individual 

decision variability among expert surgeons (single ICC <0.40; Fleiss’ κ −0.093 to 0.325) is 

counterbalanced by reliable collective consensus (mean ICC 0.58–0.82). Decision patterns 

appear rational and strongly correlated with glenoid defect type (Kruskal–Wallis p < 0.001): 
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retroversion defects favour posterior augments (55%), inclination defects favour superior 

augments (68%), and small or central glenoids favour standard baseplates (45–52%). These 

findings support the development of standardised protocols based on collective expert 

consensus, with the aim of improving the reproducibility of RSA planning and providing 

structured guidance for less experienced surgeons.  
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CHAPTER 7 – Outcome prediction systems 

The integration of artificial intelligence and machine learning algorithms into orthopaedic 

surgery has opened new perspectives in personalized patient management. This chapter aims 

to critically analyse the reliability of outcome prediction systems, tools designed to anticipate 

postoperative clinical and functional results based on global databases and individual 

parameters. By comparing the preoperative predictions provided by the software with the real 

outcomes observed during follow-up, the investigation seeks to define the accuracy and 

consistency of these predictive models, assessing their clinical usefulness both as guidance for 

the surgeon and as a communication tool for managing patient expectations. 

7.1 Materials and Methods 

7.1.1 Study design and population 

This retrospective study included two distinct cohorts of consecutive patients. All patients 

underwent reverse shoulder arthroplasty with intraoperative navigation using AdvitaGPSTM 

(BlueOrtho, Gières, France). The two-cohort design addressed two independent objectives. 

Primary objective. The predictive accuracy of Predict+ (Advita Ortho, Gainesville, FL, USA) for 

range of motion (forward elevation, abduction, internal rotation, external rotation) and pain 

(VAS) was evaluated. Preoperative predictions were compared with observed clinical outcomes 

at a minimum follow-up of 6 months. We also compared postoperative ROM with the 

impingement-free ROM estimated by the planning system (Chapter 5.2). Inclusion criteria were 

as follows:  complete Predict+ preoperative data, at least one postoperative Grashey-view 

radiograph (true AP shoulder view), clinical follow-up ≥6 months, and no major complications 

(revision arthroplasty, periprosthetic infection, implant dislocation). Patients with incomplete 

follow-up, major complications, or missing data were excluded. 

Secondary objective. The secondary objective assessed agreement among DSA (distalization 

shoulder angle) and LSA (lateralization shoulder angle) measurements performed on 

postoperative radiographs, on the planning system using 3D reconstructions, and on 3D 

reconstructions but using a bidimensional measurement approach. Inclusion criteria for this 

analysis were broader and mainly required postoperative imaging (true AP shoulder 

radiograph) and availability of preoperative planning. 
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This two-cohort structure allowed precise analysis of both the clinical predictive reliability of 

the system and the geometric/instrumental consistency of distalization and lateralization 

parameters, maximizing the use of available data. 

7.1.2 Measurement protocol 

All 2D measurements were performed using a digital goniometer (APP Angle Meter 360°, 

precision 0.1°). ROM assessment included active abduction (aAB), active forward elevation 

(aFE), active internal rotation, and active external rotation (aRE) (Figure 7.1). 

 

 The same tool was used for DSA and LSA measurements (Figure 7.2).  

Figure 7.1. Active ROM was measured using a dedicated 

smartphone goniometer application (angle meter 360°). 
When considering active forward elevation, as in this 

case, measurement technique and patient positioning 
were adjusted to account for the patient’s increased 

thoracic kyphosis, thereby minimizing systematic error 
related to trunk posture. 

Figure 7.2. Angles measurement workflow (three methods compared). The LSA was 
measured using three different approaches: (A) direct measurement on the 3D model within 

the Advita Shoulder Planning App; (B) measurement on a standardized 2D rendering of the 

same 3D reconstruction using the smartphone Angle Meter 360° application, and (C) 
measurement on conventional 2D radiographs. The same measurement workflow was 
applied to the DSA.  

A B C 
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Before angular measurements, the implant configuration was reconstructed using 

intraoperative data to reproduce the patient’s postoperative geometry as closely as possible. 

To reduce random error, each researcher performed repeated measurements (five per variable) 

independently. Inter-measurement agreement was assessed using the Intraclass Correlation 

Coefficient (ICC). Given the high internal reliability (ICC 0.97), the mean value was used for 

subsequent comparisons. Pain was assessed using the VAS scale. The impingement-free ROM 

reported by the software was also recorded. 

7.1.3 Statistical analysis 

Statistical analysis was performed using IBM SPSS Statistics for Windows, version 30 (IBM Corp., 

Armonk, NY, USA). Statistical significance was set at α = 0.05. Data distribution was assessed 

using the Shapiro–Wilk test. Given the small sample size and the frequent lack of normality, 

non-parametric tests were applied when appropriate. Predictive accuracy of the software 

versus observed postoperative outcomes (ROM, VAS) was assessed using Spearman’s 

correlation coefficient (ρ). Correlations were interpreted as weak (ρ < 0.30), moderate (ρ = 0.30–

0.59), or strong (ρ ≥ 0.60). Differences among DSA and LSA measurements obtained with 

different methods were analysed using repeated-measures ANOVA. When normality 

assumptions were violated, the Friedman test was used. Agreement among measurement 

techniques was assessed using the Intraclass Correlation Coefficient (ICC) with a two-way 

random effects model, single measurement (ICC 2,1). ICC values were interpreted as poor 

(<0.50), moderate (0.50–0.75), good (0.75–0.90), or excellent (>0.90). The 95% confidence 

interval was reported for each ICC. Mean Absolute Error (MAE) was calculated as a summary 

accuracy metric for each parameter (ROM in degrees; VAS in points). For pairwise comparisons 

between methods, systematic bias and limits of agreement were further explored using Bland–

Altman plots, reporting the mean difference and 95% limits of agreement. 
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7.2 Results 

7.2.1 Primary objective – Predict+ accuracy and 3D kinematic planning reliability 

A consecutive series of 10 patients was identified (9 F, 1 M). Mean age was 74.6 ± 7 years (range 

62–86). Mean follow-up was 21.9 ± 7 months (range 9–29). Results are summarized in Tables 7.1 

and 7.2. 

Parameter 

(mean ± standard 

deviation, SD)  

Predict+ Real Difference ρ p MAE 

VAS 1.7 ± 0.9 1.0 ±1.8 +0.7 -0.18 0.575 1.4 

aAB (°) 114.6 ± 21.0° 83.9 ± 11.5° +30.7° 0.15 0.002 32.1° 

aFE (°) 131.6 ±20.1° 129.1 ± 17.0° +2.5° 0.33 0.770 18.4° 

aER (°) 31.5 ± 8.5° 36.7 ± 13.7° -5.2° 0.19 0.575 12.6° 

aAB, active abduction; aFE, active forward elevation; aRE, active external rotation. 

Table 7.1. Comparative analysis of predictive accuracy of Predict+ with respect to observed 
clinical outcomes in terms of patient-reported pain (VAS) and active range of motion (aROM). Data 

are reported as mean ± standard deviation (SD). Mean difference between measurements, 
Spearman’s rank correlation coefficient (ρ), p-values and Mean Absolute Error (MAE) are also 

detailed. In bold, statistically significant differences.  

Parameter 

(mean ± standard 

deviation, SD) 

Simulated 3D Real Diff ρ p MAE 

aAB (°) 65.0 ± 12.9° 83.9 ± 11.5° -18.9° 0.09 0.010 21.4° 

aFE (°) 70.6 ± 10.5° 129.1 ± 17.0° -58.5° 0.45 <0.001 58.1° 

aRE (°) 63.0 ± 22.9° 36.7 ± 13.7° +26.3° -0.09 0.134 27.7° 

aAB, active abduction; aFE, active forward elevation; aRE, active external rotation. 

Table 7.2. Comparative analysis of predictive accuracy of 3D kinematic planning simulations in 

estimating postoperative active impingement-free range of motion (aROM) with respect to 

observed clinical outcomes. Data are reported as mean ± standard deviation (SD). The mean 
difference between measurements, Spearman’s rank correlation coefficient (ρ), p-values and 
Mean Absolute Error (MAE) are also provided. In bold, statistically significant differences. 
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Minimum clinically important difference (MCID) values derived from established RSA studies 

were used as a clinical benchmark to interpret discrepancies between predictions and observed 

results246–249. MCID values were: 1.4–1.6 points for VAS246,247, 7–13° for active abduction247, 12–16° 

for active forward elevation247, and 3–5° for active external rotation247. No references were 

identified for active internal rotation. 

Overall, Predict+ showed different performance patterns across outcomes. For VAS pain, the 

model overestimated pain by +0.7 points (MAE 1.4) and the difference was not significant (p = 

0.58). This error remained below the reported VAS MCID (1.4–1.6 points). However, subject-level 

correlation was weak and negative (ρ = −0.18). For active abduction, Predict+ systematically 

overestimated ROM by +30.7° (MAE 32.1°; p = 0.002). This difference exceeded the MCID by 

approximately 2–4 times. Correlation at the individual level was negligible (ρ = 0.15; p = 0.68). 

This supports limited patient-specific reliability despite acceptable mean-level agreement. For 

active forward elevation, Predict+ produced similar mean values to the observed outcomes 

(+2.5°; p = 0.77). The mean difference was below the MCID. Nevertheless, individual-level 

correlation remained limited (ρ = 0.33; p = 0.36), suggesting that apparent accuracy may reflect 

error compensation at the group level rather than stable individual prediction. For active 

external rotation, Predict+ slightly underestimated outcomes (−5.2°; p = 0.58). The magnitude 

was close to the reported MCID range (3–5°). Individual correlation was weak (ρ = 0.19). 

The 3D kinematic planning simulation showed clinically relevant errors and poor agreement 

with clinical ROM. For active abduction, simulated ROM was lower than observed (−18.9°; MAE 

21.4°; p = 0.01), exceeding the MCID despite opposite direction compared with Predict+. 

Correlation was minimal (ρ = 0.09). For forward elevation, the simulated ROM markedly 

underestimated observed outcomes (−58.5°; MAE 58.1°; p < 0.001), indicating substantial 

limitations of the simulation. For external rotation, the simulation overestimated outcomes 

(+26.3°; MAE 27.7°) with negligible correlation(ρ = −0.09; p= 0.134). 

7.2.2 Secondary objective – agreement among DSA and LSA measurements across 

methods 

A consecutive series of 28 patients was identified (19 F, 9 M). Mean age was 74.6 ± 7 years (range 

60–87). Results are summarized in Table 7.3.  
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Parameter 

(°) 

2D X-ray 

(mean ± 
standard 

deviation, 
SD) 

CT 3D 
planning 
(mean ± 

standard 
deviation, 

SD) 

CT 2D axial 
in planning 

(mean ± 

standard 
deviation, 

SD) 

p 

ANOVA 

ICC (95% 

CI) 

Bland–
Altman 

bias 

DSA 142.3 ± 7.2° 140.5 ± 6.8° 141.1 ± 7.0° 0.04 

0.72 

(0.54-0.84) 

-1.8° 

(-6.2/+2.6°) 

LSA 88.4 ± 5.9° 89.5 ± 6.1° 89.2 ± 6.0° 0.21 

0.74 

(0.57-0.86) 

-1.1°  

(-4.8/+2.6°) 

DSA: Distalization Shoulder Angle; LSA: Lateralization Shoulder Angle; CT: Computed Tomography; 

ICC: Intraclass Correlation Coefficient; CI: Confidence Interval. 

Table 7.3. Inter-method agreement analysis for distalization shoulder angle (DSA) and 

lateralization shoulder angle (LSA) measurements. Data are presented as mean ± standard 
deviation (SD) comparing three modalities: 2D X-Rays, 3D CT planning software calculations, and 
manual 2D measurements performed on 3D CT reconstructions using a digital protactor. 

Statistical evaluation includes one way ANOVA, ICC with 95% CI, and Bland-Altamn bias. In bold, 
statistically significant differences. 

Agreement among methods was moderate for both angles. For DSA, the mean difference across 

techniques was statistically significant (p = 0.04). Mean values were 142.3 ± 7.2° (2D X-ray), 140.5 

± 6.8° (CT 3D), and 141.1 ± 7.0° (CT 2D). This suggests a small but systematic measurement bias. 

ICC for DSA was 0.72 (95% CI 0.54–0.84), consistent with moderate agreement. 

For LSA, no significant differences were found (p = 0.21). Mean values were 88.4 ± 5.9° (2D X-ray), 

89.5 ± 6.1° (CT 3D), and 89.2 ± 6.0° (CT 2D). ICC for LSA was 0.74 (95% CI 0.57–0.86), again 

indicating moderate agreement. 

Bland–Altman analysis showed wider limits of agreement for DSA than for LSA. For DSA, the bias 

was −1.8° with limits of agreement −6.2° to +2.6°. For LSA, the bias was −1.1° with limits of 

agreement −4.8° to +2.6°. Although mean biases were small, the limits of agreement remained 

relatively wide, suggesting that the techniques may not be fully interchangeable at the 

individual level. Overall, DSA and LSA appear clinically useful as static postoperative 

descriptors. CT-based planning may reduce perspective distortion compared with 2D 

radiographs. 
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7.3 Discussion 

Machine learning (ML) algorithms and artificial intelligence technologies are increasingly being 

adopted across multiple fields, including medicine. In the specific context of ML models applied 

to shoulder arthroplasty, literature223 has shown that these tools have the potential to improve 

clinical outcomes by influencing decision-making and enabling more patient-tailored treatment 

strategies. However, systemic issues related to transparency, reproducibility, and external 

validation must be addressed before these technologies can be implemented widely in routine 

clinical practice. 

Within this framework, the primary aim of the present study was to evaluate, in a consecutive 

cohort of patients undergoing reverse shoulder arthroplasty, the accuracy of an ML-based 

predictive system (Predict+) and the reliability of 3D kinematic simulation (impingement-free 

ROM) in representing real clinical outcomes. In this context, although metrics such as the mean 

difference and mean absolute error (MAE) are commonly used to describe the overall 

performance of a model, their validity as decision-support tools in clinical practice also requires 

patient-specific reliability—namely, the ability to preserve a stable relationship between 

predicted and observed values at the individual level. Despite evidence supporting the 

reliability of predictive models for clinical outcomes223,226,227,250, in the present cohort Predict+ 

demonstrated heterogeneous performance across different functional endpoints.  

Regarding pain, the model showed a limited mean overestimation, with an MAE of 1.4, which is 

nevertheless nearly twice that reported in other studies239. Given a mean reference MCID of 

1.5246,247, the average error falls within a clinically acceptable range, suggesting that the software 

may provide a plausible estimate of pain. However, the lack of a statistically significant positive 

correlation (ρ = −0.18) indicates that the tool may have limited utility for personalized patient 

counselling. With respect to range of motion (ROM), active abduction represented the most 

critical endpoint, with Predict+ overestimating clinical values by approximately 31° (MAE 32.1°); 

this difference was statistically significant (p = 0.002) and substantially greater than the 

reported MCID (7–13°)246,247. A similar pattern was observed for external rotation. Conversely, for 

forward flexion, a moderate positive correlation was observed (ρ = 0.33), with minimal 

discrepancy between predicted and observed values and an MAE only slightly above the MCID. 

Overall, these findings were consistent, although not fully comparable, with other cohorts. For 

example, Caprili et al.239 reported lower MAE for active abduction (18–25°), whereas Kumar et 
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al.226 reported weighted MAEs of approximately 1.4 for VAS pain, 21.8° for abduction, and 19.2° 

for forward flexion, suggesting that predictive performance may vary across cohorts and clinical 

settings.  

The 3D kinematic simulation showed large and systematic discrepancies compared with 

clinically measured active mobility across all planes, in line with a previous study in the 

literature229. This systematic failure of 3D kinematic planning to identify impingement-free 

ROM—particularly evident for forward elevation—can be directly explained by the 

biomechanical limitations of the static scapular model used in the 3D planning system251. In RSA 

patients, shoulder kinematics differs substantially from native anatomy: scapulothoracic 

rhythm is significantly reduced, meaning that these patients elevate the arm relying much more 

on scapulothoracic motion than on glenohumeral motion. This increased scapular contribution 

after RSA is not represented in the static models of the 3D planning system, which essentially 

depict glenohumeral motion with a fixed scapula; conversely, it is well established that post-

RSA patients exhibit dynamic compensatory mechanisms. 

The secondary objective of this study was to assess agreement among angular measurements 

(DSA and LSA) obtained using three different approaches (2D radiographic measurements, 

measurements from 3D planning, and “2D” measurements on 3D reconstructions). In sharp 

contrast with dynamic parameters, inter-method agreement for the static angles DSA and LSA 

showed moderate reliability (ICC 0.72–0.84), with negligible systematic biases (−1.1°/−1.8°), 

despite statistically significant differences for DSA (p = 0.04). Bland–Altman analysis confirmed a 

small mean bias (approximately 1°–2°) but relatively wide limits of agreement, suggesting that 

these approaches cannot be considered fully interchangeable when high individual-level 

precision is required. 

In summary, Predict+ performs well on aggregated means (aFE within MCID) but fails individual 

prediction (ρ < 0.33), whereas 3D planning is systematically inaccurate (MAE 21–58°). Both tools 

exceed MCID thresholds for most parameters and are therefore clinically unreliable for patient-

specific applications, although they may still be useful for epidemiological counselling. The 

absence of statistically significant differences between methods in ROM measurements (p > 

0.05) should not be interpreted as equivalence of techniques. Low or negative ICC values 

indicate marked subject-specific variability, suggesting that the software does not provide 
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reliable estimates of real ROM despite overlapping mean values. Moreover, kinematic planning 

is not reliable in providing information on real shoulder kinematics. 

A major methodological strength of the present study is the adoption of an evaluation approach 

focused on patient-specific performance, which has not yet been extensively explored in the 

literature and overcomes the limitation of relying solely on group-mean analyses. Exclusive 

reliance on mean values may mask clinically relevant discrepancies, because overestimations 

and underestimations can statistically compensate for each other, yielding only an apparent 

accuracy that does not reflect true precision at the individual level. Integrating metrics such as 

MAE and association coefficients enabled the identification of clinically meaningful 

discrepancies, providing a more rigorous assessment of the actual reliability of the predictive 

tools under investigation. Nevertheless, the present study also has limitations. First, it includes 

a relatively small, single-centre sample, which may limit generalizability to larger populations 

or cohorts with different demographic characteristics. In addition, the mean follow-up was 

shorter than 2 years, which may not fully capture long-term functional evolution.  

7.4 Conclusions 

This study critically analysed the predictive accuracy of the Predict+ software and the 

consistency of 3D kinematic planning in predicting functional outcomes after reverse shoulder 

arthroplasty and also assessed agreement in the measurement of angular metrics (DSA and 

LSA) using different systems. Results show that, although both systems demonstrate good, 

aggregated consistency of mean values, their reliability at the patient-specific level remains 

limited. Prospectively, multicentre studies with larger samples and algorithms trained on 

European datasets may improve the robustness and generalizability of predictive models. In 

conclusion, this work shows that AI-based outcome prediction in orthopaedic surgery is a useful 

tool but still in a maturation phase, and at present it cannot replace the surgeon’s clinical 

decisions. 
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CHAPTER 8 – Impact of 3D CT planning and intraoperative 

navigation on clinical practice: a single-surgeon experience 

The aim of this chapter is to document the transition from an empirical preoperative planning 

approach to a data-guided strategy. It evaluates how the combined use of 3D CT-based 

preoperative planning and intraoperative navigation affects the technical execution of reverse 

shoulder arthroplasty, with particular focus on glenoid baseplate selection and fixation. 

Through a retrospective review of a consecutive case series, this study investigates whether 

these technologies act not only as technical aids, but as determinants of surgical 

personalization and optimization of bony anchorage.  

8.1 Materials and Methods 

8.1.1 Study design 

A retrospective study was conducted using exclusively anonymised patient data extracted from 

our institutional database. After surgery, paper records are routinely archived and include 

patient initials, date of birth, diagnosis, operative time, implanted components, and the 

postoperative radiograph. 

Inclusion criteria comprised a diagnosis of cuff tear arthropathy or eccentric glenohumeral 

osteoarthritis requiring reverse shoulder arthroplasty, procedures performed by the same 

senior shoulder surgeon, and availability of a postoperative true anteroposterior (AP) shoulder 

radiograph (Grashey view). To minimise selection bias towards either severely deformed 

glenoids or near-physiological anatomy, patients undergoing RSA for post-traumatic 

osteoarthritis, complex proximal humerus fractures, revision procedures, custom implants, 

oncological indications, or failures after previous ORIF of proximal humerus fractures were 

excluded. 

Eligible patients were stratified into three groups according to the technology used during the 

index procedure: conventional surgery (CON), planning-only surgery (PLAN), and navigated 

surgery (NAV). Because intraoperative navigation requires preoperative 3D CT-based planning, 

planning was mandatory for all NAV cases. Computer-assisted technologies were introduced 

into clinical practice in October 2018; therefore, all procedures performed before this date were 



69 

 

allocated to the CON group. Procedures performed thereafter were assigned to PLAN when only 

preoperative 3D CT planning was used (Advita Shoulder Planning App, BlueOrtho, Gières, 

France), or to NAV when intraoperative navigation was additionally employed (Guided 

Personalized Surgery Shoulder system; AdvitaGPSTM, BlueOrtho, Gières, France). 

This design enabled independent assessment of the impact of preoperative planning versus 

intraoperative navigation and allowed exploration of a potential learning-curve effect 

associated with progressive adoption of computer-assisted technologies.  

8.1.2 Outcomes and measurements 

For each included patient, the following intraoperative variables were collected: baseplate type 

(standard versus augmented), number of glenoid fixation screws, screw length, the proportion 

of cases in which only two screws were used, and operative time. Screw trajectory was also 

assessed by measuring the inclination of the superior and inferior screws relative to the central 

peg. 

Angular measurements were performed manually using Cabri Géomètre II Plus, Version 1.4 

(Cabrilog, Grenoble, France). Because only digitised postoperative radiographs were available 

(rather than DICOM files), all measurements were performed directly on these digitised images. 

To minimise measurement error, two investigators independently performed repeated 

measurements (five per variable) for both superior and inferior screw inclinations. Inter-rater 

agreement was assessed using the Intraclass Correlation Coefficient (ICC), both overall and 

within each subgroup. Given the high internal reliability, the mean value of the repeated 

measurements was used for subsequent group comparisons (Table 8.1). 

Group ICC Sup (95% CI)* ICC Inf (95% CI)# 

Global 0.983 (0.979-0.987) 0.984 (0.980-0.988) 

CONV 0.984 (0.975-0.991) 0.988 (0.988-0.995) 

PLAN 0.973 (0.957-0.985) 0.943 (0.909-0.967) 
NAV 0.971 (0.96-0.98) 0.965 (0.952-0.976) 

*ICC for the inclination of the superior screws are reported. CI: Confidence Interval.  
# ICC for the inclination of the inferior screws are reported. CI: Confidence Interval. 

Table 8.1. Intraclass Correlation Coefficient (ICC) for screws’ inclination. 
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8.1.3 Statistical analysis 

Statistical analyses were performed using IBM SPSS Statistics for Windows, version 30 (IBM 

Corp., Armonk, NY, USA). Statistical significance was set at p < 0.05; non-significant results are 

reported as n.s. in the text, with exact p-values provided in the tables. 

Continuous variables were analysed using the Kruskal–Wallis test after confirming non-normal 

distribution (Shapiro–Wilk test) and non-homogeneity of variances (Levene’s test). When 

significant differences were identified, post-hoc Dunn testing with Bonferroni correction was 

applied. 

Categorical variables were compared using the Chi-square test with Yates correction or the 

Fisher–Freeman–Halton test when at least one expected cell count was <5. Significant findings 

were further explored using Fisher’s exact tests on relevant subgroups, applying Bonferroni 

correction (corrected α = 0.0167). 

8.2 Results 

A consecutive series of 158 patients meeting all inclusion criteria was identified, comprising 111 

females and 47 males, with a mean age (± standard deviation, SD) of 74.2 ± 6.6 years (range 34–

87). Demographic characteristics and surgical data for the CON, PLAN, and NAV groups are 

summarised in Table 8.2. 

A power analysis was performed using IBM SPSS Statistics for Windows, version 30 (IBM Corp., 

Armonk, NY, USA), with α = 0.05 and a desired statistical power of 80%. For the primary 

endpoint “number of screws” (expected mean difference Δ = 0.3 screws; SD = 0.7), the achieved 

power was 92.3%, with a minimum required sample size of 32 patients per group. For mean 

screw length (Δ = 7.4 mm; SD = 4.5 mm), statistical power reached 100%, with a minimum of 12 

patients per group. For the “frequency of two-screw fixation”, power was 87.6%, with a 

minimum total sample size of 58 patients. The actual sample sizes in the present study (CON: 42 

patients; PLAN: 35 patients; NAV: 81 patients) were therefore adequate—and in some cases 

larger than required—to detect clinically meaningful differences in the primary outcomes, 

ensuring high statistical robustness. 
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 CON PLAN NAV p* 

Overall surgical 

volume 
42 35 81  

Gender 

male / female 
11 / 31 11 / 24 25 / 56 0.84 

Age 

(mean ± SD, range) 

73.9 ± 5.6 

(64-87) 

74.3 ± 5.8 

(61-86) 

74.3 ± 7.3 

(34-87) 
0.55 

Screws’ number 

(mean ± SD, range) 

2.4 ± 0.7 

(2-4) 

2.3 ± 0.6 

(2-4) 

2.1 ± 0.5 

(2-5) 

0.02 

CON-PLAN: 0.29 

CON-NAV: 0.008 

PLAN-NAV: 0.19 

Frequency of 2 

screws used in total 
71.4% 80% 90% 

0.028 

CON-PLAN: 0.435 

CON-NAV: 0.0106 

PLAN-NAV:0.145 

Screws’ length (mean 

± SD, range) 

29.1 ± 3.2 

(25-40) 

34.1 ± 5 

(18-46) 

36.5 ± 4.8 

(22-46) 

0 

CON-PLAN: <0.00001 

CON-NAV: 0 

PLAN-NAV: 0.0019 

Baseplate type  

Standard/augmented 
1 / 4 19 / 16 44 / 37 

< 0.00001 

CON-PLAN: <0.00001 

CON-NAV: <0.00001 

PLAN-NAV: 1 

Surgical time 

(mean ± SD, range) 

101.3 ± 34.7 

(60-255) 

90.2 ± 24.5 

(50-145) 

101 ± 23.2 

(50-160) 

0.05 

CON-PLAN: 0.13 

CON-NAV: 0.44 

PLAN-NAV: 0.0148 

Superior screw’ 

inclination 

(mean ± SD, range) 

12.4 ± 6.8 

(0.8 – 3.4)  

5.5 ± 5.1 

(0.4 – 21.9) 

5.3 ± 5.1 

(0.1 – 24.1) 

< 0.00001 

CON-PLAN: < 0.00001 

CON-NAV: < 0.00001 

PLAN-NAV: 0.488 

Inferior screw’ 

inclination 

(mean ± SD, range) 

10.5 ± 8.6 

(0.5 – 33.1) 

4.1 ± 3.1 

(0.7 – 13.6) 

5 ± 4.6 

(0.4 – 18.7) 

< 0.00001 

CON-PLAN: 0.00014 

CON-NAV: 0.0001 

PLAN-NAV: 0.51 

     

*When a statistically significant difference was highlighted, multiple comparisons have been 

made to understand which populations differ more. In bold, statistically significant differences. 
CON: conventional surgery group; PLAN: planned surgery group; NAV: navigated surgery group. 

Table 8.2. Characteristics of the three groups.  
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The three groups were comparable in terms of demographic characteristics, including sex 

distribution and mean age. In contrast, statistically significant differences emerged across all 

intraoperative parameters. Regarding the number of implanted screws, a significant difference 

was observed between the CON and NAV groups (p = 0.008), whereas no significant differences 

were found between the remaining group comparisons. A similar pattern was noted for the 

frequency of two-screw fixation, with a significant difference between CON and NAV (p = 

0.0106). 

Mean screw length differed significantly among all groups, with the shortest screws used in the 

CON group (29.1 ± 3.2 mm; range 25–40) and the longest in the NAV group (36.5 ± 4.8 mm; range 

22–46). With respect to the use of augmented baseplates, statistically significant differences 

were observed for CON vs PLAN (p < 0.00001) and CON vs NAV (p < 0.00001), whereas no 

difference was detected between PLAN and NAV (p = n.s.). 

A similar trend was identified when analysing superior and inferior screw inclination. In both the 

NAV and PLAN groups, screw trajectories were more parallel to the central peg compared with 

the CON group, indicating a more controlled and reproducible fixation strategy. Regarding 

operative time, the only statistically significant difference was found between the PLAN and 

NAV groups (p = 0.01), corresponding to an increase of approximately 11 minutes when 

intraoperative navigation was used. However, this difference was not considered clinically 

meaningful. 

8.3 Discussion 

Baseplate positioning in RSA is fundamental to preventing implant failure, loosening, and 

biomechanical alterations that may compromise function and clinical outcomes. Baseplate 

seating, version, inclination, and offset are all essential determinants of implant survival252,253. 

However, native glenoid anatomy is highly variable, even before considering the additional 

challenges posed by poor bone quality and bone defects in arthritic joints. Accurate positioning 

and stable fixation are further complicated by the difficulty of achieving adequate exposure, 

identifying anatomical landmarks, and the inherently small size of the glenoid. Incorrect screw 

placement may also endanger surrounding soft tissues, including the axillary nerve (inferior 

screw), the suprascapular nerve (superior screw), and adjacent vascular structures. Although 

the central fixation element is considered the primary contributor to baseplate stability, screw 
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number and screw positioning appear to play a secondary role in achieving primary 

fixation23,254–258. Nevertheless, the use of at least two peripheral screws remains recommended—

one superior screw directed towards the base of the coracoid process and one inferior screw 

directed towards the scapular pillar259— while additional screws are typically reserved for cases 

in which adequate fixation cannot otherwise be achieved. Based on currently available 

evidence, the present study appears to be the only report in the literature analysing the 

independent contribution of preoperative planning and intraoperative navigation in real-world 

clinical practice. More specifically, it is the only study to evaluate the practical impact of a 

surgeon’s experience with navigation systems even when navigation is not used during the 

procedure. 

The results of this retrospective analysis demonstrate that the introduction of 3D CT-based 

preoperative planning and intraoperative navigation leads to a significant modification of 

glenoid surgical strategy, even when comparing patient groups matched for sex and age. These 

findings are consistent with previous literature and can be summarised as follows: increased 

use of augmented baseplates (91% NAV vs 8% CON)198,260,261, reduced mean screw number (2.1 ± 

0.5 NAV vs 2.4 ± 0.7 CON; p = 0.008), and increased mean screw length (36.5 ± 4.8 mm NAV vs 29.1 

± 3.2 mm CON; p < 0.001)198,262–265. Screw trajectory orientation also differed significantly, with 

screws placed more parallel to the central peg in the NAV group (superior: 5.3°; inferior: 5.0°) 

compared with the CON group (superior: 12.4°; inferior: 10.5°; p < 0.001). 

The near-systematic use of augmented baseplates in PLAN (86%) and NAV (91%) underscores 

the central role of 3D planning in quantifying glenoid bone loss196,266. Moreover, the absence of a 

difference between PLAN and NAV supports the interpretation that the principal effect occurs 

during the preoperative planning phase, irrespective of whether navigation is subsequently 

used intraoperatively. Discrepancies reported in some case series263 may reflect selection bias, 

as “conventional” procedures may still have been preceded by 3D CT planning, thereby 

diminishing the apparent contrast between groups.  

Regarding screw number, a statistically significant difference in achieving fixation with fewer 

screws—specifically two screws—was observed only between CON and NAV (2.4 vs 2.1 screws; 

71.4% vs 90% two-screw fixation), with no significant differences between PLAN and NAV. This 

pattern may indicate a learning-curve effect shared by both 3D CT planning and navigation, 

rather than an effect attributable exclusively to navigation. 
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In contrast, screw length differed significantly across all groups: NAV had the longest screws, 

whereas CON had the shortest. This finding suggests two closely related implications. First, 

real-time feedback provided by intraoperative navigation enables the surgeon to verify drill 

position continuously and objectively, thereby maximising screw length while maintaining 

adequate purchase and avoiding cortical perforation—an advantage that cannot be replicated 

by preoperative planning alone or by conventional techniques. Second, navigation may induce 

a learning effect capable of modifying surgical technique even in subsequent non-navigated 

procedures. This hypothesis is supported by the observation that screw trajectory orientation 

did not differ significantly between NAV and PLAN, suggesting that experience gained through 

navigation enhances spatial awareness of glenoid anatomy and improves the surgeon’s ability 

to select optimal screw trajectories to engage maximal bone stock.  

With respect to operative time, the 11-minute increase observed in NAV compared with PLAN 

(101 ± 23.2 vs 90.2 ± 24.5 minutes; p = 0.015) is attributable to the matching and tracking 

workflow and is consistent with previous reports198. The shorter operative time in PLAN may 

reflect two interacting factors: accurate preoperative planning facilitates anticipation of 

intraoperative challenges, and PLAN cases were performed more recently, potentially 

benefiting from cumulative surgical experience. 

This study has limitations, including its retrospective, non-randomised design, which may 

restrict generalisability. Furthermore, correlations with short- to mid-term clinical outcomes 

were not assessed. Nevertheless, the single-centre, single-surgeon design and the exclusion of 

complex cases reduce confounding related to learning curves and to the inclusion of highly 

complex cases that could bias intraoperative measurements. 

Conclusions 

To conclude, the findings of this study suggest that systematic implementation of 

computer-assisted technologies in shoulder arthroplasty results in a substantial shift in surgical 

paradigm. The transition from a predominantly empirical approach to one grounded in 

objective, measurable data enables a more rational and personalised surgical strategy. First, 3D 

CT-based planning—by providing accurate quantification of glenoid bone loss—was associated 

with a proactive and rational use of augmented baseplates, preserving bone stock and avoiding 

excessive reaming, with potential long-term biomechanical benefits. 
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Second, intraoperative navigation appears to be an effective tool for optimising primary 

mechanical stability: real-time feedback facilitates maximisation of screw length and alignment 

of screw trajectories more parallel to the central peg, thereby improving bony fixation and 

reducing the risk of complications associated with suboptimal positioning. 

Finally, the adoption of these technologies may contribute to progressive standardisation of 

surgical performance. The data suggest that experience gained with intraoperative navigation 

may exert a lasting training effect, positively influencing procedures performed without 

navigation. 

Further short-, mid-, and long-term studies are required to determine whether this technical 

and radiographic optimisation translates into improved implant survivorship and non-inferior 

clinical and functional outcomes, as anticipated. 
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CHAPTER 9 – Short-term clinical outcomes 

This chapter analyses short-term clinical and functional outcomes in a consecutive series of 

patients undergoing reverse shoulder arthroplasty. The comparison focuses on conventional 

surgery versus procedures performed with intraoperative navigation, evaluating parameters 

such as joint mobility and VAS pain score, with the aim of determining the true clinical impact of 

these technological innovations. Parts of this chapter are adapted from our open-access article 

published in Medicina (https://www.mdpi.com/journal/medicina), distributed under the 

Creative Commons Attribution (CC BY) license.  

9.1 Materials and Methods 

9.1.2 Study design 

A retrospective observational study was conducted, including all reverse shoulder 

arthroplasties performed at our Institution up to December 2022. Patients were included 

according to the following criteria: (1) diagnosis of eccentric glenohumeral osteoarthritis or cuff 

tear arthropathy, with a healthy contralateral shoulder; (2) RSA performed with preoperative 

three-dimensional computed tomography (3D CT)-based planning (Advita Shoulder Planning 

App; BlueOrtho, Gières, France); (3) surgery performed by the same experienced surgeon; (4) 

use of a single implant model (Equinoxe® Reverse System; Advita Ortho, Gainesville, FL, USA); 

and (5) completion of a minimum follow-up of 24 months. 

Patients with previous scapular or humeral fractures were excluded, as were those undergoing 

RSA for proximal humeral fractures, revision procedures (for failed proximal humerus 

osteosynthesis or previous arthroplasty), or cases requiring a custom implant. Patients with a 

history of surgery on the contralateral shoulder were also excluded. 

Patients were divided into two groups according to the surgical technique: the NAV group, 

comprising procedures performed with intraoperative navigation, and the CONV group, 

comprising procedures performed with the conventional technique. No allocation criteria 

based on glenoid defect severity were applied in either group, in order to avoid selection bias. 

Until 2018, when intraoperative navigation technology was introduced at our centre, all 

procedures were performed conventionally. Thereafter, conventional surgery was reserved for 

patients in whom coracoid process damage prevented secure fixation of the scapular tracker 
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without additional risk, or when validation of the preoperative plan was not available on the 

day of surgery 

9.1.3 Preoperative phase 

All patients underwent a preoperative shoulder CT scan and surgical planning using the Advita 

Shoulder Planning App (BlueOrtho, Gières, France), as described in Chapters 5.1 and 5.2.   

9.1.4 Surgical procedure 

All procedures were performed by the same senior surgeon, with extensive experience in RSA 

for both traumatic and chronic degenerative indications. The same implant model was used in 

all cases. Patients were classified according to whether a conventional or navigated technique 

was used (as described in Chapter 5.3). To reduce blood loss, tranexamic acid was administered 

intravenously and intra-articularly when not contraindicated, as previously described267, and a 

drain was left in situ for 24 hours. 

9.1.5 Postoperative management 

All patients followed the same postoperative protocol to minimise variability in functional 

outcomes attributable to differences in rehabilitation. The arm was immobilised in a 45° 

abduction brace for 3 weeks, allowing passive shoulder mobilisation while avoiding end‑range 

rotation. This approach reduced tension on the subscapularis and improved prosthetic 

stability. During this period, active and passive mobilisation of the elbow and wrist was 

permitted. 

After brace removal at 3 weeks, physiotherapy was initiated. Active exercises for forward 

elevation and abduction were encouraged from the third postoperative week. Rotational 

movements and strengthening exercises were introduced from the fifth postoperative week. 

Lifting heavy loads was prohibited for at least 9 weeks and return to unrestricted activities was 

permitted after 3 months. 

9.1.6 Clinical and radiographic assessment 

 All patients underwent clinical and radiographic follow-up at 1, 3, 6, and 12 months 

postoperatively, and annually thereafter. Shoulder function was assessed using the Constant 

Score231, analysing both absolute values and differences relative to the healthy contralateral 
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limb. Because the Constant Score (range 0–100) is not particularly accurate for strength 

assessment and may not fully reflect functional outcomes, some authors recommend 

comparison with a sex- and age-matched control group268 or the use of contralateral limb as an 

individualised reference269. Patient-reported outcomes were further assessed using the DASH 

(Disability of the Arm, Shoulder and Hand) score270, where 0 represents the best outcome and 

100 the worst. True anteroposterior (Grashey) radiographs271 were obtained at each follow-up 

visit. Glenoid notching was graded according to the Nerot–Sirveaux classification177. 

9.1.7 Statistical analysis 

Normality of quantitative variables was assessed using the Shapiro–Wilk test. Because the data 

were not normally distributed, non-parametric tests were used for both continuous and 

categorical variables. Specifically, the Mann–Whitney test was applied for continuous variables, 

and the Chi-square test for categorical variables, with Yates’ correction when the total number 

of observations ranged between 40 and 200. Fisher’s exact test was used for samples smaller 

than 40 observations. 

Statistical significance was set at p < 0.05. Non-significant results were reported as “n.s.” in the 

text, while exact p-values were provided in the tables. All analyses were performed using IBM 

SPSS Statistics for Windows, version 30 (IBM Corp., Armonk, NY, USA). 

9.2 Results 

A consecutive series of 80 patients met the inclusion criteria, comprising 22 men and 58 women, 

with a mean age of 74 ± 5.7 years (range 58–84) and a mean follow-up of 41.9 ± 23.6 months 

(range 24–72). Results were reported at the latest available follow-up. The mean Constant Score 

was 67 ± 16 points (range 25–91), with a mean difference of 10 ± 10 points (range 0–50) between 

the operated and contralateral shoulders. The mean DASH score was 20 ± 19 points (range 0.8–

84.1). 

Differences between the NAV and CONV groups in demographic characteristics, functional 

outcomes, and complications are presented in Table 9.1. 
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 NAV CONV p 

Demographics    

Gender (Male/Female)  16 / 37 6 / 21 0.24 

Age (years); mean ± SD (range) 74.6 ± 6 (58-84) 73.8 ± 5 (62-82) 0.41 

FU (months); mean ± SD (range) 30 ± 19 (24-71) 54.5 ± 32 (24-

108) 

0.002* 

 

Intraoperative characteristics 

   

Surgical time (min); mean ± SD 

(range) 

98 ± 22 (55-150) 91 ± 22 (55-145) 0.19 

Augmented baseplates  36% 25% 0.9 

Screws’ number; mean ± SD (range) 2 ± 0.5 (2-5) 2.6 ± 0.8 (2-4) 0.0047* 

Screws length (mm); mean ± SD 

(range) 

36 ± 5 (22-46) 31 ± 4 (18-42) < 

0.00005* 

 

Functional outcomes (points); mean 

± SD (range) 

   

Constant Score  66 ± 16 (25-88) 68 ± 16 (32-91) 0.56 

Δ Constant Score 10 ± 10 (0-50) 10 ± 9.6 (0-30) 0.96 

DASH Score 18 ± 18 (0.8-84.1) 26.4 ± 23 (0.8-

71.7) 

0.28 

Complications    

Blood transfusion 7.5% 7.4% 0.18 

Others 

Revision 

9.4% 

5.6% 

11% 

11% 

1 

0.66 

 

Table 9.1. Characteristics of the NAV and CONV group regarding demographics, implant features, 

functional outcomes and complication rate. The two groups are homogeneous according to male-
female ratio and mean age. In bold statistically significant differences. 
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The two groups were comparable in terms of age and sex distribution (p = n.s.); however, the 

CONV group had a significantly longer mean follow-up (p = 0.002). No statistically significant 

differences were observed in perioperative blood transfusion requirements, revision rates, 

functional outcomes (Constant Score and DASH), or overall complication rates. 

In the NAV group, five complications were recorded: grade 1 glenoid notching (1 case), an 

intraoperative humeral fracture not requiring stem modification (1 case), an acromial fracture 

(1 case), a mesoacromial fracture (1 case), and a late infection (1 case). Three of these 

complications (the infection and the two acromial/mesoacromial fractures) required revision 

surgery. In the CONV group, three complications occurred, all requiring revision: late infection 

(1 case), implant dislocation (1 case), and fracture of the humeral adapter tray component (1 

case). No neurovascular injuries were observed in either group. Similarly, the use of augmented 

baseplates did not differ significantly between groups (p = n.s.). 

The NAV group used significantly fewer screws (p = 0.0047) but screws of significantly greater 

length (p < 0.00005) compared with the CONV group. NAV procedures also required, on average, 

7 minutes longer than conventional procedures, although this difference was not statistically 

significant (p = n.s.). 

9.3 Discussion 

Reverse shoulder arthroplasty is a well-established surgical procedure for the treatment of 

advanced cuff tear arthropathy. Over time, its indications have expanded to include eccentric 

glenohumeral osteoarthritis with severe glenoid deformity272–274, complex proximal humerus 

fractures112,132,275–277, oncological conditions278 and revision arthroplasty in the presence of 

substantial bone loss265. Despite its clinical success, RSA is associated with a relatively high 

complication rate—reported between 19% and 68%208, including haematoma, neurological 

injury, periprosthetic fractures, infection, instability, dislocation, scapular notching, 

impingement, acromial fractures, and mechanical failure of the baseplate265,279. 

Among these complications, failure of the glenoid component is one of the most frequent 

postoperative issues. Inaccurate glenoid positioning has been associated with humeral 

instability, increased stresses at the bone–implant interface, early implant failure, and 

suboptimal clinical outcomes209. Consequently, accurate positioning and stable fixation of the 
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baseplate are essential to ensure implant stability, satisfactory postoperative function, and 

long-term prosthesis survival80,198,199,210,280,281. However, achieving these goals is technically 

demanding due to limited intraoperative visibility, poor definition of bony landmarks, and the 

complex morphology of the glenoid, particularly in pathological conditions. 

For these reasons, appropriate preoperative planning and the use of intraoperative tools 

capable of supporting the surgeon in reducing technical error play a key role, particularly in 

shoulder surgery. Three-dimensional CT-based preoperative planning, combined with 

intraoperative navigation systems, has been progressively adopted to address these challenges. 

These technologies improve the accuracy of component placement—similarly to what is 

already established in hip and knee arthroplasty—and promote greater implant stability and 

preservation of bone stock by enabling the use of fewer but longer screws. These advantages 

are supported by the existing literature198,263,279,281. It has also been demonstrated that using a 

higher number of screws may reduce the bone stock available for baseplate fixation258. This 

concept, together with the physiological anatomical constraints of the glenoid, is particularly 

relevant when considering potential revision procedures. Native glenoid bone stock is 

extremely limited, and its preservation may allow revision arthroplasty using less complex 

systems, thereby reducing the risk of complications for the patient. 

The present study confirms that patients treated with 3D CT-based preoperative planning and 

intraoperative navigation (NAV group) required fewer screws—but of greater length—compared 

with the CONV group. These findings are consistent with the literature198,260,263,279,281,282, 

particularly with a recent systematic review and meta-analysis262 reporting comparable results 

across six clinical studies. Differences emerge, however, regarding baseplate selection. The use 

of these tools allows the surgeon to better understand patient-specific anatomy and to select 

the most appropriate baseplate to compensate for bony defects282. According to the results of 

the present study, no differences were found between groups in the use of augmented 

baseplates, as already described by some authors263. In other studies, however, opposite results 

have been reported198,260,279,282–284. This discrepancy may be explained by the fact that all 

procedures included in the present study were planned using 3D CT, meaning that no true 

control group existed for the “planning” variable. 

With respect to surgical time, the NAV group showed a mean increase of 7 minutes per 

procedure. This difference is attributable to the time required for image acquisition and 



82 

 

alignment between the 3D CT model and the patient’s anatomy. However, this increase was 

neither statistically nor clinically significant263,284, unlike what has been reported in some 

studies281,283. 

Given the relative novelty of intraoperative navigation technology, the currently available 

literature remains limited and mainly reports short-term results in small patient samples. The 

present study contributes to this field by confirming the absence of significant differences in 

objective and subjective outcomes between the NAV and CONV groups. Both the Constant Score 

and the DASH score were comparable between groups, in agreement with previous 

studies260,263,279. However, interpretation of these findings is not straightforward. Different 

considerations regarding outcome quality emerge when analysing the absolute Constant Score 

versus the score difference between the operated and contralateral shoulders. A mean 

Constant Score of 67 points suggests a moderate result; however, it is well known that this 

score has limitations in strength assessment and is influenced by factors such as patient age 

and sex. A more accurate evaluation may involve comparison with a healthy population 

matched for demographic characteristics268 or the use of the contralateral shoulder as an 

individualised reference269. In our study, the mean Constant Score difference between the 

operated and contralateral shoulders was approximately 10 points in both groups, a value 

indicative of an excellent outcome. Moreover, in 59% of patients, clinical outcomes were 

comparable to those of the contralateral shoulder, and in 40% of these cases they were even 

better than those of the non-operated shoulder. This finding highlights the limitations of relying 

solely on the absolute Constant Score to evaluate real clinical outcomes. 

In the present study, complication and revision rates were comparable between the two 

groups, despite conflicting evidence in the literature279. In the NAV group, the complication rate 

was 9% and included grade 1 scapular notching (1.8%), infection (1.8%), intraoperative humeral 

fractures (1.8%), acromial fractures (1.8%), and mesoacromial fractures (1.8%). The revision 

rate in this group was 5.6%. 

In the CONV group, the complication rate was slightly higher (11%), with a similar revision rate 

because all complications required reoperation. Specifically, cases of infection (3.7%), implant 

dislocation (3.7%), and humeral tray component fracture (3.7%) were observed. These results 

are consistent with previous studies260,279,285. No neurovascular injuries were detected in either 

group. This finding is particularly relevant, as it supports the safety of these new technologies—



83 

 

especially intraoperative navigation—which allows insertion of longer screws while reducing 

the risk of injury to neurovascular structures. 

No significant differences in transfusion rates were found between the two groups (7.5% vs 

7.4%), likely due to the adoption of a standardised intraoperative blood-loss management 

protocol applied uniformly to all patients in the absence of contraindications. 

This study has several strengths as well as limitations. All procedures were performed by a 

single experienced surgeon, reducing operator-related variability and the influence of the 

learning curve typically associated with navigation systems on operative time. Although this 

may be considered a limitation, in studies with relatively small sample sizes—such as the 

present one—it can also represent a strength by reducing potential operator-related bias. In 

addition, patients were not preselected based on the complexity of the glenoid defect, limiting 

the risk of bias in postoperative outcomes related to defect severity. 

The sample size of 80 patients is reasonably representative; however, the unequal distribution 

between the NAV and CONV groups may limit generalisability. Moreover, follow-up duration was 

significantly longer in the CONV group, which may have contributed to the higher complication 

rate observed in this group, although the difference was not statistically significant. Similarly, 

follow-up in the NAV group can still be considered short term; therefore, some complications—

such as glenoid component loosening—may not yet have occurred. Considering that longer 

screws provide more stable baseplate fixation, the hypothesis is that, in the long term, the 

revision rate may remain stable and potentially lower than that associated with conventional 

procedures; however, this hypothesis must be confirmed by long-term studies. 

Finally, the retrospective design represents an additional limitation. Although the results are 

consistent with the existing literature, prospective studies with longer follow-up are needed to 

clarify definitively the potential benefits of intraoperative navigation technology. 

9.4 Conclusions 

The combination of 3D CT-based preoperative planning and intraoperative navigation proved 

to be a safe and reliable strategy, yielding clinical outcomes comparable to those achieved with 

standard instrumentation and without increasing the risk of complications. The principal 

advantages include enhanced implant stability through the accurate placement of fewer but 
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longer screws, thereby optimising fixation while preserving native bone stock—an aspect of 

particular importance in the context of potential future revision procedures. 

Given the relatively recent introduction of these technologies, long-term data regarding 

complication rates and implant survivorship are not yet available. Further prospective studies 

with extended follow-up are therefore required to fully elucidate the potential long-term 

benefits of intraoperative navigation. 
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CHAPTER 10 – General conclusions 

Management of glenoid bone loss remains one of the principal challenges in reverse shoulder 

arthroplasty, as it critically affects implant stability, optimal baseplate positioning, and 

ultimately clinical and functional outcomes. In recent years, the introduction of advanced 

technologies—such as three-dimensional CT-based planning, intraoperative navigation, and 

artificial intelligence systems—has profoundly reshaped both surgical decision-making and 

operative execution. These developments have raised new questions regarding the influence of 

surgeon experience, the degree to which decisions can be standardised, and the true added 

value of these tools in everyday clinical practice. 

This doctoral work approached the topic from an integrated perspective, systematically 

analysing the contribution of new technologies across the entire RSA pathway: from 

preoperative planning, through intraoperative decision-making to postoperative clinical 

outcomes. The overall findings allow several scientifically and clinically relevant considerations 

to be drawn. 

The first original contribution of this thesis is the demonstration that, even among experienced 

surgeons, RSA planning in the presence of glenoid bone loss is characterised by substantial 

individual variability. Low interobserver agreement at the level of the single planner indicates 

that the selection of baseplate type, augment configuration, and angular correction is strongly 

influenced by personal preferences, prior experience, and individual interpretation of 

pathological anatomy. However, the aggregated analysis revealed that this variability is not 

random. When decisions are examined at the group level, they converge towards rational and 

reproducible patterns. The high reliability of mean measurements and the significant 

association between glenoid defect type and corrective strategy suggest the presence of shared 

biomechanical principles that implicitly guide surgical decision-making. This finding supports 

the notion that 3D planning does not eliminate variability, but rather renders its structure 

explicit, thereby providing a foundation for the development of evidence-based protocols. 

The second axis of this thesis involved a critical appraisal of artificial intelligence systems 

applied to RSA. Predict+—described in the literature as a machine-learning–based prediction 

tool for shoulder arthroplasty—serves as an illustrative example of this class of systems. The 

analysis demonstrated that aggregated outcome predictions are generally accurate and 
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clinically meaningful, indicating a potential role for AI as a population-level decision-support 

instrument. Nevertheless, the weak correlation observed at the individual level highlights the 

current limitations of these systems in achieving true patient-specific personalisation. These 

results indicate that, at present, artificial intelligence cannot replace the surgeon’s clinical 

judgement but may complement it by providing probabilistic information that can support 

counselling and strategic planning. Looking ahead, the incorporation of larger and more diverse 

datasets, more detailed anatomical variables, and longitudinal follow-up data may enhance the 

individual predictive performance of such systems. 

The third contribution of this thesis demonstrates that advanced planning and intraoperative 

navigation significantly influence surgical execution, even in expert hands. The increased use of 

augmented baseplates, the selection of longer screws, and the reduction in the number of 

screws collectively suggest heightened awareness of residual bone quality and a more targeted 

fixation strategy. These findings imply that navigation does not merely enhance geometric 

precision but may also promote standardisation of intraoperative decisions by reducing 

technical variability and increasing reproducibility of the surgical act. This aspect is particularly 

relevant for surgical training, skill transferability, and overall operative safety. 

Comparison of clinical outcomes between navigated and conventional RSA revealed 

comparable mid-term results, confirming the non-inferiority of navigation-assisted surgery 

relative to the traditional technique. This observation aligns with current literature and 

underscores that the value of new technologies should not be sought solely in immediate 

improvements in clinical outcomes. Rather, their contribution lies in enhancing the quality of 

decision-making, improving execution precision, and reducing technical errors. From this 

perspective, the technologies examined in this thesis can be regarded as enabling tools that 

support surgeons in managing complex cases. 

Overall, this thesis indicates that 3D planning and intraoperative navigation are safe and 

effective tools that can render glenoid management in RSA more standardisable and traceable. 

In contrast, AI-based predictive models currently exhibit only partial clinical maturity, requiring 

more representative datasets, more detailed anatomical variables, and more robust external 

validation. Prospective, multicentre studies with longer follow-up will be essential to clarify the 

impact of these technologies on implant survivorship, healthcare costs, and the long-term 

reduction of complications.  
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